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Abstract

Magnetic domain wall (DW) motion and magnetization switching in atomically-thin mag-
netic films with perpendicular magnetic anisotropy are of significant importance for high
performance spintronic devices. The excitation of magnetization precessions is mostly
avoided in such devices to reduce energy losses due to magnetic damping. Nevertheless,
the resonant excitation of magnetization has been demonstrated to facilitate field-induced
magnetic switching. Strikingly, the corresponding excitation of DWs and its impact on
current-induced DW motion and magnetization switching has not yet been explored. In
this work, it is demonstrated that DWs may be resonantly excited by a radio-frequency
(RF) magnetic field or an RF electrical current and that this excitation has a pronounced
impact on the DW’s motion. First, the excited DWs exhibit current-free, long-range self-
propulsion in the sole presence of an RF excitation and a symmetry-breaking, transverse
magnetic field. The direction of the DW during self-propulsion is determined by the trans-
verse field. Second, when triggering DW motion by a nanosecond-long current pulse, the
resonant RF excitation of the DW allows for its sustained motion along its initial direction
of motion. This sustained motion is stable for several microseconds after the initial cur-
rent pulse ends and only requires the additional presence of a weak longitudinal magnetic
field. In addition to exciting magnetic resonances for DW motion, this work also fo-
cuses on RF-assisted magnetic switching. It is shown that the current-induced spin-orbit
torque (SOT) switching, being composed of domain nucleation and subsequent expan-
sion by DW motion, is significantly facilitated by the excitation of the DW resonance.
This demonstrates that DW motion plays a key role during SOT switching. Moreover,
RF-assisted field switching by an RF SOT and a purely RF-induced demagnetization are
achieved by exciting the ferromagnetic resonance mode of the magnet. Overall, the re-
sults of this thesis demonstrate that the excitation of magnetic resonances has versatile
impacts on DW motion and magnetic switching and thereby advances the fundamental
understanding and the technological applicability of spintronics.
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Zusammenfassung

Die Bewegung einer magnetischen Doménenwand (DW) und das Schalten der Magneti-
sierung in atomar diinnen magnetischen Filmen mit senkrechter magnetischer Anisotropie
sind von groBer Bedeutung fiir leistungsstarke spintronische Bauelemente. Die Anregung
von Prizessionen der Magnetisierung wird in solchen spintronischen Geriten meist ver-
mieden, um Energieverluste durch magnetische Ddmpfung zu reduzieren. Allerdings wur-
de bereits gezeigt, dass die resonante Anregung der Magnetisierung das Feld-induzierte
Schalten der Magnetisierung erleichtert. Jedoch wurde die entsprechende Anregung einer
DW und ihre Auswirkung auf die strominduzierte DW-Bewegung sowie das Schalten der
Magnetisierung noch nicht erforscht. In dieser Arbeit wird gezeigt, dass eine DW durch
ein hochfrequentes (HF) Magnetfeld oder einen elektrischen HF-Strom resonant angeregt
werden kann und dass diese Anregung einen deutlichen Einfluss auf die DW Bewegung
hat. Erstens bewegt sich die angeregte DW automatisch iiber gro3e Distanzen fort. Dies
geschieht in alleiniger Anwesenheit der HF-Anregung und eines symmetriebrechenden,
transversalen Magnetfeldes, aber in Abwesenheit eines antreibenden elektrischen Stroms.
Die Richtung der DW wihrend des automatischen Fortbewegung wird durch das trans-
versale Feld bestimmt. Zweitens, wenn die DW-Bewegung durch einen nanosekunden-
langen Strompuls ausgelost wird, ermoglicht die resonante HF-Anregung der DW eine
anhaltende Bewegung entlang ihrer urspriinglichen Bewegungsrichtung. Diese anhalten-
de Bewegung ist fiir mehrere Mikrosekunden nach dem Ende des anfanglichen Strompul-
ses stabil und erfordert nur das zusitzliche Vorhandensein eines schwachen, longitudina-
len Magnetfeldes. Neben der Anregung magnetischer Resonanzen fiir DW-Bewegungen
konzentriert sich diese Arbeit auch auf HF-unterstiitztes Schalten der Magnetisierung.
Es wird gezeigt, dass das Schalten durch ein Spin-Orbit Drehmoment (SOD), das sich
aus dem lokal begrenzten Schalten einer Doméne und anschlieBender Doménenexpansion
durch DW-Bewegung zusammensetzt, durch die Anregung der DW-Resonanz erheblich
erleichtert wird. Dies zeigt klar die Bedeutung der DW Bewegung wihrend des Schalt-
prozesses. Dariiber hinaus werden ein HF-unterstiitztes Feld-induziertes Schalten durch
ein HF SOD sowie eine rein HF-induzierte Entmagnetisierung durch Anregung der fer-
romagnetischen Resonanz des Magneten erreicht. Insgesamt zeigen die Ergebnisse dieser
Arbeit, dass die Anregung von magnetischen Resonanzen vielseitige Auswirkungen auf
die DW-Bewegung und das Schalten der Magnetisierung hat und dadurch das grundle-
gende Verstindnis und die technologische Anwendbarkeit der Spintronik vorantreibt.
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Glossary

Terms

CPW Co-planar waveguide

DL Damping-like

DMI Dzyaloshinskii-Moriya interaction
Dw Domain wall

FL Field-like

FM Ferromagnet

FMR Ferromagnetic resonance

HDD Hard-disk drive

HM Heavy metal

IBD Ion-beam deposition

1P In-plane

iSGE Inverse spin-galvanic effect

LCP Left-circularly polarized

LLG Landau-Lifshitz-Gilbert

LLGS Landau-Lifshitz-Gilbert-Slonczewski
L-MOKE Longitudinal MOKE

MAMR Microwave-assisted magnetic recording
MAS Microwave-assisted switching
MCA Magneto-crystalline anisotropy
MOKE Magneto-optical Kerr effect
MRAM Magnetic random access memory
OOP Out-of-plane

PMA Perpendicular magnetic anisotropy
P-MOKE Polar MOKE

RCP Right-circularly polarized

RF Radio-frequency

RTM Racetrack memory

SNS-MOKE  Super-Nyquist samping MOKE
SOC Spin-orbit coupling

SOT Spin-orbit torque

STT Spin-transfer torque

SWM Stoner-Wohlfarth model
TR-MOKE  Time-resolved MOKE

VNA Vector-network analyzer

VSM Vibrating sample magnetometry
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Introduction






Chapter 1

Motivation and scope

Spintronics represents a broad research field focusing on the utilization of the electron
spin to realize nano-electronic devices for memory storage, logic application or neuromor-
phic computing [1,2]. Some spintronic applications, such as spin-valves in the read-heads
of magnetic hard-disk drives (HDDs) or spin-transfer torque based magnetic random ac-
cess memory, are already in use in today’s technology. Another proposed concept called
racetrack memory (RTM) represents a promising approach to realize a magnetic memory
architecture that combines non-volatility, high bit-density and high operation speed [3-6].
RTM is a type of magnetic shift register where information is encoded by the orientation
of small magnetic domains and these domains are moved along the register by an electrical
current [3]. Two neighboring magnetic domains with opposite orientation are separated
by a magnetic domain wall (DW). Hence, the success of RTM relies on both the motion
of DWs and the writing of magnetic domains in ferromagnets.

With respect to the DW motion, an electrically induced spin-orbit torque (SOT) is
highly efficient [7-11]. Most experimental and numerical studies have focused on DW
motion using a pulsed current because it induces a steady state DW motion. A magneti-
zation precession during DW motion is usually avoided since it causes additional energy
dissipation and thereby reduces the efficiency of DW motion. However, the Walker pre-
cession of a DW during field or current-driven DW motion clearly shows the connection
between DW motion and the precession of the DW [12, 13]. This connection is well
known from the set of differential equations from the collective-coordinate model that
connect the DW position and the angular DW orientation [14,15]. Interestingly, the effect
of an externally excited DW precession on the DW motion, has not yet been explored. The
efficient excitation of a DW requires both a radio-frequency (RF) field or an RF-current
and also the correct, resonant frequency. It should be noted that the resonance of local-
ized magnetic textures, such as DWs, is fundamentally different from that of the uniform
magnetic domain [16]. Moreover, the dynamic response of a DW is highly affected by
the magnetic material properties such as Dzyaloshinskii-Moriya interaction [13].

This work aims at bridging the gap between a high frequency excitation of magnetic
DWs and its motion. In order to do so, a suitable excitation geometry is first required.
Furthermore, the frequencies to which the DW is susceptible, e.g. the DW resonance, are
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Chapter 1. Motivation and scope

investigated. Finally, the impact of an RF excitation on the DW itself and during current-
induced DW motion is studied. This work focuses on chiral Néel DWs in perpendicularly
magnetized conduits, commonly used for cutting-edge DW-based spintronic devices.

In this work, a novel approach is demonstrated to achieve the RF excitation of a mag-
netic DW with RF fields by integrating a magnetic conduit on top of a co-planar waveg-
uide. Super-Nyquist-Sampling magneto-optical Kerr (SNS-MOKE) imaging is then used
to measure the dynamic susceptibility of both DWs and unfiorm domains. These mea-
surements reveal that the DWs are susceptible to RF fields at significantly lower frequen-
cies than the ferromagnetic resonance (FMR) and exhibit a resonance at approximately
f =640 MHz.

Exciting the DW at its resonant frequencies is shown to strongly impact the DWs in
various ways: Firstly, the DW is shown to self-propel by the action of a resonant RF field
and a symmetry-breaking static transverse magnetic field, i.e. the DW moves by itself
without the need of electrical current pulses. The effective speed during self-propulsion
is rather slow with v ~ 1 m/s which lies not in the flow regime of DW motion but in the
depinning regime. Additionally, the DW excitation by an alternative mechanism using
RF electrical currents is demonstrated and similarly exhibits self-propulsion. However,
the latter does not occur at a resonance but instead its strength diverges towards low
frequencies.

Furthermore, when the DW motion is initiated by a sufficiently strong current pulse,
the DW excitation by resonant RF fields leads to the sustained motion of the DW after
the end of the initial current pulse. This sustained motion requires the presence of a
longitudinal magnetic field and is surprisingly stable over several microseconds. Overall,
the results indicate that an RF excitation of a DW indeed impacts its motion in various
ways and thereby extends the toolbox for DW manipulation.

In addition to the motion of DWs, the efficient writing of magnetic domains, better
described as magnetization reversal or switching, is a key requirement for RTM and other
spintronic applications [1,2]. Herein, SOT switching represents an efficient method for
current-induced magnetization switching [17-19]. In many cases, it involves not only
the nucleation of a switched domain but also the subsequent expansion of the latter [20].
Since this domain expansion involves DW motion, the excitation of a DW resonance will
supposedly affect the SOT switching. Indeed, the results in this work will show that the
RF-excitation at the DW resonance will significantly facilitate switching of a magnet.

Moreover, when exciting not the DW resonance but instead the uniform FMR mode
in the domains, microwave-assisted switching (MAS) has been demonstrated [21, 22].
However, so far no MAS has been shown in ultra-thin films that are suitable for current-
induced DW motion or SOT switching. Further on, the demonstration of MAS that is
induced by current-induced RF spin torques such as SOT is still missing. These missing
points will be addressed in the last chapter of this work where microwave-assisted field
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switching is investigated. An RF SOT exhibits a strong MAS effect, thereby reduces the
switching field by almost 100% and is capable of causing a purely RF-induced demagne-

tization of the magnet.

The thesis is structured as follows: In addition to introducing the field of research and
the particular research questions here, part I lays the theoretical and methodical ground-
work. The fundamentals of magnetism and the concepts of magnetic domain wall motion
and switching are established in chapter 2. Chapter 3 shows the details of sample and de-
vice fabrication as well as the magneto-optical measurement techniques. Part II is about
the excitation of a DW resonance and starts with the SNS-MOKE measurements on DWs
in chapter 4. Chapter 5 demonstrates the self-propulsion of a DW by both RF magnetic
fields and RF electrical currents. Chapter 6 shows the sustained DW motion by a resonant
RF field excitation after the end of an initial current trigger. Part III explores the field of
microwave-assisted switching. Herein, chapter 7 presents the facilitated SOT switching
by excitation of the DW resonance. Moreover, chapter 8 reveals the assisted field switch-
ing by RF-fields and currents. Part IV provides the summary of this work and gives a
perspective on future research as well as the implications for the field of spintronics.
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Chapter 2
Background

The field of spintronics exploits the electron spin in predominantly magnetic materials
to realize advanced electronics such as non-volatile memory. This thesis focuses on the
phenomena of magnetic DW motion and magnetization reversal in metallic ferromagnets
(FMs). In particular, it is shown how the excitation of spin precessions impacts these
phenomena.

This chapter first introduces the fundamentals of ferromagnetism by introducing the
relevant energy terms and equations of motion. The emergence of magnetic DWs and
the mechanisms behind field- and current-driven DW motion are discussed next. Finally,
different methods to reverse the magnetization of a magnet are reviewed.

2.1 Magnetic domains and domain walls in ferromagnets

The electrons in any material may possess a magnetic dipole moment m that arises due to
the angular momentum 1 and spin momentum s of the electron wave-function [23,24].

B
m:—%(l—gss) @.1)
Here, up = % is the Bohr magneton and gg ~ 2 is the spin g-factor. In a FM material,

nearby magnetic moments start to order parallel to each other below a certain temper-
ature, the so-called Curie-temperature. The material thus exhibits a finite spontaneous
magnetization M that corresponds to the average magnetic moment per volume V [25].

1
M:V/Vm (2.2)

For the metallic FMs discussed here, this ordering of the moments originates from the
Heisenberg exchange interaction between itinerant conduction electrons that aligns the
magnetic moments parallel to each other [1, 24,26]. In terms of a macroscopic mag-
netization M, the exchange energy density (i.e. in units of energy per volume) E¢x is
determined by the exchange stiffness Aex and the inhomogeneity of the magnetization,

7



Chapter 2. Background

expressed by VM [25]. Mg denotes the saturation magnetization, i.e. the magnetization
value when all moments are fully aligned.

(YM)?

Eex = Aeng (2.3)

The magnetic anisotropy determines the equilibrium orientation that is preferred by
the magnetization. Herein, the magneto-crystalline anisotropy (MCA) plays a crucial role.
It arises from the spin-orbit interaction that couples the electron spin to an anisotropic lat-
tice environment. Such MCA is induced in a crystallographically anisotropic or a strained
lattice but also in layered films [1,23]. In this work, a Pt/[Co/Ni]n/Ni multilayer achieves
a strong uniaxial MCA perpendicular to the film surface due to interface anisotropy at
the Pt/Co and Co/Ni interfaces [27-32] (see also chapter 3.1.2). The uniaxial anisotropy
energy is expressed as

Eani = Kysin?(0) + 0 (sin*(6)) (2.4)

where K, is the anisotropy constant, 0 is the polar angle of M with respect to the
anisotropy axis (i.e. to the plane normal). Note that terms of higher order than sin’(6)
were not considered in the equation. In ultrathin magnetic films, demagnetizing effects
(also referred to as shape anisotropy) tries to align M in-plane (IP). The demagnetizing
field Hy arises from the change in magnetization at the boundaries of the magnetic ma-
terial (V-M = —V -H) and heavily depends on the sample dimensions and shape. Hy is
determined by the orientation of the magnetization and the demagnetizing tensor N and
gives rise to the corresponding energy density Egemag [25].

Hy=-NM (2.5
Edemag = —uoM-Hy (2.6)

If the uniaxial anisotropy exceed the shape anisotropy, perpendicular magnetic anisotropy
(PMA) is achieved and the magnetization points normal to the film plane.

The Zeeman energy density Ezeeman describes the effect of an applied magnetic field
H, on the magnetization M [25].

EZeeman = _,UOM : Ha (27)

In addition to the Heisenberg exchange interaction, an antisymmetric exchange exist
that is commonly referred to as the Dzyaloshinskii-Moriya interaction (DMI) [33-35].
It requires both a broken inversion symmetry, e.g. at the interface between two differ-
ent materials, and spin-orbit coupling (SOC). At the interface of a bilayer composing
of a metallic FM and a heavy metal (HM), the SOC scattering of conduction electrons
by nonmagnetic atoms gives rise to the DMI interaction [36,37]. The DMI-term in the
Hamiltonian %%MI =Dy (Si X Sj) favors the canting of the spins S;, S; in the plane nor-

8



2.1. Magnetic domains and domain walls in ferromagnets

Figure 2.1: Schematic of the Dzyaloshinskii-Moriya Interaction.

mal to the DMI vector Dj;. It has been shown that the orientation of the DMI vector is
determined by Dy; ~ — (Rli X le) where Ry; j are the distance vectors between the mag-
netic ions i, j and the non-magnetic scattering center / (see Fig. 2.1). The micromagnetic
energy density of the interfacial DMI-energy density in ultrathin films reads [25, 38]:

D oM, dMy oM, oMy

=AM M, 2, O
M} * ox Zax+y8y “ dy

Epmr = (2.8)
Here D denotes the DMI constant in units of J/m? [25]. As can be directly seen from the
previous equations, the DMI favors a canted spin arrangement and will be particularly
relevant with respect to non-uniform spin arrangement such as for DWs as shown later.

The total magnetic energy density can then be expresses by the sum of exchange,
anisotropy, demagnetization, Zeeman and DMI energies:

E =Eex + Eani + Edemag + EZeeman + EDMI (2.9)

Magnetic materials do not only exist with uniform magnetization throughout the sample
but can host regions with different orientations of M. These regions are called magnetic
domains and the transition region between two domains is called a magnetic domain wall.
For instance, a magnet with perpendicular anisotropy along £z hosts 180° DWs transi-
tioning from an up-domain (M || +z) to a down-domain (M || —z) or vice versa. A DW
that transitions from an up- to a down-domain when moving along the +x direction is
uniquely defined as a 7| DW. For the reverse case, it is dubbed a |1 DW. The emergence
of DWs increases the magnetic energy due to the increased exchange and anisotropy en-
ergies [24-26]. The spatial profile of such a DW is mainly determined by the trade-off
between exchange, favoring a wide DW, and anisotropy, preferring a narrow DW. The

9



Chapter 2. Background

AINS=7 1

b

“ “ / 4 y \
, v ¢ @ \ \ I Bloch wall

DW width A

Figure 2.2: Domain wall configuration types. Schematic of a |1 magnetic domain wall in (a)
Néel configuration and (b) Bloch configuration.

z-component of magnetization M, (x) reverses over a distance A, dubbed the DW width
(Fig. 2.2) [26].

MAZ;’C) — 4 tanh (’%) (2.10a)
S
A
A= [Aex (2.10b)
Ky

The parameter g denotes the DW position. There are two possible configurations of a 180°
DW: Either it exists in a Néel configuration with the magnetization rotating perpendicular
to the DW-plane (in the xz-plane) or it exists in a Bloch configuration with the magneti-
zation rotating in the DW-plane (in the yz-plane) (Fig. 2.2). DWs in ultrathin films with
PMA are usually Bloch walls due to shape anisotropy. However, the DW turns into a Néel
wall when sufficient DMI is present to overcome the shape anisotropy. Additionally, the
DMI makes the Néel wall chiral, i.e. it fixes a rotational sense.

2.2 Magnetization dynamics

The interpretation and prediction of the magnetization response to external perturbations
requires the equations of motion for M, i.e. the Landau-Lifshitz-Gilbert (LLG) equations
[25,26]:

oM o,
— =—YM X Heg——MXx (M xXH 2.11
5 Y o~ s ( eff) (2.11)
Here, the effective field Hegr = — ﬁ g—f,[ determines the equilibrium orientation of M where

the torque aa—l\t/[ vanishes. ¥ = UpY = ,uo% denotes the Gilbert gyromagnetic ratio where
ge 1s the electron g-factor. oq = Yo is the phenomenological damping constant that
relates to the dimensionless Gilbert damping parameter o(g. When M does not align with

He,f, the first term on the right hand side of eq. (2.11) induces the precession of M around

10



2.2. Magnetization dynamics

Figure 2.3: Schematic of field-like and damping-like torques from the LLG-equation.

Hfr and is called the field-like (FL) torque 7pr, = —YM X Heg. The second term on the
right side of the equation accounts for magnetization relaxation and gradually dampens
magnetization precessions and aligns M along the equilibrium orientation (Fig. 2.3). It is
thus called a damping-like (DL) torque Tpp, = %M X (M X Hegp).

An alternating magnetic field hy¢ that drives the magnetization at radio-frequency (RF)
frequency f may compensate the energy losses due to damping and achieve a stable pre-
cession of M. A uniform magnetization precession throughout the FM is called ferro-
magnetic resonance (FMR). At the FMR resonance frequency frmr, the precession can
be excited most efficiently. This resonance condition strongly depends not only on the
magnetic material parameters but also on the shape of the magnet because the shape de-
termines the demagnetizing tensor N. The well-known Kittel eq. (2.12b) [39] gives the
general resonance condition for a diagonal N where M is aligned along the axis &:

Ny 0 0
N=|0 N, 0 (2.12a)
0 0 N

1/2

@y = Yo [Ha+ (Ny — Ne ) Ms) '/ [Hy+ (Ny — Nz ) Ms] (2.12b)

For IP magnetized thin films with Ny, = Ng ~ 0 and Ny = 1, eq. (2.12b) returns wy =
Yo/ Ha (Hy + Ms) where the external field is aligned IP along the initial orientation of
M.

In perpendicularly magnetized magnetic thin films, Ny = Ny ~ 0 and N¢ ~ 1 holds and
the FMR occurs at @y = yuo (Hy, — Ms) for an external field H, normal to the film plane.
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Chapter 2. Background

Adding the effective anisotropy field Hy, = % increases the resonance frequency ac-
cordingly:
f = 5 tto (Ha -+ Hai — M) @.13)

Aside from knowing the resonance condition, information on the complex magnetic sus-
ceptibility ¥ = x' +ix” is required to determine the FMR lineshape and the excitation
efficiency of the FMR mode by alternate magnetic fields hy¢(7). An equilibrium magneti-
zation My || z is assumed here [39,40].

my Xxx XXy hx
—my(r) = g -hy(t) = : 2.14
(my> my;(1) = X - hyt(7) (%yx xyy> (hy) (2.14a)

H, — Hpmr
Xx ™ e (2.14b)
(Hres - Ha) + AH

—AH
(Hres - Ha)z —‘I_ AHz

Ae ~ (2.14¢)
Here, AH ~ oy originates from the magnetization relaxation mentioned before and deter-
mines the width of the resonance. The real part of the susceptibility ., follows an asym-
metric Lorentzian shape while the imaginary part ), has a symmetric Lorentzian shape.
The latter determines the RF power that is absorbed by the magnet P = ypx f x)’(’xhl%RX that
is placed in an RF field /iggx along x [39]. The experimental realization of FMR and the
data analysis is explained in chapter 3.1.4.

Measuring the FMR of a magnet enables the extraction of important magnetic param-
eters such as the gyromagnetic ratio 7, the damping constant @ and the effective magnetic
anisotropy.

2.3 Domain wall motion

2.3.1 Collective coordinate model

The dynamics of magnetic domain walls may be accurately described by solving the
full LLG equations. Nevertheless, the LLG equations may be simplified by describing
the DW only as a set of two variables, the position g and the azimuthal angle y of the
magnetization at the DW center (i.e. the orientation of the DW magnetization in the
xy plane where y = 0° corresponds to an alignment along +x) as shown in Fig. 2.4.
The resulting model is know as the g-y-model or the collective coordinate model and
describes the DW as a point-like object that is moving in a one-dimensional space.

The model uses the LLG equation in spherical coordinates (¢,0) that are integrated
along the DW-axis x. The DW-profile from eq. (2.10a) is used to perform this integration.

12



2.3. Domain wall motion

Z‘y‘l f “ i\

X

Figure 2.4: Definition of the domain wall position ¢ and its azimuthal angle v in the collective
coordinate model.

The full derivation of the model is given in the appendix A. This provides a set of differ-
ential equations for the position g and angle y.

Y 8G_i, og

e Jdo
SMs 3‘/’ =Fq— oAy (2.15b)
(2.15¢)

Here, 0(q, ¥) denotes the area energy density of the DW and the 4+(F) signs correspond
to the DW type (cf. eq. (2.10a)). Re-arranging these equations returns the following
expressions for ¢, Y.

1 Y Jdo ado
V=11 [_2qus (8_q+ZW)1 (2.16a)

.1 Y do do
il )]

2.3.2 Field-induced motion

In order to calculate the DW motion using eq. (2.16), the energy density £ and the cor-
responding DW area energy density ¢ have to be known. Assuming a magnetic field H,
along the easy axis of a magnet with PMA, an IP field H;, at an angle 5, an effective IP
demagnetizing field at the DW position due to the difference of demagnetization factors
along the wall axis Nx and along the wire width Ny, the area energy density of the DW
can be derived (also see appendix A):

_/ de_/ dG /E (2.17)
sin 0)

=2 A+2KueffA+2AquS (N — Ny) cos*(y) (2.17b)

+ (2uoMsH,) g — TpoMsHipAcos (W — Wip) (2.17¢)
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Figure 2.5: Field-induced domain wall motion. (a) Numerical solution of the g-y-model show-
ing the Walker-breakdown. The mobility in the steady motion regime is significantly higher than
the one in the precessional regime. (b) Simulations of the time-resolved position g (top graph) and
angle ¥ (bottom graph) of the DW. The corresponding fields for the simulations are indicated in
(a) by large dots.

Note, that the DW configuration (e.g. |1 vs. 1] ) affects the DW energy as seen by the term
that scales with =H,q. Using the previous equation and eq. (2.16), the final expressions
for y, g are obtained.

; Y . onH;, .
V=TT ) |:Ha+ aMs (Nx — Ny) sin(2y) — > P sin(y — l//ip):| (2.18a)
. Y . ATCHip .

1= FaAH, £ AMs (Nx — Ny) sin(2y) F 5 sin(y — yip) (2.18b)

Starting with a Bloch-wall configuration (Y = 90°) in an easy-axis magnetic field
H,, the DW shows two propagation regimes as shown in Fig. 2.5a. Below a critical
field, the so-called Walker breakdown field Hy, the DW moves in a steady state where
Y eventually becomes zero and ¢ is constant. For Hw < H, however, the DW moves
in a precessional regime, i.e. the DW orientation Y is continuously rotating while the
DW position ¢ is oscillating back-and-forth with a net propagation in one direction [12]
(see Fig. 2.5b). Looking at eq. (2.18a) for y, it can be clearly seen that the H, term
increases the y while the second, demagnetizing term opposes y/ once y tilts away from
90°. For low H,, the angle eventually stabilizes and y becomes zero. The DW then
moves with g = qi%?A = const.. However, once H, exceeds the critical value of Hy =
aMs (NX — Ny) , the demagnetization term in Y can not stabilize the field-induced tilting
of . The DW angle v is thus continuously rotating and ¢ # const.. The DW thus shows
a net motion in one direction but superimposed with a back-and-forth oscillation at a

frequency fwv = 2% 1+1a2 \/H*— HE,.
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2.3. Domain wall motion

It can be clearly seen from Fig. 2.5a that the mean DW velocity (¢) significantly drops

for H > Hyw and follows ()= % (H — 1 +loc2 \/H? —H$V> [15]. The significantly lower
slope in the precessional regime may be interpreted with respect to the energy dissipation

E from magnetic relaxation [14,26].

E= —A% (6% + ¢*sin?(6)] (2.19)

A moving DW, i.e. a variation of the spatial 0 (x)-texture with time, always causes energy
losses due to 8. However, when the IP component of M is also varying in time, i.e.
when ¢ sin(8) # 0, this causes additional energy dissipation. It is thus intuitive that a
precessing DW dissipates more energy and thus propagates slower. It should be noted
that the collective-coordinate approach gives a simplified picture of DW motion whereas
micromagnetic simulations are able to present a detailed two-dimensional picture of DW
dynamics. Micromagnetic simulations revealed that the precessional DW motion in the
Walker regime corresponds to the continous nucleation and annihilation of antivortices
(also known as vertical Bloch lines) at the DW [41,42].

2.3.3 Current-induced domain wall motion by spin-transfer torque

In addition to a magnetic field, magnetic DWs can also be moved by electrical currents.
The impact of a spin-polarized electrical current on a FM has been first proposed by
Berger [43,44] and Slonczewski [45]. The mechanism herein lies in the s-d exchange
between spin-polarized 4s conduction electrons and the localized 3d magnetic moments.
Zhang et al. introduced this current-induced spin-transfer torque (STT) in the LLGS equa-
tions (the added letter S stands for Slonczewski) [46,47]. As spin-polarized conduction
electrons enter a FM with a local magnetization M that is not parallel to the orientation
of spin polarization M, of the current, itinerant electron spins and local spins exchange
momentum. This gives rise to the so-called adiabatic STT T,.

T, ~MX (M xM,) (2.20)

In case of a current flowing accross a DW where M is slowly varying in space, this
torque may be expressed by the magnetization gradient along the direction of electron
flow (along +x) [47,48].

oM
Taz—u(ex-V)Mz —MW (221)
_ 8uBPj
= (2.22)

Here, ey is the unit vector along +x, g is the g-factor and the parameter u mainly
depends on the electrical current density j and the spin-polarization P. However, an-
other kind of STT exists when the spin-polarization of the conduction electrons can not
quickly adjust to the local magnetization. This leads to so-called non-adiabatic conduc-
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o
Q

Figure 2.6: Adiabatic and non-adiabatic STT acting on a domain wall. A spin-polarized elec-
tron flow along +x (opposite to the charge current flow j-) exerts both an adiabatic torque T,
(green) and a non-adiabatic torque Ty, (red) on the DW.

tion electrons that induce a secondary STT torque, the non-adiabatic torque Ty, [49].
The introduction of Ty, successfully predicts the experimentally observed low threshold
current-density for DW motion by STT that could not be explained by a purely adiabatic
torque [49, 50].

Bu

Ty = M [(e V) M] = ﬁ”

ax (2.23)

Complementing the LLG-equations with the adiabatic and non-adiabatic torques yield:

oM oG oM M  PBu dM
— =—YM xH ——MX ——u—+—MX — 2.24
gr — M et M T s < ox (229
Based on eq. (2.24), the differential equations for g, Y can be derived similar to chapter

2.3.1 (also shown in the appendix A).

Y= & [}/Ha + ayMs (Nx — Ny) sin(2y)
1 u
__aprnsm(l// Vip) + A :FBA ] (2.25)
q= T2 {:F aAyH, = YMs (Nx — Ny) Asin(2y)

1
:FinipﬂAsin(l//— Vip) +u+ aﬁu] (2.26)

DW motion in the presence of T, and T}, is summarized in Fig. 2.7 for different ratios of
B/a. Similar to the field-induced DW motion, the motion by STT can also be divided in
steady-state motion and precessional motion. The threshold for precessional motion uyy
depends on the ratio 8 /c [15].

o
= MsA (Ny — 2.2
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Figure 2.7: Domain wall motion by current-induced STT. Numerical solution of the g-y-model.
(a) The average DW velocity for various values of the non-adiabatic torque coefficient 8 is shown.
A Walker breakdown occurs for all B except for B = «. (b) Simulations of the time-resolved
position ¢ (top graph) and angle y (bottom graph) of the DW for each value of 8 from (a). The
corresponding simulation parameter u is indicated in (a) by large dots.

In this regard, the case B = « is special since the DW never exhibits a Walker precession.
Below the threshold, i.e. for u < uw, the DW moves at costant velocity 4.

g(u<uw)= gu (2.28)

Consequently, for B = 0, the DW does not move (¢ = 0) below the threshold u < uw. A
finite B is thus required to move the DW also at low current densities.

2.3.4 Current-induced domain wall motion by spin-orbit torque

In addition to the previously mentioned STT, another kind of spin torque has been proven
to be particularly effective in driving the motion of magnetic domain walls. The so-called
spin-orbit torque (SOT) requires an additional layer, interfaced with the magnetic layer,
so that an electrical current flow through the layers layers and along interface generates a
spin-accumulation at the interface. In general, the spin Hall effect (SHE) and the inverse
spin galvanic effect (iISGE, also referred to as Rashba-Edelstein effect) fulfill this require-
ment and are introduced in the following.

Spin-Hall effect and spin-orbit torque

The spin Hall effect essentially describes that a transverse spin current density jg is created
as a result of a longitudinal (and unpolarized) charge current density j- [51-53] as seen
in Fig. 2.8. The conversion efficiency between charge and spin current density jc and

Js, is expressed by the Spin Hall angle (SHA) Osyg = j—z% The polarization osyg of
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Chapter 2. Background

Figure 2.8: Schematic of the spin Hall effect. A unpolarized charge current density jc causes a
spin-dependent deflection of the moving electrons (orange balls). As a result, a spin accumulation
builds up at each surface of the material whereby the unit vector of the spin moment polarization
osyg at each surface is parallel to its surface and perpendicular to jc. This process can be described
by a pure spin-current density js between the surfaces of the spin Hall material.

the accumulated spin moment at the surface of the spin-Hall material is a unit vector
perpendicular to both jg and jy.

OSHE ~ jc X Js (2.29)

The SHE leads to the spin-accumulation at the boundaries of the spin Hall (SH) material
but it does not lead to a charge accumulation. The microscopic origins of the SHE lie
in the relativistic SOC of the material. One differentiates between intrinsic and extrinsic
mechanisms [53]. The intrinsic contribution to the SHE is linked to a topological prop-
erty of the band structure of the material, called the Berry curvature, that causes a spin-
dependent deflection of electrons [52, 53]. The extrinsic contributions are linked to the
spin-dependent (Mott) scattering at impurities or a disorder potential [51,53,54]. Materi-
als that have been observed to exhibit a strong SHE, i.e. a large charge-to-spin conversion
efficiency, are heavy metals such as Pt, W, Ta due to their large intrinsic SHE. For com-
pleteness it should be noted that in case of a system with broken inversion symmetry and
SOC the iSGE also causes the current-induced spin-accumulation at the interface [55-58].

The observable effects of the SHE and iSGE may not be straightforward to disentangle
[59,60] but their combined effects are generalized as follows: An electrical current density
in the plane of the normal metal (and along the interface) generates a spin accumulation at
the interface of metal and FM. Moreover, this spin-density may diffuse into the FM layer.
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2.3. Domain wall motion

This will exert a FL torque TIS:ET and a DL torque T]S)(ﬁT on the nearby magnetization.
These torques are referred to as spin-orbit torques (SOTs).

T

T = — 2>M x (M X Ospg) (2.30)
MS
T

0T = — T5M X osuE 2.31)
Ms

Here, Tpy, and g, are the magnitude of the DL and FL torques whose magnitude and
sign are determined by the spin mixing conductance at the interface [59—61]. The torque
Tp results in the alignment of M along osyg while Tgy, causes a precession of M around
0. Considering the SHE-dominated Pt/Co bilayer system that is used in this work, the

DL-torque is strongest with ‘% < 1[59,62]. The extended LLGS equations with SOTs

are shown in the following:

oM oG.. oM OM Bu.. oM
e = M X Hep+ M X 2 — u M X
or R X S T s Y X ox
T
- %M X (M X Ospe) — T M X OsHE (2.32a)
S

Mechanism of domain wall motion by SOT

In the following, the impact of the predominant DL-SOT on DW motion will be outlined:
For a current injection along the DW-axis, the DL-SOT does not induce DW motion
in FMs hosting Bloch walls. However, in a static magnetic field that rotates the DW
towards the Néel configuration, a DL-SOT results in fast DW speeds [11,13,63]. Such a
Néel configuration is stabilized also in the absence of any static magnetic fields when an
interfacial DMI is present. This DMI does not only induce the Néel character of the DW,
but also makes it chiral, i.e. the rotational sense of the magnetization along the DW-axis is
determined by the sign of the DMI constant. As mentioned in chapter 2.1, such DMI exists
at HM/FM interfaces in the presence of strong SOC and is also present at the typical Pt/Co
interface used throughout this work. The micromagnetic DMI constant D is negative at
the Pt/Co interface so that it favors an anti-clockwise rotation of the magnetization. Next,
the DL-SOT and the DMI are integrated into the equations of motion from the g-y model
deduced from the LLGS eq. (2.32a) (also see the full derivation in the appendix A):

j : 1
Y= 1+ a2 [}’Ha-l-(XYMs (NX —Ny) Sll’l(2l’/) ayHlanIH(Vf Ilflp)
ayDmsin(y) | au_Pu  meos(y)
* 2A‘L10Ms + A + A 2 —TpL (XTFL (2 33)
Gg=— e [:FOCAYHaﬂ:YMs (N —N. )As1n(2l//)$ }/Hlpn:Asm(l// Vip)
yDmsin(y) Amcos(y)
o uMe — (% 2.34
+ 2UoMs +utofut 2 OTpL F TFL) (2.34)
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Figure 2.9: Domain wall motion by a damping-like spin-orbit torque. (a) Static configuration
of a Néel DW in 1 configuration. (b) An applied charge current density along +x in the neigh-
boring heavy metal layer causes a DL-SOT in the FM tilting the magnetization towards —y. (c)

The magnetization tilting out of the xz plane results in a field-like torque TE&VH from the effective

DMI-field Hpmi. (d) The combined action of 7507 and To9M! lead to the propagation of the DW
along +x.

Starting from a 1| Néel configuration (y = 180°), a positive current density causes a
DL-SOT along —y that has a strong impact on y/ (see —MOTS(W)TDL term) so that v tilts
towards ¥ = 270°. As soon as Y deviates from 180°, a term YD;LZ—iAI}(SV’) in g accelerates the
DW along the current flow (note that D < O here).

Figure 2.9 visualizes the aforementioned mechanism: The current-induced DL-SOT
TB?T alone tilts the DW magnetization towards a Bloch configuration (Fig. 2.9b-c). The
effective DMI field Hpmy (preferring a Néel configuration) subsequently creates a field-

. DMI
like torque T

(Fig. 2.9c). The strength of this torque is maximal at the DW center
and points along +z there. The latter torque thus rotates the magnetization such that the
whole DW effectively moves along +x (Fig. 2.9d). By this mechanism a DW can be
moved along +x (—x) by applying positive (negative) current pulses. This method of DW

motion works the same for both |1 and 1] DWs.

The SOT moves the DW along the electrical current flow and is thus opposite to the
STT-induced motion and typically dominates the latter for ultra-thin films. For thicker
films, the strength of the SOT, originating from the interface, ceases and the DW mo-
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2.3. Domain wall motion

tion is eventually STT-dominated again. The advantages of the SOT-driven DW motion
are (a) the vanishing intrinsic threshold current density and (b) the fact that the Walker
breakdown is heavily suppressed by the DMI so that higher energy dissipation is avoided
and the DW moves in a steady-state [13]. Nevertheless, the DW velocity saturates at
Jsat = %MZ?—;ZO‘Z) so that a large DW speed requires a large D. An important difference
to the field-induced DW motion in chapter 2.3.2 is that the steady-state DW velocity is
now independent of the DW width A. Altogether, the integration of a DL-SOT and the

DMI yields highly efficient current-induced motion of DWs [7,9,10, 13].

Magnetic field dependence of DW motion

The eqgs. (2.33) already show that an IP magnetic field H;, at an angle y;, to the DW
axis impacts the DW’s equation of motion. In contrast to an out-of-plane (OOP) magnetic
field, the IP field itself can not cause the DW to move steadily but it only modifies the
DW’s equilibrium magnetic state for instance by changing y. Nevertheless, the impact of
an IP field during current-induced DW motion by SOT is significant. In the following, the
effect of a longitudinal field Hx (y;, = 0°, 180°) and a transverse field Hy (¥, = £90°)
will be outlined [10]:

A longitudinal Hy field is either aligned along or opposite to the effective DMI-field
Hpw and acts similarly in the equations of motion. As previously explained, the presence
of DMI (in the field-free case) is a necessity to induce DW motion by a DL-SOT. Hence,
Hy will either reinforce the DW motion when it is parallel to the Hpyy or slow down the
motion when it is opposite to Hpyjp. Consequently, when Hx = — Hpy, the impact of both
fields cancel and the DW does not move under the action of SOT. In particular, when Hy is
opposite to Hpy and exceeds the magnitude of the latter, the DW reverses its direction of
motion, i.e. it now moves opposite to the current pulse whereas conventionally it used to
move along the pulse. Moreover, since |1 and 1] DWs have opposite internal DMI-fields,
i.e. Hpmi(41) || +x and Hpmi (1) || —x, they react oppositely to an externally applied field
H,. Altogether, the impact of an Hy field on DW motion is shown in Fig. 2.10a [10].

Note that both in the field-free case and in presence of an Hx field, the DW motion is
symmetric to the current polarity, i.e. the DW moves at equal speed along +x or —x when
a positive or negative current pulse is applied. This symmetry is not preserved when a
transverse magnetic field Hy is applied. The presence of Hy induces asymmetry to the
DW motion, 1.e. for Hy > 0 the DW moves slightly faster along +x and significantly
slower along —x. This asymmetry reverses for Hy < 0 where DW motion along —x is
favored. These Hy-induced effects are seen in Fig. 2.10b [10]. This behavior is equal for
both DW configurations |1 and 1]. The Hy field is thereby inducing a directionality to
the DW motion, i.e. DW propagation along one direction is favored while it is suppressed
along the other. In contrast to Hy, however, the Hy field is not capable of significantly
speeding up to maximum attainable DW speed.
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Figure 2.10: Magnetic in-plane field dependence of current-induced DW motion by SOT.
Current-induced DW motion in Pt/Co/Ni/Co multilayers using 5 ns long current pulses. Longitu-
dinal (Hyx, (a)) and transversal (Hy, (b)) magnetic IP fields are applied during DW motion. The
blue and red color of the symbols corresponds to |1 and | DWs, respectively. The triangular
and circular shape represents a positive and negative current polarity that is passed through the
conduit. Figures are taken with permission from [10].

2.4 Magnetization switching mechanisms

In addition to DW motion, the magnetization reversal is also addressed in this work. In the
following, the general reversal mechanisms will be introduced, i.e. field-induced switch-
ing and current-induced SOT switching. In general, the terms magnetization switching
and magnetization reversal will be used synonymously.

2.4.1 Field-induced switching

The most intuitive means to reverse a FM is a magnetic field. Using the simplifying as-
sumptions of having a single-domain FM with volume V' and uniaxial anisotropy K,, in an
static external magnetic field H,, the reversal may be predicted with the Stoner-Wohlfarth
model (SWM) [64]. The potential energy Esww landscape exhibits two degenerate min-
ima in zero field and is altered by H, until one of these minima becomes unstable and
switching occurs.

Eswm
\%4

= Kysin?(¢) — poHaMs cos(6 — ¢) (2.35)

Here, ¢ and 0 are the angles of the magnetization and the magnetic field relative to the
easy axis, respectively. Figure 2.11a shows the hysteretic magnetization switching for dif-
ferent orientations of H, and the easy axis of the magnet. This angular dependence of the
required switching field is visible in the Stoner-Wohlfarth astroid [65] seen in Fig. 2.11b
and given by the following equation [66] where h; = H;/H,, denote the fields normalized
to the effective anisotropy field Hyy,.

G e (2.36)

The SWM is based on a uniform rotation of the magnetization of a magnet without

any spin textures or waves and in many cases predicts higher switching fields than exper-
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Figure 2.11: Stoner-Wohlfarth magnetization reversal. (a) Normalized magnetization compo-
nent parallel to the applied magnetic field. The field variable h is the magnetic field normalized to
the anisotropy field. The magnetization reversal is shown for different angles 6 between field and
easy axis. (b) The Stoner-Wohlfarth astroid displays the x- and z-components of the normalized
switching field.

imentally observed. In an experiment, switching often occurs at much lower fields owing
to domain nucleation and subsequent DW propagation. This alternative switching mecha-
nism occurs in macroscopic samples with sizes exceeding the single-domain diameter and
is assisted by temperature. The initial domain nucleation takes place at magnetic defects
with lower anisotropy [67] or at the edges of the magnet if DMI is present [68].

2.4.2 Microwave-assisted field-induced switching

Applying an additional microwave/RF magnetic field has been shown to significantly
facilitate the field-switching of many different classes of FM [22, 69, 70]. This concept
is called microwave-assisted switching (MAS) or microwave-assisted magnetic recording
(MAMR). Considering a FM with perpendicular anisotropy that is exposed to a static
easy-axis field H, and a circularly-polarized RF-excitation field with magnitude 4y, the
RF-field excites the FMR when at resonance. A coordinate transform to the rotating frame
of the precessing magnetization shows that the magnetic field in the rotated frame HR is
now static in time and reads as follows [22,71]:

0
HR = - = const. (2.37)
H,+Hg
Here, H, = % is a static field pointing opposite to the effective anisotropy field. In the
rotated frame, the magnetization experiences two additional static fields, namely the z-
field H, and the transverse field (h¢), that are both assisting reversal. The enhanced
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Figure 2.12: Microwave-assisted switching of Co/Pt nanodots. (a) Frequency-dependence of
MAS for various RF field amplitudes h. Hsy, decreases linearly with frequency until a critical
frequency is reached. (b) Snapshots of the z-component of the magnetization of a Co/Pt nanodot
based on micromagnetic simulations. Red (Blue) corresponds to a magnetization along —z (+z).

The excitation of concentric standing spin waves in the nanodot eventually leads to domain nucle-
ation at the center and induce MAS. Figures is taken with permission from [22].
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reversal (i.e. the reduction of the required switching field H, ) is particularly obvious
when revisiting the SWM astroid eq. (2.36) and inserting Hy, and A, [72,73].

3/2
oo = (B2 = 13) "~ Ho (2.38)

In contrast to magnetization switching by domain nucleation and propagation, the FM
reverses uniformly during MAS. This results in a much narrower distribution of switching
fields since the stochasticity of the temperature-assisted nucleation is not required for
switching anymore [22].

While eq. (2.38) within the SWM provides a very intuitive picture to explain the oc-
currence of MAS, calculations of the steady precession states, using the LLG-equations,
provide a more rigorous understanding of MAS. For instance, the frequency dependence
and the occurrence of a maximum frequency (see Fig. 2.12a) can be theoretically ex-
plained by investigating the number of allowed steady-state solutions for magnetization
precessions that are stable at a certain frequency and field [71,73]. The switching occurs
at the transition from a field that allows for two stable precession states to a field that only
allows for one such state. At high frequencies exceeding the FMR, the magnetization can
not follow the RF field anymore and the MAS thus disappears [73].

Furthermore, a MAS mechanism exists that goes beyond the MAS effect in the SWM.
In samples with sufficiently large diameter, perpendicular standing spin-wave modes [74]
may exist close to the FMR frequency. The strong excitation of these modes leads to a
MAS (see Fig. 2.12b) with much stronger reductions of the reversal field and much larger
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maximum frequency exhibiting the MAS-effect (compared to the MAS in the macrospin
picture of the SWM) [22].

2.4.3 Spin-orbit torque switching

The previously mentioned switching mechanisms exclusively involved magnetic fields to
induce the switching. However, an electrically induced SOT can also switch the mag-
netization. For this, a current-induced DL-SOT (cf. chapter 2.3.4) in presence of a lon-
gitudinal magnetic field Hy (see Fig. 2.13) deterministically switches the magnetization
between its two equilibrium states along +z. While Hy alone does not favor one of these
states, it breaks the symmetry of the magnetization response to the SOT and thereby de-
termines the outcome of a switching process [75]. One needs to differentiate between two
mechanisms of magnetization reversal: (a) coherent reversal in single-domain magnets
and (b) incoherent reversal by domain nucleation and DW propagation.

Figure 2.13: Schematic of spin-orbit torque switching. A charge current density j. creates the
accumulation of spin momentum with the polarization osyg at the HM/FM interface and causes a
damping-like torque 7py . In presence of a longitudinal field Hx, SOT switching occurs.

Firstly, in very small magnets it is energetically unfavorable to host multiple domains
[25,76]. During switching, the magnetization in these single-domain magnets is expected
to rotate coherently throughout the sample. SOT switching in this framework requires
the following ingredients: a damping-like spin-orbit torque Tpy, an effective anisotropy
field Hefr an and a longitudinal field Hy. Figure 2.14 visualizes the switching trajectory
and the relevant torques during the up-to-down switching of M. Starting from the initial
magnetization, determined by Hy, e and Hy, the DL-SOT tilts M towards the y-axis.
This tilting from the former equilibrium state induces the field torques 7,, and 7y that
rotate M towards the x-axis. If the current-induced 7pp is too weak, the magnetization
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Figure 2.14: Trajectory of magnetization during SOT switching. (a) The orientation of the re-
duced magnetization is displayed on a unit sphere. Starting from an equilibrium state on the upper
hemisphere with m, > 0, a DL-SOT with variable strength is applied. The SOT-strength gradu-
ally increases from purple (no switching) to blue, green and red (successful switching). (b) The
orientation and magnitude of the different torques acting on the magnetization during a switching
process is schematically indicated. The underlying data for the trajectories in (a,b) was generated
using Mumax3 [78]

stabilizes at a new equilibrium position with m, > 0 and no switching occurs (see purple
curve in Fig. 2.14a). When sufficient current is applied, tpp forces M on a trajectory
that crosses the equator (60 = 90°), reverses the chirality of precession and stabilizes in
a down-magnetized state (see blue, green and red curves). Note that H,, reverses sign
when crossing the equator and thereby causes the opposite precession chirality. A finite
Hy enables the switching by forcing M accross the equator. In a simplified model, the
required switching current density jqy crit T€lates to Hy as follows [77]:

(2.39)

Jsw,crit —

2€MSdFM <Han,eff . i)
1i6suE

2 V2
Herein, dpy and Osygg denote the FM thickness and the spin Hall angle, respectively.

An alternative switching mechanism occurs in larger samples which can form a multi-
domain state. Magnetization reversal in such samples occurs by domain nucleation and
subsequent DW propagation. Local (non-uniform) nucleation of a reverse domain may
occur at magnetic defects with low anisotropy [67], by thermal fluctuations [79] or by the
presence of DMI [68, 80]. Once a reverse domain exists, the surrounding DW will move
by the SOT as shown in chapter 2.3.4 and propagate and annihilate at the sample edge.
Ultimately, the magnetization throughout the sample volume is reversed (see Fig. 2.15a).
This two step mechanism usually requires a lower current density than in eq. (2.39) but
the total switching time depends on the DW propagation time and thus on the size of the
magnetic element [19].
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Figure 2.15: SOT switching by domain nucleation and propagation. (a) The up-to-down
switching process by SOT occurs by domain nucleation in the top left corner of the FM, fol-
lowed by a domain propagation along the current. The DW annihilates at the right end of the
sample. (b) Overview of the Hy, jsw configuration for the four different switching configurations.
The images each show the magnetization 180 ps after the application of jg, and shows the deter-
ministic domain nucleation in different corners of the FM. The data shown in (a,b) was generated
using Mumax3 [78].

As shown in Fig. 2.15b, a domain deterministically nucleates at one corner for
HM/FM systems with finite DMI (that are under investigation in this work). Since the
DMI tilts M at the sample edges, the additional presence of Hx favors the nucleation at
one of the edges that are normal to Hy and explains the left/right asymmetry [20, 68, 80].
Furthermore, the top/down asymmetry of the nucleation site has been ascribed to a DMI-
induced tilting at the top/bottom edges that leads to an effective z-field favoring/opposing
the switching [81]. Regarding this two-step switching mechanism, the stability and the
dynamics of DWs thus play a crucial role for the switching.
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Chapter 3

Methods

3.1 Deposition and characterization of magnetic thin films

3.1.1 Magnetron sputtering

The magnetic thin films were grown by DC magnetron sputtering, a physical vapour de-
position technique schematically represented in Fig. 3.1. It consists of a material target,
a magnetron source and a substrate, all of which are placed in a vacuum chamber [1, 82].
The target consists of the material that is to be deposited as a thin film and is located on
top of the magnetron source. The latter consists of an arrangement of permanent mag-
nets, a water-cooling and a voltage source. When a high negative voltage is applied to the
source and the target and a flow of inert gas atoms such as Argon is applied, a DC plasma
discharge is ignited. The magnetron magetic field confines the plasma to the region near
the target. The plasma constantly recreates positively charged gas ions Ar' by ionization.
The large electric field accelerates these ions towards the target. This results in a collision
cascade between Ar™-ions and the target surface. This process can eject atoms from the
target into the chamber, where they will move towards the substrate. This process is
called sputtering. While a sputtered atom moves towards the substrate it collides with the
Ar-gas multiple times and therefore reduces its kinetic energy to typically a few eV when
it reaches the substrate and adsorbs there. To ensure uniform composition and thickness
of the deposited film, the substrate is usually rotated during deposition. The intricate de-
tails and requirements for the choice of substrate, temperature, buffer/seed layers and the
growth mode are beyond the scope of this introduction and are described elsewhere [1].

To grow the magnetic thin films used throughout this work, a home-built deposition
system with a base pressure of below 10~ Torr is used. The deposited film structure is:
20TaN /50 Pt/ dr, /3 Co/[7 Ni/ 3 Co]n /30 TaN (the numbers indicate the thickness
in A). Different multilayer repetitions N are used. While films with N = 1 are deposited
for domain wall motion and SOT-switching purposes, multilayers with N = 3,4.,5 are
deposited for MAS. Note that the Tantalum thickness dr; is varied to modify the magnetic
anisotropy of the film which strongly depends on the Pt/Co interface (chapter 3.1.2). A
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Figure 3.1: Schematic of magnetron sputtering.

different repetition number N of the Co/Ni multilayers also impact the effective anisotropy
of the film. During deposition, a typical Argon pressure of 3 mTorr is applied and plasma
powers of 30 W are used for the deposition of Pt, while 20 W are used for the deposition
of Co, Ni, Ta. For the TaN, reactive sputtering is used. Here, a mixture 85% Ar and 15%
N, serves as the sputter gas and the reaction of Ta to TaN takes place in the plasma at
the target surface. The sputter deposition takes place at room temperature, at a substrate
rotation rate of 10 rpm.

3.1.2 Role of the interfaces in Pt/[Co/Ni]y multilayers

This chapter serves to elaborate on the importance of the Pt/Co and the Co/Ni interface
and the impacts of its interface modification. Not only is the Pt underlayer required to
generate a strong SOT in the FM (c.f. chapter 2.3.4), but it also significantly affects the
magnetic properties of the film.

The interface between Pt and Co in (111) orientation exhibits a strong hybridization
of electronic 3d and 5d states of Co and Pt, respectively, as shown by XMCD [27]. On the
one hand this induces an orbital magnetic moment in Co that is typically quenched in the
bulk. This orbital moment is oriented perpendicular to the surface and induces PMA due
to the SOC in Co. On the other hand, the electronic hybridization also induces an orbital
moment in Pt. The latter translates into a spin magnetic moment in Pt, due to the strong
SOC in Pt. This effect is commonly referred to as proximity induced magnetization [83].

The interface in (111)-oriented Co/Ni also exhibits significant PMA due to SOC-
induced energy splitting of the 3d-electron states with x>-y?- and xy-character at the Fermi
level [28]. This effect is strongly dependent on the exact band-filling and thus varies de-
pending on the ratio of the Co and Ni thicknesses. Moreover, a (111) growth orientation
is crucial to obtain a strong PMA [29, 30].
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Figure 3.2: Vibrating Sample Magnetometry.

While the strong dependence of the observed PMA on the electronic structure at
the interface has been clearly shown [27, 28, 30], it should be noted that magnetoelastic
anisotropy due to mechanical strain in the thin film may also give a contribution to PMA.
This can be hard to disentangle from electronic effects at the interface [31, 32].

In this work, the Pt/Co interface is precisely modified by inserting a thin Ta layer,
dubbed a dusting layer, in between. It has been shown that such interface modifications
have a pronounced impact on magnetic anisotropy, DMI and consequently impacts also
the effectivity of spin torques [84]. The dusting layer of Ta considered here, typically
ranges up to 1.25 A and significantly reduces the perpendicular magnetic anisotropy and
the DMI strength. The Ta thickness is thus used to tune the FMR resonance frequency
that scales with the PMA strength according to eq. (2.13).

3.1.3 Vibrating sample magnetometry

The static magnetic properties of the magnetic films were measured using vibrating sam-
ple magnetometry (VSM) (Fig. 3.2). Note that these measurements were performed at
room temperature with unpatterned samples with an area of A = (5 mm)2. The VSM
setup (Lakeshore VSM 8600) consists of a large electromagnet capable of producing a
magnetic field of up to 3.5 Tesla. A magnetic sample is attached to a vibrating rod and
is placed between the pole caps of the electromagnet. The magnetic field either points
along the normal of the sample plane (Out-of-plane mode, OOP) or parallel to the plane
(In-plane mode, IP). To detect the sample’s magnetization, VSM makes use of the stray
field of the magnetized sample. This stray field creates a magnetic flux in small pick-up
coils that are placed close to the sample at the pole caps. The vibration of the sample
periodically modulates the magnetic flux at the pick-up coils and thus creates a periodic
voltage signal in the coils according to Faraday’s law. This periodic voltage is then de-
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tected using a lock-in amplifier and can be converted into the samples magnetization.

3.1.4 Ferromagnetic resonance

A home-built FMR setup (see Fig. 3.3) is used to measure the dynamic magnetic proper-
ties such as resonant magnetic fields and linewidths for different frequencies. This allows
to determine for instance the effective magnetic anisotropy and the Gilbert damping con-
stants of the thin film. In order to perform the measurement, the sample is placed face-
down on a co-planar waveguide (CPW). Passing microwaves with gigahertz frequencies
through the CPW generates a high-frequency in-plane magnetic field above the signal line
of the CPW, where the magnetic thin film is placed. The CPW and the sample are posi-
tioned inside a static magnetic field that is generated by an electromagnet. The normal of
the magnetic film is parallel to the static field. The high-frequency magnetic field is thus
perpendicular to the static field. If the frequency of the microwaves applied to the CPW
matches the FMR condition, RF power is absorbed by the magnetic sample. The magni-
tude of the transmitted RF power is detected using a rectifying RF-diode that translates
the RF-amplitude into a DC voltage.

a
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Figure 3.3: Ferromagnetic resonance setup. Schematic (a) and picture (b) of FMR setup. (c)
Close-up picture of the CPW where the sample is placed.

Since the changes in the microwave absorption at the FMR are quite low, a lock-in
technique is used to enhance the signal-to-noise ratio. For this purpose, the static field is
weakly modulated at a frequency of a few tens of Hertz by using a set of modulation coils
near the pole caps of the electromagnet. This field modulation translates into a modulation
of the FMR resonance frequency and consequently modulates the absorbed RF power.
To avoid perturbing the measurement, the modulation field needs to be small compared
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Figure 3.4: Lineshape of FMR resonance. This resonance is measured on a

TaN(20)/Pt(50)/Ta(1)/Co(3)/[Ni(7)/Co(3)]3/TaN(30) (numbers in A) magnetic film at an RF fre-
quency of 10 GHz with the static magnetic field pointing along the film normal. The fit corre-
sponds to eq. (3.1).

to the FMR linewidth. After rectification of the RF signal, the modulated RF power is
fed into a lock-in amplifier and is demodulated. Because of the lock-in detection, the
measured signal corresponds to the field-derivative of the dynamic susceptibility ¥xx, as
shown below. This technique significantly enhances the signal-to-noise ratio and enables
the detection of FMR in ultra-thin magnetic films with thicknesses down to 1.3 nm.

During a typical measurement, a fixed RF frequency is applied and the static magnetic
field is varied. The demodulated voltage signal Vg, (H) obtained at the lock-in amplifier
is fitted with the following function to determine the resonance field Hes and the linewidth
AH [85].

d
Vdem(H) NdH (005(8)?&; + Sin(‘g)%)/(x)

_ 2AH (Hy — Hyes) cos(€) (AHZ — (Ha— Hres)2> sin(e)

[<Ha—Hres>2+AH2}2 [(Ha—Hres)z-i-AHz]z

~

3.1

/

The imaginary and real parts of the dynamic susceptibility x.., Xrx (se€ €q. (2.14b)-
(2.14c)) both contribute to the detected signal due to a mixing angle € that describes the
coupling between the waveguide and the magnetic sample [40, 85].

The measurement of the FMR at many different frequencies allows to determine the
effective anisotropy of the film using eq. (2.13) and fitting the resonance fields accord-
ingly. The development of the resonance linewidths with frequency allows to determine
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the magnetic damping constant o using the following equation [26,40] if no significant

non-linear processes or two-magnon scattering are present [39]:
2
HoAH(f) = oc7f+quHo (32)
The damping constant determines the linear slope of the linewidth with frequency while

AH) is the inhomogeneous linewidth broadening that is independent of the frequency and
arises due to inhomogeneities of the magnetic film [40].
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3.2 Device fabrication

3.2.1 Devices for domain wall motion measurements

To measure the current-induced motion of DWs in the presence of microwaves, two dif-

ferent device designs were used:
* Design A: RF current flows through CPW — RF magnetic field acts on magnet

* Design B: RF current flows through magnet — RF SOT acts on magnet

Design A: The images of the final device and their electrical connection are shown in
Fig. 3.5. The magnetic conduit is placed on top of a CPW, separated by an insulating
Al,O3 layer. The electrical RF current is injected into the CPW and flows below the
magnetic conduit. The RF current thus creates an RF magnetic field at the conduit that is

perpendicular to the RF current direction.
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Figure 3.5: Design A: Schematic and microscopy pictures of final device. (a) Schematic of
final device. (b) Microscopy picture showing the electrical connections during a DW motion
measurement. (¢) Close-up microscopy picture showing the magnetic conduit on top of the CPW.

The fabrication process of these devices is shown in Fig. 3.6: First, 5 nm Ti and
220 nm Au is deposited on a Sapphire substrate with 001-cut by ion beam deposition
(IBD). Then, the CPW is patterned by a negative tone photoresist and etched by Argon
ion milling. The gaps are subsequently filled by Al,O3 (in-situ IBD). For the exemplary
device shown in Figs. 3.5b-c, the signal line of the CPW has a width wg = 10 pm, a
gap g = 3 um in the center and an ohmic resistance of ~ 10 Q. The dimensions later-
ally increase towards the outside region where the wirebonds are placed. These length
scales vary depending on the measurment requirements. Secondly, a lift-off technique
was used to deposit an 80 nm Al,O3 layer using IBD in order to electrically isolate the
CPW from the conduit. Thirdly, using photo-lithography for a double-layer resist, a mask
with undercut was formed. Then the magnetic thin films were deposited and lifted-off to
form a magnetic nanowire on top of the CPW. Lastly, after the deposition of the magnetic
microstructures, a lift-off technique was used to deposit electrical contact pads by IBD (5
nm Ti/ 60 nm Au).
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Figure 3.6: Design A: Sample fabrication procedure.

Design B: The images of the final device and their electrical connection are shown in
Fig. 3.7. Instead of passing the microwaves through a CPW, they are directly transmitted
through the magnetic conduit itself. Therefore, an electrical RF current flows through the

conduit and creates an RF SOT.

The fabrication process of these devices is shown in Fig. 3.8: First, the magnetic film
is deposited on a Sapphire substrate with 001-cut by IBD. Then, the magnetic conduit is
patterned by a negative tone photoresist and etched by Argon ion milling. For the exem-
plary device shown in Figs. 3.7b-c, the central, straight part of the magnetic stripe has
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Figure 3.7: Design B: Schematic and microscopy pictures of final device. (a) Schematic of

final device. (b) Microscopy picture showing the electrical connections during a DW motion
measurement. (c¢) Close-up microscopy picture showing the magnetic conduit.
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a width wg = 3 um and a length L = 10 um. The ohmic resistance lies, depending on
the specific device dimensions, in the range of ~ 200 — 500 Q. The gap to the ground
planes is ¢ = 3 um in the center. These length scales may vary depending on the mea-
surment requirements. Again, the dimensions laterally increase towards the region where
the wirebonds are placed. Finally, a lift-off technique is then used to deposit electrical
contact pads by IBD (5 nm Ti / 60 nm Au).

Deposition of magnetic thin film on b Define magnetic elements (e.g.
insulating sapphire substrate. racetrack, dots) using photolithography
then etch by Ar+ ion milling.

Define mask using photolithography,
c then deposit Ti/Au contact pads and
perform lift-off.

Figure 3.8: Design B: Sample fabrication procedure.
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3.2.2 Devices for microwave-assisted switching measurements

Two different switching mechanisms are investigated in this work. Firstly, current-
induced SOT switching (see chapter 2.4.3) in the presence of microwave magnetic fields
is investigated and the previously shown device design A (Fig. 3.5) is used for these
measurements.

Secondly, microwave-assisted field-switching is studied (see chapter 2.4.2) in the pres-
ence of either an RF SOT or an RF magnetic field. To achieve MAS using RF SOT, the
device design B (as shown previously in Fig. 3.7) is used, though with different dimen-
sions. Furthermore, the device design and fabrication for MAS measurements using an
RF magnetic field is outlined in the following.

Design C: The images of the final device and their electrical connection are shown in
Figs. 3.9. A magnetic dot is placed on top of a CPW, separated only by a thin Al,O3
layer. An RF current passing through the CPW will generate an RF magnetic field at the
magnetic dot.

(\ Oi"'és M { .1?
RF signal ’ ~ L~ /—\
@i\ / o A "

Magnetic dot

Figure 3.9: Design C: Schematic and microscopy pictures of final device. (a) Schematic of
final device. (b) Microscopy picture showing the electrical connections during microwave-assisted
field-switching measurement. (c¢) Close-up microscopy picture showing the magnetic dot on top
of the CPW.

The fabrication process of these devices is seen in Fig. 3.10: First, 5 nm Ti and 220
nm Au is deposited on a Sapphire substrate with 001-cut by IBD. Then, a 5 nm thin layer
of Al,O3 is deposited by IBD, followed by the deposition of the magnetic thin film. A
magnetic dot is patterned by a negative tone photoresist and etched by Argon ion milling.
The exemplary device shown in Figs. 3.9b-c has a dot radius of 4 um. These length scales
may vary depending on the measurment requirements. Lastly, the CPW is patterned by a
negative tone photoresist and etched by Argon ion milling.
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a Deposition of Gold film on Define mask for magnetic dots using
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C Deposition of magnetic thin film.

Figure 3.10: Design C: Sample fabrication procedure.
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3.3 Magneto-optical Kerr effect (MOKE) measurements

3.3.1 Magneto-optical theory

A powerful optical technique to characterize the magnetism of magnetic thin films on
a local scale is the magneto-optical Kerr effect (MOKE). Figure 3.11a shows that for
linearly polarized light that reflects from a magnetic sample at an incidence angle 6;,
the Kerr effect both leads to a rotation of the main polarization axis as well as a finite
ellipticity of the polarization.

Macroscopically, the MOKE can be described by a non-symmetric dielectric tensor &
that modifies the refractive index of right and left circularly polarized (RCP/LCP) light
nrL [86].

1 iQ, —iQy
g¢=¢|-iQ, 1 iOx (3.3)
iQy —i0x 1
1
nRL :n(l + EQ . ek) (3.4)
Q=(0x 0y Q)" (3.5)

Here, n = /€ is the average refraction index and ey is the unit vector along the propagation
of the light. The Voigt vector Q is approximately proportional to the sample magnetiza-
tion [87] and is usually a complex value. Since linearly polarized light is a superposition
of RCP and LCP light, the different refraction index ng 1, which is in general a com-
plex value, will lead to different phase shifts and attenuations of the circularly-polarized
components of the refected beam. This translates into a slight rotation ¢ and a finite
ellipticity Nk of the reflected beam (see Fig. 3.11a) [88].

inQ;

nz—1

Ok +ink = (3.6)

There exist different geometries to measure the magnetization using MOKE as seen
in Fig. 3.11b-c. First, the perpendicular/polar MOKE (P-MOKE) is strongest for light at
normal incidence (i.e. at 8; = 0) and probes the magnetization component along the film
normal. Second, the longitudinal MOKE (L-MOKE) requires a finite incidence angle 6;
and probes the planar magnetization component that is parallel to the plane of incidence.

Since the previous description of the Kerr effect is solely macroscopic, the micro-
scopic origin of the effect will be outlined in the following. To explain the gyrotropy
of &, i.e. the presence of its non-diagonal components, one may use the Lorentz-force
that is induced by an effective magnetic field acting on the electrons in the magnetic
material [87]. The electric field of the linearly polarized incoming light E; induces a
vibrational motion of the electrons, i.e. an oscillating electron dipole moment or polariza-
tion P¢. The local magnetic field due to the magnetization of the film leads to a Lorentz
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Figure 3.11: Magneto-optical Kerr effect. (a) Linearly polarized light that reflects from an per-
pendicularly magnetized sample exhibits a rotation ¢k of the polarization and a finite ellipticity.
The shown rotation originates from the Lorentz force F1, acting on the oscillating electron polariza-
tion Pr. (b-¢) The P-MOKE occurs for sample magnetization perpendicular to the plane whereas
the magnetization for the L-MOKE lies in-plane and parallel to the plane of incidence.

force FL ~ E; X M that rotates the path of P slightly. The secondary radiation emerging
from this vibrational motion (both transmitted and reflected light) thus exhibits a slightly
rotated polarization axis (see Fig. 3.11a). The experimentally observed Kerr effect in
ferromagnets is very large and can be explained by the strong Heisenberg exchange field
but only when spin-orbit coupling is taken into account. By coupling the magnetic mo-
ment with the electron motion, the SOC connects the magnetic and optical properties of
a FM [86,89]. To predict the magneto-optical properties of a itinerant FM such as Nickel
or Cobalt, the dielectric tensor can be calculated from the band structure of the magnet
by taking spin-orbit interaction and exchange-split bands into account [88-90]. In this
framework, intra-band electric dipole transitions significantly contribute to the Kerr effect
at low photon energies (< 2 eV) while inter-band transitions dominate at larger photon
energies [88]. Note that heavy metals such as Pt in proximity to the FM may contribute
to the Kerr effect by hybridizing with the band structure of the FM and modulating the
effective SOC of the HM/FM bilayer.

3.3.2 Wide-field P-MOKE microscopy setup

The P-MOKE can be exploited to visualize oppositely magnetized domains in a FM with
PMA and thus enables to track the position of a DW over time. A wide-field microscopy
setup is used for this purpose (see Fig. 3.12). White LED light is first linearly polarized at
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Figure 3.12: Kerr microscopy setup. (a) Schematic of setup. (b) Picture of the microscopy setup
used throughout this work.

an angle @p and reaches the sample at normal incidence. The reflected beam first passes
through a A /4 compensator and secondly through an analyzer. The compensator changes
the phase difference between the p (parallel) and s (perpendicular) components of light
and allows to adjust the ellipticity of light [90]. Here, it is used to minimize the ellipticity
of the reflected light. The analyzer subsequently allows to detect small rotations of the
light polarization due to the Kerr effect. Usually, the analyzer angle ¢4 is slightly detuned
from the extinction point (where polarizer and analyzer are perpendicular to each other
and no light passes through). In that case, a positive (negative) Kerr rotation will for
instance result in a signal increase (decrease) at the detector behind the analyzer. Up
(down) domains will thus appear with dark (bright) contrast. To enhance the domain
contrast, differential mode imaging is used. Herein, by taking a background image and
digitally subtract it from the live image, any change to the previous magnetization state is
highlighted (Fig. 3.14).

This optical setup allows for the measurement of DW motion and magnetization
switching in micro-structured magnetic devices. For this purpose, external magnetic fields
are often required and are generated by electromagnets (see Fig. 3.12b as an example).
In addition to the application of magnetic fields, the measured samples are electrically
connected by wirebonding. An RF signal generator and subsequent RF amplifier allows
to inject a high-frequency electrical signal into the sample. This RF-signal may either be
injected into the CPW below the magnetic element to generate a high-frequency magnetic
field at the conduit (Fig. 3.13a). Alternatively, the RF signal may directly be injected into
the magnetic conduit (Fig. 3.13b) to generate radiofrequency spin-torques. The transmit-
ted RF signal is monitored at a digital oscilloscope. In order to precisely tune the effect
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of the RF signal on the spintronic device, bursts of RF-power may be applied instead of
continuous-wave RF. For this, an RF mixer and a burst pulse generator are used to chop
the RF signal into RF bursts. An additional, nanosecond-long SOT current pulse can
be sent through the magnetic conduit to induce DW motion or switching. The timing be-
tween this pulse and RF burst is adjustable. In most cases, the SOT pulse was sent through
the magnetic conduit a few nanoseconds after the beginning of the RF burst. Note that
due to the timing uncertainty of a few nanoseconds between SOT pulse and RF burst, the
timing of the SOT pulse with respect to the phase of the RF-signal was not investigated.
A schematic of the electrical setup is shown in Fig. 3.13.

a Burst pulse
tpurst = 100 ns = CW

Oscilloscope

CPW @
RF current into CPW

Signal generator - RF magnetic field

SOT pulse
tor = 2 s — 100 ns @ [ Racetrack |

Burst pulse
tyurst ® 100 ns = CW

RF current into
) magnetic conduit
Oscilloscope

- RF electrical current
- RF spin-orbit torque

Signal generator

SOT pulse
tsor 2 ns—100 ns

Figure 3.13: Schematic of electronic circuitry. (a) The injection of an RF current into CPW gen-
erates a transverse, high-frequency magnetic fields at the magnetic conduit. The ns-long current
pulse is injected directly into the magnetic conduit which is isolated from the CPW. (b) Direct
injection of RF electrical current into the magnetic conduit to induce a high-frequency SOT. A
power combiner is used to add the RF-signal with a ns-long current pulse.

3.3.3 Domain wall motion measurement

For the measurements of DW motion, the previously mentioned wide-field Kerr mi-
crosopy is used. A single DW is first isolated in the magnetic conduit. Current-induced
DW motion is obtained by applying a series of current pulses with current density j and
widths 7,y1se Of typically 5 ns or 10 ns through the magnetic conduit. Note that the SOT
is the major source for current-induced DW motion in the thin films under consideration
here and induces a DW motion opposite to the electron flow (Fig. 3.14). The effective
DW velocity vesr = d, / fpuise 18 then determined from the wall displacement per pulse d,
and the pulse time #,yjse. This procedure to measure the DW velocity is repeated several
times to obtain a statistical measurement error.
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Figure 3.14: Current-induced motion of an 1| DW. White contrast corresponds to the change
in the local magnetization from an 1 to a | state and vice versa for black contrast as indicated in
the image. The DW is moved by an SOT and thus propagates along the electrical current density.
After taking a background image, a train of electrical current pulses is applied to the conduit and
snapshots of the conduit are taken. The image shows the DW motion by five pulse trains (from
top to bottom).

When current-induced DW motion is measured in the additional presence of RF mag-
netic fields, the DW can move after the end of the current pulse, as will be shown later
in this thesis. This complicates the determination of a unique DW velocity since the
DW velocities generally differ when motion is induced by a current pulse or an RF field.
Therefore, the DW displacement per current pulse d}, will be shown as the more suitable
variable.

3.3.4 Magnetization switching experiments

In addition to DW motion, the wide-field Kerr microscope is used to measure the mag-
netization switching under assistance of RF fields or RF currents. As outlined already
in chapter 3.2.2, both the microwave-assisted SOT-switching and the microwave-assisted
field-switching are investigated in this work. The typical procedures of both experiments
are outlined below:

SOT switching:

1. Remove any domain walls e.g. by DW annihilation or saturating the FM in a mag-
netic field.

2. Apply a static longitudinal magnetic field Hy.

3. Apply both an electrical current pulse through the magnetic conduit and an RF burst
that are synchronized to each other.

4. If the magnet switched, a contrast change is visible in the Kerr image.
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Microwave-assisted field-switching: The microwave-assisted field-switching investigates
switching by a magnetic field H; in the additional presence of RF fields or currents. The
measurements were performed on devices with design B (Fig. 3.7) or design C (Fig. 3.9).
The typical measurement procedure is as follows:

1. Saturate the FM in a large H, field.

2. Apply a weak magnetic field in the reverse direction (opposite to the initial magne-
tization) and apply an RF burst to the device.

3. Record the Kerr contrast /¢ of the FM.

4. Repeat the previous two steps for increasing field magnitude until the magnetic
element switches.

5. Measure such a resulting contrast curve Ig (H,) several times for statistics.

3.3.5 Super-Nyquist sampling magneto-optical Kerr microscopy (SNS-MOKE)

To investigate the magnetic response at the DWs and adjacent uniform domains, a vari-
ant of time-resolved magneto-optical Kerr (TR-MOKE) microscopy is used, commonly
referred to as Super-Nyquist sampling magneto-optical Kerr microscopy [91] (see Fig.
3.15). In this approach, an RF-current at GHz frequencies passing through a CPW gen-
erates an RF magnetic field which excites magnetization dynamics within the micro-
structured magnetic sample (cf. device design A in chapter 3.2.1). As a probe, a short-
pulsed laser system is employed that operates at 515 nm with a repetition frequency of
frep = 80 MHz. By means of a high-numerical aperture microscope objective, the laser
beam is focused to a diffraction limited spot size of approximately 300 nm. A balanced
photo-detector converts the optical signal into an electrical one which is first amplified
and then detected at a lock-in amplifier. The obtained signal corresponds to a change of
the light’s polarization state under reflection via MOKE within the diffraction limited area
of the laser spot. In contrast to conventional TR-MOKE experiments, this approach does
not require additional external modulation techniques. To achieve this, an external master
clock (i.e. a synchronizer) stabilizes the laser’s repetition rate, the frequency generator as
well as the lock-in amplifier. Herein, a phase-locked loop detects variations of the laser’s
repetition rate and adjusts the latter by varying its resonator length. The synchronization
allows the lock-in to directly demodulate at alias frequency components |7 - frep — fRE|,
where 7 is an integer number representing the comb lines of the frequency comb of the
ultra-short laser pulses. These alias frequencies originate from an under-sampling of GHz
magnetization dynamics with the 80 MHz sampling frequency of the laser pulses. How-
ever, since all frequency components are stabilized to the external clock, the exact posi-
tion of the alias frequency is predetermined and can be used for demodulation, without
the need of any additional modulation. This case of under-sampling allows to reconstruct
the amplitude and phase information at arbitrary frequencies.
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Figure 3.15: Super-Nyquist samping MOKE.

Two different MOKE geometries are used for the SNS-MOKE measurements in
this work: First, P-MOKE measurements probe magnetization precessions having a z-
component. It should be pointed out that the SNS-MOKE technique does not probe the
static but only the dynamic magnetization components. Because of this, the uniform mag-
netic domains of OOP magnetized samples, i.e. the 1 and | domains, are invisible to the
P-MOKE in the SNS-measurement since the magnetization along the z-axis is static and
insensitive to the measurement. Spin precessions in the domains have only components
in the xy plane and are thus also insensitive to this dynamic P-MOKE (Fig. 3.16b). This
situation changes for the region of the domain wall. Here, the static magnetization at the
DW is rotated towards the IP direction (e.g. parallel to the x-axis for a Néel wall). Hence,
a spin precession of a Néel DW will mostly occur in the yz plane. The finite z-component
of the precession is thus accessible with P-MOKE in SNS configuration.

Second, the SNS-setup becomes sensitive to the L-MOKE by blocking half of the
incoming laser beam and cutting half of the wave-vector spectrum provided by the mi-
croscope objective. However, this also halves the detected light intensity and deteriorates
the spatial resolution in one direction. Nevertheless, by this procedure, the longitudinal
components of the Kerr rotation will not average to zero anymore and can be obtained by
means of lock-in detection. The L-MOKE probes the dynamic longitudinal component
of the magnetization along x-direction (i.e. along the magnetic wire). It allows to image
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Figure 3.16: Sensitivity of SNS-MOKE to uniform domains and domain walls.

the spin precession in the uniform domains where precession occurs in the xy-plane (Fig.
3.16a). In contrast to the L-MOKE sensistivity to the uniform domains it yields zero sig-
nal at the DW position. At the DW, the magnetization statically points along x-direction,
while its precession will only provide a dynamic y- and z-component.
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The following part of this thesis focuses on the dynamics of magnetic DWs in the
presence of RF fields or RF electrical currents. Firstly, in chapter 4, it is shown that a
DW exhibits a resonant response to external RF fields at significantly lower frequencies
than the FMR. Secondly, the DW’s motion is investigated in the combined presence of
RF fields (or RF currents) and pulsed electrical currents. In chapter 5, it is shown that
an RF magnetic field induces self-propulsion of a DW, i.e. the DW propagates over long
distances in the absence of any pulsed driving currents. Herein, the direction of the DW’s
self-propulsion is determined by a weak transverse magnetic field. The experimental re-
sults also show the different actions of both RF magnetic fields and RF electrical currents
during self-propulsion. Lastly, as shown in chapter 6, a nanosecond-long electrical cur-
rent pulse can be used to trigger DW motion that is subsequently sustained by the resonant
RF field. The directional of this sustained DW motion follows the motion that is induced
by the initial current pulse.
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Chapter 4

SNS-MOKE measurements of a domain

wall resonance

Super-Nyquist sampling MOKE is a powerful technique to optically detect phase-resolved
magnetization dynamics. The spatial resolution of approximately 300 nm allows to spa-
tially differentiate between the dynamic magnetization response of a uniform magnetic
domain and a DW. Additionally, the choice of the MOKE operation, i.e. L-MOKE or
P-MOKE, determines if the technique is either sensitive to the domains or the DWs. Al-
together, this allows not only to localize the DWs but also to probe the distinct resonances
of uniform domains and DWs and to identify their precession modes.

4.1 Thin film characterization

Magnetic thin films with the following structure were used throughout this chapter:
20TaN /50Pt/1Ta/3 Co/[7Ni/3 Co]n=; /30 TaN (the numbers indicate the thick-
ness in A). Following the notation from chapter 3.1.1, this corresponds to thin films
with dr, =1.0A and N = 1 multilayer repetitions. The magnetic characteristics of the
films were measured using VSM. Note that all measurements in this thesis were per-
formed at room temperature. Fig. 4.1a shows the OOP field scan with a coercive field of
UoH:. = 2.5 mT and a rectangular shaped hysteresis loop. This confirms the PMA of the
film. The IP measurement, shown in Fig. 4.1b, reveals the non-hysteretic magnetization
tilting towards the sample plane until saturation is reached. This saturation field corre-

sponds to the effective anisotropy field HOH;I/ﬁSI‘\g‘f = ZA,II(S” — UoMs and equals 325 4 10 mT.

The dynamic magnetic properties of the film were measured with the FMR setup.
Fig. 4.2a displays the linear increase of fryr with the OOP magnetic field as expected
according to eq. (2.13). The linear fit yields an extrapolated zero-field FMR frequency
of fo = femr(H = 0) = 9.9+ 0.1 GHz. The latter corresponds to an effective anisotropy
field NOH;I\i/,Igff = 27” fo =294 +£4 mT and matches well to the effective anisotropy field

obtained from VSM. The linewidth dependence with frequency is displayed in Fig. 4.2b.
Using eq. (3.2), a linear fit returns the damping constant o = 0.0455 4-0.0002.
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Figure 4.1: Vibrating sample magnetometry. (a) Out-of-plane and (b) in-plane magnetization
of the magnetic film. The OOP-scan shows the square like hysteretic switching and the IP-scan

shows the effective anisotropy field. The data is normalized to the saturation value.
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4.2 Measurement setup

In order to perform an SNS-MOKE measurement, devices with the design A (chapter
3.2.1) were fabricated and electrically connected by wirebonding (Fig. 4.3a). An RF
signal generator is connected to the device and injects an RF current to the CPW. The
transmitted RF power is detected at a vector network analyzer (VNA) or an RF power
meter. The RF current in the CPW generates a high-frequency magnetic field at the po-
sition of the magnetic conduit with transverse orientation relative to the CPW (see Fig.
4.3b). The narrow, straight part of the conduit has has the dimensions 3 x 30 um?.

The frequency-dependent transmission of RF power through the CPW is measured
with a VNA and shown in Fig. 4.4. The figure displays the S-parameter S5, that indicates
the RF power transmission (see appendix chapter B.1 for details on S-parameters), and
the corresponding RF field amplitude hggy. The calculation of Argy is based on the
analytical solution of the Biot-Savart law based on an input power of P, = 0 dBm.

While the transmission is relatively high in the frequency range below 5 GHz, a pro-
nounced absorption dip appears between 5 GHz and 6.5 GHz. This dip is probably caused
by RF losses due to the CPW design or the RF circuitry of the sample holder. Beyond
the dip, the transmission then slowly decreases from —7 dB at 6.5 GHz to —24 dB at 10
GHz.

a . b

CPW VNA/Power-meter

A -
RF sig@B\\\// ~ - cPW—8
A

Jrr(®)

Figure 4.3: Schematic of device geometry and RF field generation. (a) Schematic of the device
geometry and electrical connections used in the SNS-MOKE measurements. Note that the mag-
netic conduit sitting on top of the CPW is not wirebonded and hence not in any direct electrical
contact. (b) Schematic of RF field generation at the conduit position. An RF current density jrp(f)
flowing through the CPW generated a high-frequency Oersted-field igp(¢) at the conduit position.
This RF-field is transverse to the current flow in the CPW.
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Figure 4.4: RF transmission through the CPW. The frequency-dependent CPW transmission
S»1 (left axis) is measured using a VNA and converted into the RF-field amplitude at the conduit
position /ggy (right axis). The conversion uses the analytical solution of the Biot-Savart equations
to calculate hrfy and uses an input power P, = 0 dBm. The inset shows the microscope picture
of the measured device with schematically shown electrical connections.

4.3 L-MOKE measurements

In order to investigate the difference in the magnetization dynamics between uniform do-
mains and DWs, two DWs were initially placed in the magnetic conduit. This results
in a 7|7 domain configuration (going from left to right). Consequently, the DW on the
left (right) side of the conduit has an 1] (| 1) configuration. Since the material exhibits
DMLI, the DWs are chiral Néel walls, i.e. their static magnetic moments rotate perpendic-
ular to the DW plane with a fixed rotational sense (cf. Fig. 2.2).

Next, an RF signal at a power of P, =0 dBm is applied to the CPW and creates an RF
magnetic field at the conduit. The RF frequency is varied from from 160 MHz to 10 GHz
in steps of 80 MHz. The magnetization dynamics at these frequencies are now optically
measured using the SNS-MOKE microscopy. Starting with L-MOKE, the setup probes
the dynamic x-component, my(t), of the magnetization precession in the magnetic conduit
(cf. methods chapter 3.3.5). The magnetization precessions are illustrated in Fig. 4.5a:
The three sections of this illustration correspond to the precession at the uniform domains
around =4z (left and right) and the precession of the DW around —x (center). When
exciting the FMR mode in the domains, the magnetization precesses around the z-axis
with a significant x-component my () (red arrow). This allows to detect the FMR in the
domains using L-MOKE. In contrast, the magnetization of a Néel DW precesses around
the —x-axis and only its y- and z-components are oscillating at the excitation frequency.
Since the x-component m(¢) at the DW remains static, the L-MOKE measurement gives
zero signal there.

The L-MOKE map in Fig. 4.5b, experimentally confirms the precession around +z
happening in the uniform domains. Herein, the Kerr intensity and phase are visualized

56



4.3. L-MOKE measurements

a b c
Sensitivity to m,(t). L-MOKE

- FMR-precession in domains.

rDomain walls—l 32

my(t) =0 myt) =0 8 -3 ‘ 11£
pe——= o ‘/1 Z | su
- N = ‘_-6 R AT = e
= ]
Sa E | B FMR
: £l 1
2 5 =

~
=]

-

1

o

N

—- @

G &
w
=1
F=y
vl
o
S
AN

2K
o

©

T X (um) 2

6
X Frequency (GHz)

e f
Sensitivity to m,(t). P-MOKE

—> Precession of domain wall.

rDomain walls-l 2
8 i 1 19.0 <« DW
s |-
m, (t) =0 6 é z TR 2 |3"
4 B 2 2 ; i e g
i ¢ — > s 7 & &0 @ g
H ! - =
) 2 Ao n:) 8
\ f=0.96 GHz >
. % 15 30 a5 190
5 ] © B 10
T . X (pm) Frequency (GHz)

Figure 4.5: Magneto-optic microscopy of domain and DW dynamics. SNS-MOKE data of a
magnetic conduit hosting two chiral Néel DWs. Top row: L-MOKE (a) In this configuration, the
setup is sensitive to the x-component of the magnetization precession and probes the FMR mode
in the uniform, OOP-magnetized domains. (b) The L-MOKE map shows a strong signal in the
domains but yields zero signal at the DW itself. The signal exhibits a sign change (phase shift of
180°) when crossing a DW. The DW is visible as a narrow white line with zero signal. (¢) The fre-
quency scan has been measured in the domain at the center. The shaded area in (¢) and (f) indicates
the standard deviation determined from multiple measurements at each frequency. Bottom row:
P-MOKE. (d) This configuration probes the z-component of the magnetization precession and is
insensitive to the FMR mode in the uniform domains and only detects a precession or oscillation
of the DW. (e) Hence, the P-MOKE data only returns a signal at the DW position. (f) Frequency
scan of the P-MOKE response at the DW position.

by the image intensity and color, respectively. The clear presence of the uniform FMR
mode at f = 9.20 GHz is seen in the 1 and | domains while the DW gives zero signal. As
expected, the FMR precession exhibits a 180° phase shift (visualized by the color change
from red to blue) on either side of any DW due to the opposite static magnetization in the
up- and down-domains, respectively.

The L-MOKE frequency scan in Fig. 4.5c clearly shows that the FMR response
is centered at approximately 9.5 GHz. As shown in the previous section, the extrap-
olated zero-field FMR frequency of the magnetic films measured with a conventional
FMR set-up lies at fy =9.9+0.1 GHz with a linewidth Af (H = 0) = 3—ZIAH0 = 5-MHoAH,
= 0.82 +£0.07 GHz and matches reasonably well with the SNS-MOKE data.

57



Chapter 4. SNS-MOKE measurements of a domain wall resonance

4.4 P-MOKE measurements

Different from the L-MOKE configuration, the P-MOKE configuration is highly sensitive
to the z-component of magnetization precession. The schematic in Fig. 4.5d clearly
shows that only a magnetization precession at the DW has such a finite z-component and
is sensitive to the P-MOKE measurement. The spin precession in the uniform domains
occurs in the xy-plane so that it is insensitive to the P-MOKE.

Indeed, the P-MOKE map in Fig. 4.5e shows a strong, localized response only at
the positions at which DWs are placed. The map shows a similar intensity but different
phases (visualized by different colors) at both DWs. In contrast to the previous L-MOKE
map, the P-MOKE map was acquired at a frequency of f = 0.96 GHz, i.e. at much
lower frequency than the FMR. This clear distinction to the FMR is also visible in the
frequency dependence of this DW precession in Fig. 4.5f. The SNS-MOKE signal at
the DW exhibits a pronounced maximum at f = 640 MHz which is significantly lower
than the FMR mode (f ~ 9.5 GHz). It should be noted that the frequency scan shows a
weak background signal at the FMR frequency that is, however, independent of the DW
and is also present when measuring P-MOKE in the uniform domains. Overall, these
experiments clearly visualize that the uniform domains and the chiral Néel DWs exhibit
distinct precession dynamics. Herein, the DW exhibits a resonant excitation spectrum at
frequencies that are significantly lower than the FMR.

The asymmetric DW resonance shape in Fig. 4.5f can be accounted for by a superpo-
sition of numerous standing spin wave modes along the width of the magnetic conduit. It
is highly unlikely that the asymmetry is caused by a hybridization of the DW and FMR
modes since the only available band of the forward-volume spin-waves in the uniform
domains has no overlap with the low-frequency DW mode [92].

Lastly, the out-of-phase response of the two neighboring DW resonances in Fig. 4.5¢
can be explained by their oppositely orientated static, in-plane magnetization. Since the
DW’s chirality is fixed, the DW’s IP component points along —x for an 1| DW while
it points along +x for a |1 DW. Fig. 4.6 shows how this affects the magnetic preces-
sion and the measured SNS-signal of the DWs: Because of the oppositely oriented 1P
orientation My of two neighboring DWs, they precess in an opposite sense of rotation
when they are excited by an RF field iggy. Since the dynamic magnetization component
my(t) is probed by P-MOKE, the SNS-MOKE signal arising from both DWs is phase
shifted by 180°. Moreover, the out-of-phase m;, () response of two neighboring Néel
walls will equally appear when no DW precession, but a periodic DW motion (oscilla-
tion) is excited.

58



4.4. P-MOKE measurements

RF-field hgg, DW-type: T DW-type: {1
Phase ¢ | Amplitude Precession | m,(t) Precession | m,(t)
¢ =0° ,

oo | | = | | =S

¢ = 180°

¢ = 270°

9 0/C

Figure 4.6: Explanation of the out-of-phase SNS-MOKE response for two precessing neigh-
boring DWs. The orientation of the RF magnetic field igrg,y along +y is shown in the left two
columns for the phases ¢ = 0°, 90°, 180° and 270° of the periodic RF signal. The corresponding
precession of the 1| DW (center two columns) and |7 DW (right two columns) is shown at res-
onance. Note that the schematic depicts the projection of the time-dependent magnetization m(t)
to the yz plane and the static DW magnetization My points along —x (1) DW) or +x (/1T DW). In
this projection, the two DWs precess with an opposite sense of rotation. Because of this, the m,(r)
variations for the 1 and |1 DWs are out-of-phase. Since SNS-MOKE is only sensitive to periodic
my(t) variations, the SNS-MOKE signal of the two DWs will be out-of-phase as well according to
this model.
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Chapter 5

Self-propulsion of a magnetic domain
wall

In this chapter, the current-induced DW motion is investigated in the presence of RF mag-
netic fields or RF currents. The chapter is structured as follows: The general measurement
setup and the measured device geometries will be introduced first. Next, the effect of a
static, transverse Hy field on the DW motion will be briefly revisited. Afterwards, the DW
motion in the presence of both a resonant RF-field and a static Hy field will be demon-
strated and the RF-induced effects such as DW rectification and self-propulsion will be
introduced. Finally, the equivalent measurements using an RF-current (instead of an RF-
field) will be shown and compared with the RF-field measurements.

5.1 RF-field excitation of a magnetic domain wall

The current-induced DW motion is now measured in the presence of RF magnetic fields.
Note that the results are presented both as the DW displacement per current pulse d,
as well as the effective velocity vesr = dp/tpulse that is deduced from the current pulse
length #,y15e. Since the calculation of v is based only on #,y15e, any DW motion that takes
place after the current pulse will thus overestimate vegs.

5.1.1 Measurement setup

The same device design and magnetic films as in the previous chapter 4 are used here,
i.e. devices with the design A (chapter 3.2.1) were fabricated and electrically connected
by wirebonding. An RF signal generator is connected to the device and injects an RF
current to the CPW. The transmitted RF power is detected by a digital oscilloscope. In
addition to the wirebonding used for the SNS-MOKE measurements in chapter 4, the
magnetic conduit is wirebonded here and electrically connected to the pulse generator
(Fig. 5.1a). The narrow, straight part of the conduit has the dimensions 3 X 30 um?.
Fig. 5.1b summarizes all elements acting on the DW: An electrical current with current
density jsor flows directly through the conduit and induces an SOT that drives the DW
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Figure 5.1: Schematic of device geometry and measurement configuration using RF-magnetic
fields. (a) Schematic of the device geometry and electrical connections used in the DW motion
measurements using the device design A. (b) Schematic illustration of the magnetic fields and
currents acting on the magnetic DW.

along jsor with a velocity vpw. With respect to magnetic fields, both a static transverse
field Hy and an RF-field /,¢(¢) will be applied for the measurements in this chapter. Note
that the RF current in the CPW generates h.¢(¢) at the position of the magnetic conduit.
As explained in Fig. 3.13, the RF-signal can be either sent as a continuous-wave or as a
bursted signal with a length #p.

5.1.2 RF-induced unidirectional domain wall motion

According to the collective coordinate model introduced in section 2.3.4, a static IP mag-
netic field such as Hy or Hy induces no steady-state DW motion. Such static fields can
cause a slight distortion of the DW, e.g. a DW tilting, but do not cause a continuous
movement of the DW. Similarly, it is not expected that the periodic time-varying RF-field
may cause a net motion in any preferential direction by symmetry considerations. This is
experimentally seen in Fig. 5.2b which shows the measurement of current-induced DW
motion without and with an additional RF-field. The DW displacement dj, versus current
density j is unaffected by the RF-field. It is also seen that the current-induced DW motion
in zero magnetic field is symmetric, i.e. the DW moves an equal distance to the right (left)
when a positive (negative) current pulse with equal current density is applied.

The previous symmetry considerations break down however, when a static magnetic
field modifies the DW energy. As discussed in section 2.3.4, a transverse magnetic field
Hy induces a directionality to the DW propagation (see Fig. 5.1 for the coordinate of the
system). This makes the current-induced DW motion asymmetric, i.e. the DW displace-
ment for a positive current-density, d;,r , and a negative one, d,, are not equal. If Hy is
positive, d;,’ > |a’p_ | and vice versa. Such asymmetric dpi( J.Hy# 0) curves in the pres-
ence of a weak field ypHy = 18 mT are shown in Fig. 5.2a when comparing the two gray
curves with open (Hy = 0) and closed (toHy = 18 mT) symbols.

The application of an RF-field at f = 475 MHz, referred to as resonant, yields a
significant enhancement of this asymmetry in the DW propagation. The threshold for
DW motion at a positive current-density, j$, lowers further while the one at a negative
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Figure 5.2: Current-density dependence of the current-induced DW motion in the presence
of an RF-field. Electrical current pulses with 7y, = 10 ns cause the displacement d,, of a
magnetic DW. The latter is also expressed as an effective velocity vegr. The measurements are
performed in the presence of a continuous-wave RF-magnetic field where the transmitted power
reads PR} (f = 475 MHz) = —12.7 dBm and P} (f = 1000 MHz) = 0.7 dBm. The RF-field only
shows an impact for f =475 MHz and in the presence of a static, transverse magnetic field Hy (a)
but not in zero static field (b). The inset of (a) schematically shows the orientation of the DW and
magnetic fields and electrical currents.

current-density, | jt?l|, increases further. In addition, the maximum d; increases from
0.65 pm/pulse (no RF) to 0.88 pm/pulse (f = 475 MHz). The resonant microwaves ap-
pear to create an additional torque on the DW in the preferential direction of motion. Note
that this preferential direction reverses when Hy is reversed. In the absence of a prefer-
ential direction, i.e. at tpHy = 0, this torque vanishes due to symmetry, as shown in Fig.
5.2b. Note that for f =475 MHz, the RF power Pgj = —12.7 dBm transmitting the CPW
amounts to a peak RF field amplitude, ohrp = 0.389 mT. For f = 1.0 GHz, referred to
as off-resonant, despite a higher transmitted power of PR§' = 0.7 dBm (corresponding to
Uohrr = 0.91 mT), no RF-induced torque is visible. Fig. 5.3 shows the Kerr microscope
images of these results.
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Figure 5.3: DW motion in the presence of a static Hy field and (off-)resonant RF fields. Subse-
quent snapshots of the differential Kerr image showing the current-induced DW propagation along
the electrical current flow are recorded in various configurations. White (black) contrast indicates
that the up-down DW is moving to the left (right). DW motion is measured in the following con-
figurations: (a) Zero static field and no RF-power. (b) Zero static field and resonant RF-bursts with
tourst = 2.5 ps. (¢) UoHy = +18 mT but no RF-power. (d) ypHy = +18 mT and resonant RF-bursts
are applied and show the complete rectification of DW motion towards the right (along +x). (e)
An off-resonant RF-field at f = 1000 MHz shows no modified DW motion at tgHy = +18 mT
compared to (¢).
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5.1. RF-field excitation of a magnetic domain wall

To further understand the role of the Hy field on this RF-induced torque, Fig. 5.4a
shows the dependence of the current-induced DW motion on Hy, without and with an RF
field at frequencies below, at, and above the resonance. For simplicity, Ad}, = cip+ —|d; |
is defined as the difference in displacement for a positive and a negative current pulse.
In the absence of a resonant RF-field, Ad), increases slowly with Hy. However, a res-
onant RF field at f = 550 MHz dramatically increases the asymmetry Ad, at low Hy,
so that, at positive fields, dp+ reaches significantly higher values than in the absence
of RF-fields. The maximum displacement reaches a peak value of d; = 1.97 um/pulse
(|dy | = 1.95 um/pulse) at uoHy = 18 mT (uoHy = —20 mT), respectively, which is more
than 3 times higher than at off-resonance. ]dpi| then decreases and approaches the off-
resonant curve at high field (|uoHy| ~ 70 mT).

The emergence of the peaked dj(Hy) data for resonant RF-fields will be discussed in
the following: One possible explanation for the dp(Hy) behavior is the trade-off between
the asymmetry of DW motion and the coupling of the DW magnetization Mpw with the
RF field /. As shown in the Fig. 5.4b, Hy rotates Mpw by the angle ® from x to y.
This rotation gradually induces the asymmetry of the DW motion. At the same time
the coupling between A71Dw and fzrf scales with cos(®) and decreases with Hy. However,
an unidirectional RF-induced torque on the DW occurs only when both the DW motion
is asymmetric and the RF-field couples well to the DW. Hence, for poHy = 0, there is
no RF-induced torque since the DW motion is still symmetric. In contrast, a finite Hy
provides the DW asymmetry and enables unidirectional motion of the DW. Nevertheless,
at high Hy, despite the highly asymmetric DW motion, the coupling between Mpw and
hyt reduces and the efficiency of RF-induced torque decreases.

A second important aspect for the discussion of the dj,(Hy) data is the Hy-induced DW
tilting (schematically shown in Fig. 5.4c). In zero magnetic field, the DW exhibits a tilt
of the DW plane during current-induced motion by an SOT [8, 93]. This tilt is caused
by a combination of DMI and the DL-SOT. When a magnetic Hy field is applied and the
DW is moved by a current pulse along the preferred direction of motion (induced by the
polarity of Hy), the tilting angle is first reduced by Hy. A further increase in Hy then leads
to an increase of the tilting angle but in the reverse direction. Experimentally, large DW
tilting angles can be detrimental for DW motion since the DW is increasingly stretched
and is more susceptible to extrinsic pinning sites (especially at the conduit edges). Zero
DW tilting is thus optimal for DW motion. Altogether, the Hy-induced transition from
the initial DW tilt, to zero DW tilt and finally to a large and reverse DW tilt could explain
some features of the dp(Hy) data: Firstly, it illustrates the existence of an optimal Hy-
field where the DW tilting is zero and the DW mobility is least affected by pinning. At
this field, the RF-induced torque can most efficiently drive the DW. Secondly, the low
efficiency of the RF-induced torque for large Hy can be explained by the large DW tilting
and the large impact of extrinsic pinning sites.
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Figure 5.4: Magnetic field-dependence of the current-induced DW motion in the presence
of an RF-field. (a) The DW motion is induced by current pulses with j = 74.5 MA/cm? and
tp = 10 ns while a static magnetic field Hy is applied transverse to the magnetic conduit. Filled
(Open) symbols represent the DW displacement for a positive (negative) applied current pulse. An
additional continuous-wave RF-magnetic field is present during the current-induced DW motion
where the transmitted RF-power through the CPW is kept constant at PgiY = 0.7 dBm. Two blue
arrows at the top axis at tioHy = 18 mT and poHy = 50 mT indicate the field at which frequency-
scans are later-on performed. (b) Schematic on the rotation of the static DW magnetization with
increasing Hy. With increasing field magnitude, the asymmetry of DW motion increases while the
coupling between the RF-field and the DW magnetization decreases. (¢) Schematic on the DW tilt
during current-induced DW motion for different Hy. Large tilting angles for large Hy makes the
DW more susceptible to extrinsic pinning. The depicted mechanisms in (b-¢) could potentially
cause the emergence of the dp(Hy) peak at 550 MHz.

5.1.3 Self-propulsion of magnetic domain wall

The frequency-dependence of this unidirectional DW displacement in Fig. 5.5a shows
that ]dpi| is clearly unaffected by the microwaves at low and high frequencies. However,
when approaching a range of resonant frequencies that lies between f = 400 MHz to
f =550 MHz, the unidirectional DW displacement sets in, i.e. d;,r increases and ]dp_ |
decreases. Remarkably, for excitation frequencies within this resonant frequency range,
the DW moves without current pulses but solely due to the resonant RF field in the pres-
ence of a static Hy field. This motion is therefore dubbed self-propulsion or automotion
of the DW. As before, the polarity of Hy defines the directionality of this self-propulsion,
re. for Hy > 0 (Hy < 0) the DW moves along the positive (negative) x-direction. Note
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Figure 5.5: Frequency and power dependence of RF-induced unidirectional DW motion. The
DW motion is initiated by current pulses with j = 74.5 MA/cm? and #, = 10 ns while a transverse
Hy field is present. (a) Dependence of the DW-displacement on the frequency of the RF-field.
Two different Hy fields are compared that are indicated in Fig. 5.4 by small blue arrows. The
transmitted RF-power is kept constant at Pgj¥ = 0.7 dBm. In the region between 400 MHz and
550 MHz the DW displacement diverges and the DW exhibits weak self-propulsion, i.e. it moves
without the action of a current pulse. (b) Power-dependence of the RF-induced rectification of the
DW motion at f =450 MHz and pioHy = 16 mT . The transmitted RF power Fg} is plotted here
and the typical RF-attenuation at this frequency is approximately 18 dB.

that the applied RF-power determines the strength of the self-propulsion (Fig. 5.5b). For
moderate powers (e.g. Pgjr = —10 dBm), only an enhanced asymmetry in the current-
induced DW motion is visible while a higher RF-power (e.g. PRt > —5 dBm) allows the
self-propulsion to overcome pinning points so that the DW visibly moves over micron dis-
tances without any electrical current pulse. The frequency-dependence in Fig. 5.5ais each
measured at UoHy = 18 mT and toHy = 50 mT. These values correspond to Hy-fields at
and above the d,(Hy)-maximum in Fig. 5.4 and are indicated by small blue arrows there.
Interestingly, no significant Hy-induced shift of the resonance region is visible. However,
the self-propulsion efficiency at the resonance is highest at tipHy = 18 mT and decreases
at pHy = 50 mT. For instance, at f = 400 MHz, the self-propulsion at tipHy = 18 mT
drags the DW along the entire conduit for more than 30 um without pinning whereas at
HoHy = 50 mT the maximum self-propulsion distance between two pinning points is ap-
proximately 6.4 um.

This agrees well with the previous observation of the marked maximum of dg’ at
toHy = 18 mT in Fig. 5.4 and moreover implies that the dp(Hy)-maximum is not caused
by a frequency-shift of the DW resonance condition. Furthermore, for large fields of
HoHy = 50 mT, i.e. when the DW magnetization is almost aligned along y, the frequency
scan reveals no signature of a parametric excitation of the DW. The parametric excitation
geometry requires the pumping field 4. to be parallel to the magnetization (i.e. along y)
and the precession to be elliptical. In this geometry, a magnetization precession at twice
the original frequency would be excited. The excitation efficiency strongly depends on the
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ellipticity and vanishes for circular precession [39]. Despite the fact that the FMR mode
of the considered PMA magnets has zero ellipticity, the precession mode of the DW is
expected to be elliptic due to its in-plane configuration. However, no parametric excitation
at twice the resonant frequency is observed in Fig. 5.5a. Either no such excitation takes
place or because of a low excitation efficiency its impact on the DW motion is negligible.

In the previous measurements, continuous-wave RF-fields 4.+ were applied. However,
for RF-fields at resonant frequencies that are sufficiently strong, the self-propulsion of the
DW prohibits a quantitative measurement of the DW speed. In the following, the RF-
signal will be chopped into short RF-bursts by using an RF mixer (as outlined in section
3.3.2). This allows to limit the distance that the DW moves during self-propulsion and
enables to quantify the true DW velocity during the self-propulsion. The frequency scan
dp(f) using RF-bursts with length #,y= 5 ps is displayed in Fig. 5.6a. The bursts are
synchronized to the current pulse and reach the device 20 — 30 ns before the current pulse.
The figure shows the frequency scans for two RF power modes: constant output power
PY = const. and constant input power PiL = const.. The resonance for P3wt = const. is
very narrow and centered at 475 MHz and follows the trend in Fig. 5.5a where the same
power mode was used for CW-microwaves. For the Pfiﬁ; = const. mode, the resonance is
significantly wider with a maximum at 350 MHz.
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Figure 5.6: Frequency scan and burst-time dependence of unidirectional DW motion. RF
magnetic fields with bursts length ¢ are applied to the CPW. The bursts are synchronized with
the electrical current pulses with j = 74.5 MA/cm? and fpye= 10 ns. The bursts start shortly
before the current pulse acts on the DW. All measurements are taken in a transverse magnetic field
HoHy= 18 mT. (a) Frequency scan of the DW displacement d, with frs= 5 ps. The displacement
d, for a positive (negative) current pulse is indicated by filled (open) symbols. RF bursts are
applied at two power modes, either at constant output power Pgit = 1.0(1) dBm or for constant
input power Pf{}: ~ 23.5(5) dBm. (b) At the maxima of the Pl‘{gt and Pf{}: scans in part (a), i.e. at
475 MHz and 350 MHz, the burst time dependencies are measured. The dashed lines are linear
fits to the linear slope for #yyt < 5 us.
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5.1. RF-field excitation of a magnetic domain wall

Before discussing this crucial importance of the power settings in the next section
(chapter 5.1.4), the velocity during self-propulsion will be investigated first. To determine
the speed of the RF-induced self-propulsion, the increase of the DW displacement d,
with the bursting time ty,¢ is measured as shown in Fig. 5.6b. For ty, = 0, the DW
displacement is purely driven by the SOT-pulse and acts as an offset to the data. For finite
burst times, dj, increases linearly for fyyc < 5 ps. This linear slope corresponds to the
DW velocity during self-propulsion vgjs and amounts to ver = 0.9 +0.1 m/s (f = 475
MHz) and veer = 0.50 +0.15 m/s (f = 350 MHz). Compared to the SOT-driven DW
motion, where the DW velocities are on the order of tens of meters per second (Fig. 5.2b),
the values of vg are allocated in the depinning regime where the DW exhibit enhanced
mobility as compared to the creep regime, but is still affected by microscopic pinning
sites [94]. The different DW speeds during the SOT pulse and during self-propulsion are
schematically shown in Fig. 5.7.

The self-propulsion’s sensitivity to pinning sites may be seen from two further as-
pects: First, the dp(fpurst) curve deviates from its linear slope and levels off for longer
burst times. This suggests that after a few micrometers of propagation the DW is likely to
stop at a pinning site since the RF-induced torque is not sufficient to overcome the pinning
potential. Second, all previous measurements applied RF-signals in addition to an initial
current pulse. This initial current pulse provides a strong SOT and serves to initiate the
DW motion and to overcome occasional pinning sites. The RF-burst subsequently propels
the DW at a much lower speed and might be insufficient to overcome some pinning sites.
This measurement protocol has been chosen because a solely RF-driven DW is easily
pinned and impedes repeated measurements. The current pulses are thus a key require-
ment to overcome an initial DW pinning. Note that to a large extent, pinning arises due
to extrinsic effects such as magnetic defects or edge roughness. While SOT-driven DW
motion is only affected by such extrinsic pinning, the possibility of an additional intrinsic
pinning for the self-propulsion mechanism remains to be studied.

Finally, Fig. 5.8 displays the sequences of DW motion during self-propulsion:
Fig. 5.8a shows the burst-time dependence of pulse-assisted self-propulsion while Fig.
5.8b displays the self-propulsion of a DW in the absence of current-pulses, i.e. solely by
RF-bursts.

To put these results into perspective, the automotion of magnetic bubbles with a spe-
cific magnetic configuration was accomplished many decades ago by Argyle et al. by
using a pulsed /,(¢) field and a static in-plane field [95]. While their use of an in-plane
magnetic field to define the directionality of the automotion is similar to this work, there
are several important differences to it as well. The reported automotion relied on rather
long rectangular field-pulses along the easy-axis of the magnet while only resonant RF
fields in the magnetic hard-plane achieve automotion in this work. Furthermore, magnetic
bubbles are two-dimensional textures and their internal configuration crucially affects the
automotion. In contrast, this work reports the self-propulsion of straight DWs that is in-
dependent of their configuration (i.e. 1) or [T DW).
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Figure 5.7: Schematic of DW velocities during an SOT-pulse and self-propulsion. While an
SOT pulse is acting on the DW, the DW is moving in the flow regime at a high speed. After the
end of the SOT-pulse, when resonant RF-fields /,¢ are present and the DW is self-propelling, the
effective DW speed is significantly lower.
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Figure 5.8: Burst time dependence and self-propulsion in the presence of a static Hy field
and resonant RF fields. The same measurement setup and image contrast as in fig. 5.3 applies
here. In the left (right) column a negative (positive) Hy field is applied.(a) Burst time dependence
of the RF-enhanced current-induced DW motion. (b) Self-propulsion of the DW solely by the
application of RF bursts and without any current pulses.
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5.1. RF-field excitation of a magnetic domain wall

5.1.4 Discussion of the frequency and power dependence of the self-propulsion

In the previous sections, the SNS-MOKE microscopy has revealed the presence of a DW
resonance (Fig. 4.5f) and the static MOKE has revealed the self-propulsion of the DW
by resonant RF-fields (Figs. 5.5, 5.6). Nevertheless, even though both resonances over-
lap in frequency space, they do not perfectly match regarding center frequency, linewidth
and shape as shown in Fig. 5.9a. The SNS-MOKE signal is maximum at 640 MHz,
has an approximate width of 500 MHz (half-width half-maximum) and an asymmetric
resonance shape. In contrast, the self-propulsion frequency scans are centered at signif-
icantly lower frequencies of 350 MHz or 475 MHz (depending on the power mode) and
are much narrower. The strong impact of the power mode, i.e. constant PRy or Pli{}:, on
the frequency-dependence of self-propulsion adds to this complexity. A systematic dis-
cussion of this complex behavior will be provided in the following:

To understand the impact of the power mode on the frequency dependence of self-
propulsion, the frequency-dependent transmission coefficient S>; and reflection coeffi-
cient S1; of the CPW are measured using a VNA (see Figs. 5.9b-c). These measure-
ments are performed for several different configurations of electrical connections which
are shown in Figs. 5.9d-f. Note that the frame of the depicted configuration and the cor-
responding data are matching in color.

The configuration 5.9d is used for the SNS-MOKE measurements and only the CPW,
but not the magnetic conduit, is electrically connected here. From 10 MHz to 3.25 GHz,
the transmission S,; gradually decreases by —4 dB while the reflection S;; increases
from —20 dB to a plateau at —6 dB. Nevertheless, the S; parameter changes drastically,
when in addition to the CPW the magnetic conduit is electrically connected (Fig. 5.9e-
f). Such an experimental configuration is used during a DW motion measurement where
a pulse generator is connected to the conduit. Here, the CPW transmission S»; (light
blue line in Fig. 5.9b) exhibits a pronounced dip at f ~ 480 MHz where S drops to
a value that is almost 22 dB less than for previous configuration in Fig. 5.9d. This
transmission dip aligns very well to the maximum in self-propulsion for the PRi = const.
mode in Fig. 5.9a. In the PRi = const. mode, the input power is controlled such that the
transmitted RF power remains constant. Since the transmission reads S>| = %, adip in
S>1 causes the input power to peak at the same frequency. It is therefore likely, that the
PR} = const. mode artificially causes the strongest self-propulsion at the transmission dip
by increasing the input RF power. Consequently, the transmitted power does not seem to
be the only parameter to determine the strength of the RF-torque.

Aside from the RF-transmission through the CPW, the configuration in Fig. 5.9f al-
lows to measure the power transmission from the CPW to the magnetic conduit (light
green line in Fig. 5.9b). Such a coupling arises due to the capacitive and inductive cou-
pling between CPW and conduit and is schematically shown in Fig. 5.10. A current
flowing through the CPW may thus induce a current through the magnetic conduit, de-
pending on the frequency-dependent coupling strength. This coupling is very low at 10
MHz due to the dielectric spacer between CPW and conduit (i.e. the DC resistance is
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Figure 5.9: RF transmission and reflection for different device configurations. (a) Left axis:
DW resonance observed in the SNS-MOKE. Right axis: frequency-scan of the RF-enhanced DW
velocity for yoHy = 18 mT. The previous graph is compared with the RF transmission S;; (b) and
reflection S1; (c¢) properties of the CPW that were measured using a VNA. The VNA data for three
differently contacted devices was measured: (d) Only the CPW is wirebonded and connected to the
VNA. This setup is identical to the SNS-MOKE measurement. (e) Similar to (d), the transmission
and reflection of the CPW is measured. Nevertheless, the magnetic conduit on top of the CPW is
electrically contacted as well and terminated using a 50 Q load. (f) Here, the coupling between
CPW and conduit is measured. The unmeasured RF-port of the CPW is 50 Q terminated.
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5.1. RF-field excitation of a magnetic domain wall

very high > 50 MQ) but rapidly increases to —7.5 dB at 250 MHz. Beyond 330 MHz it
decreases and for f > 600 MHz it matches the CPW transmission (light blue line). Over-
all, the transmitted RF-power between CPW and magnetic conduit is therefore significant
and even exceeds the power transmission through the CPW in the frequency range from
280 MHz to 600 MHz. This means that, in a certain frequency range, significant RF-
currents can be flowing through the magnetic conduit, thereby affecting the magnetic DW
through SOT and STT.

Interestingly, the frequency range with highest CPW-to-conduit coupling (light green
line in Fig. 5.9b) approximately matches with the frequency range of self-propulsion for
the PR, = const. mode (Fig. 5.9a). In the P = const. mode, the RF input power is
kept constant and thus the transmission parameters S»; in Fig. 5.9b directly indicate the
RF-powers that either flow through the CPW or through the magnetic conduit. The fact
that strong self-propulsion coincides with a large coupling between CPW and conduit,
and not with a large CPW transmission, further corroborates that the RF magnetic field
(mainly determined by the current through the CPW) is not the exclusive driver or possi-
bly not even the main driver of the DW’s self-propulsion. The electrical RF current that is
induced in the magnetic conduit by coupling to the CPW appears as a possible origin of
self-propulsion. In order to comprehend the effect of an RF current, the DW motion and
self-propulsion in the exclusive presence of RF currents are investigated in the following
section 5.2.

7 FM
_>IC Pt

Ceff% % I-eff A|OX
iCPW q CPW

Figure 5.10: Schematic of the capacitive and inductive RF-coupling between magnetic con-
duit to CPW. The schematic illustrates how the dielectric layer (AlOy) between CPW and mag-
netic conduit introduces the effective capacitance Ceg and inductance L.g, which lead to the in-
duction of currents Ic and I, in the top magnetic conduit.

In addition to the previously discussed reflection and transmission of microwaves, the
dissipation of RF power in the circuitry needs to be considered as well. The dissipated
power Pyigs 1s calculated from the input power P,,, the reflected power P.q and the trans-
mitted power Pians:

Pdiss = Pin - Preﬂ — Pirans (5- 1)
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The VNA data allows to calculate the fraction Pyiss/P;, of the dissipated power at each
frequency. In the frequency range considered here, between 30% and 70% of the in-
put power is dissipated. This gives rise to the question if the DW resonance and the
self-propulsion are influenced by heat dissipated from the microwaves. In order to deter-
mine the extent of RF-induced heating in the circuitry, the longitudinal resistance of the
magnetic conduit, Ryx, is investigated in the presence of RF currents in the CPW. Any
RF-induced heating will induce a measurable increase in Rxx. To relate a change in Ryx
to temperature, the calibration measurement of Ry (7) in Fig. 5.11a is used where the
temperature 7 is varied in a physical properties measurement system and no microwaves
are applied. Fig. 5.11b shows the heating of the magnetic conduit with increasing RF
power. The microwaves are applied to the CPW (similar to the configuration in Fig.
5.9e) and the Ryx increase of the magnetic conduit is measured at ambient room tem-
perature. The corresponding effective temperature increase of the magnetic conduit,
ATy, is shown on the right axis. The microwave-heating is measured for 470 MHz
and 1000 MHz. In this measurement, 470 MHz corresponds to the frequency where
the CPW transmission is minimum (i.e. at the transmission dip in Fig. 5.9b) while the
measurement at 1000 MHz serves as a reference with normal RF-transmission. At the
highest RF-powers, comparable to typical RF-powers during DW motion measurements,
the RF-induced heating reaches AT ~ 49.0 K for f =470 MHz and AT ~ 13.7 K for
f =1000 MHz. Indeed the RF-induced heating is highest at the frequency with mini-
mum RF transmission (i.e. at 470 MHz for this measurement). The significant difference
in conduit heating for different frequencies suggests that temperature might play a role in
the DW’s self-propulsion, particularly regarding the frequency-dependence of the latter.
The stochasticity of temperature itself, however, can not account for the unidirectional
character of the self-propulsion. Moreover, it is questionable if the moderate temperature
increase of ~ 50 K is sufficient for a drift of the DW position. Nevertheless, the RF-
induced heating might assist other torques acting on the DW that are unidirectional and
lead to self-propulsion, e.g. torques due to the RF-field or due to induced RF-currents that
were previously discussed. This temperature-assistance is particularly important because
the observed self-propulsion is rather slow and takes place in the depinning regime. In this
depinning regime, temperature plays a crucial role to facilitate the DW depinning [94,96],
i.e. to overcome the extrinsic pinning potential of the DW [97].

In conclusion, a magnetic DW exhibits unidirectional self-propulsion when mi-
crowaves at resonant frequencies are applied. The previous experiments used the device
design A, where the magnetic conduit was placed on top of a CPW. In addition to the RF-
field that is generated by the RF-current flowing through the CPW, it is highly likely that
RF-currents are also flowing in the magnetic conduit because of a CPW-conduit-coupling.
The RF-currents through the conduit are thereby inducing RF SOTs at the DW. Lastly,
RF-induced heating of the conduit needs to be taken account with regard to temperature-
assisted DW depinning. Table 5.1 summarizes these impacts on the DW and indicates
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Figure 5.11: Conduit heating due to dissipation of RF-power. (a) The temperature coefficient
of resistance (TCR) of the magnetic conduit is determined by a linear fit to the relative resistance
change AR« (T)/Rxx (T = 300 K) from 200 K to 400 K. The resistance Ryx was measured using
a 2-point resistance measurement technique by using a constant current bias of 10 A and simul-
taneously measuring the voltage accross the conduit. A physical properties measurement system
(PPMS) from Quantum Design was used for the temperature-dependent measurements. (b) At
ambient room-temperature, the Ryx of the conduit increases with increasing RF power through
the CPW. The TCR allows to translate the relative resistance increase ARyx /Rxx(Pin = 0 W) into a
temperature increase AT.¢. Microwaves at frequencies of 470 MHz and 1000 MHz are applied and
the top axis displays the transmitted RF-power for 470 MHz. In the measured sample, the atten-
uation through the CPW is highest at 470 MHz with S;; = —23.0 dB and moderate at 1000 MHz
with So1 = —8.2 dB. Note that the frequency with highest attenuation may vary slightly from sam-
ple to sample.

their dependencies on experimental parameters. Since many of these parameters, such
as the RF power that is directly flowing through the magnetic conduit, P.onquit, are local
entities that are hard to precisely determine experimentally, the interpretation of the pre-
vious results remains challenging. In order to disentangle the complicated interplay of
RF-magnetic fields and RF-electrical currents that affect the DW, the following section of
this chapter investigates the DW’s self-propulsion in the mere presence of an RF-current.

Impacts on DW Relevant parameter Dependencies

RF field A Icpw Pepw, Zepw, CPW transmission Sy

RF spin-orbit torque  Iconduit Pconduits Zconduit,» CPW-conduit coupling
Heat dissipation Pyiss S11, $21

Table 5.1: Overview of various impacts on magnetization dynamics. Note that all listed entities
are frequency dependent.
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Chapter 5. Self-propulsion of a magnetic domain wall

5.2 RF-current excitation of a magnetic domain wall

The results of the previous section indicate a complicated interplay between RF magnetic
fields, RF electrical currents and temperature. In contrast, this section investigates the
DW motion in the sole presence of RF electrical currents. Most importantly, the ques-
tions arise whether a pure RF current can induce self-propulsion, and what the frequency
dependence of such self-propulsion would be. This chapter consequently complements
the experimental observations on self-propulsion, despite the qualitatively different means
of excitation.

5.2.1 Measurement setup

The device design used in this section is shown in Fig. 5.12a and the fabrication details
are provided in the methods section 3.2.1. Instead of placing a magnetic conduit on top of
a CPW, the magnetic conduit is now integrated into the waveguide such that the electrical
RF-currents flow directly through the conduit. The narrow, straight part of the conduit has
the dimensions 4 X 20 um?. The schematic of all electrical currents and magnetic fields
is schematically shown in Fig. 5.12b. In such a device structure, a pulsed current density
Jjsor is applied along with an RF-current density jsor,f(f) to manipulate the DW by
damping-like SOTs. The occurence of self-propulsion will, as before, be investigated in a
static transverse magnetic field Hy. Previously, the CPW and the magnetic conduit served
as independent electrical lines to conduct the RF-current and the pulsed current, respec-
tively. This is different for the devices here, where the RF-signal and the pulsed signal
need to be combined into the same transmission line. An RF-power combiner is used to
superimpose both electrical signals (see methods section and Fig. 3.13 for more details.).

a — b
Oscilloscope
A Jsorrr(t) BESOT7 ()
‘7 - — I -
RF signal — —> @ .MDW ®
Jsor
y >
ns-pulse T X Vpw
generator

Figure 5.12: Schematic of device geometry and measurement configuration using RF-
currents. (a) Schematic of the device geometry and electrical connections used in the DW motion
measurements using the device design B. (b) Schematic illustration of the magnetic fields and cur-
rents acting on the magnetic DW. Note that the electrical RF-current Jsor (¢) induces damping-
like RF-torques Tsor rf.

The film stack used for the measurements in this section is as follows: 20 TaN / 50 Pt
/0.75Ta/3 Co/[7Ni/3 Co]n=; /30 TaN (the numbers indicate the thickness in A).
Compared to the previous experiment, the interfacial Tantalum thickness dr, is slightly
decreased from dt, = 1.0 A to dr, = 0.75 A. This dt, decrease slightly enhances the
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5.2. RF-current excitation of a magnetic domain wall

PMA and the DMI but qualitatively leaves the current-induced DW motion and its Hy-
dependence unchanged. Furthermore, the thinner Tantalum enhances the field-stability
of the DW such that a weak misalignment of the external magnetic field does not have a
large impact on the measurements. For magnetic thin films with different dr,, a detailed
characterization by VSM and FMR is shown in the appendix in Figs. B.1, B.2.

The RF-transmission S, and reflection S; parameters of this device, measured by a
VNA, are shown in Fig. 5.13a. The overall transmission is significantly lower than the
transmission through a CPW due to the higher impedance mismatch and the higher ohmic
losses. Nevertheless, the frequency dependence does not exhibit resonant absorption fea-
tures, and S; increases with frequency in the region of interest here. This moderate
frequency dependence represents a major improvement compared to the complex VNA
data in Fig. 5.9.

a [ b
s 7 'l
025:-10 s
ot any L

.1‘“ 2
f[GHz]

Figure 5.13: Direct RF transmission through the magnetic conduit. The RF transmission Sy;
and reflection S1; through the conduit are measured using a VNA. The inset shows a microscope
picture of the device and schematically indicates the wirebonding and electrical connection to the
VNA. Note that this device does not use a CPW but instead guides the microwaves through the
conduit as an electrical current.

5.2.2 RF-induced unidirectional motion and self-propulsion of a DW

In analogy to chapter 5.1, the combined action of a short current pulse and an RF electrical
current on DW motion is measured here. The typically microsecond-long RF current
arrives at the DW a few nanoseconds before the current pulse. The current pulse has
a much higher amplitude than the RF current and enables the DW to overcome local
pinning potentials and to start moving. If the DW keeps moving after the end of the short
current pulse, i.e. when only RF-current is present, this will be dubbed self-propulsion or
automotion as before.

Fig. 5.14a displays the dependence of the DW displacement on the electrical current
density of the initial current pulse. The open (closed) gray circles represent the DW dis-
placement without (with) a transverse magnetic field Hy when no RF-current is applied.
The positive Hy field induces asymmetry to the current-induced DW motion and favors
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Figure 5.14: Rectification of the current-induced domain wall motion in the presence of an
electrical RF-current. Electrical current pulses with 7,5 = 5 ns cause the displacement d,, of a
magnetic DW. The latter is also indicated as an effective velocity veg. In addition to the current
pulses, a static transverse magnetic field Hy and an RF-current are present. (a) Dependence of d),
on the current density j showing the impact of the static Hy and a dynamic RF-current at frequency
f. Herein, the transmitted power is Pgjf = +1 dBm at all frequencies and RF-bursts with a burst
duration of #yy = 2 s are used. (b) Hy-field dependence of the current-induced DW motion
for current pulses with j = 162 MA/cm?. The RF-power is increased to Pgiy = +4 dBm at all
frequencies and RF-bursts with ¢ = 1 s are being sent. Note that the gray 'No RF’ data and
the turquoise data for f = 3.0 GHz are very similar and often overlap in (a-b).

DW motion along +x. While this asymmetric DW motion remains unchanged in the
presence of an additional RF-current at f = 3.0 GHz (turquoise-colored curve), the asym-
metry of the DW motion is significantly enhanced when an RF-current at f = 1.0 GHz
(orange-colored curve) is applied. In the latter case, the threshold current densities for
DW motion along +x (—x) are further reduced (increased) and the maximum DW dis-
placement along +x is enhanced from 0.55 um/pulse to 0.71 um/pulse compared to the
situation without RF-current. Overall, this graph is qualitatively very similar to Fig. 5.2a
and 1s thus the first indicator that RF-currents may similarly be employed as RF-fields to
rectify the current-induced DW motion or cause self-propulsion.

Moreover, the Hy-field dependence in Fig. 5.14b also shows strong similarities to
Fig. 5.4 where an RF-field was used instead of an RF-current. Again, the Hy-induced
asymmetry of the current-induced DW motion remains unchanged in the presence of
RF-currents at a high frequency of f = 3.0 GHz while for f = 1.0 GHz this field-induced
asymmetry is significantly enhanced and a dp(Hy) maximum emerges. Note that this
maximum is now located at significantly higher fields, i.e. at yoHy = 50 mT instead of
the previously observed maximum at poHy = 18 mT. However, this is caused by the
fact that the magnetic films here are slightly different as mentioned above. The reduced
interfacial Ta-layer yields a larger DMI here. Consequently a larger Hy field is required
to rotate the DW magnetization towards +y.
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5.2. RF-current excitation of a magnetic domain wall

The frequency-dependence of this RF-induced unidirectional DW motion is shown
in Fig. 5.15a for two power modes, i.e. for PO = const. and for PR, = const.. Sur-
prisingly, the RF-induced dp(+x) enhancement (i.e. along +x) diverges towards low fre-
quencies and almost vanishes for f > 2.25 GHz. The DW displacement dj,(+x) decays
monotonously for PRE = const. from 10 MHz to 0.8 GHz. From 0.8 to 1.0 GHz a local
maximum in d,(+x) is seen beyond which d,(+x) decays to the dashed baseline (see
inset). While the Pf{}: = const. data qualitatively shows the same decrease of d,(+x) with
f, it is less monotonous and exhibits many narrow maxima. Note that this fluctuation in
d, for the Pf{lF = const. mode might arise due to the frequency-dependency of the power
transmission through the conduit that is, in contrast to the PR"%‘ mode, not being corrected
for.

This frequency-dependence for RF-currents is strikingly different from the corre-
sponding data using RF-fields (cf. Figs. 5.5a, 5.6a), where a resonant frequency range was
observed, i.e. a strong response to RF-fields existed only in a defined frequency range.
Nevertheless, RF-currents cause the strongest unidirectional DW displacement (along +x
in this case) at lowest frequencies. For instance, when only the initial current pulse is
present, the DW moves by dp(+x) ~ 0.5 um/pulse, but by dp(+x) ~ 8.2 um/pulse when
an additional RF-current at f = 10 MHz and a burst length of #,,,¢= 1.0 ps is present.

Fig. 5.15b shows that the d,, linearly increases with the burst length fy of the RF-
current. Herein, the slope of dp(fpurst) corresponds to the effective velocity during self-
propulsion. At the frequencies of 10 MHz, 200 MHz and 1.0 GHz, this effective velocity
amounts to 8.6(1) m/s, 1.84(3) m/s and 0.223(8) m/s, respectively. A visual represen-
tation of these results is given in Fig. 5.16 that shows the ty,.-dependence and the f-
dependence of the DW motion.

Finally, Fig. 5.15c displays the increasing displacement of d;, on the SOT pulse length
fpuise- Without RF-current (gray datapoints), dj, increases linearly with 7py5e which cor-
responds to a constant DW velocity. For pulses with 7py5e > 10 ns, Joule heating of the
conduit could play a significant role and the slope of dp(#puise), i.€. the effective DW ve-
locity, decreases. Because of this, d}, lowers below the dashed line, i.e. below the linear
fitting performed for 7py5< 10 ns. In the presence of an additional RF-current, d,, is ver-
tically displaced, but the linear slope perfectly matches the slope of the gray curve where
no RF was applied. This vertical displacement corresponds to the DW displacement dur-
ing self-propulsion. The fact that the slope in dp(#yu1se) does not change with RF-current
implies that no threshold in #,yyse is required for the self-propulsion.

In conclusion, the Figs. 5.15b-c offers important insights into the mechanism of the
DW’s self-propulsion during the application of an RF-current. The #yy.s.-dependence in
Fig. 5.15b shows that the increase in d, is linear in fy,.5 and Fig. 5.15¢ shows that the RF-
induced self-propulsion is independent of the current pulse width. The two processes of
(a) SOT-driven DW motion by a current pulse and (b) RF-current induced self-propulsion
are thus mostly independent of each other.
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Figure 5.15: Frequency- and time-dependence of the DW rectification. Electrical current pulses
with current density j = 162 MA/cm? ns cause the displacement d,, of a magnetic DW. The latter is
also indicated as an effective velocity veg. In addition to the current pulses, a static transverse mag-
netic field oHy = 50 mT and an RF-current is present in all graphs. (a) Frequency dependence of
the rectification of current-induced DW motion by the RF-current. A diverging DW displacement
is found towards the lower frequency bound of 10 MHz. The comparison between constant input
RF-power PIQ”F ~ +15 dBm and constant output power Pg{¥ = +2 dBm is shown. These two power
modes are identical at the reference point of 10 MHz. The inset in (a) shows a weak local maxi-
mum in dp at f ~ 0.8 GHz (when looking at the P{{l'f—’ = const. curve). RF-bursts with tyye = 1 Us
are used in (a,c). In (a,b), current pulses with 7, = 5 ns are used. (b) Burst-time dependence of
d, for a positive current pulse. The linear increase with #,u shows the stable self-propulsion of
the DW under the action of the RF-current. In both (b) and (c) a constant transmitted RF-power
P3f! = +2 dBm is used. (c) Pulse-time dependence of the electrical current pulses to initiate the
DW displacement dj,. The linear slope corresponds to the DW speed due to the SOT-driven DW
motion. The slope remains unchanged in presence of RF-currents that cause the self-propulsion
of the DW but instead d,, is vertically displaced.
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Figure 5.16: DW motion in the presence of a static Hy field and electrical RF-currents. Subse-
quent snapshots of the differential Kerr image showing the current-induced DW propagation along
the electrical current flow are recorded in various configurations. White contrast indicates that the
J1 DW is moving to the right. The same experimental settings were used as in Fig. 5.15a-b and
the Pgi¥ = const. power mode was applied. (a) The left column shows the burst time dependence
of d,, according to 5.15b. (b) The right column shows the frequency dependence of d, according
to 5.15a.
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5.2.3 Discussion of the origin of self-propulsion during RF-current application

The frequency-dependence of a DW’s self-propulsion is significantly different in the pres-
ence of an RF-current (cf. Fig. 5.15a) or an RF-field (cf. Figs. 5.5a, 5.6a). To understand
the underlying physics, the key differences between the RF-currents and RF-fields need to
be pointed out. The LLG equation (2.32a) and the collective coordinate model (eq. (2.33))
in the theory chapter 2.3.4 clearly show that a magnetic field acts on the magnetization
mainly as a field-like torque whereas an electrical current mainly induces a damping-
like spin-orbit torque (DL-SOT). A magnetic field and a current-induced DL-SOT are
fundamentally different as seen from DW motion: A static magnetic field along —y, i.e.
transverse to the magnetic conduit, slightly tilts the DW but does not lead to an ongo-
ing motion (cf. eqgs. (2.18a), (2.18b)). In contrast, a DL-SOT along —y leads to highly
efficient and fast DW motion [7,9, 10, 13]. For completeness, it should be noted that an
electrical current induces an FL-SOT here as well, despite being weaker than the DL-SOT
in the considered Pt/Co system [59, 62]. Moreover, the RF current flowing through the
conduit, i.e. the Pt/Co/Ni/Co multilayer, induces an Oersted RF magnetic field at the FM.
Therefore, a weak effective RF magnetic field is acting on the DW here as well. Never-
theless, the following interpretation of the data relies on the (supposedly stronger) impact
of the DL-SOT.

In analogy to the directional DW motion that is induced by a (DC) current pulse,
a time-varying (RF) current causes the DW to oscillate back and forth. However, the
current-induced DW motion by SOT is symmetric with respect to the current polarity
and the RF-current is sinusoidally varying in time. This would cause a periodic DW os-
cillation but does not lead to a net DW motion. This situation changes in the presence
of a transverse magnetic field Hy. As shown theoretically in chapter 2.3.4 and experi-
mentally in Figs. 5.4, 5.14b, the DW motion becomes asymmetric in presence of Hy. A
sinusoidal RF-current ji¢(¢) in a positive Hy field would consequently cause a larger DW
displacement along +x while ji¢(f) > O than along —x while ji¢(r) < 0. The DW will
consequently oscillate back and forth with a net motion along +x. In other words, the
Hy field rectifies an RF-driven DW oscillation. This theoretical reasoning matches nicely
with the experimental findings in this section. Nevertheless, two questions arise in regard
to this theory. First, the electrical current density of the RF-current appears to be much
below the threshold current density observed in Fig. 5.14a. Secondly, the theory does not
predict any dependence of the rectified DW motion on the frequency of the RF-current.
In the following, these two questions are addressed in detail:

The threshold current-density for DW motion in Fig. 5.14a reads as ji, ~ 40 MA/cm?
in zero field. For ppHy= 50 mT, this changes to ji +x ~ 28 MA/cm? and |j, x| =~ 91
MA/cm?. Considering the transmitted RF-power Pians = +2 dBm = const. through the
magnetic conduit, this amounts to an RF-current density j,r = 7.9 MA/cm? which is well
below ji 1. It has already been discussed in section 5.1.4, however, that the total power
at the magnetic conduit is not given exclusively by the transmitted power P,,s but also a
large fraction of the input power is dissipated at the conduit. This dissipated power Pgjss

82



5.2. RF-current excitation of a magnetic domain wall

might arise due to ohmic losses of the RF-current at the conduit. When an RF signal
propagates along the conduit, it is attenuated along the conduit’s length, mostly due to
ohmic losses. The local electrical current density along the conduit thus needs to take
a fraction of this dissipated power Pyiss into account, in addition to Pyans. Despite the
difficulty of determining the exact current density, a lower and upper bound as well as
an intermediate value of jis are presented in table 5.2. While the lower (upper) bound of
Jrf assume that 0% (100%) of Pgiss contributes to j.¢, the intermediate estimate assumes a
fraction of 50% of Pgiss. Using this intermediate estimate, j.¢ increases to 22.2 MA/cm?
and is already close to ji x ~ 28 MA/cm?.

Estimation Formula Jet [MA/cm?]
Upper bound Paev = Prrans + Fiss 30.4
Intermediate estimate  Pyey = Pirans + 0.5 - Pyiss  22.2

Lower bound Piey = Prrans 79

Table 5.2: Estimate of the RF current density in the magnetic conduit. The j;t calculation for
the upper bound and the realistic estimate are based on the VNA data in Fig. 5.13 that are generally
frequency dependent. The dissipated power is calculated using Pyiss = Py - Prefi - Prans- The
indicated value for jif is based on the respective calculation formula for Py, and uses the average
between 10 MHz and 4.0 GHz, i.e. the region frequency region that was previously investigated.

Furthermore, when comparing threshold values j; for DW motion, the respective
timescale of the current application needs to be taken into account. In general, jy, varies
with the current pulse length and typically exhibits at least two different scaling regimes
[19,97-100]. For short timescales in the order of nanoseconds, jy, scales with 1/ fpulse-
But for microsecond or millisecond-long times, jy, decreases logarithmically due to the
thermal-assistance to the DW motion. Fig. 5.17 shows the measured decrease of jy with
fpuise- Fits to the short and long #,y15e regime are indicated by dashed lines. The thresh-
old current density monotonously decreases from jy, = 57 MA/cm? at f,yc = 1.7 ns to
Jih = 3.6 MA/cm? at fpy5e = 1.0 ps. As a reference, the range of approximate RF-current
densities jr from table 5.2 is indicated by an orange shading. The data shows that this
range of ji is below jy for fpyse < 20 ns but above jy, for fpyse > 10 ps. The crossing
point has a large uncertaintly due to the imprecise value of j.. Assuming the intermediate
estimate jr = 22.2 MA/cm? from table 5.2, the crossing point is close to #,yi5e = 75 ns. In
order to compare this pulse time #,yse With the frequency of an RF-current, it needs to be
converted into an effective frequency f = 1/(2fpuise) as shown at the top axis. As a result,
the crossing point of #,y5c = 75 ns corresponds to a frequency of fefr < 6.7 MHz.

In conclusion, this estimate suggests that the RF-current is able to oscillate the DW for
f <6.7MHz. This oscillation in the presence of an Hy field leads to a rectification of DW
motion and would lead to self-propulsion. If the frequency is too high, however, the RF-
current density is not sufficient with j.t<jy and the DW does not move at all. Hence, the
DW requires low frequencies, corresponding to long effective pulse widths, such that the
RF-current density j.r exceeds jy, and is sufficient to overcome the DW pinning and move
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Figure 5.17: Threshold current density for DW motion. The required current-density
for current-induced DW motion j; monotonously decreases with increasing the pulse time
tpuse-  Different pulse generators were used to cover longer fpys ranges. In the short
time range with e < 20 ns, a 1 /tpu]Se fit applies (dark dashed line) while the equation
Jin(tputse) = Jin,0 [1 —1/B-In (tpulse fo)] was fitted to the long pulse region (thermally assisted DW
motion) [97] with fyse > 5 ps (bright dashed line). fo = 10'° 1/s denotes the used attempt fre-

quency and B = Eg/ (kgT) is the thermal stability factor that is determined by the extrinsic energy
barrier Eg for DW motion and the thermal energy kg7'. To compare the current pulses used here
with RF-currents, the corresponding frequency f = 1/(2fpuise) is indicated at the top axis. More-
over, the orange-shaded region marks the approximate current density of the RF-current that was
applied in Fig. 5.15a for PR}’ = const ..

the DW. Fig. 5.17 thus provides a qualitative explanation of the frequency-dependence in
Fig. 5.15a, i.e. for the decrease in self-propulsion efficiency with increasing frequency.

Besides the previous explanation of the frequency dependence of self-propulsion, an
additional qualitative understanding can be gained by considering the inertia of the DW.
Due to its finite inertia, the DW requires a finite amount of time, typically up to a few
nanoseconds, to accelerate and decelerate when subjected to a driving current [101, 102].
While this behavior is typically negligible under pulsed current excitation, it becomes
critical in the case of RF currents, as employed here. If the oscillation period of the RF
current becomes shorter than the characteristic acceleration/deceleration time of the DW,
the DW can no longer follow the alternating drive effectively and thus remains largely
immobile. This limitation by the DW’s inertia provides a plausible explanation for the
observed decrease in self-propulsion efficiency with increasing frequency. However, ver-
ifying this interpretation requires to quantify the acceleration and deceleration times of
the DW in this specific system.

In addition to the monotonous decrease of dj, with increasing frequency in Fig. 5.15a,
the inset of the figure shows a weak side maximum in dp(+x) between 0.8 GHz and
1.0 GHz. This maximum does not match with the previous explanation of the self-
propulsion, but matches quite well with the maximum observed in the SNS-MOKE mea-
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surements on a similar sample in Fig. 4.5f. Despite the weak signature of the side maxi-
mum, the excitation of a resonant DW excitation between 0.8 GHz and 1.0 GHz cannot
therefore be disregarded.

Lastly, RF-current induced Joule heating of the conduit is shown in Fig. 5.18. A
constant output power Pgit = +2 dBm = const. which was previously used in Fig. 5.15
corresponds to a temperature increase of approximately 19 K, 14 K and 12 K for 10 MHz,
200 MHz and 1000 MHz, respectively (see orange dashed line in Fig. 5.18). This heating
decreases with increasing frequencies and correlates with the decrease in d}, with fre-
quency in Fig. 5.15a. Therefore, a thermal contribution to the self-propulsion cannot be
fully disregarded. However, it seems unlikely that this temperature increase of only 20 K
fully accounts for the self-propulsion of the DW since the latter is usually stable under
such moderate temperature increases.
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Figure 5.18: Conduit heating due to dissipation of RF-power. At ambient room-temperature,
the Ry of the conduit increases with increasing RF power through the magnetic conduit. The
temperature coefficient of resistance, determined in Fig. 5.11a, allows to translate the resistance
increase into a temperature increase ATy¢. Microwaves at frequencies of 10 MHz, 200 MHz and
1000 MHz are applied and the top axis displays the transmitted RF-power. Note that the RF
transmission Sy; is approximately equal for all frequencies. The orange dashed line indicates the
constant output power of +2 dBm that was mainly used in Fig. 5.15.
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Chapter 5. Self-propulsion of a magnetic domain wall

In summary, the present chapter demonstrated the self-propulsion of a magnetic
DW, i.e. the unidirectional motion in the presence of a symmetric RF-excitation. Self-
propulsion by either an RF-magnetic field or an RF-current have been demonstrated.
Herein, the symmetry-breaking static field Hy determines the directionality of self-
propulsion. While the self-propulsion by an RF-field occurs only at resonant frequencies,
the effect of an RF-current is largest at low frequencies and does not exhibit a clear reso-
nance. By confirming the linear increase of the DW displacement with the RF burst time
vurst> the independence of the self-propulsion from the previous SOT pulse is confirmed
and the velocity during self-propulsion was determined to be of the order of a few meters
per second. While the microscopic mechanism of self-propulsion has not yet been fully
determined, these results suggest a complex interplay of (a) RF magnetic fields, (b) RF
electrical currents, (c) a symmetry-breaking magnetic field Hy, (d) the influence of a DW
resonance and (e) temperature-assistance by heating.

To comprehend the DW’s response to an RF-excitation even further, the magnetic field
configuration will be adjusted next. Instead of applying a static transverse field Hy that
breaks the symmetry of DW motion along +x and —x, a static longitudinal field Hx will
be applied in the next chapter.
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Chapter 6

Sustained RF-driven domain wall

motion after ultrashort current trigger

6.1 Measurement setup

This chapter uses the same magnetic thin films as in the sections 4 and 5.1, i.e. the
following stack was used: 20 TaN /50 Pt /1 Ta/3 Co/[7 Ni/ 3 Co]n=1 / 30 TaN (the
numbers indicate the thickness in A) with an interfacial Tantalum thickness of dp, = 1.0
A. The same device as in chapter 5.1 is used here, i.e. a CPW is used to generate an
RF magnetic field at the magnetic conduit while the DW is simultaneously driven by
an electrical current pulse (device design A, chapter 3.2). However, the orientation of
the static magnetic field is different here: While the effect of a fransverse field Hy was
previously discussed, this section focuses on the interaction of an RF field with a magnetic
DW when a longitudinal field Hy is applied.

The effect of a static Hy field on the current-induced DW motion is described in
section 2.3.4. Due to the finite DMI of the magnetic system, the DWs are chiral Néel
walls, i.e. their equilibrium magnetization is aligned along £x and the rotation of the
magnetization along the DW has a fixed chirality. The effective DMI magnetic field Hpm
points along —x (+4x) for an 1 (J1) DW and determines the DW’s equilibrium IP magne-
tization. When an external Hy field is applied along (opposite to) Hpwm, this will result in
an increased (decreased) DW displacement d}, during current-induced DW motion [10].
When Hy is oriented opposite to Hpy and exceeds its magnitude, the DWs now move
along the electron flow instead of the current flow, i.e. d, reverses sign. Note that in
contrast to the Hy field, the Hy field does not break the symmetry of DW motion, i.e. the
DW motion is symmetric and there exists no preferential direction. For instance, a current
pulse with positive polarity will move the DW by a distance d; and a pulse with negative
polarity will move the DW by d, with |d; | = |d; .

Now, the combined effects of an initial SOT-pulse and an RF-burst on the DW mo-
tion will be investigated. The initial current pulse that exerts an SOT is typically a few
nanoseconds long and initiates the DW motion. The RF-burst then lasts for up to a few
microseconds and is chosen to start already a few tens of nanoseconds before the current

87



Chapter 6. Sustained RF-driven domain wall motion after ultrashort current trigger

pulse. This is due to the technical limitations of the timing precision between both pulse
and burst. The electronic circuitry is explained in section 3.3.2 and seen in Fig. 3.13a.

a cpw T o b
Oscilloscope
r/@ jSOT Hrf(t)
. Lol ®
DW
RF signal g
4 y _)=>
T_.X Vpw
4’)\ ns-pulse
generator

Figure 6.1: Schematic of device geometry and measurement configuration using an RF-field
and a longitudinal static field Hy. (a) Schematic of the device geometry and electrical connec-
tions used in the DW motion measurements using the device design A. (b) Schematic illustration
of the magnetic fields and currents acting on the magnetic DW.

6.2 Sustained DW motion

Figure 6.2a shows the current-density dependent displacement d,,(j) for an 1] DW with
UoHx = —12 mT that is applied along the Hpy of the DW. In the absence of RF-fields
and for off-resonant RF-fields (f = 100 MHz, f = 1.0 GHz) the results are similar and
shows DW motion with increased speed compared to the zero-field case (open, gray sym-
bols). Note that the DW motion is symmetric, i.e. d;{ = |dp_ |, as explained earlier.
However, as soon as the current-density of the pulse exceeds a certain threshold value
of j > 94 MA/cm?, the current-induced DW displacement d,, is significantly enhanced by
a resonant RF-field at f = 450 MHz. Note that this enhanced DW displacement is still
symmetric, i.e. d;,’ and |dp_ | are almost equally increased. This RF-enhancement saturates
for |j| > 118 MA/cm?. Differential Kerr images of these effects are given in Fig. 6.4 at
the end of this section.

However, the resonant RF-induced enhancement of dj, does not occur for Hy= 0, as
seen in the Hy-field dependence of dj, in Fig. 6.2b. Without resonant microwaves present,
|dp| is linearly proportional to Hy as theoretically expected. The crossing field where d,,
reverses sign corresponds to yoHx = 20 mT = — ugHpwy for the measured 1) DW. When

resonant microwaves at f = 450 MHz are applied, |d,| exhibits a significant increase
once UoHyx < —4 mT. This shows that a threshold Hy field is also required to achieve

RF-enhanced DW motion, alongside with the threshold in the current density j.
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Figure 6.2: Symmetrically enhanced DW displacement by the combined action of a resonant
RF-field and a static Hy field. Current-induced DW motion is measured in the presence of an Hy
field and RF-fields. Current pulses with #,,,c = 5 ns are applied at the beginning of an RF burst.
(a) d,, vs. j for poHy= —12 mT and #yyc = 5 ps. Only for the resonant frequency of 450 MHz, the
DW displacement significantly exceeds its normal value, i.e. its value in the absence of RF-fields.
For this enhancement, a threshold current density of | j| = 94 MA/cm? has to be surpassed. The
effect saturates for |j| > 118 MA/cm?2. In (a-b), an RF power P = 21.6 dBm is applied at all
frequencies. This corresponds to a transmitted power of PROE‘( f =450 MHz) ~ —2 dBm. (b) d,
vs. Hy at j = 118 MA/cm? and tyys¢ = 1 ps. The filled (open) symbols represent the DW displace-
ment due to a positive (negative) current pulse. The resonant enhancement of d,, arises only once
a threshold field is exceeded, e.g. for upHy < —4 mT. (¢) d,, vs. frequency at HoHy = —12 mT
and j, = 118 MA/cm?. RF bursts with fy,5 = 5 pus were applied. Both curves for a constant in-
put power (Plian = 21.6 dBm) and a constant transmitted power (Pgy = —2.2 dBm) are shown.
(d) Power dependence of the enhanced DW displacement for f = 450 MHz and tyy¢ = Sus. Cur-
rent pulses with j, = 118 MA/cm? are applied and a static field uoHy= —12 mT is present. The
dashed, horizontal line shows the DW displacement without applied RF-field. The bottom (top)

axis show the input (transmitted) RF-power through the CPW. The results for an 1) DW are shown
in all figures.
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The frequency dependence of the RF-enhanced DW motion in Fig. 6.2c shows
that the resonant enhancement of dj, only occurs within a narrow frequency win-
dow. While dp ~0.59 um/pulse holds for off-resonant frequencies, a peak value of
|dp| = 2.50(6) um/pulse is achieved at f =450 MHz when the transmitted RF-power
PR} is kept constant (dark blue data). The resonance for constant PRy is very narrow and
maximum at f = 450. In contrast, when the input RF-power Pf{i: is kept constant (light
blue data), the dj enhancement occurs in a much broader frequency range but the data
points are significantly more scattered at the resonance. The shape of these resonances
is qualitatively in good agreement with the resonances for self-propulsion in Fig. 5.6a.
These differences between the different power modes have extensively been discussed
in section 5.1.4. This suggests that a similar underlying mechanism, i.e. an RF-induced
torque, that induces self-propulsion when an Hy-field is applied, is also involved in the
symmetrically enhanced DW displacement with Hy-field.

RF-bursts with well-defined durations are applied in the range 100 ns < fyyrse < 15 us
to precisely gauge the RF-effect on the DW displacement. By adjusting the timing be-
tween nanosecond-long current pulse and RF-burst, it was observed that arbitrarily long
RF-bursts before the arrival of the current pulse have no effect on the DW motion. How-
ever, the burst duration after the current pulse enhances the DW displacement. Because of
this, furs¢ corresponds to the burst time affer an initial current pulse. d,, increases linearly
with f,5¢ as shown in Figs. 6.3a, 6.4d. Both the timing and the duration of the RF-burst
are thus crucial. This suggests that the current pulse initiates the current-induced DW
motion and that this motion is subsequently ongoing in the presence of the RF excitation
- though at slower speed. This ongoing DW motion after the end of the current pulse will
be called sustained DW motion in the following. The linear fit in Fig. 6.3a yields the ef-
fective DW velocity arising from the RF field as vgr = 0.41(2) m/s. Note that in addition
to thurst, the applied RF-power also effects the magnitude of the RF-induced displacement
(see Fig. 6.2d).

In order to trigger this sustained DW motion, a sufficiently long current pulse is re-
quired. Fig. 6.3b shows the dependence of dy on the current pulse duration fpyise. As
expected, dj, increases linearly with #,,,c when no RF-field is applied (teal-colored data).
The linear slope corresponds to the speed of SOT-driven DW motion. However, in the
presence of an RF-field (orange-colored data), dj, starts to increase and deviates from this
linear slope as soon as current pulses with fy5e > 3.5 ns are applied. For fpy5e > 5 ns,
this increase saturates and d, scales linearly with #,ys again (cf. orange dashed lines).
The vertical data offset is ascribed to the RF-induced sustained motion. This behavior is
qualitatively equal for different burst times, but the vertical displacement drp increases
with fyyg as expected from Fig. 6.3a.
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Figure 6.3: Self-sustained domain wall propagation. The mean absolute displacement |d},| of
an 7] DW is measured using an initial trigger pulse with j, = 22118 MA/cm? while a longitudinal
magnetic field ggHx = —12 mT is present. A resonant RF-field at f = 450 MHz is applied with
a burst time fyurs¢ affer an initial current pulse trigger with duration #yyise. (@) fpurst dependence of
the sustained DW motion. The trigger pulse width amounts to #,y5c = 5 ns. The DW displacement
increases linearly as shown by the linear fit. (b) The 7y, dependence of the RF-driven DW
displacement is shown. Resonant microwaves with fpyc = 1.0, 2.5 and 5.0 ps are applied. At short
fpulse> N0 RF-driven DW motion is triggered whereas the additional RF-induced displacement drp
saturates at fyse > 5 ns. Herein, 5 determines the magnitude of the RF-induced displacement,
i.e. the vertical shift of the curves. The dashed lines serve as guides to the eye and correspond to
linear fits to the saturated region of the respective data. In (a-b), the RF power PR}’ ~ —2 dBm
transmits the CPW.

Finally, it needs to be stressed that this RF-enhanced DW displacement is not caused
by a self-propulsion of the DW (cf. chapter 5). The term self-propulsion was defined
as the ability of the DW to propagate by the action of a sinusoidal RF-field but without
any applied current-pulses through the magnetic conduit. In contrast, the results in this
chapter show an RF-enhanced DW displacement, but only in combination with a suffi-
ciently strong current pulse through the conduit that initiates the DW motion and defines
a preferential direction. Hence, the initial current pulse acts as a trigger to the sustained
motion. Fig. 6.2a and Fig. 6.3b clearly show that the trigger pulse requires a threshold in
the current-density j and pulse length 7,y to initiate the sustained motion.

During self-propulsion, the polarity of the transverse field Hy determines the direction
of motion. In contrast, the sustained motion discussed here follows the direction of the
triggering current pulse. This behavior suggests that the DW’s inertia and momentum
play a key role to enable its sustained motion. Indeed, magnetic DWs have been shown
to exhibit acceleration and deceleration times of the order of approximately 2 ns to 10 ns
due to their finite inertia [101, 102]. For SOT-driven DW motion in FM with DMI, this
inertia during deceleration mainly arises due to the relaxation of a DW tilt, 1.e. the re-
orientation of the DW magnetization and the DW tilt to their equilibrium values. Herein,
the DMI strength is closely related to both the build-up of this DW tilt during steady-state
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DW motion and the tilt relaxation [102]. By the end of the triggering current pulse, the
DW has acquired a certain momentum and does not instantly, but gradually slow down its
speed. During this time, the DW is still moving and the resonant RF-excitation seems to
compensate for its energy dissipation by magnetic damping and extrinsic pinning, thereby
sustaining its momentum. The low velocity of the DW during its sustained motion thus
represents the balance between the DW’s power dissipation during motion and the power
by the RF-field that is pumped to the DW.

It needs to be addressed that the requirement of a finite longitudinal magnetic field Hy
for the sustained DW motion is not explained by the previous reasoning. Neither does Hy
break symmetry of the DW, nor does it directly lead to ongoing DW motion. However, it
facilitates the initial DW acceleration that is required for the sustained motion. Moreover,
Hy affects the DW tilt and additionally affects the magnetization dynamics in the LLG
equations. Which of the aforementioned aspects are relevant to induce the sustained
motion is currently unknown.

In conclusion, this chapter demonstrates that the motion of a magnetic DW can be
sustained by the action of a resonant RF-field over very long times of up to 15 ps. The
resonant RF-field here serves to re-supply power to the moving DW to compensate en-
ergy losses due to magnetic damping. Key requirements of the effect are (a) resonant
frequencies of the RF-excitation, (b) a static, longitudinal magnetic field and (c) a suffi-
ciently strong current pulse through the magnetic conduit. The latter is required to induce
sufficient momentum to the DW and thereby trigger the subsequent sustained motion. It
also serves to break the symmetry of the DW and induce a directional motion. The sus-
tained DW motion consequently represents a counterpart to the self-propulsion in chapter
5. For the former, the initial current pulse determines the propagation direction while for
the latter, the transverse field Hy does so.
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Figure 6.4: DW motion in the presence of a static Hy fields and (off-)resonant RF fields.
Subsequent snapshots of the differential Kerr image, showing the current-induced DW propagation
along the electrical current flow, are recorded in various configurations. White (black) contrast
indicates that the up-down DW is moving to the left (right). A static, longitudinal Hy field is
present during the measurement. (a) Zero static field and no RF-power. (b) Zero static field and
resonant RF-bursts with ¢ = 2.5 ps. (¢) toHx = —12 mT but no RF-power. (d) uoHx = —12 mT
and resonant RF-bursts are applied. The DW displacement per pulse increases with the burst
time fpyrsc. (€) An off-resonant RF-field at f = 1000 MHz shows no enhanced DW motion at
UoHx = —12 mT compared to (c).
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Part 111

Microwave-assisted switching (MAS)
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The previous part of this thesis investigated the dynamic excitation of magnetic DWs
using RF magnetic fields and RF electrical currents. The DW’s (resonant) susceptibility
to an RF excitation enables phenomena such as the self-propulsion of the DW or the
sustained DW motion after an initial current trigger.

Nevertheless, in addition to the importance of magnetic DW motion in proposed data
storage devices such as racetrack memory [3], the magnetization switching is an essen-
tial aspect in both established and proposed spintronic applications. Magnetic HDDs and
magnetic random access memory (MRAM) represent two major examples of such appli-
cations. Firstly, HDDs are ubiquitous in modern mass data storage and they use a local
magnetic field for the reversal of magnetic bits [1]. Secondly, MRAM is made out of
magnetic tunnel junctions where the current induced STT or SOT is used to switch the
magnetization [4, 103, 104].

In order to achieve both a high thermal stability and a low switching energy of the
magnetic element, the concept of microwave-assisted switching (MAS) was developed
[21,22,66]. The latter uses a microwave excitation of the magnetic element to reduce the
required switching power, e.g. by reducing the switching field or the switching current
(see chapter 2.4.2 for the theory of MAS).

In the following, MAS will be discussed for two different switching configurations.
Firstly, microwave-assisted SOT switching will be demonstrated in the same ultra-thin
magnetic layers that were previously studied for DW motion. Interestingly, this switching
assistance is related to the DW resonance and not to the FMR mode as for conventional
MAS. Secondly, MAS will be presented for field-induced switching where the FMR mode
or close-by standing spin-wave modes are excited. Herein, thicker FM multilayers are
used to match the FMR frequency to the easily accessible frequency range of the ex-
periment. Furthermore, a comparison of MAS by RF magnetic fields and RF electrical
currents will be provided. Finally, a ~100% reduction of the switching field by MAS and
the corresponding destabilization of the magnetic state will be demonstrated.
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Chapter 7

Microwave-assisted spin-orbit torque
switching

7.1 Conventional SOT switching

It has been theoretically outlined in chapter 2.4.3 that current-induced SOT switching re-
quires a static Hy field and a damping-like SOT. For small FMs with a spatial extension
below the single-domain critical diameter [25], a multi-domain state is unfavorable and
their switching may be described by a macrospin description. However, the switching of
micron-sized magnets, that may host multiple domains, is investigated here. Their switch-
ing can occur incoherently by domain nucleation and expansion which is schematically
displayed in Figs. 7.1a-e:

The magnetic conduit is initially saturated along —z (Fig. 7.1a). Due to the finite DMI,
the magnetization at the edges tilts away from the conduit (little gray arrows) [68]. When
both Hy and an SOT current pulse are applied, a region with 4z magnetization is nucleated
at one of the edges which will be named a magnetic bubble from now on. This nucleation
is asymmetric and preferentially appears at the lower (upper) edge when starting with an
initial magnetization along —z (+z). Such asymmetric nucleation behavior is typical for
systems with finite DMI and has been observed for both field-switching [68] and SOT
switching [80]. In Fig. 7.1b, the nucleation appears at the lower edge since the current-
induced SOT and the DMI-induced magnetization tilting at the edge are parallel to each
other at the bottom edge, thereby favoring the bubble formation [80]. Once the bubble
is formed, it expands due to the SOT-driven motion of the bubble DWs (Fig. 7.1c-d).
This expansion is generally asymmetric due to the different impact of Hy on the left and
right bubble DW. Finally, the bubble’s DWs have expanded throughout the full conduit
and the switching is complete (Fig. 7.1e). In summary, the SOT switching in extended
magnetic structures is mostly a two-step process and composes of bubble nucleation and
subsequent expansion.
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Figure 7.1: Schematic of conventional and RF-assisted SOT switching. (a-e) Conventional
SOT switching sequence (chronologically ordered from top to bottom): Starting from a down-
magnetized state (a), the application of a longitudinal Hy field and an electrical current Jsor (and
the corresponding torque Tsor) leads to the nucleation of an up-magnetized bubble at the bottom
edge (b). This bubble expands due to the SOT 75or (c-d) until finally the magnetic conduit is
fully magnetized along +z (e). The green arrows indicate the expansion of the bubble compared
to the previous image. Note that the magnetization at the edge (grey arrows) is tilted from the
inner magnetization (blue or red areas) due to the DMI. The effects of an RF magnetic field /s on
the bubble expansion is schematically shown in the following: (f) The presence of Hy breaks the
symmetry of the upper part of the bubble. In line with chapter 5, this generally allows for self-
propulsion of this part such that the bubble expands along +y. (g) After the end of a sufficiently
strong SOT pulse, sustained DW motion (cf. chapter 6) enables the bubble to expand along +x.
This expansion is asymmetric due to the combined or opposed action of Hy and the effective DMI
field at the left and right bubble walls.
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7.2 Measurement setup

This chapter uses the same magnetic film and device design as in the chapters 4, 5.1 and 6.
The following film stack is used: 20 TaN /50 Pt/ 1 Ta/3 Co/[7 Ni/ 3 Co]n=1 / 30 TaN
(the numbers indicate the thickness in A) with an interfacial Tantalum thickness of
dra = 1.0 A. This allows to apply an RF-magnetic field while simultaneously passing an
electrical current pulse through the magnetic conduit (Fig. 6.1a). In addition, a static,
longitudinal magnetic field Hy is applied to enable deterministic SOT switching. This
device geometry thus allows to investigate the impact of an RF magnetic field on SOT
switching. In contrast to the previous chapters, the magnetic conduit is initially fully
saturated, i.e. it hosts no magnetic DWs.

The switching is initiated by an electrical current pulse with adjustable pulse length
2 ns < fpuise < 100 ns. Starting almost synchronously with the current pulse, an RF burst
with length i, 1s applied to the CPW. The switching is considered successful if a sig-
nificant part of the 3 X 30 um? magnetic conduit reverses its magnetic orientation. Note
that the pulse generator that is used here to send the SOT pulses to the magnetic conduit,
only allows for discrete current densities of the pulse. As will be seen in the experimental
results of the following section, this leads to step-like changes of the switching current
density jsy and is a purely technical artifact.

Because SOT switching is often a two-step process, an incomplete switching may oc-
cur if the SOT pulse is too short or if Hy is too small, i.e. a magnetic bubble has nucleated
but it has not yet expanded throughout the sample. Hence, two switching regimes will be
differentiated experimentally: In the first regime, a complete switching occurs after pass-
ing a single current pulse through the magnetic conduit. In the second regime, although
no switching is visible after a single pulse, multiple pulses eventually lead to a successful
switching. A waiting time of typically 100 ms or more is chosen between subsequent
current pulses to reduce Joule heating.

In line with the previous elaborations on the two-step nature of SOT switching, the
switching by multiple pulses most likely originates from the fact that the initial current
pulse successfully nucleates bubbles, but is too short to fully expand them. Consequently,
multiple current pulses are required to complete the bubble expansion, i.e. switch the
whole sample. Note that the switching is detected by an optical Kerr microscope whose
resolution does not allow to detect tiny bubbles with nanometer size. It only allows to
detect expanded bubbles once they grow to a size of ~ 1 um. In conclusion, the measured
threshold current density for successful SOT switching will thus differentiate between
switching due to single and multiple pulses, where the latter situation exhibits a lower jgy
than the former one.

101



Chapter 7. Microwave-assisted spin-orbit torque switching

7.3 MAS by RF magnetic fields

This section investigates the SOT switching in the presence of RF magnetic fields. Based
on the chapters 5 and 6, the magnetic DWs are significantly impacted by RF fields at fre-
quencies around f ~ 450 MHz, whereas lower (f = 100 MHz) or higher (f = 1000 MHz)
frequencies showed no effect on the DW. Since SOT switching is expected to involve the
expansion of a magnetic bubble, i.e. the motion of the bubble’s DWs, an RF-excitation of
the DW is generally expected to impact the SOT switching.

Fig. 7.2a displays the Hx-dependence of the threshold current density jgy for SOT
switching. It was theoretically shown in section 2.4.3 that jg,, reduces linearly with Hy
according to eq. (2.39). This linear j decrease is seen in Fig. 7.2a when no RF-fields are
applied (gray symbols). For single pulse switching (filled triangles), jsw decreases from
210 MA/cm? at ugpHy =4 mT to 149 MA/cm? at upHy = 80 mT. In contrast, for multiple
pulse switching (open triangles), jsw decreases from 210 MA/cm? to 67 MA/cm? in the
same field range. The difference in jg, between the two switching regimes suggests that
the bubble nucleation takes place at lower current densities than the full bubble expansion
into macroscopic regions.

When off-resonant RF-fields at a frequency f = 1000 MHz are applied (turquoise
curves), jsw 1S barely lowered. In contrast, jg significantly decreases for f = 450 MHz
(orange curves). For instance, at tgHx = 12 mT, the single pulse switching threshold de-
creases from jgw = 210 MA/cm? when no RF-field is applied to jsw = 115 MA/cm? when
an RF-field at f = 450 MHz is applied. Interestingly, jsy for both single and multiple
pulse switching lie very close together now. The lowered jg, for multiple pulses suggests
that the bubble nucleation now occurs at lower current density. Moreover, the vicinity
of the threshold for single and multiple pulses implies that the bubble expansion is fa-
cilitated and occurs at almost the same current density as the nucleation. In summary,
the facilitation of the SOT switching by RF magnetic fields apparently occurs through a
two-fold effect: Firstly, the RF-field assists the bubble nucleation and secondly, it aids
its subsequent expansion. However it should be noted that the jg, decrease with Hy is
now non-linear and seems to converge towards a lower bound at jg, ~ 44 MA/cm? for
Hy > 50 mT. Hence, the RF-assisted switching deviates from of a linear jg, decrease
with Hy (eq. (2.39)) and implies that the conventional picture of SOT switching is not
fully adequate anymore to describe the observed effects.

Note that very long RF-bursts with #,,¢ = 100 us were applied in Fig. 7.2a. The
RF-induced reduction of jg, depends strongly on the duration #,, of the applied RF-
burst. Fig. 7.2c shows that the jg, reduction sets in for fyut > 5 us and saturates for
tourst = 20 ps.

Fig. 7.2b displays the decrease of jsy with the current pulse time 7py5e. Herein, a
1/tpuise scaling of the switching threshold is usually expected for SOT switching in the
short pulse regime [19]. However, such an 1/z,ys scaling throughout the whole 7,y
range is only observed for the f =450 MHz data (orange curve) as shown by the dashed
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7.3. MAS by RF magnetic fields

line. This can easily be seen in Fig. 7.2d, where jgy is plotted against the inverse pulse
time. Only the f =450 MHz data fits a straight line while all other measurements change
their slope at 15 & 7.5 ns so that a 1/fpyee fit can only be applied for either short (< 7.5
ns) or long pulses (> 7.5 ns).
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Figure 7.2: Microwave-assisted SOT switching. The current-induced magnetization reversal by
SOT is investigated in the presence of RF magnetic fields at different frequencies. This graphs
differentiates if SOT-switching was successful after a single current pulse (filled symbols) or if
multiple pulses were required (open symbols). The electrical current density in the graphs ex-
hibits clear steps and plateaus because of the discrete pulse amplitudes of the pulse generator. (a)
Reduction of the switching threshold jg,, with Hy. In (a), (b), (d), RF-bursts with fyyst = 100 ps
were applied. (c¢) The RF-induced jg, reduction requires the RF-burst to be sufficiently long.
At upHy = 12 mT, the RF-enhanced switching effect sets in for #,,x > 5 us and saturates for
tourst = 20 ps. Pulses with fpy5c = 5 ns were used in (a, ¢). (b) Pulse time dependence of jgy
for goHx = 12 mT. The data for f = 450 MHz fits well to a 1/,y15e function with constant offset
throughout the 7,5 range (dashed line). (d) Plotting of jgy vs. 1/fyy15e confirms that only the data
for f =450 MHz fits well to a 1/tpyse function in the full 7,y range (dashed line). A constant
input power of Pli{‘F = 21.6 dBm is used in all plots and at all frequencies. To improve the data
visibility, the turquoise and orange lines in (a), (b), (d) are vertically shifted by —2 MA/cm? and
—4 MA/cm?, respectively, with respect to the grey data.
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Chapter 7. Microwave-assisted spin-orbit torque switching

In summary, the experiment shows the presence of two separate jg,, thresholds for sin-
gle and multiple pulse switching. These can be connected to the two steps of SOT switch-
ing: namely bubble nucleation and subsequent expansion (Fig. 7.1b-e). The separation of
the two thresholds implies that the nucleation of reverse domains can already take place at
lower current densities than required for a bubble expansion throughout the sample. Nev-
ertheless, these nucleated bubbles are initially below the resolution limit of the optical
microscope and only become visible upon the application of further pulses. While the RF
magnetic field does not have a large impact on the switching efficiency for f = 1000 MHz,
a large reduction in jg 1s observed when resonant RF-fields at f = 450 MHz are applied
at sufficiently large times #y,t. Strikingly, the switching thresholds for both single pulse
and multiple pulses now lie close together. Altogether, this suggests that the both nucle-
ation and expansion of the reversed domains are facilitated by the RF-field at f = 450
MHz.

Note that the frequency dependence of the RF-enhanced SOT switching matches with
the one for RF-induced self-propulsion and sustained DW motion (cf. chapters 5, 6). This
is consistent with the initial hypothesis that an RF-excitation is expected to impact SOT
switching by modifying the bubble expansion. In the following, two possible mechanisms
are provided of how the RF-field assists to expand the bubble:

Firstly, an RF field can induce self-propulsion of a DW when a symmetry-breaking
field is present that is transverse to the DW (cf. chapter 5). For the nucleated bubble in
Fig. 7.1f, the Hy field is longitudinal to the bubble’s DW (white line) at its left and right
boundary and will not induce self-propulsion there. At the upper boundary of the bubble,
however, Hy is transverse to the DW and enables self-propulsion along +y by symmetry
considerations. Secondly, after the end of the SOT current pulse, the RF-field can sustain
the motion of the bubble’s DWs (cf. chapter 6). This sustained DW motion requires a
longitudinal Hx which is fulfilled at the left and right part of the nucleated bubble. The
sustained DW motion would thus lead to the bubble expansion along +x as seen in Fig.
7.1g. Both self-propulsion and sustained motion consequently contribute to the growth of
nucleated bubbles and thereby assist the switching.

In addition to the RF-assisted bubble expansion, the nucleation process seems to be
assisted by the RF-field. In this context, the conduits temperature increase (cf. Fig. 5.11b)
due to the RF application to the CPW is likely to facilitate the nucleation process. More-
over, the conduit’s edge magnetization is tilted in-plane (gray arrows in Figs. 7.1a-e) due
to the DMI and plays a pivotal role in the nucleation process [68, 80]. This edge mag-
netization shares many similarities to Néel DWs and may be similarly susceptible to the
RF-fields which in turn could facilitate the nucleation that occurs at the conduit edge.

The RF-assistance to SOT switching that is observed here, occurs at low RF-
frequencies that are generally associated to a DW excitation. However, the excitation
of uniform magnetization precessions, i.e. FMR, has not been observed to assist SOT
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switching in this measurement setup. Nevertheless, the RF power transmission at the
FMR frequencies of ~ 10 GHz is significantly lower than for f <5 GHz (cf. Fig. 4.4). It
is therefore not possible in the current device and film structure to exclude an RF-assisted
SOT switching at FMR frequencies. Nevertheless, the strong excitation of the FMR
mode is generally expected to have strong effects on switching (cf. chapter 2.4.2). The
next chapter will focus on thicker magnetic multilayers that allow for a stronger FMR

excitation and exhibit microwave-assisted field switching.
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Chapter 8
Microwave-assisted field switching

So far, the field of MAS focuses mainly on reducing the switching field of high PMA
materials such as such as Co-Cr-Pt granular films [105] or Co/Pt multilayers [22] for the
next generation of HDDs with ultra-high recording densities. While these efforts particu-
larly focus on thick magnetic layers with very high anisotropy, the investigation of MAS
in ultra-thin magnetic multiayers that are suitable for current-induced DW motion or SOT
switching is still overdue. Moreover, MAS is currently only induced by RF magnetic
fields and the equivalent MAS by RF spin torques such as STT or SOT remains to be
shown as well. This chapter hence serves as a first step to achieve MAS also in thinner
magnetic layers with thicknesses of only a few nanometers and secondly addresses the
MAS that is induced by an RF SOT.

In this chapter, the MAS of magnetic multilayers with PMA will be investigated. In
contrast to the previous chapter, the microwaves facilitate the switching by strongly ex-
citing the ferromagnetic resonance of the magnetic thin film and not by excitation of the
magnetic DWs. Moreover, the magnetic film is now deterministically switched by the
application of a static magnetic field along z and not mainly by an SOT.

The chapter is structured as follows: First, the properties of the magnetic thin films
will be shown. Second, the measurement setup and the two measured device designs will
be introduced. Both designs achieve MAS but they either apply an RF magnetic field
or an RF electrical current to the magnetic conduit. Afterwards, the experimental results
for both device designs are shown. Starting with MAS by an RF-field, the frequency-
and power-dependence of MAS will be demonstrated and linked to the excitation of the
FMR. The results are further complemented by an investigation of the switching field
distribution for different burst time and RF power. Moreover, the use of RF electrical
currents for MAS is compared to the previous measurements. Particularly, RF currents
allow for even stronger MAS and exhibit a broad frequency region where the switching
fields are close to zero.

107



Chapter 8. Microwave-assisted field switching

8.1 Thin film characterization

In this chapter, films with the following multilayer structure have been used: 20 TaN /
30Pt/1.25Ta/3 Co/[7 Ni/ 3 Co]n=4 / 30 TaN (the numbers indicate the thickness
in A). In contrast to the previous chapters, the Pt thickness is decreased to 30 A, the
ultra-thin Tantalum thickness at the Pt/Co interface was slightly increased to 1.25 A and
a multilayer repetition N = 4 is used. Fig. 8.1 shows the static magnetic properties of
the film stack that were measured by VSM. The OOP-field loop (Fig. 8.1a) reveals that
the N = 4 multilayer shows good PMA, even though the switching loop is not rectan-
gular anymore as for the N = 1 films in Fig. 4.1a. The latter implies that the magnetic
field required for the nucleation of reverse domains is not sufficient for the expansion of
these domains throughout the whole sample. Higher fields are required to expand the do-
mains and achieve a saturated, reverse state. The IP-field scan (Fig.8.1b) shows that the
effective anisotropy field, i.e. where the magnetization saturates, lies at approximately
MoH i eff = 1304220 mT and is thus significantly lower than for the films used in the pre-
vious chapters. Extended VSM data on the effect of Tantalum-thickness and multilayer
repetition number is shown in the appendix (Figs. B.1, B.3).

Furthermore, the dynamic magnetic properties were measured by FMR. Fig. 8.2a

shows the OOP-field dependence of the FMR frequency. The zero-field FMR frequency
HFMR _ 27

anieff = y
rized in table 8.1. The frequency dependence of the FMR linewidth in Fig. 8.2b allows

fo = femr(H = 0) and the corresponding anisotropy field fo are summa-
to extract the damping constant o. Both the minimum, zero-field linewidth poAH (fo)
and o are displayed in table 8.1. Note that both the minimum linewidth and the damping
constant are significantly lower than for the N = 1 films used in the previous chapters.

VSM FMR
MoHpi et [MT] | fo [GHz] MoHani et [mT]  poAH(fp) [mT] o
130 £20 ‘ 3.567+0.004 110.84+0.1 4.84+0.1 0.0203 +0.002

Table 8.1: VSM and FMR results of the thin films used for MAS.

This specific film structure was selected for MAS measurements mainly because of
its low FMR frequency. This generally allows for low RF-losses in the waveguide and
thus enables the strong excitation of FMR which will be shown to facilitate switching.
However, for such a thick film, reliable and deterministic switching only by SOT is not
possible anymore. Firstly, this is because the SOT arises from the Pt/Co interface and thus
its impact on the total magnetic volume weakens with increasing FM thickness. Secondly,
with weakening SOT, the STT becomes comparable with SOT and complicates the mag-
netization dynamics. Hence, to investigate MAS, an alternative switching mechanism to
SOT switching is required. For this reason, the switching by a magnetic field H, will be
investigated in this chapter.
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Figure 8.1: Vibrating sample magnetometry. (a) Out-of-plane and (b) in-plane magnetization of
the magnetic multilayers with N =4 Co/Ni repetitions and a Ta-dusting thickness of dr, = 1.25 A.
The data is normalized to the saturation value. The OOP-scan confirms the stable PMA. The IP-
scan allows to estimate the effective anisotropy field at ~ 130 +20 mT.
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Figure 8.2: Ferromagnetic resonance. FMR measurements for magnetic multilayers with N =4
Co/Ni repetitions and a Ta-dusting thickness of dt, = 1.25 A are shown. The linear dependence
of the FMR frequency with an OOP-field is seen in (a). The extrapolated frequency frmr (H = 0)
is the FMR frequency in zero field and is a measure of the effective anisotropy of the magnetic
film. (b) The resonance linewidth as a function of fryr reveals the damping constant o and the
inhomogeneous broadening. The dashed lines in (a), (b) are linear fits to the data.
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8.2 Measurement setup

In this chapter, the RF-power will be applied to the magnetic element by two alternative
means: by an RF magnetic field or by an RF electrical current. Regarding the first ap-
proach, Fig. 8.3a schematically shows a circular FM (blue) on top of the center conductor
of a CPW (yellow). Applying an RF current ;s to the CPW will generate an in-plane
RF-field A, at the FM that in turn can excite the FMR of the FM. Simultaneously a static
out-of-plane field H, is applied to deterministically reverse the FM’s magnetization. The
second approach in Fig. 8.3b uses an RF-current that is directly flowing through the FM
and exerts a time-varying SOT 7 sot to the FM to excite the FMR.

The details of device fabrication are given in chapter 3.2. The device for RF-field
application consists of a circular magnetic element with a diameter of 8 um that is placed
on top of a CPW with a width of 10 um. The schematic and the microscope pictures of
the final devices are shown in Fig. 8.4a-b. The VNA data of the CPW reveals a high
microwave transmission S>; > —8 dBm for f < 6 GHz without any pronounced dips in
S71 (Fig. 8.4c¢).

Moreover, the device for RF-current application consists of a 10 um wide stripe that
is laterally contacted by gold pads as shown in Fig. 8.5a-b. In an area of 10 X 10 um? the
electrical current flows exclusively through the FM. The corresponding VNA data in Fig.
8.5¢c shows a microwave transmission of S3; > —10 dBm for f < 6 GHz.

The general measurement procedure to determine the magnetic switching field Hgy is
provided in the methods section 3.3.4 and is shortly summarized here: A static magnetic
H, field along the FM’s easy-axis is applied and the magnetic state is simultaneously
monitored by Kerr microscopy. Initially, the FM is saturated by a large, negative H,. The
field is then increased in small steps of 0.1 — 0.2 mT with a waiting time of ~ 500 ms
between the steps. At each field step, a single burst of RF-power with duration fyy;g 1S
applied and the Kerr intensity of the magnetic element is subsequently recorded. The
switching field H,y is generally defined as the coercive field of the FM here, i.e. when
the Kerr contrast exhibits as abrupt change at a certain field, this is considered as the
switching field Hgy,.
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Figure 8.3: Schematic of different MAS measurements. (a) An RF-current Icpw ; flows through
the CPW (yellow) and creates an RF-field /¢ at the magnetic dot (blue) sitting on the CPW. (b)
The RF-current flows directly from the contact pads (yellow) through a magnetic stripe (blue) and
exerts an RF spin-orbit torque 7t sor there. The RF field or RF torque assists the reversal of the
magnetization M by the action of a magnetic field H,.
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Figure 8.4: Device schematic and VNA data of CPW. (a) Device schematic of a magnetic dot
(blue) sitting on top of a CPW (yellow). The CPW input is connected to a signal-generator and its
output feeds into an oscilloscope. (b) Microscopy pictures of the actual device. A dot with 8 um in
diameter sits on a CPW with 10 um width. (¢) VNA data of the CPW. Both reflection coefficient
S11 and transmission coefficient Sp; are shown.
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Figure 8.5: Device schematic and VNA data of the device for RF-current injection. (a) Device
schematic of a magnetic element (blue) being contacted by electrical leads (golden) from both
sides. The RF-current flows directly through the magnet. (b) Microscopy pictures of the actual
device. A square stripe with 10 um in edge length is visible between the lateral gold contacts. (c)
VNA data of the device. Both reflection coefficient S1; and transmission coefficient S,; are shown.
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8.3 MAS by RF magnetic fields

Fig. 8.6 displays the reduction of the switching field Hgy, in the presence of an RF mag-
netic field with frequency f and burst length #y,,,5¢ = 50 ps. The frequency-dependence of
Hg,, is shown for different RF-powers PR} transmitting through the CPW that correspond
to different strengths of the RF field. Without any RF-field present, the FM switches at
UoHsw =76 mT (dashed line). When an RF-power P3f' = 5.1 dBm is transmitting through
the CPW, it generates an in-plane RF field with a peak amplitude of yphrp = 1.86 mT. This
causes Hgy to decrease linearly in the range from f = 1.0 GHz to f = 2.375 GHz, reach-
ing a minimum LoHg, = 41.4 mT that corresponds to a reduction of the switching field
by 46%. Above a critical frequency f.it = 2.5 GHz, Hg,, returns to its initial value. For
higher RF powers, Hg,, further decreases in the MAS range for f < f.; and additionally
ferit increases. The results are summarized in table 8.2. For Pf{%t =10.1 dBm, a secondary
MAS region becomes visible for 2.75 < f < 3.08 GHz, where H,,, still decreases linearly
but is vertically displaced towards slightly higher fields. Such a secondary region is also
visible for PRi = 15.1 dBm. According to macroscopin simulations that were reported in
literature [73], these regions could correspond to MAS with a different switching speed.

PRy [dBm]  pohrp [MT] - toHsw min [MT] forie [GHZ]

5.1 1.86 41.4 2.5
10.1 3.30 27.4 3.08
15.1 5.87 15.7 3.42

Table 8.2: MAS results for frequency scans at different RF power.
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Figure 8.6: Power- and frequency-dependence of MAS. Frequency-dependence of the switching
field Hyy for a magnetic multilayer structures with N = 4 repetitions of Co/Ni. RF bursts with
fourst = 50 ps are applied to the CPW and the transmitted RF-power PRy is kept constant at each
frequency. Each frequency scan is repeated for different levels of PRy
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In the following the connection of MAS and FMR will be discussed. Fig. 8.7
shows the reduction of Hy,, with the applied RF-frequency (left) together with the field-
dependence of the FMR of the magnetic film (right). It is important to note that the FMR
is measured using an H, field that saturates the FM and is aligned along the equilibrium
magnetization. The field magnitude is thus considered positive and increases the FMR
frequency. In contrast, during MAS, H, is aligned opposite to the magnetization. As long
as the FM does not switch, the H, field consequently reduces the FMR frequency (see
dashed line in left part of Fig. 8.7). Noticeably, the Hg,, reduction due to MAS aligns
very well with this dashed line, i.e. the extrapolated FMR data. Hence, the MAS occurs
once the RF-frequency of the RF-field matches with the frequency of the FMR. And
since the latter scales linearly with H,, the MAS curve Hgy (f) scales linearly with H, as
well. Moreover, this picture allows to explain the emergence of a critical frequency fyit,
above which no MAS is observed. The maximum frequency for MAS corresponds to the
zero-field FMR frequency fy. For an RF-field with f > fj, a magnetic field along the
initial magnetization is required to match the FMR condition and thus H, would reinforce
the initial state and not switch it.

Microwave-assisted switching Ferromagnetic resonance
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Figure 8.7: Comparison of MAS with FMR. The out-of-plane field-dependence of the FMR
resonance frequency (right) is compared to the reduction of Hy, due to MAS (left). Note that the
MAS data is rotated by 90° compared to Fig. 8.6. The dashed line displays a linear fit to the FMR
data and is extrapolated to negative fields (left).

Nevertheless, this picture that connects the FMR excitation to MAS does not yet ex-
plain the power dependence of either H,, or f. that has previously been shown in Fig.
8.6. However, it has been reported that the experimental observations of MAS can only be
numerically reproduced by taking non-uniform excitations of the FM into account [22].
For example, numerical simulations have shown that the RF-field may excite standing
spin waves (SWs) that cause MAS. Such standing SWs are non-uniform excitations of
the magnetization that depend on the shape of the FM. Because of their non-uniformity
(dispersion), their resonance field is below the resonance field for FMR [74]. The exci-
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tation of higher order standing SW modes with increasing RF-power is likely to reduce
Hg,, at the same frequency. Additionally, for high RF driving fields, non-linear magneti-
zation dynamics might arise that modify the previous picture of the FMR and SWs [26]
and thereby modify the resonance condition where MAS occurs.

In the following, the dependence of MAS on the length of the RF-burst ¢ Will be
investigated: Fig. 8.8 shows the t, dependence of Hgy at f = 3.0 GHz. The switching
field decreases by several mT when #y,, increases from 2 ns to 100 ps. This decrease
proceeds in an approximately logarithmic fashion. Remarkably, an RF-field with a du-
ration of only 2 ns is still sufficient to induce MAS. Note that this only corresponds to
tourst - f = 6 periods of the RF-field. A critical discussion of the time dependence of Hgy,
is given in the appendix B.3.
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Figure 8.8: Burst time dependence of MAS. Reduction of Hg,, with increasing burst time fyys¢
for f = 3.0 GHz. The transmitted RF-power is kept constant at P3§' = 15.1 dBm. The error bars
correspond to the standard deviation of the switching field distribution.

In addition to the H,, decrease, the standard deviation Oy, of the switching field distri-
bution (error bars in Fig. 8.8) decreases with increasing ty,. For instance, the switching
fields for ty,c= 500 ns spread over a distribution with oy, = 0.88 mT while for ty.= 50
us, the switching events occur in a much narrower range with oy, = 0.27 mT. This is
directly visualized in Fig. 8.9a which shows the histograms of the switching field dis-
tributions. A longer burst time clearly narrows the switching distribution (cf. dark red
and green histograms). In addition to the #,,c dependence, the histograms for different
RF-powers are shown, i.e. for P = 10.1,15.1,20.1 dBm. Interestingly, with increasing
power, the standard deviation oy, of Hg,, does not decrease monotonously but is lowest
at intermediate powers PR = 15.1 dBm.
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Figure 8.9: Switching statistics. Distribution of switching fields during MAS (a) and during
conventional field-switching without RF-fields (b). For (a), 200 switching events are shown for
each setting while for (b), 150 events are shown. In (a), the statistics for different combinations of
burst time #y,¢ and RF-power Plgllé‘ are displayed.

8.4 MAS by RF spin-orbit torques

In contrast to the previous section, an RF electrical current is directly flowing through a
magnetic stripe here. This exerts an RF spin-orbit torque on the FM that could similarly
excite magnetic resonances and induce MAS. While the symmetries of the damping-like
RF SOT and the RF magnetic field are very similar, the RF SOT is expected to have a
larger impact than the RF field when the same RF-power is transmitted to the FM and
CPW, respectively.

The frequency dependence of MAS for several RF powers is shown in Fig. 8.10. For
low RF powers PR} < 7 dBm, the MAS is very similar to the data shown in Fig. 8.6, i.e.
H,, decreases linearly with f until the critical frequency is reached. With increasing RF
power, the minimum attainable switching field lowers and f.; increases (see table 8.3).
Remarkably, when the RF power increases to Py = 17 dBm, a very broad frequency
range 0.5 GHz < f < 3.75 GHz now exhibits low switching fields with tgHg, <5 mT.
Herein, at f = 1.0 GHz, the switching field reaches its minimum at yyHgy, = 0.3 mT. In
other words, the RF burst assists the FM stripe to switch its magnetization by only a tiny
magnetic field that corresponds to 0.38% of the required field for simple field switching
without MAS. Lastly, for f > fui and PRyt > 14.5 dBm, the switching field does not
increase immediately to its high value but exhibits intermediate frequencies where the
RF current still significantly assists the switching. Altogether, this MAS behavior is thus
qualitatively and quantitatively different from the reported MAS behavior in literature
and from the MAS shown in the previous section 8.3.

In the following the very low switching fields during MAS for PR’ = 17 dBm (black
data in Fig. 8.10) will be investigated in more detail. Fig. 8.11a shows the switching loops
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Figure 8.10: Frequency scan of MAS for different RF-powers. MAS during application of
an RF electrical current: Frequency-dependence of MAS when RF-bursts with #,st = 50 us are
applied. The transmitted RF-power Pg{" is kept constant at each frequency. Each frequency scan
is repeated for different levels of P3p'. Note that the shown Hy,, corresponds to the coercive field
of the switching loops.

P [dBm]  poHgy min [MT]  forie [GHZ]

2 36.5 3.0

7 21.6 3.375
12 7.3 3.625
14.5 5.0 3.75
17 0.3 4.0

Table 8.3: MAS results for frequency scans at different RF power.

at f = 2.0 GHz and #y,s¢ = 50 pus when the RF power is gradually increased. Without
MAS, the FM switches at 83.5 mT (gray curve) and the loop has a rectangular shape, i.e.
the switching occurs very abruptly. An increasing RF-power then reduces Hg,, but the
loop remains rectangular for PRit < 17 dBm. For PR’ = 17 dBm, the loop has a very
low coercive field of only 1.9 mT (central, orange curve). However, the loop shape is not
rectangular anymore but instead the magnetization switches via many intermediate steps.

The close-up view of such non-rectangular switching loops with low Hj,, is shown in
more detail in Fig. 8.11b for different frequencies. For low frequencies f < 0.5 GHz, the
switching loops are still rectangular. In contrast, for f > 1.0 GHz, the loops become non-
rectangular and in particular their remanence decreases, 1.e. the magnetization already
decreases when H, is still aligned parallel to the initial magnetization. This implies that
the RF SOT is effectively destabilizing the perpendicular magnetization of the FM and
does so even without the assistance of an H, field. This RF-induced destabilization of the
FM seems most effective at f = 1.0 GHz where the switching loop exhibits almost no
hysteresis and the remanence and coercive field are close to zero. For f > 1.0 GHz, the
loops become more hysteretic and thus increase their remanence and coercivity.
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Figure 8.11: Switching loops during MAS. The Kerr signal during a field loop shows the mag-
netic switching events. Note that a linear background, originating from the Faraday rotation, has
been corrected in the displayed Kerr signal. (a) RF-power dependence of the loops: For a fre-
quency of f = 2.0 GHz, the transmitted RF-power PR}t is gradually increased and facilitates the
switching, i.e. reduces H,. For the highest power of PR’ = 17 dBm, the loop is not rectangu-
lar anymore but shows a strongly reduced remanence. (b) Frequency-dependence of loops for
PR =17 dBm. The close-up on the loop shape for low switching fields is still rectangular for
f=0.25GHz and f = 0.5 GHz and the switching occurs abruptly. For f > 1.0 GHz, the loop
shape changes significantly and exhibits a gradual switching process, i.e. a roughly linear decrease
in the Kerr signal with field. Herein, the remanence and coercivity are minimal and close to zero
for f = 1.0 GHz, whereas they gradually increase for f > 1.0 GHz. A burst time of fyyst = 50 ps
is used in (a), (b).

In order to understand the switching mechanism during these non-rectangular switch-
ing loops, differential Kerr images at f = 1.0 GHz have been recorded during a switching
loop as shown in Fig. 8.12. After an initial saturation at ugH, = —100 mT, uyH, is stepped
from —5 mT to +5 mT and at each field a single RF-burst is applied before the image is
taken. Here, a black image contrast corresponds to a switching from —z to +z. The figure
shows that at ugH, = —4 mT, two switched dots appear in the center of the FM stripe. For
UoH, > —3 mT, these dots enlarge into a network of stripe domains. With increasing H,,
this stripe network extends throughout the whole stripe and additionally the density of the
stripes increases. For ugH, > 3 mT, the FM seems to be completely saturated along +z.

117



Chapter 8. Microwave-assisted field switching

=3 0 mT - Switching loop procedure: Parameters:
(1) Saturate at -100 mT
(2) Move to -8 mT f= 1.0 GHz
(3) Record background thurst = 50 ps
(4) Move to field <€----------- Repeat for Pout = 17 dBm
(5) Apply RF-burst each field
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Figure 8.12: Kerr microscopy snapshots during a switching loop. The differential Kerr images
of the magnetic stripe are recorded at various magnetic fields H, during a field loop. The stripe
has a square shape and is electrically contacted at the left and right (non-pixelated, gray areas).
The details on measurement procedure and image acquisition are given in the teal box: The device
is first saturated along —z and the field is then increased to tigH, = —8 mT where a background
image is recorded. The latter is subtracted from all subsequently acquired images. The magnetic
field is then increased in steps of 1 mT and a single burst with #, is applied before the Kerr image
is recorded. The MAS process for f = 1.0 GHz occurs by gradual switching from —z (initially
gray) to +z (black). The switching does not occur abruptly but instead starts by the reversal of
small dots and stripes. At increasing field, the stripe pattern grows due to the RF-burst and the
stripes begin to merge until the switching is almost complete at +5 mT.
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8.4. MAS by RF spin-orbit torques

It is important to point out, that in the time between the image acquisition, the domain
patterns do not visibly change by growing or moving. Apparently, the applied H, field
is too small to cause DW motion in this field range. All changes to the patterns occur
after the application of the RF-burst. To unequivocally prove that the growth of the stripe
network are not a direct result of the H,, field alone, a new set of Kerr images were acquired
with a different measurement procedure. After initially saturating the FM, the new images
in Fig. 8.13 are not successively recorded along a switching loop but instead recorded
after directly moving to the target field and applying a single RF burst. Each image
is thus independent of each other. The fact that Fig. 8.13 shows very similar domain
patterns than Fig. 8.12 thereby confirms that the emerging patterns are not caused by DW
motion under H, field. Instead, the RF-burst itself seems to strongly destabilize the FM
state and the applied H, field then determines the final magnetization state that emerges
once the FM relaxes after the end of the RF burst.

In comparison to the previous switching process at f = 1.0 GHz, Fig. 8.14a displays
the Kerr images for the slightly weaker MAS process at f = 2.0 GHz. Also here the
nucleation of reversed dots starts at negative fields of upH, = —3 mT. In contrast, the
switched dots first remain isolated and only merge into larger stripes for larger fields of
UoH, > +1 mT. Additionally, a higher field is required to fully switch the complete FM
stripe. As a final reference, Fig. 8.14b displays the Kerr images for the switching process
at f = 4.0 GHz. Here, the switching abruptly occurs at ypHsw = 7 mT and does not
exhibit intermediate switching states with stripe domains.
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Figure 8.13: Kerr microscopy snapshots after the application of a single RF-burst. Differ-
ential Kerr images of the magnetic stripe are recorded after a single RF-burst at f = 1.0 GHz is
applied to the stripe while a magnetic field H, at various amplitude is simultaneously applied. The
procedure is outlined in the teal box. In contrast to Figs. 8.12, 8.14, the images displayed here
are independent of each other and not part of a gradual switching loop. In particular, the magnetic
stripe is first saturated at —100 mT and H, is then directly moved to the target field before a single
RF-burst is applied. The observed nucleation of reversed dots and stripes closely resembles the
results in Fig. 8.12. This measurement mode allows for a better image quality since it elimi-
nates any contrast from the Faraday rotation during a switching loop. Moreover, it confirms that
the stripe patterns directly emerge through the RF-burst application and are not an artifact due to
gradual domain growth with increasing field. Note that the image acquisition settings of the Kerr
microscope are changed compared to Fig. 8.12 to allow for a better resolution, albeit lowering the
contrast.
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Figure 8.14: Kerr microscopy snapshots during a switching loop. The same procedure as in
Fig. 8.12 is used in this figure. (a) In contrast, the RF frequency is changed to f = 2.0 GHz
for the displayed MAS switching loop. The burst of RF-current leads to the nucleation of small
reverse dots already at negative fields. With increasing field, more and larger dots appear and
start to merge. In contrast to Fig. 8.12, this MAS effect nucleates seperate bubbles rather than
interconnected stripe domains and sets in at higher fields. (b) For f = 4.0 GHz, however, the
MAS does not show stable, reversed stripe or dot patterns along the switching loop, but abruptly
switches the complete stripe at +7 mT.
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Summary and perspective
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The effect of a microwave excitation on key spintronic operations such as DW mo-
tion and magnetization switching is thoroughly investigated in this thesis. For this pur-
pose, Pt/Ta/Co/[Ni/Co]n multilayers with perpendicular magnetic anisotropy were used
for their reliability in DW motion and SOT switching. Moreover, varying the multi-
layer repetition number N and the interfacial Tantalum thickness at the Pt/Co interface
allows to tune the film properties, for instance to adjust the zero-field FMR frequency. As
the main experimental techniques, Super-Nyquist-Sampling magneto-optical Kerr effect
(SNS-MOKE) and wide-field MOKE microscopy were used. Herein, the former directly
measures the magnetization dynamics of either DWs or uniform domains, whereas the
latter visualizes DW motion and switching experiments.

To simultaneously excite a magnetic DW by RF fields and optically investigate its
motion, a novel device geometry was developed that places the magnetic conduit on top
of a CPW. RF power that is applied to the CPW will generate an RF magnetic field at
the conduit. SNS-MOKE measurements revealed that the dynamic susceptibility of the
DWs exhibits an asymmetric resonance that peaks at f ~ 640 MHz. This DW resonance
lies significantly lower than the FMR mode in the uniform domains which is centered at
f ~ 9.5 GHz. At the resonance, the detected signal of two neighboring DWs is out-of-
phase. This agrees well with their opposite in-plane magnetization which is defined by
their chirality. Altogether, the SNS-MOKE signal at the DWs is interpreted as either a
resonant DW precession or DW oscillation or a combination of both.

By exciting this DW resonance in a static, transverse magnetic field Hy, the field-
induced asymmetry of the current-induced DW motion is significantly enhanced. Further
increasing the RF power leads to the self-propulsion of the DW, i.e. the DW moves by
itself without the need for electrical current pulses. Herein, the polarity of Hy determines
the DW’s direction during self-propulsion. The emergence of an optimum magnitude of
Hy for self-propulsion is interpreted as follows: It emerges as a tradeoff between several
effects such as the Hy-induced asymmetry of DW motion, the efficiency of RF field-
coupling to the DW and the Hy-induced DW tilting. The precise timing of the RF duration
allows to determine the DW speed during self-propulsion as v ~ 1 m/s which implies DW
motion in the depinning regime. Moreover the data suggests that the self-propulsion is
stable for several microseconds. A critical investigation of the results reveals that resonant
self-propulsion of the DW might not only be induced by the sole action of an RF field but
also by both a parasitic RF-current in the magnetic conduit and by resonant RF heating.
The details of their frequency-dependence and the exact self-propulsion mechanism for
each of these factors is still an open question.

Moreover, a purely RF current-driven self-propulsion is demonstrated which exhibits
a qualitatively very similar behavior except for its frequency dependence. In contrast to
the resonant character of self-propulsion using an RF-field, the effect of an RF-current
diverges towards the lowest frequencies where an automotion speed of v = 8.6 m/s is ob-
served at f = 10 MHz. The frequency-dependence of the threshold for current-induced
DW motion qualitatively explains the frequency-dependence of self-propulsion. The lat-

125



ter is consequently interpreted as a rectification of the RF current-induced DW oscillation.
Future SNS-MOKE experiments on DWs being excited by a pure RF current will com-
plement the previous information on RF-driven DW dynamics.

It was further observed that an RF field-excited DW in a static, longitudinal magnetic
field does not exhibit self-propulsion anymore. However, triggering DW motion with a
sufficiently strong current pulse enables sustained DW motion when a resonant RF-field
is present. This sustained motion is stable for several microseconds after the end of the
current pulse, occurs at a speed of v ~ 0.4 m/s and follows the direction of the current
pulse. The observations were interpreted in terms of the DW’s inertia. The latter causes
a finite DW deceleration time after the end of the current pulse and possibly enables the
RF-field to resupply energy to the moving DW to compensate for energy losses due to
magnetic damping. The role of the longitudinal magnetic field during sustained motion is
still an open question. Further experiments with precise timing between the trigger pulse
and the RF burst are required to determine the deceleration time and the decay time for
sustained motion.

In addition to DW dynamics in the presence of microwaves, this thesis also investi-
gates microwave-assisted magnetization switching where the switching is mainly induced
by either an SOT or an externally applied magnetic field. It is shown that by exciting
the previously discussed DW resonance with an RF magnetic field, the efficiency of SOT
switching is significantly enhanced in terms of a lower threshold current density and a
shorter pulse time. These observations are interpreted as follows: SOT switching in
micron-sized conduits is typically a two-step process that is based on the nucleation of
a reverse magnetic bubble and its subsequent expansion throughout the device. The bub-
ble expansion thus involves the motion of DWs. As shown in the previous parts of this
thesis, the RF-field induces both self-propulsion and sustained motion of DWs and can
continue the bubble expansion and facilitate switching. The microscopic details of bubble
nucleation, stability and expansion, especially during RF-excitation are however unclear.
Further improvements of the CPW and modified magnetic films are required to comple-
ment the previous results with RF-assisted SOT switching by the strong excitation of the
FMR.

Nevertheless, the last chapter of this thesis demonstrates the strong impact of the FMR
excitation on the switching process, albeit not for SOT switching but for field-induced
switching. Herein, the microwave-assistance to switching is compared for RF magnetic
fields and RF electrical currents where the latter induces an RF SOT. A switching field
reduction of almost 100% is demonstrated using a resonant RF SOT. The results show
that a burst of resonant RF SOT is capable of fully demagnetizing a magnet. The MAS
behavior is qualitatively in conformity with the reported literature, except for the highest
applied RF powers. Possibly, the MAS theory needs to be extended by an RF SOT which
differs from the established RF field.
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In the last two decades, the research efforts in the field of DW motion and switch-
ing have mostly been directed to the exploration of novel material platforms to achieve
for instance a higher spin-to-charge conversion efficiency [2,84], a higher maximum DW
velocity [63, 106] or field-free magnetization switching [107]. Herein, both the material
characterization and the device operation mainly used direct-current or pulsed techniques
or at least did not particularly focus on the operation of such spintronic devices in the mi-
crowave regime. Furthermore, the excitation of magnetization precession for DW motion
has often been ignored or even avoided since the increasing energy losses were believed
to outweigh any performance benefit.

Nevertheless, it is still necessary to investigate the operation of spintronic devices at
microwave frequencies for the following reasons: At latest for the integration of a spin-
tronic device into the framework of a memory chip, the device performance at clocking
rates in the MHz or GHz regime needs to be studied. These clocking rates are easily in the
frequency range to which the DW is susceptible and may be close to the FMR frequency
as well. Consequently, even without deliberately exciting magnetic resonances, the high
operation speed in the memory circuitry requires the study of RF magnetic excitations to
ensure a regular operation. Moreover, this thesis shows that the RF excitation in spin-
tronic devices significantly extends the established research field by novel effects such as
self-propulsion or sustained motion of a magnetic DW. Despite the fact that these are cur-
rently rather slow and energy-inefficient compared to the current-induced DW motion by
SOT, a continued development of these concepts is required to assess their future appli-
cability in electronics. In perspective, the RF-excitation of spintronic devices might serve
to complement the capabilities of state-of-the-art techniques, rather than surpassing it.
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Appendix A

Derivation of collective coordinate

approach (q-y model of DW dynamics)

In this section the collective coordinate model (g-y model) for the DW dynamics is de-
rived. The Landau-Lifshitz-Gilbert-Slonczewski (LLGS) equation in implicit form de-
scribes the magnetization dynamics by taking into account an effective field Heg, mag-
netic relaxation, adiabatic and non-adiabatic STT as well as DL-SOT and FL-SOT:

M aG.. oM oM Bu.. M
T — M X Hygp+ —M X — —u— + "M x =
or VX ettt X T T s o
T
— %M X (M X GSHE) — TFLM X OSHE (A.la)
S

The sign of u is negative for a positive current density (i.e. an electron flow along —x) and

_ 8uBPj
2€MS

and j denotes the electrical current density. The spin polarization osyg at the interface

may be described by u = [50], where g is the g-factor, P is the spin polarization
between HM and FM, that arises from the SHE, depends on both current polarity and
the considered HM/FM system. At the Pt/Co interface that is investigated here, osyg is
aligned parallel to —y (+y) for a positive (negative) current density. The torque amplitude
is given by Tpp, = %Ssﬂdj, T = BsorTpL [108], where Osy is the spin-hall angle, d is
the FM thickness and Bsor is a scaling factor [108]. Usually, for SOT-driven DW motion
Bsor < 1[108,109].

Next, the LLGS equation is expressed in spherical coordinates (0, ¢, M) that corre-
spond to the polar and azimuthal angle and the length of the magnetization, respectively.
The unit vectors eg, €y, ey are orthonormal and span the rotated coordinate system as
seen in fig. A.1. The spherical unit vectors in cartesian coordinates read as follows:

cos(9)cos(0) —sin(¢) cos(¢)sin(0)
eg = | sin(¢)cos(0) |;ep=| cos(¢) |;em= | sin(¢)sin(6) (A.2)
—sin(0) 0 cos(0)

In the following, the vectors are expressed in the spherical coordinate system instead of
the cartesian system. That means that the components of a vector A are given in terms
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Figure A.1: Cartesian and polar coordinate system.

Ag

of the spherical unit vectors, i.e. A = Ageq +Apey +Aven = <A¢ ) . Furthermore, it is
Am

assumed that the saturation magnetization Ms does not change. The first two LLGS terms

then transform as follows:

dMg MS do oM MSQ
dM = | dMy | = | Mssin(0)d¢ | — o = | Ms sin(6)¢ (A.3)
dMy 0 0
M, He 0 He —H,
—MXHer=—Y| My | X | Hy | =—Y| O | X |Hy | =—YMs | Hp
My Hy Ms 0 0
(A4
1 OE 1 OE
ith : Hee=—VME;, H =———; H = A.5
wi HoHegt M off,6 1M 90 eff,0 LoMs sin(8) 96 (A.5)
(A.6)

To evaluate the STT-components, the following DW profile 0(x) is used where the sign
in the exponent denotes the DW configuration, i.e. +(—) stands for an 1 ({1) DW.

0(x) = 2arctan <exp (:F)C_T‘l(t)) ) (A7)

The resulting STT-terms in spherical coordinates then read as:

oM JdMy 8_98M9 __sin(0)

Ox  ox T ox g 0T T Mseo (A8)
sin(0)Ms 0
oM 0 Ta sin(0)M3
M X W == O X O == F A S (A9)
Mg 0 0
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In order to transform the SOT-terms to spherical coordinates, the orientation of the spin
polarization osyg || —y needs to be transformed into spherical coordinates:

—cos(0)sin(¢)
OSHE = —cos(¢) (A.10)
—sin(0)sin(¢)

cos(9)
M X osug = Ms | —cos(6)sin(¢) (A.11)
0

cos(0)sin(¢)
M X (M X Ospg) = M3 cos(¢) (A.12)
0

Summarizing the previous transformation into spherical coordinates, the LLGS equation
A.la now reads as follows:

0=— W}M% —adsin(0) £ usin(9) _ T, cos(0)sin(¢) — g cos (@)
(A.13)
¢ sin(0) :La—E + 8 Pusin(9) _ TpL.cos() + Trr cos(0) sin(@) (A.14)

UoMs 00 + A

The collective coordinate approach aims at using a set of coordinates, the position g and
the azimuthal DW angle v, to describe the DW dynamics. The following terms are useful
to include the DW position ¢ into the differential equations.

d0 _sin(0)
~d6 . d6 sin(0)
d@-xdx——axdq—i A dq (A.16)
6 — ismA(e)q, (A.17)
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In order to describe the DW as a point-like object moving in a one-dimensional space, the
equations A.13-A.14 need to be integrated accross the DW, i.e. along x.

SE —a—E59+—¢6¢ (A.18)
+oo 0(+o0)

56— [ 6Edx— / 6E—d9 / SE—_de
—oo 6(—oo) sin 9)
T A oE JoE
ey L96°0 ¢6¢}d9

Y JE sin(0) JE

e [i% 0 +%5¢} 4o (A.19)

By inserting equations A.13-A.14, the first and second terms in A.19 become:

T
S50, =+ / aESqu

—i/ HoMs [s' (q)q:—iﬁ )+TDLCOS(¢)—TFLCOS(G)sin(d)) 5qdo

ATA
2“OMS . og . Pu TpLcos(P)
== Kq):pxix)juf]&] (A.20)
T A OE
R
- /0 “Of [sin(6) (F¢ — ¢Ad £ u) — TpLAcos(8) sin() — TrLAcos(9)] 5¢d6
:2NZ/MS {($q—aA¢i—u) - m’FLAzcos(q))] 54 (A21)

In the previous integration, it was assumed that the coordinate ¢ does not vary along x.
Hence, a collective angle v with ¥ = ¢ will now be used instead of the coordinate ¢. W
denotes the azimuthal angle of the DW orientation. This results the following differential
equations for the collective coordinates g, ¥ that are determined by the DW area energy

density o:
Y 8_6 . ag @ mtpL cos(y)
2ol Iq =+y— A —+ A :I:—2 (A.22)
Yy do wtpLAcos(y)
= Ay+ty— ————= A2
S1ioMs I =F4—oAyxu > (A.23)
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The following differential equations for the DW position ¢ and DW angle y are obtained:

U S % Jdo ado ou PBu mcos(y)

W_1+(x2 | 210Ms (iTq_KW/) iX$X+—2 (—ToL — 0L TFL)
(A.24)

A T do _Jdo Amcos(y)

q_l—f—OCZ _2.LL()M5 (—OCAa—q:FW> —f—u—f—aﬁu—f—T(ﬂ:aTDL:FTFL)
(A.25)

In order to calculate the DW dynamics based on these differential equations, the DW area
energy density o (g, ¥) has to be known. In the following, the energy density E and area
energy density ¢ = ff:f Edx will be calculated based on the magnetic exchange, uniaxial
anisotropy, demagnetization, Zeeman effect and Dzyaloshinskii-Moriya interaction.

Eex =A [(g—i)z +sin*(0) (g—ﬁ)z (A.26)
Eqnis =Ky sin”(0) (A.27)
Egemag = — oM - Hy = 1oM3 sin®(8) [ (Nx — Ny) cos?(¢) — N,] + const. (A.28)
Ezceman = — HoMs [Hyc0s(0) + Hip sin(0) cos (¢ — yip) | (A.29)
Epmi 22 {Mx oM, —M, aMX}
M§ ox ox

=D (cos(9)sin(6)  ~sin(6) 57 ) - cos(®) (cos(o)cos(6) 7 )| (a30)

Using 6 = ["2Edx = [JE-55 A d@, one obtains:

sin(0)

2A
Oex =4~ (A.31)
ok, =2K,A (A.32)
Odemag =2HoM3A [(Nx — Ny) cos*(y) — N, | (A.33)
OZeeman —HoMs [iqua - EACOS(‘I/_ V/ip)Hip] (A.34)
OopMmI = E ﬂDCOS(l}/) (A35)
S ‘;_Z — 2o MsH, (A.36)
Jdo 7 . . .
— Wf = —2UoM§ (NX —Ny) Asin(2y) + ,qusHipﬂ:Asm(l// — l[/ip) F Drsin(y)

(A.37)
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Inserting A.36, A.37 into A.24, A.25 returns the final expression for y, 4.

W= {yHa + ayMs (Ny — Ny) sin(2y) — —(X’}/Hlpﬂ? sin(y — i)

1+a?

oyDrsin(y)  au  Pu ncos(l//)

+ 2ALMs + A + A + 7 —1TDL OCTFL (A.38)

1
j=—— 1+oc2 FaAyHainS (Nx —N. )ASIH(ZI]/):F yHlpnAsm(y/ Vip)

YD sin(y) Amcos(y)
_— — (£ A.

+ 1M +u+afu+ 7 ochLquFL (A.39)
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Appendix B

Supplementary Materials

B.1 Scattering parameters

A vector network analyzer (VNA) is a device that measures the microwave properties
of electronic circuitry. A two-terminal VNA, i.e. with two microwave ports, was used
here. It allows to measure the transmission of microwave power between both ports as
well as the reflection of microwave power from either of the ports. These properties are
summarized in the complex scattering matrix S that relate the voltage amplitude Vi+ of the
incoming RF wave at port i with the amplitude Vj_ of the reflected RF wave at port j [110].

vi\ < (Vv
V) V)
-~ AT
g [Pu P (B.2)
S21 S22
The diagonal matrix components S;1, S>2 correspond to the reflection coefficient from port
1 or port 2, respectively. In contrast, the off-diagonal components S;1, S1» correspond to

the transmission coefficient from port 1 to port 2 and vice versa.
The magnitude of the scattering parameters are often expressed in units of dB [111]:

Sij [dB] = ZOIOg(Sij) (B3)

137



Appendix B. Supplementary Materials

B.2 Magnetic thin film characterization
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B.2. Magnetic thin film characterization
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Figure B.1: VSM data of magnetic thin films with Ta-dusting variation. The static magnetic
properties of magnetic thin films are measured by VSM. The films have the structure 20 TaN / 50
Pt/ dr,/3 Co/7Ni/3Co/30 TaN (the numbers indicate the thickness in A) and the interfacial
Tantalum thickness dr, is varied. (a) Out-of-plane and (b) in-plane magnetization of the magnetic
film. Both the coercive field in (a) and the effective anisotropy field (seen in (b)) decrease with
increasing dr,.
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Figure B.2: FMR data of magnetic thin films with Ta-dusting variation. FMR measurements
on magnetic film with the structure 20 TaN / 50 Pt / dr, / 3 Co /7 Ni / 3 Co / 30 TaN (the
numbers indicate the thickness in 1&) where the interfacial Tantalum thickness dr, is varied. (a)
Linear increase of FMR resonance frequency with an out-of-plane magnetic field. A larger dt,
decreases the zero-field FMR frequency, i.e. decreases the perpendicular magnetic anisotropy. (b)
The resonance linewidth AH as a function of the FMR frequency reveals the damping constant o
and the inhomogeneous broadening. The damping decreases with larger dt,. The dashed lines are
linear fits to the data.
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Figure B.3: VSM data of magnetic thin films with different number of multilayer repetitions.
The static magnetic properties of magnetic thin films are measured by VSM. The films have the
structure 20 TaN /50 Pt/ 1 Ta/3 Co/[7 Ni/ 3 Co]y / 30 TaN where the number N of multilayer
repetitions is varied. (a) Out-of-plane and (b) in-plane magnetization of the magnetic film. With
increasing repetitions N, the coercive field in (a) increases while the effective anisotropy field

(seen in (b)) slightly decreases.
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Figure B.4: FMR data of magnetic thin films with different number of multilayer repetitions.
FMR measurements on magnetic film with the structure 20 TaN / 50 Pt /1 Ta /3 Co / [7 Ni/
3 Coly / 30 TaN where the number N of multilayer repetitions is varied. (a) Linear increase of
FMR resonance frequency with an out-of-plane magnetic field. A higher N decreases the zero-field
FMR frequency, i.e. decreases the perpendicular magnetic anisotropy. (b) The resonance linewidth
AH as a function of the FMR frequency reveals the damping constant @ and the inhomogeneous
broadening. The damping decreases with N. The dashed lines are linear fits to the data.
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B.3 Discussion of time dependence of the MAS

In general, during field-induced magnetization switching, the switching field Hy,, differs
considerably depending on the time span t5.;q¢ where the magnetic field H, is applied.
This time dependence is caused by the thermally assisted crossing of the switching energy
barrier and may be described by the Sharrock equation [105, 112].

Hy(the1a) = Ho [1 - (% In (tlﬁ;‘(dz];(’ ) ) 1/1 (B.4)

Herein, Hy is the intrinsic switching field without thermal agitation, B = Ky etV / (kgT') is

the thermal stability factor that relates the anisotropy energy barrier of a magnetic volume
V to the thermal energy kg7, fo = 10'° Hz is the attempt frequency. The exponent n
depends on the alignment of the magnetic field to the magnet’s easy-axis during switching.
While n = 2 is only valid when the magnetic field is perfectly aligned along the FM’s
easy axis, a value of n = 3/2 should be chosen for general fields or easy axis distributions
[105,112,113].

The situation becomes more complicated during MAS because the applied H, field
alone is usually insufficient to switch the FM but the simultaneous application of the RF-
field induces the switching. Hence, the burst time #y,. of the RF-field would now be the
time scale of interest that reduces Hgy,. Indeed, a modified Sharrock equation has been
proposed [66, 105] that includes the in-plane RF-field 4rp and a fictitious magnetic field
Hy = % along z that emerges in the rotating frame approach (cf. chapter 2.4.2).

2
_ ol (1 (Toursifo /n NS g B
st(tburst) - HO [1 (E 1n< ln(2) )> ] <7) Ha) (BS)

As will be outlined in the following, the previous equation is neglecting an important

aspect of MAS, namely its resonant character. Firstly, to achieve MAS, the frequency
frr of the applied RF-field needs to match the frequency of FMR or other magnetic
resonances such as standing spin waves. Since fryr is governed by the H, field (cf.
eq. (2.13)), each applied frequency frr corresponds to a field H, where the RF field is
at resonance and can induce MAS. Consequently, for a fixed frequency, the occurrence
of MAS is limited to a fixed H, field range that is defined by the distribution of mag-
netic resonances and their linewidth. The occurrence of MAS outside such a limited
field range seems unreasonable. As an example, the FMR linewidth in table 8.1 reads as
UoAH (fp) = 4.8 mT.

Indeed, the suggested decrease of Hgywith iy in €q. (B.5) seems unrealistic as
soon as Hg, decreases below the field range where magnetic resonances occur. In the
latter case, no MAS could occur and Hgy, would be significantly increased. Since the
modified Sharrock equation neither takes the resonant character of MAS nor the resonance
distribution or linewidth into account, it seems unlikely that it can adequately describe the
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time dependence of Hgy and e.g. allow to deduce the thermal stability constant from the
experimental data in Fig. 8.8.
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4.4 RF transmission through the CPW. The frequency-dependent CPW
transmission S (left axis) is measured using a VNA and converted into
the RF-field amplitude at the conduit position /igrgy (right axis). The
conversion uses the analytical solution of the Biot-Savart equations to
calculate igpy and uses an input power P, = 0 dBm. The inset shows
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5.1 Schematic of device geometry and measurement configuration using
RF-magnetic fields. (a) Schematic of the device geometry and electri-
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Current-density dependence of the current-induced DW motion
in the presence of an RF-field. Electrical current pulses with 5
= 10 ns cause the displacement d, of a magnetic DW. The latter is
also expressed as an effective velocity vegr. The measurements are
performed in the presence of a continuous-wave RF-magnetic field
where the transmitted power reads Pf{fé’ (f =475 MHz) = —12.7 dBm
and Pg(f = 1000 MHz) = 0.7 dBm. The RF-field only shows an im-
pact for f =475 MHz and in the presence of a static, transverse magnetic
field Hy (a) but not in zero static field (b). The inset of (a) schematically

shows the orientation of the DW and magnetic fields and electrical currents. 63

DW motion in the presence of a static H, field and (off-)resonant
RF fields. Subsequent snapshots of the differential Kerr image showing
the current-induced DW propagation along the electrical current flow are
recorded in various configurations. White (black) contrast indicates that
the up-down DW is moving to the left (right). DW motion is measured
in the following configurations: (a) Zero static field and no RF-power.
(b) Zero static field and resonant RF-bursts with ¢ = 2.5 ps. (¢) toHy
= +18 mT but no RF-power. (d) toHy = +18 mT and resonant RF-bursts
are applied and show the complete rectification of DW motion towards the
right (along +x). (e) An off-resonant RF-field at f = 1000 MHz shows
no modified DW motion at yoHy = +18 mT compared to (¢). . . . . . . .

Magnetic field-dependence of the current-induced DW motion in the
presence of an RF-field. (a) The DW motion is induced by current
pulses with j =74.5 MA/cm? and ¢, = 10 ns while a static magnetic field
Hy is applied transverse to the magnetic conduit. Filled (Open) symbols
represent the DW displacement for a positive (negative) applied current
pulse. An additional continuous-wave RF-magnetic field is present during
the current-induced DW motion where the transmitted RF-power through
the CPW is kept constant at Pgi¥ = 0.7 dBm. Two blue arrows at the
top axis at tipHy = 18 mT and upHy, = 50 mT indicate the field at which
frequency-scans are later-on performed. (b) Schematic on the rotation of
the static DW magnetization with increasing Hy. With increasing field
magnitude, the asymmetry of DW motion increases while the coupling
between the RF-field and the DW magnetization decreases. (¢) Schematic
on the DW tilt during current-induced DW motion for different Hy. Large
tilting angles for large Hy makes the DW more susceptible to extrinsic
pinning. The depicted mechanisms in (b-¢) could potentially cause the
emergence of the dp(Hy) peak at 550 MHz. . . . ... ... ... ...
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Frequency and power dependence of RF-induced unidirectional DW
motion. The DW motion is initiated by current pulses with j = 74.5
MA/cm? and 7, = 10 ns while a transverse Hy field is present. (a) De-
pendence of the DW-displacement on the frequency of the RF-field. Two
different Hy fields are compared that are indicated in Fig. 5.4 by small
blue arrows. The transmitted RF-power is kept constant at Pgiy = 0.7
dBm. In the region between 400 MHz and 550 MHz the DW displace-
ment diverges and the DW exhibits weak self-propulsion, i.e. it moves
without the action of a current pulse. (b) Power-dependence of the RF-
induced rectification of the DW motion at f = 450 MHz and uoHy = 16
mT . The transmitted RF power P} is plotted here and the typical RF-
attenuation at this frequency is approximately 18dB. . . . . .. ... ..

Frequency scan and burst-time dependence of unidirectional DW mo-
tion. RF magnetic fields with bursts length #,,,; are applied to the CPW.
The bursts are synchronized with the electrical current pulses with j =
74.5 MA/cm? and fpy5= 10 ns. The bursts start shortly before the current
pulse acts on the DW. All measurements are taken in a transverse mag-
netic field goHy= 18 mT. (a) Frequency scan of the DW displacement dj,
with fyye= 5 ps. The displacement dj, for a positive (negative) current
pulse is indicated by filled (open) symbols. RF bursts are applied at two
power modes, either at constant output power PRy’ = 1.0(1) dBm or for
constant input power Pfi{nF ~ 23.5(5) dBm. (b) At the maxima of the Pgi
and Pli{“F scans in part (a), i.e. at 475 MHz and 350 MHz, the burst time
dependencies are measured. The dashed lines are linear fits to the linear
slope for fhurst SIS US. o . L

Schematic of DW velocities during an SOT-pulse and self-propulsion.
While an SOT pulse is acting on the DW, the DW is moving in the flow
regime at a high speed. After the end of the SOT-pulse, when resonant
RF-fields A, are present and the DW is self-propelling, the effective DW
speed is significantly lower. . . . . . ... Lo Lo

Burst time dependence and self-propulsion in the presence of a static
Hy field and resonant RF fields. The same measurement setup and im-
age contrast as in fig. 5.3 applies here. In the left (right) column a neg-
ative (positive) Hy field is applied.(a) Burst time dependence of the RF-
enhanced current-induced DW motion. (b) Self-propulsion of the DW
solely by the application of RF bursts and without any current pulses.
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RF transmission and reflection for different device configurations.
(a) Left axis: DW resonance observed in the SNS-MOKE. Right axis:
frequency-scan of the RF-enhanced DW velocity for tipHy = 18 mT. The
previous graph is compared with the RF transmission S>; (b) and reflec-
tion S1; (c) properties of the CPW that were measured using a VNA. The
VNA data for three differently contacted devices was measured: (d) Only
the CPW is wirebonded and connected to the VNA. This setup is identical
to the SNS-MOKE measurement. (e) Similar to (d), the transmission and
reflection of the CPW is measured. Nevertheless, the magnetic conduit
on top of the CPW is electrically contacted as well and terminated using a
50 Q load. (f) Here, the coupling between CPW and conduit is measured.
The unmeasured RF-port of the CPW is 50 Q terminated. . . . ... ..

Schematic of the capacitive and inductive RF-coupling between mag-
netic conduit to CPW. The schematic illustrates how the dielectric layer
(AlOx) between CPW and magnetic conduit introduces the effective ca-
pacitance Cefr and inductance Le¢r, which lead to the induction of currents
Ic and I in the top magnetic conduit. . . . . . . .. ... L.

Conduit heating due to dissipation of RF-power. (a) The temperature
coefficient of resistance (TCR) of the magnetic conduit is determined
by a linear fit to the relative resistance change ARxx(T')/Rxx(T = 300
K) from 200 K to 400 K. The resistance Rxx was measured using a 2-
point resistance measurement technique by using a constant current bias
of 10 uA and simultaneously measuring the voltage accross the conduit.
A physical properties measurement system (PPMS) from Quantum De-
sign was used for the temperature-dependent measurements. (b) At am-
bient room-temperature, the Ry of the conduit increases with increasing
RF power through the CPW. The TCR allows to translate the relative re-
sistance increase ARyx /Rxx (P,n = 0 W) into a temperature increase ATqg.
Microwaves at frequencies of 470 MHz and 1000 MHz are applied and
the top axis displays the transmitted RF-power for 470 MHz. In the mea-
sured sample, the attenuation through the CPW is highest at 470 MHz
with S5; = —23.0 dB and moderate at 1000 MHz with S>; = —8.2 dB.
Note that the frequency with highest attenuation may vary slightly from
sample tosample. . . . . . .. ..o

Schematic of device geometry and measurement configuration using
RF-currents. (a) Schematic of the device geometry and electrical con-
nections used in the DW motion measurements using the device design
B. (b) Schematic illustration of the magnetic fields and currents acting on
the magnetic DW. Note that the electrical RF-current Jsor,f(f) induces
damping-like RF-torques Tsoref. . . - - . . . o o o oo
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5.13 Direct RF transmission through the magnetic conduit. The RF trans-
mission S7; and reflection S;; through the conduit are measured using a
VNA. The inset shows a microscope picture of the device and schemat-
ically indicates the wirebonding and electrical connection to the VNA.

Note that this device does not use a CPW but instead guides the mi-
crowaves through the conduit as an electrical current. . . . . . . ... .. 77

5.14 Rectification of the current-induced domain wall motion in the pres-
ence of an electrical RF-current. Electrical current pulses with 7,y
= 5 ns cause the displacement d,, of a magnetic DW. The latter is also
indicated as an effective velocity vegr. In addition to the current pulses,
a static transverse magnetic field Hy and an RF-current are present. (a)
Dependence of d), on the current density j showing the impact of the
static Hy and a dynamic RF-current at frequency f. Herein, the trans-
mitted power is Pg¥ = +1 dBm at all frequencies and RF-bursts with a
burst duration of f,ys = 2 s are used. (b) Hy-field dependence of the
current-induced DW motion for current pulses with j = 162 MA/cm?2.
The RF-power is increased to Pgjy = +4 dBm at all frequencies and RF-
bursts with #,t = 1 Us are being sent. Note that the gray 'No RF’ data
and the turquoise data for f = 3.0 GHz are very similar and often overlap
m@@-b). . ... 78

5.15 Frequency- and time-dependence of the DW rectification. Electrical
current pulses with current density j = 162 MA/cm? ns cause the dis-
placement dj, of a magnetic DW. The latter is also indicated as an effective
velocity vesr. In addition to the current pulses, a static transverse magnetic
field poHy = 50 mT and an RF-current is present in all graphs. (a) Fre-
quency dependence of the rectification of current-induced DW motion by
the RF-current. A diverging DW displacement is found towards the lower
frequency bound of 10 MHz. The comparison between constant input
RF-power P}Q’% ~ 415 dBm and constant output power Pgif = +2 dBm
is shown. These two power modes are identical at the reference point
of 10 MHz. The inset in (a) shows a weak local maximum in dj, at
f =~ 0.8 GHz (when looking at the P3¢ = const. curve). RF-bursts with
tourst = 1 Us are used in (a,c). In (a,b), current pulses with 7, = 5 ns are
used. (b) Burst-time dependence of dj, for a positive current pulse. The
linear increase with f,,; Shows the stable self-propulsion of the DW un-
der the action of the RF-current. In both (b) and (c) a constant transmitted
RF-power PR}/ =42 dBm is used. (c) Pulse-time dependence of the elec-
trical current pulses to initiate the DW displacement dj,. The linear slope
corresponds to the DW speed due to the SOT-driven DW motion. The
slope remains unchanged in presence of RF-currents that cause the self-
propulsion of the DW but instead d, is vertically displaced. . . . . . .. 80
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5.16 DW motion in the presence of a static H, field and electrical RF-
currents. Subsequent snapshots of the differential Kerr image showing
the current-induced DW propagation along the electrical current flow are
recorded in various configurations. White contrast indicates that the |1
DW is moving to the right. The same experimental settings were used as
in Fig. 5.15a-b and the Pg}{ = const. power mode was applied. (a) The
left column shows the burst time dependence of d}, according to 5.15b.
(b) The right column shows the frequency dependence of d, according to
SA5a. L. 81

5.17 Threshold current density for DW motion. The required current-
density for current-induced DW motion ji monotonously decreases with
increasing the pulse time f,y5e. Different pulse generators were used to
cover longer #,yise ranges. In the short time range with #,y,c < 20 ns, a
1 /touise fit applies (dark dashed line) while the equation j (fpuise) = Jjih,0 [1 —1/B-1n (tpulse fo)}
was fitted to the long pulse region (thermally assisted DW motion) [97]
with fpyise > 5 ps (bright dashed line). fo = 1010 1/s denotes the used
attempt frequency and B = Eg/ (kgT) is the thermal stability factor that
is determined by the extrinsic energy barrier Eg for DW motion and
the thermal energy kg7. To compare the current pulses used here with
RF-currents, the corresponding frequency f = 1/(2tpuise) is indicated at
the top axis. Moreover, the orange-shaded region marks the approximate
current density of the RF-current that was applied in Fig. 5.15a for Py}
=CONSE.. o o i e e e e 84

5.18 Conduit heating due to dissipation of RF-power. At ambient room-
temperature, the Ryx of the conduit increases with increasing RF power
through the magnetic conduit. The temperature coefficient of resistance,
determined in Fig. 5.11a, allows to translate the resistance increase into
a temperature increase AT.¢. Microwaves at frequencies of 10 MHz,

200 MHz and 1000 MHz are applied and the top axis displays the trans-
mitted RF-power. Note that the RF transmission S»; is approximately
equal for all frequencies. The orange dashed line indicates the constant
output power of +2 dBm that was mainly used in Fig. 5.15.. . . . . . .. 85

6.1 Schematic of device geometry and measurement configuration using
an RF-field and a longitudinal static field Hy. (a) Schematic of the
device geometry and electrical connections used in the DW motion mea-
surements using the device design A. (b) Schematic illustration of the
magnetic fields and currents acting on the magnetic DW. . . . . .. . .. 88
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6.2 Symmetrically enhanced DW displacement by the combined action of
a resonant RF-field and a static H; field. Current-induced DW motion
is measured in the presence of an Hy field and RF-fields. Current pulses
with #,y5e = 5 ns are applied at the beginning of an RF burst. (a) dp vs. j
for upHx= —12 mT and tyy¢ = 5 ps. Only for the resonant frequency of
450 MHz, the DW displacement significantly exceeds its normal value,
1.e. its value in the absence of RF-fields. For this enhancement, a thresh-
old current density of |j| =94 MA/cm? has to be surpassed. The effect
saturates for |j| > 118 MA/cm2. In (a-b), an RF power Pi% = 21.6 dBm
is applied at all frequencies. This corresponds to a transmitted power of
Pf{‘lét(f =450 MHz) ~ —2 dBm. (b) dp, vs. Hyx at j = 118 MA/cm? and
tourst = 1 ps. The filled (open) symbols represent the DW displacement
due to a positive (negative) current pulse. The resonant enhancement of
d,, arises only once a threshold field is exceeded, e.g. for uoHy < —4 mT.
(¢) dp vs. frequency at UpHy = —12 mT and j, = 118 MA/cm?. RF bursts
with fpyrt = 5 us were applied. Both curves for a constant input power
(Pli{}: = 21.6 dBm) and a constant transmitted power (Pf{gt = —2.2dBm)
are shown. (d) Power dependence of the enhanced DW displacement for
f =450 MHz and tyyr5 = Sps. Current pulses with j, = 118 MA/cm? are
applied and a static field ygHx= —12 mT is present. The dashed, horizon-
tal line shows the DW displacement without applied RF-field. The bottom
(top) axis show the input (transmitted) RF-power through the CPW. The
results for an 1+ DW are shown in all figures. . . . . .. ... ... ... 89

6.3 Self-sustained domain wall propagation. The mean absolute displace-
ment |dp| of an 7] DW is measured using an initial trigger pulse with j,
= +118 MA/cm? while a longitudinal magnetic field yoHx = —12 mT is
present. A resonant RF-field at f =450 MHz is applied with a burst time
Iburst @fter an initial current pulse trigger with duration fpyjse. (@) fpurse de-
pendence of the sustained DW motion. The trigger pulse width amounts
to fpuise = S ns. The DW displacement increases linearly as shown by the
linear fit. (b) The f,yse dependence of the RF-driven DW displacement
is shown. Resonant microwaves with tyy¢ = 1.0, 2.5 and 5.0 ps are ap-
plied. At short fyse, N0 RF-driven DW motion is triggered whereas the
additional RF-induced displacement drp saturates at f,y15c > 5 ns. Herein,
tourst determines the magnitude of the RF-induced displacement, i.e. the
vertical shift of the curves. The dashed lines serve as guides to the eye
and correspond to linear fits to the saturated region of the respective data.
In (a-b), the RF power PROI‘? ~ —2 dBm transmits the CPW. . . . . .. .. 91
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6.4 DW motion in the presence of a static H fields and (off-)resonant

7.1

RF fields. Subsequent snapshots of the differential Kerr image, showing
the current-induced DW propagation along the electrical current flow, are
recorded in various configurations. White (black) contrast indicates that
the up-down DW is moving to the left (right). A static, longitudinal Hy
field is present during the measurement. (a) Zero static field and no RF-
power. (b) Zero static field and resonant RF-bursts with #y,,5¢ = 2.5 ps.
(¢) upHy = —12 mT but no RF-power. (d) yoHx = —12 mT and resonant
RF-bursts are applied. The DW displacement per pulse increases with the
burst time #y,.5¢. (€) An off-resonant RF-field at f = 1000 MHz shows no
enhanced DW motion at tigHx = —12 mT compared to (¢). . . . . . . . .

Schematic of conventional and RF-assisted SOT switching. (a-e) Con-
ventional SOT switching sequence (chronologically ordered from top to
bottom): Starting from a down-magnetized state (a), the application of a
longitudinal H field and an electrical current Jsor (and the correspond-
ing torque Tsor) leads to the nucleation of an up-magnetized bubble at
the bottom edge (b). This bubble expands due to the SOT 5ot (c-d) until
finally the magnetic conduit is fully magnetized along +z (e). The green
arrows indicate the expansion of the bubble compared to the previous im-
age. Note that the magnetization at the edge (grey arrows) is tilted from
the inner magnetization (blue or red areas) due to the DMI. The effects of
an RF magnetic field /¢ on the bubble expansion is schematically shown
in the following: (f) The presence of Hy breaks the symmetry of the up-
per part of the bubble. In line with chapter 5, this generally allows for
self-propulsion of this part such that the bubble expands along +y. (g)
After the end of a sufficiently strong SOT pulse, sustained DW motion
(cf. chapter 6) enables the bubble to expand along £+x. This expansion is
asymmetric due to the combined or opposed action of Hx and the effective
DMI field at the left and right bubble walls. . . . . . ... ... .. ...
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7.2

8.1

8.2

8.3

Microwave-assisted SOT switching. The current-induced magnetization
reversal by SOT is investigated in the presence of RF magnetic fields at
different frequencies. This graphs differentiates if SOT-switching was
successful after a single current pulse (filled symbols) or if multiple pulses
were required (open symbols). The electrical current density in the graphs
exhibits clear steps and plateaus because of the discrete pulse amplitudes
of the pulse generator. (a) Reduction of the switching threshold jg,, with
Hy. In (a), (b), (d), RF-bursts with ;s = 100 us were applied. (¢) The
RF-induced jg,, reduction requires the RF-burst to be sufficiently long. At
UoHy = 12 mT, the RF-enhanced switching effect sets in for #yy¢ > 5 us
and saturates for fyyrs > 20 ps. Pulses with 7,y = 5 ns were used in (a,
¢). (b) Pulse time dependence of jg for tigpHy = 12 mT. The data for f =
450 MHz fits well to a 1/py)se function with constant offset throughout
the 7puise range (dashed line). (d) Plotting of jsw vs. 1/tyy15 confirms that
only the data for f =450 MHz fits well to a 1/fpyse function in the full
fpulse Tange (dashed line). A constant input power of P}i{}: =21.6 dBm
is used in all plots and at all frequencies. To improve the data visibility,
the turquoise and orange lines in (a), (b), (d) are vertically shifted by —2
MA/cm? and —4 MA/cm?, respectively, with respect to the grey data.

Vibrating sample magnetometry. (a) Out-of-plane and (b) in-plane
magnetization of the magnetic multilayers with N = 4 Co/Ni repetitions
and a Ta-dusting thickness of dt, = 1.25 A. The data is normalized to the
saturation value. The OOP-scan confirms the stable PMA. The IP-scan
allows to estimate the effective anisotropy field at ~ 130 +20 mT.

Ferromagnetic resonance. FMR measurements for magnetic multilayers
with N =4 Co/Ni repetitions and a Ta-dusting thickness of dt, = 1.25 A
are shown. The linear dependence of the FMR frequency with an OOP-
field is seen in (a). The extrapolated frequency frmr(H = 0) is the FMR
frequency in zero field and is a measure of the effective anisotropy of the
magnetic film. (b) The resonance linewidth as a function of fp\g reveals
the damping constant & and the inhomogeneous broadening. The dashed
lines in (a), (b) are linear fitstothedata. . . . . . . ... ... ... ...

Schematic of different MAS measurements. (a) An RF-current Icpw
flows through the CPW (yellow) and creates an RF-field /¢ at the mag-
netic dot (blue) sitting on the CPW. (b) The RF-current flows directly
from the contact pads (yellow) through a magnetic stripe (blue) and ex-
erts an RF spin-orbit torque 7 sor there. The RF field or RF torque assists
the reversal of the magnetization M by the action of a magnetic field H,.

. 103
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8.4

8.5

8.6

8.7

8.8

8.9

8.10

Device schematic and VNA data of CPW. (a) Device schematic of a
magnetic dot (blue) sitting on top of a CPW (yellow). The CPW input is
connected to a signal-generator and its output feeds into an oscilloscope.
(b) Microscopy pictures of the actual device. A dot with 8 um in diameter
sits on a CPW with 10 um width. (¢) VNA data of the CPW. Both reflec-
tion coefficient S1; and transmission coefficient Sp; are shown. . . . . . .

Device schematic and VNA data of the device for RF-current injec-
tion. (a) Device schematic of a magnetic element (blue) being contacted
by electrical leads (golden) from both sides. The RF-current flows di-
rectly through the magnet. (b) Microscopy pictures of the actual device.
A square stripe with 10 um in edge length is visible between the lateral
gold contacts. (¢) VNA data of the device. Both reflection coefficient Sy
and transmission coefficient So; are shown. . . . . . .. ... ... ...

Power- and frequency-dependence of MAS. Frequency-dependence of
the switching field Hgy, for a magnetic multilayer structures with N = 4
repetitions of Co/Ni. RF bursts with #y,,c = 50 ps are applied to the CPW
and the transmitted RF-power PR} is kept constant at each frequency.
Each frequency scan is repeated for different levels of Pgp. . . . . . . . .

Comparison of MAS with FMR. The out-of-plane field-dependence of
the FMR resonance frequency (right) is compared to the reduction of Hy,,
due to MAS (left). Note that the MAS data is rotated by 90° compared
to Fig. 8.6. The dashed line displays a linear fit to the FMR data and is
extrapolated to negative fields (left). . . . . ... ... ... ... ....

Burst time dependence of MAS. Reduction of Hg,, with increasing burst
time fyyrst for f = 3.0 GHz. The transmitted RF-power is kept constant at
PR = 15.1 dBm. The error bars correspond to the standard deviation of
the switching field distribution. . . . . . . .. .. ... ... ... ...

Switching statistics. Distribution of switching fields during MAS (a)
and during conventional field-switching without RF-fields (b). For (a),
200 switching events are shown for each setting while for (b), 150 events
are shown. In (a), the statistics for different combinations of burst time
fourst and RE-power PRO%t are displayed. . . . ... ... ... L.

Frequency scan of MAS for different RF-powers. MAS during appli-
cation of an RF electrical current: Frequency-dependence of MAS when
RF-bursts with e = 50 ps are applied. The transmitted RF-power PRpt
is kept constant at each frequency. Each frequency scan is repeated for
different levels of P{{‘lét. Note that the shown Hy,, corresponds to the coer-
cive field of the switching loops. . . . . . . . ... ... ... ......
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8.11

8.12

Switching loops during MAS. The Kerr signal during a field loop shows
the magnetic switching events. Note that a linear background, originating
from the Faraday rotation, has been corrected in the displayed Kerr signal.
(a) RF-power dependence of the loops: For a frequency of f = 2.0 GHz,
the transmitted RF-power P} is gradually increased and facilitates the
switching, i.e. reduces Hgy,. For the highest power of Pf{llét =17 dBm,
the loop is not rectangular anymore but shows a strongly reduced re-
manence. (b) Frequency-dependence of loops for PR = 17 dBm. The
close-up on the loop shape for low switching fields is still rectangular for
f=0.25 GHz and f = 0.5 GHz and the switching occurs abruptly. For
f = 1.0 GHz, the loop shape changes significantly and exhibits a gradual
switching process, i.e. a roughly linear decrease in the Kerr signal with
field. Herein, the remanence and coercivity are minimal and close to zero
for f = 1.0 GHz, whereas they gradually increase for f > 1.0 GHz. A
burst time of fyy¢ =S50 psisusedin (a),(b). . . . . . .. ...

Kerr microscopy snapshots during a switching loop. The differential
Kerr images of the magnetic stripe are recorded at various magnetic fields
H, during a field loop. The stripe has a square shape and is electrically
contacted at the left and right (non-pixelated, gray areas). The details on
measurement procedure and image acquisition are given in the teal box:
The device is first saturated along —z and the field is then increased to
UoH, = —8 mT where a background image is recorded. The latter is
subtracted from all subsequently acquired images. The magnetic field is
then increased in steps of 1 mT and a single burst with .4 1S applied
before the Kerr image is recorded. The MAS process for f = 1.0 GHz
occurs by gradual switching from —z (initially gray) to +z (black). The
switching does not occur abruptly but instead starts by the reversal of
small dots and stripes. At increasing field, the stripe pattern grows due to
the RF-burst and the stripes begin to merge until the switching is almost
completeat +5mT. . . .. ... ... ... .. ... .. ...
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8.13

8.14

Al

B.1

Kerr microscopy snapshots after the application of a single RF-burst.
Differential Kerr images of the magnetic stripe are recorded after a single
RF-burst at f = 1.0 GHz is applied to the stripe while a magnetic field H,
at various amplitude is simultaneously applied. The procedure is outlined
in the teal box. In contrast to Figs. 8.12, 8.14, the images displayed here
are independent of each other and not part of a gradual switching loop. In
particular, the magnetic stripe is first saturated at —100 mT and H, is then
directly moved to the target field before a single RF-burst is applied. The
observed nucleation of reversed dots and stripes closely resembles the re-
sults in Fig. 8.12. This measurement mode allows for a better image
quality since it eliminates any contrast from the Faraday rotation during
a switching loop. Moreover, it confirms that the stripe patterns directly
emerge through the RF-burst application and are not an artifact due to
gradual domain growth with increasing field. Note that the image acqui-
sition settings of the Kerr microscope are changed compared to Fig. 8.12
to allow for a better resolution, albeit lowering the contrast. . . . . . . .

Kerr microscopy snapshots during a switching loop. The same proce-
dure as in Fig. 8.12 is used in this figure. (a) In contrast, the RF frequency
is changed to f = 2.0 GHz for the displayed MAS switching loop. The
burst of RF-current leads to the nucleation of small reverse dots already
at negative fields. With increasing field, more and larger dots appear
and start to merge. In contrast to Fig. 8.12, this MAS effect nucleates
seperate bubbles rather than interconnected stripe domains and sets in at
higher fields. (b) For f = 4.0 GHz, however, the MAS does not show sta-
ble, reversed stripe or dot patterns along the switching loop, but abruptly
switches the complete stripe at +7mT. . . . . ... ... ... .....

Cartesian and polar coordinate system. . . . . . ... ... ......

VSM data of magnetic thin films with Ta-dusting variation. The static
magnetic properties of magnetic thin films are measured by VSM. The
films have the structure 20 TaN / 50 Pt / dp, / 3 Co /7 Ni/ 3 Co / 30
TaN (the numbers indicate the thickness in A) and the interfacial Tanta-
lum thickness dr, is varied. (a) Out-of-plane and (b) in-plane magnetiza-
tion of the magnetic film. Both the coercive field in (a) and the effective
anisotropy field (seen in (b)) decrease with increasing dpy. . . . . . . . .
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B.2

B.3

B.4

FMR data of magnetic thin films with Ta-dusting variation. FMR
measurements on magnetic film with the structure 20 TaN /50 Pt/ dr, / 3
Co/7Ni/3 Co /30 TaN (the numbers indicate the thickness in A) where
the interfacial Tantalum thickness dr, is varied. (a) Linear increase of
FMR resonance frequency with an out-of-plane magnetic field. A larger
dt, decreases the zero-field FMR frequency, i.e. decreases the perpendic-
ular magnetic anisotropy. (b) The resonance linewidth AH as a function
of the FMR frequency reveals the damping constant o and the inhomo-
geneous broadening. The damping decreases with larger dr,. The dashed
lines are linear fits tothedata. . . . . . ... ... ... ... ..., .
VSM data of magnetic thin films with different number of multilayer
repetitions. The static magnetic properties of magnetic thin films are
measured by VSM. The films have the structure 20 TaN /50 Pt/ 1 Ta/3
Co/[7Ni/3 Co]y /30 TaN where the number N of multilayer repetitions
is varied. (a) Out-of-plane and (b) in-plane magnetization of the magnetic
film. With increasing repetitions N, the coercive field in (a) increases
while the effective anisotropy field (seen in (b)) slightly decreases.

FMR data of magnetic thin films with different number of multilayer
repetitions. FMR measurements on magnetic film with the structure 20
TaN /50 Pt/ 1 Ta/3 Co/[7 Ni/ 3 Co]y /30 TaN where the num-
ber N of multilayer repetitions is varied. (a) Linear increase of FMR
resonance frequency with an out-of-plane magnetic field. A higher N de-
creases the zero-field FMR frequency, i.e. decreases the perpendicular
magnetic anisotropy. (b) The resonance linewidth AH as a function of the
FMR frequency reveals the damping constant & and the inhomogeneous
broadening. The damping decreases with N. The dashed lines are linear
fitstothedata. . . . ... .. ...
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