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ABSTRACT

Magnetism has been playing a very important role in information technology, as one bit of in-
formation in a hard disc drive is nowadays stored as the magnetization direction of a ferromag-
netic domain. Conventionally, to write information, i.e. to manipulate the magnetization, large
electric currents have been used producing either a magnetic field in a coil or a spin-torque
in a multilayer stack required to switch the magnetization direction. These current-induced
switching strategies suffer, however, from significant energy dissipation due to Joule heating.
Inevitably, this results in growing energy consumption, in particular, given the rapid spread of
technology.

For this reason, the research for alternative, low-power mechanisms that can be used to
control the magnetization and other potentially relevant phenomena in magnetism is of inter-
est from both a fundamental and a technological point of view. The results presented in this
thesis demonstrate the electric field-induced strain control of static and dynamic properties
of in-plane and out-of-plane magnetized systems, which is beneficial for applications as this
approach avoids using power-hungry charge currents.

First, by investigating magnetic vortex structures in magnetostrictive Ni discs by means
of time-resolved x-ray photoemission electron microscopy combined with magnetic circular
dichroism as the contrast mechanism, we show that the electrically controlled strain changes
the static magnetic configuration of the vortex state and leads to a strong deformation of the
vortex core gyration orbit. This deformation is accompanied by a modification of the gyration
eigenfrequency, which enables local tuning of the gyration resonance. This is particularly use-
ful as it may allow for a selective switching of vortices for which the gyration eigenfrequency
is tuned accordingly by electric field-induced strain. This demonstrates the feasibility of fully
electrical control of magnetic vortex dynamics, which paves a way towards use in future device
applications.

Secondly, we investigate energy-efficient control and engineering of the spin-orbit torques
(SOTs) and the Dzyaloshinskii-Moriya interaction (DMI) in W/Coy¢FegoB2o/MgO multilayers

with perpendicular magnetic anisotropy by means of electric field-induced strain. In this the-
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iv ABSTRACT

sis, by magnetotransport measurements, we show experimentally that the magnitude of the
SOTs in a perpendicularly magnetized system can be tuned and even increased by piezoelec-
tric strain. Specifically, we find that tensile strain enhances the amplitude of the damping-like
torque in W/Co»oFegoB2o/MgO multilayers, while compressive strain leads to a decrease. We
explain our experimental findings by theoretical electronic structure calculations, which reveal
that uniaxial strain modifies the symmetry and orbital polarization of the states, which is then
reflected in behavior of the SOTs reproducing our experimental findings.

Furthermore, we show that piezoelectric strain is a low-power means to control the magni-
tude of the DMI in a given system on demand and the estimated efficiency of the DMI change
is found to be orders of magnitude larger than that, reported for the DMI control by gate volt-
age in complex HM/FM/Oxide systems. We interpret our experimental results with the help of
first-principles calculations of the DMI in systems with variable strain.

Finally, we demonstrate the piezoelectric strain control of the microscopic domain structure
of W/CoyoFegoB2o/MgO films close to the spin-reorientation transition (SRT), where the effec-
tive magnetic anisotropy is reduced and the impact of the strain-induced magnetic anisotropy
is maximized. Furthermore, we find a destructive effect of x-rays on the magnetic properties of
certain thin-film systems, which suggests that one needs to take care when analyzing magnetic
anisotropies in such systems. Thus, this part of our results constitutes relevant insights for the
field of spintronics where x-ray based techniques are widely used for investigations of magnetic

systems.



KURZFASSUNG

Magnetische Eingeschaften von Materialen sind seit langem von groer technischer Bedeu-
tung. Zum Beispiel wird digitale Information auf Festplatten als Magnetisierungszustand eines
ferromagnetischen Elements (Doméne) nicht-fliichtig gespeichert. Ublicherweise werden diese
Magnetisierungszustande durch grof3e elektrische Stréme manipuliert, die Magnetfelder in Spu-
len oder Spin-Drehmomente in mehrschichtigen Systemen erzeugen. Die strominduzierten
Methoden sind jedoch wegen der Dissipationsverluste der Stromerzeugung sehr ernergiein-
tensiv. Das fiihrt zwangsldufig zu dem steigenden Energieverbrauch durch die rasante technol-
ogische Entwicklung und deren Verbreitung. Aus diesem Grund hat die Erforschung alterna-
tiver Mechanismen, die mit geringem Energieverbrauch Magnetisierungszustdnde und andere
potenziell relevante Phinomene im Magnetismus steuern konnen, enormes technologisches

und physikalisches Interesse erzeugt.

Diese Dissertation beschiftigt sich mit der energieeffizienten Kontrolle von statischen und
dynamischen magnetischen Eingeschaften von nanostrukturierten, ferromagnetischen Mate-
rialien durch die piezoelektrische Spannung, welche fiir Anwendungen von grundlegender Be-
deutung ist, weil bei dieser Strategie die Verwendung von Ladungsstrome mit hohem Energie-
verbrauch vermieden wird.

Zuerst untersuchen wir mittels Rontgenmikroskopie die statische Spinstruktur und Mag-
netisierungsdynamik von Nickel-Nanostrukturen die durch piezoelektrische Spannung modi-
fiziert wurden. Wir beobachten neben den durch mechanische Spannung induzierten Modi-
fikationen der statischen Doménenkonfiguration der magnetischen Wirbel (Vortizes), dass die
elektrisch gesteuerte mechanische Spannung zu einer starken Verformung der Gyrationstajek-
torie des Vortexkerns fiihrt. Die Verformung geht mit einer Modifikation der Gyrationseigen-
frequenz einher, was eine lokale Kontrolle der Gyrationsresonanz ermoglicht. Dieser Befund ist
besonders niitzlich, da er ein selektives Schalten von Vortizes ermdglichen kann, fiir die die Gy-
rationseigenfrequenz durch energieeffizientes anlegen einer elektrischen Spannung entspre-
chend abgestimmt ist. Dies verspricht eine vollstdndig elektrische Steuerung der magnetischen

Vortexdynamik, die wichtig fiir den zukiinftige Mikrowellen-Anwendungen ist.

v
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Im néchsten Teil der Dissertation untersuchen wir die energieeffiziente Kontrolle der Spin-
Bahn-Drehmomente (spin-orbit torques, SOTs) und der Dzyaloshinskii-Moriya-Wechselwir-
kung (Dzyaloshinskii-Moriya interaction, DMI) in diinnen W/Coy¢FegoB2o/MgO mehrschichti-
gen Filmen mit senkrechter magnetischer Anisotropie durch E-feldinduzierte Spannung. Mit-
tels Transportmessungen zeigen wir erstmals experimentell, dass die Grof3e der SOTs in einem
senkrecht magnetisierten System durch piezoelektrische Spannung eingestellt und sogar er-
hoht werden kann. Durch den Vergleich mit fortschrittlichen ab initio Berechnungen der elek-
tronischen Struktur, identifizieren wir den mikroskopischen Ursprung der beobachteten Reak-
tion der SOTs auf eine angelegte Spannung. Die theoretische Ergebnisse zeigen, dass die Span-
nung die Symmetrie und die Orbitalpolarisation der Zustdnde verdndert, was die Eigenschaften
der SOTs eindeutig beeinflusst und unsere experimentellen Ergebnisse reproduziert.

Weiterhin analysieren wir der Einfluss der piezoelektrische Spannung auf die DMI, deren
Grolle sich sowohl aufgrund der Zug- als auch der Druckspannung erheblich @ndert. Wir stellen
fest, dass die DMI-Anderung viel groRer ist als jene, die durch Gatespannung in komplexen ox-
idbasierten Systemen beobachtet wurde. Durch ab initio Berechnungen der DMI entwickeln
wir ein mikroskopisches Verstdndnis des experimentellen Befunde. Die genannten Ergebnisse
zeigen, dass das elektrische feldinduzierte Spannung zur elektrischen Kontrolle von magnetis-
chen Eingeschaften genutzt werden kann.

Zum Schluss, demonstrieren wir die piezoelektrische Spannungskontrolle der mikroskopis-
chen Dominenstruktur von W/CozoFegyB2o/MgO-Filmen in der Ndhe des Spin-Neuorientier-
ungsiibergangs, wobei die effektive magnetische Anisotropie verringert und der Einfluss der
spannungsinduzierten magnetischen Anisotropie maximiert wird.

Dartiiber hinaus finden wir eine modifizierende Wirkung von Rontgenstrahlen auf die mag-
netischen Eigenschaften einiger Diinnschichtsysteme, was darauf hindeutet, dass bei der Anal-
yse magnetischer Anisotropien in solchen Systemen diese Effekte in Betracht gezogen miissen.
Dabher stellt dieser Teil unserer Ergebnisse relevante Erkenntnisse fiir das Gebiet der Spintronik

dar, wo rontgenbasierte Techniken haufig fiir Untersuchungen verwendet werden.
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INTRODUCTION

We are a very data-hungry society, we're using more
and more and more data and all of that is using

more and more energy.

Nicola Jones [1]

The increasingly rapid development of information technology (IT), which started with the
invention of a transistor, gave rise to many novel fields such as Artificial Intelligence, Big Data,
etc. On the downside, this suggests a further increase of the consumed energy required to store
and manipulate the information. The amount of energy consumed for the purposes of the IT
industry is expected to increase up to 10 PW h by 2030 (approximately 51 % of global electric-
ity), taking into account the current device characteristics and the pace of advancement [2, 3].
Furthermore, energy dissipation during the switching process of the information bits is seen as
a primary obstacle to continued miniaturization of the digital device’s features. Indeed, defined
by Moore’s law [4], the tendency that the number of transistors in a circuit doubles every two
years, turns out to no longer be accurate. For example, the feature size of integrated circuits was
reduced from 10 nm to only 7 nm between 2016 and 2018 [5], while according to Moore’s law,
already 5 nm was predicted for the year 2014 [6].

The need to fit the demands of future IT has stimulated a growing research aimed to explore
the novel low-power approaches to manipulate information. For decades magnetism offers an
attractive alternative to transistor-based technology, as a bit of information can be stored as
the magnetization direction of ferromagnetic elements, which now have the size as small as 25
nm [7]. Just like a transistor can encode two logic states (binary bits) by the presence or absence
of electrons in its channel, the magnetization direction can be switched between two stable
orientations, thus, encoding binary bits and allowing for memory or computing operation.

Among the advantages of the magnetic memory over the charge-based memory is its non-
volatility, i.e., the ability to keep the digital data stored for years passively with no standby power
dissipation. This is enabled by the magnetic anisotropy within the bits, which means that
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the nanomagnets have an energy barrier that separates the two bistable states and thus pre-
vents it from flipping spontaneously [8]. From the operation point of view, it has been shown
that the minimum energy dissipated to switch a charge-based transistor at a temperature 7 is
o« NkgTIn (1/ p), where kg is the Boltzmann constant, N is the number of information carriers
(electrons or holes) in the device and p is the bit error probability [9]. On the other hand, the
minimum energy dissipated to switch the magnetization of single-domain nanomagnet, com-
prising many electron spins, can be only o< kgTIn(1/p) [9, 10]. This is because the exchange
interaction between the spins makes them rotate together, which gives the spin-based elements
an advantage over a charge-based one.

The revolutionary role of the exchange interaction in magnetic memory was realized with
the discovery of the giant magnetoresistance (GMR) effect by P. Griinberg and A. Fert in 1988,
which, in turn, lead to the emergence of the field of spintronics [11, 12]. Spintronics utilizes
the electron’s spin as an additional degree of freedom along with its charge to process data.
Combining these two properties of an electron, the GMR effect allows one to convert the spin
information to electrical signals as it manifests itself in a drastic change of the electrical resis-
tance with the relative orientation of the magnetization in adjacent ferromagnetic layers. A re-
markable technological consequence is that the GMR and the related tunneling magnetoresis-
tance (TMR) effects allowed for downscaling of spintronic devices without losing performance,
e.g., the read-out sensitivity.

However, the advantage of the magnetic memory is often lost when taking into account
the method employed to switch the magnetization. Most prominent switching strategies be-
tween two states are using the electric current-generated magnetic field [13], current-driven
domain wall motion [14], current-induced spin torque [15, 16, 17], voltage control of mag-
netic anisotropy [18, 19] or electric field-induced strain [20] realized in, e.g., multiferroic sys-
tems [21, 22, 23]. Unfortunately, using current-induced switching strategies can be energeti-
cally inefficient due to Ohmic loss and the associated Joule heating and, in this case, the energy
dissipated in the switching circuit far exceeds the energy dissipated in the magnet. On the other
hand, receiving considerable attention in recent years, the electric field-induced strain medi-
ated switching has shown the energy dissipation in the order of 10— 100 aJ,! which is very small
compared to the state-of-the art spin torque-induced switching mechanism that dissipates 100
f] for switching a nanomagnet in 1 ns [24].

Hence, being in the focus of the cutting edge research in the field of spintronics, the elec-

tric field-induced strain control of magnetism at the nanoscale is at the core of this thesis. The

! Assuming that all energy dissipated is to charge the capacitive piezoelectric layer employed to generate the

required strain.
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results presented in this thesis give an insight on the potentially attractive phenomena for spin-
tronics, which occur in artificial multiferroic systems, consisting of a piezoelectric substrate
coupled with a magnetostrictive ferromagnetic layer, where this low-power approach can be

successfully employed.

The thesis is organized as follows. Chapter 1 gives a theoretical background on magnetism
in condensed matter necessary for understanding the results reported in this thesis. In particu-
lar, it introduces such fundamental concepts mentioned above as the exchange interaction, the
magnetic anisotropy, and describes the origin of the novel phenomena of spintronics, such as
the Dzyaloshinskii-Moriya interaction and the spin-orbit torques. Furthermore, a brief account
of the mechanism underlying the electric field-induced control in multiferroics is given.

In Chapter 2 we discuss the main experimental techniques employed for the fabrication
and characterization of the studied systems. We draw particular attention to the properties of

the piezoelectric substrates, which are used for the electrical generation of strain.

In Chapter 3, we focus on the effects of piezoelectric strain on magnetic vortex states hosted
in in-plane magnetized nanostructures and on the microwave-induced vortex core gyration dy-
namics. Magnetic vortices are nano-objects that are potentially interesting for applications in
spintronics [25, 26]owing to their four-fold degenerate ground state and the magnetic configu-
ration, which prevents cross-talk among adjacent vortices, hence, enabling high magnetic sta-
bility of this structures. We show that electrically induced strain promises a means of low-power

manipulation of these structures.

Then, we shift the focus to the heterostructures with a perpendicularly magnetized thin
heavy metal (HM)/ferromagnetic material (FM) multilayer. Such perpendicular anisotropy sys-
tems are the systems of choice for applications as they exhibit better scaling behavior for higher
packing density and thermal stability compared to conventionally used in-plane systems. Fur-
thermore, the interface of the FM with the HM is known to give rise to the spin-orbit torque
(SOT) [27, 28, 29], which is the most efficient mechanism among the current-induced magne-
tization switching schemes and, hence, a low-power tool to dynamically control the SOTs is
desired to realize complex and more efficient switching concepts.

Another spin-orbit phenomenon that is naturally present in these HM/FM structures with
broken inversion symmetry is the DMI. The DMI is responsible for stabilizing novel topological
spin textures, e.g., homochiral domain walls [30] and magnetic skyrmions [31, 32], which are
believed to hold bright prospects for innovative information processing. In order to use the DMI
to tailor the magnetic properties (e.g. the chirality of the magnetic domain walls) or to “write” or
“delete” skyrmions, it is necessary to tune the magnitude of this interaction to which the electric

field-induced strain is expected to be an attractive tool. The results on the strain response of the



4 CONTENTS

SOTs and the DMI in perpendicularly magnetized systems are discussed in Chapters 4 and 5,
respectively.

Chapter 6 deals with a set of results, which are, to a large extent, puzzling and the interpre-
tation of which is still debated. More specifically, we discuss the magnetic anisotropy changes
observed during the x-ray irradiation and the strain-induced control of the magnetic domain
structure in the vicinity of the spin reorientation transition.

The conclusions and outlooks to each topic discussed in the thesis are given at the end of
each Chapter, Chapter 7 concludes the whole thesis. Finally, the Appendices are comprised of
sections that include mostly technical details and also contain sections about peculiarities of

working with the piezoelectric substrates.



CHAPTER

THEORETICAL BACKGROUND

In this Chapter, we will start from the level of quantum mechanics and work our way up to the
phenomenological description of magnetism in condensed matter. We will consider the differ-
ent phenomenological thermodynamic contributions to the magnetic free energy, which deter-
mine the magnetic state of the system’s equilibrium. Furthermore, the dynamical behavior of
the magnetization and its theoretical description by the classical Landau-Lifshitz-Gilbert (LLG)
equation will be introduced. In this Chapter, we will also discuss the origins of such phenom-
ena as DMI and SOT, which are at the focus of this thesis. Finally, we will introduce the electric

field-induced strain as a promising approach to control magnetism.

1.1 MICROSCOPIC ORIGINS OF MAGNETISM

Magnetic properties of solids come from the magnetism of their electrons. In fact, the electron
itself is an intrinsically magnetic object. Therefore, to understand the origin of magnetism,
a quantum mechanical description is necessary. For this, we will follow the description from
Refs. [33, 34].

1.1.1 ATOMIC MAGNETISM

The angular momentum of an electron has two different contributions, first of which is the in-
trinsic angular momentum, called spin. The second contribution is its orbital momentum, as
the electron can constitute a current running around a nucleus. In a real atom, the orbital angu-

lar momentum depends on the electronic state occupied by the electron. The proportionality

5
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(a) (b)

spin

Figure 1.1: Magnetic moments associated with (a) spin angular momentum, p*P™™, of an elec-

tron and (b) the electron’s orbital motion, porb.

between the orbital angular momentum L and the corresponding magnetic moment g is given

by the equation
o= ')/L, (1.1)

where y = —5>, is the gyromagnetic ratio. Using the quantum numbers /= 0,1,2... and m;=

me’
0,%1,+2,... + [, we can express the component of orbital angular momentum along a fixed axis
L, = myh, and its magnitude L = v/[(l +1)i, Thus, the component of the magnetic moment

along the z direction is

orb _

Mz =-—miug, (1.2)

and the magnitude of the total magnetic moment is v/I(I + 1) ug, where ug = ze—ni is the Bohr
magneton.

To consider the intrinsic angular momentum of an electron, a spin quantum number s = i%
is used. Therefore, the component S, = m/ of the electron’s spin angular momentum along z
can have two possible values, namely 72/2 and —//2. In the following, these alternatives will
be referred to as “spin-up” and “spin-down”, respectively. The magnitude S of the spin angular
momentum of an electron is v/s(s + 1)/ = @h

Likewise, the spin angular momentum gives rise to an intrinsic magnetic moment, whose

component along the z axis equals to

p" = —gmsps, (1.3)
and the magnitude equals to v/s(s + 1) gug. The constant g here is known as the Landé g-factor
and g = 2, so that the component of the intrinsic magnetic moment of the electron along the z
axis is +ug. Strictly speaking, the g-factor is taken into account in the expression for the orbital

moment as well. However, since for orbital moment it equals 1, it is usually left out. Thus, the
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spin angular momentum is twice as effective as the orbital one in creating a magnetic moment
from the angular momentum.

As mentioned above, an electron usually has both orbital and intrinsic spin angular momen-
tum, so that the expression for the total magnetic moment is given by the sum of the orbital and
the spin contributions:

”total — ”spin + ”orb — —%(L+ 29), (1.4)

The spin and orbital angular momenta interact via so-called spin-orbit coupling (SOC). This
phenomenon plays an important role in magnetism being responsible for a range of interest-
ing and important effects, such as the magnetocrystalline anisotropy, the magnetoelastic (ME)
effect etc., as we will see later. For now, we will concentrate on the basic quantum mechanical
description of the SOC.

The SOC can be thought of classically as if the spin magnetic moment of an electron inter-
acts with the magnetic field in the rest frame of this electron, arising from the orbital motion of
the electron itself in the electric field of the positively charged atomic nucleus. The energy as-
sociated with the SOC can, therefore, be calculated as the energy of an electron with a magnetic

moment g in a magnetic field B, given by E = —pu - B. The SOC energy, thus, takes the form
Eso = —pP™ . Bgo = —150S-L, (1.5)

where Agp is the SOC constant, that reflects the strength of the SOC.

In the presence of the SOC the Hamiltonian comprises not only the Coulomb interaction
but also the SOC term. In this case, however, S and L are not separately conserved but the
total angular momentum J = S + L is conserved. Likewise, there is a total angular momentum
quantum number j associated with it, which takes integer values in the range between |/ — s|
and [ + s. The magnitude of the total angular moment then takes the from +/j(j + DA with its z
component J, = mjh, where mj=—j,—j+1,..j—1,].

In an atom with many electrons, those occupying unfilled shells can combine to give rise to
a non-zero net angular momentum, while the electrons in filled shells do not contribute at all.
The configurations, obtained by differently combining together the spin and orbital angular

momenta from the electrons in the unfilled shells,! define the energy of an atom. Beside the

!f the contribution of SOC is small, as is the case for light atoms, the interaction of individual spin and orbital
momenta of one electron with those of the other electrons in the atom, prevails. They all combine to form a
total spin angular momentum S = Zizz | $i and a total orbital angular momentum L = Zizz 1 Li, where s; and [; are
individual electrons’ spin and orbital momenta. Then S and L couple together and form a total angular momentum
J =S+L, which is know as LS-coupling. For heavier atoms, where the SOC is strong, the spin and angular momenta
of a single electron interact first, i.e. j; = s; + I;, and then the total momenta of all electrons in the atom interact
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Pauli exclusion principle, a set of rules - Hund’s rules - is known to describe how the electrons
in an atom fill the corresponding shells, resulting in the atomic minimum energy state. As a
consequence, there are elements, such as Fe, Co and Ni (known as itinerant ferromagnets), with
not completely filled 3d-sub-shells. This results in a non-zero atomic magnetic moment, which

is one of the requirements for obtaining conventional ferromagnetism in condensed matter.

1.1.2 MAGNETISM IN CONDENSED MATTER

The presence of magnetic ordering in condensed matter implies the existence of a long-range
interaction that allows individual magnetic moments to communicate with each other and
align themselves in a certain way. The first interaction to think of would be the magnetic dipolar
interaction. For two magnetic moments p, and p,, separated by the distance r, the energy is

calculated as

Ho 3
= 23 (P2 D (g 1) ) (1.6)

Equation 1.6 reflects the dependence of the energy on the mutual alignment of the two mag-
netic moments as well as on their spatial separation. However, a quick estimate gives an energy
of about 10723 J for two moments of 1 g each separated by 1 A. This is equivalent to about 1 Kin
temperature, which is much lower than the ordering temperature of most materials (typically,
hundreds of K). Thus, the magnetic dipolar interaction is too weak to account for the ordering
of most magnetic materials. Therefore, there should be another mechanism of the coupling of
individual magnetic moments in a solid. Such an interaction originates from the natural prop-

erty of electrons being Fermi-particles, which we consider below.

HEISENBERG EXCHANGE INTERACTION

For simplicity, we will start with a simple system of two electrons. For each of them we in-
troduce a wave function y;(r;), where the i = 1,2 identifies the first and the second electrons.
The total system then can be described by the wave function ¥ (ry,r,) as an overlap of the two
single-electron wave functions. Obeying quantum mechanical rules stating that the elections

are indistinguishable fermions, the wave function ¥ (r;,r,) can be represented in either of these

forms:
1
Y(ry,r) = —[y1(r)ya(r) + yrr2)ya(r)lys, (1.7)
V2
(r r)—i[ (r)Y2(r) —yi(r2)ya(ry)] (1.8)
1//1,2—\/51//111//22 Y1) Y2 (r)lxe, .

with each other. This situation is know as jj-coupling and the total angular momentum is then expressed as J =
Zizzl ] i
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where the ys, being antisymmetric relative to the exchange of the electrons for a singlet state,
and y, symmetric for a triplet state, are the spin parts of the wave function.
Knowing the energies of the singlet and triplet states we can re-write the Hamiltonian in the

form of an effective Hamiltonian as
L 1
H= Z(Es"‘gEt)_(Es_Et)sl'SZ- (1.9)

The first term in Eq. 1.9 does not depend on the spin of the system and can, therefore, be
included into other constant energy terms, while the second term includes spins. The energy
difference (Es—Ey) is defined as 2/, where J is the exchange integral or exchange constant. Hence,

the spin-dependent term in the effective Hamiltonian in Eq. 1.9 takes the form
A" = 28, -S,. (1.10)

Such a representation of the effective Hamiltonian is convenient because one can directly
see that the energy of the states with S = 0 and S = 1 depends on the sign of the exchange
constant J. If /> 0, i.e. Es > Ej, the triplet state is more energetically favorable, so that the spins
couple ferromagnetically, like in Ni, Co and Fe. In the case, when J< 0, i.e. Eg < E}, the singlet
state is more favorable, and the spins are aligned antiferromagnetically.

The derivation of Eq. 1.10 described above is quite simple but only for a system with two
electrons. It becomes increasingly complicated once we generalize it to many-body systems.
However, if the exchange interaction is restricted to occur only between nearest neighbors, we

can write down the Hamiltonian of the Heisenberg model.
H=-Y Ji;Si-S;, (1.11)
ij

where J;; is the exchange constant between the i-th and the j-th spins.

The strength of the exchange interaction defines the temperature T¢ k_]B’ above which a
material is no longer ferromagnetic, but is in a paramagnetic phase. When T > T¢, the spon-
taneous magnetization of the system is lost due to large thermal excitations. For T < T, the
exchange interaction dominates and the spontaneous ferromagnetic ordering is restored. For
example, the Curie temperatures of three FM, Fe, Co and Ni, used in this thesis, are 1044 K,
1388 K and 628 K, respectively [35].

If the exchange interaction is realized by the interaction of electrons from neighboring mag-
netic atoms, it is known as direct exchange. In this case, there is direct coupling between the
electrons of the magnetic atoms. Quite often the direct exchange interaction is not strong
enough to determine the magnetic properties of a material as the direct overlap between neigh-
boring magnetic orbitals might be too weak. For example, in rare-earth elements, a direct ex-

change of the neighboring 4 f orbitals is not possible because they are strongly localized. Even
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Figure 1.2: Sketch of the DMI vector (black arrow) in (a) a crystal with impurities and (b) at the
interface of a FM layer and a HM layer with strong SOC. In (b) the DMI vector is perpendicular
to the plane, defined by the two FM atoms (gray) and the different atom species (red) with
strong SOC, i.e. pointing along the interface. For a bulk material like MnSi, the breaking of the

inversion symmetry occurs within the unit cell. Adapted from [32].

in transition metals, such as Ni, Fe and Co, where the 3d orbitals are spread further away from
the nucleus, it is not obvious why the direct exchange should lead to the observed magnetic
properties. Furthermore, these materials are metals where the conduction electrons play an
important role and therefore the contribution of both localized and itinerant electrons should
be taken into account. Moreover, there is a number of oxides that show ferro- and antiferro-
magnetic alignment, which means that, in this case, the magnetic exchange interaction should
be realized via oxygen orbitals. In the systems mentioned above, so-called indirect exchange in-
teraction comes into play. Prominent examples of the indirect exchange interaction are super-
exchange, double exchange and Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction, which are
described elsewhere [35, 36].

DZYALOSHINSKII - MORIYA INTERACTION (DMI)

Among indirect exchange interactions, of interest for this thesis is the so-called DMI, also known
as the antisymmetric exchange interaction [37, 38]. The DMI arises in systems with large SOC
and requires local environments with sufficiently low symmetry, e.g., broken inversion sym-
metry. Based on the origin of the symmetry break the DMI is generally classified as bulk DMI
arising in non-centrosymmetric crystal structures, Fig. 1.2 (a), and interfacial DMI due to struc-
tural inversion asymmetry, typically present at FM/HM interfaces, Fig. 1.2 (b). In both cases,
the interaction is mediated by a HM atom. Here, we will limit the discussion to the interfacial
DMI, because it is the one that occurs in FM/HM systems considered in this thesis.

Generally, in a system without inversion symmetry, there can exist an electric field, E, along
the symmetry violation direction (along the surface normal in the case of structure inversion

asymmetry at the interface). In the static coordinate frame of a moving electron with the ve-
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locity v, this electric field is transformed into an effective spin-orbit field, Bsg o< v x E, which,
upon interaction with the electron’s spin @, gives rise to an additional term in the Hamiltonian
Hso = ago (k x z), known as the Rashba term [39]. As a consequence, for the electrons moving
in xy plane with momentum k in the presence of an electric field E,, the two-fold degeneracy
of the energy zones at k # 0 is lifted [39]. The Rashba parameter agdescribes the strength of the
SOC and the size of the resulting spin-splitting. Thus, due to the Rashba field, the conduction
electrons mediating the DMI experience an additional weak spin-dependent potential in the
vicinity of the HM species, which is also sensitive to the propagation direction of the electrons
(see Fig. 1.3).

Phenomenologically, the DMI interaction leads to the following term in the Hamiltonian,

which can be derived by second order perturbation calculation [37, 38]:

Hpmi =) _Dij-(Si xS;), (1.12)
i#]
where D;; is the DMI vector with respect to the moments S; and S, with its magnitude propor-
tional to the SOC in the system, and it reflects the strength of the DMI.? The vector D vanishes
in the configuration of the crystal field with an inversion symmetry with respect to the center
between the two magnetic ions. However, in general, D may not vanish and then, depending
on the symmetry, it lies parallel or perpendicular to the line connecting the two spins [40].

While the microscopic origin of the DMI in magnetic bilayers is still a subject of debate [41],
large SOC, d—d orbital hybridization, and the position of the electronic states of the HM relative
to the Fermi level are thought to determine the strength of the DMI.

A systematic series of first principle calculations summarized in Fig. 1.4 (a) provides a deeper
insight into the physics of the interfacial DMI in 3d-FM/HM bilayers. Specifically, there is a
correlation (i) between the DMI and the magnetic moment of the FM layer and (ii) between
the DMI and the relative energetic position of the 3d/5d states near the Fermi level. Both these
criteria are crucial because the anisotropic exchange mechanism requires spin-flip transitions
between occupied and unoccupied states which involve the spin-orbit split states [43, 44].

This idea is illustrated in Fig. 1.4 (b), where on the right the 5d W states are positioned with
respect to the Fermi level and the 3d states of several FM materials. The filling of the 3d elec-
trons on the left is according to Hund’s rules. It is evident that if both spin channels are almost
occupied or unoccupied, as for the case of Vand Ni, the transitions between these states will not

contribute to the DMI. However, in the case of Mn, where the spin channels are fully occupied

2 The summation here covers all different pairs of moments but is usually restricted to the nearest magnetic
neighbors due to their dominant role.
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Figure 1.3: A schematic picture showing the origin of magnetic interaction between neighbor-
ing spins S; and S; which due to the electrons which hopping from site i to site j and then
back [42]. For a ferromagnetic film the electrons move in the presence of the exchange field,
in exchange split bands for which the time-reversal symmetry is lost. Additionally, the Rashba
term also results in an additional interaction acting on the spin of the electron via the spin-orbit
field, Bgo.

(unoccupied), all transitions via spin-orbit active 5d states contribute to the DMI, thus produc-
ing a higher DMI.3 Therefore, the filling of the FM electronic states, as well as the presence of
the spin-orbit 5d states at the Fermi level energetically close to the unoccupied minority states,
can facilitate the spin-flip process necessary for the DMI.

To illustrate the mechanism of the involved 3d — 5d — 3d hopping, we consider a wavefunc-
tion hopping across the HM/FM interface, following the arguments in Ref. [41].* Whenever the
electron hops onto the HM atom, the presence of the SOC causes the magnetic moment of the
electron to rotate creating a swirling spin texture. As this electron hops back to the FM, its ro-
tated magnetic moment perturbs the wave functions of the FM via the exchange interaction.
This perturbation, in turn, modifies the free energy and generates the DMI [45]. Hence, the
stronger the HM-FM hybridization, the stronger the perturbation of energy due to the hopping
electron and the resulting DMI is, thus, larger. Therefore, according to this interpretation [41],
the sign of the DMI is decided by the interplay between the spin mixing terms due to the SOC
and the strength of the DMI is decided by the HM-FM hybridization.

In magnetic systems, where the Heisenberg exchange interaction and a finite DMI are both
present, the total Hamiltonian of the system contains both energy terms. Thus, the competition

of the symmetric (Heisenberg) and antisymmetric (DMI) exchange interactions leads to cant-

3Note that for half-filled Fe and Cr the situation is similar because the exchange gap is rather small and there

are still Fe spin-down (Cr spin-up) states unoccupied (occupied).
4Ref. [44] assumes a different model where the DMI is attributed to the transitions between different d orbitals

than the ones of the model in Ref. [41].
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Figure 1.4: (a) Qualitative magnitudes and signs of the DMI for different metal combinations
estimated from theoretical calculations in the case of a FM monolayers for perfect interfaces in
Ref. [43]. (b) Left: filling of electronic states with spin-up (red) and spin-down (blue) 3d elec-
trons in a 3d element according to Hund’s first rule. Right: spin-split band positions of 3d states
relative to the Fermi level and 5d W states. Note that the 5d states are shown degenerate at the
Fermi level, since the 5d bandwidth is much larger than the crystal-field splitting. Adapted
from [43].

ing of the neighboring magnetic moments.> The DMI is know to give rise to certain magnetic
phases [38, 37, 46] and, as we will discuss later in Section 1.2.6, it stabilizes chiral spin struc-
tures [47, 48, 49, 50], in particular, chiral magnetic skyrmions [51, 52, 53, 54]. The impact of
the DMI on the spin structure of perpendicularly magnetized films will be further considered
in Sec. 1.2.6.

MAGNETISM OF ITINERANT ELECTRONS

As mentioned above, in metallic systems the exchange interaction is realized via itinerant elec-
trons, so that the description using the Heisenberg Hamiltonian is not well-suited for these
systems. Indeed, the experimentally measured magnetic moment per atom in iron of about
2.2 up can not be understood on the basis of localized moments on ions. Thus, in metals, we
need to apply a different set of arguments.

Electrons in the broad parabolic s-bands, which carry most of the current, interact with the

more localized electrons of the d-orbitals, mediating the exchange interaction, and through

SIf only the DMI and exchange interaction were present in the system, the interplay between both would lead

to minimization of the total energy for a spiraling magnetization with a periodicity of lspir = 47 .
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Figure 1.5: (a) Band structure of a non-magnetic metal with equally filled spin sub-bands. (b)
Band structure a ferromagnetic metal, exhibiting energy split spin sub-bands, leading to a dif-
ferent electronic population of the two spin-sub bands and to a net magnetic moment. For

convenience the spin-up (1) and spin-down (|) sub-bands are plotted on separate panels.

hybridization with the spin-split by the exchange field d-states, these “itinerant” electrons also
acquire a polarization. Thus, we see that in a non-magnetic material, the spin sub-bands are
equally populated [Fig. 1.5 (a)], but whenever there is an imbalance of spin-up and spin-down

electrons in the bands, a spin polarization arises.

A simple model was proposed by Stoner to describe ferromagnetism in metals, also known
as itinerant magnetism. According to Stoner’s model the spontaneous splitting of the two spin-

polarized bands occurs when the Stoner criterion is fulfilled [33]:
I-Ny (Ep)>1, (1.13)

where I is the Stoner exchange parameter and Nt | (EF) is the density of states (DOS) per atom
for spin-up and spin-down states, defined as N, | (Er) = %ﬁ”. Here D(EF) is the total DOS at
the Fermi level and 7 is the number of atoms per unit volume. In other words, if the difference
between the potential and kinetic energies of the electrons at the Fermi energy is positive, a
ferromagnetic ground state is achieved in an itinerant system. Materials such as Fe, Ni and Co
fulfill the Stoner criterion and, thus, exhibit a ferromagnetic ground state. For the materials
that fulfill the Stoner criterion, the number of spin-up N; and spin-down N| electrons in two d

sub-bands determines the magnetic moment m = ug (N, — N;) at a temperature below T¢.
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1.2 THERMODYNAMICAL DESCRIPTION OF MAGNETISM

In order to describe macroscopic magnetic systems it is convenient to substitute the atomistic
description based on the Heisenberg Hamiltonian by a thermodynamical description based on
the micromagnetic approximation. Micromagnetics allows one to simulate the macroscopic
properties of a material including the best approximations to the fundamental atomic behavior
of the material. Specifically, it replaces individual magnetic moments with a continuous mag-
netization vector field M(r), with r being the position vector, so that M(r) = Msm(r). Ms here is
the saturation magnetization and m-m = 1.

Thus, the basic micromagnetic approach is to formulate the energy in terms of continuous
magnetization and to minimize this energy in order to determine static magnetization struc-
tures. For this, we follow the description from Ref. [35]. The appropriate thermodynamical
potential for the given problem is the Landau free energy, F, which in the limit of T—0 can be

expressed as

F=fvf(r)dV=fV[fex(r)+fstr(r)+fani(r)+fz(r)+...] dv, (1.14)

where f(r) is the local magnetic free energy density, fex(r) is the contribution to the magnetic
free energy density due to the exchange interaction, fy(r) is due to the stray field generated by
single magnetic moments, fuyi(r) includes magnetic anisotropies and fz(r) is the contribution

due to external magnetic fields.

1.2.1 EXCHANGE ENERGY

The exchange energy, due to the short-range exchange interaction, involves a summation over
the nearest neighbors. Assuming a slowly spatially varying magnetization, the exchange energy

can be written
A

Foy = —Zf [VM@®)* + VM, @®)* + VM (1)*]dV, (1.15)
Mg Jv

where M = (My, M, M) and A, known as exchange stiffness, is a material constant, proportional
to the exchange integral /. Thus, the atomic properties are included via the exchange integral
which in micromagnetic terms is a phenomenological constant and can be determined experi-
mentally.

By looking at Eq. 1.15 it is straightforward to see why the exchange interaction leads to fer-
romagnetism. The magnetic moments all aligned with each other are seen as a constant M, i.e.
VM = 0, which ensures that the exchange energy Fey is minimal. The situation when the mag-

netic moments point in different directions is, therefore, energetically unfavorable (Fig. 1.6).
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Figure 1.6: (a) Energetically favorable and (b) unfavorable magnetic configurations in terms of

the exchange energy given by Eq. 1.15.

1.2.2 ZEEMAN ENERGY

The Zeeman energy arises whenever there is an external applied magnetic field Hey (r) acting
on the magnetization M(r) of a material. The response of the magnetization, which tends to

align with the field direction, can be expressed as follows:
Fy = —,uofVHext(r) M@ dV. (1.16)

The Zeeman contribution to the total energy of the system in Eq. 1.14 is minimal when
the local magnetization M(r) is aligned to the local external magnetic field Hex¢(r) everywhere

within the magnetic volume, as illustrated in Fig. 1.7.

(a) Hext (b) Hext

Figure 1.7: (a) Energetically favorable and (b) unfavorable magnetic configurations in an exter-

nal magnetic field.

1.2.3 MAGNETOSTATIC ENERGY

The magnetostatic energy is the energy of the magnetization in a field created by the magneti-
zation itself. In other words, a single magnetic moment in a material creates a dipolar magnetic
stray field, which interacts with the other magnetic moments in the material. Note that out-
side of the material this field is called the stray field and the demagnetizing field - inside the

material. Thus, the energy associated with it is also known as the demagnetizing or stray field
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Figure 1.8: (a) Energetically favorable and (b) unfavorable magnetic configurations in terms of
the magnetostatic energy given by Eq. 1.21. The magnetic moments in (a) aligned with the stray

field created by the neighboring moments produce fewer effective magnetic charges than in (b).

energy. This stray field in the absence of external magnetic fields is governed by the following
equations:
vastrzo, (1.17)

VB = 1oV (Hger + M) = 0. (1.18)

The stray field then can be derived from a scalar potential Hg;; = —VU. Substituting this into
Eq. 1.18 yields
VZU = VM. (1.19)

Because of its analogy with Poisson’s equation in electrostatics, Eq. 1.19 leads to the definition
of a magnetic charge density
pnm = VM. (1.20)

Thus, the stray field can be thought of as generated by these magnetic charges (Fig. 1.8). When
interacting with other magnetic dipoles in the system, the stray field gives rise to the following

contribution to the total energy [55]:
0
Fa=2 [ ol av, (.21
2 Jr3

where the integration is calculated across the entire R® space and a factor of % accounts for the

double counting of each volume element.

SHAPE ANISOTROPY

The result of the magnetostatic interactions between magnetic dipoles is the shape anitoropy.
If macroscopically the magnetization in a material is aligned uniformly, the associated mag-
netic charges appear at the surfaces (see Fig. 1.8). These magnetostatic surface charges give
rise to a demagnetizing field, Hp = — NM, acting in the opposite to the magnetization direction,
were N > 0 is a shape-dependent demagnetizing factor. Similarly to Eq. 1.21 the magnetostatic

energy due to the demagnetizing field is % to /JM(r)-Hp(r dV.
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By considering the magnetostatic energy of an ellipsoid of revolution [34, 35], it is straight-
forward to show that the additional contribution to the energy density due to the shape aniso-
tropy reads

7

Ko = Zo(l ~3N)M2. (1.22)

For a thin film N = 1, which results in shape anisotropy of —% ,qué, that is the gain of the
magnetostatic energy when the magnetization is in-plane. Therefore, the shape anisotropy is
known to induce the well-known in-plane easy magnetization of thin films. Furthermore, the

shape anisotropy leads to formation of magnetic domains as will be discussed in the following.

1.2.4 ANISOTROPY ENERGY

Before we consider other sources of the magnetic anisotropy than the sample shape consid-
ered above (e.g. related to the sample crystal structure and the micro-scale texture), we briefly
discuss the macroscopic meaning of the magnetic anisotropy.

Magnetic anisotropy means that the magnetization M tends to lie along some fixed direc-
tion(s) in a magnetic solid. It costs energy to turn it into any direction other than the preferred
axes, known as the easy axes. For the simplest case of a uniaxial anisotropy, i.e. with only one

easy axis, this tendency is represented by the energy density term
fani = K3 sin?0 + Ky sin*0 + K3 sin®0 + ..., (1.23)

where K; (i = 1,2,3,...) are the anisotropy constants and 0 is the angle between the volume
magnetization M and the anisotropy axis.

Often it is convenient to represent the magnetic anisotropy by an anisotropy field Hk. It is
constructed to simulate the effect of magnetic anisotropy and, thus, must be parallel to the easy
axis to keep the magnetization and change the sign when M changes sign. In the simplest case

of uniaxial anisotropy, where only K; # 0 in Eq. 1.23, the anisotropy field reads

Hx = cosd, (1.24)
HoMs

where Mg is the saturation magnetization.

MAGNETOCRYSTALLINE ANISOTROPY

Magnetocrystalline anisotropy arises because generally non-spherical atomic orbitals prefer to
lie in certain crystallographic directions. Then, it is the SOC that assures a preferred direction
for the magnetization. For materials which are characterized by certain symmetries (hexago-
nal, cubic, etc), the magnetocrystalline anisotropy tends to restrict the magnetization to certain

direction(s).
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For example, the uniaxial anisotropy, occurring in e.g. hexagonal crystals such as Co, tends
to align all magnetic moments along one easy-axis. In this case, higher order terms in Eq. 1.23
are small and, thus, can be neglected. Hence, the sign of the first order anisotropy constant
K; = K, determines whether the direction is defined as an easy (K, < 0) or hard (K, > 0) axis.
Systems with so-called perpendicular magnetic anisotropy (PMA), investigated in this thesis,
also exhibit a uniaxial anisotropy. In this case the easy-axis is in the out-of-plane (OOP) direc-
tion.

To account for other examples of the systems with the magnetocrystalline anisotropy the

reader is refereed to e.g. Refs. [35, 36].

MAGNETOELASTIC ANISOTROPY

Magnetoelastic anisotropy in a crystal arises due to the interaction between the magnetization
and the mechanical strain of the lattice. The corresponding energy term is defined to be zero
for an unstrained lattice [56]. The mechanical strain can be either naturally imposed on the
magnetic material during its growth or intentionally to control the magnetic anisotropy, as will
be described in this thesis.

Microscopically, the ME anisotropy originates primarily from the SOC [34, 35]. In a general
case, the expression for the phenomenological ME energy can be derived from the expansion
of the free energy of the crystal in terms of the strain components [56, 57]. Here, for simplicity
we show the expression for the uniaxial magneto-elasticity of a polycrystalline system, which

reads [34]
2

Y
fME=— (3C0829—1)€+E€2, (1.25)

where Y is Young’s modulus, 6 is the angle between the magnetization and strain axis, € = Al/l
denotes the elongation along the stress axis and the saturation magnetostriction constant, As,
describes the strength of the ME coupling. We can compare the angular dependent term in
Eq. 1.25 with the usual expression for uniaxial anisotropy energy density fun; = K, sin?6, which
yields

3
Kyvg = EASYG, (1.26)

which is the additional contribution to the magnetic anisotropy due to strain. Thus, the effect
of a tensile strain on a material with a negative magnetostriction coefficient A4, such as Ni dis-
cussed in Chapter 3, is that the magnetic anisotropy decreases along the direction of the applied
strain, while it increases for a material with a positive Ag, such as CoFeB discussed in Chapters 4,
5and 6 [34].
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INDUCED PERPENDICULAR MAGNETIC ANISOTROPY

Some thin FM films have a normal magnetic easy axis which emerges due to so-called inter-
face anisotropy [58, 15, 59, 60]. The interface anisotropy, resulting from the broken inversion
symmetry at the interface, generates giant magnetic anisotropies, able to overcome the shape
anisotropy and induce a stable perpendicular magnetization axis in thin films and multilayers.

The phenomenological expression for the anisotropy, in this case, reads [34]

K;
Kett = Ky +—, (1.27)
Iem

with fpy being the thickness of the ferromagnet. The volume anisotropy, Ky, contains the mag-
netocrystalline anisotropy, which is zero for amorphous ferromagnets, and the shape anisotropy
—~3HoM;.

The experimental and theoretical studies of the interface-induced PMA report that it occurs
only for limited combinations of the FM film and the non-magnetic underlayers, suggesting the
important role of non-magnetic layer as well as the band structure in producing the PMA [61].
Now, the interfacial anisotropy is thought to originate from the interface hybridization of the or-
bitals of the magnetic and the non-magnetic metals, which is further supported by the existence
of an enhanced PMA in thin polycrystalline HM/FM/oxide multilayers [15, 28, 60, 62, 63, 64].
One of these PMA systems, namely W/CoFeB/MgO, will be considered in Chapters 4, 5 and 6.

The origin of the interfacial PMA in the FM/oxide interface is partially attributed to the in-
terfacial symmetry break and the hybridization between the 3d-orbitals of the FM and O 2p-
orbitals [65, 66]. The OOP 3d,.-orbitals of the FM strongly bond with the OOP 2p,-orbitals of
the oxygen resulting in a significant charge transfer from 3d.-orbitals to 2p,-orbitals. This, in
combination with the hybridization of d . orbitals with non-degenerate d,, and d,, orbitals
due to the SOC, is at the origin of the PMA [67].

Similarly, for the HM/FM interface, the induced PMA is attributed to both the d- and p-
orbitals at the interface, as well as to the SOC [61, 62, 68, 65]. Due to the strong SOC and the
hybridization-induced charge transfer, the electronic orbitals with the OOP magnetic moment

become energetically more favorable than the in-plane [62].

SPIN-REORIENTATION TRANSITION

Generally, the easy axis of the magnetization in magnetic films is determined by the compe-
tition between the interface and shape anisotropies as follows from Eq. 1.27. As the shape
anisotropy contribution in Eq. 1.27 is independent of the thickness of the FM layer (assuming
no change of Ms with #ry), at a certain thickness K¢ takes positive (negative) values favoring

the perpendicular (in-plane) magnetic anisotropy. At the thickness, when the two contributions
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become comparable, a so-called spin-reorientation transition (SRT) occurs [69, 70], and the
magnetization slants towards an intermediate canted state. The SRT observed in W/CoFeB/MgO

system will be discussed in Chapter 6.

1.2.5 BROWN’S EQUATION FOR STATIC EQUILIBRIUM

The final step in classical micromagnetics is to minimize the magnetic free energy F given by
Eq. 1.14 with respect to M to find the equilibrium magnetization Meq of the system. The condi-
tion for the equilibrium magnetization can be calculated by applying the standard variational
principles, which yield the expression for the equilibrium condition as a function of an effective

magnetic field Hegr arising from the magnetic free energy F. The effective field Heg reads

2A
Heg = MVZM +Hy + Heyt + Hapi - (1.28)

S

With Heg the equilibrium conditions for the magnetization can be expressed as
Meq * Hegr = 0, (1.29)

Meq X VZMeq = 0, (1.30)

where VsMeq denotes the gradient of M along the surface X of the magnetic material. Equa-
tions 1.29 - 1.30 are known as Brown’s equations and form the basis for the classical micromag-

netic.

1.2.6 FERROMAGNETIC DOMAINS AND DOMAIN WALLS (DWS)

As we have discussed the energy terms that make up the total free energy of a system, it becomes
clear that the detailed magnetic behavior of a given material is determined by the balance be-
tween these energy terms. It is important to notice that the exchange (Eq. 1.16) and anisotropy
(Eq. 1.23) alone would favor a ferromagnetic alignment with the magnetization along the ex-
isting easy axes. Clearly, this configuration would create large, long-range stray fields. On the
other hand, Eq. 1.21 implies that the energy can be decreased by reducing M. Thus, instead of
aligning itself ferromagnetically, the system spontaneously breaks down into magnetic domains
separated by a magnetic domain wall (DW) [35]. Within these domains, the magnetization re-

mains aligned to one of the easy axes, and the spatial confinement reduces the stray field energy.

Figure 1.9 shows two examples among several existing stable magnetic structures, arising
from the aforementioned competition of the energy terms, which will be considered in this

thesis. A magnetic vortex state, shown in Fig. 1.9 (a), is formed in confined lateral structures,
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stray field

Figure 1.9: Simplified sketch of magnetic domains in (a) a magnetic disc and (b) a PMA material.

The local magnetization direction within the domains is indicated by arrows.

where the magnetization curls in-plane following the edges of the structure. The center of the
structure, where the magnetization points out of the plane, is known as a vortex core (VC), which
typically is small in the order of tens of nm depending on the material [71, 72]. The thermody-
namic ground state of PMA films is a labyrinth of stripe domains, as shown in Fig. 1.9 (b). Such
a multidomain state becomes favorable due to partial cancellation of the demagnetizing fields
of adjacent stripe domains [73].

Within DWs, there can be various configurations which are dictated by the combined con-
tribution of exchange, magnetostatics and anisotropy. In materials with an OOP easy axis, there
are two types of DWs depicted in Fig. 1.10, namely a Bloch wall and a Néel wall.

In a Bloch wall [Fig. 1.10 (a)] a continuous rotation of the magnetization occurs within the
planes parallel to the plane of the wall. This wall type provides low bulk stray field contributions
and is, therefore, more common for thick films and bulk materials. Néel walls [Fig. 1.10 (b)] are

generally more energy expensive due to the non-zero divergence of magnetization. The energy

4tIn2
T ADW

is the wall’s demagnetizing factor [30], which depends on the thickness of the FM material, ¢,

penalty for Néel walls is given by the shape anisotropy constant Kp = % o Mé N, where N =

and the DW width Apw.® Thus, the energy cost for Néel walls is less for thinner films and lower
saturation magnetization. Furthermore, the formation of the Néel walls is strongly supported
in the presence of the interfacial DMI. This is because the sense of rotation of the magnetization

within the Néel wall matches the one set by the DMI terms (see Eq. 1.12 in Section 1.1.2).

6In the case of PMA materials with large values of the magnetic anisotropy, however, the DW of both types are
narrow with the width (Apw « v A/K, where A and K are the exchange and the anisotropy constants, respectively)
of the order of a few nm [14].
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Figure 1.10: Two magnetic domains in a PMA film separated by (a) Bloch type and (b) Néel type
DWs (darker region). The dashed lines indicate the axes of rotation of the magnetization inside
the DW.

CHIRAL DOMAIN WALLS IN PMA MATERIALS WITH INTERFACIAL DMI

The interfacial DMI favors the Néel type of DWs when it is larger than a certain critical value,
D.. D can be defined by considering the competing magnetostatic energy and the DMI, which
yields D. = 4ApwKp/m, where Kp is a parameter defining the magnetostatic anisotropy that
favors the Bloch wall as described above [30]. When D = D, the domain wall adopts the Néel
configuration, while for D < D, the Bloch configuration is more favorable.

Furthermore, the DMI lifts the degeneracy between the two chiralities of the DWs. The chi-
rality is defined as the sense of rotation of the magnetization within the DW: for a right-handed
(left-handed) Néel type the magnetization rotates clockwise around the direction of the DMI
vector D (see Section 1.1.2). Thus, following the established convention, a positive DMI con-
stant results in a right-handed rotation of the wall while a negative sign favors a left-handed
rotation [48].

The lifted degeneracy manifests itself in the presence of so-called chiral domain walls, i.e.
when the magnetic moments within all DWs rotate with the same orientation. This results in
a rich variety of topological spin textures, such as spin spirals [48, 49], skyrmions [51, 52] etc.,
which fall outside of the scope of this thesis, and in the remarkable response of the magnetic

domains to the electric currents as we will discuss in the next Section 1.4.2.

1.3 STONER-WOHLFARTH MODEL

The Stoner-Wohlfarth model gives a simple description of the angular dependence of the en-
ergy of a magnetic particle where the magnetization rotates coherently as if it were one macro-

scopic spin. The model gives a limited description of hysteresis loops and can be applied for
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the analysis of magnetic anisotropy measurements [34] which we will employ in Chapter 4. Ac-

cording to the Stoner-Wohlfarth model, the magnetic free energy density is given by
f= Keff(sinH)2 — Mo Mg Heyi cos (¢, — 0). (1.31)

The first term is the effective anisotropy constant Keg = (Kj — % HoMs) comprising the first or-
der anisotropy constant and the magnetostatic energy, the second term is the interaction of the
magnetization with the applied field Hey. The angle of the magnetization relative to the film
normal is 6, ¢y, defines the angle from the film normal to the applied field and Mg is the satu-
ration magnetization. The Stoner-Wohlfarth model allows one to derive the shape of magnetic
hysteresis loops. The field needed to rotate and saturate the magnetization along the hard axis,
thus, gives the anisotropy field as defined in Eq. 1.24:

2K

Hg = .
o Ms

(1.32)

The anisotropy field can be measured in a film with dominating PMA (Keg > 0) by first sat-
urating the magnetization along the easy axis and then applying a field along the hard axis. As
long as the magnetization rotates coherently, the Stoner-Wohlfarth model can be applied to

extract Hg.

1.4 MAGNETIZATION DYNAMICS

1.4.1 FIELD-INDUCED MAGNETIZATION DYNAMICS: LLG EQUATION

The thermodynamic description considered above is employed to define the magnetic configu-
ration in its static equilibrium. However, it does not provide details of the dynamical processes
leading to the final state. The LLG equation is typically used to describe the magnetization dy-
namics [17]:

o yMxHyg+ MiSM « 2 (1.33)

where y is the gyromagnetic ratio and «a is the Gilbert damping constant. Heg is the effective
field acting on the magnetization M, which comprises external fields, anisotropy fields etc.

As illustrated in Fig. 1.11, the dynamics of the magnetization subject to the effective field is
a combination of an un-damped precession of M around He at a fixed angle 0, expressed by
—YM x Hegf, with the damping term expressed by MiSM x %, which leads to the relaxation of the
magnetization to the equilibrium position, when M is along Hesr. Note that both the precession
and damping terms rotate the magnetization, but do not change its length, which is consistent

with treating the magnetization as having a fixed length, as defined earlier.
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Figure 1.11: Schematic illustration of the magnetization dynamics in an effective magnetic field
H¢¢. The precession only leads to a continuous rotation (a), the damping slowly aligns the

magnetization with the field, resulting in a spiraling motion (b).

From Eq. 1.33 it follows that being one of the contributions to the effective field Heg, an
external magnetic field can be used to excite the magnetization dynamics by tilting it away
from its equilibrium direction. Globally, it could lead to movement of the magnetic DW and
re-distribution of the magnetic domains, or magnetization reversal. In Chapter 3 of this thesis,
we will consider the steady-state magnetization dynamics within a magnetic disc, excited by an
alternating Oersted magnetic field, generated by the flow an AC electric current through an un-
derlying non-magnetic wire. In this case, however, the formal description is most conveniently

done with the Thiele equation, which we describe below.

THE THIELE EQUATION

The Thiele equation is used to describe the dynamics of complex systems [74], where the mag-
netization as a continuous vector field is defined by an infinite number of parameters. The
Thiele equation can be derived from the LLG equation assuming the magnetization pattern per-
forms a rigid motion without deformations, hence, the current state of the whole magnetization
can be described by the current position of one characteristic feature of the pattern. It can thus
be applied to describe the dynamics of DWs [74], magnetic vortices [75] and skyrmions [76].
Following the arguments from Refs. [77, 78, 79], we briefly discuss the Thiele equation for the
case of steady-state field-induced dynamics of a magnetic vortex (see Section 1.2.6).

The magnetization at the position r = (x,y) can be expressed by M (r —R(#)), where R =
(X, Y) is the position of the vortex core.” The equation of motion can be derived by expressing

the time derivative at each point by the according spatial derivative and the velocity, t = (%, ),

“Note that we assume 2D magnetization distribution within a disc, which does not depend on z coordinate
along the disc thickness.
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of the whole pattern:
d
aM(r) =—(F-V)M(). (1.34)
With this expression we can substitute the corresponding terms in the LLG equation 1.33 as:®
0 = Heft+ —M x (r-V)M - —2— (- 9)M (1.35)
= —M X (r- — r- . .

Eq. 1.35 can be re-written in a more familiar form? of the Thiele equation describing the
vortex core position R as it moves with a constant velocity in response to continuous external

stimuli (due to e.g. applied field) assuming the spin structure of the vortex core is fixed:
GxR-VW(R) =0, (1.36)

where W (R) is the potential energy of the shifted vortex and G is the gyrovector, associated with
a topological charge of the vortex [78]. The gyrovector for vortices in a disc with the thickness
L is a vector pointing perpendicular to the disc plane, G = Gz = 2rpgqLMsz/y, in a direction
determined by the magnetization at the vortex core. g = +1 for vortices (g = —1 for antivortices)
and there are two possible values for p = +1 defined by the vortex core polarity. The second
term in Eq. 1.36 describes the dynamic restoring force acting on the vortex core shifted from
the disc center. In the general case, it is calculated by considering exchange, magnetostatic,
Zeeman and anisotropy contributions to the total vortex magnetic energy W (R) within the disc,
but for sub-micron disc radii, the disc magnetostatic energy gives the main contribution [79].

The restoring force is directed towards the center of the disc.

1.4.2 CURRENT-INDUCED MAGNETIZATION DYNAMICS: SPIN-TORQUE EFFECTS
SPIN-TRANSFER TORQUE

When an electric current is flowing through a magnetic material, interaction between the spin
of the electrons and the local magnetization occurs. As we will see later, in this case, the spins
are affected by the local magnetization of the material, as well as the magnetization by the spins.
The result of the former is a magnetization-dependent response of the electrical properties of
the material, such as its resistance (e.g. anisotropic magnetoresistance (AMR) [82], GMR [12]).
The latter, on the other hand, can be employed to manipulate the local magnetic configuration

of the material via the so-called spin-transfer torque (STT) [14, 17, 83].

8The derivation of the Thiele equations for the case of the current-induced dynamics, which requires the cor-

responding spin torques terms in the LLG equation (see Section 1.4.2) is discussed in Ref. [80].
INote that in the general case, the Thiele reads [81]: M¥ -G x i— Di+ VW (r) = 0, where D is the dissipation

term proportional to the Gilbert damping a introduced in Chapter 1, and M is the vortex core effective mass tensor,
which is usually neglected in calculations [79].
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Figure 1.12: Adiabatic STT effect. An electron flowing through a magnetic material will align its
spin with the direction of the magnetization. Once the electron flows in a region with a gradient
of the local magnetization, the electronic spin will align adiabatically to the direction of the local
magnetization, giving rise, due to the conservation of angular momentum, to a torque on the

local magnetization.

The mechanism of the STT effect is illustrated schematically in Fig. 1.12. Upon flowing into
the area with a magnetization gradient, for example, a DW, the electrons’ spins tend to align to
the local magnetization vector. This alignment gives rise to a torque on the local magnetization,
leading to a rotation of the magnetization towards the spin polarization of the electric current,
as a consequence of the angular momentum conservation. Per each electron moving from one
domain to the next, the angular momentum transfer amounts to %h [84].

Formally, the spin-torque effect can be described by adding two terms in the LLG equa-
tion 1.33, which then reads

o _ M x Hegr + adeM (u-VYM+Mx (u-V)M (1.37)
ar ) o™ Mg dt ~—— — '
adiabatic non-adiabatic
where u = ‘gf]\’f[‘;j, with P being the spin-polarization of the material, and j the current density

vector, is called the spin drift velocity. This corresponds to the maximum velocity when all of the
changes in the angular momentum of the conduction electrons is transferred to the local mag-
netization. f is known as the non-adiabaticity parameter [14]. The past two terms in Eq. 1.37

are called the adiabatic'® and non-adiabatic'' contributions of the STT.

10The adiabatic torque describes the effect of the spin-polarized flow of electrons on the local magnetization
direction under the assumption that the spin of the electrons aligns itself instantly to the magnetization due to
so-called s-d exchange interaction J5; ¢ [14]. This adiabatic limit holds when the magnetization gradient in the
direction of the electrons motion is much smaller than the spin precession length, i.e. for wide domain walls (~
100 nm) which occur in low anisotropy materials [14]. In this case, the electrons have enough time to exchange

their angular momentum with the local magnetization.
1The non-adiabatic contribution arises when the electrons flow into a region with a large gradient of the local
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From Eq. 1.37 we can see that the adiabatic and non-adiabatic torques are directed perpen-
dicularly to each other and have different symmetries. The former has the symmetry of a torque
generated by a magnetic field applied along the easy-axis of the system. Accordingly, the adi-
abatic torque is defined as field-like (FL) torque, while the non-adiabatic torque is defined as

damping-like (DL) torque.

SPIN-ORBIT TORQUE

A few decades after the discovery of the STT effect, another mechanism to excite magnetization
dynamics was proposed, namely the SOT, which has a fundamentally distinct origin from the
STT. Most commonly the SOTs occur in HM/FM systems, i.e. systems with the broken inversion
symmetry, upon sending an electric current in the in-plane geometry [29].

The two model scenarios, schematically illustrated in Fig. 1.13, which we will describe in the
following, are known to contribute to the SOTs.

In the first model, the charge current through the HM is converted into a pure spin current
due to the spin Hall effect (SHE) [85], which propagates towards the interface and is absorbed
by the adjacent FM in the form of torque acting on the magnetization [15, 86]. In some sense
the SHE-SOT acts similarly to the conventional STT, i.e., the angular momentum transfer from
the spin current to magnetization torque. Therefore, the dominant symmetry component of
the SHE-SOT is the DL torque [87] which takes the form

SHE
s

TDL: m X (mxf) (1.38)

Here y is the gyromagnetic ratio, m = M/ Mg is the unit magnetization vector of a FM of volume
V with the saturation magnetization Mg, and ¢ is a unit vector of the in-plane spin-polarization
due to the OOP spin current. The magnitude of the spin current injected into the FM is de-
termined by the spin Hall angle (SHA), Osyy = (2e/h)o /00, and the driving electric field, E, as
JSHE = nOsy A(li/2e)oo E. Here 7 is the spin injection efficiency across the HM/FM interface of
area A, 0 and ogsy are the electrical and spin Hall conductivities, respectively [85]. In this case
E1¢ and the SHE-SOT competes with the damping term in the LLG equation. However, the
spin current in the SHE can also generate spin accumulation at the edges of the HM where the
inversion-symmetry is broken. Consequently, the SHE can also contribute to the FL SOT [88].
In relation to the second of these models, a few effects are typically named, such as the
Rashba-Edelstein effect [89] or iSGE [90], the result of which is the conversion of an electric cur-

rent to spin-accumulation [Fig. 1.13 (b)] at the HM /FM interface due to the SOC and broken

magnetization, where the spins do not fully align [80]. Note that § = 0, implies that the electrons spins align
instantly with the magnetization, leaving only the adiabatic torque contribution.
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Figure 1.13: Two main model of spin-charge conversion mechanisms at the HM/FM interface.
(a) SHE: an electric current through the bulk of the HM layer results in the generation of a trans-
verse spin current, with the spin being perpendicular to the plane of both current. (b) iSGE: an
electric current through the interface between HM and FM layer experiences a Rashba field via
the SOC under the structural inversion asymmetry, which results in a spin accumulation near
the interface. & indicates the spin polarization direction. Both mechanisms produce DL and FL

torques acting on the magnetization m = M/ Mg of the FM layer. Adapted from [29].

inversion symmetry at this interface. The non-equilibrium spin density then exerts an effec-
tive FL torque, Trr, = 1L (§ x m), on the magnetization in the FM layer via the exchange cou-
pling [88]. & gives the direction of the spin accumulation and 7y, is a coefficient reflecting the
strength of the iSGE induced FL torque. In addition, the non-equilibrium spin density can also
precess around the magnetization, leading to an accumulation of m x &, which can generate an
effective DL torque on the magnetization [15, 91].

Moreover, it is known that both the SHE-SOT and iSGE-SOT can act simultaneously in a
system. In the commonly used bilayers with a nm-scale spin-diffusion length in the HM ma-
terial and a (sub)nm-thick FM layers, it becomes impossible to distinguish between the SOTs
generated by “bulk” SHE or “interface” Rashba-type fields [29, 92, 93]. On the other hand, both
models provide qualitatively equivalent expressions for the FL. and DL SOTs.

While for detailed theoretical accounts of the Rashba-type effects and SHE, the reader is
referred to Ref. [94] and Ref. [85], respectively, in this thesis, we will limit the discussion to the
qualitative description of the SOTs based on the symmetry arguments employed in Ref. [93].

In Fig. 1.14 the current j., injected along the x direction, generates transverse spin accumu-
lation ¢&||z x j. at the HM/FM interface. As discussed above, this spin-accumulation induces
two components of the SOT (see Fig. 1.14), T, (the third component parallel to m is ineffective),

which formally is expressed as
T=1ppmx¢+7TpLmx (mx¢), (1.39)

with ¢ being independent of the magnetization. Here, the factors 7p and 7pp, can also de-
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pend on the angle of m, which makes the phenomenological description of the SOT more com-
plex [93]. Also note that, although the torque T is formally decomposed into the Tg;, and Tgp,
components, this representation does not allow one to necessarily disentangle the microscopic
iSGE and SHE mechanisms of the SOT. 2

For experimental purposes, it is convenient to employ the effective magnetic fields Bpy, 1.
corresponding to the DL and FL torques, which are defined as Tpy,r. = m x Bpy, pr.. The advan-
tage of this representation is that the effect of the SOT fields on the magnetization can be di-
rectly compared to that of the external magnetic fields of known direction and magnitude. Also
note that in PMA systems, such as that considered in Chapter 4 of this thesis, Br;, and Bp, are
commonly referred to as “transverse field” (Ht) and “longitudinal field” (Hy), respectively [95].
This convention, emphasizing the direction of the effective fields, will be followed in Section 2.4
where the second harmonic spin-torque magnetometry technique will be discussed.

We can now re-write Eq. 1.39 in terms of the effective SOT fields for a current j.||x, which, to

the lowest order in the magnetization, gives
BrL = BrLy, (1.40)

BDL:BDLme- (1.41)

Note also that the Oersted field due to the current flowing in the HM layer produces an addi-
tional contribution Boe = o jc tirv/2 antiparallel to y.

Equations 1.40 and 1.41 correspond to the lowest order terms of the SOT, which are suf-
ficient to qualitatively describe many experimental results. However, generally higher order
terms in the magnetization are allowed by symmetry.'® The typical polycrystalline HM/FM bi-
layers exhibit C, symmetry, corresponding to the broken inversion symmetry along the z-axis
due to the interface and in-plane rotational symmetry. For such systems, the torques can be

decomposed into the following terms expressed in spherical coordinates [see Fig. 1.14 (b)] [93]

¢

Bpr = BgL cos¢peg — B, cos Osingey, (1.42)

Br = BgL cosfsingpey — B;pL cos¢siney, (1.43)

0
FL,DL

are functions of the magnetization orientation, defined by the polar, 6, and azi-

where ey and ey are the polar and azimuthal unit vectors, respectively. The coefficients B

¢
and BFL,DL

muthal, ¢, angles.

12Alternatively, the torque T can be decomposed into the even, Teyen, and odd, Toqq, contributions reflecting
the symmetry of the DL and FL torques under magnetization reversal, respectively. This representation will be

used in Appendix C during the discussion of the linear-response theory employed for calculation of the SOTs.
13For example, higher-orders are required to describe the anisotropy of SOTs as shown AlOx/Co/Pt [93].
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Figure 1.14: (a) Illustration of the SOTs and the corresponding effective fields acting in a model
HM/FM system when the magnetization is tilted parallel to the current direction. (b) Schematic

of the coordinate system showing m = (sinf cos ¢, sinf sin ¢, cos ). Adapted from [93]

CURRENT-INDUCED SPIN TORQUE MAGNETIZATION SWITCHING

The current-induced spin torques described above are of fundamental as well as of technolog-
ical importance because they are seen as an alternative to using magnetic fields for manipulat-
ing magnetization [62]. For a sufficiently large current, the magnetic layer can respond by re-
orienting its magnetic moment, allowing for efficient control of the magnetization in nanoscale
ferromagnets. In optimized systems, the STT strength can approach a value on the scale of 7 of
the angular momentum transferred per electron. This corresponds to the torque per unit cur-
rent much larger than that produced by the current-induced Oersted field acting on the magne-
tization. Furthermore, in the case of the SOT, the net transfer per electron is no longer limited

by one 7 of spin angular momentum, which can make it significantly more energy-efficient.

Another advantage of the spin-torques, and in particular the SOT, is that the switching con-
dition is given by the applied current density and not by the absolute current, which makes the
mechanism scalable and, therefore, suitable for high-density memories [62]. Of added benefit
is that, unlike magnetic fields, the spin torques can act very locally down to the atomic scale.
This makes it easier to manipulate one magnetic element within a dense array, without dis-
turbing neighboring elements. The SOTs in the PMA multilayer system W/CoFeB/MgO and the
possibility of their energy-efficient manipulation will be discussed in Chapter 4.

Moreover, in a PMA multilayer system which also exhibits the interfacial DMI, the SHE-
induced SOT can move the Neél DWs similarly to an applied OOP magnetic field, which de-
pends on the DW chirality. Such SHE+DMI scenario for a homo-chiral DW is illustrated in
Fig. 1.15. The spin current generated due to the SHE in the HM layer acting on a Neél type
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Figure 1.15: Schematic of current-induced motion of homo-chiral DWs in a PMA multilayer
system in the absence of external magnetic field, with HZ; being the SHE-induced effective

field acting upon the Néel-type chiral DW.

DW gives rise to an effective field [30, 96]

= Ze;’jfﬁ cos®(jcxey), (1.44)
where @ is the angle between the DW moment and the x axis, for j¢||x.

One can see from Fig. 1.15 (a) that in the case when the chirality of the DWs is the same, set
by the DMI as discussed in Section 1.2.6, this HZ; can lead to parallel DW motion of both walls
instead of the domain expansion. This is attributed to the opposite signs of HZ; for up-down
(cos® = 1) and down-up (cos® = —1) DWs [96]. Such a remarkable consequence of the inter-
play between the DMI and SOTSs has a potential to make recently proposed race-tack memory

concept [97] more efficient [53, 54, 98].

1.5 ELECTRIC FIELD CONTROL OF MAGNETISM VIA THE

MAGNETOELASTIC EFFECT

In recent years controlling magnetism on the nanoscale using electric fields has attracted sig-
nificant attention [99]. Among a number of mechanisms known to facilitate the electric field
control of magnetic properties of various systems,'* mechanical strain, acting via the ME effect
on the magnetic anisotropy of a FM, is of interest for this thesis.

The schematic of a typical system to realize the electric field control of magnetic properties
via electrically controlled strain is depicted in Fig. 1.16 (a). In this case, an electric field is ap-
plied across a piezoelectric substrate, such as [Pb(Mgg.33Nbg.6503)]0.6s-[PbTiO3]¢.32 (PMN-PT),

14E.g.  the exchange bias in composite FM/antiferromagnet systems or the voltage-induced magnetic
anisotropy (VCMA) in magnetoelectric oxides [100, 18].
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Figure 1.16: Schematic realization of the electric field control of magnetic anisotropy via ME
effect. An electric field applied across a piezoelectric substrate generates mechanical strain
which is transferred to the adjacent FM layer, where it acts on the magnetization via the strain-

induced ME anisotropy. Adapted from [100].

Pb(Z1,Ti)O3 (PZT), BaTiO, (BTO), which generates a strain as will be discussed in the next chap-
ter. The strain is transferred to the adjacent FM layer and changes its magnetic anisotropy via
the ME effect, as discussed in Section 1.2.

The induced change can be large enough to rotate the direction of the magnetization easy
axis by 90° and modify the in-plane magnetic domain pattern [101, 102]. Of particular impor-
tance is that the magnetization state of small magnetic elements can be switched by strain [103,
104, 105, 106], which may be useful for data storage applications [107]. The most relevant to this
thesis works will be reviewed in more details in the introduction parts of the chapters reporting
the studied here impact of a mechanical strain on magnetic properties of in-plane (IP) and OOP
magnetized systems. Other experimental and theoretical/computational studies of the impact
of mechanical strain on magnetic properties of various systems are described in great details in

comprehensive reviews, e.g. Refs. [3, 108].






CHAPTER

EXPERIMENTAL TECHNIQUES

I did not have to taste the soup in order to know the recipe, nor did

I have to get an electric shock in order to know about electricity.

A Separate Reality - Carlos Castaneda

This Chapter offers an introduction to the experimental techniques used in this thesis. We
will start with a discussion of the most relevant properties of the piezoelectric PMN-PT sub-
strates used for the electrical generation of strain. Then, electron beam lithography (EBL) tech-
nique used for the fabrication of microstructures on top of the piezoelectric substrates will be
introduced. Furthermore, this Chapter introduces the basics of magneto-optic effects with
particular emphasis on the magneto-optical Kerr effect (MOKE) and x-ray magnetic circular
dichroism (XMCD) which are widely used for the characterization of magnetic structures. The
latter in combination with high spatial and temporal resolution photoemission electron mi-
croscopy (PEEM) is known to be a powerful tool for the investigation of magnetization dynam-
ics on the nanoscale. Finally, transport magnetometry techniques will be introduced, which

allow one to quantitatively assess the SOTs and DMI in thin film multilayer systems.

2.1 SAMPLE FABRICATION

2.1.1 PIEZOELECTRIC PMN-PT SUBSTRATES

For the generation of electric field-induced mechanical strain, a commercial relaxor ferroelec-
tric substrate [Pb(Mgo.33Nbg 6603)10.68-[PbTizl.32 (PMN-PT) was used [109]. In this Section, we

35
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stress / strain

PMN-PT(001) PMN-PT(011)
pohng

Figure 2.1: Relative orientation of the poling direction (magenta arrows) and the generated ten-
sile (yellow arrows) and compressive (green arrows) strain in piezoelectric PMN-PT (001) and
PMN-PT (011) single crystals. Poling direction is set by the applied OOP electric field. Adapted
from Ref. [118].

discuss the properties that promote PMN-PT as the best choice of piezoelectric material for the
purposes of this work. Primarily, this is because, for similar dimensions, PMN-PT can generate
strain close to an order of magnitude larger [110, 111].

Commercially available PMN-PT substrates, grown by Bridgeman method [109, 112], have
arhombohedral crystal structure [109], however, it is known that coexistence of rhombohedral,
monoclinic, orthorhombic or tetragonal phases may be observed in a so-called morphotropic
phase boundary (MPB) [113, 114]. This close proximity and coexistence of several crystal sym-

metries is believed to be the origin of very large piezoelectric coefficients of PMN-PT [114].

Moreover, it was shown previously that the character of strain depends on the crystallo-
graphic orientation of PMN-PT [115, 116]. The (100) oriented and poled rhombohedral crystal
produces an isotropic in-plane piezoelectric response while the (011)oriented and poled crystal
produces an anisotropic in-plane piezoelectric response, as schematically depicted in Fig. 2.1.
The latter has two orthogonal axes corresponding to tensile and compressive strain [114]. This
behavior originates in the ferroelectric polarization associated with the movement of the Ti
atoms in the unit cell upon application of an electric field along a certain direction, [001] and
[011] in Fig. 2.1 (a) and (b), respectively [117].

Here we consider the mechanism of strain generation in PMN-PT(011),! of which the rhom-
bohedral unit cell structure is presented in Fig. 2.2 (a). The coordinate system depicted in this
figure shows eight possible directions of the spontaneous electrical polarization along the body

diagonals (111). The top view of the (011)-cut of PMN-PT with spontaneous polarization pro-

INote that the in-plane [011] and [100] directions of the commercial PMN-PT substrate, when not marked by
the provider, can be found by x-ray reflectivity measurement.
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Figure 2.2: (a) The unit cell and spontaneous polarizations of PMN-PT (011). Top view of the
polarizations and deformation of the (011) crystal plane of PMN-PT substrate for (b) the virgin
state and (c) under an electric field along [011] direction poling only 2 of the 8 possible polar-

izations.

jections in a virgin state onto the (011) plane in Fig. 2.2 (b). Application of a positive electric
field, i.e. along +z, with a magnitude larger than the coercive field of the substrate (ca. 200
kVm™!) poles the substrate. As a result, the eight possible polarization directions are switched
leaving only two of them along the [111] and [111] directions. The projection of these two po-
larizations onto the x — y plane lies in the x direction, as shown in Fig. 2.2 (c). Further increase
of the electric field rotates these two polarizations toward the z direction, which induces a con-
traction along x and an extension along y. Note that the extension along y may be the result
of a small rotation of the polarization about the z-axis such that a finite y-component of the
polarization projection onto the x — y plane is developed under applied field [114].

Thus, as the electric field increases, the polarizations tend to further align with the field
direction, resulting in even stronger contraction and extension of the unit cell. This behavior
corresponds to the linear part of the strain response to the applied field, shown in Fig. 2.3. When
the electric field is removed the polarizations relax to the poled state with only two polarizations
along the [111] and [111] directions, but the virgin state, such as that shown in Fig. 2.2 (b), is not
be recovered. Note that in Fig. 2.3 the strain response was measured along the x and y directions
with the zero reference set to an unpoled state [114].

Anegative electric field smaller than the coercive field first causes the two OOP polarizations
to rotate to four possible in-plane directions, i.e. along the (111) directions. Each of these has
a projected component along both the y and the x directions, which produces a large jump in

the strain along the y direction, as seen in Fig. 2.3. Further increase of the negative electric field
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Figure 2.3: Piezoelectric response of a PMN-PT (011) crystal as a function of the applied electric
field applied in the [011] direction. The strain is measured along the [100] and [011] directions,
defined as x and y, respectively. The yellow lines indicate the linear regime (see text). Adapted
from Ref. [114].

leads to another non-180° reorientation of the polarization from the in-plane to the other two
directions, i.e. [111] and [111], see Fig. 2.2 (a). As a result, the strains along the x and y directions
return to a normal poled piezoelectric response and follow the linear trend upon increasing
the negative electric field. A similar strain jump occurs upon crossing the positive coercive
field which indicates that the tensile and compressive strain directions are determined by the
crystallographic directions of PMN-PT and are invariant under the sign of the applied electric
field.

As can be seen from the strain hysteresis loop in Fig. 2.3 there are two regimes. By operating
in the vicinity of the coercive field, it is possible to take advantage of the first non-180° polar-
ization rotation to produce two distinct, permanent and reversible strain states. It was reported
that in this case, ultra-high in-plane piezoelectric coefficients with ds; ~ 1800 pC N~! along the
[011] direction can be achieved for an optimized PMN-PT(011) single crystal [119]. Note that
for the strain along the x direction, there is no clear conclusion because the strain response, in

this case, is quite random.

The second regime is more favorable for the purpose of this thesis as it allows for a repro-

ducible and reliable control of the generated strain by electric fields. Operating in the linear
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Figure 2.4: (a) AFM images of the surface of an unpoled PMN-PT (011) single crystal. (b) Surface

line profiles along the selected paths shown in (a).

region (indicated be yellow lines in Fig. 2.3), the PMN-PT substrate exhibits highly anisotropic
behavior, with tensile strain along the [011] and compressive strain along the [100] directions.
The piezoelectric coefficients, in this case, are ~ —890 pC N~! along x and ~ +290 pC N~ ! along
¥y, respectively.

The roughness of commercial PMN-PT substrates is declared to be <10 A [109], however,
the atomic force microscopy (AFM) scans of new substrates, presented in Fig. 2.4, demonstrate
the existence of surface steps of ca. 3 nm height. As seen in Fig. 2.4 (a), PMN-PT has many
domains of two heights in the level of 3 nm even though it is polished. Moreover, the height
changes sharply at the domain boundary and remains constant within the domain. Therefore,
this height difference is directly related to the ferroelectric multi-domain structure at the sur-
face of unpoled PMN-PT as concluded in e.g. Ref. [120]. Importantly, by AFM we discovered
that the roughness of the PMN-PT substrates after ion beam etching (IBE) does not become
worse, and nominally similar FM materials, deposited on a brand new PMN-PT substrate and
the one etched with the IBE tool, show similar magnetic hysteresis loops. Thus, the substrates
can be reused following the IBE for further depositions with a negligible effect on the magnetic

properties of the overlaid material.

2.1.2 ELECTRON BEAM LITHOGRAPHY (EBL)

The experiments presented in this thesis were carried out on nanosized magnetic structures,
which were fabricated by EBL technique. The basic principle of EBL patterning is as follows.
First, a polymeric resist is spin-coated on the sample surface, to ensure the resist is of the de-
sired thickness. The solvent in the resist is then evaporated on a hot plate at optimized tempera-
tures. A pre-defined pattern is transferred on the sample by exposing certain areas of the surface

with a focused electron beam (e-beam). Depending on the chemical and physical properties of
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Figure 2.5: Schematic principle of EBL patterning showing subsequent steps of the fabrication
processes using a positive (a) and a negative (b) resist.

the resist (classified as positive and negative, see Fig. 2.5), the interaction of the e-beam with
the polymer molecules renders the exposed material either soluble for positive resists, Fig. 2.5
(a), or insoluble for negative resists, Fig. 2.5 (b), by a specific chemical, called developer. After
the development process, i.e. removing the exposed/unexposed parts of the resist, the sam-
ple surface is ready for further processing steps, which can involve etching (either chemical or
ion-beam) or a material deposition, as summarized in Fig. 2.5. In this thesis magnetron sput-
tering deposition [121] and Ar-ion etching (in the following, IBE) were employed for thin film

deposition and removal of the unnecessary material, respectively.

The EBL exposure is performed by laterally scanning the sample and it allows for defining
structures with a spatial resolution down to 10 nm [122]. Besides the electron optics the spatial
resolution is also influenced by the resist properties and e-beam characteristics. While scan-
ning, the e-beam is deflected by electron lenses and the maximum deflection achieved defines
the writing field (WF). To do the exposure in the next WF, the sample stage is mechanically
moved to a new position, so that the undeflected e-beam hits the center of the new field. Even-
tually, the whole patterned area is scanned by subsequently changing the WF one by one. Note,
however, that if the WF alignment procedure, which is generally required prior to any exposure
step, is not performed perfectly, stitching errors due to the misalignment between adjacent WF
may occur [123]. The choice of the WF area is governed by the size of the area to be patterned,
i.e. to pattern a coplanar wave guide (CPW) (see, for instance, Chapter 3 ) the use of a larger
WEF is sensible. On the other hand, for patterning small structures on a small area, a smaller

WEF is preferred as it involves shorter deflection distances and results in a better e-beam quality.
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Moreover, if a multiple-step lithography process is needed, a layer to layer WF alignment is cru-
cial [124]. For that, each writing field is designed to contain at least three alignment markers,
which are used to align the layers of subsequent steps.

Fabrication of the structures investigated in this thesis was done using a Raith Pioneer ded-
icated EBL system. As the samples studied in Chapters 3 and 4, 5 were fabricated using two

distinct processes the fabrication details for each of them are given in Appendix A.

2.2 MAGNETO-OPTICAL (MO) EFFECTS

The field of magneto-optics started with the observation of rotation of the polarization plane of
linearly polarized light upon transmission through a piece of lead-borosilicate glass in a mag-
netic field by Faraday [125] and the discovery of a similar effect for linearly polarized light re-
flecting from a piece of iron, known as Kerr effect [126]. Interestingly the microscopic origin of
these two effects was only understood long after with the development of quantum mechanics.
The basic origin of the magneto-optic (MO) effects is known to be the SOC, which establishes
the coupling between the magnetic field interacting with the spins and the photons, which in-
teract with the orbital degrees of freedom [127]. Practical interest was triggered by the discovery
that magnetic domains could be observed using Kerr effect [128, 129], after which also the tech-
nological relevance of the MO effects was realized [130].

Early research in magneto-optics involved optical transitions within the energy range cor-
responding to intra-band transitions, thus involving the electronic states of the valence band.
Later it was proposed that the MO effects should also occur upon x-ray excitations from core
levels to valence states, which was then confirmed by the discovery of x-ray magnetic dichro-
ism (XMD) [131, 132]. Using x-rays provided a way to examine the magnetic properties of solids
on an atomic scale. Moreover, with an understanding of the sum rules, it became possible to
use XMD as a quantitative measure of spin and orbital moments of a particular element in the
material.

Nowadays a number of MO effects is widely used to probe properties of magnetic materials.

Below we consider in more detail two examples relevant to this thesis.

2.2.1 MAGNETO-OPTIC KERR EFFECT (MOKE)

Magneto-optic Kerr effect (MOKE) occurs when linearly polarized light is reflected from a mag-
netic medium. The polarization of the reflected light undergoes a two-fold modification: (i) tilt
of the polarization plane with respect to that of the incoming beam, known as Kerr rotation,

Ok, (ii) the new polarization becomes elliptical, referred to as Kerr ellipticity, ex. These two
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Figure 2.6: Illustration of the MOKE with the geometrical representation of the complex Kerr
angle ®g. Kerr rotation, O, is related to the orientation of the ellipse’s major axis whereas Kerr

ellipticity, e, is related to the minor to major axis ratio.

consequences of MOKE are depicted in Fig. 2.6. Together the Kerr rotation and ellipticity are
combined into the complex Kerr angle ®x = Ok + iex which in the case of MOKE is a function
of the magnetization.

For a detailed quantum mechanical description of the Kerr effectin FM materials, the reader
isreferred to e.g. Refs. [127, 133]. Here, we will follow an alternative description of MOKE based
on the classical dielectric tensor theory [133, 134], where the reflected E™ and the incident E!

amplitudes are related through the reflectivity tensor 7 as

E;
r
EP

| Tss Tsp

(2.1)

EiS]

i
Tps Tpp Ep

Here p and s are the standard notations for the electric field oscillating in the plane of incidence
and perpendicular to it, respectively (Fig. 2.6). The presence of non-vanishing off-diagonal
components rsp(rsp) which are zero in a non-magnetic medium leads to the mixing of the two
orthogonal components of the electric field.

For example, for s-polarized incident light, the reflected electric fields from Eq. 2.1 are E} =
rssEiS and E;, = rpsEis. For small changes in the incident polarization, O is related to the com-
ponent of E;, that is in phase with Ef, leading to the rotation of the polarization upon reflection.
ex is related to the component of E), that is 77/2 out of phase with Ej, leading to ellipticity.

Thus, MOKE arises due to the non-zero off-diagonal reflectivity components as well as mod-

ulation of the diagonal components in Eq. 2.1 in the presence of a magnetic field [134]. There-
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Figure 2.7: Schematics of (a) polar, (b) longitudinal and (c) transverse MOKE configurations,
depending on the relative orientation of the plane of incidence of the probing light and the

magnetization direction within the sample.

fore, the Kerr effect has become widely used to probe the magnetization of materials as a func-
tion of different parameters such as temperature, magnetic field and composition.

There are three main MOKE configurations differing in the relative orientation of the mag-
netization direction M (or the external magnetic field H) and the plane of incidence of the prob-

ing beam. These three configurations are schematically depicted in Fig. 2.7:

* Polar MOKE - when the magnetization of the sample is pointing in the direction perpen-

dicular to the sample plane, called OOP magnetization.

* Longitudinal MOKE - when the magnetization is in the plane of the sample (in-plane

magnetization) and in the plane of incidence.

* Transverse MOKE - when the in-plane magnetization is perpendicular to the plane of in-

cidence.

For the experiments described in this thesis, the longitudinal MOKE and polar MOKE con-
figurations are used to detect the IP or OOP magnetization components, respectively. The
schematic of the longitudinal MOKE? setup used in this thesis is presented in Fig. 2.8 with the
indicated components. Linearly (s-) polarized light from the laser passing through the polarizer
P, is focused on the sample surface by a lens. The magnetization of the sample causes changes
in the polarization of the reflected light, which after the collimation lens passes through the

photo-elastic modulator (PEM) and a linear polarizer P,, oriented at 0° and 45° with respect

2The schematic of the polar MOKE setup differes only by the orientation of the magnetic field, which in this
case, is directed perpendicular to the sample plane.
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Figure 2.8: Sketch of a basic longitudinal MOKE setup showing the laser, the sample (S), two
polarizers P; and P,, two lenses L; and L, employed to focus the beam onto the sample and
re-parallelize the beam after the reflection, PEM is a modulator and D is a photon detector. The

polarization of the laser light lies in the direction perpendicular to the page.

to vertical, respectively. The signal arriving at the detector at given harmonics of the PEM fre-

quency is then analyzed by a lock-in amplifier is proportional to the complex Kerr angle ®x:

QK X IleEM

€K X IngEM . (2.2)

We also note that in order to measure the absolute values of Ox and ek it is necessary to mea-
sure the initial intensity illuminating the sample. However, typically in MOKE experiments, one
is only interested in qualitative changes of these quantities as a function of applied magnetic
field.

The information depth of the reflective MOKE technique is determined as Iy = A/47,
where f is the imaginary part of the refractive index of the material [135]. For typical metallic
systems investigated in the framework of this thesis, /0, amounts to ~ 20 nm. It is important
to note that although this technique can be very sensitive, it does not provide a quantitative
measure of the magnetization. However, from the shape of the obtained hysteresis loop, the

magnetization reversal processes can be investigated in detail.

2.2.2 X-RAY MAGNETIC CIRCULAR DICHROISM (XMCD)

As mentioned above, x-ray magneto-optics makes use of excitations from deep atomic core

levels onto unoccupied valence states. In the following, we will focus on XMCD on the example
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of L, 3 edges of transition metals as schematically sketched in Fig. 2.9, as it is used to probe the
magnetic properties of 3d materials, such as Ni, Co and Fe used in this thesis.

In the simplest picture of x-ray absorption, a photon transfers its energy to a core electron
and the electron is excited into an unoccupied electronic state. Formally this process is de-

scribed by the transition probability T;_.¢, also known as Fermi’s Golden rule [136]:
Tieroc (f|A] )6 (Ee— B — hv) p (Bp), (2.3)

where Ef and E; are the energies of the final and initial states, respectively, hv is the photon en-
ergy. (f |FI| i) is the transition matrix element, with the H being the Hamiltonian that describes
the interaction between the photon and the excited electron. p (Ey) is the density of free final
states with the energy Er. For a more detailed account, the reader is referred to e.g. Ref. [36].

As a consequence of Eq. 2.3, the absorption of a photon of energy hv takes place only if
certain conditions, defined as dipole selection rules, are simultaneously satisfied. The dipole

selection rules® for transitions between states of the form |n, [, m;, s, m;) are:
Al =+1,

Am;=0,+1,
As=0,

Amg=0.
From these selection rules, it follows that the electrons from 2p core states can be excited to

the unfilled 3d states of transition metals, as illustrated in Fig. 2.9 (a). As a result of the 2p — 3d
transitions, an x-ray absorption spectrum such as that shown in Fig. 2.9 (b) can be obtained.
The shape of a typical x-ray spectrum is determined by different order interactions taking place
in the system. In particular, core spin-orbit coupling is responsible for the separation of 2ps/,
and 2py /2 (L3 and Ly) peaks. In systems with weak valence band SOC, the integrated absorp-
tion intensities of unpolarized x-rays result in a branching ratio L3 : L, = 2: 1, and their sum is
directly proportional to the number of d holes [36, 139], i.e. unoccupied states.

Valence band exchange splitting provides the necessary symmetry breaking for the x-ray
MO effect to occur. As discussed in Section 1.1.2 of this thesis, the magnetic properties of the
3d transition metals are mainly determined by their valence d-electrons. For the 3d ferromag-
nets the difference between the number of spin-up N; and spin-down N, d-holes defines the
spin magnetic moment due to the exchange interaction, m; = (Ny — Nj) up. Thus, the use of
circularly polarized light allows us to study the magnetic properties of 3d materials, such as Ni,
Fe and Co used in this thesis.

The underlying mechanism can be explained using the following two-step picture:

3The dipole selection rules are dictated by the non-vanishing transition matrix elements which are tabulated
elsewhere [137, 138].
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Figure 2.9: (a) Schematic illustration of electronic states with the valence states and the core
states assumed to be spin-orbit split into 2ps,» and 2p,» states, giving rise to the Ly and L,
edges in experimental spectra in (b), respectively. (b) Schematic shape of an L-edge x-ray ab-
sorption spectrum for the 3d transition metals, such as Fe, Co, Ni. (c) Electronic states for a
transition metal, where the valence band is represented by spin-up and spin-down d sub-bands
and the L3 transition is indicated. Spin-up, o1 photoelectrons are more readily excited from the
2p3s2 level with right-handed circularly polarized light to the partially unfilled 3d valence spin-
up band because the dipole operator does not allow spin-flips during excitation. (d) Qualitative

shape of the XMCD spectrum estimated using Eq. 2.4.
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First step. The right (left) circularly polarized photons transfer the angular momentum 7 (—#)
to the excited photoelectron. For the electrons originating from spin-orbit split levels the pho-
ton’s angular momentum is transferred to the spin via SOC. As a result, in this step, photoelec-
trons with opposite spins are created upon absorption of left or right circularly polarized light.*
Thus, excitation of electrons at the 2ps, level (L3 edge) with right-handed circularly polarized

light will preferentially produce spin-up electrons.

Second step. At this point, the magnetic properties enter via the spin-split valence band [see
Fig. 2.9 (c)], which acts as a detector for the spin of the excited photoelectron. Since only the
transitions within one spin sub-band for a given photon polarization are allowed by the selec-
tion rules, the asymmetry in the spin-up and spin-down states at the Fermi level in magnetic

materials leads to the asymmetry in the absorption of circularly polarized light.

Thus, by calculating the difference of the normalized intensities recorded with right and left

circular polarizations at the Ls and L, edges as:

I -

= 2.4
I +1_ 4

Ixmcp =
where I, and I_ correspond to the absorption yield of circularly polarized photons of positive
and negative chiralities, respectively, we can obtain an XMCD spectrum, such as one shown in
Fig. 2.9 (d). Note that the quantization axis, in this case, is given by the magnetization direction
which needs to be aligned with the photon spin for maximum dichroism effect [36]. It is easy to
show that it is equivalent to fix the x-ray polarization and switch the magnetization direction.
Moreover, since ps/» and p;,» levels have opposite SOC (I + s and [ - s, respectively), the sign of
the XMCD at the L3 and L, edges is inverted, as can be seen in Fig. 2.9 (d).

Therefore, for transition metals, the core level SOC and d-band exchange splitting together
determine the shape of the x-ray spectra in Fig. 2.9 (b,d). In addition to these two interactions,
there are also valence band SOCand core exchange splitting, which are typically weak and there-
fore can be neglected for a qualitative understanding.

Quantitatively the size of the dichroism depends on three parameters [36]:
e the degree of circular polarization of photons P,

¢ the expectation value of the magnetic moment (m) of the 3d shell,

“Note that “spin-up” and “spin-down” are defined with respect to the photon helicity, which is parallel (an-
tiparallel) to the x-ray propagation direction for the right (left) circular polarization [135].
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* the angle 0 between the magnetic moment m and the direction of the photon angular

momentum Lypp.

This can be summarized in the following expression:

Ixmcep o< Pejrem - Lph o< Peirc (m) cos6. (2.5)

2.3 HIGH-RESOLUTION X-RAY-BASED MAGNETIC IMAGING

In order to carry out high-resolution imaging of magnetic samples utilizing the XMCD effect
as a contrast mechanism, one requires a source of monochromatic and highly brilliant x-rays.
Today’s most powerful sources of x-rays are large-scale facilities designed to generate fully po-
larized, tunable synchrotron radiation, where the x-ray energy can be tuned to the absorption
edge of a magnetic atom. The discussion below focuses on the concept of synchrotron radi-
ation and its application to nanoscale magnetism on the example of photoemission electron

microscopy.

2.3.1 SYNCHROTRON RADIATION

Originally considered as a waste of energy in high energy physics, today, synchrotron radiation
constitutes the best choice for many experiments such as magnetic domain imaging used in
this thesis requiring high spatial and temporal resolution.

The synchrotron radiation is created by circulating electrons (or positrons) in a synchrotron
storage ring with a constant velocity and energy of a few GeV. The electron beam is first accel-
erated in a linear accelerator followed by a booster ring and then it is injected into the storage
ring as depicted in Fig. 2.10 (b). In the storage ring, the electrons are propelled forward by a mi-
crowave field, which is produced by rf-cavities and consists of rf-buckets revolving around the
ring. Electrons that are filled into a bucket form a so-called bunch and one bunch contains in
the order of 10'° electrons. In the stationary frame of an observer, such bunches have a typical
length [ = 10 mm, corresponding to a pulse length of about 7 = I/c = 30 ps.

In fact, the storage ring is a polygon consisting of tens of linear parts angled together by
bending magnets, where the electron bunch travels along a curved path around the vertical
magnetic field lines as illustrated in Fig. 2.10 (b). In general, upon deflection in the bend-
ing magnet, thus traveling under acceleration, charged particles emit x-ray radiation, so-called
Bremsstrahlung. In the case of electrons revolving in a synchrotron, this radiation is called syn-
chrotron radiation. Furthermore, since the electrons revolving in a storage ring with an energy

of several GeV are relativistic, the synchrotron radiation is a result of relativistic effects, which
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Figure 2.10: (a) Sketch of a synchrotron light source. (b) Schematic of the electrons trajectory
within a bending magnet. The velocity v is in the tangential direction and the acceleration
a points toward the center of the circular trajectory. (c) Schematic of an undulator with the

electron path depicted.

lead to a distortion of the radiation pattern as shown in Fig. 2.11. The radiation pattern typi-
cally emitted by accelerating charged particles, shown in Fig. 2.11 (a), in the case of relativistic
electrons, becomes distorted such that, in the laboratory frame, most of the radiation is emitted
into a narrow cone of the opening angle 2/y, as depicted in Fig. 2.11 (b). For the detailed formal

description of synchrotron radiation the reader is referred to Ref. [140].

Note that because the primary function of the bending magnets is to keep the electrons in a
closed orbit withing the storage ring, the radiation generated by the bending magnets is not op-
timal. Therefore in the newer generations of synchrotron light sources, other types of devices
are employed to generate synchrotron radiation. One example is an undulator, inserted into
the straight part of a storage ring. Undulators are constructed of an array of magnets with al-
ternating polarity, as seen in Fig. 2.10 (c). Such arrangement of the magnets causes the electron
bunch that is passing through it to deflect, similarly to the bending magnets, but in contrast to
bending magnets, no deflection or displacement of the electron beam occurs eventually. Con-
structive interference of the radiation emitted at each of the periodic deflections of the elec-
trons results in the generation of a coherent x-ray beam of much higher brilliance as compared
to that produced by a bending magnet.

The emitted synchrotron radiation is extracted into a beamline, where the x-ray beam is
further shaped and focused, and a well-defined photon energy is selected by a monochromator

with high energy resolution before the x-ray beam arrives at the experimental setup at the end
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(b) VxC

Figure 2.11: Sketch of the radiation pattern emitted by a charge moving along a circular orbit
(a) in the rest frame of the charge (v = 0) and (b) in the laboratory frame of a stationary observer
while the charge is moving with tangential velocity v = c. The opening angle containing most

of the synchrotron radiation is 2/7y.

of the beamline, see Fig. 2.10 (a).

Finally, we address the origin of the polarization of synchrotron radiation, which arises due
to the conservation of angular momentum. In the case of bending magnet radiation in the
plane of the electrons orbit is linearly polarized, while radiation emitted at finite angles above
and below the orbit is left- and right-circular polarized, respectively. Using a suitable aperture to
select the radiation it is possible to obtain the desired polarization. In undulators, it is possible
to induce different periodic electron trajectories. When the oscillation is confined to a plane the
radiation is linearly polarized in that plane. If the path is helical the resulting radiation is purely
left- or right-circularly polarized. Undulators installed into the new generation of synchrotron

radiation sources allow for full polarization control.

2.3.2 PHOTOEMISSION ELECTRON MICROSCOPY (PEEM)

For direct imaging experiments, PEEM was used in this thesis. PEEM is a photons-in/electrons-
out technique where the electrons emitted from a sample upon illumination by a monochro-
matic ultra-violet (UV) or x-ray light are detected to generate a high-resolution image, as illus-
trated in Fig. 2.12. In combination with x-ray dichroism PEEM is a widely used technique in
surface science, which allows one to study magnetic properties with element sensitivity and

high lateral resolution.
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Figure 2.12: Schematic of a PEEM setup. Electrons are emitted from the sample and collected by
an objective lens, which conveys the electrons in the imaging section of the microscope where
they form an image on a multiplier channel plate combined with a phosphor screen and the

image is then acquired with a camera.

The x-ray beam arrives at the sample at an angle of 16° and is focused on the sample sur-
face to match the field of view of the microscope, typically 5 — 50 um. Following the absorption
of a photon, a core level electron is excited on to an unoccupied state leaving a core hole, see
Fig. 2.13 (a). Upon recombination of the core hole, secondary electrons are generated as illus-
trated in Fig. 2.13 (b). Due to Auger processes and inelastic scattering of secondary electrons, a
cascade of low energy electrons is created with a wide spectrum of energies between the pho-
ton energy and the work function of the sample. Therefore, some of these electrons have large
enough energy to escape into the vacuum, where they are accelerated by a 10—20 kV voltage ap-
plied between the objective lens and the sample, see Fig. 2.12. The collected electrons are then
conveyed into the PEEM column, where they are projected with magnification onto a phosphor
screen by a set of electrostatic or magnetic lenses and the image can be viewed in real-time at
video rates.

The energy resolution of the x-ray beam is determined by a monochromator in the beam-
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line, while the spatial resolution is determined by the microscope itself, i.e. electron optics,
the size of the aperture, and the operation voltage. The main contributions to the resolution
come from spherical aberration (electrons with different angles), chromatic aberration (elec-
trons with different kinetic energies), and diffraction [141]. In fact, for x-ray excitation of elec-
trons, chromatic aberrations dominate, arising from the fact that chromatic electron lenses fo-
cus the electrons with different kinetic energies differently. Therefore, wide energy distribu-
tion of secondary electrons leads to blurring of the PEEM image. Advanced PEEM setups are
equipped with energy analyzers and energy slits, allowing to select the electrons with well de-
fined kinetic energy, thus, minimizing chromatic aberration effects and improving the image

quality. A spatial resolution of up to 20 nm can be achieved in these setups [142, 143].

Because the secondary electron intensity closely follows the x-ray absorption spectrum of
the sample, element sensitivity is also offered by x-ray PEEM. In addition to the spectroscopic
contrast, other basic contrast mechanisms exist. For example, the electron yield from different
sample areas is determined by the local work function and topology [36].

Finally, we note that PEEM is a surface-sensitive technique because the emitted electrons
originate from a very shallow layer associated with the electron’s mean free path. Although x-
rays penetrate much deeper into the material, most of the signal is generated in the top 2 -5

nm, according to the universal curve [144].

2.3.3 STATIC AND TIME-RESOLVED XMCD-PEEM IMAGING

To study the magnetic domain structure of ferromagnets and its dynamics high-resolution static

and time-resolved PEEM imaging in combination with the XMCD effect is often used.

StATIC XMCD-PEEM

First, a PEEM image is acquired using, one circular polarization of x-rays of the energy tuned
to the absorption edge of the studied material (in this case the L3 edge), see Fig. 2.14 (a). This
image shows a circular field of view (FOV) of 10um with micron-sized Ni discs. As the magnetic
contrast is weak the second image acquired with the opposite circular polarization is required,
see Fig. 2.14 (b). After the two images are aligned to each other the dichroism image (later
referred to as XMCD-PEEM image) is constructed by calculating the XMCD for each pixel in-
dividually according to the relation in Eq. 2.4. The calculated XMCD-PEEM image, shown in
Fig. 2.14 (c), reveals the magnetic domain structure of the Ni discs which is barely visible in the
images taken with only one circular polarization. Domains with the magnetization pointing

along the x-ray propagation direction are seen white, while domains with the opposite magne-
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Figure 2.13: Sketch of the photoexcitation process leading to the generation of the secondary
electrons in PEEM. (a) Absorption of an energetic x-ray photon leads to the transition of one
electron to the Fermi level, leaving a core hole. (b) An electron from the Fermi level recombines
with the core hole causing a cascade of Auger and secondary electrons which may escape to the

vacuum and can then be detected by PEEM.

tization direction are seen black.> Also note that domains with the magnetization orthogonal
to the x-ray beam direction are seen gray, i.e. showing zero XMCD effect according to Eq. 2.5.

Thus, magnetic structures of different sizes and shapes can be imaged at once, because
PEEM is a direct imaging method that simultaneously images all structures within the FOV (10
pm in Fig. 2.14). We also note that due to the nearly grazing angle of incidence of x-ray beam
XMCD-PEEM is more sensitive to the in-plane magnetization, however PMA materials with a
strong OOP contrast can also be successfully investigated.

Note that because the number of photons within one x-ray bunch is insufficient to form a
PEEM image with adequate statistics (especially at small FOV), an image is formed as an average
of a series of frames acquired with certain exposure time (typically 1 —3 s). There are, however,
several aspects that can influence the quality of XMCD-PEEM images. Besides the instrumental
resolution, discussed above, these are the effects associated with instrument vibrations and
thermal drift.

The vibration of the sample stage with respect to the electron imaging optics leads to an
increased noise level resulting in blurred edges in the image. The timescale of these vibrations

is comparable to the exposure time of a single frame and limited corrections can be made to

5Note that the sign of the XMCD contrast reverses for the L, edge, as discussed in the previous section.
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Figure 2.14: PEEM images of Ni microstructures acquired with photon energies of 852.5 eV
corresponding to the L3 edge of Ni using positive (a) and negative (b) polarization of light, re-
spectively. (c) XMCD-PEEM image of Ni microstructures constructed from (a) and (b) after the

drift-correction procedure. The inset shows the zoomed-in image of one Ni microstructure.

improve the quality (e.g. Gaussian de-blurring filter). Disabling mechanical pumps operating
on the microscope chamber can lead to areduction of noise, thus, providing an improved image
quality.

Thermal drifts occur due to cooling or heating of the sample and due to illumination of the
sample with high brilliance x-rays (or other light sources), which also leads to heating. They
manifest themselves in a rigid translation of the image through the acquired frames. Under
normal conditions, the timescale of thermal drifts is much larger than the typical exposure
time. Therefore, a drift correction procedure can be employed prior to averaging of the ac-
quired frames to form the final image. Such drift correction procedures, based on an algorithm
described e.g. in Ref. [145], are available at PEEM beamlines and are individually adapted to the
data acquisition routines.

Moreover, before drift correction, the acquired images need to be normalized to remove
features related to the PEEM imaging section, i.e. multiplier channel plate, the phosphor screen
and the camera. The normalization image is acquired with a de-focused objective lens, such
that only the artifacts remain visible in the image, while the morphological structure of the
sample is smeared out.

In order to obtain the XMCD-PEEM image in Fig. 2.14 (c), the drift correction procedure
following the normalization of the acquired images for each polarization was carried out prior

to averaging and calculation of the XMCD image. As a result, a high-resolution image of the
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Figure 2.15: Schematic of time-resolved pump-probe PEEM. An oscillating magnetic field is
generated by an AC current in a stripline on top of which magnetic structures are fabricated.
A phase relation is maintained by synchronizing the excitation signal with the x-ray pulses by
a timing signal from the synchrotron clock. By varying the phase shift, Az, between the x-ray
pulses and the phase-locked excitation signal, the time evolution of the magnetic configuration

of the sample can be mapped. Adapted from Ref. [146].

projection of the local magnetization along the beam propagation direction is generated.

TIME-RESOLVED XMCD-PEEM

Pulsed nature of the synchrotron radiation, as discussed above, allows one to probe also mag-
netization dynamics as the pulse width ranging from 50 to 200 ps,® naturally provides a high
temporal resolution necessary to study processes on a few ns-timescale.

In time-resolved XMCD-PEEM experiments, such as that schematically shown in Fig. 2.15,
imaging is accomplished in a so-called “pump-probe” technique, where an excitation signal is

synchronized with incoming x-ray pulses and is applied to the sample with various delays. By

6pulse width varies between facilities and operating modes.
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varying the delay and integrating over many repetitions for a given delay, the average response
of the sample to the excitation can be mapped out in time.

Because the pump-probe technique requires the system to arrive at the exact same state at
each time delay between the pump and the probe, it is important that the studied process is
reproducible at the probing frequency. Since this frequency is set by the temporal structure of
the x-ray beam, i.e. the synchrotron clock, the electronics employed in the experiment should
be in sync with the synchrotron.

As an example, we consider the time-resolved PEEM setup available at CIRCE beamline at
the ALBA synchrotron (Barcelona, Spain). Upon receiving a digital master clock signal from the
synchrotron clock, an analog (500 MHz for ALBA) [147] signal is generated by a commercial sig-
nal generator. This electrical signal (phase-locked to the synchrotron master timing signal) is
then converted to optical and passed by optical fiber into the high voltage (HV)-rack, thus, pro-
viding a complete galvanic separation. In the next step, the signal, converted back to electrical,
is amplified by an rf-amplifier and passed to the sample via a coaxial cable.

This scheme allows one to vary the power of the generated rf-signal as well as the phase shift
with respect to the synchrotron clock. The resulting total time resolution is in the order of 80 ps
(corresponding to the sum of the x-ray bunch length, the electronic jitter, and the de-phasing
over the storage ring) [148].

Thus, time-resolved XMCD-PEEM imaging with high spatial and temporal resolution is an
excellent tool to study spin dynamics in nanomagnetic structures. In Chapter 3 of this thesis,
we describe the experiment that demonstrates a significant role of XMCD-PEEM imaging in
providing fundamental information in understanding the control of vortex core gyration dy-
namics. In this experiment an oscillating magnetic field was used as an excitation to constantly
maintain the steady-state gyration of a vortex core. In order to generate such field, an AC cur-
rent from a signal generator was flowing through a stripline. As a result, the induced field above
the stripline influences the magnetic structures placed on top, but extends only several mi-
crometers above them, thus, minimizing the effect on the emitted electrons. It is important
to note that at high frequencies such as those typical for synchrotrons (hundreds of MHz), an
impedance matching should be taken into account to prevent significant losses of the excitation
signal before it arrives at the sample. Therefore a coplanar wave-guide geometry is required to

match the impedance of the stripline with respect to the rest of the electrical circuit.

PEEM SAMPLE ENVIRONMENT

Standard commercial PEEM sample holders are equipped with a filament for heating and a

thermocouple for reading the temperature and have four spring contacts (two for the thermo-
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Figure 2.16: PEEM compatible sample holders. (a) Spring contacts of the sample holders de-
signed for a connection to a filament and a thermocouple. (b) Custom sample holder with an
OOQOP electromagnet and two wires for poling a PMN-PT substrate. (c) Custom sample holder
with a PCB, available at ALBA synchrotron [149].

couple, two for the filament), as shown in Fig. 2.16 (a). The sample is placed in the central part
and is fixed with a sample holder cap, such that the sample surface and the cap are in good
electrical contact. The four spring contacts are electrically isolated from the sample holder
body and the cap, while the body and the cap, thus the sample surface, are kept at local ground,
also known as “start voltage (STV)”, because it is a reference potential for the emitted electrons.
However, certain experiments can require modifications of the PEEM sample holders in order
to enable the application of electric currents, voltages and magnetic fields.

Modification of the PEEM sample holder to connect two of the four feet (originally con-
nected to the thermocouple) to a voltage generator, allows one to pole a piezoelectric substrate
in situ. This can be realized by using a ultra-high vacuum (UHV) compatible wire which con-
nects the spring contacts to the bottom surface of the substrate, as shown in Fig. 2.16 (b). It is
important to keep the bottom surface electrically isolated from the sample holder body, which
can be achieved by an insulating spacer below the sample. Thus, the sample surface connected
to the sample holder cap is at STV while the backside of the sample can be kept at another volt-
age. The conductive silver paste can be used to ensure good electrical contact of the wire to the
bottom electrode.’

If the sample surface contains patterns, e.g. a stripline to send electric currents, the sam-
ple is placed on a UHV-compatible PCB [149] in order to facilitate the electrical contact of the
stripline to the signal generator inside the HV-rack. The contacts from the PCB, attached to
a PEEM sample holder, to the sample are made using a wire-bonder. When using a PCB, the

sample holder cap is mounted with some distance to the sample surface to avoid short circuits

"It is recommended to use a small drop to attach the wire to the substrate only in one place in order to prevent
possible clamping and damage of the substrate during poling.
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Figure 2.17: Measured magnetic field produced by the OOP sample holder, such as that shown

in Fig. 2.3.3 (b) in the sample surface position, in the center of the yoke as function of current.

with the electrical contacts [Fig. 2.16 (c)]. This approach, however, limits the imaging area of
the sample to a few mm. This is due to the shadowing effect, because of the near-grazing in-
cidence angle of x-rays, as well as an additional electrostatic lens effect of the raised cap [149].
Moreover, it is important to keep the wires to the stripline hidden under the sample holder cap

to avoid electrical discharges.

To study magnetic materials with an OOP easy axis a PEEM sample holder with an integrated
OOP electromagnet can be necessary. This can be realized by using a single cylindrical yoke and
a coil as shown in Fig. 2.16 (b). The magnetic field characteristics provided by such a custom-
built sample holder with a 5 mm diameter yoke, using 750 turns coil with 0.125 mm Kapton
insulated Cu wire is shown in Fig. 2.17. It can be seen that the magnetic field of ca. 40 mT can

be generated at 1 A with a good homogeneity in the center of the yoke.

Note that the maximum generated magnetic field is limited on the one hand by the current
source and heating of the wire (max 0.3 — 0.4 A can be applied for longer times, while up to
1 A could be applied for short pulses) [149], and on the other hand by image distortions due to
electron deflection by the field. However, because the velocity of the emitted electrons in this
configuration is almost parallel to the magnetic OOP field, non-significant distortions of the
electron beam can be expected, according to the Lorentz force. Therefore, it is still possible to

obtain a high-resolution XMCD-PEEM image when using a moderate OOP magnetic field.
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2.4 SECOND HARMONIC SPIN-TORQUE MAGNETOMETRY

2.4.1 ANOMALOUS HALL EFFECT MAGNETOMETRY

The anomalous Hall effect (AHE), as a transport manifestation of magnetism, is a powerful tool
for studying magnetic properties of ultrathin magnetic films and multilayers [150]. In a typical

Hall effect measurement scheme, the Hall voltage (V41) comprises three contributions:

,U()Rsl
t

R kI
Vi = THB cos(a) + M cos(0) + TMZ sin”(0) sin(2¢)), (2.6)

where t is the film thickness, R; is the anomalous Hall coefficient and k is the planar Hall coef-
ficient and the angles a, 6 and ¢ are defined in Fig. 2.18. The first term in Eq. 2.6 is the ordinary
Hall effect (OHE) and arises due to the Lorentz force acting on the conduction electrons. The
OHE depends on the z-component of the magnetic field, and produces an electric field per-
pendicular to B, and the current density. The second term is the AHE and arises due to spin
dependent scattering mechanisms [151]. The AHE depends on the perpendicular component
of M, and produces an electric field perpendicular to M and the current density. The last term
in Eq. 2.6 is the planar Hall effect (PHE). The PHE is proportional to the square of the planar
component of M, and produces an electric field parallel and perpendicular to the current.

Since R; and k are usually unknown, one does not need to calculate the magnetization using
Eq. 2.6 to obtain a hysteresis loop [152]. For this, one plots the second term (AHE) as a function
of the field to get the OOP magnetization (M cos(0) = M;) hysteresis loop with a constant mul-
tiplicative factor. Similarly, a plot of the PHE term vs B field gives the in-plane magnetization
(M?sin?(0) sin(2¢) = M, M) hysteresis loop modified by a different constant multiplicative fac-
tor.

One can also see that all three terms in Eq. 2.6 are inversely proportional to the film thick-
ness £, which renders AHE magnetometry ideal for studying magnetization processes (e.g. hys-

teresis loop) in ultra thin magnetic films.

2.4.2 HARMONIC HALL MEASUREMENTS

Furthermore, low-frequency harmonic Hall voltage measurement is one of the commonly used
techniques to quantify current-induced SOTs [153, 154]. This approach relies on measuring the
effect of an electric current on the orientation of the magnetization acting via the FL and DL
SOTs, as described in Section 1.4.2 and schematically shown in Fig. 2.19 (a). More specifically,
the effective magnetic fields associated with the SOTs can be extracted by analyzing the magne-
tization angle as a function of the amplitude and phase of the applied current. In this case, the

harmonic Hall voltage arises due to the mixing of the AC current with the Hall resistance, which
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Figure 2.18: Geometry of the AHE measurement. «a is the angle between the applied field and
the normal to the sample, 6 is the angle between the magnetization and the normal and ¢ is the

angle between the current, I, and the in plane component of the magnetization.

(a) B, (b)

Figure 2.19: (a) Schematic of the effect of an AC current on the magnetization in a HM/FM mul-
tilayer with PMA. The current-induced SOTs fields and Oersted field (see text) tilt the magneti-
zation of the FM layer from the OOP direction. Adapted from Ref. [29]. (b) Experimental setup
for 2w Hall measurements of the SOTs. A low frequency AC current is applied to the nanowire,
and the Hall signal is measured at the patterned Hall bar contacts and analyzed for the first and

second harmonics using two lock-in amplifiers.

is modulated by the change of the magnetization. Note that since the magnetization dynam-
ics are much faster than the current frequency used in such experiments (typically a few kHz),
the magnetization tilted by the anisotropy field, external magnetic field and current-induced

effective fields is assumed to be in static equilibrium.

Below, we describe the approach to evaluate the harmonic Hall voltages following the deriva-

tions in Ref. [154]. Formally, the time-dependent Hall resistance Ry (f) can be expressed to the
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first order in current by

dey .
Ryy(Bext + By (1)) = Ryy(Bext) + dB -Bysin(wt), 2.7)
I

with Beye and By = Bpp +Bgp +BO€ being the external and the current-induced effective magnetic
field, containing the DL sand FL SOTs contributions and the current-induced Oersted field. Re-
writing Eq. 2.7 in terms of Hall voltage according to Vi, = Ry Ipsin(wt), where Ij is the current
amplitude, we obtain

Vay(£) = Ip | R, + RY, sin(w1) + R3S cosw1) | . (2.8)
Here
o _1oRy
Y72 dB;
R;lc)y = ny (Bext) )
and

1 dR,
20 _ _ © Y. 20
Ry, = > 4B, B;+Ryr.

are the zero, first, and second harmonic components of Ry, respectively.

The first harmonic term is analogous to the DC Hall signal introduced in Eq. 2.6 and is given
by
R;"y = Rang €086 + Rpyg sin @'sin 2¢, (2.9)

where Rapr and Rpyg are the anomalous and planar Hall signals, respectively. Note that the
contribution of the OHE in negligibly small compared to the other contributions, hence it is
omitted [152]. The second harmonic term includes modulation of the Hall resistance due to
the SOTs and an additional contribution due to the Joule heating. The latter can be assumed

negligible (or subtracted) [155], and R)ZC‘;,’ can then be expressed as
R = AgBj-eg+ ApBj-ey, (2.10)

where ey and ey are the polar and azimuthal unit vectors, respectively. The coefficients Ay
and Ay are the parameters of the applied magnetic field and their detailed expression can be
found elsewhere [29, 154]. Using the analytical expressions for Ay and Ay, Eq. 2.10 allows one
to determine the azimuthal and polar components of Bg;, and Bpy, for different magnetization
angles by measuring RJZC‘; as a function of the external field Bex;. However, for the purpose of
this thesis, it is sufficient to use a simplified model, which is valid for systems with a uniaxial

magnetic anisotropy, such as PMA films.
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In uniaxial (and easy plane) systems the number of independent measurements, required to
extract the SOTs can be reduced to two [93, 155]. Furthermore, a small angle approximation can
be applied when the magnetization deviates from the z-axis only very little, which is the case
for PMA systems [95, 154]. Under these assumptions, Rfc‘;} varies linearly with the external field
and the SOTs can be extracted by performing two sets of measurement, i.e. for longitudinal and

transverse external magnetic fields.

The measurement schematic implemented for the experiment in this thesis is shown in
Fig. 2.19 (b). An AC voltage is applied to the current line, so that the AC current is flowing along
the x direction and the voltage drop across a 50 Q resistance is measured by a lock-in amplifier
to extract the current amplitude. The in-phase first harmonic (Vxl;’) and the out-of-phase (90°
off) second harmonic (Vf;" ) of the anomalous Hall voltage are measured simultaneously using

two lock-in amplifiers across the Hall bar.

By measuring Vxl}‘,“ and Vf;,“ as a function of the in-plane magnetic fields, transverse (Br,
along y) or parallel (Bg, along x) to the current direction, we can obtain the transverse (oA Hr)
and the longitudinal (uoA Hy) components of the SOT effective field by using the following ex-
pression [154, 153]:

(Bx(y) = 2{ By(x)
1 —4¢2

/J,()AHL(T) =-2 ’ (2.11)

: o . vy o*Viw
where the + sign corresponds to the magnetization direction along +z, and By = ( Y —= )

0BL ' 0B?
- GV)?J‘;’ GZV;;U _ Rppg ;
and By = (W/ 35 ) In Eq. 2.11, ¢ = R 1S defined as the ratio of the PHE and the AHE
resistances.

As the last step the poA Hy () are plotted as a function of the current density j. for both mag-
netization directions +m. The resulting linear dependencies of oA H;, and pyA Ht should be
odd and even with respect to the magnetization reversal, reflecting the different symmetry the
DL and FL SOTs, respectively. Linear fits to these dependencies, i.e. poAHL/ j. and poAHrt/ j.
determine the DL (o HEY) and FL (o HEM) SOT effective fields.

Note that the approximation used above provides only the lowest order contribution to the
SOTs. However, owing to its simple implementation, it is widely used to characterize the SOTs
in PMA systems. The generalization of this technique to e.g. in-plane magnetized systems is
described by Hayashi et al. in Ref. [154].
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Figure 2.20: (a) Schematic of AHE measurement of hysteresis loops in a magnetic heterostruc-
ture with PMA with the in-plane bias field Hey. H. esz is the SHE-induced effective field acting on
the chiral Néel DWs. Schematic illustration of the DW motion in the central region of the Hall-
cross in (a) due to Hg,
VlT)lw and v]lDTW indicate the motion of the up-down and down-up DW, respectively. Thin black

arrows in (b,c) indicate the direction of the SHE-induced H (fff.

(b) in the absence of external magnetic field and (c) when Hey > Hpwm.

2.5 DMI MEASUREMENTS BY CURRENT-INDUCED HYSTERESIS

LOOP SHIFT

In magnetic PMA systems, the SHE-induced spin torque can drive the Néel DWs similarly to an
applied OOP magnetic field, as discussed in Section 1.4.2. Based on this effect, the recently pro-
posed measurement scheme of current-induced shift of the OOP hysteresis loop as a function
of the in-plane bias field allows one to simultaneously quantify the SOTs and the DMI effective
field. Below, we will describe this measurement protocol introduced in Ref. [96].

As illustrated in Fig. 2.20 (a), the HZ; generated due to the SHE in the HM upon sending
a DC current j, leads to the motion of chiral DWs in the same direction in the absence of an
external magnetic field. This is attributed to the different signs of H; for up-down and down-

up DWs [see Fig. 2.20 (b)]. On the contrary, upon application of an in-plane field, Hey, that is
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Figure 2.21: (a) Schematic AHE loops corresponding to opposite DC currents. Vertical shift is
introduced for clarity. (b) Schematic dependence of the switching fields Hsw for down-to-up
and up-to-down magnetization reversals as functions of Ipc for a non-zero Hex:. () Schematic
dependence of the effective 7 = H%/ j. as a function of applied in-plane field used to extract
the DL SOT, indicated as 7syg and the effective DMI field, Hpy. Adapted from Ref. [96].

strong enough to overcome the DMI effective field, Hpy, the direction of the magnetic mo-
ments within the DWs is reversed. This results in the current-induced domain expansion or
contraction depending on the current polarity, rather than the DWs motion, because the Hesz
is now pointing along the same direction for both types of the DWs as depicted in Fig. 2.20 (c).
Therefore, the applied current j. and the in-plane bias field play a significant role not only for
the magnetization switching via current-induced DW motion, but also for the OOP magnetic
field-driven switching process. This can be utilized for measuring the DMI effective field and

the DL SOT on a Hall-cross device, as shown in Fig. 2.20 (a).

For this, the AHE voltage OOP loops are measured to characterize the magnetization switch-
ing in the Hall-cross devices as a function of an applied DC current and in-plane bias field. Ex-
amples of the resulting AHE hysteresis loops are schematically shown in Fig. 2.21 (a). It can be
seen that the AHE loops exhibit a shift along the H, axis for the opposite polarities of Ipc which
indicates the existence of a current-induced HZ; due to the DL SOT. By plotting the switching
fields, Hsw, for both down-up and up-down transitions vs. Ipc one obtains a switching dia-

gram, as qualitatively shown in Fig. 2.21 (b).

The variation of the switching field with the DC current is explained by two contributions:
(i) linear tilt due to the current-induced Herf(IDC) ; (ii) reduction of coercivity due to the Joule

heating (x 13..). Hence, H\\ = HZ.(Inc) — He(I3) and HYl, = HZ(Inc) + H(I3). The Joule

heating contribution can be eliminated by considering only the horizontal shift of the hysteresis

: — 11 Tl
loop center, i.e. Hesz = (Hgyy + Hgyy

T = HZ%/ jc, where j. is the current density, which is plotted as a function of the in-plane bias

). Thus, the linear variation of Hesz with Ipc determines
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field, as schematically shown in Fig. 2.21 (c).

The estimated 7 increases linearly with H, until it saturates when the bias field reaches the
Hpw, i.e. when the DW orientations in the device align to the external field. On the contrary,
there should be no variation of 7 with Hy, because this only reorients the magnetic moments
within the DWs to the Bloch-type configuration.

From this measurement protocol we can, thus, extract the DL SOT efficiency, Tsyg, and the
DMI effective field, Hpy, which correspond to 7 and the in-plane field at the saturation, re-
spectively, as indicated in Fig. 2.21 (c).






CHAPTER

ELECTRIC FIELD CONTROL OF
MAGNETIZATION DYNAMICS IN MAGNETIC
VORTICES

3.1 INTRODUCTION

This Chapter focuses on magnetic vortex structures and their control by electric field-induced
strain. Due to the high stability and unique gyration dynamics [71, 156], magnetic vortices are
considered as promising candidates for information carriers in potential spintronic applica-
tions like data storage [25] or nano-oscillators [157].

Motivated by the technological relevance, the stability and the dynamical behavior of the
magnetic vortices under external excitations are well studied [79]. Now, the research interest
is focused on exploring novel energy-efficient approaches to manipulate the structure and the
dynamics of the vortices, as this is a key requirement for applications. While conventionally ma-
nipulation of the magnetic vortices [158, 159] was done by magnetic fields and spin-polarized
currents [160, 161, 162, 163], using mechanical strain is seen as a promising alternative because
it avoids electrical currents with the associated ohmic losses [20]. Furthermore, the possibility
of generating the strain locally and, hence, to realize the control on the nanoscale is particularly

advantageous for the development of high-density storage devices.

In this Chapter, following the review of the fundamental properties which make magnetic

vortex structures attractive for practical applications, we will discuss the recent progress in the

67
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investigation of the impact of strain on the magnetic vortices, which via the ME coupling, can
influence their stability, reversal, and dynamics. Then, based on our time-resolved XMCD-
PEEM experiments and micromagnetic simulations, we will demonstrate the possibility of us-
ing electric field-induced strain as a low-power approach to tune the dynamical response of

magnetic vortices.

In Chapter 1, we discussed that under certain conditions the formation of a flux-closure
state is energetically favorable. In particular, when the magnetization is confined into a thin
structure with small lateral dimensions a magnetic vortex can be formed [35, 164]. Due to the
demagnetization effect, which is responsible for the shape anisotropy, the magnetization dis-
tribution in these magnetic structures is such that the formation of magnetic charges at the
surfaces is minimized, which otherwise would increase the total energy of the system. As a re-
sult, the local magnetization M(r) as a function of position r has a tendency: (i) to point within
the plane of the structure, except the vortex core (VC) region (see Chapter 1); (ii) to follow the
curved edge of the confined structure, thereby completely avoiding the generation of any sig-
nificant magnetic charges at the edge [165]. In the center, the magnetization is forced OOP to
avoid large angles between magnetic moments that would drastically increase the exchange
energy.

A stable vortex state configuration for different dimensions, i.e. thickness, L, and radius,
R, defining the aspect ratio, L/R, of a cylindrical structure, can be calculated using micromag-
netic simulations taking into account the aforementioned energy considerations [166]. From
such calculations as well as from experimental observations [156, 167] it is known that gener-
ally at remanence, the vortex state is stable in soft magnetic cylindrical dots with lateral dimen-
sions greater than the material specific exchange length and the thickness of the structure [166].
However, if the aspect ratio is too small and if the radius is larger than the core radius, the mag-
netization is saturated in the plane, thus forming an IP single domain state. On the other hand,
if the disc is too thick, the magnetization is saturated along the OOP axis. Finally, for very large
lateral sizes where the magnetostatic energy contribution dominates, multiple domains can
appear due to the defects at which the DWs can be pinned.

Besides the stability over a wide range of dimensions, magnetic vortices exhibit a four-fold
degenerate ground state, as schematically depicted in Fig. 3.1. The chirality of a vortex, i.e.
the in-plane curl direction, can be clockwise or counterclockwise. Furthermore, the polarity of
the VG, i.e. the direction in which the magnetization at the center is pointing, can be upwards
or downwards. Therefore, magnetic vortices can be potentially used to store two bits in one

nanostructure [25], which is another practical advantage of magnetic vortices.

Furthermore, while in relaxed laterally confined structures, the magnetic VC can be seen as



3.1. INTRODUCTION 69

o A‘«q
.
-

Figure 3.1: The four basic magnetic vortex configurations classified by the in-plane curl direc-
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tion (a,c) clockwise and (b,d) counterclockwise and the OOP direction of the VC. The in-plane
magnetization direction within the black, white and gray domains is indicated by red, blue and
black arrows, respectively. The OOP component of the magnetization of the VC is depicted by

green arrow.

trapped in a potential well, strongly determined by the shape anisotropy of the disc, that forces
it to stay at the center, it is also possible to move the VC around by external stimuli. For example,
due to the excitation with an oscillating magnetic field,! the VC experiences a restoring force
against this motion. As a result, the core gyrates at a given frequency in an iso-energy orbit
around its equilibrium position, which is called a gyrotropic mode. When the field is turned off,
the core relaxes back to its equilibrium position in a spiral motion due to a damping process.
The gyrotropic eigenfrequency, fy, of the VC is proportional to the aspect ratio of the structure
fo~ % [159, 168, 169] and, hence, can be tuned by adjusting the geometrical dimensions.
As discussed in Chapter 1, the vortex steady-state gyrotropic orbits can be described using
the Thiele equation [74, 81]
GxR-VW(R) =0, 3.1)

where R is the position of the vortex core, and G the gyrovector, describing the precessional
motion of the vortex core, W(R) is the potential energy of the vortex core giving rise to the

restoring forces with its minimum at the equilibrium position of the VC.

ISince in this Chapter the excitation by an AC magnetic field is considered, the discussion of the other ap-
proaches to excite the VC dynamics, e.g. using spin-polarized currents [160, 161], are left out. For more details, see
the corresponding references.
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For magnetic vortices excited resonantly, the VC follows a circular path for square /circular
shapes [159, 170]. However, for the off-resonant excitation, the gyration orbit becomes elon-
gated perpendicular to the excitation field direction, if the excitation frequency is smaller than
the eigenfrequency of the system. Vice versa, if the excitation frequency is larger than the eigen-
frequency, the orbit is elongated along the oscillating magnetic field direction [171, 172].

Resonant excitation of magnetic vortices has another remarkable consequence, reported in
Ref. [158]. Exciting resonantly the gyration of a VC with a continuous sinusoidal field enables
switching of the VC polarity using a drastically decreased amplitude of the external magnetic
fields. In this case, the amplitudes can be reduced down to 1.5 mT, while conventionally, the
OOP magnetic fields of the order of 0.5 T were required to reverse the z-component of the mag-
netization of the VC [173, 174].

As discussed in Chapter 1, the effect of strain on magnetic structures can be described by
including an additional magnetic anisotropy term arising due to the ME coupling. Besides the
strain-induced modifications of static vortex structures reported in, e.g. Refs. [101, 104], a re-
versal of both vortex polarity and chirality can be generated by strain. Numerical simulations
show that the non-uniform strain can be used to reverse the VC polarity by modulating the
phase difference between the electrodes employed for the strain generation [175]. Also, shear
strain generated by torsion can switch the polarity when the direction of torsion is opposite
to the in-plane curl of the magnetization [176]. The strain-mediated switching of the vortex
chirality between clockwise and counterclockwise can be achieved by applying strain pulses of
appropriate magnitude and length, as demonstrated in the recent experimental study [177].

Furthermore, the additional anisotropy gives rise to a modification of the aforementioned
potential energy landscape W (R) in Eq. 3.1, which, in turn, can impact the vortex dynamics.
To illustrate the effect of strain, it is convenient to consider the potential W (R) in terms of
the effective restoring force spring constants «, and «, along the x and y directions, respec-

tively [170, 178], which for small displacements of the VC is
1 2 2
WMR)=W(O) + > [KxX +xy,Y ] , (3.2)

where R = (X, Y) is the VC position and the spring constants comprise various energy con-
tributions, e.g. the magnetostatic, exchange and ME energies. With this representation, which
describes a harmonic potential well, and assuming the negligible effect of damping on the mag-
nitude of fy, i.e. when G > |D|, the gyration eigenfrequency f, and the orbit eccentricity € are

given by
fox @rG) ! /KKy, (3.3)
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(3.4)

As extracted from the dynamical vortex potential-well® [161, 178] the spring constants k ; =
x and the eccentricity € = 0 for the case of zero ME anisotropy, as expected [170]. However,
the in-plane magnetic anisotropy along the x-axis leads to the softening of both x, and x, as
shown in Ref. [170]. As a result, the ME contribution acts as to push the VC out of the sys-
tem along the direction of the induced easy axis, leading to the elliptical VC trajectories with
the major axis being oriented along the applied anisotropy axis. Furthermore, the softening
of the spring constant is always associated with the reduction of f; with increasing magnitude
of the imposed magnetic anisotropy. Thus, the mechanical strain can be employed to control
the VC gyration orbit as well as the gyrotropic eigenfrequency of magnetic vortices, as shown
numerically [170, 179] and experimentally by straining rectangular microstructures [180] using
pressured gas cells.

Besides using the static strain to modify the static domain configuration and dynamic prop-
erties of magnetic vortices, one can also employ time-varying strain to excite the vortex dy-
namics. As shown based on micromagnetic simulations, the VC oscillations can be induced in
a system where the circular symmetry of the flux-closure state is broken due to the imposed
strain gradient and the vortex polarity can reverse [181]. Furthermore, periodically modulated
by surface acoustic waves strain can induce the vortex dynamics in the picoseconds scale, as
demonstrated experimentally in Ref. [148].

From the above discussion, it is evident that the existing studies predict fundamentally the
feasibility of using strain to control the magnetic vortices and their dynamics. Moreover, as the
strain can be generated locally and tuned electrically [182], this approach is potentially very
attractive for future vortex-based technologies. Despite many numerical works, there are only
a few experimental realizations of this approach [148, 180]. Furthermore, full electrical control

of the dynamical response of magnetic vortices is desired for potential device application.

3.2 SAMPLE CONFIGURATION

To induce and electrically control the strain, a PMN-PT (011) substrate was employed, as dis-
cussed in Section 2.1.1, on top of which a 55 nm thick CPW was fabricated in order to generate
an oscillating Oersted field by applying an AC current to the current line. An array of cylindri-

cal microstructures of various lateral dimensions ranging from 0.4 ym to 0.7 ym in radius was

2The effective x; and y can be determined from the slopes of the linear fits to W vs. (X, 0)2 and (0, Y)2.
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Figure 3.2: (a) Schematic of the side view of the sample used for the observation of vortex core
gyration dynamics modulated by the ME coupling. (b) SEM image of the sample surface show-
ing the magnetic microstructures fabricated on top of a stripline, which in turn generates an
oscillating magnetic field due to the injected AC current with 500 MHz frequency. The CPW to-
gether with the stripline and the magnetostrictive microstructures are fabricated on top of the
PMN-PT substrate with an additional electrical contact at the bottom to generate uniaxial in-

plane strain upon application of an OOP electric field across the substrate. Adapted from [183].

fabricated from a 50 nm thick magnetostrictive Ni film. In Fig. 3.2, we demonstrate the sample
environment designed to study the impact of electric field-induced strain on the properties of
a magnetic vortex state. A scanning electron microscopy (SEM) image, showing the resulting Ni
microstructures on top of the current line, is presented in Fig. 3.2 (b). The details of the sample

fabrication process are given in Appendix A.

The piezoelectric substrate was attached to a UHV-compatible PCB holder by a single drop
of a silver conductive paste on the bottom of the substrate to ensure good electrical contact
and also prevent possible clamping and damage of the substrate during its expansion. This
arrangement allowed us to use the full strain generated by the application of the electric field.
The electric field generated by a floating voltage generator inside the high voltage environment
of the PEEM control unit (see Section 2.3.2) was applied between the top and the bottom elec-
trodes of the PMN-PT substrate, as schematically shown in Fig. 3.2 (a).

After the fabrication of the Ni microstructures and before the measurements, the PMN-PT
substrate was poled by applying a positive electric field of 500 kV m~!, which promoted the
linear regime of the strain response (see Section 2.1.1). Later on, we used the electric field in
the rage from —100 to 600 kV m™!, which enabled full and reliable control of the generated
strain by varying the applied field in this range [114]. Furthermore, as the total thickness of
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the layers between the PMN-PT and the magnetic nanostructures was limited to 55 nm, the
complete transfer of the generated strain was expected [101]. The stripline was aligned with
respect to the crystallographic [011] and [100] directions of the PMN-PT crystal, defining the
directions of the tensile and compressive strain, as indicated in Fig. 3.2 (b).

The electrical contact between the stripline and the PCB was made by a wire bonder and
other details of the sample mounting on the cartridge were similar to those, described in Sec-
tion 2.3.2. One end of the stripline was electrically connected to the STV by silver paste together
with the ground plates of the CPW. As a result, the DC resistance of 134 O was measured be-
tween the stripline and the STV at zero electric field applied to the PMN-PT substrate.?

3.3 XMCD-PEEM IMAGING OF STATIC DOMAIN STRUCTURE IN

NI DISCS AS A FUNCTION OF STRAIN

First, we carried out static imaging of the Ni microstructures as modified by the electric field-
induced strain to ensure that our rather complex system had the expected robust properties in
the static regime. The magnetic configuration of the discs was investigated by means of XMCD-
PEEM using circularly polarized light at the energy of 852.5 eV, corresponding to the Ni L3 ab-
sorption edge. The imaging was carried out at room temperature at the CIRCE beamline (ALBA,
Barcelona) equipped with an Elmitec PEEM setup [185].

Prior to XMCD-PEEM imaging, we ex sifu de-magnetized the system by applying an alter-
nating magnetic field with an exponentially decreasing amplitude using an electromagnet. As
can be seen in Fig. 3.3, for a wide range of lateral dimensions of the Ni microstructures (0.8 —1.4
pm), a vortex state was initially formed with the in-plane magnetization curling around the
VC. Here, we can observe that the domain configuration has a nearly equivalent contribution
from black/white and gray domains, i.e. the domains with orthogonal to each other magneti-
zation directions. Such symmetric distribution of the vortex magnetization corresponds to an
unstrained, shape anisotropy dominated state [71, 156].

The application of an electric field leads to a change of the magnetic domain distribution, as
can be seen by comparing Fig. 3.4 (a-d). More specifically, while the domain structure ofa 1 um

1

vortex measured at 250 kV m™" is symmetric, the black and white domains contribute more to

the domain structure of the same disc at 500 kV m™!, as shown in Fig. 3.4 (d). On the contrary,

3Indeed, having an impedance matched CPW is important for rf-measurements, however achieving this on a
piezoelectric substrate is difficult because of the non-linear dielectric response [184]. On top of it, as the sample is
put inside the PEEM, the signal is also attenuated by the cable and the UHV feedthrough, and the spring contacts
of the sample holder, which are non-high-frequency components. These factors cannot be easily controlled.
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Figure 3.3: XMCD-PEEM images of the magnetization configuration of Ni discs of different
sizes measured at 250 kV m~! applied across the PMN-PT substrate. As discussed further in the

text, approximately zero strain is exerted on the Ni discs at 250 kV m™1.

as can be seen in Fig. 3.4 (a) and (b), the domains with the magnetization along the y direction
(gray domains) grow in size at the expense of the black/white domains, for the electric fields
below 250 kV m~!. This indicates that the electric field-induced piezoelectric strain generates a
uniaxial anisotropy in the magnetic material, favoring one magnetic domain direction over the
perpendicular domain.

We also note that the symmetric domain distribution corresponds to an applied electric
field of about 250 kV m™!, shown in Fig. 3.4 (c). This is attributed to the additional uniaxial
anisotropy contribution at zero applied electric field, as observed previously [101]. A possible
explanation stems from the substrate, which, in its virgin state, falls into a piezoelectric mul-
tidomain state [114]. When the substrate is electrically poled, regions with different ferroelec-
tric domains may give rise to regions with a different pre-strain, which can then influence the
magnetization of the Ni microstructures, fabricated on an unpoled substrate [101]. Therefore,
the application of the electric field of 250 kV m~! compensates for the pre-strain and leads to
an unstrained domain distribution in the Ni disc. The compressive strain of a larger magnitude
along the x direction is generated upon increasing the electric field above 250 kV m~!. Con-
sequently, the areas of the black and white domains in Fig. 3.4 (d) each increase by ca. 11%,
see Fig. 3.5 (a). On the other hand, for the electric fields below 250 kV m™!, the compression
(extension) along the x (y) -axis is weaker (stronger) than that at 250 kV m™!, as suggested by
the approximately linear response of the generated strain on the electric field in this field range
(see Fig. 2.3 in Section 2.1.1). Therefore, the effective compressive and tensile strain acting on
the Ni microstructures invert when the electric field crosses 250 kV m™!, as indicated by green

and yellow arrows in Fig. 3.4 (a-d).
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Figure 3.4: (a)-(d) XMCD-PEEM images of the magnetization configuration of a 1-um Ni disc
as a function of different applied electric fields across the piezoelectric substrate. (e)-(h) Mag-
netization configuration of a 1-um Ni disc with different magnitudes of the ME anisotropies
introduced into the micromagnetic simulations. The gray scale indicates the magnetic contrast
and the colored arrows indicate the magnetization direction. Reproduced from Ref. [183] with
the permission of AIP Publishing.

Thus, one can see that the domains with the magnetization along the effective compressive
strain direction grow in size, which is in qualitative agreement with the expected behavior of Ni
with its negative magnetostriction constant (for bulk Ni, A; ~ —32 ppm) [186, 187] and agrees

well with the results reported earlier for microstructured Ni squares [101].

To quantify the induced ME anisotropies we carried out micromagnetic simulations in the
MicroMagnum framework [188] using the following parameters for Ni: exchange constant, A
=8-10"'2Jm™!, saturation magnetization, Mg = 4.8-10° A m~! and the Gilbert damping param-
eter a = 0.01. The numerical discretization used a cell size of 3 nm in the in-plane direction,
which is well below the exchange length l.x = 7.4 nm for the given parameters. In the OOP
direction, the discretization was 50 nm, corresponding to the thickness of the Ni microstruc-
tures. The effect of the electric field-induced strain was introduced into the simulations as an
additional uniaxial anisotropy term, Kyg. For every value of the ME anisotropy, the magnetic

configuration was initialized in the vortex state and relaxed into its equilibrium state. Note that
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Figure 3.5: (a) Fractional areas of black, Agf‘c, or white, Alf)rf‘c, magnetic domains within a disc as

a function of the applied electric field (for experimental values) or effective ME anisotropy (for
micromagnetic simulations). Open and filled black triangles correspond to experimental white
and black domains fractional areas. Red circles correspond to their average. (b) Blue squares
correspond to fractional areas of the black domain extracted from the images simulated for
selected values of ME anisotropy, namely, —4 k] m~3, 0 k] m~3, 3 k) m~3. The data was fitted
using a linear function, shown by a blue line. The red markers correspond to the required ME
anisotropies to obtain the same change in the fractional areas as in the experiment. (c) Elec-
tric fields vs. ME anisotropies resulting in the same relative change of the magnetic domain
distribution. Reproduced from Ref. [183] with the permission of AIP Publishing.

due to the polycrystalline nature of the Ni film, no other anisotropy contribution besides the

one arising from the applied strain was included into the micromagnetic simulations.

To quantitatively compare the experimental XMCD-PEEM images with the micromagnetic
simulations and, thus, understand what ME anisotropy was induced in the system for a given
electric field, we estimated fractional areas occupied by a domain of one type and plotted them
as a function of the applied electric field for experimental images and the ME anisotropy for
simulated images. First, a region of interest (ROI) containing the vortex core at the center was
defined. To estimate the areas of the black, Ay, or white, A,,;,, domains we calculated the area
taken up by the pixels with a value below or above a certain threshold, respectively. Note that the
threshold pixel value was kept the same for all the images acquired at various applied electric
fields. The fractional areas, Alf)rlaC = Ap/ Ator and A‘f:,i‘lc = Awn/ Atot, presented in Fig. 3.5 (a), were
then determined as a ratio of the estimated areas of black and white domains to the total area
of the ROI, A¢ot.

These results for the white and black magnetic domains are presented by the black open

up-triangular and filled down-triangular markers in Fig. 3.5 (a), respectively. We also show the
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averaged values between the black and the white domains’ fractional areas, indicated by red
circular markers in the same graph. This can be done, assuming a symmetric vortex state, i.e.
that the black and the white domains in this representation occupy equal areas. Doing so gives
us an estimate for the error of the values of the fractional area for the XMCD-PEEM images,
which we show in Fig. 3.5 (a). We also observe that A‘f/f,i‘lc and Alf)rf‘c change linearly with the
electric field, which is provided by the linear response of the generated strain to the applied
electric field.

We followed the same procedure to estimate the fractional areas of the black domains in
the images obtained by micromagnetic simulations for selected values of the ME anisotropy,
—4 kI m™3, 0k] m~3, 3 k] m~3. The results are presented in Fig. 3.5 (b) by blue square mark-
ers. Note that positive Kyg corresponds to the easy axis along the x direction, i.e. favoring the
black/white domains over the gray ones. Negative Kyg induces an easy axis along the y direc-
tion, thus favoring the magnetization alignment in the y direction. We then analogously fit the
data with a linear function to obtain the dependence of the domain fractional area on the in-
duced ME anisotropy. This enables us to determine which values of ME anisotropy lead to the
relative changes in the domain structure observed in the experiment. For example, when the
applied electric field is changed from 250 kV m~! to 500 kV m~!, the black/white domain frac-
tional area is increased by ca. 11 %. From the fit in Fig. 3.5 (b), we find that in order to obtain
the 11 % black/white domain growth, a ME anisotropy of 3.8 k] m™2 is required. Similarly, we
obtain that the ME anisotropies of —3.5 k] m™3 and —5.2 k] m~3 for 10 % and 15 % decrease in
the fractional area of the black/white domain, respectively. The resulting required values of the
ME anisotropy are shown in Fig. 3.5 (b) and one to one conversion of the applied electric field

to the induced ME anisotropy is shown in Fig. 3.5 (c).

3.4 TIME-RESOLVED XMCD-PEEM IMAGING OF VORTEX CORE

GYRATION DYNAMICS IN STRAINED DISCS

To excite the gyrotropic motion of the VC, a continuous sinusoidal signal was applied to the
stripline, which was synchronized with the x-ray bunches illuminating the sample, the latter
having 499.654 MHz (in the text referred to as 500 MHz) repetition rate. For each phase delay
between the rf-excitation and the x-ray bunches, PEEM images were acquired in a stroboscopic
mode, as described in Section 2.3.2.

The amplitude of the AC voltage arriving at the stripline was estimated based on the analysis
of the STV maximum shift for different phases of the rf-signal [189]. Figure 3.6 (a) shows the

analyzed STV scans each exhibiting a characteristic inelastic secondary electrons peak. As any
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Figure 3.6: (a) STV scans taken at the stripline at various phases of the rf-signal. (b) Shift of the
maxima of the STV spectra in (a) as a function of the phase. Red line shows the sin fit to the
data.

local surface potential leads to the change of the kinetic energy of the photoelectrons, which
is scanned with the STV, the observed variation of the STV can be directly correlated with the
voltage at the stripline [189]. From the fit of the STV dependence on the relative phase shown
in Fig. 3.6 (b), we estimate the AC voltage of 420 mV to arrive at the stripline. Therefore, it can
be expected that despite the impedance mismatch to the stripline, a sizeable rf-signal was able
to reach the sample. On the basis of Ampere’s law, we can estimate the resulting Oersted field

of 12 mT at the center of the Ni discs, i.e. 50 nm from the center of the stripline.

To determine the resolution of the images, we show in Fig. 3.7 (a) an XMCD-PEEM image
acquired using a FOV of 10 um, i.e. with similar conditions to the images in Fig. 3.4 and consider
an intensity line profile taken along the red line. The Gaussian fit of this intensity change, shown
in Fig. 3.7 (b), yields 5.5 + 0.6 pixels for the half-width at half-maximum (HWHM), resulting in

ca. 60 nm of spatial resolution of the images in XMCD mode.

In order to reconstruct the VC gyration orbit and study the effect of the electric field-induced
strain, we determined the VC position for every XMCD-PEEM image acquired at various phases
of the excitation and various poling voltages. To extract the xy position of the VC during its
gyration motion, we used the following algorithm. First, a ROI of a central part of the disc, in-
cluding the VC, was selected, as shown in Fig. 3.8 (a). Then, a one-pixel wide line profile along
the y direction was analyzed as a function of its x coordinate. The examples of the XMCD sig-
nal variation along the line profiles corresponding to three different x positions are plotted in

Fig. 3.8 (c). When the contrast showed maximum variation along the line profile, the corre-
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Figure 3.7: (a) XMCD-PEEM image of the Ni microstructures on top of a stripline in a FOV of
10 pum. The red line indicates the region where a line profile was taken. (b) Line profile of the
XMCD intensity as fitted by a Gaussian function. Reproduced from Ref. [183] with the permis-
sion of AIP Publishing.
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Figure 3.8: (a) XMCD-PEEM image of the vortex state in the disc. (b) Zoomed-in XMCD-PEEM
image of the VC area, marked by the green square in (a). The black, red and blue vertical and
horizontal lines indicate where the line profiles shown in (c) and (d) were taken. (c) Vertical and
(d) horizontal one-pixel wide line profiles taken along the corresponding lines indicated in (b).
Reproduced from Ref. [183] with the permission of AIP Publishing.

sponding x position was assigned to the x coordinate of the VC.

Analogously, a one-pixel wide line profile along the x direction was taken and analyzed as a
function of its y coordinate. The examples of these profiles corresponding to three different y
coordinates are shown in Fig. 3.8 (d). The y position yielding a minimal variation of the XMCD

signal within the line profile was taken as the y coordinate of the VC.
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Figure 3.9: Experimentally determined distribution of xy positions of the VC during its gyra-
tion measured as a function of an electric field applied to the piezoelectric substrate. The xy
positions were extracted from the time-resolved XMCD-PEEM images using the algorithm de-
scribed in the text. The insets show the domain configurations at each amplitude of the electric
field as shown in Fig. 3.4. Adapted from Ref. [183].

The results of the VC dynamics excited by an alternating magnetic field are summarized
in Fig. 3.9. Here, the phase-dependent xy positions of the VC, as extracted using the algo-
rithm described above, are plotted for selected amplitudes of the electric field applied across
the PMN-PT substrate. The orbit shown in red dots in Fig. 3.9 (c), measured at 250 kV m™, is
nearly circular, which corresponds to an unstrained vortex state as discussed earlier and agrees
with the predicted behavior [159, 170, 171, 172, 190].

When the strain-induced uniaxial anisotropy sets in, the orbit deviates from the circular
shape. At 500 kV m~! applied to the substrate, which results in the ME anisotropy easy axis
along the x direction, the VC displacement along the x direction reaches ~ 90 nm, while in the
y-axis direction it moves within ~ 40 nm [Fig. 3.9 (d)]. For negative and zero applied electric
fields, shown in Fig. 3.9 (a) and (b), respectively, the VC movement becomes more confined in
the x direction, i.e. the gyration amplitude along x does not exceed a few tens nm, which is
below the resolution limit. Furthermore, as seen in Fig. 3.9 (a), the orbit measured at —100 kV
m™! is strongly elongated in the y-axis direction, with the spread of more than 100 nm.

Thus, we show experimentally that the application of an electric field, and as a consequence
piezoelectric strain, strongly deforms the VC gyration orbit. The ME anisotropy confines the VC
so that it moves along the easy axis set by the induced anisotropy. This observation agrees with
the behavior previously obtained numerically [170], which explains the increase in ellipticity of
the VC gyration orbit by the softening of the restoring force due to the uniaxial anisotropy.

However, as mentioned earlier, this softening has another consequence on the VC gyration
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dynamics. Specifically, the additional uniaxial anisotropy leads to a decrease of the VC eigenfre-
quency for the distorted vortex state compared to the undistorted state [170, 180]. In general,
both these effects need to be taken into account to understand the observed modification of

the VC gyration orbit under the application of an electric field-induced strain.

3.5 MICROMAGNETIC SIMULATIONS OF THE VORTEX CORE
GYRATION DYNAMICS UNDER MAGNETOELASTIC ANISOTROPY

In order to understand our experimental observations, we address the effect of strain-induced
ME anisotropy on the VC gyration orbit by means of micromagnetic simulations. The simula-
tions were carried out on a 20 nm thick disc of 200 nm in radius, which was relaxed into a vortex
state. Note that in order to be able to carry out simulations in realistic computational times
with sufficient accuracy, we considered a disc of smaller dimensions but the same aspect ratio.
To excite the vortex core gyration in simulations, we imposed an in-plane oscillating magnetic
field with an amplitude of 3 mT along the x direction. The VC position was extracted from the
simulations by finding the xy coordinates where the absolute value of the OOP component of
the magnetization was maximum.

Note that the magnitudes of the ME anisotropy used for dynamics simulations are different
because of the different dimensions of the structure which result in a larger shape anisotropy
for smaller discs. The ME anisotropy magnitudes were chosen to give rise to similar changes of
the static magnetic configuration, analogous to the ones presented in Fig. 3.4.

It is worth mentioning that we assume the material to be homogeneous in the z direction,
as the thickness of the sample was much smaller than the radius of the microstructure. More-
over, the frequency regime that we worked in suggested that only a uniform gyration mode was
excited [54, 191]. The higher excitation modes were not expected to occur for such geometries
and frequencies, which made the discretization in the z direction irrelevant for our purposes.
We also note that we did not consider vortex core switching. Therefore, for the purposes of this
thesis, it was sufficient to consider one cell in the z direction.

The micromagnetic simulations not only allowed us to vary the induced ME anisotropy in
the system to mimic the effect of strain, but also to change the excitation frequency, which
was not possible in the present experiments. In particular, we are interested in the excitation
frequencies well above and below the gyration eigenfrequency of the undistorted vortex state.

First, we set the frequency of the excitation fex = 256 MHz in the simulations to match the
gyration eigenfrequency for the undistorted vortex state of the given geometry. The resulting VC

gyration orbits for selected magnitudes of the ME anisotropy are shown in Fig. 3.10 (b). One can
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Figure 3.10: Micromagnetically simulated VC gyration orbits in a 20 nm thick Ni disc of 200
nm in radius excited with a sinusoidal magnetic field in the x direction at (a) 200 MHz, (b) 256
MHz and (c) 300 MHz with an amplitude of 3 mT for selected values of Ky;z. Reproduced from
Ref. [183] with the permission of AIP Publishing. (d) Difference of the major and minor axes
of the elliptical VC gyration orbits as a function of Ky for three excitation frequencies. Insets
show the domain configurations of the vortex state corresponding to Kyg = —10.3 kJ m ™3 and

Ky = 6.8 kJ m~3 with indicated direction of the ME easy axis.

see that without the contribution of the ME anisotropy, red circular markers in Fig. 3.10 (b), the
VC gyration orbit has a circular shape, as the excitation occurs at resonance. For the non-zero
ME anisotropies, the orbit’s shape is deformed. Modifications of the VC gyration orbits with
the ME anisotropy are observed also for the off-resonant excitation, i.e. at fex = 200 MHz and
fex =300 MHz as demonstrated in Fig. 3.10 (a) and (c), respectively. Quantitatively, the trends
of the induced modifications are summarized in Fig. 3.10 (d). Here we plot the difference of the
major and minor axes of the ellipses fitted into the VC gyration orbits, a— b, as a function of the
ME anisotropy, where a (b) is the axis along the x (y) -axis directions, as indicated in Fig. 3.10
(b).

3.6 DISCUSSION

Before we go into the discussion of the observed behavior we emphasize once more that the
effect of the ME anisotropy on the VC gyration dynamics is two-fold: (i) the elongation of the
orbit in the direction of the induced uniaxial anisotropy and (ii) the eigenfrequency reduction
due to the ME anisotropy. We schematically illustrate these two effects separately in Fig. 3.11.
As described analytically [171] and demonstrated numerically [192], the gyration orbit is



3.6. DISCUSSION 83

elongated perpendicular to the excitation field direction when fix < fp, i.e. if the excitation
frequency is smaller than the eigenfrequency of the system. On the contrary, if the excitation
frequency is larger than the eigenfrequency (fex > fo), the orbit is elongated in the direction of
the oscillating magnetic field, as shown in Fig. 3.11 (a).

In Fig. 3.11 (b), we depict the effect of the ME anisotropy itself, by schematically indicating
one ring down* of the VC spiral motion back to the center after the excitation with a magnetic
field pulse, in analogy to Ref. [170]. Due to the softening of the restoring force mainly along the
anisotropy direction, the movement of the VC along this direction becomes more favorable and
the orbit more extended.

Since these two effects always act in combination in the case of a continuous excitation with
an AC magnetic field, they can add up or compensate each other depending on the frequency
range, as we discuss below.

Indeed, by comparing the orbits represented by red circular markers in Figs. 3.10 (a-c), we
can clearly see the sole effect of the off-resonant excitation. For the excitation frequency larger
(smaller) than the gyration eigenfrequency of the undistorted vortex, the VC gyration orbit is
elongated along (perpendicular) to the oscillating field direction, i.e. the x-axis.

The deformations due to the ME anisotropy can be observed clearer in Fig. 3.10 (d). The
circular gyration orbit at Ky = 0 k] m™ and f.x = 256 MHz with a = b due to the resonant
excitation becomes deformed along the x direction, so that a > b for both Kyig = —10.3 kJ m™3
and Ky = 6.8 k] m™3, see black markers in Fig. 3.10 (d). This is a result of the ME anisotropy-
induced reduction of f;, which reduces to 230 MHz and 208 MHz at Ky = 6.8 k] m™3 and
Kme = —10.3k] m~3, respectively. As follows from the model depicted in Fig. 3.11, the anisotropy
of Kye = 6.8 kJ m™ leads to the elongation of the VC gyration orbit in the x direction both due
to the induced easy axis along x and the decreased f; for the deformed vortex state. On the
contrary, at Ky = —10.3 k] m~3 these two contributions counteract, because the ME anisotropy
sets the easy axis in the y direction, while the frequency mismatch favors gyration along the x-
axis. As a result of this interplay, the elongation of the VC gyration orbit is more pronounced in
the x direction for Kyg = 6.8 k] m™> as compared to Ky = —10.3 kJ m™3.

Analogous trends can be observed in Fig. 3.10 (d) for the off-resonant excitation with fex =
300 MHz and fex = 200 MHz. In the former case, the gyration orbit at Kyig = 0 kJ m~3isno longer
circular, but elongated in the x direction (a > b) because fex > fo. The induced ME anisotropy
along both the x and y directions leads to a reduction of the vortex eigenfrequency and, as a
result, the deformation along the x-axis occurs. In addition, Ky = 6.8 kJ] m™3 favors the VC

gyration along the x-axis, thus, resulting in further elongation of the orbit in the x direction.

4The orbits are depicted as open circles to account for the damping after the excitation is removed.
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Figure 3.11: Schematic illustration of the VC orbits (a) during gyration when the frequency of
the excitation, fex, does not match the eigenfrequency, fy, in the absence of the ME anisotropy
and (b) during the ring down of the VC spiral motion back to the center after a magnetic field

pulse when the ME anisotropy is imposed.

On the contrary, Ky = —10.3 kJ m ™3 induces the easy axis along y and counteracts the elonga-
tion in the x direction. Therefore, for the excitation frequency above the eigenfrequency of the
undistorted vortex, the difference a — b is larger at Kyg = 6.8 kJ m~3 than that at Kyg = —10.3 kJ
m~3. Hence, it indicates that the VC gyration is more favorable and, thus, extended along the x
direction.

Similar arguments can be applied to the case when the excitation frequency is below the
eigenfrequency of the vortex state, i.e. fex =200 MHz shown in Fig. 3.10 (d) by the red line. Un-
like the previous scenario, all orbits tend to elongate along the y direction, i.e. perpendicularly
to the magnetic field, see Fig. 3.10 (a). In addition, the uniaxial ME anisotropy along y makes
the y-axis even more favorable for the orbit shown by green markers, while for Ky = 6.8 kf m~3,

the ME anisotropy counteracts the frequency mismatch and leads to elongation in the x direc-
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tion. This results in the green gyration orbit at Ky = —10.3 k] m ™3 being more elongated in the
y direction than the black orbit at Kyig = 6.8 kJ m~3 and the red orbit at Ky = 0 k] m™3. Tt is
also reflected in the decreasing difference a — b while the ME anisotropy switches from the easy
y-axis to x-axis in Fig. 3.10 (d).

Thus, by looking at the dependencies in Fig. 3.10 (d) we see that addition of the ME anisotropy
to the system shifts the resonance such that a circular gyration orbit is achieved at different
conditions, i.e. at non-zero ME anisotropies. This demonstrates that one can also tune the
magnitude of the ME anisotropy to fully compensate the two contributions leading to the orbit

deformations and make the gyration orbit circular even for the off-resonant excitation.

Even though the simulations of the dynamics were performed on a structure with different
dimensions than the experimental one, the revealed mechanisms can qualitatively explain the
experimental observations. Specifically, the experiments show that the VC gyration orbit be-
comes elongated in the x (y) direction when 500 kV m~! (=100 kV m™1) is applied across the
PMN-PT substrate, as depicted in Fig. 3.9, i.e. the gyration becomes more favorable in the di-
rection of the easy axis induced by the piezoelectric strain. While being also governed by the
competition between the frequency mismatch due to the ME anisotropy and the anisotropy-
induced deformation of the domain structure, the experimentally observed modifications of
the gyration orbit associated with the electrically tunable strain allow us to identify that the ef-
fect of the modified domain configuration is dominant for the particular microstructures stud-

ied in the experiment.

It is worth noting that the micromagnetic simulations reveal no significant change in the
VC profile for the considered range of the ME anisotropy, which is in line with the previously
reported behavior of the VC under applied stress [170]. Thus, we attribute the observed effect
of strain on the VC gyration dynamics primarily to the modifications of the in-plane magneti-

zation distribution within the vortex due to the ME anisotropy.

To conclude, in this Chapter, we present the study of the dynamics of magnetic vortices
hosted in magnetostrictive microstructures on top of a piezoelectric substrate. We demonstrate
the modification of the VC steady-state motion due to an electric field-induced strain. We find
that the ME anisotropy generated by piezoelectric strain not only modifies the static magnetic
configuration of the microstructures but also influences the VC gyration orbit, which we de-
termine by time-resolved imaging of the magnetic configuration of the vortices. Our findings
demonstrate that the electrically induced and controlled ME anisotropy allows one to tune the
VC gyration orbit in addition to tuning the gyrotropic frequency of the microstructures. We dis-
cuss the two underlying mechanisms responsible for the observed modifications of the gyration

orbit, namely, the change in the resonance frequency and the change in the potential landscape
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due to the additional uniaxial anisotropy. The magnetization dynamics behavior observed in
the experiment is in good qualitative agreement with the micromagnetic simulations, where we
model the effect of the piezoelectric strain by an additional uniaxial anisotropy term.

Our results show that electrically induced strain can be used to tailor the magnetodynamical
response of magnetic vortices. Of particular importance is that the VC gyration orbit deforma-
tions are accompanied by a modification of the gyration eigenfrequency, which allows for the
local tuning of the gyration resonance. This is particularly useful as it allows one to selectively
switch the VC polarity of the vortex by a global excitation field for which the gyration eigenfre-
quency is tuned by electric field-induced strain. Our findings demonstrate an energy-efficient
tool to fully electrically control vortex dynamics, which could be a key asset for future vortex
applications in microwave devices.

The results presented in this Chapter were published in Applied Physics Letters [183].



CHAPTER

ELECTRIC FIELD CONTROL OF SPIN-ORBIT
TORQUES (SOT)S IN PERPENDICULARLY
MAGNETIZED W/COFEB/MGO THIN FILMS

4.1 INTRODUCTION

As discussed in Section 1.4.2, the SOT-induced magnetization switching, generated by the flow
of an electric current in the plane of a HM/FM bilayer, offers a promising alternative to the
conventional STT mechanism [15, 16, 27, 28, 93, 95]. From the discussion of the origin of the
SOTs it follows that their magnitude and the sign can be adjusted by optimizing the parameters
of the system such as the thickness and the composition of the layers. In this case, though, the
SOTs remain fixed once the multilayer is fabricated. However, for complex switching concepts,
i.e. to selectively switch parts of the FM using single pulse lines, which may lead to drastically
simplified device architectures, it is necessary to locally and dynamically tune the SOTs in a

system.

In this regard, mechanical strain has attracted particular attention because of its potential
for local actuation [193] and the possibility of energy-efficient strain generation (see Chapter 1).
The strain effect on the spin torque-induced magnetization switching was intensively assessed
theoretically and computationally [194, 195, 196]. For example, recent calculations demon-
strated that the critical current density required for 180° magnetization switching of a FM layer

due to STT is drastically decreased because of the substrate misfit strain [194].
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The only previous experimental study addressing the impact of strain on the SOT switch-
ing focused on a system with an in-plane (IP) magnetized FM layer [196], thus the effect of
strain was found to be primarily on the magnetic anisotropy. The SOT measured for this system
by spin-torque ferromagnetic resonance (ST-FMR) showed that the strain-induced magnetic
anisotropy rotates the magnetic easy axis and acts as to eliminate the incubation delay in the
current-induced switching, thus, reducing the switching time. However, the DL SOT response
to the induced strain was negligible and the observed changes in the ST-FMR signal were mainly
attributed to the strain-induced changes in the magnetic anisotropy.

Moreover, in the light of potential applications, it is more desirable to optimize the parame-
ters of the SOT switching of FM elements with PMA. These systems are the materials of choice
because of their intrinsically higher thermal stability, packing density and better scalability
compared to their IP counterparts [66, 197]. Furthermore, in the DL SOT-induced switching
geometry of the OOP magnetization, it is possible to realize deterministic switching if the in-
duced uniaxial strain is misaligned with respect to the net spin polarization, as demonstrated
in the recent computational study [195].}

In this Chapter, we discuss the impact of electrically controlled strain directly on the SOTs in
PMA W/Co»oFegyB2o/MgO film grown on a piezoelectric substrate. First, we assess the change
of the magnitude of the SOTs as modified by tensile or compressive strain experimentally. We
then go further into the discussion of the nature of the observed strain responses of the SOTs.
With the help of theoretical band structure calculations from collaborating colleagues, we re-

veal the microscopic origin of the observed behavior.

4.2 SAMPLE CONFIGURATION

Experimentally the DL and the FL effective SOT fields were measured by 2w spin-torque mag-
netometry (see Section 2.4 for details) on W(5 nm)/Coy¢FegyB2¢(0.6 nm)/MgO(2 nm)/Ta(3 nm)

1We note that generally, the magnetization switching in FM/HM multilayers by DL SOTs is not deterministic.
Conventionally, an external IP magnetic field is required to switch an OOP magnetization into a fixed direction [58,
86, 198], that otherwise switches randomly to up or down direction [199]. As an example, in the Pt/Co/AlOx stack,
considered in Ref. [15], a positive current pulse induces an effective field Bpy,, which acting together with an IP
field B, can switch the magnetization direction from “up” to “down” if initially Bpy || B [15]. It was also shown that
the rotation sense changes upon the reversal of the current polarity, such that bipolar switching is achieved by
either current or IP field reversal. As the transferred angular momentum is generally transverse to both the current
direction and the normal to the plane, it cannot ensure reversible magnetization switching between the “up” and
“down” directions. Hence, only the DL torque acting in combination with e.g. an additional IP field By, that breaks
the symmetry ensures, the deterministic switching of the OOP magnetization [15, 86].
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Figure 4.1: Schematic of the Hall bar device of W/CozFegyB2o/MgO/Ta fabricated on top of
a bare PMN-PT(011) substrate and the electrical contacts used for the application of the OOP
electric field to generate strain as well as the electrical contacts to the Hall bar. (a) The tensile
and (b) the compressive strain configuration. (c) Optical microscope image of the Hall-cross

structure used for the spin torque measurements. Adapted from Ref. [200].

Hall-cross devices fabricated on top of a PMN-PT (011) substrate. The PMN-PT substrate was
employed to electrically generate mechanical strain as discussed in Section 2.1.1 and the Hall-
cross devices were fabricated following the procedure described in details in Appendix A. The
schematic of the sample configuration is depicted in Fig. 4.1 (a,b) and an optical microscope
image of the structure used in the experiment is shown in Fig. 4.1 (c). For convenience, we
employed the convention that the current flow was always along the x-axis. Thus, in the con-
figuration shown in Fig. 4.1 (a) the current flow, i.e. the x-axis, was along the [011] direction of
the PMN-PT substrate and in the text, it is referred to as tensile strain configuration. For the
compressive strain geometry, we used the same Hall-cross device, but the electrical contacts
for the current and voltage lines were swept. Thus, the current flow (x-axis) in the compressive

strain geometry was along the [100] direction, as shown in Fig. 4.1 (b).

We also note that prior to any measurements, the PMN-PT substrate was electrically poled
by applying +400 kV m™!, which allowed us to operate in the linear regime of the strain vs.

electric field response (see Section 2.1.1 for more details on the PMN-PT poling).

First, we characterized the magnetic state of the Hall-cross device by measuring the AHE
as a function of the OOP magnetic field at 0 kV m™~!. The resulting hysteresis loop is shown in
Fig. 4.2 (a) and demonstrates an easy-axis switching which is typical for W-based thin CoFeB
stacks [201, 202]. The corresponding AHE resistance is observed to be ~ 0.38 2, obtained by the
measured AHE voltage divided by applied current.

Next, in order to estimate the PHE, we measured the transverse resistance as a function of

azimuthal angle, ¢, by rotating the sample under an IP field of 0.95 T, which was large enough to
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Figure 4.2: (a) Anomalous Hall resistance, Rayg, as a function of an OOP magnetic field (uo H;).
(b) Planar Hall resistance, Rpyg, measured using a rotating IP magnetic field of 0.95 T. The mea-

surements were carried out using an applied current of 0.1 mA.

saturate the magnetization in the film plane. In this measurement configuration, there was no
AHE contribution to the measured resistance, thus, we probed only the PHE contribution. This
was supported by good agreement of the measured azimuthal dependence with the fit by sin2¢
function, shown in Fig. 4.2 (b). Furthermore, we used the PHE angular dependence to align the
Hall-cross within the 3D vector magnet. A slight misalignment of the Hall-cross with respect
to the coordinate system of the magnet [Ag in Fig. 4.2(b)] was compensated by assigning the
angles at which the PHE signal was zero to be the x/y directions of the IP vector magnetic field.
This ensured that the transverse (uoH,) and longitudinal (uo H,) magnetic fields, employed in
the 2w measurements below, were aligned with the arms of the Hall-cross device.

It is also important to note that the system studied here exhibits a large PHE, while in other
systems it can be negligibly small compared to the AHE contribution [203]. The large contribu-
tion of the PHE in W-based systems is attributed to the large SOC in tungsten [204, 203]. Since
the PHE shares the same origin with the AMR [82], it is expected to depend on the SOC in the
system, similarly to the AMR. Therefore, in HM/FM multilayers, where the HM, such as tung-
sten in this case, is a source of the SOC, the PHE can be large and even greater than the AHE, as

seen in Fig. 4.2.

4.3 CHARACTERIZATION OF STRAIN

In order to estimate the strain generated upon application of the electric field across the PMN-PT
substrate we analyzed the Hall bar resistance change as a function of the DC poling voltage,

shown in Fig. 4.4 (a). As illustrated in Fig. 4.3, the Hall-cross arm oriented along the tensile
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Figure 4.3: Schematic showing the expansion and contraction due to the uniaxial piezoelectric
strain when DC voltage, Voop, is applied in the z direction. The resistance of the wire is esti-
mated by measuring the voltage across 50 Q resistance knowing the input voltage. Upon poling
of the piezoelectric substrate the unstrained wire in (a) is deformed due the piezoelectric strain

in (b) and the strain can be estimated by the resistance change.

([011]) strain direction, becomes longer and narrower due to the uniaxial strain, which is re-
flected in the change of its resistance. Vice versa, the Hall-cross arm along the compressive
([100]) strain direction becomes wider and shorter, leading to an increase of the resistance.

It is known, that the resistance of a wire of resistivity p, length I and cross-sectional area A,
givenby R = %, changes proportionally to the change in the length of the wire upon application
of strain. In addition, other geometrical and physical effects arise when the bar is strained: the
change in the cross-sectional area by an amount determined by Poisson’s ratio v and the change
in resistivity as the structure of the material is distorted.

Formally the resulting change in resistance can be expressed as follows

6R 61 6p 6A

+———. 4.1
R I p A @1

This can be written in terms of the longitudinal strain €, = % [205]

R A
5 _(1_6 )+5_p

— = —_— , (4.2)
Re, A€y PEx

where the first term on the right is a factor describing the geometrical deformation, Cgeom, and
the second term on the the right is the strain coefficient of the specific resistivity, C,, and can
be found in the literature [206].
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Figure 4.4: (a) The resistance measured for the Hall bar arms along the [011] (red) and [100]
(black) directions. (b) The strain as calculated from the resistance change plotted as a function
of the applied electric field across the 0.5 mm thick PMN-PT substrate.

Thus, the strain in a Hall bar coupled to the PMN-PT substrate can be found from the resis-

tance change using
_6R 1

€x - .
R Cgeom + Cp
To calculate the geometrical factor Cgeom for uniaxial strain we follow the arguments from
Ref. [207]:

(4.3)

5_A:g+5_d):€z+€ =—€,x(V;+Vvy) (4.4)

A t (D y X Z y/ .
C :1—5—A:1+v +v,. (4.5)
geom Ae z ¥

Assuming the Poisson’s ratio of the film v, = 0.32(7) and the strain coefficient of specific
resistivity C, = 0.935 as the average of the film’s constituents® and vy = v, = 0.32 for the sub-
strate [208], the final relation takes the form

OR
€=¢€yx :0'363f' (4.6)

The resistance change was calculated from the measured voltage drop across the 50 Q re-
sistance in series with the Hall bar knowing the input voltage. Fig. 4.4 (a) shows the resistance
jump measured for the Hall bar along the tensile (red) and compressive (black) strain directions
due the electric field of 400 kV m™! applied to the PMN-PT substrate. The generated strain es-
timated using Eq. 4.6 is plotted in Fig. 4.4 (b) as a function of the applied electric field. The

2 As taken from Ref. [206] Ve = 0.28, Vo = 0.33, vy = 0.32, v, = 0.34, Cpco = 0.84, Cpw = 1.16, Cpry = 1.30,
Cpre = 0.44, Cyw. Here the data for MgO and B were omitted as they are unavailable due to the insulating nature
of these materials.
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electric field was converted from the applied DC voltage across the 0.5 mm thick PMN-PT sub-
strate. We can see that for the electric field of 400 kV m~! the generated compressive (tensile)
strain within the linear regime is ca. —7- 107* (3-107%), which is close to the values reported in
the literature for commercially available PMN-PT (011) substrates [109, 114].

4.4 MEASUREMENTS OF THE SOTSs IN W/COFEB/MGQO THIN
FILMS

Prior to measuring the electric field-induced strain dependence of the SOTs in our system, we
characterized the impact of strain on the OOP magnetic hysteresis. Figure 4.5 shows the anoma-
lous Hall voltage sweep with the OOP magnetic field (uo H;) measured at 0 kV m~! (red line) for
W/CoyoFegoB2o/MgO/Ta. The OOP magnetization loop, measured at 400 kV m~! (black line)
in the tensile strain configuration [Fig. 4.1 (a)], is overlaid on top of it and shows no sizeable
change due to the generated strain. Hence, we see that the system has always a dominating
PMA within the strain regime used in the experiment.

This is in agreement with the measurements of the strain response of the PMA constant
for a nominally similar system shown in Fig. 4.5 (b). We followed the technique of measuring
the PMA field, Hg, based on the AHE measurements with rotating external magnetic field in
a small angle around the easy axis (see Ref. [209] for more details). The anisotropy field was
then analyzed employing the Stoner-Wohlfarth theory with small angle deviation to extract Hx
at various magnitudes of the electric field applied to the PMN-PT substrate. The anisotropy
constant K.¢ was calculated as Ko = % As can be seen from the plot of K as a function
of the applied electric field in Fig. 4.5 (b), the PMA is not varied significantly by the induced
strain. Indeed, the typical magnitude of the strain-induced ME anisotropy for CoFeB films is
in the order of 10 k] m~3 [180] and, thus, is negligible compared to the PMA in our system [59].
Moreover, the AHE and PHE also do not show any dependence on the applied strain, as can be
seen in Fig. 4.5 (¢).

To measure the SOT we followed the scheme described in Section 2.4. Figure 4.6 shows the
representative IP field dependencies of the first (V) and the second (V,,) harmonics of the
Hall voltage when an AC current with the current density of j. = 3.8 x 10! A m~2 was applied to
the current line. The DC poling voltage was set to zero, thus, no strain was imposed on the Hall
cross. One can see, that the 1w signals dependence on the longitudinal, Fig. 4.6 (b), and trans-
verse, Fig. 4.6 (d), magnetic fields is parabolic and changes sign upon magnetization reversal.
On the other hand, the linear dependencies of the 2w signals demonstrate distinct behavior.

The longitudinal field sweep of the 2w signal, Fig. 4.6 (a), reverses the sign for + M, while the



CHAPTER 4. ELECTRIC FIELD CONTROL OF SPIN-ORBIT TORQUES (SOT)S IN

94 PERPENDICULARLY MAGNETIZED W/COFEB/MGO THIN FILMS
T 33 FE T |
- (b) NG ]
. 1 231t 0 6 6 -
30+ i
N % %} %} 1 N9l a i
L B 281 @ AHE -
: : I I I I I 27\ 9 PHE | I I L
-30 -20 -10 O 10 20 30 0 100 200 300 400 0 100 200 300 400
MoH, mT Applied electric field, kV m™ Applied electric field, kV m™

Figure 4.5: 1w Hall voltage hysteresis loop measured during the OOP magnetic field sweep at
0kVm™! (red), and 400 kV m~! (black) applied across the PMN-PT substrate using an applied
current of 0.33 mA. Adapted from Ref. [200]. (b) PMA constant K¢ and (c) AHE and PHE as a
function of the electric field applied across the PMN-PT substrate.

sign for the transverse field sweep, Fig. 4.6 (b), remains the same for both magnetization direc-
tions. Overall, the trends of the 1w and the 2w signal dependencies on the external magnetic
field exhibit the expected symmetries [93].

Using Eq. 2.11 we analyzed the transverse (uoAHt) and the longitudinal (¢oAHr) compo-
nents of the SOT effective field for both magnetization directions + M, and plotted them as a
function of the applied current density j. in Fig. 4.6 (e) and (f). The resulting linear dependen-
cies were fitted such that the slopes (oA Hrq,)/ jc) determined the FL, po HEY, and DL, po HE,
SOT effective fields. One can notice, that the resulting slopes corresponding to the opposite
magnetization directions of both the longitudinal [Fig. 4.6 (e)] and the transverse [Fig. 4.6 (f)]
SOT effective fields are slightly different. This can occur due to the misalignment of the Hall-
cross device with respect to the external magnetic fields.

Furthermore, parameter ¢ in Eq. 2.11, which is typically negligible in other systems [154], is
known to be enhanced for W-based multilayers [203], due to the large PHE, as discussed above.
In this system we found ¢ = 1.25, showing no dependence on the electric field induced strain,
as seen in Fig. 4.5 (c).

The resulting linear slopes from the fitting of the dependencies in Fig. 4.6 (e,f) were averaged
to obtain the FL and the DL SOT effective fields for 0 kV m~!. Similarly the effective SOT fields
were extracted for different DC electric fields applied to the PMN-PT substrate.

4.5 SOTS AS AFUNCTION OF STRAIN: EXPERIMENT AND THEORY

The results are summarized in Fig. 4.7. As can be seen in Fig. 4.7 (a), for the current flow along

the tensile strain direction the magnitude of the FL torque does not change significantly. On
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Figure 4.6: (a) V», and (b) V3, signals as a function of the IP magnetic field directed along the
current flow. (c) V», and (d) V3, signals as a function of the IP field directed transverse to the
current flow. The data were measured at the current density of 3.8 x 10! A/m?. Black and
red symbols represent signals for the magnetization pointing along +z and —z, respectively.
(e) The longitudinal (zoAHy) and (f) the transverse (uoA Ht) components of the SOT effective
fields plotted as a function of current density j.. Adapted from Ref. [200].

the contrary, the magnitude of the DL torque increases by a factor of 2 upon increasing the DC
electric field up to 400 kV m™}, Fig. 4.7 (b).

On the other hand, when the current is flowing along the compressive strain direction,
the magnitude of the DL torque decreases with increasing strain, while the FL torque remains
mostly unchanged, as can be seen in Figs. 4.7 (d) and (c), respectively. Note that the magnitudes
of the torques at zero electric field measured in two orthogonal directions are not equal. This
can be attributed to the pre-strain imposed on the Hall-cross at 0 kV m™!, which originates from
the ferrolectric domains of the PMN-PT substrate after the initial poling [101, 183, 114], because

the Hall-cross devices were fabricated on an unpoled substrate [101].

Thus, we find experimentally that the magnitude of the DL torque increases (decreases)
upon application of electrically induced tensile (compressive) strain, while the FL torque re-
mains unchanged for both characters of the strain. We also note that our results for W-based
perpendicularly magnetized CoygFegoB2g stack show an opposite trend than that for Pt-based

IP magnetized CosoFeq9B2o, reported in Ref. [196]. The observed opposite behavior can be at-
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Figure 4.7: (a) Field-like and (b) damping-like SOT effective fields as a function of the electric
field applied across the PMN-PT(011) for the current flowing along the tensile ([011]) strain
direction (see the inset). (c) Field-like and (d) damping-like SOT effective fields as a function of
the electric field applied for the current flowing along the compressive ([100]) strain direction
(see the inset). The solid lines represent the linear fit to the data as a guide to the eye. Adapted
from Ref. [200].

tributed to the difference in the SHAs of Pt and W [210].

In order to understand the microscopic origin of the experimentally observed strain depen-
dence of the FL and DL SOTs, we performed density functional theory (DFT) calculations of the
electronic structure of a model system, namely W(001)/Fe(;Co¢ 3, consisting of a perpendic-
ularly magnetized FeCo monolayer and non-magnetic W underlayers. As depicted in Fig. 4.8
(a,b), the crystal structure was expanded or contracted while keeping the IP area of the unit cell
constant to mimic the effect of uniaxial strain. We defined the strain by the ratio 6 = (a;. —aj)l aj,
with a; and a;. denoting the lattice constant along the j-th IP direction in the relaxed and dis-
torted case, respectively. As expected from the symmetry point of view, as a result of any finite

strain, the original C4, crystal symmetry was reduced to C»,, as shown in Fig. 4.8 (b).

As discussed in Appendix C, within the Kubo formalism [211] the SOT T; = 7;;E; acting on
the magnetization is represented as the linear response to the applied electric field E;, mediated
by the torkance 7;;. In the system with the mirror symmetry and the OOP magnetization the

torkances 7, and 7, characterize the FL SOTs, whereas 7, and 7, correspond to the DL
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Figure 4.8: (a) The schematic of the relaxed crystal structure of the Fey 7Cog 3/W(001) film used
in the calculation. (b) The uniaxial strain 6 modifies the equilibrium crystal structure and re-
duces the symmetry from Cy, to C,,. (c) Dependence of the FL (blue) and DL (red) torkances
on strain along the direction of the electric field, where a constant broadening of the energy
bands by 25meV is used. Adapted from Ref. [200].

torques. In the following, 6 refers to the strain along the orientation of the applied electric field,

which points into the x-direction.

Based on the band structure calculations, we obtained the SOTs response to 6 shown in
Fig. 4.8 (b), which demonstrate similar qualitative trends as found in the experiment. Specifi-
cally, the theory results for the FL and the DL torkances also follow distinct dependencies on the
strain. The theory predicts the DL torkance to increase (decrease) with increasing tensile (com-
pressive) strain, while the FL torkance is hardly affected by strain. This observation highlights
the distinct nature of the FL and the DL torques. Originating from different electronic states,

they generally follow distinct dependencies on structural details.

To elucidate this remarkable behavior, we present in Fig. 4.9 (a) the momentum-space dis-
tribution of the microscopic contributions to the DL SOT for relaxed and strained films. One
can notice that the occupied states around the M-point barely contribute, and the major source
of the DL is provided by the states near the high-symmetry points I', X, and Y. By comparing
these momentum-space maps at § = 0 and 6 > 0 in Fig. 4.9 (a) we see that the tensile strain pro-
motes strong negative contributions around X and Y. As a consequence, it leads to an overall
increase of the magnitude of 7, as reflected in Fig. 4.8 (c).

To further associate our findings with the underlying electronic structure, we analyzed the
orbital polarization of the d-states in the FM layer. Our calculations show that the behavior

of dyy, dy2_,2, and d is independent of the induced strain §. On the other hand, the states
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Figure 4.9: (a) Microscopic contribution of all occupied bands to the DL SOT in relaxed and
strained crystal structure. Gray lines indicate the Fermi surface. (b) The density of d, .-states in
the magnetic layer as compared to the behavior without strain (gray) for majority (red) and mi-
nority (blue) spin channels due to the tensile strain of § = 1%. The red and blue curves, showing
the difference with respect to the unstrained case, are scaled by a factor of 10. (c) Momentum-
space distribution of the d, ;-polarization of all occupied majority states in the magnetic layer
of the relaxed and strained system. Adapted from Ref. [200].

of dy,- and d,,-character transform distinctly with respect to tensile or compressive strain.
As discussed in Chapter 1, the d). and d; orbitals also mediate the hybridization with the
HM substrate, which implies that their dependence on structural details can be reflected in the
modification of the SOTs in the studied thin films.

As an example, Fig. 4.9 (b) shows the strain-induced change of the density of d, . -states in
the magnetic layer as compared to the unstrained structure. While the density of majority-
spin states (red) at the Fermi level is hardly affected by the tensile strain, the minority-spin
states (blue) are redistributed rather strongly. As revealed by the momentum-resolved orbital
polarization in Fig. 4.9 (c), microscopically, this effect stems from pronounced variations of the
dy.-polarization around the X-point due to strain, which correlates with the changes of the DL
torkance observed in Fig. 4.9 (a). Thus, the picture that emerges from our first-principles study
is that the uniaxial strain modifies symmetry and orbital polarization of the electronic states,

which imprints uniquely on the nature of SOTs.
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4.6 DISCUSSION

As mentioned earlier, the CoygFegoB2g film considered in this Chapter has the dominating PMA,
as revealed by the hysteresis loops [Fig. 4.5 (a)] and the PMA constant behavior [Fig. 4.5 (b)] with
strain. Hence, it allows us to probe the direct effect of strain on the SOTs without modifying
the magnetic anisotropy, while the previous works focused on systems where the dominating
effect of the strain was a change of the anisotropy [194, 195, 196]. In comparison to Ref. [196],
where the IP anisotropy and, thus, the energy landscape were altered by strain, in our work,
the CozoFegoByo layer is always magnetized perpendicular to the film plane, keeping the angle
between the easy axis and the current direction and, consequently, the energy landscape for the
SOTs unchanged. As the strain-induced variation of the energy landscape could be the origin
of the SOTs behavior reported in Ref. [196], a fundamentally distinct driving mechanism for the

strain response of the SOTs in our system can be expected.

Our theoretical calculations reveal the microscopic origin of the observed behavior of the
FL and DL torques. The results show that the uniaxial strain modifies the symmetry and orbital
polarization of the electronic states, which imprints uniquely on the nature of SOTs, thus, al-
lowing us to qualitatively reproduce our experimental findings. Beyond revealing the key role of
hybridized states at the FM/HM interface, our results suggest a clear scheme for generally engi-
neering spin-orbit phenomena. Utilizing the complex interplay of spin and orbital magnetism,
SOC, and symmetry, we can tailor the magnitude of SOTs in multilayer devices by designing the

orbital polarization of the states near the Fermi level by strain.

Importantly, our findings demonstrates the possibility to enhance the fundamental spin-
orbitronic concepts towards competitive technologies by tuning the magnitudes of SOTs in
PMA systems on demand by means of electrically controlled strain. Furthermore, by employ-
ing various local strain patterns, one can tune the SOTs in a FM element locally. This opens up
roots to design more complex switching sequences of multiple ferromagnetic elements for new

device architectures.

For example, when tuning the efficiency of the DL torque, responsible for the switching, by
straining some local areas of a FM element, one can achieve the situation when the DL torque is
large enough to switch the magnetization direction of the strained parts, while it is too small to
switch the unstrained parts, as schematically depicted in Fig. 4.10. As a result, selective switch-
ing of the FM element can be realized with a single current density [Fig. 4.10 (b)]. The switching
patterns can also be altered by employing various configurations of the electric fields, allow-
ing for an additional level of control, which eventually can lead to the realization of an energy

efficient multi-level memory cell capability.
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Figure 4.10: Schematic illustration of a device architecture where the piezoelectric strain gen-

erated locally is imposed on selected parts of the switching bit to allow for local magnetization
direction switching of only selected strained parts with a single current pulse. (a) No current
and no local strain (electric field) is applied and “1” and “0” are encoded by the magnetization
direction of the bits (blue and red domains). (b) The strain is applied locally to the leftmost “1”
area leading to the increased efficiency of the DL torque for the given current density, j, while

the other “1” remains unstrained and, thus, unchanged.

In conclusion, in this Chapter, we present the study of the strain response of current-induced
SOTs in perpendicularly magnetized W/CoyoFegoB2o/MgO multilayers grown on a piezoelectric
substrate. By application of an electric field to the PMN-PT substrate we generate tensile and
compressive strain acting on a Hall-cross device, for which by means of the 2w Hall voltage
analysis we evaluate the SOTs. We find that the strain response of the FL and DL torques is
different and that the magnitude of the DL torque enhances approximately by a factor of two
if the tensile strain is applied parallel to the current flow. We explain our experimental results
by the band structure calculations that uncover the microscopic origin of the observed strain
effects on the SOTs. We reveal that the orbital polarization of the electronic states in the FM,
dominating the hybridization with the electronic states in the HM underlayer, is modified dif-
ferently with respect to tensile or compressive strain. This manifests in a sizable variation of the
magnitude of the DL torque while the FL torque remains mostly unaffected. The demonstrated
possibility to tune the SOTs by means of electric field induced strain paves a novel path towards
to the energy-efficient “dynamical” control of the current-driven SOT-switching necessary to
enable future spintronics applications.

The results presented in this Chapter were published in Physical Review Letters [200].



CHAPTER

ELECTRIC FIELD CONTROL OF THE
DZYALOSHINSKII-MORIYA INTERACTION IN
PERPENDICULARLY MAGNETIZED
W/COFEB/MGO FILMS

5.1 INTRODUCTION

Recently, the antisymmetric exchange interaction, the DMI (see Sections 1.1.2,1.2.6, 1.4.2 for an
introduction), has attracted substantial interest due to the novel resulting spin structures and
possible applications that can be facilitated by the control of this interaction [212]. As discussed
in Chapter 1, in contrast to the Heisenberg interaction, which favors collinear alignment of
neighboring spins §; and S, the DMI prefers an orthogonal orientation of the spins as follows
from its formal description D;; - (S; x §;). Furthermore, the chirality of this interaction is set by

the direction of the DMI vector D; ;, hence also the resulting spin structures are chiral.

In ultrathin FM layers in contact with a HM with large SOC, the interfacial DMI may lead
to the stabilization of such chiral magnetic textures as chiral Néel walls [30] and magnetic
skyrmions [31, 98]. Technologically attractive is that by tuning the magnitude of the DMI,
one can tailor these magnetic structures [54, 213, 214, 215, 216] as, for instance, the skyrmion
stability region is governed by the competition of the DMI with the exchange and magnetic
anisotropy [98, 217]. Furthermore, the chirality of the spin configuration introduces new fea-
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tures of the magnetization dynamics. Large DMI stabilizes the DW internal structure against
DW transformations (precessional dynamics) [30], so that the DWs can be driven to very large
velocities by magnetic fields [218, 219, 220]. Another technologically relevant advantage is that
chiral Néel walls and skyrmions can be displaced efficiently when driven by spin polarized cur-
rents via SOTs [31, 53, 54, 98]. Furthermore, the DMI is known to govern the skyrmion anni-
hilation field [217], thus, tuning this interaction can potentially assist to effectively “write” or
“delete” skyrmions. Therefore, the DMI and the routes for its optimization are being intensively
studied, because both kinds of the magnetic textures stabilized by the DMI are predicted to be

used as information carriers in future spintronics devices [97, 212, 221].

As already shown in a number of works [54, 213, 214, 215], similarly to the SOTs, the mag-
nitude of the DMI in ultrathin PMA materials can be tuned by judiciously selecting the layer
materials, the interfaces and the thicknesses of the constituent layers. This approach does not
allow, however, for a “dynamical” control of the DMI, as the magnitude of the DMI is fixed by the
choice of the single layer geometries and their interfaces. Therefore, the search for alternative
means to tune the DMI, such as by electric fields [222, 223, 224, 225, 226, 227] in HM/FM/Oxide

structures and strain [216, 228, 229], is at the center of attention.

In the former case, similarly to voltage controlled PMA (VCMA), voltage is applied perpen-
dicularly to the plane of the interface between the insulator and the metal. The resulting electric
field is shown to increase the strength of the Rashba SOC at the FM/Oxide interface [225] and,
consequently, the DMI associated with this interface. The efficiency of the electric field control
of the DMI is typically characterized by the slope of the DMI change with respect to the elec-
tric field, Bpvr = AD/AE, which is found to be in the order of 10 — 2000 f] (V m)~! for different
systems [225, 226, 227].

Using electric fields to modify the DMI, however, limits the kind of systems because it re-
quires an additional insulating layer. The use of strain, on the other hand, first studied experi-
mentally for bulk DMI systems [230, 231], allows one to overcome this limitation. Recent exper-
imental works report on the imact of mechanical strain also on the interfacial DMI in FM/HM
multilayers, demonstrating the DMI enhancement with the strain. The strain in these works
was generated either by adjusting the growth parameters [228], thus, introducing permanent
strain, or by mechanically bending the sample [229]. Therefore, the next step is the experimen-
tal realization of the dynamical strain control of the interfacial DMI.

In this Chapter, we discuss the dynamical control of the interfacial DMI in thin film of
W/CozoFegoB2o/MgO/Ta by electric field-induced strain. First, we study the strain response
of the DMI experimentally. We then compare the experimental results with theoretical DFT cal-

culations carried out on the same model W(001)/Fey7Coq 3 system for which the microscopic
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Figure 5.1: Schematic of the sample configuration for the measurements of the DMI in
W/CozoFegyB2o/MgO/Ta. The DC current is applied to the Hall-cross structure and the AHE

hysteresis loop is measured during the OOP magnetic field sweep at various IP bias fields.

origin of the SOTs and their response on the strain was discussed in Chapter 4.

5.2 MEASUREMENTS OF THE DMI 1IN W/COFEB/MGO

The DMI measurements were carried out on the same Hall-cross device fabricated from a con-
tinuous film of W(5 nm)/Coy¢FegpB2¢(0.6 nm)/MgO(2 nm)/Ta(3 nm) as that used for the SOTs
measurements described in Chapter 4. The fabrication details are given in Appendix A. The
measurements scheme used is depicted in Fig. 5.1. We measured the AHE voltage during the
OOP magnetic field sweep to characterize the magnetization switching as a function of the ap-
plied DC current Ipc and the IP bias field. An electric field applied to the piezoelectric PMN-PT
substrate in the range of 0 — 400 kV m~! was used to generate strain. In analogy to the strain re-
sponse of the SOTs measurements, we defined as the tensile strain geometry the configuration
where the current flow, i.e. the x-axis, was along the [011] direction of the PMN-PT substrate
(see Fig. 5.1). Vice versa, in the compressive strain geometry the current, x-axis, was applied
along the [100] direction of the substrate. The measurements in the tensile and compressive
geometries were performed on the same Hall-cross device.

To measure the DMI effective field in our system and its modification with strain we fol-
lowed the measurement protocol described in Section 2.5 of this thesis or in more detail in
Ref. [96]. The normalized AHE voltage OOP loops measured at Ipc = = 4 mA and an IP bias
field puoH, = 180 mT are shown in Fig. 5.2 (a). Note that the loops are slightly shifted relative to
each other for clarity. We can observe an opposite shift of the loops along the py H; axis at op-

posite polarities of the Ipc. This shift can be attributed to the current-induced HZ; arising due
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Figure 5.2: (a) AHE loops for W/Coy¢FegoB2o/MgO/Ta measured at Ipc = + 4 mA and an IP bias
field poHy = 180 mT. (b) ijf as a function of Ipc measured at different bias fields yoHy. The
measured HZ;/ jc as a function of applied in-plane field used to extract the DMI effective field
HoHpmr.

to the DL SOT in the HM layer [96]. We then determined the switching fields HslvTv and HST\l,v
for both down-to-up and up-to-down transitions, respectively, defined as the zero-crossing
fields of the normalized Hall voltage signal. To eliminate the Joule heating effect we calculated

= Hé‘TN + HsTév) for each magnitude of the DC current. As can be seen in Fig. 5.2 (b), the
Ipc dependence of either Hsl,\T/v or HST\l/v has a quadratic contribution due to the Joule heating,
whereas the resulting H, varies linearly with the current for a non-zero IP bias field. The lin-
ear variation of HZ, with respect to Ipc can then be used to quantify the DMI effective field,
Hpyi. We also point out that by reversing the polarity of the IP bias field, the slope of H;/ Inc
reverses. This is consistent with the assumption of the model described in Section 1.4.2 of this
thesis [58, 96].

Furthermore, for comparison, in Fig. 5.2 (b) we also plot H gff vs. Ipc measured in the ab-
sence of poHy. As expected, no contribution other than Joule heating is observed since the
DWs are not realigned by the external field in order to affect the domain expansion/contraction
processes [96]. Therefore, at po Hy = 0, HZ; always remains zero independently of the applied
DC current.

In Fig. 5.2 (c), we plot the resulting HZ/ j. as a function of the applied in-plane field in the x
direction at 0 kV m™! applied to the PMN-PT substrate, where j. is the current density. One can
see that HZ/ jc increases linearly with increasing H, and reaches saturation at Hy = 64.1+0.8
mT, which corresponds to the field at which the moments within the DWs in the system become
realigned to the external magnetic field direction. The resulting effective DMI field yields the
DMI constant D = 0.33 +0.01 mJ m ™2,
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Figure 5.3: Effective DMI field measured as a function of the electric field applied across the
PMN-PT (011) for the current flowing along (a) the tensile, [011], and (b) the compressive, [100],

strain directions.

5.3 DMI AS FUNCTION OF STRAIN: EXPERIMENT AND THEORY

Now we consider the impact of electric field-induced strain on the DMI in W/Co»oFegyB2o/MgO
multilayer system. To address this experimentally, we measured the effective DMI fields as de-
scribed above for various electric fields. In Fig. 5.3 (a) we plot the resulting effective DMI fields
against the electric field in the tensile strain geometry. One can see that Hpyy strongly de-
creases with the increasing tensile strain. Experimentally we obtained a reduction by a factor of
two when the electric field increased from 0 kV m~! to 400 kV m™!, corresponding to the tensile

strain of ca. 0.03 % (see Section 4.3 for the strain characterization).

For the compressive strain geometry, the resulting DMI trend is similar. As one can see in
Fig. 5.3 (b), the effective DMI field decreases upon increasing the compressive strain by varying
the applied electric field up to 400 kV m™!. In this case, also a change of the DMI magnitude by a
factor of two with the increasing field can be observed. However, if we convert the electric fields
into strain using the estimations presented in the previous Chapter (see Fig. 4.4), we obtain
that the impact of the tensile strain on the effective DMI field is much larger than that of the
compressive strain, as demonstrated in Fig. 5.4 (a). For the tensile strain we can estimate the
the efficiency of the electric field control of the DMI fpy; = AD/AE ~ 400 pJ (V m)~!. This
suggests that electric field induced strain can be three orders of magnitude more efficient than
tuning the DMI by gate voltage [225, 226].

We also note that we measured different magnitudes of the effective DMI fields at 0 kV m™!
on the same structure in two configurations. The same discrepancy was found for the experi-

mental values of the SOTs as discussed in Chapter 4. We can as well attribute this to the pre-
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Figure 5.4: Measured effective DMI field plotted as a function of tensile and compressive strain
estimated from the resistance measurements in Section 4.3. (b) Dependence of the DMI, D,
on tensile (0 > 0) and compressive (6 < 0) strain, calculated using a constant broadening of the

energy bands by 25 meV.

strain from the PMN-PT substrate after its poling because the Hall-crosses were fabricated on
an unpoled substrate.

In analogy to the previous Chapter, we performed the DFT calculations to explore the micro-
scopic mechanisms of the strain response of the DMI. For calculation we considered the same
model system of W(001)/Fe(7Cog 3 as that used for the SOTs calculations. The computational
details are discussed in Appendix C. The uniaxial strain was again introduced by deforming the
crystal structure of the system and lowering the initial C4, crystal symmetry to C,, (see Chap-
ter 4).

In Fig. 5.4 (b), we plot the DMI response to 6 obtained from the calculations. One can see
that the DMI decreases in magnitude almost linearly with increasing the tensile strain. How-
ever, for the compressive strain, D shows a decrease as the structure becomes more distorted.
We note that similarly to the experimental results, the variation of D is more pronounced for

the tensile strain, while with the compressive strain, the DMI changes more slowly.

5.4 DISCUSSION AND OUTLOOK

In Fig. 5.3, one can see that unlike theoretical observations, the experimental results demon-
strate a non-monotonic dependence of the DMI on the strain. While there is a qualitative
agreement between the experimental and computational results for the tensile strain, the DMI
response to the compressive strain exhibits an opposite behavior in the experiment and calcu-

lations.
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Similar non-monotonic strain dependence of DMI was reported in Ref. [229] for Glass/Ta(2.5
nm)/Pt(0.4 — 2.2 nm)/Co(1.2 nm)/Pt(2 nm) where the strain was imposed by bending the sub-
strate. Such behavior is explained by the fact, that since the DMI is mediated by the conduction

electrons it has oscillating character described by the following expression [46, 229]:
Epmr o sin (kg (b +2r) + 124/10) sin(20)/ (br?), (5.1)

where Epyy is the interaction energy, kp is the Fermi momentum, r is the distance between
magnetic ions, b is the distance between magnetic and HM ions, Zq is the number of d-electrons
and 0 is the angle between the vectors connecting the HM ion and two magnetic ions (see
Fig. 1.3). The in-plane strain then changes the distances r and b, which, in turn, modify the
DMI constant and Eq. 5.1 governs the non-monotonic behavior of the DMI constant as a func-
tion of the distances. Thus, our experimental results can be explained by similar arguments.

Furthermore, the discrepancy between the experimental an theoretical results for compres-
sive strain can be explained by the fact, that the model system used for the calculations is not
identical to that studied in the experiment. Not only the FM layer does not contain B, in the
first-principles calculations we are also limited to consider single crystalline systems. Thus,
this discrepancy only emphasizes the importance of the choice of the system’s constituents and
structures to achieve the desired behavior. Indeed, the recent experimental works reported on
the enhancement of the DMI by strain in Pt(4)/Co(3 nm)/MgO(5 nm) system [228], while in
Ref. [229] mentioned above, the dependence of the DMI on the strain qualitatively changed
upon variation of the Pt layer thickness. It indicates that the DMI response to strain is not uni-
versal for all HM/FM multilayer systems, and thus can be adjusted for particular needs.

We also note that despite not being performed using the identical system for calculations,
the obtained results of the SOT response to strain, discussed in Chapter 4, show a good qual-
itative agreement with the experiment. This may indicate that the DMI is more sensitive to
the composition of the system than the SOTs. Indeed, as shown previously for W/CoFeB/MgO
multilayers, there is a strong dependence of the DMI on the relative composition of the CoFeB
alloy [201], which is also reproduced theoretically for the model W(001)/Fey7Cog 3 system.1

Even though, the DFT calculations only partially agree with the experimental findings, they
can provide us with the crucial information on the microscopic origin of the DMI response to
strain. For this, we will perform a systematic analysis of the momentum-space distribution

maps of the microscopic contributions to the DMI? in relaxed and strained films, similarly to

!Private communication of preliminary results with Dr. J.-P. Hanke.
2These are subject to in-depth analysis with conjunction with Dr. J.-P. Hanke and Prof. Dr. Yu. Mokrousov at

the time of this thesis being written.



CHAPTER 5. ELECTRIC FIELD CONTROL OF THE DZYALOSHINSKII-MORIYA
108 INTERACTION IN PERPENDICULARLY MAGNETIZED W/COFEB/MGO FILMS

the analysis of the SOTs in Chapter 4. We will analyze which electronic states contribute to the
DMI and how these states become deformed by strain and what difference to the DMI it makes.
Doing so will potentially lead us to a general rule of thumb suggesting which combinations of

the HM and FM can be used to engineer a certain response of the DMI to strain.

The possibility to tune the DMI in a system “on the fly” is very attractive from the technolog-
ical point of view because, as discussed above, it is know to be responsible for stabilizing chiral
spin structures. With strain one can tune the stability region by adjusting the DMI to be above
the threshold required to stabilize the Néel DWs, given by Hpwyi/ Hani = 2/7 [30]. This could
potentially allow for a skyrmion phase to be stable with no external magnetic field, which may
be very attractive as there are limited systems exhibiting skyrmions at room temperatures and
zero field [54, 98].

In the concept of the race-tack memory the DMI as modulated by strain can, for example,
assist or prevent the motion of the chiral spin textures. As they are only stable for certain range
of the DMI and the magnetic anisotropy, they could be dragged towards or expelled from the lo-
cally strained region. Thus, by energy efficient strain one can potentially manipulate skyrmions.
Furthermore, as our calculations demonstrate that the strain of different character produce dis-
tinct responses of the DM, in an optimized system it may be possible to achieve the situation
where for one direction, the DMI sign is reversed compared to the orthogonal direction. Ex-
perimental feasibility of this is demonstrated in Ref. [229] where the strain of 0.1% generated by
bending the substrate is shown to lead to opposite signs of the DMI along orthogonal directions
in Pt(1.1 nm)/Co(1.2 nm)/Pt(2 nm). Therefore, as such strain magnitudes can be achieved with
piezoelectric substrates, one can expect the same impact of the electric field-induced strain on
the DMI in an optimized multilayer stack.

In other words, in such systems an anisotropic DMI can be induced, thus, stabilizing anti-
skyrmions. The existence of stable anti-skyrmions is theoretically predicted for special 2D sys-
tems [232], where by symmetry the anisotropic DMI with inversion of chirality between perpen-
dicular directions is induced [233, 229]. This exciting theoretical finding, might further improve
the skyrmion race-track concept [212], as replacing skyrmion-free zones with anti-skyrmions
could make this type of system more robust even at elevated temperatures.

It is also interesting to notice that the results of the calculations of the DMI presented here
and the SOTs discussed in Chapter 4 yield opposite trends for the DMI and the DL SOT. While
the DMI decreases (increases) in magnitude with the tensile (compressive) strain, the DL SOT
demonstrates an increase for the tensile strain and a reduction for the compressive strain. Fur-
thermore, both the DMI and DL SOT exhibit distinct responses to strain as compared to the FL

torque, which demonstrates no response to the strain. It can be attributed to the fact that only
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some states contributing to the DMI also contribute to the DL torque but not to the FL torque.
Therefore, the analysis of the microscopic origin of the observed strain response of the DMI
is required to understand the complex behavior of these spin-orbit driven phenomena, which
appear to be not exactly correlated as can be naively thought [234].

To conclude, in this Chapter, we present the piezoelectric strain control of the DMI in per-
pendicularly magnetized W/CozoFegoB2o/MgO multilayer system. We measure the effective
DMI fields by characterizing the shift of OOP hysteresis loops under different DC currents and
IP bias fields. Furthermore, by varying the electric field applied across the piezoelectric sub-
strate, we modulate tensile and compressive strain in the system and investigate its impact on
the DMI experimentally. We find that the effective DMI field monotonically decreases with the
increasing strain of both characters. We estimate the efficiency of the electric field control of
the DMI, Bpmr ~ 400 pJ (V m) 1, to be three orders of magnitude larger than that, reported for
the DMI control by gate voltage in HM/FM/Oxide systems. Our DFT calculations of the DMI in
a model system show a qualitatively similar trend for the tensile strain, however the opposite
trend is found for the DMI response to the compressive strain. Furthermore, our calculations
reveal the opposite behavior of the DMI and the DL SOT as a function of strain, emphasizing
the complex nature of these phenomena, both originating in the same SOC of the HM. While
our computational results need to be further analyzed to understand microscopically the ob-
served behavior of the DMI with strain, the experimentally demonstrated manipulation of the
DMI with piezoelectric strain paves a way towards energy-efficient manipulation of the DMI
and eventually the skyrmions.






CHAPTER

SPIN ORIENTATION MANIPULATION BY
ELECTRIC FIELDS AND X-RAY IRRADIATION

6.1 INTRODUCTION

We discussed earlier that strain-induced ME anisotropy in the order of 10 — 100 k) m~3 can be
achieved for moderate strain magnitudes [59, 101] for some magnetostrictive materials, such as
Ni, CoFeB, GayFe;_ [235]. However, the impact of the strain on the magnetization in systems
with large effective magnetic anisotropies, such as PMA materials, can be insignificant, because
the magnitude of the ME anisotropy is a few orders of magnitude smaller than that, typical for
the PMA (MJ m~3). This may as well hinder the observation of the strain effect on the mag-
netic properties. Indeed, as discussed in Chapter 4, we did not observe a significant change
due to strain of the magnetic anisotropy of the perpendicularly magnetized W/CoFeB/MgO
system. Therefore, using materials with reduced magnetic anisotropy close to, so-called, spin-
reorientation transition (SRT) is an alternative way to efficiently realize electric field-induced
strain control of the magnetization. In systems close to the SRT, the magnetization easy axis is
canted towards the in-plane direction (see Section 1.2.4), hence they promise to exhibit larger
effects on the magnetization direction as the relative strain-induced anisotropy is larger com-

pared to the PMA systems.

In this Chapter, we will first discuss the effect of piezoelectric strain on the magnetic do-
main structure of a PMA W/CoFeB/MgO thin film. While the system composition is similar to
that considered in Chapters 4 and 5, the FM layer is thicker, which results in a slightly reduced
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effective magnetic anisotropy. Hence, we can expect the relative effect of the ME to be larger
for this system. Furthermore, in this Chapter, we will discuss an additional effect on the mag-
netic state observed during the experiments with x-ray exposure: the x-ray irradiation induces
an irreversible anisotropy change, leading to a local SRT. By comparing the observations on
the PMA system with another PMA system, namely thin Pt/Ta/Pt/MgO/CoFeB/Ta film grown
on a similar piezoelectric PMN-PT (011) substrate, which initially exhibits different magnetic
properties but demonstrates the same behavior under irradiation, we will attempt to find the
possible mechanisms of the x-ray induced behavior. Finally, making use of the x-ray induced
anisotropy change we will demonstrate the electric field induced strain control of the magnetic
domain structure across the region of varying magnetic anisotropy in the samples close to the
SRT.

6.2 SAMPLES CONFIGURATION

The continuous films of W(5 nm)/Coy¢FegyB20(0.8 nm)/MgO(2 nm)/Ta(5 nm), referred to as
PMA sample, and Pt(5 nm)/Ta(5 nm)/Pt(5 nm)/MgO(15 nm)/CozoFegyB2o(1 nm)/Ta(3 nm), re-
ferred to as inverted samplein the text, were sputter-deposited on top of bare unpoled two-sides
polished piezoelectric PMN-PT (011) substrates. The bottom contacts of Cr(5 nm)/Au(50 nm)
was deposited by DC sputtering in an Ar atmosphere.

Parts of the experiments were carried out at the SIM beamline of the Swiss Light Source and
at the UE49-PGM beamline of the Helmholtz-Zentrum Berlin. The samples were illuminated
by a circularly polarized x-ray beam at @ = 16° angle of incidence. For XMCD-PEEM imaging
the photon energy was set to 708 eV and 710 eV corresponding to the Fe L3 absorption peak

for the PMA sample and the inverted sample, respectively. XMCD-PEEM images were obtained

(i—-1)
(I++1)°

between the directions of the incident circularly polarized x-rays and the film magnetization.

using the formula for the asymmetry which is proportional to cos a, where a is the angle
I, are the images acquired with circular positive (negative) polarization of the x-rays (see
Section 2.3.2).

Prior to XMCD-PEEM imaging (see Section 2.3.2) of the PMA sample the top Ta capping
layer was partially removed in situ by Ar* sputtering at the Ar pressure of 5 x 10~> mbar inside
the chamber and the energy of 1 kV for 30 minutes. Based on the sputtering rate calibrations,
ca. 2 nm of Ta were removed which was sufficient to probe the underlying Co,¢FegoB2¢ layer
without altering its magnetic properties. For the inverted sample this procedure was not neces-
sary, as the Fe absorption edge was sufficiently intense (ca. 30%) to obtain a reasonable XMCD

contrast.
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Figure 6.1: Schematics of the structure of (a) PMN-PT/W(5 nm)/CozoFegyB20 (0.8 nm)/MgO(2
nm)/Ta(3 nm) (“PMA sample”) and (b) PMN-PT/Pt(5 nm)/Ta(5 nm)/Pt(5 nm)/MgO(15
nm)/CoyoFegpB2o(1 nm)/Ta(3 nm) (“inverted sample”). (c) Schematic of the sample orientation

relative to the incident x-ray beam in the XMCD-PEEM imaging experiment.

6.3 ELECTRIC FIELD INDUCED STRAIN MANIPULATION OF THE
MAGNETIZATION IN THE PMA SAMPLE

Figure 6.2 (a) shows an OOP hysteresis loop by red markers for the PMA sample measured by
polar-MOKE at zero electric field across the PMN-PT substrate. The hysteresis loop shown in
black was measured under the electric field of 420 kV m™~! generating the IP uniaxial strain [114].
One can see that the shape of the macroscopic hysteresis loop does not qualitatively change
upon the application of strain. A slight increase of the coercive field by approximately 0.30 +
0.02 mT, i.e. only 3 % change, upon increasing the electric field can be observed as shown
in the inset in Fig. 6.2 (a). The anisotropy constant for the PMA sample can be estimated as
Keoir = % =0.277 MJ m~3, where the anisotropy field poHx = 0.5 T and the saturation mag-
netization Mg = 1.11-10% Am™! are extracted from the IP magnetic field sweep shown in Fig. 6.2
(b) measured by superconducting quantum interference device (SQUID) magnetometry. We
can estimate the strain-induced ME anisotropy which amounts to ca. 2.2 k] m~3, using Eq. 1.26
and the parameters from the literature for A; = 31 ppm, Y = 1.6- 10! Pa [236]. Here, we use
the total in-plane strain, (€100) — €}o17;) ~ 0.03 % [114] as the actual driving force to the ME ef-
fect [104, 237]. Thus, the ME anisotropy, being a few orders of magnitude smaller than the
PMA anisotropy of the CozgFegyByo film, is not sufficient to produce a significant macroscopic

change of the magnetic properties, e.g. change of the hysteresis loop shape, detectable with
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Figure 6.2: (a) Polar-MOKE hysteresis loops of the PMA sample measured at 0 kVm™! (red) and
420kvVm™! (black). Note, that the PMN-PT (011) substrate was poled before the measurements,
ensuring the linear response of the generating strain to the applied electric field. The inset
shows zoomed-in regions of the loops in the vicinity of the coercive field. (b) Hysteresis loop
measured with the IP field sweep by SQUID.

MOKE. To generate a higher relative change in the anisotropy, the strains of a few percent are
required, which can be achieved, for example, by mechanically bending the substrates [238].

However, this does not exclude that local changes of the magnetization can be generated, as
previously demonstrated [239]. Fig. 6.3 shows a series of XMCD-PEEM images of the magnetic
domain structure of the CozoFegpB2o film under an applied electric field of different magni-
tudes. Note, that the sample was demagnetized prior to imaging, which led to formation of the
OOP stripe domains pattern.

One can see that upon poling, the domain structure remains largely unchanged, with only
a small fraction of the magnetic domains switching. It is clear by comparing the images in
Figs. 6.3 (a) and (b), that the switching is not deterministic, i.e. the switching from up to down
as well as from down to up domains occurs when the electric field is increased from 0 kV m™!
to 400 kV m~!. In Fig. 6.3 (d), we can also see that some parts of the domain structure switch
reversibly, but the overall domain structure does not reverse to what it was at zero electric field
in Fig. 6.3 (a).

We also note that the application of an electric field induced-strain does not lead to a reori-
entation of the magnetization from OOP to IP or vice versa, which would result in an additional
black/white contrast level in the XMCD-PEEM images. Thus, the direct imaging results' suggest
that the observed local changes are random and may occur due to strain-induced modification

of the energy landscape. Furthermore, the local character of the observed modification of the

ISimilar behavior was observed for a few other points on this sample as well as for other PMA films on PMN-PT
substrates, e.g. PMN-PT(011)/W/CozFegpB2((0.7)/MgO/Ta, PMN-PT(011)/Pt/Co/Pt.
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Figure 6.3: XMCD-PEEM images of the magnetic domain structure of the PMA sample mea-
sured at different magnitudes of the applied electric field within the linear regime of the strain

response.

domains pattern may be attributed to the inhomogeneities of the generated strain typical for
the PMN-PT substrates [104, 237]. On the other hand, the observation of some locally reversible
changes of the domain structure due to the strain-assisted domain redistribution, agrees with
the change in the coercive field seen in MOKE [239].

6.4 X-RAY INDUCED ANISOTROPY CHANGE

X-RAY INDUCED ANISOTROPY CHANGE OF THE PMA SAMPLE

As mentioned earlier, the electric field-induced strain has a negligible effect on the macroscopic
magnetization of the PMA film. However, after several hours of XMCD-PEEM imaging of the
PMA sample, we observed that the domain structure started to change, and eventually the OOP
domains transformed into a completely different domain structure with a different contrast
level. Fig. 6.4 (a) shows a zoomed-out XMCD-PEEM image acquired using a larger FOV after this
transition. The yellow dashed line indicates the approximate edge of the area exposed by the
x-rays during the previous measurement in the FOV 10 pum, for which a high spatial resolution
was required (e.g. those shown in Fig. 6.3). For that, the x-ray beam size was reduced by the exit
slit of the beamline so that the footprint of the beam on the sample surface was approximately
10 x 20 pym set by the instrument [240].

Thus, the area within the yellow line was exposed by the x-ray beam, and the outside area
of the sample was not exposed. We see, that the unexposed region exhibits the same stripe

domain structure, while the domain structure of the exposed area is dramatically different with
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Figure 6.4: (a) XMCD-PEEM image using FOV of 50 um after several hours of imaging in FOV
of 10 um showing the domains structure at zero applied electric field. (b) XMCD signal profiles
along the black and red lines, showing that IP and OOP domains yield XMCD contrast of dif-
ferent magnitudes. The crystallographic directions of the PMN-PT substrate setting the tensile

([011]) and compressive ([100]) strain directions are indicated.

increased contrast. Therefore, we can conclude that the observed local change of the domain
structure was caused by the long exposure by the x-ray beam [241].

The altered area has a noticeably different XMCD contrast level (with a much brighter/darker
white/black domains) as compared to that of the OOP stripe domains. This indicates that the
domains within the exposed area have a significant IP component, because the low angle of
incidence of the x-ray beam leads to a stronger contrast for the IP orientated magnetization.
Unfortunately, the additional images corresponding to different azimuthal angles necessary to
extract the angular dependence of the XMCD contrast for these domains could not be acquired,
thus, we cannot conclude about the exact magnetization direction, which could also be tilted
between OOP and IP.

On the other hand there is a good agreement with the conclusion that the exposed area
has IP magnetized domains from the quantitative comparison of the two XMCD contrast lev-
els measured on the exposed and unexposed regions [see Fig. 6.4 (b)]. Because the angle of
incidence of the x-ray beam is 16° from the surface plane the XMCD signal from the OOP do-
mains should be a factor of tan16°smaller than that from the I[P domains, when having the
same amount of the spin moment to contribute [242]. Assuming the IP magnetization direction

Io

within the exposed area in Fig. 6.4 (a) is along the x-ray direction, we obtain the 2> ~ 0.27,

i.e. approximately tan 16°, which makes this assumption reasonable.

Another interesting observation is the behavior of the stripe domains close to the exposed
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Figure 6.5: (a) Polar-MOKE hysteresis loops of the inverted sample. (b) Hysteresis loop mea-
sured with the IP field sweep by SQUID.

area. As seen from Fig. 6.4 (a), the average stripe domain size gradually decreases approaching
the exposed area, where the magnetization lies in the plane. Similar patterns are known for thin
wedge systems with a thickness gradient of the FM layer. For such systems, the average domain
width decreases in the vicinity of a SRT, which is attributed to the the variation of the magnetic
anisotropy across the thickness [243, 244, 245, 246]. As the effective magnetic anisotropy Kegr
decreases with increasing thickness, the formation of domain walls becomes more favorable,
because the domain wall energy scales with the anisotropy opw ~ v/ AKeg, which leads to the
increasing number of domains of a smaller width [245, 246].

Based on the observed domain size behavior, we can conclude that, in our system, a spa-
tially varying change of the magnetic anisotropy takes place. However, here the FM layer thick-
ness is homogeneous, therefore a different mechanism needs to be considered, which clearly is

induced by the x-ray irradiation.

X-RAY INDUCED ANISOTROPY CHANGE OF THE INVERTED SAMPLE

Before we go into discussion of the possible origins of the observed behavior, we check if the
x-ray induced anisotropy change is limited to this stack or occurs more widely. For this, we con-
sider a different PMA stack, namely Pt/Ta/Pt/MgO/CozoFegoB2o/Ta, deposited on the PMN-PT
(011) substrate. Here we also find a similar x-ray induced anisotropy change. Note that the or-
der of the layers is inverted as compared to that of the previously discussed PMA system, thus
we term this sample in the description below as “inverted”.

MOKE and SQUID magnetometry results, shown in Fig. 6.5 (a) and (b), respectively, reveal
that in the inverted sample, the PMA is significantly reduced as compared to the Ta-based stacks
with a conventional order of the layers [60], thus, it is already close to the SRT before the x-ray

exposure.
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Figure 6.6: XMCD-PEEM imaging of domain structure of the inverted sample, acquired after

different x-ray exposure times teyp.

The domain structure of the inverted sample is shown in Fig. 6.6 (a), and resembles a regular
stripe domain structure with an average domain size of 300 — 400 nm. With the x-ray exposure,
the domain pattern disappears following the noticeable reduction of the stripe domain width.
The former suggests that the domains become smaller than the accessible resolution of the
instrument (ca. 90 nm in XMCD mode using a 20 ym FOV) or more mobile due to the thermal
fluctuations and thus blurred [247].

The stripe domains disappear completely after ca. 20 s of the x-ray exposure, and after ap-
proximately 200 s a new domain structure, exhibiting a stronger XMCD contrast, starts to prop-
agate from one edge of the FOV [Fig. 6.6 (b)]. Note that the x-ray beam was intentionally put off
the center of the FOV, thus, leading to a photon flux gradient. Switching off the x-rays for some
time did not lead to recovery of the initial stripe domain phase, suggesting the same irreversible
character of the x-ray induced changes of the magnetic properties, as discussed above for the
PMA sample studied first.

In 6.6 (b) it is also possible to see that the new domains start propagating from one side of
the image, where the maximum of the x-ray beam intensity is (the beam was intentionally put
off center). This suggests that the x-ray flux indeed governs the process. The switching occurs
more readily at higher intensity of x-rays and then propagates to the edges of the beam, where
the flux drops strongly.

We also note that in this case the resulting domain structure formed with the time of the
x-ray exposure clearly resembles the ferroelectric domain structure of the PMN-PT substrate
known from literature [114]. Also, similarly to the PMA system, the new domains here appear

only bright or dark, with no noticeable contribution of gray domains (with the magnetization



6.5. POSSIBLE ORIGINS OF X-RAY INDUCED ANISOTROPY MODIFICATION 119

perpendicular to the x-rays propagation direction). Thus, the switched area exhibits an easy
axis along the x-ray direction or along one of the crystallographic axes of the cubic PMN-PT

substrate.

6.5 POSSIBLE ORIGINS OF X-RAY INDUCED ANISOTROPY
MODIFICATION

It is known that x-ray irradiation can alter the charge and orbital states of strongly correlated
systems [248, 249, 250] and perturb the bonds of soft materials [251]. However, the materials
studied here are expected to be neither of these. On the other hand, it is also known from
literature that high-energy x-rays and secondary electrons generated due to the photoeffect
have a strong effect on insulating materials, which compose a significant part of the systems
discussed in this work (PMN-PT substrates and MgO layers are insulating). The processes which
are expected to be responsible for the x-ray induced damage, can be classified as follows: (i) the
ones which occur during the transport of the exited electrons in the material and (ii) those, due
to the electrons emission into the vacuum.

For the former, it was shown that the core electrons/holes excited by x-rays can scatter with
ions in the insulating oxide-containing layer, which leads to breaking of the bonds and sub-
sequent creation of structural defects, especially oxygen vacancies [252]. The latter leads to
local charging of the irradiated area, because many electrons are emitted into vacuum. While
in conductive materials the lack of electrons is compensated within a few picoseconds [253],
in the case of insulating materials, the recombination rate is strongly suppressed. Thus, the
resulting uncompensated electric field can drive the migration of the mobile ions in the sam-
ple [254, 255]. Moreover, the ion desorption cannot be neglected when the electric field strength
is large and the electrons coming from the surroundings cannot compensate for the emission
of the electrons in order to reach a stable electrostatic equilibrium [255]. On top of this, accord-
ing to previous studies, also the local heating due to the deposited energy by x-rays leads to an
enhanced drift and diffusion of oxygen within the system [256].

The aforementioned processes could be relevant for our systems because the magnetic
anisotropy in these stacks, originating from both interfaces of the magnetic Coy¢FegoB2¢ layer,
is determined by the surrounding of the magnetic atoms. As discussed in Chapter 1, the origin
of the interfacial PMA in the FM/MgO interface is partially attributed to the interfacial symme-
try breaking and the hybridization between Fe(Co) 3d and O 2p orbitals [66, 257]. On the other
hand, the contribution from the HM to the PMA of the studied stack is due to hybridizations of
both d and p orbitals at the interface via SOC [65, 68].
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Moreover, recent studies reported on VCMA, which is realized when a voltage is applied
across a thin oxide/FM interface [18]. This leads to a charge redistribution between the OOP
and IP orbital of the FM, resulting in the change of the surface magnetic anisotropy [257, 18].

Thus, taking these facts into account, we can expect that any structural or electronic change
in the vicinity of the two CoygFegoB2o interfaces due to the x-ray exposure can alter the mag-
netic anisotropy of the system, resulting in a change of the domain structure. Now we can go
through the arguments, that allow us to rule out certain scenarios seemingly responsible for the
observed behavior of our systems.

(i) Based on the shapes of the Fe and Co absorption peaks shown in Fig. 6.7, which were
measured on the exposed area after its OOP-IP transition, we can exclude significant oxygen
implantation into the CozoFegyB2g layer. In the case of Fe or Co oxidation a typical oxide shoul-
der feature would appear in the corresponding peaks. However, the spectra in Fig. 6.7 (a) do
not indicate any formation of an iron oxide peak in the PMA system. Only a slight change in the
intensity is observed, which can be attributed to the carbon deposition due to x-ray induced
contamination [258]. Presented in Fig. 6.7 (b), Fe and Co absorption edges of the inverted sys-
tem, corresponding to the switched area,? also do not exhibit oxide features.

(ii) As a result of the irradiation-induced ion migration, oxygen ions could also leave the
MgO layer and diffuse into the adjacent non-magnetic metallic layer (for example, Ta for the
PMA sample).3 It is important to note, however, that a nominally similar stack to that used for
the inverted sample, grown on a conducting Si substrate with only a thin natural SiO, layer, did
not show any x-ray induced damage/change within a few days of exposure with similar photon
flux. This suggests that an insulating PMN-PT substrate, which also has plenty of oxygen indeed
plays a role in the irradiation-induced change. On the other hand, this scenario could explain
the local change of the anisotropy in the PMA sample.

(ii7) It is important to keep in mind that during PEEM imaging, the sample surface is always
electrically grounded [Figs. 6.1 (a) and (b)]. To ensure a good electrical contact, the multilayer
stack containing an insulating MgO layer, is scratched at the sides and a drop of conducting
silver paste is used to attach the sample to the sample holder body (local ground of the micro-
scope). Therefore, all of the metallic layers on top of PMN-PT are expected to be on the same
(ground) potential. Thus, the excess of positive charge due to emission of secondary electrons,
can potentially be easily compensated by the conduction electrons from the metallic layers.

Below we summarize the observations discussed above, which, however, did not bring us to

2The SRT occurs much faster (ca. 20 s) than the time necessary to acquire one x-ray absorption spectrum (XAS)

(ca. 5 min).
3The absorption peak of Mg after the SRT was not measured.
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Figure 6.7: (a) XAS corresponding to the Fe L3 absorption edge measured on the damaged area
for the PMA sample before and after the x-ray induced SRT. (b) XAS for Fe and Co measured for
the inverted sample after the exposure that leads to the reorientation of the magnetization in to

the plane.

a conclusive understanding of the mechanisms underlying the x-ray induced OOP to IP reori-

entation:

* The x-ray induced anisotropy modulation starts from the area with a higher photon flux;

* The anisotropy change occurs on different time scales for the PMA sample (with higher
PMA) and for the inverted sample (with canted magnetization) for a comparable photon

flux;

¢ Induced IP domains have a magnetic easy axis along x-rays or crystallographic directions
of the PMN-PT substrate. Note that circularly polarized light was used, i.e. no defined

electric field direction could be imposed on the domain structure;

* A gradual change of the domain structure is observed indicating a gradual change of the

anisotropy;
* Fe, Co peaks do not have features typical for oxides;

e Demagnetization of the samples by cycling an external magnetic field does not help to
recover the stripe domain phase, signifying a permanent structural character of the x-ray

induced changes;

* For the inverted stack grown on Si/SiO; substrate the x-ray induced change of the domain

structure does not occur within (at least) 3 days of exposure.



CHAPTER 6. SPIN ORIENTATION MANIPULATION BY ELECTRIC FIELDS AND X-RAY
122 IRRADIATION

Despite the argument that the sample surface is always grounded, the most plausible mech-
anism of the x-ray induced anisotropy change in our system relies on local charging due to the
lack of electrons and the inability of thin conductive layer to compensate for this. This charging,
leading either to the displacement of ions as well as local charge redistribution on the orbitals
at the CoygFegB2g interface which determine the magnetic anisotropy of the systems, results in
the decrease of the PMA and the associated with it OOP to IP transition.

6.6 STRAIN INDUCED CHANGES OF THE DOMAIN STRUCTURE

CLOSE TO THE SRT

In this section, we consider again the PMA sample, where we can take advantage of the modified
magnetic anisotropy by the x-ray exposure to be sensitive to small strain-induced anisotropy
change. The irradiated areas allow us to simultaneously investigate the impact of strain on
the domain structure at the regions with different magnetic anisotropies, from IP to OOP. As
discussed above, the electric field induced strain does not influence the OOP domain structure.
However, as in the region close to the SRT the magnetization is canted from the OOP direction,
a larger effect of strain on the domain structure can be expected. It is important to note that
while the absolute strain-induced anisotropy change is the same, close to the SRT, where the
effective anisotropy is low, the relative effect on the magnetization alignment is larger.

Figure 6.8 shows a series of XMCD-PEEM images of the area close to the SRT, including the
OOP and IP magnetized regions. We can see that the entire IP region changes contrast from
black/white to gray, while the OOP region remains the same. The observed change is mostly
reversible and volatile, i.e. when the electric field is removed, the domain structure changes
again, but with a new distribution of the domains. While the individual domains do not switch
to the original state after removing the electric field, the magnetic anisotropy favoring black and
white IP domain recovers.

We also note that the border between the IP and the OOP magnetized regions at 0 kV m™!
shifts by a few um after the first electric field cycle (0-400-0 kV m~!). But it stays nearly at the
same place after the second field cycle (0-500-0 kV m~!). However, it is not straightforward to
conclude whether this is induced by strain or by the x-ray exposure.

To analyze in more detail the character of the strain induced switching observed in the IP
region, we quantitatively consider the change of the XMCD contrast of the individual domains.
The results are summarized in Fig. 6.9 (a), where the XMCD contrast as a function of the cycling

electric field is plotted for several areas. The value of the XMCD contrast was calculated as the
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Figure 6.8: Set of XMCD-PEEM figures of the domain structure of the PMA sample, where part
of the FOV underwent a SRT due to the x-ray exposure, acquired at different magnitudes of
the applied electric field. The crystallographic directions of the PMN-PT substrate setting the

tensile ([011]) and compressive ([100]) strain directions are indicated.

average over a selected area corresponding to one domain.*

Here we can see that at least five distinct states can be differentiated from the contrast,
which are shown shaded in Fig. 6.9 (a), i.e. [P-white, IP-black, OOP-bright, OOP-dark and IP-
gray. The latter corresponds to the domains with the magnetization perpendicular to the x-ray

direction, which yields zero XMCD contrast.

In Fig. 6.9, we can observe random switching of the IP domains to OOP (corresponding to IP-
white to OOP-bright switching events) or 90° rotation of the IP domains (corresponding to IP-
white to IP-gray switching events) in the regions in the vicinity of the domain walls. On the other
hand, it can be seen that the magnetization in the middle of a domain at 0 kV m™! (e.g. region
“3"), is likely to remain not switched upon application of strain. This may be an indication
of the inhomogeneities within the irradiated area, i.e. local pinning sites or inhomogeneous
strain [104, 237], leading to locally varying magnetic anisotropy. Thus, for some domains the

generated ME anisotropy is enough to alter the magnetization state, while it is not for the others.

Moreover, the global behavior of the domain structure within the irradiated area, i.e. where
the PMA is strongly suppressed, is consistent with behavior governed by the ME effect. As the
initial state at zero strain (i.e. 0 kV m™1) is mostly IP magnetized, the application of compressive
strain upon increasing the electric field leads to canting of the magnetization of the Coy¢FegoB2o
layer with a positive magnetostriction coefficient to the OOP direction (or its 90° rotation in-

plane towards the tensile direction). Thus, the domain structure at 400 kV m~! and 550 kV m™!

4Within these areas the mean deviations were not greater than 10%, thus ensuring the pixels belong to the

same domain at each electric field.
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Figure 6.9: (a) XMCD contrast of the selected regions entailed by the magnetic domains of
the PMA sample, showing the strain induced switching between five possible magnetization

directions. (b) XMCD-PEEM image showing the analyzed in (a) regions.

[Figs. 6.8 (b) and (d)] looks mostly gray with either small OOP domains or IP domains with the
magnetization perpendicular to the x-ray direction.

We also note, that unfortunately, due to small size of the irradiated area demonstrating the
SRT, we could not find the same spot in MOKE to study directly the impact of the strain on the
magnetic anisotropy by corresponding magnetometry measurements.

In conclusion, while the small impact of stain on the macroscopic perpendicular magnetic
state of the PMA sample measured by the hysteresis loop is not surprising, the x-ray induced
modulation of the magnetic anisotropy observed for both the PMA sample and the inverted
sample, is unexpected. As a result of this irreversible effect of the x-ray exposure, the do-
main structure of the irradiated region of the PMA sample indicates that the effective magnetic
anisotropy of the system gradually changes from easy perpendicular axis to easy in-plane with
the strongest effect in the region exposed to the highest photon flux. On the contrary, we find
that the magnetic anisotropy of the unexposed area remains unchanged. The attempt to ex-
plain this spatially inhomogeneous magnetic anisotropy variation, clearly induced by the x-ray
irradiation, does not allow us to conclude on a clear mechanism. However, the resulting gra-
dient of the magnetic anisotropy on such a small length scale allows us to observe the effect of
the strain induced ME anisotropy on the magnetic domain structure, where the strain-induced
Kye comparable to the effective anisotropy of the film is able to alter its magnetization state.

The results presented in this Chapter are submitted for publication.



CHAPTER

CONCLUSIONS

In this thesis, we study the effects of piezoelectric strain in various systems, all of which may
find their applications in future generations of spintronics devices. The piezoelectric strain is a
very attractive tool as it can potentially be used in the nanoscale, where, for example, bending
mechanisms for the generation of mechanical strain cannot be employed. Of added benefit
is that this approach avoids using energy-dissipative charge currents, instead, utilizing low-
power electric fields applied across the piezoelectric to reliably control the generated strain.
Furthermore, among other strategies employing electric fields, e.g. voltage-control magnetic
anisotropy, using piezoelectric strain is more advantageous, as it does not require the systems

to contain an insulating layer.

In this work, we demonstrate that the effect of strain in in-plane magnetized systems is via
magneto-elastic anisotropy. In these systems, it leads to a sizeable change of the static in-plane
domain structure as discussed for the case of magnetic vortices fabricated on top of a piezoelec-
tric substrate. The key finding of the presented study is that electrically induced and controlled
strain allows one to tune not only the static magnetic configuration of magnetic vortices, but
also the magnetodynamic response to the microwave excitation: the gyrotropic eigenfrequency
of the microstructures and the shape of the vortex core gyration orbit. The two underlying
mechanisms responsible for the observed modifications are the change in the resonance fre-
quency and the change in the domain configuration, both resulting from the modification of
the potential landscape due to the induced anisotropy. We find that the magnetization dynam-
ics behavior observed in the experiment is in good qualitative agreement with the micromag-

netic simulations, where the effect of piezoelectric strain was modeled by an additional uniaxial
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anisotropy term.

Our results show that this approach provides an energy-efficient tool to fully electrically
control magnetic vortex dynamics which is a key asset for future vortex applications in mi-
crowave devices. For example, since the eigenfrequency of a vortex can be locally tuned by
using the electric field-induced strain, this approach may enable selective switching of the vor-
tices within an array for which the gyration eigenfrequency was tuned accordingly to match the
frequency of the global excitation field.

Another important result of this thesis is that the strain leads to sizable change of the mag-
netic properties of the system, e.g. the magnetic domain structure if the induced magneto-
elastic anisotropy is comparable with the effective anisotropy. This we find by the direct imag-
ing of the modification of the magnetic domain structure by strain in the region with the gradi-
ent of the magnetic anisotropy.

Furthermore, we discuss the impact of piezoelectric strain in a perpendicularly magne-
tized W/CoFeB/MgO multilayer where the relative contribution of the strain-induced magneto-
elastic anisotropy is small and does not significantly change the magnetic state. In this thesis,
we show for the first time experimentally that the magnitude of the spin-orbit torques (SOTs)
and Dzyaloshinskii-Moriya interaction (DMI), naturally occurring in this W/CoFeB/MgO sys-
tem, can be tuned by the electric field-induced strain.

Specifically, the tensile strain enhances the amplitude of the damping-like torque, while the
compressive strain leads to its decrease. This means that one can not only dynamically tune the
torques but reach even higher torques than possible at zero strain. We explain our experimental
findings by theoretical band structure calculations, the detailed analysis of which reveals that
the strain modifies the symmetry and orbital polarization of the electronic states participating
in the hybridization at the ferromagnet/heavy metal interface. This imprints uniquely on the
nature of SOTs thus allowing us to reproduce our experimental findings.

The strain response of the DMI in W/CoFeB/MgO on the piezoelectric strain demonstrates
a monotonic decrease with the increasing magnitude of the strain of both characters. Further-
more, the estimated efficiency of the electric field control of the DMI is found to be much larger
than that, reported for the DMI control by gate voltage in typical oxide-based systems. While
the analysis of the microscopic origin of the observed strain response of the DMI is required
to understand the complex behavior of this spin-orbit driven phenomenon, our theoretical in-
sights already suggest that the possibility to control and engineer the DMI in perpendicularly
magnetized systems by means of electric fields.

We, thus, show that the electric field induced strain can be used to control the magnitudes

of SOTs and DMI in a system on demand and even increase their amplitudes. By employing
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various local strain configurations, thus locally tuning these phenomena in a ferromagnetic
element, it could be possible to design novel device architectures.

Finally, this thesis reports an unexpected finding, yet particularly relevant for the field of
spintronics, where magnetic structures are often investigated by means of x-ray based tech-
niques. We discuss the effect of the x-ray irradiation on the magnetic states of two perpendic-
ularly magnetized thin films grown on piezoelectric substrates and its possible origins. Thus,
our finding shows that one needs to take care when analyzing anisotropies in the experiments
involving extensive x-ray exposure. In conclusion, the results of this thesis demonstrate the
energy-efficient control of the static and dynamic properties of magnetic structures at the nano-
scale and advance our fundamental understanding of the underlying mechanisms, thus, pro-

viding promise for application of these ideas in the future generation of spintronic devices.






APPENDIX

SAMPLE FABRICATION DETAILS

A.1 FABRICATION OF NI MICROSTRUCTURES

The investigated in Chapter 3 samples were fabricated within two-steps of EBL followed by

metal deposition and a lift-off process. The detailed run sheet is given in Table A.1.

As the first step a CPW was fabricated on top of a bare one-side polished piezoelectric
PMN-PT (011) substrate. Prior to the lithographical exposure, a bilayer of methyl-methacrylate
(MMA) and poly-methyl-methacrylate (PMMA) was spun. To minimize charging effects during
the lithographical exposure of the insulating substrate, a layer of conductive resist (e-spacer)
was additionally spun on top of the bilayer resist. The lithographical exposure was carried out
with a Raith Pioneer electron beam writer, employing the parameters given under Step I in Ta-
ble A.1. The schematic of the pattern used to fabricate the CPW is shown in Fig. A.1 (a). The
WEF of 2 x 2 mm was used in order to speed up the fabrication process. Each WF contained
four alignment markers in the pattern. After the exposure the e-spacer was removed by im-
mersion in water and the resist was developed by immersion in a solution of methylisobutyl-

ketone (MIBK) 1:3 in isopropanol (IPA) followed by immersion in pure IPA.

The 50 nm thick Au films were deposited by DC sputtering on top of a 5 nm thick Cr und-
edrlayer sputtered prior to that for a better adhesion. The bottom contact of Cr(5 nm)/Au(50
nm) was sputtered on the back side of the substrate before the EBL structuring. The films were
sputtered in a dedicated sputtering chamber with a base pressure < 2 x 10~° mbar. After the
deposition the films were lifted-off by removing the unnecessary unexposed resist along with

the metal film on top of it by immersion in pure acetone (ACE).
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Figure A.1: (a) EBL pattern of CPWs showing 2 x 2 mm WFs, each containing 4 alignment mark-

JENEIENE

. D co-planar waveguide

iﬁﬁi 2x2 mm writing field

@® microstructures

ers. (b), (c) Incrementally zoomed-in images of the EBL pattern showing the strip line, align-

ment markers and microstructures (red).

As the second step Ni microstructures of various lateral dimensions in the range of 0.8 —
1.2 um were fabricated on top of the Au stripline (Fig. A.1 (b,c)) following the same patterning
procedure, described above. A layer to layer WF alignment was carried out before the e-beam
exposure to ensure the Ni microstructures were placed on top of the stripline. The e-beam
exposure was carried out using the parameters given under Step II in Table A.1. The 50 nm
thick Ni film was then sputter-deposited followed by the lift-off process in pure ACE. The Ni
film was deposited at a Singulus Rotaris commercial sputtering cluster with a base pressure
<3x 1078 mbar.

Table A.1: Full run sheet of the fabrication process of Ni
microstructures on top of a CPW.

Process Description | Equipment Parameters Remark
Substrate ACE Wet bench 60 s
cleaning IPA Wet bench 60 s
Ny blow dry | Wet bench 10s
Step 1
Spin coating MMA Spin coater | Prespin: 2s @ 500 rpm, | MMA (8.5) MAA
acc.: 500, spin: 60 s @ EL6
3000 rpm, acc.: 3000
Soft bake Hot plate 90s @180 °C
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PMMA Spin coater | Prespin: 2 s @ 500 rpm, PMMA 950k
acc.: 500, spin: 60 s @ Ad%
3000 rpm, acc.: 3000
Soft bake Hot plate 90s @180 °C
e-spacer Spin coater | Spin: 60 s @ 2000 rpm,
acc.: 250
EBL Raith En.: 20 keV, app.: 60 uA, | CPW patterning
Pioneer dose: 160 uC cm™2,
WEF: 2 mmx2 mm
Development H,0 Wet bench 30s Removing
e-spacer
MIBK Wet bench 45s MIBK 1:3 IPA
IPA Wet bench 30s
Deposition Sputter Cr: 5 nm, Au: 50 nm Base pressure:
chamber | Ar pressure: 5x 1072 mbar| <2 x 10~/ mbar
Lift-off ACE Wet bench
cleaning IPA Wet bench 60 s
Ny blow dry | Wet bench 10s
Step II
Spin coating MMA Spin coater | Prespin: 2s @ 500 rpm, | MMA (8.5) MAA
acc.: 500, spin: 60 s @ EL6
3000 rpm, acc.: 3000
Soft bake Hot plate 90s @180 °C
PMMA Spin coater | Prespin: 2 s @ 500 rpm, PMMA 950k
acc.: 500, spin: 60 s @ A4%
3000 rpm, acc.: 3000
Soft bake Hot plate 90s @180 °C
e-spacer Spin coater | Spin: 60 s @ 2000 rpm,
acc.: 250
EBL Raith En.: 10 keV, app.: 10 uA, | Microstructures
Pioneer dose: 160 uC cm™2,
WEF: 2 mmx2 mm
Development H,O Wet bench 30s Removing
e-spacer
MIBK Wet bench 45s MIBK 1:3 IPA
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IPA Wet bench 30s
Deposition Singulus Ni: 50 nm Base pressure:
Rotaris <3x 1078 mbar
Lift-off ACE Wet bench
cleaning IPA Wet bench 60 s
N, blow dry | Wet bench 10s

A.2 FABRICATION OF W/COFEB/MGQO/TA HALL BAR DEVICES

The investigated in Chapter 4 samples were fabricated within three steps of EBL following the
sputter-deposition of a continuous film of W(5)/Coz¢FegyB2¢(0.6)/MgO(2)/Ta(5) on top of a
bare unpoled two-sides polished piezoelectric PMN-PT (011) substrate in a Singulus Rotaris
commercial sputtering cluster with the base pressure < 3 x 10”8 mbar. All thicknesses in paren-
theses are in nm. The detailed run sheet is given in Table A.2.

As the first step of the EBL process, a set of alignment markers was fabricated on top of a
continuous film, see Fig. A.2 (a). As a result, the surface was covered by an array of 1 x 1 mm WF
each containing 4 coarse and 4 fine alignment markers. Prior to the exposure a MMA/PMMA
bilayer resist was spun. The e-spacer on top of the bilayer resist was used as well for this step.
The EBL was carried out and the resist was then developed using the parameters given under
Step Iin Table A.2.

The 30 nm thick Au film was deposited by DC sputtering in Ar atmosphere. For better ad-
hesion a 5 nm thick Cr underlayer was sputtered prior to that. The bottom contact of Cr(5
nm)/Au(50 nm) was sputtered on the back side of the substrate before the EBL structuring. Af-
ter the deposition the films were lifted-off by immersion in pure ACE.

This step was a necessary preparation for the third step during which the pattern for metallic
contacts to the Hall-cross was fabricated. The third step requires the pattern to be aligned pre-
cisely with the existing pattern on the sample surface. Such alignment is best achieved by using
an automatic WF alignment procedure. During this alignment procedure, the software scans
the markers withing the writing field to determine their position, so that eventually the patterns
match. However, the W/CoFeB/MgO/Ta metallic film is very thin and the metals themselves do
not exhibit a particularly large electron yield. Hence, the automatic alignment procedure fails,
if the alignment markers are made of the W/CoFeB/MgO/Ta film. On the contrary, Au is charac-
terized by a better electron yield, therefore having the alignment markers made of Au simplifies

the fabrication process and provides a much better precision during the WF alignment.



A.2. FABRICATION OF W/COFEB/MGO/TA HALL BAR DEVICES 133

(a) | (b) (©

fine alignment markers

coarce alignment markers

—

200 pm

1x1 mm writing field alignment markers Il Hall bar structure contacts

Figure A.2: Subsequent EBL steps during the fabrication of (a) alignment markers, (b) Hall-

cross structures and (c) Au contacts.

As the second step, Hall-cross devices were fabricated at the center of each WF using a neg-
ative resist AR-N 7520.073 and an e-spacer layer. The Hall-cross mask was aligned to the exiting
Au alignment markers by an automatic alignment procedure. The exposure was carried out
using the parameters given under Step II in Table A.2.

The resist development was followed by the Ar ion milling in the IBE tool to remove the un-
covered part of the material stack down to the PMN-PT substrate. To check that all unnecessary
material was removed, we checked that the sheet resistance of the PMN-PT substrate, not cov-
ered by the microstructures, was unmeasurable with a multimeter. After the milling process,
the rest of the resist was removed by immersion in pure ACE for several hours.

During the third step, metallic contacts to the Hall crosses as well as the top electrodes
for the piezoelectric substrate, as seen in Fig. A.2 (c) were fabricated. For the exposure, the
MMA/PMMA bilayer resist was used and developed following the same recipe used in the first
step. The details of e-beam exposure and the subsequent resist development are given under
Step III in Table A.2. Note that due to charging effects it was not possible to use a larger aper-
ture, to speed up the process. Because for larger currents, the charging would quickly lead to a
degradation of the resist! and the WF alignhment procedure would fail.

After the exposure and the resist development using the standard e-spacer+MMA/PMMA
protocol, the Cr(5 nm)/Au(90 nm) films were sputter deposited followed by a lift-off in pure

IThe degradation in this context is overexposure of the resist. As a result, the image around the alignment
marker becomes distorted and its line profile of the intensity, as analyzed within the automatic WF alignment
procedure, can no longer be detected.
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ACE.
Table A.2: Full run sheet of the fabrication process of Hall
bar devices.
Process Description | Equipment Parameters Remark
Substrate ACE Wet bench 60 s
cleaning IPA Wet bench 60 s
N, blow dry | Wet bench 10s
Step I
Deposition Singulus W: 5 nm,
Rotaris CoyoFegoB2og: 0.6 nm,
MgO: 2 nm, Ta: 5 nm
Spin coating MMA Spin coater | Prespin: 2s @ 500 rpm, | MMA (8.5) MAA
acc.: 500, spin: 60 s @ EL6
3000 rpm, acc.: 3000
Soft bake Hot plate 90s @180 °C
PMMA Spin coater | Prespin: 2 s @ 500 rpm, PMMA 950k
acc.: 500, spin: 60 s @ A4%
3000 rpm, acc.: 3000
Soft bake Hot plate 90s @180 °C
e-spacer Spin coater | Spin: 60 s @ 2000 rpm,
acc.: 250
EBL Raith En.: 10 keV, app.: 30 uA, Alignment
Pioneer dose: 160 uC cm™2 (for markers
coarse markers) and
360 pC cm™2 (for fine
markers),
WF: 1 mmx1 mm
Development H,O Wet bench 30s Removing
e-spacer
MIBK Wet bench 45s MIBK 1:3 IPA
IPA Wet bench 30s
Deposition Sputter Cr: 5nm, Au: 30 nm Base pressure:
chamber | Ar pressure: 5x 1072 mbar| <2 x 10~/ mbar
Lift-off ACE Wet bench
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cleaning IPA Wet bench 60 s
N, blow dry | Wet bench 10s
Step I
Spin coating AR-N Spin coater | Prespin: 2 s @ 500 rpm,
7520.073 acc.: 500, spin: 60 s @
4000 rpm, acc.: 4000
Soft bake Hot plate 60s @85 °C
e-spacer Spin coater | Spin: 60 s @ 2000 rpm,
acc.: 250
EBL Raith En.: 10 keV, app.: 30 uA, Hall bars
Pioneer dose: 130 uC cm ™2,
WF: 1 mmx1 mm
Development H,O Wet bench 30s Removing
e-spacer
AR-300 Wet bench 30s AR-3001:4 H,O
H,0 Wet bench 30s
Etching IBE MW gen.: 250 W, 3.5 min @ 90°,
Ionsys500 beam: 300V, acc.: 200V, 30 rpm
neutr.: 100 mA
Resist ACE Wet bench 5 hours - 1 day Resist removal
leftovers by gently
removal wiping in ACE.
Visual check in
optical
microscope
cleaning IPA Wet bench 60 s
N, blow dry | Wet bench 10s
Step III
Spin coating MMA Wet bench | Prespin: 2s @500 rpm, | MMA (8.5) MAA
acc.: 500, spin: 60 s @ EL6
3000 rpm, acc.: 3000
Soft bake Hot plate 90s @180 °C
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PMMA Wet bench | Prespin: 2 s @ 500 rpm, PMMA 950k
acc.: 500, spin: 60 s @ Ad%
3000 rpm, acc.: 3000
Soft bake Hot plate 90s @180 °C
e-spacer Spin coater | Spin: 60 s @ 2000 rpm,
acc.: 250
EBL Raith En.: 10 keV, app.: 30 uA, Contacts
Pioneer dose: 160 uC cm ™2,
WEF: 1lpymx1um
Development H,0 Wet bench 30s Removing
e-spacer
MIBK Wet bench 45s MIBK 1:3 IPA
IPA Wet bench 30s
Deposition Sputter Cr: 5 nm, Au: 90 nm Base pressure:
chamber | Arpressure: 5x 1072 mbar| <2 x 10~/ mbar
Lift-off ACE Wet bench
cleaning IPA Wet bench 60 s
Ny blow dry | Wet bench 10s
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MICROMAGNETIC SIMULATIONS

Micromagnetic simulations are an important tool to describe and investigate the dynamics of
magnetic systems [259, 98]. This type of numerical calculation solves iteratively the LLG equa-
tion, introduced in Chapter 1, by calculating the effective fields due to the existing magnetiza-
tion pattern and an external influence. Here we will give a short summary of what micromag-

netic simulations are.

Initialization. The sketch in Fig. B.1 shows a protocol of a micromagnetic solver. The pro-
gram starts with the initialization of the simulation space (the spatial properties of the region
of interest, discretization, and the solver routine) in which the simulation of a system will be
performed. Usually, the space is discretized by equidistant cells of a certain volume. On this
mesh, it is then possible to define a sample geometry, e.g. a cylinder as used in Chapter 3,
by assigning cells to the geometry. Each simulation cell comprises the information of a mag-
netic moment M and the settings of other micromagnetic material parameters. The size of
the cells employed in the numerical discretization has to be smaller than the exchange length,
lex = \/% , of the magnetic material, as the simulation of under-resolved structures can lead
to unreliable results [98]. The exchange length is dependent on the specific parameters of the
analyzed material and needs, thus, to be determined prior to the beginning of the simulation.
Next, the initialization of the desired interactions, e.g. exchange, anisotropy, external drives) is

carried out. This may include inhomogeneities in the material, time dependencies of fields and
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Micromagnetic Simulation

Define simulation space
World — Grid — Sample geometry
Initialization Calculations Control
Load settings: Effective Field Dynamics Update:
o Energy modules He (M, r, t) (LLGE) o External forces
e External forces 3 dm o Parameters
e Parameters Current j d/
no‘
no es
Initialize: Magnetization Stop condition ~ _ -~ Simulation
My (r, to) M(r, t) reached? finished?

Figure B.1: Flowchart of a micromagnetic simulation showing the simplified algorithm imple-

mented in a micromagnetic solver. Taken from Ref. [259].

currents. Importantly, it is usually possible to load magnetic patterns from pre-relaxed states.

Calculation. The calculation step is carried out by the execution of the actual solver algorithm.
All the effective fields generated by the magnetic interactions are calculated and enter the LLG
equation to calculate the time derivative of the magnetization and eventually the next magne-
tization state after the preset time step. The new magnetization pattern then undergoes the
same loop over and over again until a user-defined stop condition is reached. From this point

on more program code may be executed and/or another simulation started.

Control. The typical stop condition is a maximum torque dN([{;‘a", however, other control pa-

rameters are such as the simulated time or the velocity of a DW can be also used. In the case
of the former stop condition, if a certain value is achieved the magnetization is assumed to be

relaxed and the calculation stops.
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CALCULATIONS OF SOT AND DMI1

Here, we will describe the basic theoretical concepts employed for the SOT and DMI calcula-
tions performed by the collaborators in the Forschungszentrum Jiilich, in particular, by Jan-
Philipp Hanke with input from Yuriy Mokrousov. For this, we will follow the arguments from
Refs. [211, 234].

Density functional theory (DFT) provides the computational tool to evaluate the SOTs in
realistic material systems. Within DFT, a system is described by a non-interacting Hamiltonian,

which can be decomposed as
H =K+ Vog(1) + ppo - Q%(x) + Hyo, (C.1)

where K is the kinetic energy, Vet is the effective crystal potential, Q% is the exchange field, Hgso
the SOCand o = (0,0, UZ)T is the vector of Pauli spin matrices. In FM systems, the exchange
field Q% = Q% (r)m is characterized by a position-independent direction m and a position-
dependent amplitude Q, which is related to the Kohn-Sham effective potentials Vrflfafj and Vriflfn
of the majority and minority electrons, respectively, as follows:

1
Q%= 2 [Vrflfifn ~ Vinaj

. (C.2)

An applied electric field modulates the exchange field Q**(r) due to the induced magnetiza-
tion 6m(r) at the position r, which can be expressed as § Q% (r) = Q% (r)ém(r)/ m(r). As a result

the torque T on the magnetization within one unit cell is given by
T= f m x 6Q%(r)d*r = f Q%*(r) x Sm(r) d’r, (C.3)
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where the integration is over the unit cell volume. One can thus see that the torque on the
magnetization arises from the component of §m(r) which is perpendicular to Q®*(r).

From the point of view of the linear-response theory, the torque T due to the spin-polarized
currents generated by the applied electric field E can be written as T = 7E, where 7 is the
torkance tensor. It is also possible to write the torque on the magnetization within one unit

cell due to an electron in state y(r) as

Tly] = —uBfﬂex(r) xy @ oy dr= ,uBft//(r)*aw(r) x Q%) d’r = —fw(r)*f/“(r)w(r) d’r,

(C.4)

where 9 = —ugo x Q(r) is the torque operator at the point r, with J; being its i-th Cartesian
component.

Within the Kubo linear-response formalism, the torkance tensor relates to the imaginary

part of the retarded torque-velocity correlation function, which can be calculated using the

Matsubara technique of analytical continuation [260]. As a result, a Green function representa-

tion torkance tensor 7;; = TIZ.(]?‘) + ri.(;’) + r?] at zero temperature reads:
T = STr (TG R G 6 (€5)
T = - - Re(TiG (R, G 6 (C6)
&r GR(&) GR(&)
m_ € R R
T = Ej;oo déReTr (T;G (&) v; Y -9 i viG' (&), (C.7)

where GR(&) and GA(&) are the retarded and advanced Green function, respectively, & is the

Fermi energy, e > 0 is the elementary positive charge and v; is the i-th Cartesian component
I(a) I(b)
ij ij
surface terms, while the third, T?] is a Fermi sea term.

of the velocity operator. The first two terms, 7.';” and 7", of the torkance tensor are the Fermi
Assuming that the dominant effect of finite temperature on the torkance is the enhance-
ment of the band broadening T, it is also possible to approximate the effect of disorder.! For
a constant band broadening I we set GR&) =h|&-H+ill' and GA&) = h[&-H-iT]},
where H is the Hamiltonian given by Eq. C.1.
Furthermore, in order to compare theory with experiment one can decompose the com-
puted torkance into even and odd in m parts, i.e. 7;;(m) = T(i)](.id

3 [7ijm) —7;;(-m)] and 794(m) = 3 [7;;(m) + 7;;(-m)]. As we will see below, this results in

(m) + T‘l?}.’e“ (m), where T(i)}id (m) =

splitting Egs. C.5-C.7 into two terms: containing Im [(W/1n| T [Wim) (Wim|VjlWin) | and the sec-
ond containing only contributions of Re [ (i, |Ti[Wim) (Wim|Vj1Wkn)]. The first term is given

!In the case of SHE this constant I approximation does not capture the side-jump and skew-scattering.
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eh
o 2N

even _ Y I [l TilWm) Wiemlvj191cn)] (C.8)

nzm

Iﬂ((g)km _gkn) +
[(gF - gkn)z + I‘Z] [(gF - gkm)z + I‘Z]

2I
2 2 +
(Excn — Exml [(5’1: —Ekm)°+T ]

2 Exm —6p— il
+ 2Imln —,
[gkn - g)km] gkn —&p—il

and the second reads

codd _ eh I2Re [(Win| T3 Wim) Wiem| V1 Wicn) ]
& nN knm [(ébF —Ekn)? + FZ] [(ébp — &) + Fz] ’

(C.9)

where N is the number of k-points used to sample the Brillouin zone and vy, denote the Bloch
function for band n and k with the corresponding energy ;.

i.(]f“) i.(;’), contribute to T(i)](.id, while both
I(a) 1I : even :
ij and Tip contribute to 7 i Using the

One can see that only the Fermi surface terms, 7.;” and t
the Fermi surface and the Fermi sea terms, i.e. T

transformation properties under time reversal,

Qex — _Qex (C.lO)
WnVIwim) = = (Wi VIvim)) (C.11)
Wi m[Wign) = = (Win Ml wign))” (C.12)

Wienl T 1Wiam) = (Winl T 1vim)) ™, (C.13)
odd

it is straightforward to show that the torkance component Ty is odd with respect to magneti-

even
ij

Calculation of the DMI presented in Chapter 5 were carried out using expression C.14, the

zation reversal, while 7 is even.

derivation of which is described in detail in Refs. [45, 234]. Since itis natural to interpret the DMI

in finite systems in terms of moments of the torque, r; T;(r), employing the torque operator

from Eq. C.3, we can arrive at the expression for the spiralization D;; at finite temperatures T

_ 1 n ! BExn—) | pn
Dij= Mo f(é"kn)Al.j(k)+Bln(1+e k) BILG9 |, (C.14)
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where V is the unit cell volume, f (&) is the Fermi distribution function with the band energy
&xn, M is the chemical potential and 8 = 1/(kgT). The k-dependent quantities A;?]. and ij are

expressed as follows:

(en| T3 thiem {thiem |V (K) |t )

At (k) = —Im , (C.15)
H n;'n gkn _ébkm

T; hivikk
Blnj(k):—ZIm Z (ugen| zlukm><ukm| U]( )Iukn> (C.16)

m#n (éakn - gkm)z
To model the effect of disorder, the expression of the spiralization tensor can be extended
such that the eigenstate representation of the retarded Green function G® includes a constant

band broadeningI’, as it has been done above for the torkances. As a result we obtain [234]

Y D Im [(uenl Tl tigm) e | v () | tiger )|

V2NV & &
Exn+ Exm — 28 Exm—Er—il 2T Exm—Er—ill
kn km . FImlog km F l _ 2Relogkm—F? . (C.17)
(Exn — Exm) Exn—Er— I (Ekn— Ekm) Exn—6r—ill

where the summation is over all electronic states. Also note that according to the symmetry ar-
guments, reflected in Egs. C.10-C.13, the DMI spiralization tensor is even in the magnetization
direction just like the damping-like torkance tl.e}’en.

Equations C.8 and C.9 were used to evaluate the SOT in Chapter 4 and Eq. C.17 was used to
calculate the DMI in Chapter 5 based on the calculated from first principles electronic structure
Txinm = Wknl TilWxkm), Vkinm = WknlVilWxm), Exm and &g. For the calculation we used the
Wannier interpolation technique, which allows one to efficiently converge the k summations
numerically [234, 261]. For this the matrix elements of the necessary operator are expressed in

the basis of maximally localized Wannier functions (MLWFs) |W,,,g as follows:

Hygr, = 2 T (Wl HIW,g) (C.18)
R
1 R -
Vi = 7 2 € ERi (Waol HI Wing) (C.19)
R
Trcimm = 2T W0 Til Wig) . (C.20)
R

The DFT calculations of the electronic structure of a Fey7Co¢3/W(001) film in Chapters 4
and 5 were performed as implemented in the full-potential linearized augmented-plane-wave
code FLEUR [262]. Exchange and correlation effects were treated within the generalized gra-
dient approximation (GGA), [263] the plane-wave cutoff was 4.1 Bohr~! and the muffin-tin ra-

dius of magnetic and non-magnetic atoms was 2.42 Bohr. In the absence of strain, we assumed
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the structural parameters as determined in Ref. [264]. The electronic structure of the alloyed
compound was treated within the virtual crystal approximation (VCA) [265]. Sampling the full
two-dimensional Brillouin zone by 24 x 24 k-points, we calculated the self-consistent charge
density of the perpendicularly magnetized system with SOC. Subsequently, we employed the
wave-function information computed on a coarse mesh of 8 x 8 k-points for various magne-
tization directions to generate a single set of the higher-dimensional Wannier functions [266].
Based on these functions, we evaluated the linear-response expression of the torkance 7;; [211]
and the DMI tensor D;; [45] by using an efficient but accurate generalized Wannier interpola-
tion [266, 267] which allowed us to access the electronic structure at any k-point for arbitrary

magnetization directions.






APPENDIX

HANDLING PMN-PT

Anything that can go wrong will go wrong

Murphy’s Law

Here, we will briefly describe possible problems which may arise when working with PMN-PT

substrates. Based on the experience gained we suggest how to avoid these problems.

D.1 TOO HOT PLATE OR IRREVERSIBLE STRUCTURAL PHASE
TRANSITION IN PMN-PT

During the preparation step for the EBL patterning, the spin-coated resists need to be cured
at relatively high temperatures. According to the recipes described in Appendix A, a typical
MMA/PMMA bilayer resist requires the temperatures of 180 °C.

Figure D.1: Image of a shattered PMN-PT substrate on a hot plate at 180 °C.
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It occurred several times' that a PMN-PT substrate was damaged during this necessary tem-
perature treatment step. Within the first few seconds on the hot plate at 180 °C the substrate
started to sparkle and eventually shattered in many small pieces, as shown in a photograph in
Fig. D.1.

Interestingly, studies of temperature dependence of the dielectric properties of these piezo-
electric materials show a peak of the dielectric permittivity around this temperature (140 °C -
180 °C) [268]. And it is also known that in the case of materials close to the MPB region, the
maxima of dielectric permittivity reveal the presence of phase transitions [268]. Thus, the ob-
served behavior of the PMN-PT substrates can be associated with an expansion jump leading
to such an “irreversible phase transition”.

Based on our experience, the suggestions on how to prevent this from occurring are as fol-

lows:

 Ifitis necessary to put the substrate on a hot plate which is already hot, it is critical that

the sample is put flat.

e If it is allowed by the fabrication process, one should consider heating up the substrate

gradually.

* The substrates of relatively small sizes (5 x 5 mm) were not observed to blow up on a hot

plate.

D.2 PMN-PT SURFACE EFFECTS

While it is well known to experimentalists that nanostructures on any substrate may be de-
stroyed during transport measurements [Fig. D.2 (a)], when too much current is applied or if
there is an unwanted electrical spike, the structures on PMN-PT substrates are prone to being
blowing up for other reasons not related to inaccurate measurements or network instabilities.
In particular, we noticed that even the Hall-cross structures that were not connected to any
power sources could be burnt down like if there was a large current passing through them, see
for instance Fig. D.2 (b). We also noticed a correlation that this occurs when a PMN-PT is being
electrically poled. This could be caused by the electric currents which are known to develop
in the PMN-PT substrates upon its poling. These currents picked up by metallic features on
the surface may leads to the damage, as observed in Fig. D.2 (c), which shows that the metallic

contacts clearly not connected to anything are blown up.

Limited statistics shows that 1 of 10 substrates blow up.
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W/CFB/MgO/Ta Hall bars [ Cr/Au contact pads

Figure D.2: Optical microscope images of Hall-cross structures (a) blown up likely by a spike in
the power network during a running measurements, (b) and (c) burnt Hall-cross structures not

connected to any source of possible discharge.

floating Hall

(@) cross pattern (b) EBL error

Hall-cross structure Meant to be a single Hall-cross
after developing
AR-N 7520.07 resist

Figure D.3: Optical microscope images of (a) a Hall-cross pattern after developing of the litho-

graphical resist and (b) a resulting Hall-cross with an error during the EBL process.

D.3 EBL PATTERNING USING PMN-PT AS A SUBSTRATES

* Since PMN-PT substrates are insulators the use of a conductive e-spacer is strongly ad-

vised.

* As mentioned in Appendix A, the automatic WF alignment procedure does not work on
ultrathin Ta capped layers markers on PMN-PT. Due to charging it leads to misalignment
of the subsequent writing area towards the previous one. It is therefore recommended to
make thick (30 — 50 nm) Cr/Au alignment markers before any EBL structuring. Also, the
best alignment at each EBL step is required.

 This kind of issue is not restricted to using PMN-PT crystals as a substrate. Even seem-
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ingly clean substrate surfaces may not be perfectly clean from resists left-overs. This may
lead to unwanted results, such as when a patterned structure does not stick to the sample
surface and moves during the development step. Figure D.3 (a) shows an optical micro-
scope image of such a floating EBL pattern of a Hall-cross after the development of the

exposed resist.

Figure D.3 (b) shows an optical microscope image of a Hall-cross structure which turned
out wrong due to an EBL error. In this case, as well, no relation to the substrate used
was obvious. The EBL patterning was set to write the entire structure in one step in a
“meander” mode. As a result the central part of the Hall-cross was topologically different
from the design pattern. Changing the patterning mode to “linear” did not resolve this
issue. However, splitting the structure in two writing areas, i.e. first writing the Hall-cross

and then during the same EBL step writing the large contact pads, led to the desired result.

D.4 REAL-TIME IMAGING OF A DISCHARGE IN PEEM

Despite being a very powerful technique to study surfaces, PEEM also has certain limitations

mainly to the types of samples which can be investigated. The main requirements for the sam-

ples are as follows:

e Samples should to be flat with a flatness of = 1/10 of desired resolution, according to the

existing rule of thumb [242]. Because large electric fields are employed to extract photoex-
cited electrons, surface inhomogeneities such as sharp defects can lead to localization of

the electric field and cause an electric arc between the objective lens and the sample.

Samples should be good conductors, i.e., they should not charge under illumination by x-
rays. Therefore, bare insulating materials cannot be imaged, unless capped with a thin
conductive layer/grid, and for samples with large insulating areas the spatial resolution is

expected to be lowered.

Samples should not have an extensive capping, as the probing depth is limited to a few nm
as discussed in Section 2.3. Many PEEM setups are equipped with an in-situ sputter gun,
which can be used to remove the capping layer. The drawback of this is that the sample

surface can be damaged during the sputtering process.

These requirements are essential to obtain a good-quality PEEM image. In practice, how-

ever, even a seemingly ideal sample can cause an arc discharge, which can be strong enough



D.4. REAL-TIME IMAGING OF A DISCHARGE IN PEEM 149

Figure D.4: Subsequent PEEM images with the delay of 1 s of an Au alignment marker (a) before,
(b) right before and (c) after a discharge.

to damage the sample surface or destroy its magnetic properties (demagnetize). An example of
such a discharge and its consequences is presented in Fig. D.4, showing a series of subsequent
PEEM images of a Cr/Au alignment marker “C25” on top of a continuous conductive film before
in (a) and after the discharge in (c). One can see that, as a result, the marker was damaged and
part of the marker’s material evaporated and spread over the sample’s surface.

In our experience, two main solutions exist to minimize the risk of a discharge: reducing the
operation voltage and increasing the distance between the sample and the objective lens. In
the first case, reduction of the bias voltage requires new settings of the microscope optics and
re-calibration of the image magnification. In the second method, the sample is moved further
away from the objective lens, which requires re-adjustment of the objective lens current from

its optimal value.
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