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Abstract

The physical and chemical functionality of solids is de ned, in many aspects, by spatial
inhomogeneity, with prominent examples in doped semiconductors or magnetic data
storage. In materials with ferroic order, inhomogeneity manifests in the form of do-
mains, that is, regions with di erent electric, magnetic, or structural long-range order
separated by boundaries called domain walls. Magnetoelectric multiferroics are a par-
ticularly promising class of ordered materials because of their coexisting electric and
magnetic orders rendering them candidates for low-energy or multi-state storage de-
vices. In particular, the interplay between electric and magnetic order within domains
and at domain walls endows magnetoelectric multiferroics with unique functional de-
grees of freedom. However, our understanding of these phenomena still resides at a
fundamental level.

This doctoral thesis unveils the electric and magnetic interplay on the domain
level at the microscopic scale and discusses a control route to tailor the average domain
size on a sub-micron length scale. In addition, novel methodologies to probe domain
populations below the optical resolution limit are explored. As a model compound,
hexagonal manganites are investigated. In these compounds, electric and magnetic
orders arise independently, and therefore the interplay between the orders is expected
to be weak or non-mandatory. This is in contrast to multiferroic materials where the
electric order is directly induced by the magnetic order, and the interplay is therefore
inherently pronounced, leading to one-to-one rigidly coupled magnetoelectric domains.
Importantly, however, the independence of electric and magnetic orders in the hexag-
onal manganites can leave the freedom for a richer landscape of domains and domain
walls. It is shown in this doctoral thesis that hexagonal manganites indeed show a
rich variety of domain walls. More speci cally, three types of magnetic(-electric) do-
main walls are identi ed, along with magnetic vortices that form between the di erent
domain wall intersections. This rich landscape of domain walls and vortices has its
origins contrary to general belief in a pronounced bulk magnetoelectric coupling
phenomenon present in these materials.

Moving forward, another inherent aspect that determines the functionality of or-
dered materials is the average domain size which, in principle, de nes how small an
information bit can be made. This doctoral thesis explores chemical substitution



as a route to tailor the domain size in hexagonal manganites from the micron- down
to the angstrom range while preserving the inherent bulk magnetoelectric coupling
mechanism. The investigation of domains in the sub-micrometer range requires imag-
ing techniques that overcome the limitations of optical resolution. To circumvent this
limitation, an experimental proof-of-concept is presented. More speci cally, by com-
bining pixel-by-pixel analysis and numerical simulations, we expand the capabilities of
far- eld optical second-harmonic generation (SHG) to probe nanodomain populations.
In addition, combined SHG and scanning probe techniques (SPM) enable studies on
the level of individual domain walls.

The research results presented in this doctoral thesis, hence, provide insights
that expand the eld of multiferroics from a fundamental but also from a methodical
point of view. These ndings are relevant not only for bulk multiferroic systems but
could be extended to the emergent eld of thin- Im multiferroics, for example to
explore magnetoelectric coupling e ects in hexagonal manganites thin Ims or to tailor
magnetoelectric domains during synthesis. These results highlight the importance of
microscopic inhomogeneity, speci cally domains and domain walls, and its potential
to promote their magnetoelectric functionality in these materials.



Zusammenfassung

Die physikalische und chemische Funktionalitdt von Festkorpern ist in vielerlei Hinsicht
durch raumliche Inhomogenitat bestimmt. Bekannte Beispiele sind dotierte Halbleiter
oder magnetische Speichermaterialien. In Materialien mit ferroischer Ordnung zeigt
sich Inhomogenitét in der Form von Doménen, also Bereichen mit unterschiedlicher
elektrischer, magnetischer oder struktureller langreichweitiger Ordnung, wobei die
Domanen durch Grenz &chen, die sogenannten Domanenwande, voneinander getrennt
sind. Magnetoelektrische Multiferroika sind eine besonders vielversprechende Klasse
geordneter Materialien. Die Koexistenz von elektrischer und magnetischer Ordnung
macht sie zu Kandidaten fir energiee ziente und mehrfach belegbare Speichermedien.
Insbesondere die Wechselwirkung zwischen elektrischer und magnetischer Ordnung
innerhalb von Doméanen und an Domé&nenwanden verleiht magnetoelektrischen Multi-
ferroika einzigartige funtionelle Freiheitsgrade. Unser Verstandnis dieser Ph&nomene
ist jedoch begrenzt.

Diese Dissertation untersucht die elektrische und magnetische Wechselwirkung
in Bezug auf Doméanen auf der mikroskopischen Skala und diskutiert einen Ansatz
zur Kontrolle der mittleren Domanengrésse auf der Sub-Mikrometer-Skala. Zusétzlich
werden neuartige Methoden zur Untersuchung von Domanenverteilungen unterhalb
der optischen Au 6sungsgrenze erforscht. Als Modellsystem werden hexagonale Man-
ganite erforscht. In diesen Verbindungen bilden sich die magnetische und elektrische
Ordnung unabhangig voneinander aus. Deshalb erwartet man, dass die beiden Ord-
nungen nur schwach miteinander wechselwirken. Dies steht im Gegensatz zu multifer-
roischen Materialien, bei denen die elektrische Ordnung direkt durch die magnetische
Ordnung induziert wird. In diesen ist die Wechselwirkung stark ausgepragt, was zu
sogenannten eins-zu-eins-gekoppelten magnetoelektrischen Domanen fuhrt. Die Unab-
héangigkeit von elektrischer und magnetischer Ordnung in den hexagonalen Manganiten
l&sst den Freiraum fiir eine Reihe zusétzlicher Arten von Doménen und ihren Wénden.

In dieser Dissertation wird gezeigt, dass hexagonale Manganite eine Vielfalt von
Domanenwanden aufweisen. Drei Arten magnetischer bzw. magnetoelektrischer Doman-
wande werden identi ziert und zusatzlich die magnetischen Vortices, die sich an den
Kreuzungspunkten von Domanenwanden ausbilden. Die Vielfalt von Domanenwan-
den und Vortices in diesen Materialien hat entgegen der weitverbreiteten Meinung

Xi



Xii

ihre Ursache in einer ausgepragten magnetoelektrischen Kopplung im Innern der
Domaénen.

Ein weiterer Aspekt, der die Funktionalitat geordneter Materialien bestimmit,
ist die mittlere Doménengrésse, die im Prinzip festlegt, wie kleinrdumig der Spe-
icher fur eine Informationseinheit gemacht werden kann. Diese Dissertation erforscht
chemische Substitution als Ansatz, um die Doméanengrdsse in hexagonalen Mangan-
iten von der Mikrometer- auf die Angstrom-Skala zu reduzieren, wobei die magne-
toelektrischen Kopplungsmechanismen unverandert bleiben. Die Untersuchung von
Domanen auf der Sub-Mikrometer-Skala erfordert bildgebende Techniken, die nicht
durch die Lichtwellenlange als optische Au 6sungsgrenze beschrénkt sind. In dieser
Arbeit wird ein experimentelles Konzept zur Uberwindung dieser Grenze vorgestellt.
Durch eine Kombination von bildpunktweiser Analyse und numerischer Simulation
werden die Mdglichkeiten von optischer Frequenzverdopplung im Fernfeld zur Unter-
suchung von Nano-Domaéanen erweitert. Zudem erlaubt die Kombination von optischer
Frequenzverdopplung und Rastersondenmikroskopie Untersuchungen im Au dsungs-
bereich einzelner Domanenwande.

Die Forschungsresultate dieser Dissertation bieten somit tiefere Einsichten in
das Feld der Multiferroika aus einem fundamentalen sowie methodischen Blickwinkel.
Diese Einsichten sind nicht nur fir multiferroische Volumenkristalle relevant, sondern
kdonnten auch auf multiferroische dinne Filme ausgeweitet werden. Beispiele sind die
Untersuchung magnetoelektrischer Kopplungse ekte in diinnen Schichten hexagonaler
Manganite oder die Kontrolle magnetoelektrischer Doméanen wahrend der Synthese.
Diese Resultate unterstreichen die Rolle mikroskopischer Inhomogenitat insbesondere
von Domé&nen und Domanenwéanden in diesen Materialien sowie ihr Potenzial zur Erzeu-
gung magnetoelektrischer Funktionalitaten.
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CHAPTER

Introduction

The ever-increasing energy consumption of information and communication technolo-
gies since the second half of the 20th century poses challenges to a world already ad-
vancing toward a climate crisis. In 2018, the energy use of data centers was estimated
at 200 terawatt hours (TWh) each year [1], surpassing the energy use of some countries:
Poland (157 TWh), Colombia (79 TWh), Spain (233 TWh), Egypt (179 TWh), among
others[2]. Ferroic materials have formed part of the digital revolution since the last
century. For example, ferromagnetic and ferroelectric materials have been used in the
non-volatile storage of information [3]. But, some of their drawbacks are vulnerability
to external elds, or they might be susceptible to fatigue. The quest for reducing
power consumption, heat dissipation, and storing information more densely, among
others, has fostered the search for multifunctional ferroic materials. At the heart of
these materials, magnetoelectric multiferroics have emerged as a promising alternative
for low-energy devices and multi-state data storage. The inherent building blocks of
these materials are (multi-)ferroic domains and domain walls.

Ferroic domains are of unparalleled importance. At a fundamental level, domain
populations are connected to macroscopic physical properties like the exchange-bias
e ect[4], magnetoresistance [5], and charge transport[6, 7], among others. From a
pragmatic point of view, the domains and domain walls form the elementary build-
ing blocks for novel device applications, thus de ning their limitations and degrees
of freedom. Materials like magnetoelectric multiferroics hold the promise of coupling
between the order parameters, enabling the interplay between the macroscopic proper-
ties and poling elds[8 10]. A key for the application of magnetoelectric multiferroics
is to understand the underlying mechanisms of the coupling between their magnetic
and electric orders. This magnetoelectric coupling is a prominent feature in multifer-
roics where the magnetic order induces the ferroelectric ordettyjpe-11). A functional
consequence of theype-Il multiferroics is that one-to-one clamped electric and mag-
netic domains and domain walls are formed. This allows for a unique mutual control
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of the electric and magnetic order. For example, spatially resolved measurements in
magnetically induced ferroelectrics have unveiled phenomena like magneto-electric do-
main control where a multiferroic domain pattern can be controlled with an electric
eld [11].

This doctoral thesis has a two-fold scope: the rst part is devoted to the me-
thodical aspects of a non-linear optical imaging technique, namely second-harmonic
microscopy. While SHG is a well-established technique to probe ferroic order and com-
plex ferroic interplay, its major drawback is caused by its resolution limits. This is
regrettable because the integration of multiferroic materials in devices uses thin Ims
where average domain sizes are in the nanometer range, and exceed the limits of op-
tical resolution. Here, an experimental proof-of-concept to expand the capabilities of
SHG to probe non-destructively nanodomain populations using far- eld optics,
is presented.

In the second part of this doctoral thesis, the understanding of the complex
ferroic interplay in multiferroics with separately emerging magnetic and ferroelectric
order, like the family of hexagonal manganites, is furthered. Here, second-harmonic
microscopy, at the edge of the far- eld resolution limit, is used to unveil the microscopy
of the magnetoelectric coupling in these compounds. The consequences of this bulk
coupling on the level of the multiferroic domains, domain walls, and novel magnetic
singularities are discussed. It is shown that these materials can host additional degrees
of freedom including a variety of magnetoelectric domain walls and magnetic vortices.
This is in contrast with magnetically induced ferroelectrics, where domains and domain
walls are one-to-one mutually locked. Another aspect that de nes the functionality of
these materials is the average domain size. In recent years, chemical substitution has
emerged as an e ective route to tailor complex oxides. In hexagonal manganites, chem-
ical substitution at the R3* and Mn3* sites has been successfully implemented to tune
a variety of properties like ordering temperatures, bulk and domain wall conductivity,
magnetic and electric groundstates, among others. In this doctoral thesis, the main
focus is on the domain-size e ects upon chemical substitution of the M# site with
AlI®* and Ga**. It is discussed that ferroelectric domains scale in size as a function
of the AI®* content while preserving their archetypal domain topology up to 15% of
Al3* content. It is shown that even structural correlation lengths in the Arange lead
to ferroelectricity and long-range magnetic order in these compounds.

This doctoral thesis is organized as follows:

" Chapter 2 outlines the scienti ¢ background and introduces the concepts of fer-
roic order, magnetoelectric multiferroics, domains, and topological defects. Last,
the main model system hexagonal manganites is introduced with particular
emphasis on the domains and domain walls.



Chapter 3 covers the principles of optical SHG as the primary experimental
technique used throughout this doctoral thesis. The general description of the
technique applied to ferroic systems is followed by the methodical aspects of
integrated SHG measurements and SHG imaging. This is followed by a discus-
sion on the resolution limitations as the major drawback of second-harmonic
microscopy. The last part of this chapter is devoted to presenting an experimen-
tal proof-of-concept to extend the capabilities of second-harmonic microscopy to
probe nanodomain distributions using far- eld optics.

Parts of this chapter belong to a manuscript in preparation:

Characterization of ferroic nanodomains by optical far- eld second har-
monic generation.

Chapter 4 deals with additional experimental techniques besides SHG, and sam-
ple preparation for optical experiments. The last part discusses the major aspects
of two research collaborations, where a combined approach using scanning probe
microscopy technigues and SHG was deployed. In the rst case, the goal was to
characterize the methodical aspects of magnetoelectric force microscopy (MeFM)
and establish the technique to characterize antiferromagnetic domains. In the
second case, the objective was to reveal the domain wall structure in bulk @GO3,
and strengthen the capabilities of SHG.

Parts of this chapter are based on the following publications:

P. Schoenher¥, M. GiraldoY, M. Lilienblum, M. Trassin, D. Meier and M.
Fiebig. Magnetoelectric force microscopy on antiferromagnetic 180do-
mains in Cr,O3. Materials 10, (9): 1051, (2017), Ref.[12].

M. S.WornleY, P. WelterY, M. Giraldo?, T. Lottermoser, M. Fiebig, P. Gam-
bardella and C.L.Degen. Coexistence of Bloch and Néel walls in a
collinear antiferromagnet. Phys. Rev. B 103, 094426, (2021), Ref.[13].

Chapter 5 furthers the current understanding of type-I magnetoelectric mul-
tiferroics. It is shown in experiments and theory that hexagonal manganites
exhibit a pronounced bulk magnetoelectric coupling mediated by the structure.
Next, the consequences of this bulk magnetoelectric coupling on the domains
and the formation of topological defects in the multiferroic phase are studied in
detail.

Parts of this chapter are based on the following publication:

M. Giraldo¥, Q. N. MeierY, A.Bortis, D. Nowak, N.A. Spaldin, M. Fiebig,
M. C. Weber’, T.LottermoserY. Magnetoelectric coupling of domains,
domain walls and vortices in a multiferroic with independent magnetic
and electric order. Nat. Commun. 12, 3093 (2021), Ref.[14].
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Chapter 6 discusses the impact of chemical substitution at the MA&* site with
Al®* and Ga**, on the domain formation in h-YMnOs. Experiments are per-
formed on a series of h—YM@ X)Alx03 (Alx =2, 5, 10, 15, 20 and 25 %), and
h-YMn ; ,)GaxO3 (Gax =25 and 50 %).

Parts of this chapter belong to a manuscript in preparation:

M. Giraldo, A. Simonov, M. Lilienblum, A. S. Lofty, H. Sim, E. Gradauskaite,
M. Trassin, J.-G. Park, T. Lottermoser and M. Fiebig. Impact of chemi-
cal substitution at the Mn-site on the domain formation in h-YMnO 3.

Chapter 7 presents the overarching concluding remarks and gives an outlook.

Appendix A presents the technical aspects of operating an 8 W femtosecond
laser system, and optical parametric ampli er (OPA). Protocols for alignment,
maintenance, and guidelines for the in-house operation of the system are also
included.

Appendix B outlines, in brief, some of my contributions in laying down the
strategic and operative foundations of EquipSent, a non-pro t organization based
in Switzerland. EquipSent is dedicated to promoting global education with hands-
on training and the sustainable usage of scienti ¢ equipment.



CHAPTER

Scienti ¢ background

This chapter provides a scienti ¢ background to understand the experimental results
presented in this doctoral thesis. First, an introduction to ferroic materials, order
parameters, and di erent types of ferroic order is presented. This is followed by an
introduction to magnetoelectric multiferroics. Here, we distinguish two categories:
those where magnetic and electric order arise separatelyype-1) or jointly ( type-11). A
particular focus is put on the former because the main model system investigated in this
doctoral thesis (chapter5 and chapter 6) belongs to this class. Next, the basics about
(multi-)ferroic domains and topological defects, like domain walls and vortices, are
discussed. At last, the main model system hexagonal manganites is introduced.
This family of compounds has been investigated for over 50 years[15]. These systems
exhibit structural, electric, and magnetic order and are a host of a plethora of e ects
(e.g.conductive or insulating domain walls) resulting in new functionalities [15 24].
However, the focus here is put on reviewing the state of the art at the level of their
inner building blocks: the domains.

2.1 Ferroic order

A material system is called ferroic, when it undergoes a non-disruptive phase transition
leading to spontaneous long-range order, which involves a change of the point-group
symmetry of the crystal [25]. The temperature of such phase transition is called crit-
ical temperature. In the absence of external elds, a ferroic material exhibits two or
more orientation states. These are stable if they have the lowest thermodynamic free
energy [26], and are referred to as domain states. Besides stability, a second charac-
teristic of a domain state is its switchability upon an external eld. Both stability

and switchability make ferroics appealing for memory devices.



2. Scientific background

There are four primary ferroic orders: ferromagnetism, ferroelectricity, ferroelas-
ticity, and, most recently, ferrotoroidicity [27, 28]. In these, a macroscopic observable
is reversible via their conjugated eld. For instance, in ferromagnets, magnetization is
reversible via the application of a magnetic eld. Similarly, polarization is reversible
by an electric eld in ferroelectrics.

2.1.1 Ferroelectric order

The relation between the polarization of matter (P) and an applied electric eld (E),
depends on the inherent properties of the material system. In dielectrics, the relation
between the applied electric eld andP is linear. In ferroelectrics, this relation shows

a hysteresis behavior instead, see Fig. 2.1a. This behavior is analogous to ferromagnets.
The hysteresis curve indicates that, under zero- eld, ferroelectrics exhibit spontaneous
polarization, P, whose direction can be reoriented with an electric eld exceeding the
coercive eld, E. (see@ and @ in Fig.2.1a). The reversibility of the ferroelectric
state depends on the electric eld strength and the history of the material.

Figure 2.1: (a) Dependence of the polarization upon an applied electric eld in a ferroelectric
material. This plot is regarded as a hysteresis loop. It indicates that under zero- eld, the
polarization is non-zero in a ferroelectric system. E is the coercive eld. The polarization can
be reversed if a eld larger than E . is applied (see 2 and 4).In 1 and 3, a single orientation
state pointing along the direction of the applied electric eld is formed. (b) Free energy as a
function of polarization for T> T¢ (gray solid line) and T< T¢ (blue solid line). The integrated
(net) polarization ranges between + Ps and P s below Tc. (c) Temperature dependence of
the spontaneous polarization P in a ferroelectric material. The Curie temperature is indicated
as Tc. Above Tc, the polarization is zero, and the material is called paraelectric.

Ferroelectricity was rst observed about 100 years ago by Joseph Valasek on
Rochelle salt[29, 30]. Ferroelectric materials order at the Curie temperature, &. The
phase transition from the paraelectric to the ferroelectric phase breaks the spatial in-
version symmetry [31], see Fig. 2.1b and Fig. 2.1c. The origins of ferroelectricity can be
diverse. It may be the result of ionic displacement, lone pairs, magnetically induced,
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or geometrically driven. Two main categories are distinguished among ferroelectric
materials: those in which the polarization is the main order parameter proper ferro-
electrics), and those in which it is a secondary e ect {mproper ferroelectrics). Both
types are discussed below.

2.1.1.1 Proper ferroelectrics

In proper ferroelectrics, the polarization is the primary ferroic order parameter. The
polarization originates either due to ionic displacement or lone-pair electrons[32]. A
textbook example of proper ferroelectricity due to ionic displacement is BaTiQ. This
compound undergoes a ferroelectric transition at about 12@. Changing from the
cubic m3m to the tetragonal 4mm point group at T ¢ is caused by the displacement of
a Ti** ion. In turn, an electric-dipole moment is formed. The resulting spontaneous
polarization in this material has a value of about, P =26 pC/cm?[33].

The case of ferroelectric order due to lone-pair electrons is well exempli ed by
BiFeO3. Here, the imbalanced spatial distribution of the Bi** valence electrons locally
induces an electric-dipole. The resulting spontaneous polarization in this material has
a value of about, Ps=80-100uC/cm? along the [111] direction [32, 34].

2.1.1.2 Improper ferroelectrics

This type of ferroelectricity arises as a secondary e ect from a primary order which can
have a structural origin or another long-rage order origin. The physical mechanisms
driving improper ferroelectricity can be classi ed into three categories: 1) charge-order-
driven, 2) spin-driven, or 3) geometrically driven[32]. In the rst category, the phase
transition at T ¢ primarily drives the formation of a periodic structure of host ions with
mixed valence states. In turn, the symmetry breaking by the charge-ordering leads to
a spontaneous polarization. This type of ferroelectricity is also known as electronic
ferroelectricity. Some example compounds are: YbR®, (Ps=12.9 uC/cm?[35]) and
Prix)CaxMnO3[32, 35]. In the second category, the magnetic arrangement breaks
inversion symmetry and promotes a spontaneous polarization. In these cases, the origin
of the magnetic order has its roots in the inverse Dzyaloshinskii-Moriya interaction
(DMI), exchange striction, or spin-dependent p-d hybridization[32]. For the third
type of improper ferroelectric order, a structural distortion sets in at T¢, which leads
to ionic displacements and drives a polar state as a secondary e ect. Some examples
of geometrically driven ferroelectrics are the barium uorides, BaM F4 (with M =Mn,
Fe, Co, Ni, Zn)[36], and the hexagonal manganites, RMnO3; (with R=Sc, Y, In,
Dy-Lu) [37, 38]. The family of h-RMnO3; compounds are at the heart of this doctoral
thesis and are described in broader detail in section 2.3.
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2.1.2 Magnetic order

The foundations of magnetism in solids are based on the principle of Coulomb re-
pulsion between electrons and the Pauli exclusion principle. Considering localized
electrons[39], one can model the electron-electron interaction with a Hamiltonian of
the form:

X
Hexchange = J § §; (2.1)

ij

whereJ is the exchange integral ancéi;j are the spin operators, withi;j as lattice
sites[40]. This expression, known as the Heisenberg-Dirac Hamiltonian, suggests that
the long-range order of magnetic moments in a solid results from short-range spin-spin
interactions [33, 39]. This is valid for insulators, where electrons are well localized. If
the sign of the exchange energy i3 >0, a parallel arrangement of spins is favored, and
thus the material exhibits a ferromagnetic groundstate. If the sign of the exchange
energy isJ <0, the favored order of spins is antiparallel. Here, the groundstate is called
antiferromagnetic (de ned via symmetry operations) if all the magnetic moments have
the same amplitude. Fig. 2.2 sketches three magnetically ordered materials considering
collinear spin arrangements. In ferromagnets, the parallel spin arrangement results in
a net magnetization, M 6 0. The antiparallel spin arrangement has two variants: i)
ferrimagnets with M 6 0 when the oppositely oriented magnetic moments have di erent
magnitudes. And ii ) antiferromagnets with M =0 when all magnetic moments have
the same magnitude.

Figure 2.2: Sketches of three types of magnetic ordering considering a collinear spin arrange-
ment. (a) Ferromagnetic. (b) Antiferromagnetic. (c) Ferrimagnetic.

Magnetic order is characterized by the order parameter. In ferromagnets, their
orientation is de ned with the magnetization vector, M. In antiferromagnets, the
net magnetization is zero. Hence, de ning the antiferromagnetic orientation is more
complex because the vectoM has no meaning in these systems. The orientation of
an antiferromagnet is characterized by the order parameter, whose explicit de nition
can take the form of a vector or a tensor. In literature, the parameter™ is often
regarded as the Néel vector. In collinear antiferromagnets, the Néel vector is expressed
as the staggered magnetization. For example, Fig.2.3a shows the spin arrangement
of the easy-axis antiferromagnet CsO3. Here, the four Cr** spins in the unit cell
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N

can order in two antiferromagnetic states,+ " or The Néel vector in CrrO3 is
dened as "= g S+ [41]. Often, the antiferromagnetic arrangement of spins
in a compound is not collinear. This is the case of spin-spiral antiferromagnets where
the Néel vector is denoted as the sense of propagation of the spin-spiral. In other not
collinear antiferromagnetic systems, for example, in a triangular spin arrangement, the
competing spin-spin interactions are not simultaneously satis ed, and the frustration is
overcome by triangular order where the parametefis di erently de ned. An example

of this is the hexagonal manganites where the six Mit spins order in two triangular
sublattices shifted by 1/2 of the unit cell with respect to each other. Fig. 2.3b shows one
of the possible spin arrangements in IRMnQO 3 for opposite signs of . Other magnetic
phases in hRMnOg3 are shown in Fig.2.11. The orientation states+" and ~ are
linked via the spin- or time-reversal operation. In practice, it is shown in chapter 2,
chapter5 and discussed in Refs.[20, 21, 42] that by the time-reversal operation, one
can experimentally distinguish oppositely oriented antiferromagnetic domains in these
materials.

Figure 2.3: Examples of magnetic groundstates in ferroic materials and magnetic order param-
eter *. (a) Sketch of two antiferromagnetic states in the easy-axis antiferromagnet Cr,O3. The
=35 S+ S4[41]. The Cr** ions are indicated by the
blue circles. (b) Sketch of two antiferromagnetic states in h-RMnOs. The Mn®* (blue circles)
are located at the corners of the triangular sublattices (gray solid lines). +* and ° orientation
states are linked via the reversal of spins. Figure in (a) is adapted from Ref.[43].

Néel vector in Cr,O3 is de ned as

This doctoral thesis deals with materials that display antiferromagnetic order.
Antiferromagnets constitute the majority of magnetically ordered solids in nature [44,
45]. In 1970, they were described by Louis Néel amteresting but useless' Yet today,
they are the subject of intense research because they are connected to fundamental
states of matter[12, 46, 47], and they exhibit functional advantages like robustness
against external magnetic perturbations, fast domain wall mobility [48], and switching
dynamics exceeding that of ferromagnets and other materials used in memory devices
nowadays [44, 45, 49 54]. These inherent properties make antiferromagnets promising
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material candidates for high-frequency and high-density storage devices.

2.1.3 Ferroic domains

Domain states represent the abstract concept of the possible orientations the order
parameter can have in a given material [55]. How many domain states does a ferroic
material have? The number of domain states in a given compound is not necessarily
limited to two. The number of domain states is calculated by dividing the number of
symmetry operations in the high-symmetry phase by the number of symmetry opera-
tions after the phase transition. A material system does not necessarily exhibit all the
possible domain states. The macroscopic observable order or spatial regions within the
crystal where the order parameter has a uniform orientation are called domains[55].
Domains are separated by interfaces called domain walls at which the order parameter
reorients from one domain to another. Fig.2.4 sketches a ferroic system with two do-
mains. The orientation of the order parameter in the domain is denoted by an arrow.
For example, this is+P or P for the case of polarization in a ferroelectric system

with two oppositely oriented stable domains.

Figure 2.4: Sketch of a ferroic system with two domains. The domain orientation is indicated
by the white arrow pointing up or down. The region separating the two domains is called the
domain wall. The domain wall is highlighted in white.

The formation of domains is essential in ferroics. By forming domains, a system
can signi cantly decrease its electrostatic or magnetostatic energy. Domains result
from the minimization of the sum of terms in the free energy. In the following, the
domain formation in ferromagnets, antiferromagnets, and ferroelectrics is brie y dis-
cussed.

Ferromagnetic domains:  In ferromagnets, a system breaks up into domains to
minimize the free energy sum of terms which includes the magnetostatic, the anisotropy,
the exchange, and the Zeeman energies [56]. A single ferromagnetic domain has a large
magnetostatic energy. The magnetization discontinuities at the edges/boundaries of
the sample lead to stray eld linesM, as seen in Fig. 2.5a. This implies a high energy
cost and prompts a eld opposing the dipolar eld H, consequently inducing ux
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closure at the magnetization discontinuities by forming domains, see Fig.2.5a-c. A
multi-domain con guration arises if the energetic cost of forming domain walls is not
greater than the free energy itself. The formation of domain walls also has an energy
cost, thus, the average size of the domains is limited by the energy competition in the
sum of terms in the free energy.

r AH=r NM; (2.2)

Besides, some materials have a preferred orientation of the magnetization along
speci ¢ crystallographic directions. This is nhamed the magnetocrystalline anisotropy,
E., which for hexagonal crystals is de ned by:

Ey, = Ksin?; (2.3)

with K as the anisotropy constant and as the angle between the magnetic
moments and the crystal axis. Magnetocrystalline anisotropy terms for other crystal
structures are discussed in Refs.[39, 56].

Figure 2.5: Domain formation in ferromagnets due to magnetostatic energy. (a) Single ferro-
magnetic domain. (b) and (c) Flux closure at the magnetization discontinuities leads to a break
up of the single domain into a multi-domain state. This gure is adapted from Ref. [57].

Antiferromagnetic domains: Domain formation in antiferromagnets is di er-
ent[58] from ferromagnets. Because the magnetic moments align such thit =0, the
stray eld is also zero, and no ux-closure domains form. Consequently, it is expected
that the thermodynamically stable domain con guration in antiferromagnets is a single
domain. The breakup into a multi-domain state can nonetheless occur. This is often
linked with kinetic considerations[59] or strain due to crystallographic imperfections
like crystal twinning, interstitial atoms, or dislocations[60, 61]. In perfect crystals, a

11
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multi-domain state is associated with an increase in entropy[60]. In chapter4 (sec-
tion4.4.3.1), a technique to induce the formation of domains in the antiferromagnet
Cr,03 is discussed, and implemented.

Ferroelectric domains: In proper ferroelectrics, a single domain is forced to
split into domains to balance out the polarization and the depolarizing eld. The latter
results from the presence of bound charges at the surfaces of a polarized material. The
direction of the depolarizing eld opposes the polarization orientation. The domain
size is limited by boundary conditions, the energetic cost to create domain walls, the
thickness of the material, among others[62]. In improper ferroelectrics, where the
polarization is a secondary order parameter, the domain formation is mainly governed
by the primary order. This is evidenced in materials like hexagonal manganitesK = Sc,

Y, In, Dy-Lu)[15, 17, 18], orthorhombic TbMnO 3[62] or CasMn1.9Ti.107[63].

2.1.4 Magnetoelectric multiferroics

The rst works on multiferroics date from the late 1950s [64], albeit the term multi-
ferroic was rst coined by H. Schmid in 1993[65]. He de ned them asmaterials hav-
ing two or more primary ferroic properties in the same phase Nowadays, the term
has extended to materials where non-primary ferroic orders like antiferromagnetism
are present[20] and to assembled layered structures[66]. A subclass of multiferroics
describes those where electric, and magnetic order coexist, namely magnetoelectric
multiferroics. In the 1960s, they were referred to as ferroelectromagnets[67]. The co-
existence of magnetic and electric order in a single phase sparked the idea of a possible
coupling between both order parameters. A consequence of technological relevance
would be that a magnetization could be reversed (or, in a more general form, reori-
ented) with an electric eld and vice-versa. But as discussed by N. Spaldin in 2000 in
her work Why are there so few magnetic ferroelectrics? there are physical constraints
for the scarcity of magnetoelectric multiferroics [68].

The long-sought control of electric properties by magnetic elds (and vice-versa)
and the envisaged bene ts in the technological realm, like lower energy consumption,
reduced heat dissipation, increased storage capacity, potential for higher switching
speeds, and robustness against external perturbations, have greatly boosted the eld
of multiferroics during the last years[8, 69]. In 2009, Khomskii [70] classi ed the mag-
netoelectric multiferroics in two groups: those where electric and magnetic order arise
separately type-1) and those where the latter induces the former type-II ).

The focus of attention was almost automatically driven towards type-Il multi-
ferroics or magnetically driven ferroelectrics. Intype-Il multiferroics, magnetic order
causes the ferroelectric ordering such that both orders are intrinsically coupled. This
manifests at the domain and domain-wall level as locked magnetic and electric domain
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patterns [32], see Fig. 2.6. This inherent coupling gives rise to a wide variety of phenom-
ena, like magnetoelectric domain control [11], where polar (magnetic) domains are fully
controlled by a magnetic (electric) eld, domain engineering of antiferromagnets [71] or
domain inversion [72], where the domain pattern stays intact but the order parameter
is reversed in each spot of the sample. On the level of applications, one can envision
that magnetically induced ferroelectrics can be used to read and write magnetic data
by power-saving electric voltages. However, two major drawbacks prevent these ma-
terials to be readily used. First, their ordering temperatures are very low. Second,
their spontaneous electric polarizations are chronically low (typically< 0.1uC). Two
examples oftype-lIl multiferroics are: TbMnO 3 and MNWO 4[70].

Figure 2.6: Sketch of domains and domain walls in (a) type-l multiferroics and (b) type-lIl
multiferroics. The parameters P and M change sign at every wall forming multiferroic walls
in type-ll multiferroics. In type-I multiferroics, however, P and M do not change sign at every
wall. This leads to the formation of purely electric, purely magnetic and multiferroic walls.

In contrast, in type-I multiferroics, where magnetic and electric orders arise inde-
pendently, it is usually assumed that the same independence also accounts for their do-
main patterns. Just like the domain patterns are di erent, so are the domain walls [32].
In type-lIl multiferroics, electric and magnetic domain walls coincide. Hence, every
magnetic wall is an electric wall, too, and thus multiferroic. In turn, in type-1 multifer-
roics, magnetic and electric walls can coincide, but they do not have to because of the
separately emerging magnetic and electric orders, see Fig.2.6. One can anticipate that
coinciding domain walls behave di erently from non-linked ones. For example, a spin
rotation between magnetic domains can lead to an electric polarization in multiferroic
walls, whereas this would not occur in purely electric or purely magnetic ones. This
could open up degrees of freedom not open tgpe-Il multiferroics. On the other hand,
the decoupling between magnetic and electric orders itype-I multiferroics could be
regarded as a drawback.

13
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2.2 Topological defects in (multi-)ferroics

One limitation of domains as functional elements in logic devices is that they become
subject to spontaneous reversal when they get smaller and their sensitivity to thermal
uctuations increases [73, 74]. With the increasing demand for the miniaturization of
logic devices, in recent years, the research spotlight has extended from the domains
to the boundaries which separate them, thedomain walls[75 77]. Domain walls are
planar nano-sized entities where the reorientation of the order parameter takes place.
Domain walls belong to a type of object called topological defect. Topological defects
break the continuity of the order parameter in an ordered system. Topological defects
can be planar like domain walls, or point-like objects like vortices, resulting from the
minimization of energy in a three-dimensional host system [56].

Topological defects are not unique to condensed matter. The concept of topolog-
ical defects expands to elds like biology, cosmology, or particle physics. In biology,
for example, they have been observed in bacterial colonies or tissues[78], where it
has been shown that topological defects govern the extrusion of death cells[79]. In
materials like ferroics, topological defects have received considerable attention in re-
cent years because they can exhibit unique physical and functional properties di erent
from those of the bulk phase. In hexagonal manganites, the ferroelectric domain walls
exhibit astonishing properties. They can be conductive or insulating[80], and their
resistivity can be reversibly switched, making them appealing as building blocks in
nano-electronics [81, 82]. On the magnetic side, domain walls have shown sensitivity
to current-injection, leading, for example, to high-speed domain wall motion [83].

Figure 2.7: (a) Sketches for a Bloch-, Néel- and Ising-like domain wall. (b) Sketch of two point-
like topological defects, vortex, and skyrmion. The gure in (a) is adapted from Ref.[84]. The
gure in (b) is reprinted with permission from Ref. [85] [Copyright © 2020 Wiley-VCH GmbH].

14
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2.2.1 Domain walls

Domain walls have been widely studied in ferromagnets [39, 56, 57]. Fig. 2.7a shows the
spin structure of three types of domain walls separating 180domains in a magnetic
system with a collinear spin arrangement. The rst case is the Bloch wall, where the
order parameter rotates perpendicular to the vectorx. The second case is the Néel
wall, where the order parameter rotates in a plane, along the vecto. The third
case is the Ising wall, where the order parameter does not rotate, but the magnitude
of the magnetization decreases through the wall [62]. The domain wall width varies
according to the material. For instance, the width of a 180 Bloch domain wall is
often calculated as = A=K with A as the exchange constant andk as the anisotropy
energy [56]. Magnetic domain walls in hexagonal manganites are predicted to have a
width in the range of 40-90 A [86]. Studies about domain walls in antiferromagnets are
scarce, and their spin structure is not generally known. Chapter 4 discusses the domain
wall structure in bulk Cr2Os. In ferroelectrics, 180 domain walls are known to have
an Ising-like character (see Fig. 2.7a). Nevertheless, in some ferroelectrics, like LINjO
and PbNiOg3, the 180 domain walls can have a mixed Bloch-Néel-Ising character [87].

2.2.2 \Vortices and skyrmions

Recent attention has been placed on point-like topological defects like vortices [88, 89]
or skyrmions, see Fig.2.7b. Their topologically protected state and the fact that they
can exist in pairs makes them attractive candidates as logic bits [76]. Their average size
is in the nanometer range. Magnetic vortices with an average core size of 100 nm have
been observed in antiferromagnetic haematite (-Fe»O3) [88]. Their electric analogues
with an average size of 5nm were observed in PbTi€)SrTiO 3 superlattices [89]. In par-
ticular, magnetic skyrmions have sparked the interest for novel spintronic devices[90],
owing to their inherent stability and driven motion with current densities ( < 10?A/cm 2),

at least ve orders of magnitude less than domain walls € 10’A/cm 2) [91].

2.3 Model system: hexagonal manganites, h- RMnOs3

The hexagonal manganites h- RMnO3; with R=Sc, Y, In, Dy-Lu belong to a class

of multiferroic materials, where the coexisting electric and magnetic orders emerge
separately type-1)[32, 70]. The unit cell is formed by layers of corner-sharing Mn@
bipyramids alternating with planes of R3* ions, as shown in Fig.2.8. A geometric
distortion, often referred to as structural trimerization, sets in at T¢ which is in a
range between 1250 1700K[92]. The specic value of & depends on theR3* ion
size. The geometric distortion triples the unit cell and reduces its symmetry from the
non-polar P 6z=mmc to the polar P 63cm space group, as depicted in Fig. 2.8.
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Figure 2.8: Hexagonal manganites, crystal structure. (a) Non-polar P 63=mmc unitcell, Q = 0.
(b) Polar P 6zcm unit cell, Q & 0. The dashed black box marks the unit cell. The inset in (b)
is the coordinate system de ning the primary order parameter with amplitude Q and phase
This two-component parameter de nes the azimuthal rotation of the O 2 ions with respect to
the Mn®" ions. The origin is the Mn®* ion in the center of the three Er** ions. The trimerization
manifests as the collective tilt (inwards or outwards) of the MnOs bypiramids. The trimerization
center is marked with a red cross. The structural tilt leads to the up or down displacement of the
R%" ions as exempli ed in (c), which causes the characteristic corrugation up-down-down-up
or down-up-up-down of the R%* layers, as depicted in (b). Note that P states de ned in (c)
are linked to a breaking of inversion symmetry. The gure in (c) is reprinted from Ref. [14].

The structural distortion corresponds to the condensation of a phonon mode with
K 3 representation, where three neighboring Mn@ polyhedra tilt collectively towards
or away from a central R®* ion, as shown in Fig. 2.8c. This lattice distortion activates
the polar displacement of the central rare-earth ions parallel to the six-fold axis (2
mode) [14, 86, 93 96].

The trimerization tilt is the primary order in hexagonal manganites. It is param-
eterized by a two-component order parameter with an amplitudeQ and the azimuthal
angle [86, 92]. Note that the central site of the structural tilt is known as the
trimerization center, which is marked with a red cross in Fig. 2.8.

2.3.1 Structural domains

Given the six-fold screw symmetry of the unit cell in the ab plane, the trimerization
center can adopt three di erent positions. The resulting domains are labeled as, ,
and . Each of them has two variants denoted with a+'or "~ 'sign. This is because the
respectiveR3* ion at the trimerization center, can either move up or down, depending
on the inward or outward MnOs polyhedral tilt. That is, in total, there are 3 2=6
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