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Abstract

The control and manipulation of the antiferromagnetic order in insulating magnetic
thin films is of paramount importance for advancing the development of possible high-
speed, energy-efficient spintronic devices. The field of antiferromagnetic insulatronics
has great potential to overcome the limitations of conventional electronic devices due
to the inherent advantages of insulating antiferromagnets. These materials exhibit
intrinsic frequencies in the THz range, surpassing ferromagnets, and possess the ability
to transport information through pure spin currents. Thus, allowing for the mitigation
of Joule heating issues commonly encountered in current devices.

However, the absence of a net magnetic moment poses a significant challenge for
writing the antiferromagnetic order, thereby hindering further exploration of their
properties and their practical implementation as active elements. Therefore, the aim
of this thesis is to investigate and establish mechanisms to control and manipulate the
magnetic order in insulating antiferromagnets. Here, we investigate three different
mechanisms to manipulate the domain structure in antiferromagnetic NiO and CoO
thin films.

First, we explore current-induced switching in bilayers of heavy metals and insulating
antiferromagnets. Using birefringence imaging, we optically study the current-induced
changes in the domain structure. By examining different device and pulse geometries,
we identify a heat- and strain-based switching mechanism, thereby resolving previously
conflicting switching interpretations based on spin-orbit torque mechanisms.

Second, we investigate the influence of the patterning geometry on a device. Although
shape anisotropy, as it is established in ferromagnets due to dipolar interactions, is
not expected, theoretical studies suggest that analogous effects may occur in antiferro-
magnets due to magnetoelastic coupling. We use the X-ray magnetic linear dichroism
effect in photoemission electron microscopy to reveal a strain-induced antiferromag-
netic shape anisotropy. Thereby, we enable the tailoring of the antiferromagnetic
ground state of a device.

Third, we investigate a contactless switching mechanism. By irradiating our domain
structures with pulse trains of laser light with different polarizations and fluences,
we observe the creation of antiferromagnetic 180° domain walls and domains. The
underlying mechanism is based on laser-induced heating and limited by the inherent
strain in our samples.

In summary, this work aims to address the challenges associated with the control
and manipulation of antiferromagnetic order in insulating thin films. By exploring
current-induced switching, antiferromagnetic shape anisotropy, and laser-induced do-
main creation, our research contributes to expanding the toolbox of antiferromagnetic
insulatronics and reveals the critical role of strain and heat. These findings provide
a foundation for the future development of antiferromagnets as active elements in
spintronic devices and further exploration of the fascinating properties of insulating
antiferromagnets.
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1 | Introduction

Progress of our society has always been intertwined with advances in the storage,
transport, and processing of information. A historical example is the widespread
adoption of Gutenberg’s movable-type printing press [1] in Renaissance Europe, which
played a critical role in the spread of knowledge, discovery, and literacy. The ease and
reduced cost of printing books made them the preferred means of storing information.
This facilitated the global exchange of knowledge between different cultures, such as
the exchange of books by Dutch sailors in Japan during the Edo period [2].

Today, we no longer rely on ships to transport information!'. Personal computers
and mobile phones grant us unprecedented access to the internet, connecting people
around the world. As a result, our digital society is accumulating and processing
more information and data than ever before in history [4]. To manage this influx of
data, we have turned to artificial intelligence (AI) and machine learning as tools for
analyzing and processing our data [5]. Remarkable achievements, such as develop-
ing an AI capable of defeating professional human players in games like Go [6] and
creating large-scale language models like ChatGPT [7], have been made possible by
training artificial neural networks (ANNSs) inspired by the neural networks in our own
brains [8]. However, ANNs are currently far from being as energy efficient as our own
brain [9, 10]. Current technology, based on silicon semiconductors, faces a major chal-
lenge: Joule heating [11, 12]. In today’s data centers, the largest energy consumption
arises not from the computation itself, but from the cooling required to counteract
current-induced heating [13]. Thus, there is a need to develop more energy-efficient
technologies that minimize Joule heating.

To address this need, the field of spintronics aims at revolutionizing computing and
information processing by harnessing not only an electron’s charge but also its spin
as a means of transporting, storing, and processing information [14]. The potential of
spintronics was revealed with the discovery of tunnel magnetoresistance (TMR) [15]
and giant magnetoresistance (GMR) [16, 17|, laying the basis for the development of
modern magnetic hard drives. The recent development of spin-transfer torque-based
magnetic tunnel junctions and magnetic random-access memory has solidified the
position of spintronics as a key field for the future of information technology [18-21].
While the focus of spintronics has traditionally been on the use of ferromagnets (FMs)
as active elements, attention has recently shifted to antiferromagnets (AFMs) [22].

nstead, we now use airplanes to transport 5 petabytes of black hole data [3].
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AFMs lack a net magnetic moment due to the cancellation of opposite magnetic
moments from different sublattices. Louis Néel, a leading figure in the development
of antiferromagnetism, commented upon receiving his Nobel Prize in 1970: AFMs
“are extremely interesting from the theoretical standpoint but do not appear to have
any practical applications” [23]. Today, AFMs are already used as passive elements in
exchange bias applications [22, 24], and as active elements they have several potential
advantages over their ferromagnetic counterparts [25]. Their absence of a net magnetic
moment allows for potentially 100 times smaller bit sizes [26]. In addition, AFMs are
insensitive to external fields of up to several Tesla compared to ferromagnets, which are
manipulated by mT external fields. Furthermore, the strong inter-sublattice exchange
in AFMs leads to intrinsic frequencies in the THz range, exceeding the GHz frequencies
of the dynamics of ferromagnets [27].

In order to increase the energy efficiency of spintronic devices, it is necessary to switch
from current-based information transport to spin-based information transport, thereby
minimizing Joule heating [28]. This feat has been achieved in insulating AFMs, where
excited spin currents could be detected after traveling several tens of micrometers in
the absence of current flow [29, 30]. The ability to eliminate Joule heating through
pure spin transport positions insulating AFMs as a promising material platform for
the future of spintronics.

Nevertheless, the origin for several advantages of AFMs, the absence of a net mag-
netic moment, is also a key issue for reading and writing the antiferromagnetic order.
Reading the antiferromagnetic order has recently become more accessible due to the
observation of antiferromagnetic domains by birefringence imaging and the discovery
of interfacial magnetoresistance effects [31-35]. However, writing the antiferromag-
netic order is challenging due to their insensitivity to external fields. The lack of
established writing mechanisms limits current research and potential applications for
AFMs.

In the work presented in this thesis, we address the challenge of writing the antifer-
romagnetic order in insulating transition metal oxides by three different mechanisms.
Our goal is to establish a set of tools for effectively controlling and manipulating the
magnetic order in insulating antiferromagnetic materials. We draw inspiration from es-
tablished techniques used to control the order of ferromagnets, such as current-induced
switching through spin torque, shape anisotropy, and all-optical switching [36-39]. By
applying similar methods, we aim to understand and uncover new approaches to con-
trol the antiferromagnetic order.

There have been initial reports on the current-induced switching of insulating AFMs
by applying current in an adjacent heavy metal (HM) layer [40]. However, there are
conflicting reports on the current-induced switching direction and the origin of the
switching [40-42]. To address this, we investigate the current-induced switching in
different device geometries and aim to reveal the underlying mechanism by imaging
the switching of the antiferromagnetic order.

Geometry is not only important in current-induced switching experiments. Due to the
absence of a net magnetic moment, AFMs are not expected to exhibit shape anisotropy
based on the minimization of dipolar magnetic stray fields. However, magnetoelastic
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coupling of AFMs is predicted to lead to shape-dependent domain formation [43, 44].
Here, we experimentally investigate this phenomenon to uncover the shape-induced
control of the domain structure in AFMs.

Another method to manipulate the antiferromagnetic order is optical excitation. Pre-
vious studies have demonstrated the excitation of the antiferromagnetic order by ir-
radiation with laser light, and there have been reports of polarization dependent ex-
citation of magnons [45-47]. However, the transition from a dynamic modulation of
the antiferromagnetic order to a permanent change in the domain structure, similar to
the optical switching observed in ferromagnets, remains less explored [47, 48]. Here,
we investigate the effects of laser irradiation on antiferromagnetic domain structures
and aim to uncover an optically based mechanism for manipulating the domains of
antiferromagnetic materials.

This thesis is structured as follows: We first discuss the theoretical background in
Chap. 2. After an introduction to AFMs and the magnetic energy terms that define the
antiferromagnetic order, the spin structure of the materials studied in this thesis, NiO
and CoO, is reviewed. The chapter ends with an overview over current-induced effects
that are relevant to the later discussion of the results. Chap. 3 gives an introduction
to the main experimental techniques used by the author of this work to fabricate
and image the antiferromagnetic thin film samples. Then, in Chap. 4, we discuss
the current-induced switching of insulating AFMs and our findings from Ref. [49] on
geometry dependent switching and additional current-induced switching experiments.
In Chap. 5, we investigate shape-induced effects and present our findings from Ref. [50].
These are complemented by additional observations of patterning induced effects in
NiO and shape dependent domain formation in CoO thin films. In Chap. 6, laser
irradiation is introduced as a third tool to manipulate the antiferromagnetic domain
structure. Our results from Ref. [51] are presented and further investigations on CoO
thin films are discussed. Finally, in Chap. 7, we summarize our achievements in
establishing new approaches to control the antiferromagnetic order of insulating thin
films and give an outlook on possible future research directions.

Through this comprehensive experimental investigation, we aim to contribute to the
field of spintronics by advancing the understanding of how we can write the antifer-
romagnetic order, paving the way for future investigations and novel applications for
fast and energy-efficient information processing.






2 | Theoretical Background

This chapter serves as a guide to the theoretical background necessary to understand
the experimental results presented in this thesis. First, different classes of magnetism
are introduced and an overview of the magnetic free energy and exchange interactions
is given. This is followed by an overview of AFMs, the formation of their domains,
and the spin structure of the materials used in this thesis. Finally, we provide a
brief introduction to several current-induced effects that are relevant for the study of
insulating antiferromagnets (1IAFMs) and HM bilayers.

2.1 | Classes of Magnetism

We can classify different types of magnetism by comparing the response of a material
to an external magnetic field H. The induced magnetization of a material M is
related to the external field H via the susceptibility x = H/Mm [52, 53].

All materials exhibit diamagnetism in which the induced magnetic moment is counter-
acting the external field, x < 0. Thus, in an experiment the application of a magnetic
field causes a repulsion of a diamagnetic material [54]. The opposite behavior is ob-
served for a material that also exhibits dominating paramagnetism (PM) in addition
to diamagnetism. The electronic shells of paramagnetic materials are only partially
filled, and their atoms exhibit a net magnetic moment p. The application of an ex-
ternal field leads to the alignment of these moments parallel to the external field,
x > 0 [53, 55]. The magnetization of both dia- and paramagnets linearly depends on
the externally applied field, and is zero once the external field is removed. However,
some materials exhibit a collective magnetic ordering in the absence of an external
field [52].

One type of collective magnetic order is ferromagnetism, in which the magnetic mo-
ments of individual atoms are aligned parallel to each other [52, 56]. FMs exhibit a
nonlinear response of their magnetization to an external field. They possess a hystere-
sis, their magnetic state depends not only on the strength of the external magnetic
field, but also on its history [57].

Another more common type of collective ordering is antiferromagnetism [58-60]. One
can imagine a simple collinear AFM as a superposition of two opposing ferromag-
netic lattices, see Fig. 2.1. Both sublattices individually exhibit a magnetic moment
| M| = |M3| = My. However, when superimposed the net magnetization of an AFM
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1

Néel
vector

FM sublattice 1 FM sublattice 2 Collinear AFM

Figure 2.1: Collinear antiferromagnetic ordering can be achieved via the combination
of two ferromagnetic sublattices with opposing magnetization. The antiferromagnetic
order is characterized by the Néel vector.

vanishes M = M; — M = 0. While the magnetic order of FMs can be charac-
terized by the magnetization, AFMs are characterized by the direction of the mag-
netic order, the Néel vector defined as L = M; — My or normalized to unit length
n = (Mi—M2)/2np, [61, 62].

A third type of magnetic order is exhibited by ferrimagnets [63]. Ferrimagnets have
similarly coupled sublattices as AFMs. However, the sublattices are inequivalent
| M| # | M>| and they possess a net magnetization. There are other types of collective
magnetic ordering [53], however, the work presented in this thesis focuses on AFMs.

2.2 | Magnetic Free Energy

The magnetic ordering of a material is determined by an energy minimization [64].
The total free energy Wigta of a magnetic system is the sum of different intrinsic and
external energy contributions [37, 52, 53]

Wiotal = /d’f' (wex + Wanis + Wdemag T Wzee T Wme + Welas + Wdestr * * * ) . (21)

Here, we only briefly introduce the different terms, a more detailed discussion follows in
the upcoming sections. The exchange energy wex and the crystalline anisotropy wanis
are crucial for the determination of the magnetic ground state. The demagnetization
energy Wdemag and the Zeeman energy wgzee are relevant to understand the domain
formation of ferromagnetic domains [37], but can be neglected for the formation of
antiferromagnetic domains. The magnetoelastic wme and elastic contributions weas
contribute to the magnetic energy in FMs. However, they are particularly important
for the formation of antiferromagnetic domains [37, 43]. This section introduces the
exchange interaction as origin of the long range ordering and discusses the relevant
energies for the formation of magnetic domains. Several simplifications that are used in
the modelling of the free energy of antiferromagnetic thin films are presented [50, 65—
67). However, the discussion of the magnetoelastic energy wme, the elastic energy
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Welast and the destressing energy wqestr follows in the context of the antiferromagnetic
domain formation in Sec. 2.3, after an introduction into AFMs.

2.2.1 Exchange Energy

Exchange interactions are essential for establishing long-range magnetic order and are
crucial for the strong antiferromagnetic coupling in AFMs. We first introduce the
direct exchange interaction [68-70], following the descriptions in Ref. [52, 53], before
discussing the superexchange interaction [71], which can lead to an antiferromagnetic
ordering.

2.2.1.1 Direct Exchange Interaction

We can imagine two electrons with overlapping wave functions. The total wave func-
tion is a product of the individual states, but in order to obey the Pauli principle, the
wave functions must be antisymmetric with respect to the exchange of the electrons.
This antisymmetric state minimizes the Coulomb energy due to the spatial separation
of the electrons. The exchange energy of neighboring electrons, with dimensionless
spin operators 5’1, 5’2, can be expressed by the Heisenberg Hamiltonian [52, 53]

Hex = —2T 51 - Sa, (2.2)

with the exchange integral 7. We can generalize this for a whole lattice by including
the sum of all electronic interactions between different electrons ¢ and j. For a whole
lattice of different electrons [53]

Hex = -2 Ji 35 5;. (2.3)
1>)

The value of the exchange integral J determines if a coupling between neighboring
atoms is ferromagnetic or antiferromagnetic. If the exchange integral for J is larger
than 0, a parallel alignment of the spins is preferred. If the exchange value is negative
an antiferromagnetic coupling between neighboring atoms is preferred [52, 53].
To describe the energy of a complex magnetic system, without considering the atomic
structure, we switch to a continuum approximation. Here, the magnetization M
is a continuously varying function M (r), which only is varying in direction. The
magnitude is constant and given by the spontaneous magnetization Mg [53]

- a1 cos(¢) sin(0)
m(r) = M]é ) = |ay | = | sin(¢)sin(0) |, (2.4)
s as cos(6)

we also introduce here the spherical polar coordinates, 6 describes the angle between
the z axis and m(r) and ¢ the angle in the zy-plane. We can use m(r) to express
the exchange energy as [53]:
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Wex = /A(Vm(r))2d3r, (2.5)

with the temperature dependent exchange stiffness A. An equivalent form of Eq. 2.5
in spherical coordinates is [53]

W — / A[(VO)? + sin2(V) ] dPr. (2.6)

In the simplest case of an in-plane magnetization in thin magnetic films (¢ =constant),
the exchange term further simplifies to A(V6)? [53].

The exchange energy increases for abrupt transitions of the magnetization. Thus,
exchange favors the creation of large domains. The sign of the exchange constant de-
termines the magnetic ordering. A positive exchange leads to a ferromagnetic ordering
and a negative exchange to an antiferromagnetic ordering [53].

2.2.1.2 Superexchange

The magnetic structure of 3d transition metal oxides is often determined by indirect
coupling of the magnetic ions. In materials such as NiO or CoO, the wavefunctions of
neighboring 3d orbitals have a vanishing overlap and direct exchange between them
can be neglected [72]. However, the magnetic ions can interact with each other via
non-magnetic intermediate atoms. This interaction is called superexchange, after the
long distance the magnetic ions are separated from each other [52, 73, 74].

(b) AFM coupling FM coupling

Figure 2.2: (a) The Ni 3d orbitals are indirectly coupled via the hybridization with
the oxygen ion. (b) The virtual hopping of the electrons leads to a favourable an-
tiferromagnetic coupling, as the Pauli exclusion principle suppresses the hopping for
ferromagnetic coupling.
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The basic principle of superexchange is shown for NiO in Fig. 2.2. The 3d Ni electrons
cannot directly interact with each other, but they can hybridize with the 2p oxygen
orbitals. The virtual exchange of two electrons from the oxygen 2p orbital to the un-
occupied 3d Ni orbitals leads to a long-range interaction between the magnetic ions.
This hybridization results in an energetically favorable antiparallel alignment of the
neighboring Ni atoms [52]. To understand the energetic advantage of the antiferromag-
netic coupling, one can compare potential antiferromagnetic and ferromagnetic states,
see Fig. 2.2 (b). The antiferromagnetic coupling is preferred because it allows for a
higher delocalization of the electrons. For ferromagnetic coupling, hopping between
different magnetic ions would be suppressed due to the Pauli principle. The lower ki-
netic energy of the antiferromagnetic coupling leads to the preferred antiferromagnetic
ordering of 3d transition metals such as NiO, CoO and MnO [52, 53, 72].

2.2.2 Magnetocrystalline Anisotropy

Experimentally one can observe a difference in the magnetization for non isotropic
magnetic materials if a magnetic field is applied along different axes [53]. This di-
rectional dependence of the magnetization originates from the crystal structure and
spin-orbit interaction [75, 76]. This so-called magnetocrystalline anisotropy results in
an energetically favorable alignment of the magnetic order along the easy axes and
an unfavorable alignment along the hard axes [76]. An example for a material with
a simple uniaxial anisotropy would be Co. The anisotropy energy F, depends on the
angle 0 between the anisotropy axes and the magnetic order [52, 53]:

E, = K;sinf + Kssin(40) + - - - (2.7)
(a) "Iron", K;>0, K,.=0 (b) "Nickel", K;.<0, K5.>0
[001] A [oo1] A

...

...A
[100]

..‘
[100]

»
[010] [010]

Easy Axes <100> Easy Axes <111>

Figure 2.3: Mangetocrystalline anisotropy iso-energy surfaces for iron (a) and nickel
(b) like anisotropy constants.



CHAPTER 2. THEORETICAL BACKGROUND 10

Here K; and K5 are the temperature dependent anisotropy constants, which approach
zero near the transition temperature [77]. Other magnetic materials like Ni and Fe
exhibit a cubic anisotropy, which can be represented in the following way [53, 78]

E, = ch(a%a% + a%a% + a%a%) + KQC(a%agag) 4+ (2.8)

here «o; are the directional cosines. When the cubic anisotropy constant K. > 0 and
Ky = 0 the directions of the easy axes are parallel to the x,y, z axes, see Fig. 2.3 (a).
Thus, a material like Fe has 3 easy axes, along the {100} directions. If the constants
are K1 < 0 and Ko, > 0, like in the case of Ni, then there are four different easy
axes along the cube diagonals {111} [52], see Fig. 2.3 (b). In magnetic thin films
the magnetocrystalline anisotropy can be simplified for magnetic domains which only
differ in their in-plane ordering. For a thin film with fourfold in-plane symmetry, the
magnetocrystalline anisotropy energy can be expressed as [50, 79]

Wani = —%k cos(46), (2.9)

with the anisotropy constant k. The magnetic anisotropy energy depends on the
orientation of the magnetization, the angle 6, relative to the easy axes [37].

2.3 | Antiferromagnets

There are a variety of different AFMs, ranging from metallic AFMs over semiconduct-
ing AFMs to insulating AFMs [25]. Depending on their crystallographic structure,
different types of antiferromagnetic coupling can be observed [52]. In the simplest case
of a cubic crystallographic structure an A-type AFM can emerge, see Fig. 2.4 (a).

(a) A-Type AFM (b) G-Type AFM (c) Type-II fcc AFM

_— /

v [

'Spin—up -Spin-down @ non-magnetic

Figure 2.4: Different types of antiferromagnetic ordering for cubic crystals (a,b) and
for NaCl-type crystals (c).
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The magnetic moments of neighboring atoms within a plane, e.g. (100) plane, are
ferromagnetically coupled, but antiferromagnetically coupled between different planes.
Hematite is an insulating AFM that can exhibit such ordering [80]. Another possibility
is the G-type order shown in Fig. 2.4 (b), as a result of a dominant superexchange
interaction between nearest neighbors. Cubic perovskites, such as LaFeOg, typically
exhibit G-type antiferromagnetic order [52]. Transition metal oxides, such as NiO
and CoO, crystallize in a sodium chloride structure, see Fig. 2.4 (c) [31, 81]. Here the
spins are ferromagnetically coupled in the plane and antiferromagnetically coupled
between planes due to the dominant superexchange interaction. More details on the
antiferromagnetic structure of NiO and CoO are given in Sec. 2.3.3.

All antiferromagnetic structures discussed so far are considered to be collinear. In
collinear AFMs, the compensating magnetic moments point in opposite directions
but along the same axes. Similar collinear coupling can also be achieved in syn-
thetic AFMs, e.g. a trilayer in which ferromagnetic sheets are antiferromagnetically
coupled [25]. However, antiferromagnetic coupling is not limited to collinear struc-
tures, as non-collinear structures are also possible, e.g. the triangular structure of
IrMng [25, 82]. In the following, we focus on the collinear AFMs investigated in this
work. We first introduce the Weiss model of antiferromagnetism, before discussing
the domain formation of antiferromagnetic domains and the spinstructures of the ma-
terials investigated in this work.

2.3.1 Weiss Model of Antiferromagnetism

Louis Néel, a student of Pierre Weiss [60], extended the Weiss model of ferromag-
nets [56, 83] to systems with two sublattices [58, 84, 85]. The development of such
a Weiss model for two sublattice systems with opposing sublattice magnetizations
M, = —M, was fundamental for the understanding of AFMs and later ferrimag-
nets [60]. Here, we present the basic ideas, as outlaid in [52, 53], to derive the anti-
ferromagnetic ordering temperature 1.

The effective field acting on one sublattice largely depends on the magnetization of
the other sublattice [52]

Hyn = —uii My — 112 My, (2.10)
Hyg = —to1 My — 192 My, (2.11)

the proportionality constants ¢1; and t92 depend on the coupling inside one sublattice.
The inter-sublattice exchange is described by t12 and 19;. For sublattices with the
same atoms 111 = t92 = tj; and 112 = t91. We can now consider the application of an
additional external field H on Eqns. 2.10

H1 :HM1+H:H—<L11—L12)M1, (212)
HQ = HM2 + H-=H — ([,21 - [,22)M1. (213)
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In thermal equilibrium we can use the Brillouin function By to express the magneti-
zation of each sublattice [53]

My = M?,B;(z12), (2.14)
n
My = M = (5)gpn] (2.15)

with n/2 as the number of magnetic ions per sublattice, the Bohr magneton pp and
the Lande factor g. The total number of angular momentum J, includes spin and
orbital angular momentum. The Brillouin function B for each sublattice depends
here on z;,the ratio of the Zeeman energy and the thermal energy [80]

gusJ Hy o
T12 = 0,

2.16
2= (216)

with the Boltzman constant kg and temperature 7. Similar to ferromagnets AFMs
posses a critical temperature Ty at which their sublattice magnetizations are zero.
At a small temperature above Ty we can use the small limit expansion of Brillouin
function to derive the susceptibility x of AFMs above Tx [52, 53]

1
. 2.17
XX TET (217)
In the paramagnetic phase the susceptibility can be expressed as [52]
1 (2.18)
X ———— .
X T _ @P Y
The paramagnetic temperature Op is defined by the exchange interactions [53]
1
Op = =C(ti; + t12). (2.19)

2
In the case of a ©p > 0 the material is ferromagnetic and Op is equivalent to the Curie
temperature Tc. For ©p < 0 the material is antiferromagnetic and in the absence of
a magnetic field the Néel temperature can be determined via [53]
1
TN = 50(L12 — L“) (2.20)
Thus, the Néel temperature depends on the inter-lattice ¢1o and intra-lattice ¢;; ex-

change. A high Néel temperature should be observed for materials with a strong
inter-lattice and weak intra-lattice exchange.

2.3.2 Antiferromagnetic Domain Formation

Magnetically uniform regions, magnetic domains [56], are a result of minimizing the
magnetic free energy [64], see Sec. 2.2. We can illustrate the ferromagnetic domain
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formation by investigating a small rectangular element, see Fig. 2.5, following the
discussion in Ref. [37].

Considering only the exchange energy and the crystalline anisotropy energy, the for-
mation of a large uniform magnetization along the crystalline easy axes would be
favorable for a FM, see Fig. 2.5 (a). Such a monodomain state would maximize the
demagnetization energy wqemag due to the presence of large stray fields. The formation
of additional domains along the easy axes, decreases the stray field and demagnetiza-
tion energy, see Fig. 2.5 (b). However, it also creates a domain wall, a region separating
different domains [86, 87|, in which the spins change their orientation, increasing the
exchange energy. The demagnetization energy can be further minimized by introduc-
ing closure domains at the edges of an element, see Fig. 2.5 (c¢). The creation of large
closure domains increases the crystalline anisotropy energy of the system. Such an
increase can be minimized by reducing the domain sizes [37], Fig. 2.5 (d).
Depending on the size of an element and the material properties different energy terms
dominate the formation of ferromagnetic domains and determine the equilibrium do-
main structure. For FMs the demagnetization energy allows a tailoring of an elements
magnetic properties by changing the size and aspect ratio [52, 53].

AR
i
=

Figure 2.5: Domain structure and magnetic stray field of a single domain (a) and
a two domain (b) state. The overall energy can be reduced via introducing closure
domains (c) and reducing their size (d).

AFMs do not have a net magnetic moment, and therefore no multidomain structure
is expected, due to the absence of the demagnetization energy. However, multidomain
states have been observed in a variety of antiferromagnetic materials [31, 88-93]. One
idea for the origin of the multidomain structure in AFMs was that the increase in
disorder could offset the energy cost of the domain wall, but the change in entropy
is typically not sufficient [94, 95]. Some domains are expected to arise from defects
or pinning effects [44, 94]. However, annealed antiferromagnetic crystals do not natu-
rally exhibit a single domain [31]. To understand the formation of antiferromagnetic
domains, one must consider the effect of the strong magnetoelastic coupling in AFMs
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and the influence of strain. The coupling between the strain and the antiferromag-
netic domain formation has been investigated theoretically [43, 44, 94, 96|, and also
observed experimentally [50, 65, 66].

The following section first discusses the magnetoelastic and elastic energy contribu-
tions before introducing the basic concept of incompatibility and the influence of the
destressing energy on antiferromagnetic domain formation.

2.3.2.1 Elastic and Magnetoelastic Energy

Lattice deformations introduce strain into the system and contribute to the free energy.
One has to consider not only the elastic energy, but also magnetoelastic contributions
due to the magnetoelastic coupling of the magnetic order to the lattice [44]. The
following section first introduces some basic concepts of linear elasticity from Ref. [97]
before discussing the elastic and magnetoelastic energy terms. Further information on
linear elasticity and the modelling of the energy in antiferromagnetic thin films can
be found in Refs. [67, 79, 98].

Linear Elasticity

If the length of an object L is changed by the amount AL to the length L, the strain
u can be defined as the ratio of both w = AL/L. In the case of an elongation of the
object, the strain is tensile (u > 0). For a decreasing length the strain is compressive
(u < 0). The strain can be assumed to be linearly proportional to the force (stress)
o, for small strains that do not permanently change the object.

We can now transfer this concept to the three dimensional space with the unit vectors
é; and introduce a three dimensional strain tensor [97]

L;: L, Upy Ugy Uzz L,
L;»/ = |Ly| + |uys Uyy uyz| [Ly] - (2.21)
Lz L, Uzy Uzy Uzz L,

The strains along the unit vectors g, tyy, u.. are here defined as normal strains.
To illustrate the role of the strain wu,,, we can imagine two vectors, which span up a
square area, see Fig. 2.6 (a). The strains u;;;.; are responsible for a perpendicular
deformation, see Fig. 2.6 (b) [97]. They are defined as shear strains, with u; ; = u; ;.
Thus, the deformation can be described by six independent parameters, three normal
strains (U, Uyy, ) and three shear strains (uy;, U.q, Ugy). The notation u, can be
used to refer to the six independent parameters [97].

The deformation (strain) is related proportionally to the force (stress) via Hookes law.
Thus, the stress o can be expressed as [97]

on = Crpmln, (2.22)

with the elastic stiffness C,,,, as a fourth rank tensor. It can be shown that the
elastic stiffness tensor reduces to only two independent elastic constants in an isotropic
medium [97, 99].
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Figure 2.6: Vectors along = and y before (a) and after (b) deformation.
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106 L 0 0 0 0 0 C44_ L U6 ]

with Cyy = (C11—=Ci2)/2. The independent constants C1; and Ci2 can be expressed by
a set of elastic constants [97]:

~ 2u(1 =) 2w

Cu="T g, Y21y
Here, p is the shear modulus which linearly couples the shear stress to the shear
strain and v is the Poisson ratio, the ration between transverse and normal strain
U = |uyy/Use| = |Uz2/Uzz|. Sometimes other elastic constants are also chosen to
express Cj;, such as the Youngs modulus £ = p - (24 2v) [97].

(2.24)

Elastic Energy

Assuming an isotropic material the elastic energy density welast can be expressed
as [98]

1
Welast — 5011 [Uiz + Uzy + UZz] + Cl2[“:muyy + Uyytzz + U x Uz (2.25)

+ 2044 [uiy + usz + uzx]

In the special case of investigating the domain structure in NiO thin films, the out-
of-plane strains (., Uy, U.,) and the isotropic strains (ugz + uyy) can be neglected,
as they are not crucial for the formation of the domain structure [50]

fi(Uga + uyy)?

1
Welas = 5#[(“% - “yy>2 + 4“»’%1/] T 2(1 —2v)

(2.26)
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Magnetoelastic Energy

The structure of a material is coupled to its magnetic order and can be influenced by
external magnetic fields [100, 101]. The magnetoelastic coupling relates the magneti-
zation to mechanical strain. It usually arises from spin-orbit coupling in FMs, with
strong additional contributions from exchange coupling in AFMs [75, 81, 102]. In the
simple case of a uniaxial FM one can observe either a contraction, see Fig. 2.7 (b) or
an elongation, Fig. 2.7 (c), of the material along an externally applied magnetic field,
depending on the sign of the magneto elastic constant A [53].

(a) no field (b) A>0 (c) A<O

H=0 H%0 H%0

Figure 2.7: Illustration of the linear volume expansion of a magento-elastic material
(a) upon the application of an external field H in the case of a positive (b) and
negative (c) magnetoelastic coupling constant [53].

The magnetoelastic coupling is not only relevant for FMs in the case of external fields,
but the coupling between the magnetic ordering and the strain also contributes to
domain formation [64]. This is particularly relevant for AFMs. Due to the magneto-
elastic coupling, a redistribution of domains is accompanied by a redistribution of
strain [31]. The magnetostriction depends on the direction of the magnetization (or
Néel vector) with respect to the crystallographic axes. However, it does not depend
on the direction along an axis (Ao = Ajgg) [53]. Magnetostriction contributes to the
magnetic free energy and can phenomenologically be described for a collinear AFM
by [67]:

Wme = AjjRiUijNEN, (2.27)

the magnetoelastic coupling constant \;jz; is here a tensor relating the strain to the
antiferromagnetic order parameter n. For modelling the domain structure of our
antiferromagnetic thin films, one can again assume an isotropic crystal and neglect
contributions from n, [67]

Wime = A[(Uga — uyy)(ni — nf/) + Angnyta,]. (2.28)
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We can express the magnetoelastic energy as a function of the angle ¢ between the
magnetic order parameter and the crystallographic axes [50, 79]:

Wine = AmeM2[c08(20) (Ugg — Uyy) + 28i0(20)Uzy], (2.29)

Ms/2 is here the saturation magnetization of a magnetic sublattice.

2.3.2.2 Incompatibility of Antiferromagnetic Domains

To illustrate the concept of incompatibility, we can imagine an antiferromagnetic thin
film on a substrate. Initially there is no incompatibility, upon cooling through the Néel
temperature the magnetic ordering of the thin film leads to strain and a deformation
of the magnetic thin film [94]. However, the requirement of an interface with the
substrate creates an incompatibility 1 # 0.

(a) (b)

PM ARM n#+0

Figure 2.8: Illustration of the incompatibility of a magnetic thin film above (a) and
below (b) the Néel temperature.

It has been observed that several insulating AFMs, such as NiO and CoO, exhibit
strong magnetoelastic coupling and that their antiferromagnetic domains are asso-
ciated with different lattice distortions [31, 94]. Different domains can therefore be
treated as deformation twins [44]. This connection between the antiferromagnetic or-
der and the lattice can be used to understand the formation of a multidomain state
in AFMs. To minimize the strain inside an antiferromagnetic crystal, Slack proposed
that AFMs exhibiting deformation twins could form special domain structures [103],
as shown in Fig. 2.9 (a). In these domain configurations, lattice contractions of one
type of domain are counteracted by the presence of a domain exhibiting an opposite
strain, which reduces the overall strain of a crystal. While this concept can explain
the preferential formation of only two different types of domains in annealed antifer-
romagnetic crystals [31], it does neglect the conditions at the surfaces and interfaces.
At surfaces and interfaces, AFMs naturally exhibit differences in their elastic proper-
ties due to changes in their environment [94]. Depending on the domain termination,
the interface of an AFM can exhibit an incompatibility, as shown in Fig. 2.9 (b) [94].
Such incompatibilities can be the source of additional strain, which contributes to the
magnetic free energy via the so-called destressing energy [43, 44].
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(@) unstrained crystal structures (b) near-interface

Type A Type B
Domain Contraction

I [111] 7y /i
11 [111] 111/
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Figure 2.9: (a) Domain structure configurations that have been proposed by Slack
to minimize the strain inside an antiferromagnetic crystal with magnetoelastic cou-
pling [103]. At interfaces incompatibilities (b) can arise n # 0 when cooling through
the Néel temperature.

2.3.2.3 Destressing Energy

The destressing energy wqestr 18 the result of the coupling between an antiferromagnetic
thin film and a non-magnetic substrate and needs to be considered in addition to the
magnetic free energy [43, 44]. It originates from the requirement of compatibility at
the interface between the AFM and the substrate, which leads to additional strain [65].

(@) undeformed (b) deformed, n+0 (c) deformed, n=0
y

(O]

O

O Uy

g |

S

\ —
X ~loei< Uy,

Figure 2.10: Deformation of a square (a) upon application of strain (b). The require-
ment for compatibility at the interface leads to additional strain (c).

To understand how incompatibility at the interface can lead to additional strain, we
can consider a square element [97], see Fig. 2.10 (a), located at an interface. By
applying a ug, strain, the square element is deformed, see Fig. 2.10 (b), and compat-
ibility with the interface is no longer ensured (1 # 0), as d6(uyy) > 0. However, the
compatibility needs to be preserved. Thus, the incompatibility causes another strain
Ucomp that counteracts the incompatibility created by the original s, strain 66 (ug,) =
—06(ucomp), restoring the overall compatibility (n = 0), see Fig. 2.10 (c) [97].
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A similar situation occurs in antiferromagnetic thin films due to substrate clamping.

The magnetoelastic coupling induces spontaneous strains @ " which are coupled to
the magnetic order parameter. Additional elastic strains 4° originate from the

requirement of compatibility at the interface between the substrate and the thin film.
Thus, the total strain @' tensor in the AFM layer can be represented as the sum
of both @' = 4P°" + 4°l8st [50]. The spontaneous strains can be determined from
minimizing the equations for the elastic and magnetoelastic energies of a system and
the elastic strains can be calculated from the compatibility equations [50], as the total
strain should satisfy

€ijk€lmnaj8mui%t =M = O, (2.30)

€ijk is the antisymmetric Levi-Civita tensor. Thus, one can determine first the incom-
patibility caused by the spontaneous strains

5ijk<€lmnaj8muzl735t = Nit, (231)
and in a second step, we search for a solution for the elastic strains. The destressing
energy can then be calculated by inserting the additional elastic strains 4°®t into

Egs. 2.26 and Egs. 2.29 and is added to the total free energy of the system. The
domain structure can then be determined via an energy minimization. However, one
has to consider the boundary conditions [43]. In the case of a patterned device,
changes in the chemical composition and symmetry at the edges of the device might
lead to preferential formation of a certain domain at the boundary [104]. Such edge
effects can be parameterized by an additional surface energy Wi,.f, which contributes
to the boundary conditions. If one now minimizes the total energy of the system under
consideration of the boundary conditions, one can determine the domain structure [50].
Here, only the general idea of determining the destressing energy for a system is
presented, equations for different antiferromagnetic systems can be found in Refs. [50,
65, 66, 99].

The influence of the incompatibility induced strain from the substrate clamping has
been observed for several AFMs [65, 66] and plays a crucial role in the formation of
the antiferromagnetic domain structure. Our experimental investigations of shape-
induced domain structures in NiO are presented in Sec. 5.1.

2.3.3 Spinstructure of Insulating AFMs

Among the insulating AFMs, the transition metal oxides NiO and CoO have received
considerable attention because their spin structure is well understood, they have an
accessible Néel temperature, and can be grown in thin films with high quality [42,
105]. In the following section, both materials are introduced and an overview of their
antiferromagnetic spin structure is given.!

! The following Sec. 2.3.3.1 and Sec. 2.3.3.2 were transcribed from Ref. [106] with the first author
of this reference being the author of this thesis.
Reproduced from Appl. Phys. Lett. 20 February 2023; 122 (8): 080502.
https://doi.org/10.1063/5.0135079, with the permission of AIP Publishing.
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2.3.3.1 NiO

NiO has possibly been the first material in which antiferromagnetic domains could
be observed directly [31, 107]. The high Néel temperature of Tx = 523K [108] in
the bulk and its inert surface [109] make NiO an attractive candidate for investigat-
ing antiferromagnetic domain structures and antiferromagnetic spintronics. Below its
Néel temperature, NiO adopts a type-II antiferromagnetic order: the spins are anti-
ferromagnetically coupled between the {111} planes due to superexchange [74] and
ferromagnetically coupled inside the {111} planes [110] as shown in Fig. 2.11.

Figure 2.11: Spin structure of NiO. The spins are coupled ferromagnetically inside
the {111} planes and antiferromagnetically between them, adapted with permission
from Ref. [106].

The exchange striction between the antiferromagnetically coupled planes leads to a
contraction between the {111} planes and a temperature dependent [111, 112] rhom-
bohedral distortion of the cubic crystal [72, 113-115]. The symmetry of the original
face-centered cubic (fcc) lattice allows four possible combinations of antiferromagnet-
ically coupled {111} planes, which are each associated with a different strain. These
domains are considered to be twin domains (T-domain) [31]. An additional smaller
anisotropy due to dipolar interactions leads to a threefold set of preferential spin ori-
entations within the ferromagnetic planes along the [112] directions, the so-called spin
domains (S-domains) [31, 116-118]. Thus, there are a total of 12 different Néel vec-
tor orientations possible in the bulk NiO crystal. If one additionally considers 180°
domains, see Fig. 2.12, bulk NiO exhibits a total of 24 possible domain configurations.
The impact of strain on the antiferromagnetic domain structure has been studied
extensively in NiO [31, 103, 107, 116, 118-124]. In particular, external strain such as
strain during cleaving, polishing, sample glue, or handling with tweezers that exert
pressure can easily manipulate the antiferromagnetic domains [116, 125-128].

Furthermore, the domain structure of both, bulk and thin film NiO samples is in-
fluenced by the growth conditions such as growth temperatures [129, 130], oxygen
pressure [131], and film thickness [109]. Importantly, the strain resulting from the lat-
tice mismatch with the substrate plays a significant role for the anisotropy [130, 132].
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180° domain wall

M, ¢y M,

Néel vector L

Figure 2.12: Depiction of 180° domains in which the magnetization of the sublattices
(red and blue) is interchanged and the Néel vector (green) points along the opposite
direction, adapted with permission from Ref. [106].

Compressive strain in NiO grown on MgO leads to an out-of-plane alignment [109, 133]
and tensile strain in NiO grown on Ag [129] leads to a preferential in-plane alignment of
the Néel vector [134, 135]. Large domain sizes can be achieved by annealing [107, 136].
As a result, it is crucial to study the domain structure of NiO thin films by imaging,
before modulating the domain structure by currents, patterning or optical irradia-
tion [137, 138].

2.3.3.2 CoO

First neutron diffraction data has indicated a similar magnetic structure for CoO as
for NiO [72]. However, the spin structure of CoO differs from NiO [71, 72, 139].
Investigations of the crystallographic structure of CoO have revealed a tetragonal
distortion of the fcc lattice below the Néel temperature (290K) in contrast to the
rhombohedral distortion in NiO or MnO [140-142].

Neutron diffraction measurements could not provide clear information on the spin
structure of CoO and different models have been proposed [143]. Initially, a collinear
spin structure has been assumed in which the spins are ferromagnetically coupled
inside the {111} planes [72, 144-146]. However, the tetragonal symmetry of the
crystal has led to the proposal of a noncollinear spin structure in a multi-spin-axis
model [146-148]. Further studies have revealed that the tetragonal deformation can
occur in a collinear spin alignment and is additionally accompanied by a mono-
clinic deformation [71, 149, 150]. After the experimental observation of the addi-
tional monoclinic distortion, the magnetic structure of CoO is widely accepted to be
collinear [143, 150, 150-154]. However, we note that recent studies have again pro-
posed a noncollinear structure for CoO [155-157]. In the collinear structure, the spins
of CoO are coupled ferromagnetically inside the {111} planes and antiferromagnet-
ically between the planes. The tetragonal distortion of CoO along one of the three
cubic axes leads to the possible formation of three different twin domains, compared
to four different twin domains in NiO [92].
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Large domains in CoO crystals can be obtained by annealing the crystals above the
Néel temperature [150, 152, 158, 159] and the application of external strain can lead
to the preferential stabilization of certain domains [152]. The magnetoelastic coupling
can be observed in birefringence measurements [153] and can be utilized to image the
domains of CoO crystals in X-ray diffraction measurements [150].

Similar to NiO, the magnetic structure of CoO depends on the growth parameters and
on the substrate-induced strain [92, 160]. In thin films, compressive strain favors an
in-plane alignment of the magnetic moments [161, 162] and tensile strain leads to an
out-of-plane alignment [161, 162]. For CoO grown on MgO(001) the spins align in the
plane of the film [163] and two in-plane magnetic easy axes along [110] or [110] are
present [105, 164]. Birefringence imaging can be used to image the domains of thin-
films [165, 166] and second-order magneto-optical effects can also be used to study
the magnetization dynamics of CoO thin films [167].

CoO is often considered to be similar to NiO, however, it differs in its crystallographic
structure, magnetic properties [168], and electrical properties [169].

2.4 | Current-Induced Effects

In this section, we briefly describe several current-induced effects relevant to the study
of the current-induced switching of insulating AFM and HM bilayers. First, we intro-
duce the creation of spin accumulations at the interface. We then discuss their use
for reading the antiferromagnetic order and how the antiferromagnetic order can be
switched. Finally, we conclude this section by discussing heating effects resulting from
the high current densities used in switching experiments.

2.4.1 Spin Hall Effect

The classical Hall effect refers to the deflection of charge carriers inside a magnetic
field [170, 171]. The spin Hall effect (SHE) refers to the spin dependent deflection of
electrons inside a material [172], a comprehensive review is given in Ref. [35].

In materials with large spin-orbit coupling, like HMs, an electrical current generates
a transverse spin current which is polarized perpendicular to the plane [35], see also
Fig. 2.13 (a). The SHE can originate either from intrinsic contributions [173] or
extrinsic contributions [174], similar to the anomalous Hall effect [175]. The efficiency
of the SHE in a material is often defined by the spin Hall angle Ogyy = 7s/jc, the ratio
between the applied charge current jc and the generated spin current jg [25].

A common material for spin current generation is Pt as it exhibits a large spin Hall
angle [35]. However, one has to be careful when using Pt due to possible proximity
effects [33]. Due to reciprocity also the inverse spin Hall effect (iISHE) exists, which
describes the conversion of a spin current into a charge current [176]. For the interpre-
tation of experimental results which include the SHE or iSHE it can be advantageous
to use materials with negative and positive spin Hall angle to differentiate between
spin and temperature dependent effects.
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2.4.2 Spin Hall Magnetoresistance

The above-mentioned SHE can be used to measure the magnetic orientation in bi-
layers of HMs and magnetic insulators. Spin Hall magnetoresistance (SMR) refers to
the magnetization dependent resistance changes in the HM layer depending on the
magnetization of the adjacent insulator [33, 177]. The current flow in the HM layer
leads to a spin accumulation ¢ at the interface due to the SHE. In a simple picture, the
spin accumulation can either be absorbed or reflected at the interface, see Fig. 2.13,
depending on the magnetic ordering of the insulator.

(a) nio (b) nLo
2 /: J, - J.
HM =", . HM - \‘*-o
'AFM 5 'AFM J ‘t'
s\:s - “'i n
"Low" resistance "High" resistance

Figure 2.13: Charge current flow J. through a HM layer generates a spin current
via the SHE, which creates a spin accumulation o at the interface. Depending on the
orientation of the Néel vector n in an adjacent insulating antiferromagnet (1IAFM),
the spin current can be mostly reflected or absorbed J,. Leading to a “low” (a) and
“high” resistance state (b).

In the case the magnetic ordering is perpendicular (parallel) to the current direction
the resistance decreases (increases) [33]. The theoretical model developed for FMs [33,
178] can be transferred to AFMs [179, 180].

In bilayers of insulating AFMs and HMs the resistance variation AR/R depends on
the orientation of the Néel vector m with respect to the current direction j. The
longitudinal ( || j;) and transverse (L j; ) SMR can be modeled as [180]

AR,y Ap, o

o S, (2.32)
AR,

g Y A}f(nmny% (2.33)

here the current flows along = and y is perpendicular to = in the sample plane, (---)
denotes the averaging over the domain structure. Both SMR signals are dependent on
the SMR coefficient 2r/p, which is material dependent with the resistivity p. Due to
the dependence on n, and n, the transverse SMR is used in current-induced switching
experiments to determine the reorientation of the Néel vector in AFM/HM bilayers
[181, 182].
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2.4.3 Spin Torques

The field of spintronics aims to use the spin of an electron to transport information. In
magnetic tunnel junctions, spin-transfer torques (STTs) are currently used to switch
the magnetic order in STT-RAM (random access memory) [19, 21, 36, 183]. Current
passing through a magnetic layer can be spin polarized and can exert a torque on
the local magnetic moments in an adjacent layer [184, 185]. However, STTs require
conductive materials. Spin-orbit torques (SOTSs) are currently being explored as a
more energy efficient way to switch the magnetic order [25, 186-188]. SOTs can po-
tentially arise from different effects. In magnetic systems lacking inversion symmetry,
the inverse spin Galvanic effect can lead to a spin accumulation at the interface [189)].
Alternatively, the SHE of materials with large spin-orbit coupling can be used to gen-
erate a spin accumulation. In the following, we discuss how SOTs generated at the
interface between an insulating AFM and a HM layer can induce a switching of the
magnetic order [25].

Spin-Orbit Torque Based Switching of AFMs

SOTs can generally be separated into two parts: A field like torque, acting similar as in
the case of an applied external field, and an antidamping-like torque, see Fig. 2.10 (a).
If the torque acts differently on the different sublattices one refers to a staggered
torque. Staggered bulk torques are crucial for the rotation of the Néel vector in
metallic AFMs with broken inversion symmetry [190-192]. However, due to the lack
of inversion symmetry breaking and the insulating nature of NiO and CoO, we focus on
non-staggered interfacial torques. We can formulate the SOT acting on one sublattice
with magnetization M; [25]:

T =T/M; x (P x My) + T M x P, (2.34)

the vector P depends on the symmetry of the system and 7] (T')) is the magnitude of
the torque component in (out-of) the (M, P) plane [25].

To understand how one can manipulate AFMs, one can consider the effect of the dif-
ferent torques on the antiferromagnetic ordering as outlaid in Ref. [25]. For a field-like
torque acting on both sublattices we can imagine a field applied perpendicular to the
Néel vector, see Fig. 2.10 (b). The field would induce a canting of the antiferromag-
netic order and opposite torques Ty on each sublattice. However, these torques are
compensated by the exchange torques Tgy, which originate from the strong antifer-
romagnetic exchange interaction. Thus, the torques compensate each other and no
reorientation of the magnetic order is expected from a field-like torque [25]. In the
case of an antidamping-like torque, the magnetic moments are canted, and the ex-
change torque Tgx acts on the individual sublattices. However, the exchange torque
is not compensated and thus a rotation of the antiferromagnetic order around P is
allowed [25].

Interfacial spin-orbit torques are predicted to possibly reorient the Néel vector in insu-
lating AFM/HM bilayers [193], here we briefly introduce a few results from Ref. [193].
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Figure 2.14: (a) Depiction of different possible torques acting upon a magnetic mo-
ment M in an external field H. (b) Field-like torque and (c) antidamping-like torque
acting on a collinear AFM with magnetic moments My and M.

As mentioned in Sec. 2.4.1, the flow of a charge current jc through a HM layer can lead
to spin accumulation at the AFM/HM interface via the SHE. Interfacial spin-orbit
torques can act on the domain wall in the AFM. The interfacial antidamping torques
can then lead to an antiferromagnetic domain wall motion that can exceed the veloc-
ity v of a ferromagnetic domain wall. The ferromagnetic domain wall velocity vp is
usually limited by the Walker breakdown, which induces a precessional motion of the
domain wall and reduces its velocity [25, 194]. However, this phenomenon is absent
for antiferromagnetic domain walls [193, 195]. The velocity of an antiferromagnetic
domain wall vapy is predicted to increase linearly with the applied current jc and
the effective spin Hall angle Ogp of the HM [193]

Jjo - Osu

2.35
darmog (235)

VAFM X

However, the velocity is inversely proportional to the thickness of the antiferromag-
netic layer dapn and the damping coefficient ag of the material. Consequently, AFMs
with low damping, such as NiO or CoO [196, 197], are excellent candidates for achiev-
ing high domain wall velocities [193]. Model calculations suggest that vapy could
reach velocities of 1-10km s~ for current densities of 107 A cm~2, making them faster
and more energy efficient than FMs [25]. However, the speed of antiferromagnetic do-
main wall motion is also limited due to a predicted Lorentz contraction of the domain
walls at high speeds, resulting in the emission of THz radiation [193]. Thus, the com-
bination of AFM/HM bilayers could potentially be used as a source of current-driven
THz radiation [193]. Current driven THz radiation would be desirable for applica-
tions such as the development of artificial neurons [198], but is still experimentally
challenging [199].

The current-induced switching of iAFMs with Pt capping layer was observed experi-
mentally, but the underlying switching mechanism is still debated [40—42, 193, 200].
Different mechanisms based on interfacial antidamping-like torques have been put
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forward in which the switching is achieved by either a coherent rotation of n or an
induced domain wall motion [41, 42, 193, 200]. Mechanisms based on domain wall chi-
rality dependent switching are now questioned, as high resolution imaging could not
reveal chiral domainwalls [42, 201]. In addition, it became clear, that in order to de-
termined the underlying mechanism in iAFM/HM bilayers also non-magnetic heating
effects need to be considered in the interpretation of measurement signals [202].

2.4.4 Joule Heating Effects

The electrical switching of AFMs requires high current densities to achieve sufficient
torque to reorient the magnetic order [203]. High current densities on the order of j ~
10'2 Am~? lead to a significant heating of the devices due to the Joule heating AT o<
42 [204]. Such current-induced heating can assist the electrical switching of AFMs in
overcoming anisotropy barriers between different magnetic states [205]. However, high
currents can also lead to a permanent damage of the device through current-induced
electromigration, a diffusion of material [203, 206]. These non-magnetic effects can
significantly influence the resistance and thus the measured SMR signals in electrical
switching experiments, an analysis of non-magnetic contributions to the SMR can be
found in Refs. [203, 207].

Separating Magnetic SMR and Non-Magnetic Transport Signals

In electrical switching measurements via transverse SMR, two different types of signals
can be distinguished. The first type is a triangular or sawtooth-like signal, where the
resistance continues to change after applying multiple pulses along the same current
direction [42, 202, 207, 208]. The second type is a step-like signal, where the resistance
changes significantly for the first pulse along a new current direction, but then reaches
a plateau after applying multiple pulses [42, 182, 208|.

For our NiO(10nm)/Pt(2nm) thin films, Felix Schreiber conducted a careful com-
parison of the electrical SMR signal with optically observed changes in the domain
structure [209]. The results are presented in Fig. 2.15, where in Fig. 2.15 (a) the puls-
ing direction is changed after the application of 5 pulses and kept constant in Fig. 2.15
(b). The optically observed changes in the domain structure (represented by orange
triangles) exhibit a plateau after the application of the first few pulses. Therefore, any
further changes in the electrical signal (represented by blue dots), after the domain
structure changes have reached a plateau, can be attributed to non-magnetic con-
tributions to the electrical switching signal. These non-magnetic contributions arise
from the aforementioned electromigration and device damage. In our thin films, the
non-magnetic signal contribution to the SMR signal shows a roughly linear depen-
dence on the number of applied pulses. By subtracting this linear contribution from
the SMR signal, the electrical switching signal can be correlated with the optically
observed switching.



CHAPTER 2. THEORETICAL BACKGROUND 27

It should be noted that such a linear subtraction is a simplification of the underlying
processes and may not hold for high current densities near the device limit [182].
Furthermore, the applicability of this procedure to other material systems is not clear
since a step-like signal can also originate from a non-magnetic background [203] and
a sawtooth shaped signal can originate from a magnetic switching [210].
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Figure 2.15: Comparison between the electrically measured switching signal (blue)
and optically observed switching (orange) of an MgO(001)/NiO(10 nm)/Pt(2nm) thin
film. The current direction is switched after five consecutive pulses (AT = 0.1 ms)
(a), or kept constant (b). The non-magnetic contribution to the transport signal can
be removed by linear subtraction (violet). Reprinted from [182], with the permission
of AIP Publishing.
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Thermomagnetoelastic Switching

The application of high current densities not only results in Joule heating of a device,
but also leads to inhomogeneous heating, causing strain gradients within the device
[204]. This strain depends on the device and the pulse geometry [105, 204]. Antiferro-
magnetic insulators such as NiO or CoO are known for their magnetoelastic coupling,
and strain can be used to manipulate their antiferromagnetic order [162, 211]. It has
been suggested that the switching behavior of AFM/HM bilayers is not only influ-
enced by the intrinsic strain of the samples [200], but may even originate from a heat
and strain based switching mechanism [105, 204].

Thus, the switching direction of a device would depend not only on the current direc-
tion, as for SOT-based mechanisms, but also on the distribution of current-induced
heat and strain [105]. Therefore, current-induced switching in one region of a device
could be different from that in other regions. A study of different device geometries
via SMR is limited by averaging over the underlying domain structure [180].
Consequently, to uncover the origin of current-induced switching in AFM/HM bi-
layers, it is necessary to image the current-induced switching [182]. In the next
Chap. 3 we discuss how to image the antiferromagnetic domain structure in our
thin films, which allows us to reveal the origin of current-induced switching in
MgO(001)/NiO(10nm)/Pt(2nm) thin films in Chap. 4.



3 | Methods

For the investigation of the control and manipulation of antiferromagnetic domains
high quality thin films and advanced imaging techniques are required. This chapter
first introduces the sample fabrication before discussing the imaging of antiferromag-
netic domains via birefringence and X-ray based microscopy.

3.1 | Sample Fabrication

The following sections give an overview of the growth of the antiferromagnetic thin
films and how they can be patterned into the devices used in this work.

3.1.1 Thin Film Deposition

Sputtering [212-214] is a common technique for growing high quality thin films in
a research or industry environment, due to its high deposition rate [214-216]. The
high-quality growth of the antiferromagnetic thin films is essential for the observation
and manipulation of large antiferromagnetic domains, which can exhibit a strong
dependence on the growth conditions [42, 217].

The NiO and CoO thin films used in this work have been grown via an automated
magnetron sputtering system in the group of Prof. Dr. Eiji Saitoh at the Tohoku
University, based on a recipe that has been developed by Dr. Rafael Ramos. Prior
to this work, NiO and CoO samples have been grown at the Tohoku University by
Christin Schmitt, Adithya Rajan and Dr. Lorenzo Baldrati. The samples grown by
Christin Schmitt have been primarily used for the experiments presented in this work.
Additional samples have been grown by Dr. Takashi Kikkawa and the author after
the relocation of the sputtering machine to the University of Tokyo. These samples
have not been used in the work presented in this thesis, but are being investigated in
ongoing projects.

Due to the importance of high sample quality, this section first provides an overview
of basic sputtering techniques and then introduces the experimental setup that has
been used for the deposition of the antiferromagnetic thin films used in this work.

29
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3.1.1.1 Sputtering Fundamentals

The fundamental principle of a sputtering machine is the ablation of a material from a
target and the subsequent deposition of the target material onto a substrate [215, 216].
To increase the quality of the grown films, the entire process is performed in a vacuum
chamber. A simple DC sputtering system is depicted in Fig. 3.1 (a). For the sputtering
a noble gas is introduced into the chamber. The noble gas of choice is often argon
because it is an inert gas with a high sputtering yield [218]. By applying a high DC
voltage between the target cathode and the chamber and substrate anode, electrons
are accelerated away from the cathode and randomly collide with Ar atoms, ionizing
them in the process. The ionization is accompanied by the emission of photons,
resulting in the formation of a plasma that can be observed visually [219].

The Ar™ ions are accelerated towards the target (cathode) due to their positive charge.
They cause a collision cascade at the surface of the target, resulting in the ejection of
target atoms [220, 221]. The target atoms are radially distributed in the surrounding
space and accumulate on the substrate. The rate at which material is removed from
the target is defined as the sputter yield S [221]:

Atoms removed

Incident ions (3:1)
A disadvantage of DC sputtering is a low sputter yield and possible charging effects
at the surface of insulating targets. Both can be overcome by replacing the DC
voltage with an AC voltage [216]. This type of sputtering is called radio frequency
(RF) sputtering, due to the common usage of an AC current with a radio frequency of
13.56 MHz [216, 222]. In RF sputtering the electrons oscillate near the target material
due to the oscillating electric field, which increases the collision rate of the electrons
with the Ar atoms. Thus, the ionization rate increases, the key to a higher sputter
yield. The higher ionization rate increases the emission of target atoms and allows
the operation of the sputter chamber at lower gas pressures [223].
The sputtering rate can be increased further by trapping electrons near the target by
magnetic fields in so-called magnetron sputtering (MS) [215, 216], see Fig. 3.1 (b).
Permanent magnets create a magnetic field orthogonal to the electric field. The mag-
netic field traps the electrons in a circular orbit over the target, further increasing their
collision rate [215]. A disadvantage of MS is the increased target ablation along the
electron path [215], leading to an inhomogeneous ablation of the target. In addition,
magnetic targets can interfere with the magnetic field and reduce the effectiveness
of the MS. One way to minimize these issues can be to use more complex magnet
geometries [222].
Another option is to further increase the sputter yield by using an additional coil above
the target in so-called inductively coupled plasma-assisted magnetron sputtering (ICP
MS). Reviews on this technique can be found in Ref. [223] and Ref. [224]. The coil
is driven by an RF frequency, creating an oscillating magnetic field, which leads to
an additional oscillating electron motion and further increases the sputter rate. Due
to the high plasma density in ICP MS, an increased ionization rate of the target
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(a) DC/RF sputtering (b) Magnetron sputtering (c) ICP magnetron
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Figure 3.1: Schematic representation of different sputtering modes. (a) A basic sput-
tering system in which DC or RF voltages can be applied to the target cathode. (b)
In a magnetron sputtering system the magnetic field of permanent magnets confines
the electrons, leading to an increased sputter yield, and increases the deposition of
target atoms on the substrate (orange). (c) Magnetron sputtering can be combined
with an inductive coil in ICP MS.

atoms has been observed for metallic and magnetic materials [224-227]. The higher
ionization rate of the target atoms in ICP MS sputtering can lead to significant changes
in the crystal structure, texture and oxygen incorporation for the growth of thin
films [223, 228]. However, material buildup on the coils can be an issue, making ICP
MS with an immersed coil an impractical technique for industrial applications. ICP
MS is still a powerful sputtering technique for producing high quality thin films in
a research laboratory and has been used to deposit the NiO thin films used in this
work [223, 224)].

3.1.1.2 Growth of NiO and CoO Thin Films

The growth of the insulating NiO and CoO thin films is performed in a customized
version of the QAM4 sputtering system from ULVAC [229] at the Saitoh Laboratory.
In addition to Ar as sputtering gas, oxygen gas is introduced into the chamber for a
reactive sputtering of Ni and Co targets [230].

In reactive sputtering, the oxygen reacts with the Ni and Co atoms to form NiO and
CoO respectively. The oxidization reaction occurs on the cathode surface and the
substrate during the deposition [215, 222, 231]. The pressure of the oxygen gas is a
critical handle to control the growth of a film, influencing the adatom diffusivity and
the film structure [131, 228, 230].
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A schematic of the sputtering chamber used to grow the samples is depicted in Fig. 3.2.
The substrates are placed upside down in a rotating copper holder above the sputtering
targets. The targets are positioned at an oblique angle below the target, allowing the
placement of up to four targets. The oblique angle reduces the surface roughness of
the sputtered films [232]. The target holders are suitable for MS and can be operated
with either DC or RF voltage. Some cathodes, such as the Ni cathode, are additionally
equipped with a single turn helical coil (HC), which enables ICP MS. Deposition times
can be electrically controlled via shutters above the targets, or via a linear shutter
that can be inserted in front of non-rotating substrate. The sample holder can be
heated for high temperature depositions. The sputtering chamber is connected via a
transfer chamber to a similar sputtering chamber for the subsequent deposition of Pt
or other non-magnetic materials. Exact process details and growth recipes are given
in the Appendix A.1.
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Figure 3.2: Sketch of one of the chambers of the ULVAC sputtering system in the
Saitoh Laboratory. The Ni target is equipped with a helical coil, enabling ICP MS.
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3.1.2 Structuring of Thin Films

For the research presented in this work, sputtered AFM/HM bilayers have been pat-
terned into various device geometries: cross-like devices to control the current flow
in our samples, different geometric elements to observe shape-induced changes in the
domain structures and grids and markers for optical switching experiments. In the
following, the basic patterning steps are outlined, as discussed in Ref. [233].

The structuring of thin films can be achieved by means of optical or electron beam
lithography in a four-step process, as shown in Fig. 3.3. In the first step, see Fig. 3.3
(a), a radiation-sensitive polymer layer, a so-called photoresist, is applied to the surface
of the bilayer. The samples are cleaned in a multistep cleaning process to remove
any surface contamination from the sample surface. After depositing a few drops of
photoresist on the cleaned surface, the sample is rotated in a spin-coater to ensure a
flat and uniform distribution of the photoresist. After the photoresist is applied, the
sample is placed on a hot plate to aid the evaporation of additional solvents in the
photoresist liquid.

In the second step, see Fig. 3.3 (b), a pattern is imprinted on the polymer by partially
illuminating the photoresist. In optical lithography, a structured glass plate with Cr
patterns is placed slightly above or in contact with the resist on top of the sample.
Illumination with a Mercury-vapor lamp causes a chemical reaction of the exposed
areas of the photoresist. In electron beam lithography, exposure is performed by a
focused electron beam that scans the surface along defined patterns.

In the third step, the patterned films are developed by immersing them in a developer
solution, see Fig. 3.3 (c). There are usually two types of photoresist. A “positive” pho-
toresist causes a weakening of the polymer chain in the exposed areas, which is removed
by the developer. This reproduces the unexposed mask pattern, the Cr pattern. For
a “negative” photoresist the exposure leads to a strengthening of the polymer chains
and development removes the unexposed areas, reproducing the exposed pattern.

In the final step, the patterned photoresist is used to structure the thin films, see
Fig. 3.3 (d). An inert gas plasma, such as Ar ions, can be used to remove the pat-
terned material in an etching process, similar to the ablation of target material in the
sputtering process described in Sec. 3.1.1. Alternatively, additional material, such as
markers, can be deposited in the patterned areas before the resist is removed by im-
mersion of the sample in acetone in a lift-off process. This allows for a wide variety of
thin film structures, as well as the combination of etching and deposition of material.
The lithography recipes for the resist handling are in the Appendix A.2.
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Figure 3.3: Different steps of the patterning process are depicted. After the applica-
tion (a) and exposure (b) of the photoresist, the resist is developed (c). Depending on
the type of the resist, negative or positive, different final structures can be produced
by ion beam etching (d).
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3.2 | Birefringence Imaging of Antiferromagnetic
Domains

A primary obstacle in the development of antiferromagnetic devices is the ability to
read the antiferromagnetic ordering. Unlike their ferromagnetic counterparts, AFMs
do not possess any net magnetic moments or stray fields. Thus, it is more challenging
to detect their magnetic order [47, 106, 234].

One way to image the antiferromagnetic domain structure is by birefringence imag-
ing [32]. Birefringence refers to the dependence of the refractive indices of a material
on the polarization and propagation direction of light. The first observations of lin-
ear magnetic birefringence (LMB) were made on garnets by Dillon [235], who used
the dependence of the birefringence on the magnetic ordering to visualize magnetic
domain structures. Such a coupling between the magnetic order and the birefrin-
gence is usually considered to originate either directly from magneto-optical effects
or indirectly from lattice distortions due to the magnetoelastic coupling [236]. The
magnetic birefringence of various systems has been intensely studied and reviewed
after its discovery [236-240].

The following section gives a brief overview over magnetically induced birefringence,
reviews the development of birefringence imaging in transition metal oxides, with a
focus on NiO, and describes the experimental setup that was used for the birefringence
imaging in this work.

3.2.1 Birefringence

Polarized visible light is a common tool for the study of ferromagnetic domain struc-
tures. The magneto-optical Kerr effect induces a change in the polarization and ellip-
ticity of linearly polarized light upon reflection [241]. Similarly, the magneto optical
Faraday effect acts on transmitted light [242]. The effective change in the polariza-
tion and ellipticity of the light depends in both cases linearly on the magnetization
M = M + M,, with My, M, as sublattice magnetizations. AFMs with a canted
magnetic moment or potentially also non-collinear AFMs can be investigated with
such first-order magneto-optical effects [243]. However, collinear compensated antifer-
romagnetic systems, such as NiO or CoO, do not exhibit any net magnetic moment
because their opposite sublattice magnetizations M; = — My cancel each other out.
Thus, first-order magneto-optical effects, which depend linearly on m, are expected
to cancel each other out [47].

In addition, there are second order magneto-optical effects, proportional to M?, L2,
which can lead to a difference in the refractive index for polarized light parallel or
perpendicular to the magnetization of a material (Cotton-Mouton or Voigt effect) [45,
244]. The polarization rotation is here dependent on the birefringence, the difference
An in the refractive indices parallel n and perpendicular n; to the optical axes:
An = n|—mnL. This rotation is proportional to the Néel vector L? = (M, — M2)2
and does not vanish for compensated AFMs [47, 245].
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Figure 3.4: The magnetic birefringence of an antiferromagnetic material vanishes
above the Néel temperature (a). Below the Néel temperature the different refractive
indices for the direction parallel (blue) and perpendicular (red) to the propagation
direction lead to a rotation and change of ellipticity (b), which depends on the orien-
tation of the Néel vector and can vary between domains (c).
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Birefringence can arise not only from magneto-optical effects, but also from changes in
the crystallographic structure due to magnetoelastic coupling [240, 246]. In materials
with strong magnetoelastic coupling, such as NiO or CoO, strain in the lattice also
contributes to magnetic birefringence [236, 240, 247]. It can be difficult to distinguish
direct magneto-optical contributions to the birefringence from lattice contributions,
since the lattice strain is directly coupled to the magnetic order [240].

In both cases, however, birefringence originates from the magnetic ordering and can
thus be used to study antiferromagnetic domain structures, as shown in Fig. 3.4. When
investigating magnetic birefringence above the Néel temperature, there is no expected
difference in the refractive index for light travelling parallel (blue) or perpendicular
(red) to the optical axes, see Fig. 3.4 (a). However, below the Néel temperature,
initially linear polarized light (purple) can experience changes in polarization and
ellipticity when passing through an antiferromagnet, see Fig. 3.4 (b). These changes
in the rotation of the polarization and ellipticity depend on the orientation of the
Néel vector, see Fig. 3.4 (a-c), and can vary between different magnetic domains.
Thus, the magnetic birefringence can be used to image antiferromagnetic domains.
The development of birefringence imaging of antiferromagnetic domains in transition
metal oxides is reviewed in the next section, with a focus on NiO.
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3.2.2 Birefringence Imaging in Transition Metal Oxides

The first studies of AFMs which utilized birefringence imaging were carried out by
Roth on NiO single crystals in combination with neutron diffraction studies to directly
image the spin system [31, 107]. He observed different T-domains and T-domain walls
in annealed NiO crystals [31]. The birefringence contrast was attributed to the rhom-
bohedral lattice distortion between different T-domains, which were also observed by
imaging the crystallographic structure with X-ray micrography [136, 248]. These first
studies were mostly limited to the observations of T-domain walls [31, 103, 136]. In
comparison to the distortion of T-domains, which leads to birefringence of the order
of Ant = 61073, the distortion of S-domains is smaller Ang = 1 - 1074, making it
more challenging to observe them experimentally [116, 240]. However, by improving
the annealing procedure [249], increasing the size of the S-domains and improvements
in the imaging techniques later studies were able to utilize birefringence imaging to
observe new patterns in addition to the T-domains [116, 250]. In combination with
X-ray diffraction studies of the lattice deformation and theoretical studies, these ad-
ditional patterns could be identified to originate from S-domains [118-120]. Thus,
birefringence imaging theoretically allows one to fully investigate the antiferromag-
netic domain structure in NiO T- and S-domains. However, in the experiment the
geometry and contrast of a setup can limit the detectable domains.

The study of antiferromagnetic birefringence was expanded to other transition metal
oxides, such as CoO [153], MnO [251], hematite [252], and other AFMs [253]. The
origin of the birefringence in these materials could not easily be attributed to magneto-
optical effects or to lattice distortions, as both contribute to the birefringence [246].
After studying the temperature dependent birefringence in transition metal oxides
(NiO [254], CoO [153]) it was concluded that the birefringence in NiO and CoO
is likely to be dominated by the distortion of the lattice and not by second order
magneto-optical effects [236, 247]. However, this does not imply a total absence of
second order magneto-optical effects. It was later demonstrated that quadratic X-ray
magneto-optical effects [255], based on the Schiifer Hubert effect (or sometimes called
Voigt effect in reflection), can be observed in the transition metals and transition metal
oxides [45, 256, 257]. Previously mentioned studies have focused on antiferromagnetic
bulk crystals. Recently, the domain structures of CoO [165, 166] and NiO [32, 182]
thin films were studied by birefringence imaging.

Birefringence imaging is a powerful and easy technique to investigate transparent,
insulating AFMs [258]. In the rapidly growing field of antiferromagnetic opto-
spintronics [47], birefringence imaging is a convenient tool to investigate AFMs, as
it can be easily combined in the laboratory with other techniques like the application
of magnetic fields [166], pump-probe schemes [45] or current-induced switching exper-
iments [49, 182, 209]. The experimental setup used in this work is described in the
following section.
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3.2.3 Experimental Setup

Birefringence imaging of antiferromagnetic thin films can be performed with a po-
larizing microscope [32]. The images presented in this work were obtained using a
commercial magneto-optical Kerr microscope from Evico Magnetics, details on the
microscope can be found in Ref. [259, 260]. The Kerr microscope was operated as a
polarizing microscope. Thus, no external fields are applied during the imaging. Light,
emitted by a light source consisting of an array of light-emitting diodes (LEDs), see
Fig. 3.5 (a), is guided by fiber optics to the microscope. The light path inside the mi-
croscope is depicted in Fig. 3.5 (b). A polarizer linearly polarizes the light before the
light is guided onto a sample. Depending on the properties of the sample, the reflected
light is rotated and elliptically polarized due to the birefringence of the material, as
illustrated in Fig. 3.4. The reflected light passes through a compensator, which can
be adjusted to convert the elliptically polarized light to linearly polarized light. The
subsequent analyzer is in the extinction position, at 90-degrees to the polarizer. This
allows only the rotated light to pass through the analyzer and to be observed by a
charge coupled device (CCD) camera.

(a)

Field
b
(b) diaphragm

Figure 3.5: (a) LED array with white or blue LEDs, (b) light path inside the micro-
scope. (c) Sketch of the polar operation mode of the microscope.

Operating only one arm of the light path, e.g. the blue light path in Fig. 3.5 (b) of
the LED array, results in an oblique incidence angle on the sample. However, two
opposing arms (blue and red light paths) can be operated together in a so-called polar
operation mode of the microscope. Polar refers here to the polar Kerr effect. For
ferromagnetic materials investigated by the Kerr effect, the sum of both light paths
leads to a vanishing in-plane sensitivity and a strong out-of-plane (polar) sensitivity,
see Fig. 3.5 (c) [259, 260]. The nomenclature cannot be transferred to the imaging
of AFMs. However, the birefringence images depicted in this work were obtained in
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the polar operation mode of the microscope, as previous investigations on our films
observed a strong antiferromagnetic contrast in polar operation mode [182, 217].
Contrast for antiferromagnetic domains can be obtained when the orientation of the
Néel vector induces birefringence. The resulting difference in the refractive indices
parallel r| and perpendicular 7, to the Néel vector leads to an observable rotation
of the light polarization by 6,. This difference depends on the angle ¢ between the
orientation of the light polarization and the Néel vector [32]:
_n—re

0, = ——— sin(2¢). (3.2)

The sinusoidal dependence is characteristic for birefringence contrast [32, 165, 240].
Domains with different Néel vector orientations and different birefringence lead to
different rotations of the polarization. This creates contrast between different domains.
Due to the mostly in-plane polarized light, the birefringence imaging is limited to
antiferromagnetic contrast between domains with different in-plane components of
the Néel vector, as shown in Fig. 3.6. Domains with the same in-plane component
have a similar birefringence and no contrast is expected [32].

Birefringence =

image

Analyzer

- —

Polarize'ri . \\\; \\

[010]

[100]

T In-plane orientations of the Néel vector

Figure 3.6: Birefringence imaging of our antiferromagnetic thin films yields contrast
between domains with different in-plane orientations of the Néel vector.
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The best contrast between domains with 90° difference in-plane projection of the
Néel vector can be achieved if the polarization of the light is at ¢ = 45° to the
orientation of the Néel vector. One can now conduct imaging by setting the analyzer
to a small offset angle 6, such that one domain appears brighter. The inversion
of the analyzer offset direction inverses the domain contrast. The contrast of the
birefringence image can be enhanced by taking the difference image between these
two analyzer positions [32, 217]. The offset angle for the analyzer was here chosen to
be 8 = 10° which offers good contrast and is experimentally easily reproducible, as it
is the maximum possible offset for the analyzer at the used microscope. More details
on the operation procedure can be found in Ref. [217].

The contrast can be further improved by increasing the film thickness or by reducing
the temperature of the sample [32, 165]. The temperature dependence originates from
the proportionality between the birefringence and the magnetic moments [240]. The
temperature can be reduced either by using a Peltier element or by a custom-made
helium flow cryostat for the Kerr microscope. In addition, the contrast depends on
the light source. Currently, two different light sources are available, consisting of an
array of either blue (central wavelength 460 nm) or white (400-700nm) LEDs [260].
Interestingly, a strong wavelength dependence of the birefringence contrast can be
observed for both transition metal oxides [32, 165]. For both NiO and CoO, the
contrast is higher when a blue light source is used [165]. In particular, for the imaging
of CoO thin films in this work, the blue light source and cooling were required to
observe the antiferromagnetic domain structures.

3.3 | X-ray Imaging of Antiferromagnetic Domains

The discovery of X-rays by Rontgen [261] has led to significant advances in imaging
techniques. Compared to techniques based on visible light, X-ray imaging offers several
advantages, such as non-invasiveness and elemental sensitivity. The resolution of
a microscope is usually limited by the wavelength of the light source [262]. Thus,
optical microscopes have a limited spatial resolution of about 200nm. X-ray based
microscopes are not limited by wavelength and have been reported to resolve structures
as small as 5nm [263, 264]. In addition, imaging with polarized monochromatic X-
rays offers magnetic sensitivity, as their absorption depends on the orientation of the
magnetization of a material.

The first part of this section focuses on the absorption of X-rays and their sensitivity
to antiferromagnetic ordering. The second part examines how polarized X-rays can
be generated and used to image antiferromagnetic domains.

3.3.1 X-ray Absorption Spectroscopy

X-ray absorption spectroscopy (XAS) is a powerful tool in materials science for the
determination of material properties. The energy-dependent absorption of monochro-
matic X-rays by a sample can provide information about electronic structure, oxidation
state, and magnetic ordering [265]. One way to measure the energy-dependent X-ray
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absorption cross-section ¢ is to measure the photons transmitted through a sample of
thickness d. The initial intensity Iy of the X-rays is reduced during transmission [265]

I =1y-exp(—pod),

with the resulting I as X-ray intensity and p as atomic density. Thus, transmission-
based techniques, such as scanning transmission X-ray microscopy, require the prepa-
ration or growth of very thin samples, typically in the range of a few hundred nm [266].
However, the X-ray absorption of thicker layers and single crystals can be studied by
measuring the electrons emitted from the sample after X-ray irradiation, the total
electron yield [265].

In a simple picture, the irradiation with photons excites core level electrons into empty
valence states, as shown, in Fig. 3.7 (a). Upon recombination of these excited electrons
with core holes, Fig. 3.7 (b), an electron can be excited above the vacuum energy Ep
and ejected from the atom (Auger electron). The inelastic scattering of the Auger
electrons, Fig. 3.7 (c), drives the emission of secondary electrons from the sample,
which can then be measured [265, 267], see Sec. 3.3.2.3.

(a) X-ray excitation (b) Auger electron (c) Electron emission
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Figure 3.7: (a) The absorption of photons leads to an excitation of core electrons from
core p states into empty d states near the Fermi energy Er (b). The relaxation of these
excited electrons can lead to the excitation of electrons above the vacuum energy FEvac
and subsequent ejection from the atom (Auger electrons). (c) The inelastic scattering
of the Auger electrons leads to the emission of secondary electrons [267, 268].
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If the sample layer is thinner than the X-ray penetration depth, the measured intensity
of the electrons I, is limited by the secondary-electron escape distance [130, 269]

fe=Too 1 —exp (-] (3.3)

The phenomenological parameter z describes the secondary electron escape distance at
which the initial electron intensity I o has fallen to about 37 % of its original intensity.
Typical values for this parameter are zp, = 1.7nm, zco = 2.5nm, zn; = 2.5nm [269]
and znjo = 5.5nm [130]. It is estimated that one can still observe the absorption of
layers in up to 3 times the electron escape distance [270].

Element sensitivity can be achieved by tuning the photon energies to the absorption
edges of a material. For 3d metals the XAS at the L-edge characteristically exhibits
two peaks, the L3 and Ly absorption edges, as illustrated in Fig. 3.8 (a). The two
peaks arise from the splitting of the core level into 2pi, and 2ps, states. While
transitions from the core level to s and p states also occur, the double peak shape
of XAS spectra for 3d metals is dominated by 2p to 3d transitions (blue segments
in Fig. 3.7) [265, 271]. The shape of the XAS varies depending on the chemical
composition. Features like a double peak at the Ni Lo edge can be used to identify
oxidized layers [272].

(a) 3d absorption edge (b) XAS spectrum (C*+C")
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Figure 3.8: The characteristic double peak for the absorption at the L-edge of tran-
sition metals is sketched in (a). The peak structure is dominated by the excitation of
core electrons into empty d states (blue) [268]. (b) Example of a XAS spectrum for
10nm thick CoO and NiO thin films. The XAS has been calculated by the summation
of two XAS with circularly left and circularly right polarized X-rays. The individual
material data sets are obtained at different facilities, the background is subtracted
and normed individually to the L3 peaks.?

2The CoO data has been measured on an MgO(001)/CoO(10nm)/Pt(2nm) sample by Felix
Fuhrmann, Christin Schmitt and the author during a beamtime at the ALBA synchrotron. The NiO
data has been measured on an MgO(001)/NiO(10 nm)/Pt(2nm) sample during remote beamtime at
BESSY by the beamline scientists under the guidance of the author.
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XAS obtained with different X-ray polarization can vary significantly due to dichroism.
Dichroism refers to the polarization dependent absorption of light due to polarization
dependent absorption coefficients. Depending on the X-ray polarization four different
types of dichroism can be distinguished for X-rays:

e X-ray natural linear dichroism [265, 273],
e X-ray magnetic linear dichroism [274, 275],
e X-ray natural circular dichroism [276],

e X-ray magnetic circular dichroism [277],

natural refers here to the intrinsic (non-magnetic) component of the dichroism [265,
278]. For ferromagnetic materials, X-ray magnetic circular dichroism (XMCD) [277]
is used to investigate the magnetic ordering. Circular polarized phonons carry angular
momentum and are thus sensitive to the magnetic ordering [265]. Compensated AFMs,
such as NiO and CoO investigated in this work, do not exhibit any net magnetic
moment and no XMCD. However, the orientation of their magnetic order can be
investigated using linearly polarized X-rays, which are sensitive to the orientation,
not the direction, of the magnetic moments. For linearly polarized X-ray studies, it
is important to distinguish between non-magnetic and magnetic origins of the linear
dichroism, which are discussed in the following sections.

3.3.1.1 X-ray Natural Linear Dichroism

The X-ray natural linear dichroism (XNLD) is a polarization dependent absorption of
linearly polarized X-rays that can occur intrinsically in magnetic and non-magnetic
materials [273]. In contrast to circularly polarized X-rays, linearly polarized X-rays
do not carry any angular moment. The XNLD originates from charge anisotropies.
The symmetry breaking often results from the surrounding crystal field [279]. For
a non-magnetic cubic system without charge anisotropy the XNLD vanishes and no
difference between different degrees of linearly polarized X-rays can be observed [265].
The coupling between the X-rays and the electronic states depends on the polarization
direction (e.g. in-plane or out-of-plane) of the X-rays. To visualize this effect, one can
imagine the electric field of the X-rays as a searchlight. The absorption of photons
depends on the number of valence states in the direction of the electric field E [265].
For an uniaxially aligned system the intensity of the XNLD depends on the angle 3
of the electric field E with the symmetry axes [265]

I(B) = I cos? 3, (3.4)

with [ as intensity for 5 = 0. One example for such an uniaxially aligned system
is a thin film for which the substrate mismatch leads to strain and symmetry break-
ing [137]. Especially in thinner films (dnio < 5nm [130]), XNLD, due to crystal field
effects, contributes significantly to the observed dichroism [130]. These non-magnetic
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contributions can manifest as a small shift in the Lg and Lo peaks between linear
horizontally and vertically polarized X-rays [280]. In addition, they can induce a
dichroism of opposite sign and lead to misinterpretations of the magnetic order based
on the XAS alone [130, 281, 282]. Thus, XNLD needs to be considered when inter-
preting polarization dependent X-ray absorption of thin films.

(@) Paramagnetic state (b) AFM state
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Figure 3.9: Sketch of contrast changes for a spherically symmetric charge density
(blue) of an AFM in the paramagnetic state (a) in contrast to the distorted charge
density in the antiferromagnetic state (b).

3.3.1.2 X-ray Magnetic Linear Dichroism

The X-ray magnetic linear dichroism (XMLD) can be used to study the magnetic
ordering of collinear AFMs [275, 283] and ordered ferromagnets [284]. XMLD arises
from spin-orbit coupling and depends on the magnetic ordering [278], as illustrated in
Fig. 3.9.

XMLD leads to a difference in the absorption for different domains and different X-ray
polarizations. The XMLD signal can be obtained from the difference in absorption
between light polarized in the plane, linear horizontal (LH), and out-of-plane, linear
vertical (LV), of the sample.

For collinear AFMs large differences between the absorption of LH and LV polarized
X-rays can be observed, as can be seen in Fig. 3.10 for CoO (a) and NiO (b) thin
films. A detailed discussion of the XMLD in NiO can be found in Ref. [279] and [265].
The dependence of the XMLD signal on the polarization of the beam can be used to
determine the orientation of the magnetic ordering of the sample [268, 285, 286], for
details see also Appendix B.2.1.

To distinguish magnetic from non-magnetic dichroism one can heat up a sample above
the magnetic ordering temperature, without a magnetic order the remaining dichro-
ism originates from non-magnetic effects [280]. Such investigations can be performed
for AFMs which have a cubic symmetry in the paramagnetic state, such as NiO or
CoO0, since their cubic symmetry leads to a vanishing of the XNLD above the Néel
temperature [180].
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Figure 3.10: X-ray absorption of linear vertically (blue) and linear horizontally (red)
polarized X-rays at the Co Lz peak for CoO (a) and at the Ni Ly peak for NiO (b).4

3.3.2 Polarized X-ray Radiation

The dichroism of polarized X-rays can be a powerful tool to investigate the magnetic
properties of a material. However, to measure XMCD and XMLD effects monochro-
matic X-rays with variable polarization are required. A synchrotron facility can pro-
duce such X-rays [264]. When electrons are deflected from their path by a magnetic
field, they emit radiation. While this radiation was initially considered a waste of
energy, the high brilliance (photon flux emitted per unit source area per radiation
opening angle) of the emitted photons makes the radiation from modern synchrotrons
an important tool for X-ray studies [264, 265].

The following section discusses the basic principles of a synchrotron facility, the gen-
eration of polarized X-ray radiation by undulators and the basic principles of a pho-
toemission electron microscope.

3.3.2.1 Synchrotron Sources

A synchrotron facility consists of several key elements [264], as shown in Fig. 3.11.
Electrons are first emitted from an electron gun and then accelerated by a linear
accelerator (LINAC) into a booster ring for further acceleration. From the booster
ring, electrons are injected into the main storage ring. Depending on the synchrotron
and the operating mode, electron bunches with electron energies of several GeV move
at near the speed of light along a circular path. Despite the ultra-high vacuum of
the storage ring, the electron bunches can still collide with residual gas particles. In
modern synchrotron facilities, the main ring is therefore operated in a top-up mode,
in which the lost electron bunches are constantly replaced. The actual shape of the
storage ring is not circular, but resembles a polygon [264].

“The CoO data has been measured on an MgO(001)/CoO(10nm)/Pt(2nm) sample by Felix
Fuhrmann, Christin Schmitt and the author during a beamtime at the ALBA synchrotron. The NiO
data has been measured on an MgO(001)/NiO(10 nm)/Pt(2 nm) sample during remote beamtime at
BESSY by the beamline scientists under the guidance of the author.
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Figure 3.11: Depiction of a synchrotron storage ring and its key elements.

At the corners of the polygon, bending magnets deflect the electrons along the new
trajectory. During this deflection the electrons loose energy and synchrotron radiation
is emitted [264]. The energy of the electrons is replenished by radio-frequency emitters
along the linear sections. Additional insertion devices (IDs), such as wigglers or un-
dulators, can be inserted to produce photons of higher brilliance. These photons can
then be directed through X-ray optics to the individual beamlines and experimental
setups [264, 287].

3.3.2.2 Undulator Devices

Undulators such as the APPLE II (Advanced Planar Polarized Light Emitter) undu-
lator are used at several synchrotron facilities in Europe (such as BESSY?, SLS® and
ALBAT"). In addition to a high brilliance, they offer a full polarization control of the
emitted X-rays [288, 289]. APPLE II undulators consist of 4 rows (A-D) of permanent
magnets with periodic alignment over the length A, as illustrated in Fig. 3.12.

The properties of the magnetic field of the undulator depend on the distance (the
gap) between the upper and lower rows of the undulator and on the shift between
the different rows of the undulator. The electrons are not deflected after passing

®Berlin Electron Storage Ring Society for Synchrotron Radiation operated by Helmholtz-Zentrum
Berlin, Germany.

SSynchrotron Light Source Switzerland operated by the Paul Scherrer Institute, Switzerland.

"Synchrotron Light Source near Barcelona operated by the Consortium for the Exploitation of the
Synchrotron Light Laboratory, Spain.
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(a) linear horizontal polarization (b) linear vertical polarization

shift=A/2

(c) circular polarization (d) arbitrary linear polarization

shift=A/4 antiparallel shift

Figure 3.12: Operational principles of an APPLE II undulator. The APPLE II
undulator consists of four different rows of permanent magnets, here named A,B,C,D.
By shifting rows A and C parallel or antiparallel to each other, one can control the
polarization of the created X-ray radiation (orange) between linear horizontal (a),
linear vertical (b), circular (c) and arbitrary linear polarization (d).

through the undulator, but the periodic modulation of their path inside the undulator
leads to the emission of X-rays. Altering the path of the electron also affects the
polarization of the emitted photons due to the conservation of angular momentum.
By shifting the arrays B and D in a parallel fashion one can switch between linear
horizontally polarized X-ray radiation (Fig. 3.12 (a), shift = 0), linear vertical polar-
ization (Fig. 3.12 (b), shift=A/2) and circularly polarized X-ray radiation (Fig. 3.12
(c), shifta~ A\/4) [264]. Linear vertical and linear horizontal here always refers to the
plane of the synchrotron and not to the plane of incidence on the sample at the end
stations, which can vary across setups. The undulator arrays can also be used in an
antiparallel mode, see Fig. 3.12 (d), to create arbitrary linearly polarized light. This
is particularly useful for the investigation of antiferromagnetic domains, as arbitrary
linear X-ray polarization allows for a precise analysis of the domain orientation of
antiferromagnetic domains [264, 288, 289].
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3.3.2.3 X-ray Photoemission Electron Microscope

Photoemission electron microscopy (PEEM) allows the spatial mapping of electrons
emitted from a sample surface [290]. If these electrons are emitted due to illumination
by an X-ray beam, one refers to X-ray photoemission electron microscopy (X-PEEM).
In this work, several different PEEM setups have been used at different synchrotron
facilities in Europe: ALBA [291], BESSY [292], SLS [293, 294]. Thus, the following
section only gives an overview over the basic PEEM principles, more details can be
found in [295] and [270].

In PEEM, not the incoming photons are observed, but the secondary electrons, that
are emitted due to the Auger scattering, see Fig. 3.7. Essential for PEEM imaging
are a conductive sample surface and suitable photon wavelengths to excite the core
electrons of the material [267]. A typical X-PEEM setup is depicted in Fig. 3.13. The
X-rays impinge on the sample surface at an incidence angle of 16° with respect to
the sample surface. An electric field of 10-20 kV between the sample surface and the
objective accelerates the secondary electrons emitted from the sample surface. These
electrons are focused by the objective lens and pass through an array of magnetic
lenses before entering an energy analyzer. After passing through an energy slit, they
can then be focused by projective lenses onto a detector.

Energy
analyzer

Projection : S —— Magnetic

lens ] <> lenses

Detector — E = Contrast aperture
:' Objective lens
X-rays 10kV

Figure 3.13: Schematic depiction of a PEEM setup. Emitted electrons (purple) are
accelerated by an electric field towards the optical column and are focused by an
objective lens. Depending on the setup, the electrons pass several magnetic lenses
and an energy analyzer before they are projected onto a detector.
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The resolution of X-PEEM is not limited by the wavelength of the X-rays because
electrons are used for the imaging. However, the spatial resolution is limited by
the electron optics in the X-PEEM to usually 20nm, due to spherical aberration,
chromatic aberration, and diffraction [264, 270].

PEEM itself is very sensitive to the surface of the sample, as defects on the sample
surface distort the electrical field and thus influence the trajectories of the emitted
electrons. In grazing incidence geometry defects that are elongated perpendicular to
the incoming X-ray radiation absorb more photons and thus appear brighter [270].
However, PEEM does not only provide surface sensitivity, but by exploiting the
XMCD and XMLD effect, X-PEEM can also image the magnetic domain structure
of a sample. This magnetic imaging is sometimes referred to as XMCD-PEEM or
XMLD-PEEM. An XMLD-PEEM image can also be obtained by using energy depen-
dent XMLD-PEEM imaging [124, 296, 297]. The XMLD-PEEM images in this work
have been obtained by subtracting the images at the energies (F; and Es) from each
other [42, 265]:

I(Ey) — I(E3)
I(Ey) 4+ 1(Ey)
By normalizing with the sum of the images obtained at the different energies, non-
magnetic contributions (e.g. surface roughness) to the XMLD-PEEM image are min-
imized. The XMLD-PEEM images presented in this work were obtained by energy
dependent imaging at the Ly edge for NiO and at the Ls edge for CoO.

XMLDmages = (3.5)






4 | Current-Induced Switching

The ability to manipulate and write the antiferromagnetic order is crucial to the de-
velopment of spintronic devices with AFMs as active elements [25]. In ferromagnetic
devices, current-induced switching of the magnetic order is a common tool for control-
ling the ferromagnetic state [183, 298, 299]. The current-induced switching of AFMs is
still in its infancy, and the underlying mechanisms are part of ongoing investigations.
After the first observations of current-induced switching in particular metallic
AFMs [191, 192], current-induced switching has been extended to insulating AFMs
capped by a HM layer. Several experiments have demonstrated the experimental
switching of antiferromagnetic order in thin NiO, CoO and hematite layers by apply-
ing current pulses through the HM layer [40, 42, 105, 168, 300-302]. Initial observa-
tions suggested an interfacial non-staggered spin-orbit torque (SOT) based switching
mechanisms, based on a spin accumulation at the interface between the HM and
AFM [40-42, 193].

However, switching based on current-induced heating and strain has been proposed
as an alternative mechanism to switch the domains in AFM/HM bilayers [105, 204].
The basic idea of such thermomagnetoelastic switching is illustrated in Fig. 4.1. The
Joule heating induced by the current pulse leads to an inhomogeneous heating and
strain. In a material with magnetoelastic coupling, inhomogeneous strain can remove
the degeneracy between two antiferromagnetic states and switching can occur.
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Figure 4.1: Depending on the pulse geometry (a) high current densities in a device
lead to an inhomogeneous Joule heating (b) and thus an inhomogeneous distribution
of strain (c) inside a device.
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The dominant switching mechanism in MgO(001)/NiO(10nm)/Pt(2nm) thin films
has been investigated as the first author in Ref. [49]. This work is reproduced/partly
adapted in Sec. 4.1. Further work extending the investigation of electrically induced
switching to pulse length dependent studies is presented in Sec. 4.2. The origin of
the difference in the electrical readout sensitivity for different geometries is briefly
discussed in Sec. 4.3. The last part of this section, Sec. 4.4, summarizes our results
and discusses the impact of our research on the electrical switching of AFMs.

4.1 | Electrical Switching in NiO/Pt Thin Films

Reprinted with permission from Nano Lett. 2021, 21, 1, 114-119; Publication Date:
December 11, 2020; https://doi.org/10.1021/acs.nanolett.0c03367. Copyright (©)2020
American Chemical Society.!

4.1.1 Introduction

In view of applications, it is of paramount importance to be able to perform the
read-out and write operations of AFMs fast and efficiently and to understand the
underlying switching mechanism. In collinear AFMs, magnetic information can be
stored in the orientation of the Néel vector n. In AFM/HM bilayers the orientation of
the Néel order can be read electrically via the spin Hall magnetoresistance (SMR) [34,
181]. However, some reports have interpreted the electrically detected SMR signals
after current pulses as mere results of electrical heating and electromigration of the
platinum wire [207, 303] or a combination with resistive switching and torques due to
thermomagnetoelastic effects [204]. Imaging of the magnetic domains, however, allows
to unambiguously determine the existence of magnetic switching [42, 182].

In the metallic AFMs CuMnAs [304] and MnsAu [192] magnetic switching, due to
current pulses inducing spin torques, relies on the special crystal symmetries of these
materials, leading to current-induced bulk Néel spin orbit torques. In insulating AFMs
the underlying switching mechanism is highly debated. So far, different final states
of the Néel vector n with respect to the current direction 5 have been reported in
different collinear AFMs (n || ) for NiO [42], (n L j) for CoO [105] and for different
device and pulsing geometries in NiO (n || j [41, 42] and n L j [40]), thus different
switching mechanisms have been put forward as the origin. Most authors proposed
mechanisms related to non-staggered antidamping-like SOTs to explain the observed
electrical switching in insulating AFM/HM bilayers: the torques have been considered
acting on the uncompensated moments focusing on one sublattice [40], as well as SOTs
related to both sublattices [41] or acting on the domain walls [42].

Y The following Sec. 4.1 and its subsections were transcribed from Ref. [49] and its supplemen-
tary information, with the first author of this reference being the author of this thesis. Individual
contributions are detailed in Appendiz C.1.
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We unravel the origin of current-induced magnetic switching of insulating AFM /HM
systems. We utilize concurrent transport and magneto-optical measurements to image
the switching of antiferromagnetic domains in specially engineered devices of NiO/Pt
bilayers. Different electrical pulsing and device geometries reveal different final states
of the switching with respect to the current direction. We can explain these final states
through simulations of the temperature induced strain and we identify the thermo-
magnetoelastic switching mechanism combined with thermal excitations as the origin,
in which the final state is defined by the strain distributions and heat is required to
switch the antiferromagnetic domains. We show that such a potentially very versa-
tile non-contact mechanism can explain the previously reported contradicting obser-
vations of the switching final state, which have often been attributed to spin-orbit
torque mechanisms.

To understand the origin of these different reports, primarily based on electrical read-
out, one needs to directly image the magnetic switching. NiO is an ideal material
system to investigate the switching mechanism of insulating AFMs. Due to its high
Néel temperature of 523 K in the bulk [31], its insulating collinear antiferromagnetic
phase and the magnetoelastic coupling [305] that allows one to image the AFM domain
structure with birefringence microscopy [32, 182]. This lab-based imaging approach
can be combined with concurrent electrical readout to reliably identify a magnetic
switching of NiO/Pt bilayers [182].

Additionally, the samples need to allow one to be able to disentangle the effects of
SOTs, directly generated by the current, and the thermomagnetoelastic torques, gen-
erated by the current-induced temperature gradients. This can be achieved by engi-
neering the device geometry, e.g. one can generate temperature gradients in regions
where no current is flowing. This is necessary due to the similar linear functional de-
pendency of the effective fields from SOTs and from thermomagnetoelastic effects on
the current density |j| [105], while other heat induced torques depend quadratically
on |7] [42, 204, 205].

Here, by combining electrical measurements, table-top direct imaging of the magnetic
domains and simulations of the thermally-induced strain in specially engineered device
geometries, we find that the final state of the switching does not solely depend on the
direction of j, but rather also on the device geometry. We show that the switching is
enabled by a combination of strain and heat, while the current flow through the device
is not necessary to induce the switching. We explain these findings by a thermomag-
netoelastic switching mechanism of the Néel order in NiO/Pt thin films. Finally, we
discuss how this mechanism can explain the different switching final states previously
reported for the NiO /Pt system, based on the different geometries used.

4.1.2 Results

To investigate the contribution of current-induced SOTs, heat and thermomagnetoe-
lastic effects, we have grown NiO(10nm)/Pt(2nm) bilayers on MgO(100) and have
patterned different device geometries by Ion beam etching. We have characterized
similar grown NiO thin films previously and demonstrated using XMLD based mi-
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croscopy the presence of antiferromagnetic T-domains with a spin orientation along
[£5 £+ 519], mostly out-of-plane, different from bulk NiO where {111} planes harbor
the Néel vector orientation [137].

Device and Pulsing Geometry Dependent Switching

Note that, according to the SOT mechanism, the final state of the switching depends
only on the direction of the current 7, while in the case of the thermomagnetoelastic
switching it is determined by the distribution and orientation of the temperature
gradients [105, 204]. To disentangle the two mechanisms, we employ two devices,
patterned with different orientation on the same sample, aiming to obtain orthogonal
strain while using the same direction of the pulse current density j in the center of
the device. The devices are 8 terminal star-shaped devices that have four 10 pm wide
arms and four 2pm wide arms, as depicted in Fig. 4.2 (a, d). In the first device,
the wide arms are aligned parallel (0°) to the easy axis, along [110] and [110], see
Fig. 4.2 (a-c).

y [110]
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Figure 4.2: Comparison of the switching between different device geometries in
MgO(001)/NiO(10nm)/Pt(2nm) thin films. Initial domain structure in the [110]
star device (a) and [100] star device (d). Simulations of the current induced strain u
differences between the easy axes (uj110] — ufi10]) for a straight pulse along [110] in the
[110] star device (b) and for X-shaped pulses along [110] in the [100] star device (e).
Domain structure in the [110] star device (c¢) and [100] star device (f) after applying
five pulses in the directions indicated in (b) and (e). We can conclude from the elec-
trical measurements depicted in Fig. 4.6, that the dark (light) contrast in the images
corresponds to n || [110] ([110]). Adapted with permission from Ref. [49]. Copyright
2020 American Chemical Society.
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In the second device, the wide arms are along [100] and [010], at an angle of 45° to the
easy axis, see Fig. 4.2 (d-f). We simulate the current-induced heat and resulting strain
for different pulse configurations in our geometries using the COMSOL Multiphysics
software, more details in Appendix B.1.1. For the [110] star device, we simulate a
straight current pulse (j = 1.35- 1012 A/m?, At = 0.1ms) along the [110] direction,
see white arrow in Fig. 4.2 (b). To effectively achieve the same direction of j in the
center of the [100] star device, we use an X-shaped current pulse (j = 1.95-1012 A /m?,
At = 0.1 ms) through four arms, white arrows in Fig. 4.2 (e). We plot the difference
between the strain along the two easy axes upig — u[110] at the surface of the NiO
layer. Thus, a positive strain difference (red) corresponds to a larger expansion of the
NiO along [110] in contrast to [110], while a negative strain difference (blue) indicates
orthogonal strain. One can see from the simulations that, even if the orientation
of 3 with respect to the crystallographic axis in the center of the cross is the same
in the two devices (along [110]), the strain difference induced by the current pulses
is opposite in the center of the devices. We have performed this experiment in the
laboratory, imaging the initial domain states for both devices shown in Fig. 4.2 (a,
d) and the current-induced switched states after pulsing in Fig. 4.2 (c, f). For both
devices we find reproducible switching, e.g. a subsequent pulse in a direction rotated
by 90° switches the AFM order back to the initial state.

First, we note that we observe two different final states at the center of the devices
depending on the dominant strain direction and not on the direction of j. This
is consistent with a thermomagnetoelastic mechanism that leads to opposite final
states based on the dominating strain. The current induced heating of the NiO layer
results in a subsequent inhomogeneous expansion of the lattice, generating stresses
compensated by shear strains, making the lattice expand differently along the [110]
and the [100] directions. These strains remove the degeneracy between the two easy
axes and facilitate the switching [105]. Second, one can see in Fig. 4.2 (f), that X-
shaped current pulses switch the AFM domains in the arms of the cross in opposite
directions with respect to the center, regardless of the direction of j in the arms. This
can only be explained by differences in dominant strain between the center and the
region in the arms and not by a SOT dominated mechanism, which would instead
induce switching towards a final state depending on the direction of j. Combining
our results shows that the final state in our NiO/Pt samples is determined by the
thermally induced strain.

Activated Switching

Next, we investigate whether strain alone is sufficient to switch the orientation of
the Néel order and the role that current and temperature play. We consider a [100]
star device and use only two arms to send a current pulse (j = 0.925 - 1012 A /m?,
At = 0.1ms) at a right angle across our device, as depicted in Fig. 4.3 (a) (white
arrow).
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Figure 4.3: Switching of a star-shaped device with a right angle pulse in
MgO(001)/NiO(10 nm)/Pt(2nm) thin films. Simulations of the current-induced strain
differences between the easy axes (upig — ufi10]) for an edge pulse along [110] in the
[100] star device (a) and the corresponding heat profile (¢). The domain structure has
been imaged before (b) and after pulse injection (d). Adapted with permission from
Ref. [49]. Copyright 2020 American Chemical Society.

y [110]

From our simulation of the induced strains, Fig. 4.3 (a), we would expect to observe
switching in the area of the current pulse and an opposite switching final state on the
other side of the device. However, if we compare the imaged initial state in Fig. 4.3
(b) with the final state in Fig. 4.3 (d) we can only detect a switching in the wide
arms, where the current flows and thus the temperature is increased due to the higher
current density, see Fig. 4.3 (¢). The simulated strain difference on the opposite side of
the device is of similar magnitude as in the switched region, see Fig. 4.3 (a), however,
no switching is observed.

We conclude that, in this case, strain alone is not sufficient to reorient the Néel vector,
and an additional contribution by the current flow is needed either generating SOTs
or heat. However, we cannot disentangle purely temperature related effects from other
possible influences of the current pulse (such as SOTs) from this device geometry, due
to their similar spatial distribution.
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Switching of an Electrically Isolated Dot

To make the distinction between temperature and SOT-induced effects, we have de-
signed a cross-shaped device with a central NiO/Pt dot, that is electrically insulated
(2pm wide and 5-6 nm deep gap) from the arms where the current flows, see Fig. 4.4.
The dot is subject to high heat and strain contributions, Fig. 4.4 (d,e), but it is
not influenced by current-induced SOTs. The NiO layer below the inner circle is
still affected by the electrically-induced temperature and thermomagnetoelastic strain
changes, as shown by simulations of this device for a current pulse (j = 1.7-10'2 A /m?,
At = 0.1ms) along the [110] direction, as depicted in Fig. 4.4 (f).
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Figure 4.4: Switching of a device with an electrically isolated area in
MgO(001)/NiO(10 nm)/Pt(2nm) thin films. The domain structure of the device has
been imaged via birefringence before the pulse application along [110] (a) and after
(b). Domain structure after a second pulse along [110] (c). The corresponding cur-
rent and temperature profiles are depicted in (d) and (e). (f, g) Simulations of the
current-induced strain differences between the easy axis (u10) — u[110]) for a straight
pulse along [110] in the cross shaped device with an inner Pt circle. Adapted with
permission from Ref. [49]. Copyright 2020 American Chemical Society.

First, we image the initial domains depicted in Fig. 4.4 (a) and then pulse with
a current density of 1.7 - 1012 A/m2. This single pulse is sufficient to fully switch
the device, including the NiO in the region below the center dot, as can be seen in
Fig. 4.4 (b). Secondly, we probe the reversibility of the switching by pulsing along the
[110] direction. This change in pulsing direction results in a strain difference opposite
to the first pulse, see Fig. 4.4 (f, g).

Therefore, the domains, as shown in Fig. 4.4 (c), are switched back to their initial
state. We can observe a homogeneous switching at the center of our device, including
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the electrically insulated dot in the center of the cross, which indicates that the current
itself is not necessary to achieve switching. Moreover, in the case of a current-assisted
switching mechanism, we would expect an inhomogeneous switching pattern around
the etched ring due to the inhomogeneous current distribution shown in Fig. 4.4 (d),
that we do not see here. Therefore, we conclude that the observed switching is enabled
by the combination of heating and strain, where strain breaks the degeneracy and
defines the final state, while heating is necessary to assist the switching and overcome
the anisotropy barrier.

Switching with an MgO Interlayer

As a further direct demonstration of the thermomagnetoelastic switching mechanism,
we have conducted experiments with an additional 3 nm MgO interlayer between the
NiO and platinum layer, to suppress any possible SOT effects from the platinum. The
MgO interlayer is sufficiently thick to prevent any significant spin current transport, as
demonstrated from spin-pumping in Fe/MgO/Pt layers, where a signal has only been
reported for MgO < 2nm [306]. We used a 10nm NiO film that has been fabricated
similar to the one used for the other devices (but coming from a different batch and
grown with a different oxygen flow leading to slightly smaller domains). We have used
a liftoff technique to pattern the MgO(3 nm)/Pt(3nm) structures on top.

Although possible SOT based effects are now suppressed, we can still observe a switch-
ing as can be seen in Fig. 4.5 (a). We used At = 0.1 ms pulses with a current density
of j = 1.6-10'2 A/m? to switch our device. The pulsing direction is switched between
the [110] and [110] direction, and we can observe the same switching behavior as in
Fig. 4.2, with pulses along [110]([110]) switching the center region to a dark (bright)
contrast. The switched domains that we observe in this film are smaller, and the
contrast is reduced due to the different stack used. However, the switched domains
can be identified using the difference image. The lines visible in the images along the
[100] crystallographic directions are likely dislocations from the substrate.

In particular, we now observe not only the switching in the center of the device, we
can also observe a switching of the bare NiO between the arms, where no MgO or Pt
has been deposited. This can be seen for example in the orange area which is closer
depicted in Fig. 4.5 (b). The white domains shrink after applying a pulse along the
[110] direction and increase after pulsing along the [110] direction. Thus, we have
observed switching in devices with an additional MgO interlayer that suppresses spin
current transport [306] and even for adjacent areas of the NiO with no capping and
where thus no SOTs can be exerted.

Comparing Electrical and Optical Readout

In addition to imaging, we conducted SMR measurements to read out the orientation
of the Néel vector in the different star-shape device pulsing geometries. Our results
are consistent with the imaging and explain why, in the existing literature, different
switching mechanisms have been proposed based on electrical SMR measurements.
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(a) Before j Difference After j

Figure 4.5: Switching of NiO domains in a NiO(10nm)/MgO(3 nm)/Pt(3nm) [110]
star device. (a) We image the changes in the domains structure of our NiO thin film
that occurred during 3 consecutive pulses via birefringence imaging. On the left side
the image before the application of the pulse is shown and on the right the image
after the pulse application, in the middle the difference picture (Initial-Final) and
the pulsing direction is depicted. (b) The orange area in between the pulsing arms
is magnified to aid the comparison between the 4 different imaged states. Dark and
bright contrast indicates orthogonal Néel vector projections. Adapted with permission
from the supplementary of Ref. [49].
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We apply the pulses in the wide arms (10 pm) and read out the transverse resistance
in the arms along the [010] direction, the contact scheme is depicted in Fig. 4.6 (a).
Since the direction of the current at the center of star-shaped devices is comparable
to cross-shaped devices, we can compare the different switching behaviors to previous
reports on crosses. The differences in the SMR sensitivity of the different geometries
is explored in Sec. 4.3.
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Figure 4.6: Comparison of electrical measurements in different device and pulsing
configurations in MgO(001)/NiO(10nm)/Pt(2nm) thin films. (a) Device geometries
and SMR measurement scheme with respect to the crystallographic axis. The arrows
indicate the current pulse directions with light and dark color for effective [110] and
[110] pulses, respectively. (b) Corresponding electrical measurements for alternating
pulse directions after subtraction of a nonmagnetic component. The magnetic origin of
the shown electrical signal is confirmed by the optical imaging of the domain switching.
Adapted with permission from Ref. [49]. Copyright 2020 American Chemical Society.

To single-out the resistance changes of magnetic origin from the total resistance vari-
ation featuring also contributions of non-magnetic effects, we use the subtraction
procedure described in Ref. [182], see Sec. 2.4.4. We use a series of 5 pulses each, first
along the [110] direction and then along the [110] direction. In the case of straight
pulses in a [110] cross geometry, see orange color in Fig. 4.6 (b), the transverse resis-
tance increases after pulsing along [110] and decreases after pulses along [110]. This
indicates a final state of the Néel vector parallel to the current direction (n || j),
consistent with the report by Chen et al. for NiO/Pt grown on STO [41].
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The same switching behavior can be observed, with lower magnitude, for the switching
with right angle pulses in [100] crosses (Fig. 4.6 (b), purple), as has been previously
reported in NiO/Pt Hall cross devices grown on MgO [42]. Moreover, as expected
from the data shown in Fig. 4.2, we observe compared to the straight pulse (Fig. 4.6
(a), orange) an opposite final state of the switching for X-shaped pulses (Fig. 4.6 (b),
blue), where the resistance decreases after pulse application along the [110] direction
and increases after pulsing along [110] direction. This data indicates a final state
(7 L n), in line with the report of Moriyama et al. for Pt/NiO/Pt trilayers [40]. We
note that different orientations of the final states with respect to the current direction
in different devices have led to the proposal of several different mechanisms in the
literature, which is necessary if one assumes that a SOT-based mechanism dominates.
By taking into account a thermomagnetoelastic switching mechanism, we can now
reconcile these previous findings.

4.1.3 Discussion

Based on four different device and pulsing geometries, we identify the thermomag-
netoelastic mechanism in combination with thermal excitations to be responsible for
the observed current-induced switching in our NiO/Pt bilayers and NiO/MgO/Pt tri-
layers, where SOT effects are thus suppressed, and show how previously observed
contradicting reports on the final switching state of NiO/Pt can be unified by con-
sidering a thermomagnetoelastic switching mechanism and different geometries. With
these robust findings, we suggest that the thermomagnetoelastic switching mechanism
is not solely limited to NiO thin films. There is evidence that the thermomagnetoelas-
tic mechanism can dominate over SOT's also in other AFMs with large magnetoelastic
coupling such as hematite [204] and CoO [105] and might also contribute to some
recent data obtained in ferrimagnetic insulators [307]. As a key point, we find that
additionally the heating of the AFM is an essential component to enable the thermo-
magnetoelastic AFM switching and thus not only the strain but also the temperature
profile has to be considered. In addition, we note that the final state of the observed
switching in NiO/Pt with straight pulses (n || ) is opposite to the recently reported
switching in CoO/Pt (n L j) [105]. These differences between materials can be traced
back to an opposite sign of the magnetoelastic coupling, resulting in different pre-
ferred orientations of the Néel vector [105]. Future investigations on current-induced
switching of the Néel vector have to take these findings into account in order to dif-
ferentiate between switching due to SOTs or thermomagnetoelastic effects in heated
areas. While multiple mechanism can coexist, SOT based switching might dominate
in thinner layers or materials with lower magnetostriction. Here, we identified that
strain alone is not sufficient to switch our NiO thin film, but heat is additionally re-
quired. Since both strain and heat can be generated in a non-contact manner, the
discovery of a thermally assisted thermomagnetoelastic switching mechanism estab-
lishes an alternative writing scheme for insulating AFMs with strong magnetoelastic
coupling.
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4.2 | Pulse Length Dependent Switching

Heat and strain based switching dominates the observed antiferromagnetic switching
of the MgO(001)/NiO(10nm)/Pt(2nm) thin films presented in the previous section.
However, under certain conditions, one expects that a SOT based switching mecha-
nism could dominate over the thermomagnetoelastic switching, e.g. lead to a change
of the switching direction for certain geometries.

Another popular material for the investigation of SOT-based electrical switching is the
antiferromagnetic insulator a—Fe2Og3. Investigations of the pulse length-dependent
switching have led to contradicting conclusions regarding the underlying mechanism.
One study reports the absence of switching for sub 1ps pulses [308], interpreted as a
dominant thermomagnetoelastic switching mechanism. Another study reports switch-
ing at ultrashort pulse length of 0.3 ns, the fast timescale indicates here the presence
of a SOT based switching [309]. While thermomagnetoelastic switching should be
limited by the thermal heating, SOT based switching is expected to possibly occur at
(ps) and (ns) timescales [309]. Both mechanisms seem to be present in a—FeaO3 and
can be revealed through harmonic measurements [310, 311]. More detailed informa-
tion on the electrical switching of a—FesO3/Pt bilayers can be found in Ref. [312].
Thus, the question arises if SOT based switching can also be observed in our NiO thin
films.

(a) Initial State (b) At=10 ms (c) At=2 ms (d) At=1.5 ms (e) At=1 ms

[010]

Figure 4.7: Birefringence imaging of the domain structure in a pulse length dependent
study of the thermomagnetoelastic switching in MgO(001)/NiO(10 nm)/Pt(2nm) thin
films. An initial 10 ms long pulse (white) has been used to create an initial state and
subsequent pulses with varying lengths along the [110] direction have been used to
observe a pulse length dependent switching of the central area of the device.

To investigate the pulse length dependent switching we first use the same setup and
sample environment, MgO(001)/NiO(10 nm)/Pt(2nm), described in Sec. 4.1. We ini-
tialize a state by a 10ms pulse along the [110] direction, see Fig. 4.7 (a). We then use
the same current density, but different pulse lengths (A¢ = 10,2,1.5,1ms) to pulse
along the [110] direction, imaging the final state, see Fig. 4.7 (b-e), and re-initializing
the state every time in the same manner. One can observe a pulse length dependency,
longer pulses with the same current density can switch a larger area.



CHAPTER 4. CURRENT-INDUCED SWITCHING 63

For the investigation of current-induced switching with shorter pulse lengths (< 1ms)
a different pulsing setup has been implemented and a different sample with additional
gold contact pads has been used to enable the switching with shorter pulses. This in-
vestigation has been carried out by Merle Schwager as part of her Bachelor thesis [313],
assisted by the author. She studied the changes in the switched area AA as a function
of the current-density and the pulse lengths. The key results of her investigation are
presented in Fig. 4.8. One can observe, a dependence of the switched area on the
length of the current pulse. For longer current pulses of 500 s, lower current densities
are required than for shorter current pulses of 10 pus. The experimental data could
also be fitted to a heat based activation model for the switching, see Ref. [205], which
indicates the dominance of a heat assisted switching mechanism. Important to note
here is that the minimum pulse length of 10 us has been a limit of the experimental
setup and not of the switching mechanism. For more details, the reader is referred to
her thesis [313].
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Figure 4.8: The ratio of switched domain area in dependency of the current density
for 10 ps, 50ps, 100 ps and 500 ps. For straight pulses in a 10 pm cross device on a
MgO(001)/NiO(10 nm)/Pt(2nm) thin film with gold contact pads. Reprinted with
permission from Ref. [313].

4.3 | Sensitivity of the Electrical Readout

Another option to investigate possible contributions of SOT-based mechanisms to an-
tiferromagnetic domain switching is to study thinner films. The basic idea behind
investigating switching in thinner films is that SOT-based switching should scale with
1/a, where d is the film thickness [42, 201]. Thus, in thinner films, SOT-based switching
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may dominate over thermomagnetoelastic switching. However, a challenge for study-
ing the switching of antiferromagnetic thin films is the reduced imaging contrast for
techniques such as XMLD-PEEM or birefringence imaging for ultra-thin (d < 4nm)
antiferromagnetic films [130, 165].

Readout of the antiferromagnetic state in such ultra-thin films can be achieved by
electrical readout via SMR measurements. However, relying solely on the electrical
measurement of current-induced switching can be misleading. There are several effects
such as electromigration and heating [314] that can lead to similar electrical signa-
tures after pulse application [207, 303], as demonstrated for magnetic MgO/NiO/Pt
and non-magnetic MgO /Pt thin films [203]. For our NiO thin films, direct comparison
between the imaged switched areas and the switched regions allows identification of
the magnetic part of the electrical switching signal, manifesting as a step-like electrical
signal [182, 209, 217]. However, this cannot be generally assumed for AFMs, since a
step-like signal can also originate from a non-magnetic background, like electromigra-
tion, [203] and a sawtooth shaped signal can originate from a magnetic switching [210].
One way to combat such an ambiguity is to conduct measurements under magnetic
fields [301] or below and above the Néel temperature. Such investigations have allowed
for the demonstration of current-induced switching of the antiferromagnetic order in
CoO/HM bilayers [105, 168, 302]. Relying on electrical measurements alone to iden-
tify the underlying mechanism can be challenging due to the potential non-magnetic
signals and limited sensitivity of the electrical readout.

For our NiO/Pt thin films we can separate magnetic and non-magnetic contributions
in the electrical signal [182, 217], see Sec. 2.4.4. However, we additionally need to
consider the sensitivity distribution of the electrical readout on different regions, as
the SMR signal depends on the average domain structure of the measured area [180].
For different pulse geometries, thermomagnetoelastic switching can lead to multiple
switching directions within a device after the application of a current pulse [49]. To
ensure a correct interpretation of a purely electrical signal in ultra-thin films, the
sensitivity of the total resistivity changes to local changes in the domain structure
(e.g. changes in the arms or the center of a device) need to be considered.

Felix Schreiber investigated the magnetic sensitivity distribution of Hall devices in an-
tiferromagnetic switching experiments as part of his master thesis [217] and published
the results in Ref. [209]. His research has been supported by the author of this work
and the main results are briefly presented here.

The two electrical measurement geometries used in the previous Sec. 4.1 are compared
in Fig. 4.9. In Fig. 4.9 (a), the SMR measurements are performed along the wide
channels of the star device, as would be the case for a device along the [100] direction
that uses edge or X-shaped pulses for switching of our NiO(001) thin films. In the
second device in (b), the large arms are aligned along the [110] directions. The SMR
measurements of the transverse resistance are performed along the small channels, see
Fig. 4.9 (a).

The current density distributions can be calculated using COMSOL and are shown in
Fig. 4.9 (c¢) and Fig. 4.9 (d). By simulating a local excitation with a magnetic field
for different parts of the devices and plotting the intensity of the measured change
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Figure 4.9: (a), (b) Sketch of the measurement geometries. (c), (d) Respective
current-density distributions of the resistance read-out to local magnetic signals. Sim-
ulations are for a I = 210 pA reading current in a 2 nm thick Pt layer. (e),(f) Sensitiv-
ity of transverse-resistance carried out using COMSOL Multiphysics, reprinted with
permission from Ref. [209] (©) 2021 American Physical Society.

in the Hall voltage, one can generate sensitivity maps for the different devices as
shown in Fig. 4.9 (e) and Fig. 4.9 (f). As shown in Fig. [209], these distributions
can be used to directly correlate the switched regions with the observed changes in
the electrical switching signal, and the different signal intensities for the different
switching directions in Fig. 4.6 can be reproduced [209], demonstrating the feasibility
and validity of the electrical switching readout. The device and pulse geometry not
only affect the switching direction, but can also significantly influence the electrical
readout. In particular, the inhomogeneous readout sensitivity when using the small
readout channels could lead to misinterpretation of the electrical switching signal in
thin AFMs. For more details, the reader is referred to Refs. [209, 217].

4.4 | Conclusion

The electrical switching of AFMs is a key step for the development of the writing
of antiferromagnetic devices [315]. The possibility of electrically manipulating anti-
ferromagnetic thin films has been demonstrated in recent years in a wide range of
materials, from metallic AFMs with special crystal symmetries [191, 192], to bilay-
ers of insulating AFMs and HMs [40-42], and noncollinear AFMs [210, 316]. While
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there have been several experimental reports on current-induced switching of NiO /Pt
bilayers, the question of the underlying switching mechanism remained open, with
most discussions focusing on different types of spin-orbit torques [40-42]. By com-
bining simultaneous electrical measurements and imaging of the magnetic order for
different device geometries, we have been able to demonstrate the presence and dom-
inance of a thermomagnetoelastic switching mechanism in Ref. [49], Sec. 4.1, for
our MgO(001)/NiO(10 nm)/Pt(2nm) thin films. A switching mechanism based on
heat and strain is able to explain and unify previously conflicting observations of the
switching direction in NiO/Pt thin films, which has originated from different device
geometries [40-42, 49]. Crucial for the determination of the underlying mechanism
is the ability to directly image the switched domains via XMLD or birefringence mi-
croscopy [182].

The thermomagnetoelastic switching that dominates in our thin films is not limited
to NiO/Pt bilayers [105, 204]. The imaging of the switching of domains outside the
current path, as in a—FepO3 [308, 317], CoO [201] can now be explained by a heat
and strain based switching, independent of SOTs. In a recent study that has been
led by Christin Schmitt and supported by the author, we observe a dominating ther-
momagnetoelastic switching for thicker (4 >nm) CoO thin films. For thinner films
we observe the presence of a second domain pattern that could result from an SOT
based mechanism [201]. Demonstrating the possibility of a dominating SOT based
switching in thin bilayers of insulating AFMs and HMs. We have attempted to iden-
tify such an SOT based switching in our NiO/Pt bilayers by conducting pulse length
dependent studies, similar to previous studies on a—FeoO3 [309]. For the investigated
pulse length range At = 10— 500 ps, we have observed temperature assisted switching.
Overall, both SOT and thermomagnetoelastic switching are present in antiferromag-
netic insulators [201, 310], but the thermomagnetoelastic switching dominates in our
MgO(001)/NiO(10 nm)/Pt(2nm) thin films.

The impact of our results is not limited to the field of insulating spintronics. The
observation of a thermomagnetoelastic switching has also resulted in a critical reeval-
uation of the electrical switching in the metallic AFMs CuMnAs and MnsAu. Both
materials also exhibit magnetoelastic coupling [66, 297, 318], and there have been
reports of a heat activated switching [205]. While a thermomagnetoelastic mecha-
nism might contribute to the switching, it has recently been demonstrated that the
observed switching in MnyAu depends on the current polarity [319]. Thus, the Néel
spin orbit torque dominates over possible heat and strain based switching [319]. How-
ever, previous observations of current-induced switching in AFMs need to be critically
evaluated for possible non-magnetic contributions and the role of a potential heat and
strain-induced switching.

Although strain has long been a common tool to manipulate antiferromagnetic bulk
crystals [31] the effect of current-induced strain has previously often been neglected
in the switching of AFMs [320]. Our results contributed to putting strain back on
the map as a tool for the manipulation of antiferromagnetic domains. Strain is not
only relevant for the current-induced switching of AFMs, but also for patterning, see
Chap. 5, and optically induced effects on the domain structure of iAFMs, see Chap. 6.



5| Antiferromagnetic Shape
Anisotropy

A common way to manipulate the anisotropy of a ferromagnetic device is to change
the shape of the device [37]. In the absence of an external field, the ferromagnetic
domain structure of a thin film often adopts a multi-domain state that depends on
the exchange interaction, dipolar interaction, anisotropy, and the magnetic stray field.
For devices below a certain size, the stray field can lead to a shape dependent domain
formation, the ferromagnetic shape anisotropy [53]. Collinear compensated AFMs
have no net magnetic moment and thus no stray field. However, multidomain states
can still be observed in a wide range of antiferromagnetic materials [31, 88, 91, 92]. In
antiferromagnetic oxides, magnetoelastic interactions must be considered in domain
formation [43, 44]. In addition, patterning induced changes in the surface anisotropy
can also influence domain formation and lead to preferential stabilization of certain
domains at the edges of a device [104].

(a) After patterning (b) Multidomain state (c) Annealed state
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Figure 5.1: Birefringence image of the antiferromagnetic domain structure of a
MgO(001)/NiO(10 nm)/Pt(2nm) bilayer before (a) and after pulse application (b).
(c) Domain structure after annealing the device in vacuum at 550 K above the Néel
temperature for 10 minutes.

To motivate our exploration of patterning and shape-induced effects, we investigate
a device whose initial almost monodomain structure, see Fig. 5.1 (a), is electrically
switched into a multidomain state, see Fig. 5.1 (b). If we anneal the device above

67
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its Néel temperature, in vacuum, without a magnetic field, one expects the device
to switch back to the initial near monodomain state. However, in Fig. 5.1 (c) we
observe the formation of additional domains near the edge of the device, which might
seem counter-intuitive. To better understand these effects, differently shaped geo-
metric elements have been investigated as the first author in Ref. [50]. This work is
reproduced in Sec. 5.1 with a focus on the experimental work. More details on the
theoretical modeling by Olena Gomonay can be found in the Appendix of Ref. [50]
and Refs. [65, 66]. Further work extending the investigation to different patterning
methods is presented in Sec. 5.2. The observed effects are not unique to NiO and sim-
ilar effects for CoO thin films are presented in Sec. 5.3. The implications of our work
and recent advances in antiferromagnetic shape anisotropy are discussed in Sec. 5.4.

5.1 | Strain-Induced Shape Anisotropy in
Antiferromagnetic Structures

Reprinted with permission from Phys. Rev. B 106, 094430; Publication Date: Septem-
ber 26, 2022; https://doi.org/10.1103/PhysRevB.106.094430. Copyright (€)2022
American Physical Society.!

5.1.1 Introduction

For the implementation of AFMs as active spintronic devices is the control of the
antiferromagnetic order is crucial. In recent years, it has been established that cur-
rent pulses through an adjacent heavy metal layer can induce a reorientation of the
antiferromagnetic ordering in insulating AFMs [40-42]. For iAFMs with strong mag-
netostriction, the reorientation of the Néel vector is dominated by a thermomagne-
toelastic switching and strongly depends on the device geometry [49, 105, 321].

For FMs the device geometry and shape-induced control of the domains is a key tool
for tailoring functional device properties. In AFMs, conventional shape anisotropy
caused by the magnetic dipolar interactions is not present, due to the absence of a de-
magnetization field. However, theoretical work on shape-induced phenomena in finite
size AFMs predicts an ordering of the antiferromagnetic domains, with long-range
strain fields leading to the formation of shape-dependent domain structures [44, 322].
Initial studies of patterning-induced effects in antiferromagnetic LaFeOs could not
observe any changes in the domain structure, after patterning different elements with
etching [323]. However, later studies patterned elements via an Ar* ion implantation-
based patterning technique, which resulted in antiferromagnetic structures embedded
in a non-magnetic layer [104, 324]. This technique led to the observation of changes
in the antiferromagnetic ordering near the patterning edge for LaFeOs [104, 325, 326]
and more recently Lag 7Srg 3FeOg [324], interpreted as an edge effect near the edge for

Y The following Sec. 5.1 and its subsections were transcribed from Ref. [50] with the first author of
this reference being the author of this thesis. Individual contributions are detailed in Appendiz C.1.
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elements patterned along the easy axis. Further studies have suggested the exploita-
tion of this effect in exchange bias applications of AFM/FM heterostructures [327].
However, these previous investigations of patterning-induced modulations of the AFM
order have been focused on the passive application of AFMs in AFM/FM bilayers.
Considering the potential of AFMs as active elements in spintronic devices, it is impor-
tant to investigate patterning- and shape-induced effects and in particular the control
of the domain configuration in AFMs without an adjacent FM layer. It is crucial to
not only understand patterning-induced effects near the edge, but also the influence
of shape-dependent strain on the domain structure inside a structured antiferromag-
netic device. This effect would be most suitable to tailor domain configurations by
the shape.

The prototypical collinear antiferromagnet NiO has been considered to be a promis-
ing candidate for an active element in spintronic applications, due to the possibility
of electrically controlling and reading the AFM order [34, 40, 179, 180] and recent
observations of ultrafast currents in the THz regime in NiO/Pt bilayers [27, 328]. In
addition, NiO exhibits a high Néel temperature of 523 K in the bulk [31] and strong
magneto-elastic coupling [305]. The latter has been used extensively to manipulate the
AFM order of NiO by growth-induced strain [109, 134, 329], piezoelectric substrates
exerting strain [211] and indirectly via current-induced heating leading to strain [49].
However, the effect of shape-dependent strain on the domain structure of NiO thin
films has not been explored. Considering the application of AFMs with strong magne-
tostriction like NiO or CoO in active spintronic devices, it is important to investigate
how the geometry influences the antiferromagnetic domain configuration and how one
could use different geometries to control the antiferromagnetic order.

Here, we demonstrate the tailoring of the AFM ground state domain configuration of
NiO by shape-dependent strain. We study the Néel vector orientation in patterned
elements by PEEM exploiting the XMLD effect for magnetic contrast. We first identify
and compare the shape-induced domain structure of elements oriented along different
axes before we theoretically explore how shape-induced effects can manipulate the
antiferromagnetic ordering in different element geometries. Finally, we demonstrate
how the modification of the shape-dependent strain by variation of the aspect ratio
of our elements can be used to control the antiferromagnetic domain configuration,
demonstrating thus a tool for the shape-induced control of future AFM devices.

5.1.2 Results

To investigate shape-induced effects on the antiferromagnetic domain structure,
we have grown an epitaxial NiO(10nm)/Pt(2nm) bilayer on an MgO(001) sub-
strate and used Ar ion beam etching to pattern various elements with different
orientations. Similarly prepared bilayers of NiO and Pt are currently extensively
used for current-induced switching [40-42, 49, 200, 321] and THz radiation ex-
periments [330]. As depicted in Fig. 5.2 (a), we have etched trenches with a
width of around 1pm and a depth of about 20nm around the desired elements.
Additionally, we deposited about 1.4nm of conducting ruthenium inside the trenches
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to reduce the possibility of discharges during PEEM imaging [331]. To allow for a
reconfiguration of the AFM domains, the sample has been annealed after pattering
above its Néel temperature for 10 minutes at 550 K under vacuum. Measurements
have been carried out at the UE49-PGM/SPEEM at the BESSY II electron stor-
age ring operated by the Helmholtz-Zentrum Berlin fiir Materialien und Energie [332].

(a) (b)

NiO/Pt

)
= t Trench
NiO/Pt
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Figure 5.2: (a) XMLD-PEEM image of shape-induced NiO domains inside a rectan-
gular shaped element, MgO(001)/NiO(10nm)/Pt(2 nm), with its edges oriented along
the in-plane projection of the easy axis. (b) Sketch of the experimental setup and
orientation of the observed different Néel vector directions [£5 £+ 5 19] with respect
to the polarization vector. An orientation along [5 5 19] (yellow) is equally possible,
but has not been observed in this particular element. Adapted with permission from
Ref. [50]. Copyright 2022 American Physical Society.

We have first measured polarization-dependent absorption spectra around the Ni Lg
and Lo edge, see Appendix B.2.1, to verify the antiferromagnetic order of our films
at room temperature. The XMLD contrast is proportional to the orientation of the
Néel vector. By studying the XMLD contrast dependence on the azimuthal angle ~
and angle of the beam-polarization w (Appendix B.2.1) we can identify in Fig. 5.2
(a) four antiferromagnetic domains present in a rectangular element of 10 pm x 5 pm
whose long axis is oriented along the [110] direction. Three different levels of XMLD
contrast are observed inside our element, indicating three types of domains, a larger
domain in the center (domain 1 - blue), two originating from the short edges (domain
2 - green) and one narrow at the long edge (domain 3 - red). The directions of the
Néel vector in the different domains are depicted in Fig. 5.2 (b). We can observe that
the in-plane projection of the Néel vector in all domains is oriented orthogonal to the
edges of the element along [110] and [110]. The formation of domain 3 (red) along
the edge can be attributed to localized changes of the anisotropy near the edge of the
element, related to patterning-induced material property changes. However, the shape
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of domains 2 (green) and 1 (blue) in the center of the element can not be understood
by local changes of the anisotropy at the edge of the element and we need to model
long-range magnetoelastic interactions to understand the domain configuration.

NiO is known for its strong magnetoelastic coupling, which is responsible for the
creation of internal (magnetoelastic) stresses in a magnetically ordered state. In a
free-standing homogeneously magnetically ordered sample, these stresses induce a
pronounced spontaneous strain (ug oc 107* —3-1073 [333]) characterized by the strain
tensor 4y " whose components are related with the components of the Néel vector n.
In a multilayer system the internal magnetoelastic stresses are complemented by the
external stresses due to the clamping of the antiferromagnetic layer by a nonmagnetic
substrate [94]. In this case the resulting strain field can be split into two parts,
spontaneous (or plastic) strains ag”" " [n(r)] associated with the distribution of the
Néel vector (as in the absence of a substrate) and additional, elastic strains #°2st:
ot = ﬁopon + aelast.

To calculate the elastic strain, we use an approach of elasticity theory with con-
tinuously distributed defects [334, 335]. In particular, we assume that in mag-
netic multilayers the defects originate from the incompatibility between the spon-
taneous strain ¢y " and the non-deformed (reference) state of a non-magnetic sub-
strate at the NiO/substrate interface, or from incompatibility between spontaneous
strain in neighboring domains. From the compatibility condition for the total strain
aijkalmnajamu}ﬁf = 0 (where €5, is an antisymmetric Levi-Civita tensor) we obtain a
set of equations for the elastic strains

last
€ijkEmnOjOmUsy " = Nil, (5.1)

in which the incompatibility tensor 7 = —&;jkE1mn0;Omusy, " [n(r)] is calculated for a

given distribution of the Néel vector. Equation (5.1) is similar to equations of electro-
statics, in which the incompatibility 7 plays the role of the elastic or magnetoelastic
charges and the elastic strains 4° correspond to the potentials [336]. Moreover,
similar to the electric and magnetostatic stray fields, the field of the corresponding
elastic strains is long-range and therefore can stabilize an inhomogeneous distribu-
tion of the magnetic vectors. The similarity with the equations of electrostatics and
magnetostatics allows for a qualitative interpretation of the magnetoelastic effects in
terms of magnetoelastic charge distributions.

Here, we consider some of the effects that reinforce our intuitive reasoning through
modelling. The theoretical description of magnetic textures is based on minimizing
the total energy of a sample with respect to magnetic and elastic variables. The bulk
energy of the NiO film,

Whuk = /dr(wmag + Wme + welas) (5'2)

includes magnetic, wmag, magnetoelastic, wme, and elastic, welas contributions. The
magnetic structure of NiO is described by the Néel vector n(r) (|n| = 1), which is
generally parameterized with two angles, ¢ and 6, as shown in Fig. 5.2 (b).
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We distinguish in our thin NiO films four types of T-domains with the Néel vector
oriented along [£5 4+ 5 19] [137]. The pairs with opposite orientation of projection on
the film plane have the same in-plane components of spontaneous strain and will be
treated in the further discussion as the same domain. Since the out-of-plane compo-
nent of the Néel vector is the same in all domains, we consider the in-plane angle ¢
as the only magnetic variable. We also neglect the magnetic homogeneity throughout
the thickness of the NiO layer and consider the distribution of the Néel vector to be
within the film plane (zy).

We start with a discussion of the origin of the domain structure in thin films and
patterned elements. A single-domain continuous film of NiO is charged (elastically)
due to incompatibility strain charges homogeneously distributed at the interface with
the non-magnetic substrate. The charge density depends on the elastic and magne-
toelastic properties of the interface and is localized in a thin layer of the order of the
exchange length (characteristic length scale at which the Néel vector decays inside the
nonmagnetic region). These magnetoelastic charges create additional homogeneous
strain 4°®' and their non-negative contribution to the energy of the NiO layer is
proportional to the volume of the NiO.

(@) 1.5x3 pm  3x3 pym 5x3 pm
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1—» in-plane projection of the Néel vector
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Figure 5.3: (a) XMLD images of different MgO(001)/NiO(10 nm)/Pt(2nm) rectan-
gular devices with varying aspect ratio. The edges of the devices are oriented along
the in-plane projection of the easy axes. The arrows show the in-plane projection of
the Néel vector determined from the grayscale contrast. (b) Final equilibrium state
of the magnetic texture after considering magneto-elastic interactions to simulate the
domain distribution in different aspect ratios. The color code indicates the direc-
tion of the Néel vector. Reproduced with permission from Ref. [50]. Copyright 2022
American Physical Society.

Néel vector

In a multidomain sample with equally distributed domains of all types, the average
strain incompatibility and average charge density vanish. The local elastic charge
density is still non-zero and contributes to the energy of the sample. However, this
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contribution is proportional to the average domain volume. Hence, a small-scale
multidomain structure is energetically favorable, with the domain size being limited
by the positive energy contribution of the domain walls (similar to the Kittel model in
ferromagnets [337]). However, the formation of a new domain inside a single-domain
region is blocked by a high energy barrier associated with the coherent rotation of a
large number of magnetic moments in the two sublattices. The energy barrier can be
much lower at the sample surfaces and edges due to the additional contributions from
surface energy and incompatibility charges at the element corners [94].

First, we consider the role of the surface magnetic anisotropy present in thin film NiO
continuous films and patterned elements, which in our case favors alignment of the
Néel vector perpendicular to the surface. For this we studied the evolution of the
magnetic structure in the patterned elements with different aspect ratio cut parallel
to the in-plane projection of the easy magnetic axis, see Fig. 5.3 (a).

In this geometry the surface anisotropy induces the formation of the dark domains
along [110] edges and bright domains along [110] edges. The final texture includes
two closure domains localized at the short edges and a large orthogonal domain that
spreads between the two long edges. The closure domains grow from the edges due to
magnetoelastic forces that act to diminish the average magnetoelastic charge of the
sample. This growth is limited by an increase of the energy of the domain walls. The
size of the closure domains is of the order of the size of the short edge and depends on
the aspect ratio of the sample, see Fig. 5.3 (b). It should be noted that in the absence
of magnetoelastic coupling, the closure domains would be localized in the vicinity of
the short edge within a distance of several magnetic domain wall widths, see Fig. 5.4,
independent of the aspect ratio of the device.

(@)  With magnetoelastic interaction (b) Without magnetoelastic interaction
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Figure 5.4: Comparison of the simulated domain structures between equilibrium
states with (a) and without (b) consideration of magnetoelastic coupling. Adapted
with permission from Ref. [50]. Copyright 2022 American Physical Society.

Néel vector

Our simulations also show that the closure domains can be localized along the longer
edges of the samples as well, as could be experimentally observed for larger patterned
devices. However, both configurations (the one with the closure domains along the
short and the other along the long edges) are observed in a finite range of aspect ratios
(between 1/3 and 3) for which their energies have comparable values. In this case the
structure of the final state depends on the initial configuration and kinetics of the
domain growth.
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To better illustrate the effect of strain, we next investigate elements oriented along
the [100] and [010] axes, where even more conspicuous effects are expected. For
elements oriented along the projection of the hard axes the domains do not align
along the edges of the element, but instead are centered around the corners of the
elements, see Fig. 5.5 (a). Inside the element, we can observe a large green domain
(indicated by the green arrow) and two blue domains, which are located near the
top left and bottom right corner. Outside the element, we observe a domain (green
arrows) and two additional domains (blue arrows) located at the top right and bottom
left corner, opposite to the domains in the inner corners. In the case that the domain
formation is dominated by an alignment along certain crystallographic axes one would
expect the same domains to be present at the inside and outside edge of the element.
However, this is not the case and we therefore need to consider shape-dependent
strain, in particular the role of incompatibility charges in the corners of the elements,
to understand the origin of the domain structure.

5 XMLD signal
Néel vector
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Figure 5.5: (a) Antiferromagnetic domain structure of a rectangular shaped
element oriented along the in-plane projections of the hard axes in a
MgO(001)/NiO(10 nm)/Pt(2nm) bilayer. (b) Simulated equilibrium state of the mag-
netic texture. The color code and the arrows indicate the direction of the Néel vector.
Adapted with permission from Ref. [50]. Copyright 2022 American Physical Society.

For elements cut along the in-plane projection of the hard magnetic axis, the surface
anisotropy favors an orientation of the Néel vector along a hard magnetic axis and
does not set a preferable domain type. However, the surface anisotropy sets orthogonal
easy directions at neighboring edges and favors the formation of vortex-like textures
of the Néel vectors in the vicinity of the sample corners. Such a rotation of the Néel
vector through 90° is associated with an inhomogeneous rotation of the spontaneous
strain ﬁ(s)pon and creates an elastic vortex structure, so-called disclinations [335, 338],
localized in the corners. Each disclination is characterized by elastic incompatibility
charges which have opposite sign in neighboring corners, see Fig. 5.6. These charges
create a radially distributed field of elastic strain 4°* [335] that via magnetoelastic

coupling sets preferentially directions for the Néel vector along the diagonals of the
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element. For the elements cut along the easy magnetic axis, this strain couples with
the orientation of the Néel vector in the center of the domain walls and splits the energy
of the domain walls pinned to the neighboring corners. For the elements cut along the
hard magnetic axis, it removes the degeneracy between the bright and dark domains
and facilitates a formation of the domain of a certain type. In other words, the elastic
strains lower the energy barrier for a closure domain. Here, the closure domain starts
to grow from the opposite corners, which have the same sign of rotation, as shown in
Fig. 5.5 (b). Interestingly, such magnetoelastic disclinations appear not only at the
inner corners of the rectangular elements, but also at the corners of the outer part of
the element, where the spontaneous strain rotates in the opposite direction [339].

inner corner outer corner

strained region ==p rotation of strain

Figure 5.6: Sketch of the different direction of the rotation for strain at inner and
outer corners. Adapted with permission from Ref. [50]. Copyright 2022 American
Physical Society.

Hence, internal and external strain charges of the same corner have opposite signs.
As a result, the closure domains of the same type start to grow along the different
diagonals in the internal and external regions, see Fig. 5.5 (a) and (b). Magnetoelastic
disclinations (corner charges) are also present in the elements cut along the easy
magnetic axes. In this case, corresponding elastic strains set a preferable direction of
the Néel vector inside the domain walls near the corners.

In addition, different antiferromagnetic domains are accompanied by the deformation
of the crystallographic structure. Due to the need for mechanical equilibrium, the
creation of antiferromagnetic domains is accompanied by destressing effects [43, 44].
The total energy of a patterned element is here complemented by the destressing
energy Wyestr, which describes the coupling with the nonmagnetic substrate and edge
effects, and the surface energy Wyt of the patterned edges. The surface energy is
modelled in a way to favor an orientation of the Néel vector parallel to the normal N
with respect to the patterned edge:

Wenrt = — Keut f (n - N)2de. (5.3)
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Here, the constant Kt > 0 parameterizes the surface energy and £ is the coordinate
along the sample edge. The destressing energy, Wyestr, is treated as an additional
contribution of the elastic strains @°®*, which maintains the strain compatibility of
the sample at the interface with nonmagnetic substrate.

To demonstrate the role of incompatibility and the destressing effects in the formation
and stabilization of the domain structure, we have calculated the evolution of the
domain structure for elements along the in-plane projection of the easy axes, see
Fig. 5.7, starting from the almost homogeneous state (domain 2, green) with small
domains (domain 1, blue) localized at the long edges of the sample using different
values of the damping parameter (different rates of the energy losses). At the initial
stage, the closure domains (at the long edge), being pinned in the corners, grow in
size trying to reduce the average incompatibility of the sample.

Initial state State 1 State 2

Final state
F H i

Figure 5.7: Simulated evolution of the domain structure from the initial state to the
final equilibrium state. The different states are snapshots of the domain formation
during the non-equilibrium. Adapted with permission from Ref. [50]. Copyright 2022
American Physical Society.
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In case of slow (quasistatic) relaxation (effectively large damping) the system evolves
into a state with the closure domains 1 along the long edges separated by domain 2.
In the opposite case of small damping the closure domains merge and the final state
corresponds to the closure domains of the type 2 localized at the short edges.

5.1.3 Discussion

We identify long-range strain to govern the shape-dependent formation of antiferro-
magnetic domains by investigating elements with different orientations and aspect
ratios etched into NiO/Pt bilayers. We observe a preferential orientation of the Néel
vector perpendicular to the edge of our devices due to patterning effects. Consis-
tent with previous observations, the lattice mismatch between the MgO substrate and
the NiO layer leads to a stabilization of different T-domains with only the S-domain
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with the largest out-of-plane components, due to the strain in the out-of-plane di-
rection [137]. We investigate the domain structures of elements oriented along the
projection of the easy and hard axes and can identify shape-dependent strain to be
responsible for the observed domain structures. We can reproduce our experimental
observations by magnetoelastic modelling that accounts for the spontaneous strain,
due to the distribution of the Néel vector, and elastic strain due to contributions from
the substrate and the patterning. In previous studies, the substrate-induced strain
has been the same for the different T-domains [137]. Here, however, the shear strain
due to the domain formation varies for the different domains across the different ge-
ometries. The strain that dominates the formation of the domain structure does not
arise from patterning induced strain, but from the strain that is associated with the
formation of each T-domain. The interactions between these strains are responsible
for the formation and stabilization of the equilibrium domain structure.

Analogous to shape-anisotropy in ferromagnets, magnetoelastic interactions in AFMs
are long-range and can be used to tailor the antiferromagnetic ground state of antifer-
romagnetic devices. For example, by choosing the right size, aspect ratio and orienta-
tion one could use shape-induced strain to control the antiferromagnetic ground state
in antiferromagnetic THz emitters to tailor and optimize their response [330]. In ad-
dition, the strain from the patterned device itself could be used in electrical switching
of AFMs to support or hinder the reorientation of the Néel vector independent of the
underlying switching mechanism.

Finally, we note that long range magnetoelastic interactions in AFMs could also be a
challenge for the development of antiferromagnetic data storage as reorienting the Néel
order to switch bits will lead to a change in strain and affect neighboring bits. However,
by considering physical separation as in established bit-patterned media [340], the
non-interacting nature of AFMs can be fully taken advantage of due to the absence
of magnetic stray fields.

In summary, we identify how shape-dependent strain can be used to control the an-
tiferromagnetic ground state in NiO. Since magnetoelastic coupling is significant for
several other AFMs such as CoO and hematite, shape-induced strain can be consid-
ered to be the antiferromagnetic equivalent of conventional shape-induced anisotropy
in ferromagnets and provides a unique means to control AFMs.

5.2 | Patterning Induced Changes in the Surface
Anisotropy

Crucial to the observation of antiferromagnetic shape anisotropy in the previous
Sec. 5.1 is the change in surface anisotropy at the edges of the geometric elements
due to patterning. In the annealed elements, a preferential stabilization of different
T-domains occurs near the patterning edges. We observe the preferential formation
of three different T-domains in devices patterned along the easy in-plane axes of our
NiO thin films. However, considering the fourfold symmetry of NiO, see Sec. 2.3.3,
one would expect the formation of four different T-domains at the edges of the de-
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vice [137]. Therefore, we here take a closer look at the patterning induced effect on
the domain structure after patterning and before annealing our samples.

First, we use the same procedure described in the previous Sec. 5.1 to pattern a geo-
metric element. Using electron beam lithography and subsequent etching, we remove
a 1 pm wide trench around the desired shape of our device and deposit a thin 1 nm
layer of Ru inside the trench. The antiferromagnetic domain structure of our device
is imaged by XMLD-PEEM in Fig. 5.8 (a). We can distinguish three different types
of domains. The domains near the long edge have the same in-plane orientation but
opposite out-of-plane orientation, as observed for the annealed samples. Along the
short edge, only one domain type (domain 2) is present.

(a) Electron beam lithography (b) Optical lithography
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Figure 5.8: XMLD image of the domain structure of a geometrical element in
MgO(001)/NiO(10 nm)/Pt(2nm) bilayers that has been defined by either (a) remov-
ing a small trench around the device or (b) being a free standing element. The images
have been obtained on different pieces of the same sample at different synchrotron
facilities. The [001] axes has been chosen in away that the Néel vector in the central
domain points along the same direction.

On a second piece of the same sample we use an optical mask to pattern similar
geometrical elements via optical lithography. After etching the NiO/Pt bilayers, the
geometric element is freestanding with no surrounding NiO/Pt layer. The nearest
other device is 4 um away. The patterning-induced domain structure of an element,
see Fig. 5.8 (b), shows the preferential formation of two different domains at the long
edge. This is similar to the element in Fig. 5.8 (a). However, we can observe an
additional domain along the short edges, which has the same in-plane orientation but
the opposite out-of-plane orientation as the central domain. Thus, all four different
possible T-domains [£5 £ 519] can be observed in our thin films [137]. Interestingly,
the fourth domain is not present in the geometric elements whose pattern is defined
by removing material in a trench around the device, Fig. 5.8 (a). It should be noted,
that the patterns in Fig. 5.8 (b) have been etched 60s longer (approx. 5nm more
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MgO removed) than in Fig. 5.8 (a). However, additional patterning depth dependent
studies have not revealed a significant influence of the depth.

The favorable formation of domain 2 and suppression of domain 4 originates likely
from a small growth-induced uniaxial anisotropy of our NiO thin films. By removing
the surrounding material around the device, we modify the anisotropy of our device.
Removing the NiO layer from the MgO substrates could allow for a better relaxation
of the strain by the MgO layer, which in turn influences the NiO domain structure
due to surface clamping [50, 65]. These changes in anisotropy enable the patterning
induced changes in the surface anisotropy to overcome the small uniaxial anisotropy
of our thin films, and a fourth domain is formed near the short edge.

The origin of the observed uniaxial anisotropy is the growth of NiO on MgO substrates.
The distribution of the four different types of T-domains in NiO crystals was previously
studied by Roth [31]. For a cleaved crystal, the four different T-domains of NiO were
roughly evenly distributed. However, for a NiO crystal grown on MgO (001), the
preferential formation of one type of T-domain (72.3 % coverage) was observed. The
domain with the same in-plane but different out-of-plane component was present in
only 1.2% of the sample [31]. His observation is similar to our observation of a
dominant domain 2 and a suppressed domain 4. Thus, the growth of NiO on MgO
substrates is likely responsible for the observed superimposed uniaxial anisotropy.
We can conclude that patterning induced changes in surface anisotropy can lead to
the preferential formation of up to four different types of T-domains in our NiO thin
films. In further studies of antiferromagnetic domain formation, it is important to un-
derstand that, in contrast to ferromagnetic shape anisotropy, not only the shape of the
device defines the antiferromagnetic state. The region surrounding the device can also
influence the domain formation due to the coupling of the long-range magnetoelastic
interactions with the substrate.

5.3 | Antiferromagnetic Shape Anisotropy in CoO Thin
Films

Antiferromagnetic shape anisotropy is expected to be a common phenomenon in AFMs
with significant magnetoelastic coupling, and not limited to NiO [43, 44, 50]. Another
AFM with strong magnetoelastic coupling is CoO, see Sec. 2.3.3.2. Thus, here we
investigate the influence of geometric patterns on MgO/CoO(10nm)/Pt(2nm) thin
films. First, we identify the domain structure of our 10nm thick CoO thin films,
before investigating the effect of patterning different shapes.

5.3.1 Domain Structure of MgO/CoO/Pt Thin Films

Similar to NiO thin films, the domain structure of CoO thin films is influenced by the
substrate-induced strain [161, 162]. The CoO(10nm)/Pt(2nm) bilayers investigated
here are grown on MgO(001) substrates by reactive magnetron sputtering in an oxygen
gas atmosphere. Similarly grown films have been previously characterized in [105].
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The lattice mismatch (1.1 %) between the CoO and the MgO leads to compressive
strain, which results in a preferential in-plane orientation of the Néel vector in CoO
thin films [163].

We image the domain structure of CoO/Pt bilayers by energy-dependent XMLD-
PEEM imaging at the Ls Co edge, as part of current-induced switching studies. A
typical image of the domain structure inside a patterned 10pm cross before pulse
application is shown in Fig. 5.9 (a).

(a) PEEY

Figure 5.9: XMLD-PEEM image of the antiferromagnetic domain structure in
MgO(001)/CoO(10 nm)/Pt(2nm) bilayers (a). The green line indicates a slightly visi-
ble domain wall. In (b) a multidomain structure is visible after an electrical discharge.
The contrast near structures includes non-magnetic artifacts from contrast enhance-
ment, see Appendix B.3.4.

The sample exhibits a XMLD signal in the XAS, but most of the sample does not
exhibit a clearly visible domain structure. In XMLD-PEEM areas with the same
contrast indicate domains in which the Néel vector has the same projection on the
X-ray polarization. If the contrast remains identical for multiple variations of the
azimuthal angel and beam polarization for two domains, their Néel vector is pointing
along the same axes, but not necessarily the same direction [51, 124]. The presence
of partially visible narrow domain walls in Fig. 5.9 (a) indicates a possible domain
structure which is dominated by 180° domains in the patterned films. In the case of
180° domains the contrast between both domains is identical as they only differ in
the orientation of the sublattice moments, but not in the axes of the Néel vector [51,
124]. Before the pulsing experiments an electrical discharge has destroyed the pulsing
cross. However, the discharge has also created a multi-domain structure, as shown in
Fig. 5.9 (b). Two different types of contrast, indicating the presence of two domains
with different Néel vector orientation, can be observed. Such a domain structure is
not a unique result of the electrical discharge. A similar multi-domain structure can
be observed in an arrow-shaped structure in which the Pt layer has been removed by
etching, as seen in Fig. 5.10.
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(a) y=-30° (b) y=0° (c) v=45° (d)  y=90°
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Figure 5.10: XMLD-PEEM image of the antiferromagnetic domain structure in
MgO(001)/CoO(10nm)/Pt(2nm) bilayers in an etched arrow for multiple azimuthal
angles v = —30°,0°,45°,90° (a-d). The edges of the arrow are parallel to the [100]
axes. The images have been taken by energy dependent XMLD-PEEM imaging with
in-plane polarization. Dark and bright contrast corresponds to domains with 90°
differences in in-plane Néel vector orientations. The easy axis is along [110] and [110].

The multidomain structure is only visible when the X-ray polarization is mostly in
the plane of the sample and no contrast can be observed with out-of-plane polariza-
tion, indicating an in-plane orientation of the Néel vector. By rotating the sample
and obtaining images with different v = —30°,0°,45°,90° azimuthal angle, we can
observe a disappearance of the contrast when the direction of the X-ray beam is par-
allel to the [100] or [010] axes (y = 0°,90°) and a contrast maximum at 45°. Thus,
we can identify the orientation of the Néel vector in our thin films to be in-plane
with [110] and [110] as easy axes, leading to the formation of two different types
of domains with orthogonal in-plane component of the Néel vector. The fourfold
symmetry and in-plane alignment is consistent with previous studies of CoO grown
on MgO [161, 162] and previous electrical observations on our MgO/CoO/Pt thin
films [105]. In addition, we observe a growth-induced uniaxial anisotropy superim-
posing the cubic anisotropy leading to the preferential formation of one domain type,
similar to our MgO(001)/NiO(10 nm)/Pt(2nm) thin films, see Sec. 5.2, and observa-
tion of a superimposed uniaxial anisotropy in 2nm CoO thin films, see Appendix of
Ref. [201], which may hinder the formation of a multidomain state.

5.3.2 Patterning Induced Effects in CoO/Pt Thin Films

To investigate strain-induced antiferromagnetic shape anisotropy in CoQO, we pattern
our MgO(001)/CoO(10nm)/Pt(2nm) samples with similar geometric patterns as our
NiO samples, see Sec. 5.1. The bilayers are patterned by electron beam lithography
and then etched with Ar ions before ruthenium (1nm) has been deposited in the
trenches to minimize the risk of electrical discharges during XMLD-PEEM imaging.
The domain structure of the thin films has been first imaged after the patterning
process, see Fig. 5.11 (a), before the CoO thin film was heated in-situ at an X-PEEM
station above its Néel temperature to 370 K. The annealed domain structure is shown
in Fig. 5.11 (b).
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It can be observed that the domain structure of our CoO thin films has not formed
a shape-dependent multidomain state as in the NiO thin films. However, we can
still observe changes in the domain structure. The narrow 180° domain walls that
have previously been present in the thin films have realigned in several sections to
align themselves between the patterned elements, see green lines in Fig. 5.11. By
aligning along the shortest path between different elements, the domain walls minimize
their energy. Thus, patterning can be used to control the domain walls. Similar
antiferromagnetic shape anisotropy effects as in NiO seem to be suppressed due to the
growth-induced superimposed uniaxial anisotropy of the thin film.

(a) B

-

efore heating (b) After heating

T
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Figure 5.11: XMLD-PEEM image of the antiferromagnetic domain structure in
MgO(001)/CoO(10nm)/Pt(2nm) bilayers. We can observe a realignment of domain
walls (green lines) when comparing the state after patterning (a) and after heating
the sample to 370 K (b). The contrast near structures includes non-magnetic artifacts
from contrast enhancement, see Appendix B.3.4.

To overcome this limitation, we have carefully applied external pressure to split the
sample into two pieces. This introduced dislocations and additional strain into the sys-
tem, leading to the formation of a multidomain structure in parts of the sample. The
sample now exhibits a transition from what appears to be an almost monodomain (or
single domain type) state to a multidomain state, which we can image with birefrin-
gence imaging, see Fig. 5.12. In the more monodomain region in Fig. 5.12 (a), bright
domains are preferred. In other parts of the sample, however, the domain structure
transitions from a clear multidomain state Fig. 5.12 (b) to a state dominated by dark
domains Fig. 5.12 (c).
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Figure 5.12: Birefringence image of the antiferromagnetic domain structure in
MgO(001)/CoO(10nm)/Pt(2nm) bilayers after splitting the sample into two pieces.
In one piece of the sample a change in the domain structure can be observed from
a monodomain bright state (a), via a transition region (b) to a mostly dark state
(c). Patterning dependent changes in the domain structure can be observed in the
red ellipse. Dark and bright contrast corresponds to domains with 90° differences in
in-plane Néel vector orientations.

While the patterning of the geometric elements has no visible influence on the domain
structure in the monodomain bright region of the sample, one can observe an influence
of the patterning in the transition and dark dominated region. If we focus on the zigzag
pattern, see red ellipse in Fig. 5.12, we can observe a preferential formation of white
domains when the walls of the pattern are along the [110] direction and a preferential
formation of dark domains when the direction is along the [110] direction. We have
observed a similar pattern in studies of antiferromagnetic shape anisotropy in NiO
thin films, see Appendix B.3.2. Similar to the shape anisotropy in NiO, the patterning
seems to lead to preferential stabilization of different domains at different edges, as
the edges with the surface normal pointing along [110] seem to favor the formation
of a dark domain. Similar edge effects can also be identified in the previously imaged
arrow structure in Fig. 5.10 and originate from patterning induced changes in the
surface anisotropy at the edge of an element, see Sec. 5.2.

Our results on patterning and shape-induced effects in CoO indicate the presence
of an antiferromagnetic shape anisotropy similar to NiO. We observe the preferential
formation of domains along certain patterning edges and are able to control the domain
structure by patterning along the different easy axes. However, the domain structure
of our CoO thin films differs from NiO in that only two different types of domains are
observed instead due to the in-plane orientation of the Néel vector of up to four, which
significantly alters the shape of the observed domain structures. The strong uniaxial
anisotropy in our CoO(10 nm) sample superimposes the cubic anisotropy and needs to
be overcome to utilize shape anisotropy to tailor the domain structure of CoO. While
we have observed preliminary evidence for patterning and shape-induced effects in
Co0O, more detailed investigations on different samples with a weaker superimposed
uniaxial anisotropy are needed to investigate the underlying effects.
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5.4 | Conclusion

The antiferromagnetic domain structure is influenced by the patterning and the shape
of a device. Patterning of antiferromagnetic thin films leads to a change in the surface
anisotropy near the edge of the pattern. Changes in surface anisotropy near the edge
can lead to short-range modulations of the antiferromagnetic domain structure, as
has previously been observed in LaFeO3 [104, 341]. For our NiO/Pt bilayers we have
observed the preferential formation of up to four different T-domains near the edges
of a pattern, see Sec. 5.2. The introduction of additional domains by patterning can
influence the ground state of the AFM, as can be seen by studying annealed samples,
see Sec. 5.1. To understand the equilibrium structure of the annealed state, long-
range magnetoelastic interactions must be considered. These arise from the domains
created by the patterning, as each T-domain in NiO is associated with a different
strain [43, 44]. By controlling the shape of the patterned elements, we demonstrate
the control of the antiferromagnetic ground state of our devices.

The strain induced antiferromagnetic shape anisotropy is not restricted to NiO. We
have also observed similar effects in CoO thin films, see Sec. 5.3. In the CoO thin films,
the domain structure is different from NiO and thus the observed domain structures
are different. However, we can observe that patterning along the different easy axes of
CoO thin films can modulate the local anisotropy and lead to the preferential forma-
tion of a certain domain type. This patterning-induced control of antiferromagnetic
domains in CoO indicates that antiferromagnetic shape anisotropy can be expected to
be a general phenomenon present in insulating AFMs with strong magnetoelastic cou-
pling [43]. This is supported by a recent report on the domain structure of a-FeyOs,
which observed an influence of magnetoelastic coupling on the preferential Néel vector
orientations in adjacent domains [65].

Furthermore, it has recently been reported that antiferromagnetic strain anisotropy is
not restricted to insulating AFMs with strong magnetoelastic coupling. Similar pat-
terning induced effects as we observed in NiO and CoO have now been demonstrated in
the metallic AFMs CuMnAs and MngAu [66]. Thus, strain induced shape anisotropy
can be considered to be a general effect in AFMs with magnetoelastic coupling.

The long-range magnetoelastic interactions can hinder the fabrication of antiferromag-
netic bits by requiring bit patterning of the media [340], which reduces the potential
density of antiferromagnetic bits. However, the antiferromagnetic shape anisotropy is
also an advantage. It can be used to tailor the antiferromagnetic ground state of a
device. This is particularly interesting for the potential use of AFMs in THz emitters,
which exhibit Néel vector dependent signals [342, 343].



6 | Optical Domain Creation

To take full advantage of the potentially ultrafast switching of AFMs, one needs to
transition from current- or shape-induced control of the antiferromagnetic order to
optically induced switching. AFMs allow potentially faster switching than ferromag-
nets due to their intrinsic frequencies in the THz range [27]. In the case of NiO, two
different magnon modes can be optically excited, see Fig. 6.1. In the low frequency
mode, with a frequency around 130 GHz (at 77K, optical excitation) [45, 99, 344],
the Néel vector oscillates in the easy magnetic plane, see Fig. 6.1(a) [99, 344]. In the
high frequency mode, with a frequency around 1.07 THz (at 77 K, optical excitation)
[45, 99, 344], the Néel vector oscillates out of the magnetic plane [98, 99].

(a) low frequency mode (b) high frequency mode
n n
in-plane out-of-plane

Figure 6.1: In-plane (a) and out-of-plane (b) dynamics of the Néel vector in NiO.

Both modes can be excited by optical irradiation with laser pulses in bulk NiO crystals,
and we have observed these features in our MgO(001)/NiO(10nm)/Pt(2 nm) bilayers
together with our collaborators. The low frequency magnon mode could be excited in
experiments on the optically induced ultrafast reduction of the sublattice magnetiza-
tion [345]. In addition, the high-frequency mode could be detected via THz emission
from the Pt layer, originating from optically induced magnetoelastic effects [343].
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Thus, laser irradiation can be used to excite the antiferromagnetic order [47]. We go
beyond the dynamic modulation of the antiferromagnetic order and investigate the
creation of antiferromagnetic domains in NiO/Pt bilayers by irradiation with laser
pulses with the author of this work as first author in Ref. [51]. This work is repro-
duced/partly adapted in Sec. 6.1. In addition, results on the optical manipulation of
CoO domains are presented in Sec. 6.2 before concluding this section on the optically
induced manipulation of antiferromagnetic domains.

6.1 | Optical Domain Creation in NiO

Reprinted with permission from Adv. Funct. Mater., 33, 2213536.; Publication Date:
March 18, 2023; https://doi.org/10.1002/adfm.202213536. Copyright (€)2023 The
authors. Advanced Functional Materials published by Wiley-VCH GmbH.!

6.1.1 Introduction

A key advantage of AFMs is their potential for ultrafast applications due to their
inherent dynamics with resonant frequencies in the THz range [27]. Recently, the
electrical switching of AFMs has been intensely investigated [40, 191, 192]. However,
to achieve switching on an ultrashort timescale, we must transition from electrical to
optical control of the antiferromagnetic order.

In ferri- and ferromagnetic material systems, fs-laser-induced all-optical switching
(AOS) has been intensively studied [38, 346-348]. Thermally induced switching
has been observed in ferrimagnetic GdFeCo alloys [38, 349] and all-optical helicity-
dependent switching based on the inverse Faraday effect has been observed in a wide
range of ferri- and ferromagnetic materials [39]. For antiferromagnetic materials, stud-
ies on the all-optical switching have focused on the excitation of magnon modes [45—
48]. There are experimental reports of large-scale optical switching of antiferromag-
netic order in the tilted antiferromagnet ThMnOsz [350]. However, the underlying
mechanism relies on the electric polarization and cannot be easily transferred to other
AFM systems. Theoretical studies predict possible optically induced switching in
antiferromagnetic NiO [351, 352], NiO/FM bilayers [353] and other collinear antifer-
romagnets [354]. Recently, first experimental evidence for light-induced manipulation
of antiferromagnetic domains in NiO crystals has been reported [355].

NiO is a prototypical collinear insulating antiferromagnetic system exhibiting promis-
ing features for future potential spintronic devices: current-induced switching of
the antiferromagnetic order [40, 49], electrical readout [34], antiferromagnetic shape
anisotropy [50], and ultrafast spin dynamics in the THz range [27, 342, 343, 356]. The
magnetic order of NiO thin films can be transiently modulated by irradiation with
ultrafast laser pulses [345], and several studies have reported helicity-dependent ex-
citation of coherent magnons in NiO [45, 344]. NiO exhibits a strong magnetoelastic

L The following section and its subsections have been transcribed from Ref. [51] and its supplemen-
tary, with the first author of this reference being the author of this thesis. Individual contributions are
detailed in Appendiz C.1.
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coupling [305] and thus the above-mentioned optical manipulation of antiferromag-
netic domains [355] has been attributed to a particular phononic mechanism [357].
While several mechanisms have theoretically proposed optically induced switching of
NiO, there are no experimental reports on the light-induced domain switching of the
antiferromagnetic order in NiO thin films.

Here, we investigate the domain structure of NiO/Pt bilayers that have been irra-
diated by circularly and linearly polarized laser light using X-PEEM with magnetic
linear dichroism as the contrast mechanism. We observe optically induced changes
of the domain structure. In contrast to often considered switching between different
Néel vector axes, we observe the creation of 180° domains and domain walls, inde-
pendent of the laser polarization. Variation of the irradiation parameters allows us to
identify a thermal origin of the optically induced antiferromagnetic order. We demon-
strate the possibility to optically create antiferromagnetic domains in a prototypical
antiferromagnetic system.

6.1.2 Results

We have prepared 10nm thick NiO(001) thin films that are epitaxially grown on
MgO(001) substrates by reactive magnetron sputtering. The films are additionally
capped with a 2nm thick platinum layer to allow for imaging with XMLD-PEEM. We
have previously characterized and investigated similarly grown NiO(001) thin films
and observed that the strain from the substrate mismatch leads to preferential out-
of-plane alignment of the Néel vector in these thin films, stabilizing only one type of
S-domain [42, 109, 134, 137]. Therefore, only four different T-domains are present
in our films, each accompanied by a strong rhombohedral distortion. Similar to our
previous studies on 10nm NiO thin films [137], we observe a domain structure in
our field of view (FOV) which predominantly consists of one T-domain. To study the
effect of laser-irradiation on NiO /Pt bilayers, we use an ultrafast amplified laser system
with a central wavelength of 800 nm and with a pulse repetition rate of 1kHz, more
information in Appendix B.3.1. We have irradiated our samples ex-situ with pulse
trains of different pulse duration, pulse fluences, illumination time, and polarization.
We imaged the domain structure of the laser irradiated regions using energy dependent
XMLD-PEEM at the double peak of the Ni Ly edge [331]. Fig. 6.2 shows the domain
structure of a region irradiated with circular right polarized laser light.

Several narrow domain walls (bright lines) can be observed around a central area
where the platinum layer has been structurally changed by the accumulated heat
(dark spot). The structural changes in the capping layer are visible due to the high
surface sensitivity of X-PEEM and overlay with the magnetic XMLD contrast of the
NiO layer in the center.

The XMLD contrast depends on the orientation of the incoming electric field and
the orientation of the Néel vector. We have varied the polarization of the in-
coming X-ray (w = 90°,112.5°,135°,157.5°,0°) and the azimuthal angle (y =
90°,120°,135°,150°,165°,180°) of the sample with respect to the incoming beam.
We utilize the same angle definitions for the incoming X-ray and polarization as in
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Figure 6.2: XMLD-PEEM image of the AFM domain structure of a
MgO(001)/NiO(10 nm)/Pt(2nm) bilayer in an area that has been illuminated with
2000 pulses with circular right polarized laser light with a pulse length of 6.7 ps and
a fluence of 1242 mJ/cm?. The incoming X-ray is at an angle of 135° with respect to
the [100] axis and the X-ray polarization is vertical to the sample plane with a 16°
incidence angle. The blue arrows indicate the direction of the in-plane projection of
the Néel vector, the different colors correspond to the different sublattices. Adapted
with permission from the supplementary of Ref. [51].

Ref. [50, 137] and the previous Sec. 5.1, as depicted in Fig. 6.3 (a). For all combi-
nations of w and « we observe no difference in contrast between the domains inside
and outside the domain walls. The absence of contrast changes indicates that the
projection of the Néel vector in these domains onto the X-ray polarization is identical
for all angles of w and  and points along the same directions [268]. Thus, the domain
wall between them can be identified as a 180° domain wall between two domains with
180° different orientation of the Néel vector [123]. The orientation of the Néel vector is
identical on both sides of the wall, but the spins in the antiferromagnetically coupled
sublattices are interchanged, as indicated by the differently colored arrows in Fig. 6.2.
Thus, the domains inside and outside the domain walls are in the same T-domain, are
accompanied by the same distortion, and their S-domains have the same out-of-plane
components. But their sublattices are interchanged, making them 180° differently
oriented domains.
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For different combinations of w and « we observe variation and inversion of the contrast
between the domain wall and the surrounding domains, see Fig. 6.3 (b) and (c),
confirming the magnetic origin of the contrast. The contrast of the domain wall
appears uniform, as previously reported in our recent study on domain walls between
T-domains in NiO thin films [138].

(@)

Pt(2nm)
NiO(10nm)
MgO(001)

[010] y=77° @=50°

Figure 6.3: (a) Sketch of the experimental setup and angle definitions. (b,c) XMLD-
PEEM image of a MgO(001)/NiO(10 nm)/Pt(2nm) thin film, of an area that has been
illuminated with 2000 pulses with circular right polarized laser light with a pulse length
of 6.7 ps and a fluence of 1242mJ/cm?. An inversion of the domain wall contrast can
be observed when varying the polarization of the X-ray beam between w = 50° (b)
and w = 0° (c). Adapted with permission from the supplementary of Ref. [51] with
enhanced contrast, see Appendix B.3.4.

Width of the Domain Wall

In order to estimate the width of the optically created domain wall, we determine the
spatial resolution of the microscope. We investigate the line profile of the smallest
visible defect and fit a Gaussian function to its peak in the line profile [138]. The
full width at half maximum gives us for the resolution minimum an upper limit of
A = 44 nm, with a 5nm fit error. We then fit the intensity profile of the domain wall
shown in Fig. 6.4 with a Lorentz function convolved with a Gaussian function with
the resolution limit as the full width at half maximum (FWHM) to account for the
spatial resolution of the microscope [138]. We can estimate the width of the domain
wall at the FWHM to be about 100 nm, with an uncertainty of about +30nm from
the fit and pixel size.

Underlying Mechanism

By irradiation with a laser, we are able to observe the creation of 180° domain walls
(bright lines in Fig. 6.2), which indicate the creation of domains with 180° different
orientation of the Néel vector. The creation of 180° domains is independent of the
polarization of the laser and can also be achieved with linearly polarized laser light,
see Fig. 6.5 (a).
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Figure 6.4: The measured intensity of the domain wall profile after averaging over six
line scans. The inset shows the area of the line scans from the laser-induced domain
structure of a MgO(001)/NiO(10 nm)/Pt(2nm) thin film, see Fig. 6.2. The width of
the domain wall at FWHM can be estimated from fitting a Lorentz function convolved
with a Gaussian function to be 100 nm, with an uncertainty of about £30 nm. Adapted
with permission from the supplementary of Ref. [51].

To verify the antiferromagnetic nature of the laser-induced domains, we have annealed
our film in vacuum for 10 minutes without magnetic field above Néel temperature,
at 550 K, see Appendix B.3.2. This has changed the domain structure and we can
observe a disappearance of the 180° domain walls in Fig. 6.5 (b).

After annealing, we have investigated the changes in the domain structure of our sam-
ple at another synchrotron facility with a different experimental geometry. To ensure
that our contrast and resolution are still sufficient to resolve the antiferromagnetic
180° domain walls, we have checked our contrast at the same position as in Fig. 6.2.
The direct comparison between the domain structure before Fig. 6.6 (a) and after an-
nealing Fig. 6.6 (b-d) shows that the domain structure has significantly changed. Most
of the previous 180° domain walls have disappeared. However, we can still observe one
180° domain wall and contrast changes by varying the polarization, see Fig. 6.6 (b-d).
To image the absence of the 180° domain walls in Fig. 6.5 (b), we chose a polarization
of 135° for good contrast and averaged four times more images than for the image
depicted in Fig. 6.6 (c).

As mentioned above, the laser-induced 180° domains in Fig. 6.5 (b) have disappeared.
However, the domains near the structural defect have not been significantly altered by
the heating. In NiO, strain or changes in the surface anisotropy that are introduced
by patterning or defects can lead to the preferential stabilization of domains [50]. The



CHAPTER 6. OPTICAL DOMAIN CREATION 91

XMLD signal

min

L» [010]

Figure 6.5: (a) XMLD-PEEM image of an area on a MgO(001) /NiO(10 nm)/Pt(2 nm)
thin film that has been illuminated for 2s with linearly polarized laser light with a
pulse length of 6.7 ps, 2000 pulses and a fluence of 1642 mJ/cm?. (b) Domain structure
of the same area after annealing above the Néel temperature. The blue line indicates
a structural defect at which domains are stabilized. Adapted with permission from
Ref. [51] with enhanced contrast in (a), see Appendix B.3.4.
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Figure 6.6: XMLD-PEEM image of the laser-induced domain structure of a
MgO(001)/NiO(10 nm)/Pt(2nm) thin film before (a) and after annealing in vacuum at
550 K above the Néel temperature for 10 minutes (b). By changing the beam polariza-
tion, we can observe an inversion of the contrast (c¢) and (d). Adapted with permission
from the supplementary of Ref. [51] with enhanced contrast, see Appendix B.3.4.

optically induced 180° domains can be manipulated. Thus, the laser-induced domains
are not generated by irreversible ablation-induced defects, which introduce strain or
change the surface anisotropy, but originate from a fast heating and cooling of the NiO
system. The laser-induced domain creation is dominated by thermal processes, as we
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can observe polarization independent creation, which occurs close to the threshold for
structural changes. Only the accumulated heating and threshold for structural changes
differ slightly between different laser polarizations [358]. For linear polarized light
under the same conditions as in Fig. 6.5 (a), but with a lower fluence of 124+2mJ/cm?,
we could not observe a visible structural change or the creation of 180° domain walls,
indicating that the accumulated heat has not been sufficient to allow a reorientation of
the spins. We can estimate the temperature increase during irradiation by considering
the melting temperature of Pt as a lower boundary for the temperature increase near
the ablated area. The temperature of the NiO near ablated areas can be estimated
to be around 520K, which is slightly below the bulk NiO Néel temperature, but
above the reduced Néel temperature in our thin film (7\ thin = 400K-460K), see
Appendix B.3.3. Thus, the laser-induced heating near the threshold for structural
changes can be assumed to be sufficient to allow a reconfiguration of the domain
structure. In the case that the laser-induced domain creation is of thermal origin,
it can be achieved without structurally affecting the Pt layer. To create domains
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Figure 6.7: XMLD-PEEM image of two areas on a MgO(001)/NiO(10 nm)/Pt(2 nm)
thin film that have been illuminated for 0.5s with linearly polarized laser light with a
pulse length of 45 fs and a fluence of 841 mJ/cm? (a) or 7.240.9 mJ/cm? (b). Adapted
with permission from Ref. [51].

without damaging the Pt layer, we next investigate different laser pulse parameters.
We patterned grids of markers onto the sample and irradiated the sample in the center
of the grids. This allows us to identify the laser irradiated region in the X-PEEM
even if there is no structural change to the Pt layer. We could observe the creation
of domains without discernible structural changes to the Pt layer using 45fs pulses
and irradiation with 500 pulses over 0.5 seconds. The characteristic formation of 180°
domain walls could be observed, as shown in Fig. 6.7 (a) and Fig. 6.7 (b), for irradiation
with linearly polarized light. The threshold fluence for the formation of 180° domain
walls under these irradiation conditions is found to be 7.240.9mJ/cm?. Thus, we can
optically create antiferromagnetic 180° domains and domain walls without damaging
the NiO or the Pt capping layer.
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6.1.3 Discussion

We have observed the optically induced formation of 180° domain walls in NiO, indi-
cating the creation of 180° domains. We observe a polarization-independent creation
of the antiferromagnetic domains. The underlying mechanism is not based on a polar-
ization dependent effect but on heat-induced domain formation, since the nucleation
of the 180° domains is independent of the polarization of the exciting light.

The basic idea behind the mechanism is sketched in Fig. 6.8. Irradiation with the
laser light heats up the NiO and its spin system. The lattice system around the heated
area is still strained, as illustrated in Fig. 6.8 (b), exerting strain on the system that is
heated up. During cooling of the irradiated region, the formation of multiple domains
is theoretically possible, see Fig. 6.8 (c), the green arrow denotes the Néel vector.
However, not all possible configurations are energetically favorable, the strain leads
to a preferential alignment of the spins into the previous T-domain after irradiation,
see Fig. 6.8 (d).

(a) (b) (©) (d)
T-Domain Irradiation 180° walls
S-Domains
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Figure 6.8: Sketch of the mechanism for the optical creation of antiferromagnetic
domains. A large antiferromagnetic domain before (a) irradiation and during (b) the
irradiation. Multiple domains are possible upon cooling (c¢). However, the distortion of
the surrounding domains leads to a preferential stabilization of the same T-domain (d).

The heated disordered spins settle into one of the two energetically degenerate states,
with spins in the different sublattices pointing in opposite directions. Thus, 180°
domains and 180° domain walls are formed. The situation is different when the whole
sample is annealed, as shown in Fig. 6.5 (b). As the creation of 180° domain walls
requires additional energy, it is energetically unfavorable. In the slow cooling process
of the annealing, (3.0£0.2 K/min, see Appendix B.3.2), the domain wall formation is
avoided, and their size is minimized. These results are consistent with observations on
bulk NiO: it was observed that a fast cooling through the Néel temperature (opening
the furnace door) can lead to a multidomain state, while annealing with slow cooling
(5K/min) leads to crystals with only few domains [359]. The size of the optically
induced domains is not necessarily linear with fluence, as can be seen in Fig. 6.7
(a) and Fig. 6.7 (b), but depends strongly on the local anisotropy landscape of the
irradiated area. However, by tuning the timescale of the laser heating pulse, one can
potentially switch reversibly between different magnetic states.

The observed width of the antiferromagnetic 180° domain wall of 100 + 30nm is
comparable to previous observations of 140 nm and 192 nm wide 180° degree walls in
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bulk NiO [123]. The determination of the Néel vector orientation inside the domain
wall is challenging, due to the single-domain background in our angle dependent study.
However, the higher XMLD intensity of the domain wall for out-of-plane polarization
(w =90°) under all investigated azimuthal angles (v = 77° — 180°) indicates a larger
out-of-plane component of the Néel vector inside the domain wall compared to the
background domains. Previous experiments based on current-induced switching have
allowed for the controlled switching between different T-domains [137]. The laser-
induced domain creation offers the exciting possibility to additionally create and study
180° domain walls, which have recently been reported to be rather narrow and even
atomically sharp in AFMs [360]. Further, domain walls themselves can play a crucial
role in the magnon coupling of the NiO modes [98, 99]. By controlled irradiation
of a device, one could artificially introduce additional domain walls into the system,
decreasing the size of the individual domains. In this way, laser-induced domain
creation can be used to locally lower the potential switching energy for a device or to
manipulate magnon transport inside a device.

While all-optical creation of 180° domains itself offers exciting opportunities, we be-
lieve that the demonstration of optically induced creation of large domains in NiO is
an important step for the investigation of AOS in AFMs. The pulse duration is found
to be a crucial parameter in this process, since the underlying mechanism is based
on the heating and the subsequent cooling of the system. Therefore, there is poten-
tial to push the writing speed to faster regimes by optimizing this optical parameter,
while simultaneously tailoring the material parameters of the sample. Additionally,
the variation of irradiation parameters could provide a tool for the realization of re-
versible switching. Different heat cycles could be used to switch between multi- and
mono-domain states, similar to phase-change memory [361].

It should be emphasized that our observation of a heat-induced optical domain for-
mation does not imply the absence of other optical switching mechanisms in AFMs
or NiO. In the experiment presented here, we have observed 180° domain creation
inside one T-domain, due to the preferential stabilization of only one S-domain, in
our NiO(001) thin films [137]. In other systems the optically induced domain forma-
tion might not be as constrained. To investigate the all optical switching in AFMs
one has to therefore carefully choose the material platform, a promising candidate
might be NiO(111) [353]. In NiO (111) three different S-domains and a total of six
different magnetic states per T-domain are present. Thus, NiO (111) could be the
ideal platform to explore the theoretically proposed optical switching mechanisms, as
the spins could switch between multiple S-domains [353]. We believe that the mecha-
nism found here can also be achieved in other antiferromagnetic systems with strong
magnetoelastic coupling, such as CoO or hematite. The optically induced creation
of 180° domains and domain walls thus provides an additional handle to manipulate
antiferromagnetic domain structures.
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6.2 | Optical Domain Creation in CoO

Here, we examine the effect of laser irradiation on CoO thin films. To conduct our
investigation, we utilized a piece of the same MgO(001)/CoO(10 nm)/Pt(2nm) sample
that we previously used to study shape-induced patterning effects in CoQ, see Sec. 5.3.
We present the results of the irradiation of our CoO/Pt thin films, which have been
imaged via birefringence imaging and XMLD-PEEM.

6.2.1 Birefringence Imaging

We have used the same 800nm laser with 1kHz repetition rate as in the previous
Sec. 6.1 to irradiate our MgO(001)/CoO(10 nm)/Pt(2nm) thin films. The band gap
of CoO is estimated to be about 2.5eV [169], which is larger than the 1.55eV of
the used laser. For the irradiation we used an exposure time of 2 seconds and a
pulse length of 45fs. We varied the polarization of the laser light and the fluence
in the illumination of the samples at room temperature. After irradiation, we use
birefringence imaging of the illuminated areas to reveal the domain structure [165], as
shown in Fig. 6.9.

Fluence [ml/cm?]

Figure 6.9: Birefringence image of the antiferromagnetic domain structure of
MgO(001)/CoO(10nm)/Pt(2 nm) after irradiation with 45 fs laser pulses, 2000 pulses.
The polarization of the laser light has been varied from circular left (c—), linear (lin)
to circular right (c+) from the top row to the bottom row. The fluence increases in the
columns from left to right. The inhomogeneous background results from the overlay
of individual birefringence images. The bright dots indicate the laser-induced creation
of domains with 90° different in-plane projection of the Néel vector compared to the
background domain. The fluences have an error of £1mJ/cm?.
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In the irradiated areas (800 nm laser, 45 fs pulses, illumination time 2s) a high density
of small (white) domains can be observed, which are absent outside the laser irradiated
areas. These small domains follow the expected contrast variation of domains with an
in-plane Néel vector orthogonal to the surrounding (dark) domains [165]. These small
white domains are present regardless of the polarization of the laser light (rows) and
can be observed for all applied fluences (columns). For higher fluences (> 5mJ/cm?),
additional damage and ablation of the Pt layer can be observed. Similar to our NiO/Pt
thin films, the ablation threshold is different for the different polarizations [358]. The
polarization independent creation of antiferromagnetic domains in combination with
the low Néel temperature of our CoO thin films, around 330K [105], indicates a
possible thermal origin of the observed optically induced domain creation.

6.2.2 XMLD-PEEM Imaging

To confirm the magnetic origin of the laser-induced domains observed by birefrin-
gence, we examined the irradiated samples using XMLD-PEEM imaging. During the
mounting and focusing, the sample has been split and experienced an electrical dis-
charge. Thus, potentially altering its domain structure. We used energy-dependent
XMLD-PEEM imaging at the Co L3 edge to visualize the antiferromagnetic domains,
to compare them to the birefringence images and validate their magnetic nature by
analyzing angle and polarization-dependent contrast inversions. The observed domain
structure is depicted in Fig. 6.10.
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Figure 6.10: XMLD-PEEM images of the domain structure near laser irradiated
spots on an MgO(001)/CoO(10nm)/Pt(2nm) sample (a). Domain structure several
tens of microns away, still exhibiting the same structure (b). The XMLD contrast
here has been obtained by dividing images taken with LV and LH polarization at a
fixed energy.
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For different polarization angles and different azimuthal angles, we can observe a
contrast variation only for the dark lines visible in Fig. 6.10. Thus, the Néel vector
in the bright domains always points along the same crystallographic axes. This is
consistent with our previous observation of superimposed uniaxial anisotropy in our
CoO thin films, see Sec. 5.3.1. The presence of a uniform background domain together
with domain wall like stripes is reminiscent of the previous observations on the optical
creation of domain walls in NiO, see Sec. 6.1. However, the distribution of domain
walls is not centered or restricted to the laser spot. We even find the same pattern in
a region several tens of microns away from the irradiated area, see Fig. 6.10 (b). In
addition, we do not observe the circular arrangement of additional domains around
the laser spots as we observed in the birefringence imaging before, see Fig. 6.9.

After performing the XMLD-PEEM measurements, we could not reproduce the bire-
fringence measurements from Fig. 6.9 and the laser-induced domains disappeared. The
disappearance of the domains visible in birefringence and the observation of the same
pattern further away from the irradiated area in XMLD-PEEM lead us to conclude
that the domain structure of the sample has been altered before the first XMLD-
PEEM images have been taken. Thus, the domain structure investigated in Fig. 6.10
is not a result of the laser irradiation. While the XMLD-PEEM images do not pro-
vide insight into the optical creation of CoO domains, they do provide insight into
the domain structure of CoO. At several locations in Fig. 6.10, the visible dark lines
appear to have an open end, which would not be expected for domain walls. In some
regions, open ends can be connected and explained by potentially very narrow domain
walls, indicated by the red lines in Fig. 6.10 (a) [360]. However, in other regions of
the sample they appear to have an open end or to split into two different lines (blue
circles). This may indicate that the dark lines are not necessarily 180° domain walls.
Not only the shape of the observed domain walls is intriguing, but also the thickness
and contrast variations of the domain wall. However, care must be taken when in-
terpreting the data. The image in Fig. 6.10 (a) has been taken close to a fracture of
the sample edge. The ripples visible in the background are pronounced in this region
near the broken edge and could originate from strain effects. More data and higher
resolution images are required to understand the domains of our CoO thin films.

6.3 | Conclusion

To fully exploit the THz switching speeds of AFMs and to develop THz electronics, we
need to transition from electrical contact to non-contact-based writing schemes [362],
such as light-induced switching. The switching speeds for current-induced switching of
AFMs investigated in the previous chapter are limited by the experimental setups used.
Wire-bonded pulse setups are typically limited to pulse lengths of AT = 100 ps [362].
One way to overcome this limitation is to use non-contact THz irradiation to gener-
ate THz currents, as recently demonstrated for metallic AFMs [362, 363]. Another
possibility is to move from electrical manipulation of AFMs to optical manipulation,
similar to the development of AOS in FMs [38, 349].
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Optical light has already been shown to excite the spin system of NiO, exciting both
the low-frequency and the high-frequency magnon modes [342, 343, 345]. Here, we
demonstrate that laser irradiation can be used not only to manipulate the domain
structure, but also to create 180° domains and domain walls [51]. Previous studies
have shown that domain walls play a crucial role in the coupling of the low and high
frequency magnon modes [99]. Thus, our laser-induced domain walls could be used to
modify the coupling between such modes.

Our optical domain creation is based on heat and the inherent strain of our
MgO(001)/NiO(10 nm)/Pt(2nm) sample, which limits the switching to 180° domains.
However, by applying external strain during the irradiation, one can potentially control
the switching direction, as has been demonstrated for the metallic AFM MngaAu [363].
It should be noted that the choice of sample orientation, NiO(001), can also limit
the observed switching mechanisms. In the observation of laser-induced THz ir-
radiation, our collaborators studied both NiO(001) and NiO(111) samples. While
in the NiO(001) samples the THz emission has been generated by strain wave in-
duced torques, in the NiO(111) samples the THz emission originated from optical
spin torques [343, 364]. Thus, the NiO(111) system might be more promising for
future optical switching experiments.

Changing the sample system to CoO could also have advantages. First investigations
of optically induced switching of CoO thin films showed the optical creation of domains
with 90° different Néel vector orientation, see Sec. 6.2. Further X-PEEM experiments
by Christin Schmitt have now confirmed the antiferromagnetic nature of the optically
induced domains. CoO is an attractive candidate for future investigations. The lower
Néel temperature around room temperature allows the study of thermally induced
switching further away from the melting point of the platinum capping [105]. In
addition, CoO exhibits higher THz frequencies (4.4, 6.6 and 8.9 THz) than NiO and
thus potentially faster switching [365, 366].

In summary, we have established that optical irradiation with laser light can be used
to manipulate the antiferromagnetic domain structure via heat-based switching. The
temporal limits of this mechanism remain to be explored. However, the optical ma-
nipulation of antiferromagnetic domains is a first step towards non-contact writing of
spintronic devices.



7 | Conclusion and Outlook

Conclusion

The field of spintronics has rapidly developed in recent years, and AFMs have moved to
the forefront of research due to their unique properties [25]. AFMs are now considered
not only as passive elements in exchange bias applications [24], but also as active
elements in future information transport, magnetic memory and logic devices [24,
367]. Part of their unique potential for energy efficient, compact, robust, and fast
devices stems from their lack of a net magnetic moment. However, this lack of a net
magnetic moment makes it difficult to control their domain structure, specifically to
write the state of an AFM. Here, we have developed three different tools to control
and manipulate the antiferromagnetic domain structure in insulating AFMs.

First, we have used electrical currents in an adjacent heavy metal layer to switch
the antiferromagnetic order of NiO thin films. We unravel the origin of the underly-
ing switching mechanism by imaging the switching of specially designed devices and
simulating the current-induced strain distributions. We show that current-induced
switching in our NiO/Pt bilayers is dominated by heat- and strain-induced switch-
ing, with possible contributions from SOT-based switching not playing a dominating
role [49].

Second, we have shown that the geometry of a device can also have a direct effect
on the antiferromagnetic ground state due to the patterning shape. By studying
differently shaped and oriented geometric elements, we observe a shape-dependent
formation of antiferromagnetic domain structures. Comparing the domain structure
in different devices and additional magnetoelastic simulations allow us to identify long-
range magnetoelastic interactions as the origin of the observed shape anisotropy [50].
Third, we have investigated the influence of strong laser irradiation on antiferromag-
netic domain structures, going beyond the dynamical manipulation of the spin system.
By varying the irradiation parameters and carefully analyzing the imaged domain
structure, we reveal a polarization independent optical creation of 180° domains. The
underlying switching mechanism is based on the laser-induced heating and the inher-
ent strain of our samples [51].

The underlying mechanisms of all three tools (current-induced switching, patterning-
induced switching, optical domain creation) can be traced back to the joint influence of
heat and strain on the antiferromagnetic order. It has long been known that heat and
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strain can be used to manipulate the antiferromagnetic order of bulk crystals [31, 103].
However, with the exciting prediction and discovery of Néel spin-orbit torques in the
metallic AFMs CuMnAs and MnaAu [190-192], the focus in current-induced switching
of AFM/HM thin films has been on SOT-based mechanisms [40-42] and potential
strain effects have initially been neglected [320]. Our results on heat- and strain-based
switching have contributed to put strain back on the map as a tool for manipulating
antiferromagnetic domains [49, 105, 204]. This development has led to a re-evaluation
of current-induced switching experiments in insulating AFM /heavy metal bilayers
and in metallic AFMs [319]. Currently, it is still unclear under which conditions SOT's
dominate in our iIAFM/HM bilayers, but there has been first evidence for the presence
of both, SOTs and thermomagnetoelastic switching in similar systems [201, 310].
The dominance of thermomagnetoelastic switching in NiO/Pt bilayers allows us to
reconcile previously conflicting reports on current-induced switching resulting from
the use of different device geometries [40-42]. Thus, illustrating the importance of the
device geometry and strain in controlling the antiferromagnetic order.

However, the device geometry and patterning plays a role not only in the current-
induced switching, but also in determining the magnetic ground state of an antifer-
romagnetic device. We can use the shape of a NiO device to tailor its properties
via a strain-induced antiferromagnetic shape anisotropy. Similar effects have now
been observed in other AFMs such as CoO, see Sec. 5.3, hematite [65], and metallic
AFMs [66]. Although strain-induced shape anisotropy can be a general tool to manip-
ulate antiferromagnetic domain structures, it also requires high quality epitaxial films
with large domain structures and low pinning. Furthermore, the observed long-range
magnetoelastic interactions challenge the promise of small antiferromagnetic bits that
are stable against external perturbations [26]. While the absence of a stray field might
make AFMs less susceptible to external magnetic fields, their magnetoelastic coupling
limits their stability under the influence of strain. In addition, neighboring antiferro-
magnetic bits could influence each other due to the magnetoelastic coupling when bits
are encoded in a continuous film. These potential limitations need to be considered
in the development of future AFM spintronic devices.

Further, the heat- and strain-induced switching of insulating AFMs, such as NiO and
Co0O, may limit their upon integration into today’s CMOS technology, which suffers
from significant Joule heating [11, 12]. However, their strong magnetoelastic coupling
makes insulating AFMs, like NiO and CoO, perfect candidates for exploring energy
efficient devices in the developing field of straintronics [368, 369]. In addition, heat
and strain based switching also enables a non-contact based manipulation of the spin
structure [49].

Together with our collaborators, we have observed THz emission from NiO(001)/Pt
bilayers, which originates from a strain wave, caused by the optical irradiation and
ultrafast heating of the Pt layer [343]. Here, we demonstrate that laser-irradiation
of AFM/HM bilayers is not limited to magnon excitation [343, 345], but can be
used to create domains and domain walls in NiO and CoO platinum bilayers. Cur-
rently, the optical domain creation is achieved via laser-induced heating with pulse
trains [51]. However, the temporal limitations of our laser-induced domain creation
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are not explored and thermally based switching in ferrimagnets can be achieved via
60 fs pulses [349].

The optical creation of 180° domain walls and domains in NiO and CoO complements
current-induced switching and antiferromagnetic shape anisotropy in controlling the
domain structure. For instance, shape- and patterning induced effects allow us to
tailor the ground state of a device, while irradiation with laser light enables the local
creation of additional domains and domain walls. Such optically induced changes can
subsequently be removed via the current-induced switching of large areas. Having
control over the domain structure enables a more comprehensive study of its influence
on the properties of AFMs.

Overall, we have demonstrated and investigated three different ways to control the
magnetic order in insulating AFMs: current-induced switching, patterning-induced
effects, and manipulation by laser irradiation. We have contributed to expanding
the toolbox of antiferromagnetic spintronics with the establishment of three valuable
approaches to control and manipulate the domain structure of insulating AFMs. The
next challenge is to combine and exploit these tools for the further exploration of
antiferromagnetic insulatronics and the development of future spintronic devices.

Outlook

The tools developed in the course of this work can be used in future investigations
of insulating AFMs. In this section, we highlight two potential areas of fundamental
research that aim to advance the development of energy-efficient and ultrafast devices
based on antiferromagnetic insulators. The first area focuses on the development of
low-power magnon devices, that transport information by pure spin currents. The
second area centers around exploiting optical control and THz emission of insulating
AFMs for the development of ultrafast devices. In addition, we provide a broader
perspective on the role of NiO and CoO in future devices and highlight currently
developing research areas with high potential for AFMs.

Insulating AFMs offer a key advantage over their metallic counterparts: the poten-
tial for energy-efficient devices through long-distance spin transport [28]. Information
transport by spin currents, without charge transport, has been achieved over distances
of several pm in other insulating AFMs, such as a—Fey03 [29] and YFeO3 [30]. Con-
sidering the existing reports on spin transport in insulating AFMs [28, 199, 370, 371],
significant lateral spin transport can also be expected in NiO/Pt and CoO/Pt bilayers
[372, 373]. Once the lateral spin transport in NiO(CoO)/Pt bilayers is established, we
can investigate the impact of different domain states on magnon transport by current-
or shape-induced control of the domain structure. Previous investigations on hematite
have revealed that the spin transport length in films with large domains is increased
compared to smaller domains, due to possible spin dependent scattering of magnons at
domain walls [374]. In the case of a multi-domain sample, current-induced switching
could be used to create large domains, thereby increasing the spin transport length,
creating an “On” state. To reduce the spin transport length, the optical creation of
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additional domains and domain walls could be used to increase magnon scattering,
creating an “Off” state. Thus, the combination of spin transport and control over
the domain structure could advance the development of spin-logic devices [374, 375],
which are a key element for energy efficient magnon transport devices.

Another promising research area for insulating AFMs is the exploitation of ultrafast
frequencies of AFMs via optically induced switching or THz emission. A potential
material for optically induced switching investigations could be CoO. The observation
of laser-induced domain creation is particularly interesting for CoO thin films, due to
the creation of domains with 90° different in-plane orientation at a lower fluence than
for NiO. The temporal limits of the optically induced switching, the switching with
single pulses and the influence of excitations above the bandgap of CoO should be
explored. An additional promising material system is NiO(111), as we have observed
an optical spin torque in NiO(111)/Pt thin films in THz emission experiments [343].
The study of THz emissions from AFMs is another research area for potential ultrafast
devices, as the THz emission depends on the underlying domain structure [342, 343].
One could use patterning or current-induced switching to control the domain structure.
Thus, allowing for the potential tailoring of the signal shape and amplitude of the THz
emission. Furthermore, the generation of additional domain walls by laser-irradiation
could influence the coupling between the low and high frequency modes of NiO [99].
Thus, allowing one to tailor the THz emission of insulating AFMs.

The integration of spin-transport and ultrafast phenomena is vital for realiz-
ing ultrafast and energy-efficient spintronic devices. Omne example illustrating
the joint potential is the laser-irradiation of FM/AFM/Pt multilayers, such as
MgO(001)/Pt/CoO/FeCoB multilayers [376]. Laser-irradiation of the FeCoB layer
excites a spin current which is transported via THz magnons through the antiferro-
magnetic CoO layer (up to 5nm) and results in a THz emission in the heavy metal.
The combination of energy efficient spin-transport and ultrafast magnetization dy-
namics make insulating AFMs an attractive material platform.

From the materials class of insulating antiferromagnets, both NiO and CoO are often
used for the exploration of fundamental effects. However, there is no single AFM
that can be perfectly integrated into all future antiferromagnetic spintronic devices.
NiO and CoO may have disadvantages over other AFMs for some applications due
to their magnetoelastic coupling and sensitivity to strain. However, their advantage
is that the antiferromagnetic properties of both materials have been well studied for
over 60 years [144], and they are well understood. In addition, NiO and CoO have an
accessible Néel temperature, a well studied spin structure, and we now have several
tools to write and read their magnetic order [25, 106]. Thus, both materials serve as
prototypical AFMs for considerations on how AFMs could be integrated into future
technologies, like artificial neural networks based on AFMs [198, 377, 378|, and also
as platforms for the exploration of novel fundamental spintronic effects.

A fundamental research area that is currently emerging is the field of orbitronics,
which aims at harnessing orbital currents [379]. Insulating antiferromagnets, like NiO
or CoO, are attractive candidates to explore orbital effects in AFMs, due to their
sizeable orbital moment [380-382].
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Overall, NiO and CoO will continue to serve as prototypical insulating antiferromag-
nets for the exploration of fundamental spintronic effects and as a platform for the
development of concepts for novel spintronic devices. The findings presented in this
thesis contribute to this research by providing valuable tools to control and manipulate
the magnetic domain structure of insulating antiferromagnets.
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A | Sample Preparation

A.1 | Sample Growth

Reactive magnetron sputtering has been used to grow the epitaxial MgO(001)/NiO/Pt
and MgO(001)/CoO/Pt thin films used in this thesis, similar to previous studies
[42, 105, 137, 182]. Here, we briefly describe the growth of AFM samples at the
QAM4 chamber [229] in the Saitoh Laboratory via an automatic sputtering process.
We outline the key steps for the sputtering at the example of NiO thin films.

To achieve high-quality film growth, new MgO substrates are used, which have been
stored in an argon glove box before usage. We minimize the air exposure time of the
MgO substrates and place them face down in the sample holder, blowing them with
nitrogen before insertion into the loading chamber. Once the pressure in the loading
chamber reaches proaq < 5 X 107%Pa, the sample can be transferred to a central
chamber that connects the load chamber, chamber 1 (for sputtering non-magnetic
materials), chamber 2 (for sputtering magnetic materials), and chamber 4.

AFM Deposition

NiO and CoO are deposited by reactive magnetron sputtering at elevated tempera-
tures. We discuss the individual steps by following the temperature evolution in cham-
ber 2, as shown in Fig. A.1. The base pressure of chamber 2 was ps < 1.2 x 1075 Pa.

I To pre-anneal the MgO substrates the chamber temperature is first raised to
about T,=970°C and then kept there for 50 minutes. At the holder position this
is equivalent to an annealing of the MgO substrates at Tyz0 ~ 770°C.

II After annealing the substrates, the temperature is stabilized at the deposition
temperature Tp2=573°C, Tyigo ~ 430°C.

III The deposition process consists of multiple steps to avoid possible errors in the
automatic sputtering process. The sample holder rotates with 10 rpm.

i DC:20W, Ar=15sccm - sputtering for 10s with shutter closed.
ii RF:150 W, Ar=15sccm - sputtering for 300 s with shutter closed.

iii RF:150 W [HC:20W for NiO], Ar=15sccm, Oy # Osccm - deposition after
pre-sputtering.
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IV When the deposition is finished, the heater turns off and the sample cools down.
Once the chamber temperature is below Tcpe < 500°C the sample holder is
transferred to chamber 4 for a faster cooling. The sample cools down ideally
overnight or until temperature in chamber 2 is Tope < 100°C before further

depositions.
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Figure A.1: Temperature evolution in chamber 2 during the automatic deposition
procedure.

Machine errors in the automatic deposition can occur after step Il during the initial-
ization of the sputtering plasma in step III. It is likely that the deposition of material
over time in the chamber, such as the accumulation of excess material on the helical
coil (HC), can alter the optimal parameters for plasma ignition. If the plasma fails
to ignite, the deposition process is automatically aborted, and the heater is turned
off. In such cases, one can switch to manual operation mode of the sputtering system,
restart the heater, and, after the temperature is stabilized, initiate manual sputtering.
The samples used in this work have been grown by automatic sputtering deposition.
However, the samples grown by the author have mostly been grown with manual
deposition due to machine errors. Ongoing investigations by C. Schmitt indicate a
lower quality of the manually deposited thin films, which might be attributed to the
extended heating of the substrates and less stable deposition temperature.
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Growth Rates

The following growth rates have been used during sample deposition by the author.
The sputtering recipes for NiO and CoO have been developed by Dr. Rafael Ramos.
The author was supported by Dr. Takashi Kikkawa in the sample growth who also
provided guidance on the parameters for the non-magnetic materials.

Material | Power Gas Temperature Growth Rate

NiO | RF:150 W,  Ar:15sccm, 430°C 0.020nm/s
HC:20W 0O9:3sccm

CoO | RF:150W  Ar:15sccm, 430°C 0.046 nm/s
09:2 scem

Pt | DC:20 W Ar:15scem 21°C 0.023nm/s

Al | DC:2TW Ar:15scem 21°C 0.039nm/s

Cu | DC:20W Ar:15scem 21°C 0.027nm/s

W | DC:20 W Ar:15sccm 21°C 0.010nm/s

A.2 | Lithography Recipes

In the following, we outline the lithography steps used to pattern the devices used in
this thesis.

A.2.1 Sample Cleaning
The following procedure was used by the author for sample cleaning:
i Immerse sample in acetone beaker number for 180s in an ultrasonic bath.
ii Immerse sample in another acetone beaker for 180s in an ultrasonic bath.
iii Immerse sample in isopropyl alcohol (IPA) for 120s in an ultrasonic bath.

iv. Blow dry with nitrogen.

A.2.2 Optical Lithography
Spin Coating

The negative resist AR-N7520.17 was used for spin coating. After the placement of a
drop of resist on the sample, the rotation should be directly started.

Step Time Speed Acceleration
Prespin 2s 500rpm 500 rpm/s
Main 60s  6000rpm 4000rpm/s
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i 60s softbake at T' = 85°C on the hotplate

ii 60s cooldown of the sample

Exposure
iii Adjust pressure until fringes appear on the optical mask
iv 10s exposure with UV light
Development
v 100 s puddle development in AR300-47 developer
vi 20s development break in high purity water
vii Blow dry with nitrogen

Check the development under an optical microscope and increase development in steps
of 5-15s by repeating steps v-vii with adjusted development time.

A.2.3 Electron Beam Lithography

The positive resist polymethyl methacrylate (PMMA) A1l has been used for spin
coating. After the placement of a drop of resist on the sample the rotation should be
directly started.

Step  Time Speed Acceleration
Main 60s 4000rpm 4000 rpm/s

i Softbake for 180°C on the hotplate

ii 90s cooldown

For better conductivity insulating samples have additionally been coated with a con-
ductive e-spacer for PMMA. The conductive e-spacer minimizes charging effects during
focusing.

Step Time Speed Acceleration
Main 60s  3000rpm 3000rpm/s

Exposure
iii EHT voltage 20kV, Aperture 30(60) pm

iv Dose: 335uC/cm?, for smaller structures with proximity effects 64 % of dose can
be used
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Development
v 30s immersion in purified water to remove e-spacer

vi 45s immersion in methyl isobutyl ketone:iso-2-propanol (IPA) (MIBK:IPA with
1:3 ratio) for development

vii 30s immersion in IPA alcohol to stop development
viii Blow dry with nitrogen

Check the development under an optical microscope and increase development in steps
of 5-15s by repeating steps vi-ix with adjusted development time.

A.2.4 Etching

Ton beam etching has been performed in an lonsys500 ion etcher with an argon plasma.
The dosage has been 356 pA/cm? at 90° angle. For longer etch times, the etching
should be conducted in 30s steps to avoid heating effects. The etching time depends
on the desired depth, which can be measured with an atomic force microscope. Here
are two examples for MgO(001)/NiO(10)/Pt(2 nm) bilayers:

1. 65s etching removes approx. 6 nm, device with hole in Ref. [49].
2. 240s etching removes approx. 20 nm, shape pattern in Ref. [50].

After etching ruthenium (ca. 1nm) can be deposited into the trenches for better
visibility of patterns or markers in XMLD-PEEM. The resist can then be removed via
the above described cleaning process.






B | Results

B.1 | Current-Induced Switching

The following section reproduces part of the supplementary of Ref. [49].

B.1.1 COMSOL Simulations

We use COMSOL Multiphysics for 3D finite element modelling of the temperature and
strain profiles to study the current-induced heating and resulting strain contributions
in our different device and pulsing geometries. To set up the model we follow the steps
outlined in the tutorial model Heating-Circuit [383].

The device and substrate dimensions correspond to the actual experimental environ-
ment, we consider the platinum layer to be etched and the contact pads are simplified
to reduce computational efforts, see Fig. B.1 (a). We model the electrically gener-
ated heat in the Pt layer using the Electric Currents, Layered Shell interface from
the AC/DC Module. To model the heat transfer in the thin conductive layer we
use the Thin Layer feature from the Heat Transfer in Solids interface. The current-
induced heat can dissipate on the top of the platinum layer and on the bottom side
into the NiO layer. As boundary condition for the temperature distribution we as-
sume that the top and bottom of our sample are in contact with a 300 K environment
and that the heat transfer coefficients are 10 W/(m?K) between device and air and
500 W/(m?K) between the device and a sample holder [204]. We use the Structural
Mechanics Module to simulates the thermal expansion of the layers. The stresses are
zero at 293.15 K and the boundary conditions are determined by the Rigid Motion
Suppression of COMSOL.

We apply 0.1ms pulses with varying current densities across the platinum layers
(2nm). We modeled the end of the current pulse with a step function and displayed
here the strain and heat distributions at the surface of the NiO layer after 0.1 ms, see
Fig. B.1 (a,b) for the example of a cross shaped horizontal pulse.

We model the current induced heating by the current flowing through the platinum
layer. The subsequent current-induced temperature profile inside the NiO (and MgO)
leads to inhomogeneous thermal expansion, thus resulting in inhomogeneous strain.
Our approach here is similar to the one presented in Ref. [204] and we neglect the
shear strains u,,, which are significantly smaller in the switched regions of our devices
compared to normal strains, see Fig. B.1 (c-d).
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For the resistance of our platinum layer we use a measured resistivity of
2.8(3)-1077 Ohm-m. We use the temperature dependent heat capacities and thermal
conductivities for our materials reported in Ref. [384, 385]. For the temperature-
induced strain in the NiO and MgO layers, we use the following thermal expansion
coefficients o, Youngs moduli E and Poisson ratios v: NiO o = 14.1-10"K~! from
Ref. [386], E = 171.8 GPa and v = 0.384 from Ref. [387], MgO a = 10.42 - 10~ 6 K1
from Ref. [388], E = 249 GPa and v = 0.18 from Ref. [389].

(a) Current density [Am™] (b) Temperature [K] (c) Strain uyy
x10* x107
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340 2
330 0
320 2
310 -4
300
80 um
(d) Strain uyy (e) Strain uyy (f) Strain uyx-Uyy

x10™ x107* x107*

ﬂ : .l

Figure B.1: COMSOL simulations of the current distribution for a horizontal X-
shaped current pulse (j = 1.95-10'2 A/m?, At = 0.1 ms) (a), the temperature (b) and
the strain (c-f) in an Mgo(001)/NiO(10 nm)/Pt(2nm) thin film.
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B.2 | Antiferromagnetic Shape Anisotropy

In the following sections we reproduce and expand part of the supplementary informa-
tion from Ref. [50].

Reprinted with permission from Phys. Rev. B 106, 094430; Publication Date: Septem-
ber 26, 2022; https://doi.org/10.1103/PhysRevB.106.094430. Copyright (€)2022
American Physical Society.

B.2.1 XMLD Analysis

For our MgO(001)/NiO(10nm)/Pt(2nm) sample, we have observed X-ray magnetic
linear dichroism (XMLD) in Fig. B.2 (a), calculated as Ig-Iry, and an absence of cir-
cular magnetic dichroism (XMCD) in Fig. B.2 (b), indicating purely antiferromagnetic
ordering of our films. For subsequent XMLD imaging we have utilized the inversion of
the XMLD contrast at the Ni Ly edge at the energies £1=868.3¢eV, F,=870.1eV and
calculated the XMLD image by [I(E1)-1(Es2)]/[I(E1)+1(E2)]. By studying the XMLD
contrast dependence on the azimuthal angle v and angle of the beam-polarization w we
can identify in Fig. B.3 (a) four different antiferromagnetic domains to be present in a
rectangular element of 10 x 5 pm whose long axis is oriented along the [110] direction.
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Figure B.2: (a) X-ray absorption spectrum and XMLD for linear polarized X-rays in
the vicinity of the Ni Lo edge of our MgO(001)/NiO(10nm)/Pt(2nm) bilayer . (b)
X-ray absorption spectrum and XMCD for circular polarized X-rays. Adapted with
permission from Ref. [50]. Copyright 2022 American Physical Society.
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NiO is a compensated collinear antiferromagnet with two magnetic sublattices whose
magnetic structure is uniquely described by the Néel vector n. In bulk NiO crystals the
exchange-striction leads to a rhombohedral contraction along the (111) axes. Thus,
four T-domains can be formed with the spins being ferromagnetically coupled inside
the {111} planes and antiferromagnetically between the {111} planes, due to the su-
perexchange interaction. Within such a T-domain the spins can be oriented along three
possible easy axes (112), leading to three different S-domains per T-domain. There are
a total of 12 possible domains in bulk NiO crystals [31, 103, 113]. However, in NiO thin
films the growth induced strain from the substrate mismatch can lead to a preferen-
tial stabilization of S-domains parallel or perpendicular to the sample plane [109, 134].
In a previous study on similarly grown MgO(001)/NiO(10 nm)/Pt(2nm) thin films,
it has been observed that the epitaxial growth of NiO on MgO substrates results in
compressive strain, which lead to a preferential out-of-plane component of the Néel
vector [109, 134, 137]. By analyzing the contrast changes among the domains with
varying azimuthal angle v and orientation of the linear beam polarization w one can
determine the orientation of the Néel vector.

We use here the same code and procedure that Christin Schmitt has used previously
to determine the domain structure in our NiO thin films [137], the details of such
a fitting procedure are outlined in her Master thesis [390], here we only give a brief
overview. We can express the XMLD intensity I as a function of the experimental
parameters [286]

I = Iy + cos?(a), (B.1)

with Iy and I; as constants and « as angle between the the E-field of the X-rays E
and the Néel vector n. Using the angles 8, w and the incidence angle y = 16°, as
defined in Fig. 5.2, we can express the E-field as:

sin(w) - sin(x) - cos(y) — cos(w) - sin(7)
cos(a) = E-n = [ sin(w) - sin(y) - sin(y) + cos(w) - cos() | - n, (B.2)
sin(w) - cos(x)
In addition to XMLD also XNLD contributes to the observed signal. The additional
contribution arises from the growth on MgO(001) and the induced out-of-plane strain.
It depends on the angle 8 between the E field and the out-of-plane axes

0
cos(B)=E-[0]. (B.3)
1

Thus, the total angle dependent X-ray intensity can be expressed as

I =1Iy+ I cos®() + I cos* (), (B.4)

with I as additional constant. We can identify the orientation of the Néel vector of
our domains to be along [+5 £ 519] by extracting their angle dependent contrast and
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Figure B.3: Observed domain structure in patterned devices (a). Simulated and
experimental contrast of the different domains dependent on the beam polarization
for (a) v = —30° and (b) v = 45°. Adapted with permission from Ref. [50]. Copyright
2022 American Physical Society.

comparing their contrast changes with the expected contrast for the different domains
according to Eq. B.4, see Fig. B.3 (b,c).

Further details on the determination of the Néel vector orientation from the angle
dependent contrast variations can be found in Refs. [137, 268, 286, 390].

B.3 | Optical Domain Creation in AFM /Pt Bilayers

In the following sections we reproduce parts of the supplementary of Ref. [51] with
PETMISSIOn.

B.3.1 Irradiation with Laser Light
Irradiation has been performed by S. Wust and P. Herrgen (TU Kaiserslautern).

The irradiation of the NiO/Pt bilayer thin films has been performed ex-situ with an
ultrafast amplified laser system, Astrella (from Coherent), with a central wavelength
of 800nm and with a pulse repetition rate of 1kHz. The pulse lengths have been
determined by employing auto-correlation methods. The laser has been focused down
to 40 pm + 2 pm in diameter with an x50 objective, while the irradiation time has been
controlled using a electrical shutter system. We have determined the spot size and
calculated the fluences via the 1/e? width of the spot [391]. The intensity distribution
of the laser spot with respect to a typical domain image is depicted in Fig. B.4, more
details on the methods can be found in the supplementary of Ref. [345].
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Figure B.4: XMLD-PEEM image of the AFM domain structure of a
MgO(001)/NiO(10 nm)/Pt(2 nm) sample after irradiation with an overlay of the inten-
sity profile for a Gaussian beam with an 1/e? width of 40 pm. Adapted with permission
from the supplementary of Ref. [51] with enhanced contrast, see Appendix B.3.4.

B.3.2 Effects of Ablation

In addition to the antiferromagnetic contrast of the domain walls, we can observe
contrast at the center of the laser dot due to laser ablation of the platinum layer. In
the case of Fig. B.4, we used a pulse length of 6.7 ps, a laser fluence of 124-2m.J/cm?
for 2 second long irradiation. Considering the 1kHz repetition rate of our laser, we
illuminated the spot with a total of 2000 laser pulses. Ablation starts to occur when the
accumulated heat from the laser irradiation leads to an increase of the Pt temperature
higher than its melting point, causing structural changes of the Pt layer [392]. If we
increase the fluence to 16+2mJ/cm?, the damaged area becomes more homogeneous
as can be seen in Fig. B.5 (a). Although the Pt layer has been structurally changed,
the conductive layer is still intact and we can observe the underlying optically induced
domain structure in the NiO. Thus, the underlying NiO is not damaged and the dark
contrast in B.5 (b) is a result of the damaged capping layer and the high surface
sensitivity of X-PEEM imaging. For higher fluences of 2043 mJ/cm?, we can observe
in Fig. B.5 (b) the results of a two-step ablation process that is characteristic for metal
thin films [393]. In the outer part of the spot, the Pt layer is heated above its melting
temperature and similar deformations occur as for lower fluences. However, in the
center of the laser spot the accumulated heat reaches the boiling point of Pt and the
Pt layer evaporates. The absence of the platinum layer in the center of the dot leads
to charging during the X-PEEM imaging, as can be seen in Fig. B.5 (b).
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Figure B.5: XMLD-PEEM image of the AFM domain structure, of areas on a
MgO(001)/NiO(10nm)/Pt(2nm) thin film that have been illuminated with 2000
pulses of circular right polarized laser light with a pulse length of 6.7 ps and a flu-
ence of 16+2mJ/cm? (a) and 20+3mJ/cm? (b). Adapted with permission from the
supplementary of Ref. [51] with enhanced contrast, see Appendix B.3.4.

Annealing of Films

In order to validate the antiferromagnetic origin of the domain walls, we annealed
our MgO(001)/NiO(10nm)/Pt(2) sample above the Néel temperature of NiO. The
sample has been annealed at around 550 K under vacuum without the application of
a magnetic field for 15 minutes, before cooling down. The sample temperature during
this annealing process is plotted in Fig. B.6 (a). We have previously observed that such
an annealing procedure allows the reconfiguration of the domain structure, for example
by antiferromagnetic shape anisotropy [50]. To ensure that the sample is sufficiently
heated, we patterned differently oriented geometrical elements onto our sample. We
imaged the domain structure of these elements before Fig. B.6 (b) and after Fig. B.6
(c) the annealing process by birefringence imaging and observed a reorientation of
antiferromagnetic domains due to the annealing process. Confirming the sufficient
heating of our sample to allow for a reconfiguration of the domain structure. By
conducting a linear fit of the temperature decrease between 550 K and 500 K we can
estimate 3.0£0.2 K/min as an upper estimate for the cooling rate through the Néel
temperature of our film.
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Figure B.6: (a) The temperature evolution during the annealing of the sample.
(b) Birefringence image of the antiferromagnetic domain structure of a patterned
MgO(001)/NiO(10 nm)/Pt(2nm) element before the annealing procedure. (c) Bire-
fringence image of the same patterned element after the annealing process, dark and
bright contrast indicates an orthogonal in-plane projection of the Néel vector. Adapted
with permission from the supplementary of Ref. [51].

B.3.3 Laser-Induced Heating

The calculations have been performed by S. Hirtle (TU Kaiserslautern).

In the following, we investigate the laser-induced heating of our NiO layer. With our
simulation we intend to calculate a lower bound for the maximum temperature, which
is reached in the NiO layer and to show that this lower bound is higher than the Néel
temperature.

To estimate the timescale on which the energy dissipates in the Pt layer (the NiO
layer is neglected at first), we solve the heat transport equation

CPt% = rAT(r,t), (B.5)
to obtain the evolution of the temperature in time and space. Here, we take
k = 100Wm~'K~! as an upper bound for the heat transport coefficient of Pt at
high temperatures [394] and cp; = 2.74 - 10¢ Jm 3K ™! as the heat capacity of Pt ob-
tained by the Petit-Dulong law. By overestimating the heat transport coefficient s
and underestimating the heat capacity cpty for the temperature range between room
temperature Tioom = 300K and melting temperature Ti,.r = 2041 K, we obtain a
lower bound for the transport timescale. Due to the small thickness of the Pt layer
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of 2nm compared to the laser penetration depth of approx. 10nm [395] for a laser
wavelength of 800 nm, we assume homogeneous heating of this layer. Therefore, we
only have to solve the heat transport equation laterally in two dimensions. As a start-
ing point we choose a Gaussian distribution with the 1/e?-radius 7o = 20 pm, as it is
present in the Pt layer shortly after laser excitation, that is

2

2r
T(r,t =0) = Troom + (Tpeak — Troom) exp(—r—Q) . (B.6)

0

The solution to the heat equation (B.5) with starting condition (B.6) is given by
1.2 2
. 5777“0 T
T(’I‘, t) = Troom + (Tpeak - Troom) %71’7“(2] —l—fﬂ'%t eXp(_i%rg n 4%t> . (B.7)
t Pt

As the peak temperature Tpear the melting temperature Ty = 2041 K of Pt is chosen
as a lower bound for the temperature if ablation occurs. The obtained temperature
profile for different times is shown in Fig. B.7.
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Figure B.7: Simulated temperature profile of the Pt layer at different times. Adapted
with permission from the supplementary of Ref. [51].

It can be seen that the heat transport in the Pt layer takes place on a timescale
> 100ns. Based on the calculations of Ref. [396] for the conductance at Pt/insulator
interfaces and the calculated relaxation times, we expect relaxation times < 1ns for
the temperature equilibration at the Pt/NiO interface. The above estimations show
that heat transport from the laser-excited Pt layer to NiO takes place before any other
dissipation mechanisms are active. To estimate a lower bound of the temperature in
NiO, we assume therefore that Pt and NiO reach a joint temperature which can be
estimated by solving
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T

Tmelt
dPt/ Cpt (T/) dT/ = dPt/

for T" with the thicknesses dpy = 2nm and dyjo = 10nm for the Pt and NiO layer.
Here, we use experimentally obtained, temperature-dependent heat capacities for
Pt [397] and NiO [384] with linear inter- and extrapolation. By applying a root-
finding algorithm, we find 7" = 519 K.

This temperature estimate is slightly below the bulk Néel temperature Tix gux) =
523 K of NiO. However, in NiO thin films the Néel temperature is reduced with de-
creasing thickness [109]. We conducted XMLD-PEEM imaging of our thin films at
400K, see Fig. B.8 (a), and at 460K, see Fig. B.8 (b). We observed an absence of
contrast at 460 K indicating that the Néel temperature of our thin films is between
400K and 460 K.

Therefore, we deem it realistic that the laser-irradiation of our thin films can lead to
a local increase of the temperature of the NiO thin film above its Néel temperature
and to a reordering of the antiferromagnetic spins.

(a) T= 400 K (b) T= 460 K
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Figure B.8: Temperature dependent antiferromagnetic contrast in XMLD-PEEM
of a MgO(001)/NiO(10nm)/Pt(2nm) film at 400K (a) and at 460K (b). Adapted
with permission from the supplementary of Ref. [51] with enhanced contrast, see
Appendix B.3.4.
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B.3.4 Image Processing

The contrast of the XMLD-PEEM images can be enhanced by using an image pro-
cessing software, such as Fiji [398]. Usually, the combination of a linear background
subtraction and brightness/contrast adjustment is sufficient for contrast enhancement.
However, reducing the dynamic range for contrast enhancement can result in a loss
of detail. This is particularly an issue in images where there are additional defects
or structures that appear very bright or dark in the XMLD-PEEM images and are
close to the domain structure, such as the areas where the platinum capping has been
altered by laser irradiation, see Fig. B.9 (a).
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Figure B.9: (a) XMLD-PEEM image of the AFM domain structure, of areas on
a MgO(001)/NiO(10nm)/Pt(2nm) thin film that have been illuminated with 2000
pulses of circular right polarized laser light with a pulse length of 6.7 ps and a fluence
of 16+2mJ/cm?. (b) The same XMLD-PEEM image after using a FTT band-pass
filter (1-30 px) and subtraction of the same image with a Gaussian blur (30 px).

To further enhance the visibility of the narrow domain walls, we use a combination of
a fast Fourier transformation (FFT) band-pass filter and a background subtraction of
the same image blurred with the Gaussian blur filter. Fiji’s FFT band-pass filtering
allows it to filter out features that are much larger than the narrow domain walls we
are interested in, and background subtraction with a Gaussian blur increases the con-
trast. However, near the edges of patterned elements or areas of ablation, subtraction
can introduce image artifacts. In Fig. B.9 (b) the subtraction results in a white border
around the laser ablated area which is not of magnetic origin but a result of image
processing. Such effects must be taken into account when interpreting the contrast.
However, these effects can be minimized by performing the Gaussian blur and sub-
traction only in the region of interest. For example only in the non-etched areas of a
patterned shape, as has been done for Fig. 5.11.






C | Other Information

C.1 | Contributions

This section details the contributions of the author and co-workers (from JGU Mainz
if not noted otherwise) to the results presented in this work.
Current-induced switching of AFM /Pt bilayers

i Imaging of the domain structures by the author and F. Schreiber.

ii Electrical measurements by F. Schreiber, supported by the author.

iii Sample growth by C. Schmitt, Dr. R. Ramos (Tohoku University at the time) and
A. Rajan under the supervision of Prof. Dr. E. Saitoh (Tohoku University).

iv Data evaluation by the author, supported by Dr. L. Baldrati, Prof. Dr. O.
Gomonay and F. Schreiber.

v Sample fabrication and design by Dr. L. Baldrati and the author, supported by
T. Reimer.

vi Manuscript writing by the author, Dr. L. Baldrati, F.Schreiber and Prof. Dr. M.
Kl&ui with input from the co-authors.

Own contributions: See above and COMSOL simulations.

vii Pulselength dependent studies by M. Schwager, supported by the author, for de-
tails see Ref. [313].

viii Device sensitivity studies by F. Schreiber, supported by the author, for details see
Ref. [217].

Antiferromagnetic shape anisotropy

i Imaging during beamtimes was led by the author, supported by C. Schmitt, F.
Fuhrmann, B. Bednarz, A. Rajan and the beamline scientists: Dr. F. Kronast,
Dr. M.-A. Mawass, Dr. S. Valencia (at BESSY) and Dr. M. A. Nino and Dr. M.
Foerster (at ALBA).
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ii Sample growth by C. Schmitt, Dr. R. Ramos (Tohoku University at the time)
and A. Rajan under the supervision of Prof. Dr. E. Saitoh (Tohoku University).
Additional Ru deposition by L. Schnitzspan.

iii Data evaluation by the author, supported by C. Schmitt.

iv Sample annealing by the author and L. Schnitzspan.

v Sample fabrication and design by the author supported by T. Reimer.
vi Theory and magnetoelastic simulations by Prof. Dr. O. Gomonay.

vii Manuscript writing by the author, Prof. Dr. O. Gomonay and Prof. Dr. M. Kléui
with input from the co-authors.

Own contributions: See above and birefringence imaging.

Optically induced switching in AFM /Pt bilayers

i Imaging during beamtimes was lead by the author, supported by C. Schmitt, F.
Fuhrmann, B. Bednarz, A. Rajan and the beamline scientists: Dr. M. A. Nifo,
Dr. M. Foerster (at ALBA), Dr. F. Kronast (at BESSY), and Dr. A. Kleibert (at
SLS).

ii Sample growth by C. Schmitt, Dr. R. Ramos (Tohoku University at the time)
and A. Rajan under the supervision of Prof. Dr. E. Saitoh (Tohoku University).
Additional Ru depositions by L. Schnitzspan, M. Syskaki and F. Kammerbauer.

iii Sample fabrication and design by the author supported by T. Reimer.

iv Laser irradiation at TU Kaiserslautern by S. Wust and P. Herrgen supported by the
author under the guidance of Dr. B. Stadtmiiller and Prof. Dr. M. Aeschlimann
(all TU Kaiserslautern at the time, except the author).

v Simulation of temperature increase by S. Hirtle and Prof. Dr. B. Rethfeld (both
TU Kaiserslautern).

vi Manuscript writing by the author and Prof. Dr. M. Kldui with input from the
co-authors.

Own contributions: See above, data evaluation, annealing and birefringence imag-
ing.
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