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Chapter 1

Introduction

Perovskite oxides exhibit a great diversity of functional properties ranging
from insulating, semiconducting, metallic to superconducting, from ferro- to
antiferromagnetism. [1-4]

They show colossal magnetoresistivity, multiferroicity, catalytic characteristics,
and thermoelectricity.['24 These properties pave the way for their applica-
tion in a variety of functional devices, for instance from the fields of magne-
toelectronics, spintronics, or optoelectronics.[?3 The common ABOj3 crystal
structure and the corresponding lattice mismatch of typically a few percent en-
able the epitaxial stacking of dissimilar perovskite oxides with high interfacial
quality.l! Such epitaxial interfaces inherently break the inversion symmetry
and can induce strain and charge transfer, modify the B-O-B angles and bond
lengths, and result in A-site displacements.!!) These can thereby significantly
alter the structural, electronic, and magnetic characteristics of the individual
layers.!! Additionally, new phenomena can emerge at these interfaces being
absent in bare films, such as non-collinear magnetism, as it was stabilized for
instance by charge transfer at the interface of Lag/gsrl/gMn03—LaN103[5] or
interfacial Dzyaloshinskii-Moriya interaction at LaMnOs-SrIrOs interfaces. !
Thanks to the improvement of thin film deposition techniques and in situ
growth monitoring possibilities, the growth of high quality epitaxial thin films
and heterostructures with reproducible properties was achieved.!!

The use of the materials in reliable devices can only be realized when the ma-
terial characteristics are well understood and controllable.

In the focus of this thesis are the two perovskite oxides strontium ruthenate
(SrRuOs3) and Ru-substituted strontium lanthanum manganite
(Lag.¢7Sro.33RuyMn; ,O3), which are promising candidates to host magnetic
skyrmions in epitaxial thin films and heterostructures.”-8l

Due to their topological protection, the smallness, and the possibility of con-
trolled creation and annihilation, magnetic skyrmions are considered as poten-

tial building blocks for future magnetic storage devices or reservoir
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computing.!® 12l In contrast to metallic multilayers where free electrons are
typically strongly screened, the manipulation of magnetic skyrmions by electric
fields is expected to function effectively in insulating or bad metallic all-oxide
heterostructures.'3) Thus, the stabilization of skyrmions in perovskite oxide
heterostructures is of great technological interest due to the potential of non-
volatile magnetic storage devices with reduced power consumption but high
information storage density.!

The itinerant 4d ferromagnet SrRuOs, that has a remarkably large conduc-
tivity among the family of oxides, was recently studied extensively due to the
proposal that nanometer-sized Néel skyrmions can form in ultrathin films or
when it is interfaced with the strong spin-orbit coupling SrIrOs.[713:14] Here,
the existence of skyrmions in SrRuQOj3 layers was primarily concluded from the
observation of peculiar hump-like features in the Hall resistance loops. How-
ever, the existence of skyrmions in StRuQO3-based heterostructures is still under
debate and also addressed with original contributions within the framework of
this thesis.

Mixed valence manganites show rich electric and magnetic phase diagrams
upon temperature and composition on the A-site. Its spin polarization close
to unity, the colossal magnetoresistance, and the ferromagnetic transition tem-
perature above room temperature make Lag g7Srg.33MnO3 (LSMO) a highly
interesting material in the context of miniaturized spintronic applications.
Orbital, electronic, and lattice degree of freedom are strongly coupled, which
offers the possibility to modify the magnetic and magnetotransport properties
efficiently.[¥ One example is the magnetic anisotropy in LSMO thin films or
heterostructures, which can be tailored by variation of epitaxial strain, B-site

s.[415] The realization of moderate perpendicu-

substitution, or film thicknes
lar magnetic anisotropy is one of the key ingredients to stabilize magnetic
skyrmions in magnetic multilayers. If the Dzyaloshinskii-Moriya interaction,
generated at the interface of the magnetic thin film with a strong spin-orbit
coupled layer, is of comparable strength with the Heisenberg exchange interac-
tion in the ferromagnet and the magnetic anisotropy, non-trivial spin textures,
such as magnetic skyrmions or chiral domain walls, might be stabilized.

Features mimicking a skyrmion-generated topological Hall effect were indeed
observed in the Hall hysteresis loops of 30 nm thick Lag.7Srg.3Mng.95Rug.0503
films, deposited under compressive strain on LSAT(100).®]

Motivated by this observation, the tailoring of the magnetic anisotropy in



Lag 75rg.sMn; _,Ru,O3 thin films and its impact on the magnetotransport was

studied by varying the film thickness in the scope of this dissertation.

The topic of magnetism in thin films is introduced by giving two examples
of tuning knobs to tailor the magnetic state of epitaxial heterostructures: the
magnetic anisotropy and the coupling between the individual magnetic lay-
ers (Chapter 2.1). Subsequently, most relevant magnetotransport phenomena
that can be observed in magnetic conductors, such as the studied perovskite
oxides, are presented. Since the focus of this thesis is on the magnetic and
magnetotransport properties of epitaxial heterostructures based on the two
ferromagnetic perovskite oxides SrRuO3 and Lag.7Sr0.33Mn; - yRu, O3, a short
overview of the structural, magnetic and magnetotransport properties will be
given in Chapter 2.2. The experimental methods that are most relevant in the
framework of this thesis are presented in Chapter 3.

Motivated by the proposal of a skyrmion-generated topological Hall effect in
SrRuO3-SrIrO3 bilayers, the real-space magnetic imaging was addressed in
Chapter 4 by a magnetic force microscopy study combined with magnetotrans-
port investigations of a capped SrRuO;3-SrIrO3 bilayer and a bare SrRuOj
reference thin film.

One motivation for the design of epitaxial oxide multilayers was to stabilize a
skyrmion phase at elevated temperatures, as it was achieved in metallic multi-
layers due to dipolar interactions and interlayer exchange coupling.!'6-19) The
investigation of the type and strength of the magnetic interlayer coupling in
SrRuOs-based heterostructures is discussed in Chapter 5.

Unconventional features in the Hall resistance were recently taken as an exper-
imental proof of skyrmion phases. The possible pitfall of such procedure mo-
tivated Chapter 6. The presented magnetotransport investigations of SrRuOs-
SrIrO3 heterostructures illustrate that unconventional features resembling a
topological Hall effect can be generated in all-oxide multilayers without the
presence of skyrmions.

The last part of this thesis focuses on Ru-substituted lanthanum strontium
manganite thin films. The possibility to tune the magnetic anisotropy of
Lag.7Srp.3MnOj3 thin films by comparably small modifications of the heterostruc-
ture design makes the material class highly interesting in the context of the
stabilization of non-collinear magnetic textures. The tailoring of the magnetic
anisotropy in Lag.675r¢.33RuyMn;_,O3 thin films, by thickness variations, tem-

perature, and Ru content, is discussed in Chapter 7. It is shown that moderate
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perpendicular magnetic anisotropy can be induced in Lag.¢75r9.33Mng.95Rug 0503

thin films at low temperatures, when they are deposited under weak compres-

sive epitaxial strain and are of intermediate thicknesses.

Chapter 8 is dedicated to the magnetic and magnetotransport properties of one
specific LSMO thin film of this series, a 42.5 nm thick Lag g7Srg.33Ru0.05Mng.9503
film, where in-plane anisotropic magnetoresistances are related to the magnetic

anisotropy and the corresponding magnetic domain structure.
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The aim of this chapter is the presentation of the basic physical properties
of magnetic thin films which are relevant for the research presented in this
thesis. Firstly, the most important contributions that determine the magnetic
anisotropy in magnetic thin films are discussed. The different mechanisms of
the magnetic interlayer coupling, which will be investigated for STRuO3-SrIrO;
heterostructures in Chapter 5, are presented subsequently. The purpose of
Chapter 2.1.3 is to introduce magnetotransport phenomena that are observed in
magnetic conductors. The two main perovskite oxides under study, StRuO3 and
Lag.7Srg.3sMn;_,Ru, O3, are presented in Subsection 2.2. Due to the scientific
debate on peculiar features in the Hall effect in StRuO3 thin films, this topic
is in the focus of Chapter 2.2.1.
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2.1 Magnetism and magnetotransport in thin
films

The magnetic state of a system is dictated by the minimization of the total
(free) energy Eio (if thermal fluctuations and higher order exchange interac-

tions can be neglected):[!
Eiot = Eox + Epmr + Eani + I, (2.1)

with the symmetric Heisenberg exchange energy Fey, the antisymmetric

Dzyaloshinskii-Moriya exchange energy Fpmr, and the anisotropy energy Fap;.
The Zeeman energy FE, represents the energy change in presence of a magnetic
field and is minimized for the alignment of the magnetic moments along the
applied magnetic field. The subsequent chapter will focus on the magnetic

anisotropy Fan;.

2.1.1 Magnetic anisotropy

Due to the presence of spin-orbit coupling and dipole-dipole interactions, the
magnetic energy of a system depends on the orientation of the magnetization
with respect to sample specific directions, determined by crystallographic axes
or sample geometry.l2! This energetic preference of the magnetization orien-
tation is named magnetic anisotropy and leads to the existence of magnetic
hard and easy axes (or planes).l’l The different contributions that determine
the total magnetic anisotropy, such as the magnetocrystalline, shape, and the

magnetoelastic anisotropy, will be discussed subsequently.

Magnetocrystalline anisotropy

Magnetocrystalline anisotropy (MCA) describes the preferential alignment of
the magnetization M along crystallographic directions!®? and originates from
the interplay of the crystal field and spin-orbit coupling.!®?! The crystal field,
which is dictated by the crystal stucture, causes the existence of a preferred
orientation of the orbital moment. Due to spin-orbit coupling, this leads to an
energetically favorable alignment of the total magnetic moment with respect
to the crystal axes.[2!

Because of the complexity of theoretical ab initio band structure calculations

of the magnetocrystalline anisotropy, phenomenological descriptions are often
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considered instead.l3] The magnetocrystalline anisotropy energy, which has to
reflect the symmetry of the crystal lattice and electronic structure, can be

expressed in terms of an expansion:[?!
Emc = K() + K1f1 (]/\2 (T)) + Kgfg (]/\2- (’I”)) + ... (22)

with the anisotropy constants K;. The functions f; depend on the magneti-
zation orientation M with M = M /M. This is typically described by the
cosine of the angle a; which is enclosed between the magnetization direction
and the cartesian axes (]\//E = cos ai).[?’} In inversion symmetric systems, only
even functions f; are allowed in Equation (2.2).

If a magnetic system has an easy axis u, but is isotropic in the corresponding
plane perpendicular to this axis, the system shows uniaxial magnetic anisotropy.
Such a situation is often seen in systems that have a single axis of high
symmetry. If the easy axis of the system is given by w, with w along the z
direction, and ® the angle between the anisotropy axis w and the direction of

magnetization M, the uniaxial magnetic anisotropy is given by:[l
EM = KM 4 K™ sin? @ + K3 sin® @ + ... (2.3)

with the uniaxial anisotropy constant of first and second order K™ and K3y™i,

respectively.

Magnetoelastic anisotropy

If stress is applied on a magnetic specimen, for instance by epitaxial strain
due to the heteroepitaxial growth on a substrate, the symmetry may be re-
duced, which can allow anisotropy terms that are forbidden in the unstrained
film.[¥) Under the assumption that the magnetic system is elastically isotropic
with magnetostriction coefficient A, the energy contribution (per unit volume)

originating from magnetoelastic anisotropy is:?

En = f;)\a cos® © (2.4)

O describes the angle between the magnetization and the direction of uniform

strain. o is the stress, which can be expressed in terms of the strain € by the

elastic modulus E: o = Ee.l?]
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Shape anisotropy

In a uniformly magnetized sample of finite dimensions, uncompensated mag-
netic poles will form at the surfaces that generate the so-called demagnetization
field.[2! Tt is proportional to the magnetization M, but oriented in opposite
direction:!?

H,=-NM (2.5)

with the demagnetization tensor N , which is determined by the geometry of
the magnetic specimen. The energy associated with the demagnetization field
is given by:[?

1
Ed = —W,uo/HdeV (26)

In case of magnetic thin films with lateral extension in x- and y-direction in
the infinite plane limit, all tensor elements, except for N,, = 1, are zero.%3!

Then, the shape anisotropy energy per unit volume V of the film is:[?

1
E;= §UOM2 cos® © (2.7)

with the angle © between the film normal and the magnetization direction.
Thus, the demagnetization energy is minimized in magnetic thin films' when

the magnetization is aligned in the thin film plane.?!

Surface anisotropy and roughness induced magnetic anisotropy

At surfaces or interfaces between dissimilar materials, the environment of the
magnetic ions differs from the surrounding of the magnetic ions in the bulk,
which is reflected in the magnetic surface anisotropy (MSA). Due to the ratio of
surface and bulk, the MSA gets particularly important, sometimes even dom-
inating, in ultrathin films and multilayers.[®l The surface anisotropy is related
to the missing bonds at the surfaces and the induced strains in the bonds with

[6,7]

the surface atoms. In Néel’s phenomenological model, the surface atoms

environment thus has reduced symmetry, which leads to additional anisotropy
contributions. [®!

The existence of surfaces also impacts on the dipole-dipole interactions, which
differ for the magnetic moments in the bulk and at boundaries.[”] Draaisma

and de Jonge showed that the magnetic continuum approach is no longer valid

1 Referring to Draaisma and de Jonge, ultrathin films should not be treated as a magnetic
continuum but rather as discrete magnetic dipoles on a lattice.[2:5]
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in case of ultrathin magnetic films, which they treated as discrete magnetic
dipoles on a regular lattice instead.l®) They demonstrated that the existence
of surfaces leads to the appearance of an additional dipole-dipole-related sur-
face anisotropy contribution.!”) Furthermore, it was shown that the magnetic
anisotropy contributions of the surface and the volume can be disentangled due
to the distinct scaling with the film thickness. !

Not only the surfaces, but also the details of the surface morphology impact
on the total magnetic anisotropy.l® Substrates with a step-terrace-like struc-
ture are often utilized in the epitaxial thin film deposition in order to ensure
pseudomorphic crystal growth. In case of high-quality thin film growth, the
magnetic film surface maintains the substrate-induced structure so that the
environment of the magnetic ions on the surface is dependent on the exact
position on the sample, i.e. on the flat terrace or at the step edge.[%l At step
edges, the locally broken bonds and missing atoms were considered to modify
the magnetocrystalline anisotropy,) referring to Néel’s model. Also the local
contribution to the magneto-elastic anisotropy varies at the step edges, since
the existence of terraces causes strain within the magnetic ilm!'% and influ-
ences the strain relaxation.”) Furthermore, the magnetostatic shape anisotropy
differs locally in presence of non-coplanar surfaces!'!! due to the increased lo-
cal roughness.[®19 In 25nm thick Lag 7Sr0.33MnO3 thin films deposited on
vicinal (0.24°) SrTiO3(100) substrates, the terraces were found for instance to
lead to in-plane uniaxial anisotropy at room temperature with the easy axis
aligned along the step-edge direction and the hard axis perpendicular to the

step edges. [

Determination of the effective magnetic anisotropy

The different contributions of the effective magnetic anisotropy constant Keg
can be phenomenologically categorized into volume and surface terms. In the
so-called coherent strain regime, when the imposed strain is small, the vol-
ume anisotropy contains the magnetocrystalline anisotropy Ki,, the strain

2]

anisotropy K" and the shape anisotropy Kq.[2 The effective anisotropy

ms ?
constant K¢ is then the sum of the volume contributions and the surface

anisotropy constant Kgy face:

Keg = K + Kﬁ?sh + K4 + Kgurtace (28)
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Kurface Scales with the film thickness ¢ as 1 /t.[G] In case of a stepped surface
with terraces of width d, Ky face contains an additional contribution that scales
with 1/(dt).[f]

The required energy to reorient the magnetization by dM in a magnetic field
H is poH - dM . Following Johnson et al. and Yi et al., the effective (per-
pendicular) magnetic anisotropy energy can then be determined experimentally
by the calculation of the area between the out-of-plane and in-plane magnetic
hysteresis loops (in the first quadrant of the hysteresis loop).[2’12] As illustrated

in Fig. 2.1, the perpendicular anisotropy energy density is:

Kperp = uo/ Moop dH — uo/ Mp dH (2.9)
0 0

However, this method can be problematic when the applied magnetic field
is insufficient to saturate the magnetic sample in the hard axis orientation.
Angular dependent measurements with fixed applied magnetic field and the
corresponding fitting are used alternatively in order to determine the effective

magnetic anisotropy.?
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Figure 2.1: (a) Magnetic hysteresis loops with the magnetic field applied per-
pendicular (blue) and parallel (grey) to the surface of a fictous thin film. (b)
Zoom-in to highlight the area enclosed by the OOP- and IP hysteresis loops
used to experimentally determine the perpendicular magnetic anisotropy. The
calculation of the PMA is based on the procedure described in Ref. [12]. Figure
inspired from Ref. [12].
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2.1.2 Mechanisms of magnetic interlayer coupling

When magnetic layers are epitaxially stacked in a heterostructure, the mag-
netic coupling between the layers can influence the properties of the entire
heterostructure.

Initially motivated by the observation of antiferromagnetic coupling between

(13.14] and further driven by its relevance for several

Fe films through a Cr spacer
applications, intense research was performed on the experimental and theoret-
ical understanding of the magnetic interlayer coupling. The magnetic coupling
of two ferromagnetic layers which are separated by a non-magnetic spacer can
be mediated by various mechanisms.

Several theoretical models were developed to describe the indirect exchange
coupling mechanism, such as the spin-current model by Slonczewski, ! valid
for insulating spacers at T=0, or the Ruderman-Kittel-Kasuya-Yosida (RKKY))
model, which is capable to explain the oscillatory dependence of the coupling

strength depending on the metallic spacer thickness.[16-18]

1000 I B — 100.0 - - _ )
| metallic spacer I ‘i insulating spacer |
1 T=0 . T=0
500 < AF 50.0 ‘l
J, (107 ergem™) 4 3, 10° ergem™) '
00 ~I»f— 00
50.0 j F ‘ 500 -
1 |
] (a) | ] (b)
1000 T T T -100.0 -] LI e e o {
00 50 100 150 200 250 300 00 50 100 150 200 250 300
D(A) D(A)

Figure 2.2: Thickness dependence of the interlayer exchange coupling strength
J1, calculated within the quantum interference model by Bruno, for metallic (a)
or insulating spacers (b) at T = 0. The thickness of the ferromagnetic layers
was infinite, the Fermi energy was 7 eV, the exchange splitting 1.5 eV; U = 0 for
(a) and U - e = 0.1 €V for the insulating spacer in (b). Figure adapted from
Ref. [14]. Reprinted subfigures with permission from P. Bruno, Physical Review
B 52, 411 (1995), Copyright 1995 by the American Physical Society.

A generalized description of the interlayer exchange coupling (IEC) for metal-
lic and insulating spacers, including the above mentioned models as special

cases, was achieved by the concept of the complex Fermi surface, introduced
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by Bruno.'*'9 In his Theory of interlayer magnetic coupling, the IEC orig-
inates from the quantum interferences of electron waves caused by multiple
spin-dependent reflections at the interfaces of the ferromagnetic layers and the
(dia- or paramagnetic) spacer.[14:19]

This (analytical) quantum interference approach starts from the free electron
model, where the bottom of the majority bands of the two ferromagnetic layers,
assumed to have identical properties, is defined as zero energy. The spacer has
a potential U and the exchange splitting is the potential of the minority bands.
When the magnetizations of the two ferromagnetic layers make an angle O,
the interlayer coupling energy per unit area for the two layers A and B was

expanded as:[1419]
Eag=Jo+ J cos®+ Jycos2O + ... (2.10)

where Jj is the non-magnetic coupling and J; the biquadratic coupling.
According to Ref. [14], the Heisenberg coupling constant Ji, in the limit of

large spacer thickness D and for semi-infinitely thick ferromagnetic layers, is

given by:
h2k2 QWkgTDm
J(T) = 5L Im(Ar2e2ikeDy ke (2.11)
4m?mD sinh ’Thfjika

with the Fermi wave vector of the spacer kg, the spin-asymmetry of the re-
flected amplitudes at the FM-NM interfaces Ar2, the electron mass m, and the
Boltzmann constant kg. In case of an insulating spacer, Equation (2.11) is valid
only at temperatures lower than 77 = 22;%.[14] While the Fermi wave vector
kr = \/2m(ep — U)/h? is real for metallic spacers, kp = i\/2m(U — ex)/h* is
imaginary for an insulating spacer.['¥) Therefore, Equation (2.11) predicts an
oscillatory dependence of the IEC on spacer thickness for metallic spacers, but
an exponential decrease for increasing spacer thickness for insulating spacers
(see Fig. 2.2).1419 Given by the last factor in Equation (2.11), a temperature-
induced decrease of the IEC strength is expected for metallic spacers, while it
increases in the case of insulating spacers.

The extension of this approach to finite ferromagnetic layer thicknesses addi-
tionally predicts oscillations of the coupling strength on the thickness of the fer-
romagnetic layer.'*) At T=0, J calculated by the quantum interference model
is reduced to the result proposed by Slonczewski.[1415:19]

For the description of the general theory of interlayer exchange by quantum

interference for realistic multiband systems, the reader is referred to Ref. [14].
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Independent of the electronic properties of the spacer, direct exchange coupling
can be realized by the formation of areas where the two magnetic layers are
in direct contact, because the spacer thickness vanishes2% (compare Fig. 2.3

(d)). These so-called pinholes acting as direct connection between the two mag-

21,22]

netic layers lead to ferromagnetic coupling,.| Their formation probability

is increased for decreasing spacer thickness and therefore most important for

heterostructures with ultrathin spacers.[23:24)

Additionally, magnetostatic interactions are capable to influence the magnetic
interlayer coupling significantly.(?>26] Such magnetostatic interactions due to

magnetic stray fields can be induced by local nonuniformity of the magne-

[27,28]

tization in the ferromagnetic layers due to the interface topography or

when the layers exhibit multiple magnetic domains instead of a single-domain

state.(29-31]

(a) (b)

(d)

FM2

NM

FM1

Figure 2.3: The magnetic layers separated by a non-magnetic spacer can be
coupled magnetostatically by orange-peel coupling. In case of weak perpendicu-
lar magnetic anisotropy (with respect to the exchange stiffness), the alignment
is parallel (a), whereas it is antiparallel (b) when the perpendicular magnetic
anisotropy is strong. (c¢) Magnetostatic stray field coupling of the two ferromag-
netic layers induced by the presence of magnetic domains of width d. Direct
ferromagnetic coupling of the ferromagnetic layer FM1 and FM2 via pinholes
(d). Figures (a) and (b) are based on Ref. [28]. Figure (c) is based on Ref. [30].
Figure (d) is inspired from Ref. [22].
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Here, the shape of the sample and the magnetic domains impact on the stray
field coupling,®®32] which was found to become relevant for submicron-sized
devices.[32]

Another origin of magnetostatic interactions in thin film heterostructures is
(correlated) surface roughness, which can be introduced for instance by the
usage of vicinal substrates that possess a step-terrace like structure.l33 Fur-
thermore, wavy interfacial roughness can be obtained by strain relaxation in
epitaxial heterostructures.® The subsequent layers of a heterostructure will
approximately follow the surface roughness of the initially deposited thin film,
leading to correlated roughness of the layers. This was taken as one basic as-
sumption of the orange-peel coupling model, developed by Néel.27l In case of
in-plane magnetized layers, the magnetic exchange will favor the parallel align-
ment of the magnetic moments within the individual layers which leads to the
formation of surface charges due to the interface roughness. The interaction
between the surface charges through the non-magnetic spacer will then favor

the parallel alignment of the magnetic moments of the two magnetic layers.!?7)

Here, the orange-peel coupling field is:3%]

w2 s h? —2m\/2t 4
Hop = 7 (22, TAmV s 2.12
op \/§<Atf> eXp( ) ) (2.12)

with the thickness of the spacer layer t,, the thickness and the magnetization of
the free layer? tp and M. A and h are the wavelength and the amplitude of the
sinusoidal roughness profile.*®! According to Equation (2.12), the orange-peel
coupling field decreases exponentially with the spacer thickness t5. Large values
of Hop can be obtained for large magnetizations My and when the square of the
rougness amplitude h is significantly larger than the product of the roughness
wavelength A and the free layer thickness ;.

As shown by Moritz et al.,*®! ferromagnetic or antiferromagnetic coupling
can be favored for magnetic layers having perpendicular magnetic anisotropy.
Whether the alignment of the magnetizations in the coupled layers is parallel or
antiparallel depends on the relative strength of the magnetic anisotropy and the
exchange stiffness as well as on the details of the interfacial roughness. When

the magnetic anisotropy is weak, the magnetization is aligned parallel to the

2 Schrag et al. used Equation (2.12) in their work on magnetic tunnel junctions to describe
the magnetic interlayer coupling between a NiFe layer and a Co layer.[35] While the
magnetization of the Co layer was pinned to the magnetization direction of an enclosed
magnetic structure, the magnetization of the free layer was not pinned to this underlying
structure and could be reoriented more easily by the application of a magnetic field.
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average surface normal (cf. Fig. 2.3 (a)). In presence of correlated interface
roughness, this leads again to the existence of surface charges with opposite
orientation when the magnetizations of the two magnetic layers are oriented
parallel. In contrast, the magnetic moments are locally aligned perpendicular to
the thin film surface in the case of strong magnetic anisotropy./?8! As presented
in Fig. 2.3 (b), this will create in-plane components of the magnetization!2$:3¢
and therefore volume charges. Due to the interfaces being uniformly charged
this time, the dominant magnetostatic interaction is induced by the volume
charge densities that oscillate in the direction of the interface waviness. For
antiparallel alignment of the magnetization in the two layers, the volume charge
densities oscillate out-of-phase, which is energetically favorable so that antipar-
allel alignment of the magnetic layers is favored in the case of strong perpen-

dicular magnetic anisotropy.?8!

Magnetostatic coupling between magnetic layers can also be created by the
interaction of magnetic stray fields when the magnetization structure of the lay-
ers is non-uniform due to the existence of magnetic domains. While in systems
with perpendicular magnetic anisotropy these stray fields are generated mostly

by the magnetic domains themselves,29:30:37]

the domain walls create strong
stray fields in magnetic systems with in-plane magnetic anisotropy.[26:3841]
The decrease of the nucleation field in the magnetically soft layer in presence
of domain walls in the magnetically harder layer and its effect on the soft layer
magnetization reversal has been attributed to magnetic stray fields.[®%4! Fur-
thermore, the creation of replicated domains was demonstrated to be induced
by magnetic stray fields.[2%:31:4042] Baltz et al. showed in Co/Pt multilayers
that the multi-domain state induced magnetostatic stray field coupling can only
be strong when the magnetic domain size is much larger than the thickness of

the separating spacer,®” as presented in Fig. 2.3 (c).

Experimental determination of the coupling strength

The type and strength of the magnetic coupling between the ferromagnetic
layers of heterostructures can be assessed by the performance of major and
minor magnetic hystereses loops. Required for this technique are measurable
differences in the coercive fields of the individual layers. In case of weakly or

decoupled magnetic layers, the magnetization of a heterostructure with two
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(a) M (b) M

|
| |

Figure 2.4: Sketch of the basic idea of the major and minor loop investigations
in order to determine the interlayer coupling strength experimentally. Shown in
(a) is the magnetic hysteresis loop in case of fully decoupled layers (light blue)
and weakly ferromagnetically coupled layers (green). HA and H%, are the switch-
ing fields of the magnetically softer layer in case of weakly ferromagnetically
coupled and decoupled layers, respectively. (b) Minor hysteresis loop (orange)
of a heterostructure composed of two weakly ferromagnetically coupled layers.
A Hgpige corresponds to the difference of Hf and HYAO. Figure inspired from Ref.
[43].

ferromagnetic layers, measured along the magnetic easy axis, reverses its ori-
entation in a two-step process, as sketched in Fig. 2.4 (a). The step at smaller
magnetic field is then related to the switching of the magnetically softer layer.
To perform a minor loop, the whole heterostructure is magnetized in sufficient
magnetic fields and the field is subsequently reduced, reversed, and swept to
the middle of the observed first plateau. At this reversal field, it is assumed
that the magnetically softer layer has fully reversed its magnetization, while
the harder layer is still magnetized opposite to the applied magnetic field. Sub-
sequently, the magnetic field is swept back to saturation, as displayed in Fig.

(43]

2.4 (b). Following the calculations by van der Heijden et al.,[**! the interlayer

coupling strength can be calculated by:
JC = ,[1,0(_[7[1;A — HI%)Msoft,revt = NOAHshiftMsoft,rcvt (213)

with the thickness ¢ and the magnetization (in saturation) of the magnetically
softer layer Msoftvev. The minor loop shift AHgpie is the difference of the
coercive fields of the magnetically softer layer during the major loop H and

of the minor loop HJ.
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If AHgpis is positive, the interlayer coupling is ferromagnetic, while a negative

minor loop shift indicates antiferromagnetic interlayer coupling.

2.1.3 Introduction to magnetotransport phenomena in

magnetic (half-)metals

The electrical resistivity p of a conductor is modified in presence of a magnetic

field, which is typically expressed by the magnetoresistance:!®!

_pB)—p(0)  Ap
ME=TE0 0 214

p(0) is the resistivity in absence of an external magnetic field. Depending on
the angle between the applied magnetic field B and the electric current direc-
tion J, transversal (B L J ) and longitudinal magnetoresistance (B || J) can
be studied.l?! Various mechanisms, whose relative strengths are determined by
the magnetic and electronic properties of the material under study, contribute
to the total magnetoresistance.

In presence of a magnetic field® B, the Lorentz force leads to the deflection of
electrons and thereby to the decrease of the charge carrier mean free path. The

field-induced increase of the resistance corresponds to a positive magnetoresis-

tance, which can be described by the Kohler rule:[3:44:45]
A B
,Top =F () (2.15)

with the resistivity in absence of a magnetic field py and the material specific
function F'. This so-called normal magnetoresistance is usually a small effect
and is maximized for high quality single crystals with low po.[*4

However, the normal MR is often accompanied by other MR effects in fer-
romagnetic conductors.[*4 In (single-domain) ferromagnetic conductors, the
magnetoresistance is typically negative, due to the magnetic field induced sup-
pression of spin fluctuations.[*4

Mixed-valence manganites became prominent due to the unusually large mag-
nitude of the negative magnetoresistance, reaching orders of magnitude close
to the metal-to-insulator transition,*) as presented exemplarily in Fig. 2.5 (a)

for a Lag/3Sr1/3MnO3 (LSMO) thin film, deposited on NdGaO3 (110).[47}

3 The magnetic field corresponds to B= po(Hga+Hdemag+M) in case of a ferromagnet[‘l‘l]
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Figure 2.5: Magnetoresistance study of a Laz,35r1,3MnQO3 thin film, deposited
on NdGaO3 (110): (a) Temperature dependent resistivity along [001] and [110]
under different magnetic fields. The magnetic field is along [110] direction. The
orange curve is the MR ratio at 9 T vs temperature. (b) Field dependent MR
ratio at I || [110] and I || [001] with H || [110]. Figures adapted from Ref. [47].
Reprinted from Z. Liao, M. Huijben, G. Koster, and G. Rijnders, APL Materials
2, 096112 (2014), with the permission of AIP publishing.

This so-called colossal magnetoresistance (CMR) scales linearly with the ex-
ternal magnetic field 4748 (cf. Fig. 2.5 (b)).

Considering the double exchange model, the conduction of mixed-valence man-
ganites is very sensitive to the effective hopping probability of electrons between
the Mn®* and Mn** so that the electrical transport properties are strongly in-

fluenced by the magnetic ordering.[46:49]

Upon temperature enhancement, the
increased spin disorder causes a resistivity increase. However, the application
of an external magnetic field is capable to reduce the spin disorder and thereby
decrease the resistivity, which is particularly important close to the metal-to-
insulator transition, which leads (in a simplified picture) to the observation of

the CMR (see Fig. 2.5 (a)).[4

Discovered by Thomson in 1857,5%! the anisotropic magnetoresistance (AMR)
describes the dependence of the magnetoresistance on the angle between the
current and the magnetization. The fundamental origin of the AMR is the
influence of the spin-orbit interaction on the scattering between magnetic ions
and charge carriers.51:%2] Depending on the material characteristics, the nor-
mal anisotropic magnetoresistance is maximum (minimum) when the current
is parallel (orthogonal) to the magnetization.[®?) Thus the AMR, which is de-

fined by the normalized difference between in-plane resistivities for the current
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applied parallel and perpendicular to the magnetization ((p -p.L)/p)), is posi-
tive for most metals.[®!] The resistivity for a given angle © between the current

direction and the magnetization is then:[>?
p(©) =pi + (p| — pL)cos®© (2.16)

In the diffusive transport regime, the AMR was explained by the spin-orbit in-
teraction induced mixing of the minority and majority spin channels.[’2 When
the conductivity in ferromagnetic transition metals is mainly determined by
the scattering rates of the s-electrons, which carry the current, into localized d-
states, such spin-mixing causes anisotropy of the scattering events and thereby
the distinct resistivities for electrons that move parallel or perpendicular to the
magnetization.? However, magnetotransport studies in manganites revealed
a negative anisotropic magnetoresistance and cannot be explained in this sim-

ple model.[P1

If a ferromagnetic specimen is not in a single-domain state, the present do-
main walls will create the domain wall resistance (DWR), which can yield pos-
itive or negative contributions.®3l Negative DWRI*7:53-56] wag attributed to the
domain-wall-induced suppression of electron interference in the weakly local-
ized regime.®¥ This quantum mechanical effect is expected to be important at
low temperature.!®7)

While the positive DWR was initially related to the reflection of electrons at
the domain walls,[*7:5%:58] recent models are based on spin-dependent scattering

(56]

rates and potentials.'°®! Van Gorkom et al. demonstrated that the sign of the

DWR is determined by the spin-dependent scattering times of the two spin
channels, considering the tailoring of the band structure due to the magnetiza-

tion rotation inside the domain wall.[53:57]

Within the two-channels conduction model in ferromagnets, the positive DWR

[59,60]

is attributed to the mixed spin conduction. The noncollinearity of the

magnetization within the domain walls was proposed to mix the majority and

minority spin channels. %]

The resistivity is thereby increased due to the partial
elimination of the short circuit of the spin channel with lower resistivity, which
is usually achieved in case of a homogeneously magnetized ferromagnet.>6:6%
Experimental studies of materials that show parallel magnetic stripe domains,

such as LSMO films under compressive strain or FePd films, revealed DWR, of
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Figure 2.6: (a) Schematic structure of the magnetic stripe domain pattern in
the Lag/3Sri/3sMnOs thin film, deposited on NdGaOs (110). The green areas
correspond to domain walls. (b) Comparison of the M(H) loop (green curve)
and the magnetoresistance data when H || [001] at 100 K. Reprinted from Ref.
[47]: Z. Liao, M. Huijben, G. Koster, and G. Rijnders, APL Materials 2, 096112
(2014), with the permission of AIP publishing.

tenth of percent*”-%1 up to a few percent,®” when the current is either parallel
or perpendicular to the domain walls, as shown exemplarily in Fig. 2.6 for a
Lag/35r1/3MnO3 thin film.[47]

In addition to the domain wall resistance that contributes to the MR, further
extrinsic magnetoresistance effects appear due to the existence of magnetic
domains. Berger et al. observed the increase of the resistivity when the cur-
rent is applied perpendicular to the magnetic domain walls in a perpendicularly
magnetized sample, which was attributed to the zig-zag movement of the elec-

trons due to the changing Hall angles in alternating magnetic domains.!6:62]

The usual Hall effect* belongs to the group of transverse magnetoresistance
effects. Here, the external magnetic field is applied perpendicular to the cur-
rent and perpendicular to the sample surface®. Depending on the magnetic
and electrical properties of a solid, the Hall resistivity pxy, contains various

contributions. In case of a magnetic conductor, the ordinary Hall resistivity

OH AHE
pxy Xy

non-trivial spin textures the topological Hall effect pg{E determine the total

E the anomalous Hall resistivity p , and in presence of topologically

4 Throughout this dissertation, the Hall resistivity pxy describes the DC limit of the
generally frequency dependent Hall effect pxy(w).
5 Only in case of planar Hall measurements, the magnetic field is applied in the film plane.
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Hall resistivity. Pugh et al. suggested the empirical relation®®! between the

different contributions that will be explained subsequently:

= P T+ T 217)
The ordinary Hall effect, discovered by Edwin Hall in 1879, appears when an
electric current is flowing through a conductor in presence of a magnetic field
that is applied perpendicular to the current direction.[%4 The effect is related to
the deflection of electrons due to the Lorentz force, which creates a transverse
electric field that is in balance with the Lorentz force in equilibrium.[®! Since the
ordinary Hall resistivity is proportional to the perpendicular component of the
external magnetic field, the ordinary Hall constant is typically determined in
experiments from the slope of the Hall resistance hysteresis loops (dRy,/dB).
In a single-carrier model, the ordinary Hall constant is proportional to the
inverse of the charge carrier density. However, when two types of charges carry
the electric current, as for instance in semimetals such as bulk SrIrOs,[5%! the

ordinary Hall coefficient Ry is given by:

I
H = 2
e(pnnn + fene)

(2.18)

e and n. (pp, and ny) are the mobilities and carrier densities of the electrons
(and holes).

The anomalous Hall conductivity arises from spin-orbit coupling in materi-
als with broken time reversal symmetry, such as ferromagnets or paramagnets
that are magnetized by an external magnetic field.[%] Generally, the intrin-
sic contribution originating from the (momentum space) Berry curvature (see
Equation (2.20)) as well as extrinsic effects (skew scattering and side jumps)

[66] These extrinsic effects were

can contribute to the total anomalous Hall effect.
related to asymmetric scattering events at impurities due to finite spin-orbit
coupling.[%6! Within the skew scattering mechanism, proposed by Smit,[57! the
anomalous Hall resistivity is proportional to the longitudinal resistivity puxx.
In case of side-jump scattering, suggested by Berger, 58] pfg‘ll_fE scales with p2_.
The side-jump mechanism can be imagined as the lateral displacement of the
electron wave package due to the approach of an impurity.[%?! When the scat-
tering in a magnetized conductor depends on the spin state, a finite spin current

and thus a transverse charge current, is generated.["® It was found that the
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extrinsic contributions of the anomalous Hall resistivity are proportional to the

perpendicular component of the sample magnetization M, :%6]
PR = (apsx + bpiy ) M. (2.19)

The intrinsic Hall conductivity was originally derived by Karplus and Luttinger["!]
and recently improved by consideration of the theory of the momentum space
Berry curvature.[®6 As derived in Ref. [66], the intrinsic Hall conductivity crffyp
is proportional to the integral of the Berry curvature of the occupied conduc-
tion bands.

Then, the contribution to the anomalous Hall resistivity that is related to the

BP

xy » which itself is a function of the magnetization

intrinsic effect depends on o
M:[™

i BP

leIt{rE = _pixaxy (M) (220)
The dependence of the intrinsic contribution on the electronic band structure
emphasizes its sensitivity to the material characteristics and the possible strong

temperature dependence.

If an electric current is applied to a magnetic specimen that hosts spin tex-
tures of non-trivial topology, as for instance Bloch or Néel-type skyrmions!™!
(cf. Fig. 2.7 a) and b)), the Hall resistivity will contain the topological Hall
resistivity contribution prgg. In the adiabatic limit, the spin of an electron
traversing through a spin texture with finite topological charge perfectly adapts
the magnetization direction locally™ (cf. Fig. 2.7 (c)) so that the electron
picks up a (real space) Berry phase.[™ 77 The trajectory of an electron passing
through a magnetic skyrmion is presented in Fig. 2.7 ¢). By the performance
of a transformation that reorients the quantization axis locally parallel to the
magnetization direction, the situation can be described by the movement of an

electron that interacts with an emergent magnetic field.[”>:76.78] This emergent

magnetic field®, which laterally extends in z-y plane, is given by:[7
0N on(r) on(r)
B, =— 2.21
2 n(r) Ox % Oy (221)

n(r) = \ﬁg:gl describes the three-dimensional unit vector of the magnetization

direction of the spin texture and ¢g = h/2e.

6 For more details on the derivation, the reader is referred to Ref. [75, 79].
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Figure 2.7: Illustrations of a Bloch-type (a) and Néel-type magnetic skyrmion
(b). The cross sections of the vortices are shown in the lower panels of a) and
b). Shown in c) is the trajectory of an electron moving through a magnetic
skyrmion. The electron spin twists to adjust the local spin structure of the
skyrmion (ribbon-like pattern). Due to the twisting, the travel direction of the
electron is changed. Figures a) and b) reprinted from Ref. [73]; reprinted by per-
mission from Springer Nature: Nature Materials 14, 1116-1122 (2015), Néel-type
skyrmion lattice with confined orientation in the polar magnetic semiconductor
GaVy4Ss, I. Kézsmarki, S. Bordacs, P. Milde, E. Neuber, L. M. Eng, J. S. White,
H. M. Rgnnow, C. D. Dewhurst, M. Mochizuki, K. Yanai, H. Nakamura, D.
Ehlers, V. Tsurkan, A. Loidl, Copyright (2015). Figure c) is reproduced from
Ref. [74]. Reprinted by permission from Springer Nature: Nature 465, 830-881
(2010), Single skyrmions spotted, C. Pfleiderer and A. Rosch, Copyright (2010).

The topological charge Ny is defined as:[7]

Ny = % / n(r) (agf) x 8’;;7")) dr? (2.22)

In the low field limit, the arising topological Hall resistivity pTHE is propor-

tional to the effective emergent magnetic field Beg, which corresponds to B,
averaged over the area S of the spin texture.[” Thus pTHE is proportional
to the skyrmion density.[">8% Tt follows that the skyrmion density can be de-
termined experimentally by Hall effect studies if the existence of skyrmions is

(80]

proven by complementary studies. For skyrmion lattices with a skyrmion

density ng, the topological Hall resistivity prgg (in the adiabatic limit) is
given by:[80’81]

pTuE = PRogonsk (2.23)

P is the spin polarization, ¢q is one flux quantum, and Ry denotes the mate-
rial“s ordinary Hall constant.
The existence of a skyrmionic phase can be confirmed for instance by real

space imaging such as Lorentz transmission microscopy,®? or spin-polarized
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scanning tunneling microscopy.[®3 Skyrmion lattices can be observed also by
neutron scattering studies.!®% Additionally, Kerr microscopy®* or magnetic
force microscopy,!8® which typically sense the out-of-plane component of the

magnetic stray field, can be used to detect signatures of magnetic skyrmions.

2.2 Ferromagnetic perovskite oxides

In the course of this dissertation, thin films and all-oxide epitaxial heterostruc-
tures are investigated, which are based on the two ferromagnets STRuOj3 and
ruthenium substituted Lag ¢7Srg.33Mn; - ,Ru,O3. The following section aims to
introduce these perovskites briefly. Motivated by the prominent debate about
the origin of peculiar features in the Hall effect of StRuO3s-based thin films, the
initial Subsection 2.2.1 gives a brief overview of the current understanding of
the anomalous Hall effect in SrRuO3 as well as the ongoing discussion about

the origin of the peculiar Hall features.

2.2.1 Anomalous Hall effect in SrRuQO3; bulk and thin film

heterostructures

The 4d perovskite oxide StTRuQj5 is an itinerant ferromagnet with a Curie tem-
perature of 160 K for single crystals and up to 150K for thin films.l" Single
crystals of STRuOj3 possess orthorhombic crystal structure at room tempera-
ture with lattice parameters a = 5.5670 A, b = 5.5304 A, and ¢ = 7.8446 A..186]
The corresponding pseudocubic lattice constant is ap. = 3.93 A7

In thin film heterostructures, the crystal structure can be tailored for instance
by variations of the interfacial environment, substrate-induced epitaxial strain,
thickness, and temperature.[72:87:88] Bulk SrRuO3 and films of minimum 4 unit
cells (uc) thickness®) exhibit metallic behavior with a kink in the temperature-
dependent resistivity at the Curie temperature.[72:90

The Hall resistivity of StTRuOj3 is determined by the ordinary as well as the
anomalous Hall resistivity.l%%:72 The non-monotonic temperature dependence
of the anomalous Hall effect in (orthorhombic) SrRuO3, including a sign-change
from negative to positive values upon temperature increase, has already been
observed experimentally in the 1990’s.190:92) However, the description of the
temperature dependence of the anomalous Hall resistivity by the extrinsic
contributions of side jumps and skew scattering (Equation (2.19)) was not

possible.5®] In 2003, Fang et al. proposed the intrinsic mechanism, which is



2.2. Ferromagnetic perovskite oxides 29

depending on the Berry curvature in crystal momentum space, as the ori-
gin of the non-monotonic temperature evolution of the anomalous Hall ef-
fect in StRuO3.[3] Based on the assumption that the temperature dependence
of the intrinsic Hall conductivity o, originates from the temperature evolu-
tion of the spin-splitting, which is proportional to the magnetization, o, (1)
was inferred from o, (M(T)).[**! First-principles calculations of o, indeed
showed non-monotonous dependence on the magnetization and resembled the

(93] This Berry phase picture was consistent

features of 04, (T) qualitatively.
with further experimental observations of the AHE in SrRuOj3 thin films and
heterostructures® 97 and capable to describe the scaling of the Hall conduc-
tivity with the magnetization.[8]

The sensitivity of the intrinsic anomalous Hall contribution to the band struc-
ture was also in agreement with several investigations that demonstrated the
dependence of the anomalous Hall effect on sample properties, such as thin film
thickness or crystal structure, which determine the electronic band
structure,[88:95:96,99,100] While the non-monotonous temperature dependence of
the AHE was commonly observed in orthorhombic SrRuQOj crystals and thin
films, epitaxially strained SrRuQOj3 layers of tetragonal crystal structure exhib-
ited positive anomalous Hall constants within the ferromagnetic temperature
range.[®8:9%] Furthermore, the anomalous Hall constant was shown to depend on
the thickness of the epitaxial thin films in a non-trivial manner.[9:19 Mizuno et
al. induced changes of the electronic conduction band filling by the application
of gate voltages, which led to modifications of the AHE magnitude and sign.!!
However deviations, for instance in the high carrier scattering regimes,®8! em-

phasized the incompleteness of the purely intrinsic description.[98:100,101]

In the past years, further theoretical studies predicted the existence of Weyl
nodes in the band structure of SrRuOj;, acting as magnetic monopoles in mo-
mentum space, which yield strong contributions to the Berry curvature that
determines the intrinsic anomalous Hall effect.[93:1927105] Fingerprints of the
presence of Weyl fermions were experimentally observed in the spin dynam-
ics, studied by neutron Brillouin scattering,'%3 in the optical Hall conduc-

106]

tivity, investigated by Faraday rotation in the terahertz range,! and in

(107] Furthermore, angle-resolved photoemission spec-

the magnetotransport.
troscopy verified the theoretical calculation of the band structure in the tight-
binding model in the ultrathin (2D) limit.['**] Considering the Berry curva-

ture enhancement due to the existence of Weyl nodes in the band structure,
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theoretical calculations demonstrated that the sign of the intrinsic anomalous
Hall effect can be tailored by varying the film thickness,[1°%108] magnetiza-
tion and temperature,19%:108] chemical potential,!%9 disorder,198) or interfa-

cial environment.[104,109]

In 2016, the research interest in the Hall effect of STRuO3; was renewed due
to the observation of peculiar hump-like anomalies in the Hall resistivity hys-
teresis loops of StRuO3-SrIrOs bilayers. 81l

The peculiar features (see Fig. 2.8) were present only in bilayers with StTRuQO3
layers of 4-6 MLs thickness.[®") Since the unconventional behavior could not be
explained by the anomalous Hall effect of the StRuOg film, which was assumed
to be proportional to the perpendicular component of the sample magnetiza-
tion, the effect was attributed to a topological Hall effect generated by the
presence of skyrmions.!8!l The existence of an interfacial DMI, enabling the
generation of Néel-type skyrmions, was inferred based on the fulfillment of the
broken spatial inversion symmetry at the bilayer interface in combination with
the strong spin-orbit coupling of the 5d Iridium ions in the ultrathin SrIrO;
layers!®! (but only for 4-6 MLs thick StRuOs layers). In order to support the
explanation of the THE-like features in the Hall resistivity by the formation of
skyrmions, magnetic force microscopy of a 5 uc StrRuO3/ 2 uc SrIrO5 was per-
formed. The observation of tiny (< 10 nm) objects of spherical shape present
in consecutive difference images was interpreted as indication of skyrmions.®"
Furthermore, the efficient modulation of the topological Hall effect anomalies
were shown in the inverse SrRuQOj3/SrIrOj3 structure by the application of a
gate voltage.[110]

Initiated by this proposal of tiny skyrmions, several magnetotransport stud-
ies were performed on ultrathin bare SrRuOs films!'''123] or SrRuO3-SrlrOs

. [104,109,110,124-127
heterostructures,! ]

which drew contradictory conclusions either
in favor of the existence of magnetic skyrmions,8:110,112,113,121,125,127,128] )
Berry curvature effects in momentum space.[ln’lw’ng]

An alternative interpretation of the hump-like anomalies present in the Hall
measurements is the summation of multiple conduction channels that con-
tribute to the total anomalous Hall resistivity'9%129131] (see Fig. 2.9). The
existence of multiple anomalous Hall channels in StRuQO3 layers was related to
spatially inhomogeneous magnetoelectric characteristics,[116:118-120,126,132,133]
e.g. due to thickness variations in ultrathin StRuOs layers['19-132:133] or inter-

facial modifications.[109]
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Figure 2.8: (a) Magnetic field dependence of the Hall resistivity (pm) of the
(SrRuO3):m-(SrIrO3), bilayers (m = 4, 5, 6, and 7) at various temperatures. Red
and blue represent sweep directions of the magnetic field. The ordinary Hall
term is subtracted by the linear fitting in a higher magnetic field region. (b)
Contribution from AHE (yellow) and THE (blue) of the (SrtRuO3)m-(SrIrOs)
bilayer with m = 5 at 80 K. Figure adapted from Ref. [81], published under a
Creative Commons Attribution NonCommerical license 4.0 (CC BY-NC), ©2016,
K.-Y. Meng, A. S. Ahmed, M. Bac¢ani, A.-O. Mandru, X. Zhao, N. Bagués, B.
D. Esser, J. Flores, D. W. McComb, H. J. Hug, and F. Yang: Observation of
Nanoscale Skyrmions in SrIrOs / StRuOgs Bilayers, Nano Letters 19, 3169— 3175

(2019), doi: 10.1021/acs.nanolett.9b00596.

Based on the HAADF-STEM study of a high-quality 30nm SrRuOg film that
revealed the existence of strain-relaxation-induced distinct structural regions,
Miao et al. attributed the THE-like Hall anomalies to the combination of AHE

contributions from distinct domains.['2%! Also the relation to off-stoichiometry

leading to inhomogeneous ferromagnetism was discussed.

[111,134]
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Figure 2.9: (a) Schematics of the two-channels anomalous Hall effect model
for distinct sizes of the Hall resistance for the two channels I and II. (b) Anoma-
lous Hall resistance loops of a StTRuOs3/SrIrO3 bilayer (yellow). Plotted with the
dashed line is the fit associated with the two-channel model. (c¢) Both anomalous
Hall channels extracted from the fits in (b). Anomalous Hall resistances of chan-
nel I (green) and II (purple) of the determined fits as function of temperature
(d). Figures adapted from Ref. [109] (published under Creative Commons Attri-
bution 4.0 International license, ©2020, D. J. Groenendijk, C. Autieri, T. C. van
Thiel , W. Brzezicki, J. R. Hortensius , D. Afanasiev, N. Gauquelin, P. Barone
, K. H. W. van den Bos, S. van Aert , J. Verbeeck, A. Filippetti, S. Picozzi, M.
Cuoco, and A. D. Caviglia, Berry phase engineering at oxide interfaces, Physical
Review Research 2, 023404 (2020), doi:10.1103/PhysRevResearch.2.023404.).

Kim et al. suggested that the existence of regions with distinct magneto-
electric and magnetic properties arises from the non-random distribution of
off-stoichiometry in 30 nm thick SrRuOs films.['34 Regions with smaller defect
densities were proposed to have a larger AHE sign-change temperature and the

(134] The existence of

coercive field was shown to depend on the stoichiometry.
intrinsic and extrinsic anomalous Hall mechanisms in SrRuQOs ultrathin films

was proposed as further possible origin for the peak-like features, which was
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concluded from the modulations of the THE-like anomalies by the application
of gate voltages that showed identical effects on the humps and on the satu-

rated anomalous Hall resistivity.['!”]

In addition to the Hall studies of systems that involve a single SrRuOj3 layer,
the study by van Thiel et al. as well as our study, which will be addressed in
detail in Chapter 6, showed the generation of hump-like features of the Hall
loops by heterostructuring two SrRuQOg layers with distinct switching fields and

anomalous Hall constants, separated by nonmagnetic spacers.[130:131]

The observation of Hall signals akin to a topological Hall effect were not only ob-

served in SrRuOj3 films or when interfaced with SrIrOs, but also in superlattices

[136] 5r nonmagnetic insulators. 108!

135]

with other ferromagnets,[!3® multiferroics,
In case of the interfacing of STRuO3; with Pro.7Cag.sMnO3,! the structure of
the StRuO3 was found to be modified by tailoring of the oxygen octahedra tilt
angles. The Hall anomalies were then attributed to the superposition of Hall
voltages originating from the observed orthorhombic- and tetragonal-like parts

of the SrRuOj3 layer.[13%]

However, the origin of the peculiar anomalies mimicking a topological Hall
effect is still under debate.
In order to shed light on this discussion that was sometimes based mainly on

121,124,128 yeq] space imaging techniques were

magnetotransport studies only,!
applied.

Nanometer-sized, isolated bubble-like domains were observed in magnetic force
microscopy studies of a 10 uc SrRuO3/2 uc SrIrO3 bilayer (see Fig. 2.10),
appearing in the same magnetic field region where the THE-like features on
the order of 0.15 1 cm were seen.['?%] This agreement led to the conclusion
of the existence of magnetic skyrmions.['2?) On the other hand, the skyrmion
diameter of about 6 nm at 5 K, which was calculated from the maximum of the
resistivity hump,'?%! was smaller than the experimental resolution of 10nm
and smaller than the average size of the magnetic bubbles of less than 20 nm
observed in the MFM images.[!2%]

In contrast to the study by Meng et al., the magnetic force microscopy study
of a capped ultrathin StRuO3-SrIrO3 heterostructure revealed the existence of

132]

THE-like features without the formation of magnetic skyrmions,[*3? as further

discussed in Chapter 4.
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Figure 2.10: (a) Hall effect study of a 10 uc StRuOs/ 2 uc SrIrOs bilayer. (b)
MFM image of the same bilayer at 10 K, taken at —2450 mT. The bottom row
shows a cross section taken along the orange line in the MFM image. Figures
adapted from Ref. [125]. Adapted with permission from K.-Y. Meng, A. S.
Ahmed, M. Bacani, A.-O. Mandru, X. Zhao, N. Bagués, B. D. Esser, J. Flores,
D. W. McComb, H. J. Hug, and F. Yang: Observation of Nanoscale Skyrmions
in SrIrO3 / SrRuOs Bilayers, Nano Lett. 2019, 19, 3169-3175, Copyright 2019
American Chemical Society.

The ongoing debate about the origin of the frequently observed THE-like Hall
features is manifested by several studies on similar SrRuQOs-based systems that
give contradictory interpretations of the experimental data. Skoropata et al.
observed anomalies in the Hall effect after low-energy helium irradiation of
20nm SrRuOs films.['37) Due to the depth-dependent magnetization gradient
in the film, revealed by polarized neutron reflectometry, they attributed the
peculiar features to the summation of multiple Hall channels."37! In contrast,
Wang et al. related the THE-like features in 60 nm SrRuOs, irradiated by he-
lium ions, to DMI arising from the broken inversion symmetry generated by

the defect engineering.!'12!
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The defects were found to modify the oxygen octahedral tilts and thereby in-

(112 Similarly,

duce an orthorhombic-tetragonal phase transition within the film.
Li et al. showed experimentally the controlled proton insertion in SrRuQOg3 thin
films by ionic liquid gating and thereby generated a gradient of the concentra-
tion of protons across the film thickness, which was proposed to account for
the observed THE-like Hall features.**

While off-stoichiometry or non-homogeneous stoichiometry was considered in
several studies in STRuOs thin films to generate multiple anomalous Hall con-
duction channels, reproducing the peculiar Hall loop anomalies,[!1%:134] the in-
terface between stoichiometric and oxygen deficient regions was suggested to
induce interfacial DMI.['38] In the study by Lu et al., oxygen vacancies dif-
fused from the SrTiOgz substrate to the StRuOgs, which caused the formation
of regions with distinct stoichiometry.['38 The argumentation was supported
by density functional theory (DFT) and the finding of few, isolated magnetic
bubbles as well as THE-like features, observed by MFM and transport investi-
gations, respectively.!138]

Also when thin SrRuOj layers were interfaced with a ferroelectric, peculiar
Hall anomalies were observed.['3] Induced by the ferroelectricity, the ionic dis-
placement in BaTiO3 was found to continue for some monolayers in StRuOs3
and was proposed to create DMI at the SrRuOs/BaTiOs interface, since it
breaks the inversion symmetry.['3%) On the other hand, Ren et al. showed the
possibility to explain the transport anomalies by multiple Hall channels in the
inhomogeneous SrRuOs layer in SrRuOs3-BiFeOs bilayers.!'36] Confirmed by
band structure calculations, it was furthermore demonstrated that the anoma-
lous Hall effect in StRuO3 can be varied by polarization-field-induced effects in
SrRuO3-BiFeOs-heterostructures. 3]

Recently, also Néel-type chiral domain walls were proposed to account for the
THE-like features in 4 uc thick SrRuOjs thin films, deposited on SrTiOs.[115]
Here, resonant soft x-ray scattering investigations at the oxygen K edge, sup-
ported by theoretical simulations, were utilized to demonstrate the existence of
a chiral Néel-type spin structure.!'15] The formation of periodic chiral domains
was proposed by Seddon et al. in SrRuO3-PbTiO3 bilayers, based on MFM
investigations and DFT.[140]

Moreover, THE-like features were observed in ultrathin SrRuOs thin films,

which were capped by SrTiO3, not only at low temperatures, but also above
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(141

the ferromagnetic transition temperature.'#1l Supported by Monte-Carlo- Sim-

ulations, the observation of the peculiar Hall features in the paramagnetic phase
was attributed to spin chirality fluctuations.['41]

Despite the variety of both experimental and theoretical studies as well as the
improvement of the understanding of the anomalous Hall effect in SrRuOs, a
consensus on the true origin of the Hall anomalies mimicking a topological Hall

effect does not exist up to now.

2.2.2 LalwaFmMIlO,g

Laj_;Sr,MnO3(LSMO) crystallizes in a (distorted) ABOs-perovskite struc-
ture, with the La’t and Sr*' ions located on the A-sites.[*6] The Mn ions
are on the B-sites, surrounded by six oxygen ions that build the MnOg octa-
hedra. Due to the different ionic radii, the MnOg octahedra are rotated so
that the crystal structure of LSMO gets distorted and deviates from the ideal
cubic perovskite structure (cf. Fig. 2.11 (a)).[¢] This distortion is described
by the Goldschmidt tolerance factor ¢, which is governed by the ionic radii of
the cations 7;: t = (ra +70)/(vV2(rp +70)). 7o is the ionic radius of 0% .[142]
Lanthanum strontium manganite crystals exhibit a rich structural, magnetic,
and electronic phase diagram as function of the strontium concentration x, as
presented in Fig. 2.12 (b).

Upon increase of x and/or temperature’, the structural transition from an or-
thorhombic crystal structure (t < 0.96(143) to rhombohedral structure (0.96 <
t < 1[143]) was observed in LSMO single crystals.!'*4145] This transition takes
place at room temperature for Sr concentration x = 0.175 (cf. Fig. 2.11
(1))4 or can be induced thermally when 0.15 < z < 0.2.[149]

The octahedral rotations of the rhombohedral crystal structure, with R3c space
group symmetry, are described by Glazer’s tilt system by a”a”a™, correspond-
ing to out-of-phase rotations around the cubic <100> crystal axes.[146]

The lattice parameters of Lag 7Srg.3MnO3 are a = b = ¢ = 0.5471 nm with

a = f =~ = 60.43°.1146:147] If the rhombohedral unit cell is described in a pseu-
docubic manner by a tilted fcc cell,8 the corresponding pseudocubic lattice

parameter is a,.= 0.3876 nm. [149]

7 Since the magnetism in LSMO is dictated by the double exchange mechanism and
thereby strongly depends on the Mn-O-Mn bond angle, the manipulation of the crystal
structure by the application of magnetic fields in a suitable temperature and composition
range was shown by Asamitsu et al.[145]
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Figure 2.11: (a) Schematic structures of distorted perovskites of manganite;
orthorhombic (left) and rhombohedral (right). Figure adapted from Ref. [143].
(b) Lattice parameters for Lai_Sr;MnOs crystals at room temperature. Figure
(b) reproduced from Ref. [144]. Figure (a) reprinted from Journal of Mag-
netism and Magnetic Materials 200 (1999), Y. Tokura, Y. Tomioka: Colossal
magnetoresistive manganites, p. 1-23, Copyright (1999), with permission from
Elsevier. Figure (b) reprinted with permission from A. Urushibara, Y. Morit-
omo, T. Arima, A. Asamitsu, G. Kido, and Y. Tokura, Physical Review B 51,
14103 (1995), Copyright 1995 by the American Physical Society.

Magnetism and electronic properties

While the 3d orbital state is fivefold degenerate in case of isolated manganese
ions, a cubic crystal field induces the splitting into the three lower lying t,,
and two higher lying e, levels (cf. Fig. 2.12 (a)).[*8) Determined by the con-
centration of the divalent Sr?", the Mn ions are present in a mixed valence
state of Mn®** and Mn*" in order to achieve charge neutrality of the LSMO
crystal. According to Hund’s rule, only the to, orbitals are occupied by three
electrons in case of Mn*t (3 d3, t2gego), while one e, state is occupied in case
of Mn®**(3d*, tziegl).[%] Due to the instability of the latter state, the degen-
eracy of the energy levels is further lifted by the Jahn Teller distortion of the
MnOg octahedra so that the Mn ions experience a tetragonal crystal field.[*"]
The influence of epitaxial strain on these energy levels will be addressed in the
subsequent chapter on the magnetic anisotropy in LSMO thin films.

The magnetism in manganites is dictated by the (indirect) exchange interac-
tions between the Mn ions, mediated by oxygen ions.[*?! In case of strontium
doped lanthanum manganite, these interactions are dominated by the double
exchange, which was originally proposed by Zener[!5%:151] and explains the fer-
romagnetic ordering in mixed valence manganites.[*6:159:151] Tn the double ex-

change model, the electron of the Mn3* e4 orbital hops to the oxygen 2p-orbital
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and simultaneously an electron from the oxygen 2p-orbital hops to the unoc-

cupied e, orbital of Mn*" (only) when the Mn spins are aligned parallel.!'5!]

2.z (b)
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Figure 2.12: (a) Crystal-field splitting of five-fold degenerate atomic 3d lev-
els into lower to4(triply degenerate) and higher e, (doubly degenerate) levels.
Jahn-Teller distortion of MnOg octahedron further lifts each degeneracy. Figure
adapted from Ref. [143]. (b) Phase diagram of La;_;Sr;MnOs3 for the complete
concentration regime. The crystal structures (Jahn-Teller distorted orthorhom-
bic: O’, orthorhombic: O, orbital-ordered orthorhombic: O”, rhombohedral: R,
tetragonal: T, monoclinic: Mc, and hexagonal: H) are indicated as well as the
magnetic structures [paramagnetic: PM (green), shortrange order (SR), canted
(CA), A-type antiferromagnetic structure: AFM (yellow), ferromagnetic: FM
(blue), phase separated (PS), and AFM C-type structure] and the electronic
state [insulating: I (dark), metallic: M (light)]. Figure (a) reprinted from Jour-
nal of Magnetism and Magnetic Materials 200 (1999), Y. Tokura, Y. Tomioka:
Colossal magnetoresistive manganites, p. 1-23, Copyright (1999), with permis-
sion from Elsevier. Figure (b) reprinted from Ref. [152], with permission from J.
Hemberger, A. Krimmel, T. Kurz, H.-A. Krug von Nidda, V. Yu. Ivanov, A. A.
Mukhin, A. M. Balbashov,and A. Loidl, Physical Review B 66, 094410 (2002),
Copyright 2002 by the American Physical Society.

In case of strong Hund’s coupling, the generalization of the double exchange
model by Anderson and Hasegawa® showed that the absolute magnitude of
the effective hopping is proportional to cos /2. Here, the angle 6 is between
the orientation of neighboring spins and is therefore maximized for parallel
alignment (6 = O).[143’155] In that way, the electron hopping process leads to
the lifting of the otherwise energetic degeneracy of the Mn**~0? ~Mn*" and

8 A quantummechanical description of the DE mechanism was developed by Kubo and
Ohata,.[153,154]
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Mn*t - 0% ~Mn*" bond configurations!*®! and the energetic lowering for fer-

romagnetic alignment of neighboring Mn spins.[15%]

Another important exchange mechanism in manganites is the so-called su-
perexchange interaction between manganese ions of identical valence states.

156-158] the interaction between

Described by the Goodenough-Kanamori rules,|
Mn*" ions, mediated by an oxygen ion, is antiferromagnetic. In case of Mn®*-
O-Mn**, the superexchange interaction can be antiferromagnetic for 180° or
ferromagnetic for 90° angle between the Mn 3d orbitals.[156-158]

The competition between the different exchange mechanisms leads to the rich
magnetic phase diagram of LSMO as function of strontium concentration, 6]
shown in Fig. 2.12 (b). Single crystals of La;_,Sr,MnOgs are ferromagnetic
at low temperatures for strontium concentrations between 0.1 and about 0.5,
which is approximately the regime where LSMO is also metallic.['52] The maxi-
mum transition temperature and a half-metallic state was observed for © = 1/3,
which is the compound of main interest for this thesis. For further information
on the charge-ordered or orbital-ordered states of Laj;_,Sr,MnOj3, the reader
is referred to one of the review articles.[46:49:143]

Due to the strong quenching of the orbital contribution to the magnetic
moment, %! the total magnetic moment of LSMO is governed by the spin mo-
ment of the Mn ions. Following Hund’s rule, the Mn*" ions with electronic
configuration 3d4,t23egl with S = 2 have a magnetic moment of 4 pup and

Mn** (3d°, toje,” with S = 3/2) of 3 .14

The Jahn Teller distortions and the double exchange mechanism lead to the
strong coupling of lattice, charge, and spin degree of freedom in La; _ ;Sr;MnOs.[46]
For a strontium concentration around 1/3, a transition from the ferromagnetic-
metallic to paramagnetic-insulating state is observed as function of temperature, 46l
which can be explained in a simplified picture by the dominance of the double
exchange mechanism. In mixed valence LSMO in the ferromagnetic, metal-
lic state, the o, electrons are considered as localized, while the electrons of
the e, states are delocalized and determine the electronic transport.[*6] The
relation between the ferromagnetic alignment of Mn spins and the metallic
properties was initially proposed already by Zener within the double exchange
mechanism.!'®] Is the Mn-O bond-length increased, or the Mn-O-Mn bond an-
gle deviating from 180°, the hopping integral of e, electrons between Mn ions

and therefore the electron bandwidth will be reduced. This leads to an increase



40 Chapter 2. Fundamentals

of the resistivity.['*3] Thus, the bandwidth and the band filling can be tuned
by the strontium concentration in LSMO.[143]

Below the ferromagnetic transition temperature 7, the resistivity can then be
described reasonably by p = po + aT2.16! Upon increasing temperature, ther-
mal fluctuations and the corresponding scattering of conduction electrons and
disordered spins cause the increase of resistivity.l'*3] Above T, additionally

[46]

local lattice distortions due to hopping electrons (Jahn-Teller polarons)!*®! and

[160] are mechanisms

magnetic disorder induced localization of charge carriers
proposed to explain the insulating behavior. Here, the realignment of the Mn
spins and therefore the increase of the hopping probability can be realized by
the application of an external magnetic field, which is at the core of the (simpli-
fied) explanation for the occurrence of the collosal magnetoresistance (CMR) in
mixed valence manganites. The CMR is maximized around T¢, reaching values
of about 50 % in Lag/3Sr1/3MnO3 films, 47 whereas it is strongly reduced at
low temperatures due to the reduced influence of the external magnetic field
when the DE mediated ferromagnetic order is strong even in zero field.[46]
Lag/3Sr1/3MnOs is a half metal with almost 100 % spin polarization due to the
strong Hund’s coupling exceeding the electron bandwidth.[46:143,154,161]

The ordinary Hall constant in LSMO single crystals has a positive sign with
a weak dependence on stoichiometry when 0.18 < z < 0.5.1161:162] Dye to the
discrepancy between the calculated charge carrier density of the ordinary Hall
constant in a single-band model and the carrier concentration theoretically ex-
pected for the specific LSMO composition, the ordinary Hall effect needs to be
described in a multiband-model.[161,163]

A negative anomalous Hall (AHE) constant with increasing absolute mag-
nitude upon increasing temperature up to 7, was observed in LSMO single
crystals.['®2l The AHE was related to the intrinsic mechanism due to the Berry
phase that is picked up by the conduction electrons, which need to follow the
local spin texture (due to the strong Hund’s coupling in LSMO).['54164] Here,
Ye et al. attributed the acquired Berry phase to the hopping of carriers in a

nontrivial spin background in CMR manganites.164

LSMO thin films

Due to the strong dependence of the magnetic and electronic properties on
the Mn-O-Mn angle as well as the Mn-O bond length, strain engineering by
heteroepitaxial growth is an efficient way to tailor the properties of LSMO thin
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films. The lattice mismatch ¢ = (@substrate — Qfilm)/@substrate Petween the in-
plane lattice parameter of the substrate asupstrate and of the bulk value of the
film agim causes the adjustment of the film lattice parameters.[*6 Since the unit
cell volume has to stay constant in first approximation, the shortening (elon-
gation) of the in-plane lattice parameters causes the elongation (shortening) of
the out-of-plane lattice parameter in case of compressive (tensile) strain. For
LSMO thin films, this epitaxial strain leads to the compression or elongation of
the MnOg octahedra and therefore to a tetragonal crystal field that splits the
degeneracy of the e, levels in the 322 —r? and 22 — y? orbitals, as schematically
shown in Fig. 2.13.1195] This causes the preferential occupation of one of the

states depending on the induced epitaxial strain.!*66]

A - e m
)
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2 o e & —T—\)— e 2
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Mn®* g, levels

Figure 2.13: Top panel: Scheme of the influence of the epitaxial strain on the
MnOg octahedral distortions; bottom panel: Effect of the strain-induced distor-
tions on the e, levels of Mn>" ions. Figure adapted from Ref. [165]. Subfigure
reproduced with permission from Springer Nature: Nature Communications, 3,
1189 (2012), Surface symmetry-breaking and strain effects on orbital occupancy
in transition metal perovskite epitaxial films, D. Pesquera, G. Herranz, A. Barla,
E. Pellegrin, F. Bondino, E. Magnano, F. Sadnchez, Copyright (2012).

X-ray linear dichroism studies of LSMO thin films confirmed experimentally

2

the preferential electronic occupation of the 322 — r2 over the z2 — y? state in

case of compressively strained films, while tensile strain® favors the occupation
of the z2 — y?2.[165,168,169]

2

The preferential 322 — r2 occupancy leads to a ferromagnetic coupling of spins

in neighboring Mn ions along the z-axis and thus favors perpendicular magnetic

anisotropy.[170:171]

9 Additional symmetry breaking at free surfaces or interfaces was observed in ultrathin
LSMO films that lead to the occupation of the out-of-plane 322 — 2 orbital even in
unstrained or tensile strained ultrathin films.[165:167]
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In addition to the compression or elongation of the MnOg octahedra, the lattice
parameter accommodation in LSMO is realized by rotation and tilting of the

octahedra.[46]

(a) t1 2 (c)

t1 (t2) Domain A
ol !
a

Figure 2.14: Lag.7Sro.3sMnOs thin film deposited on LSAT(100). Schematic
side views along [100] (a) and [010] (b) of a twinned domain in real space. In
(c), the in-plane domain structure shows stripes along [100] (domain A) and
along [010] (domain B), and the insets show twinning of the structure by tilt-
ing the pseudocubic (100) or (110) plane. (d) TEM plane-view images of an
Lao.7Sro.3MnOs thin film deposited on LSAT(100). Figures adapted from Ref.
[172]. Subfigures reproduced from S. W. Jin, G. Y. Gao, Z. Huang, Z. Z. Yin,
X. Zheng, and W. Wu, Shear-strain- induced low symmetry phase and domain
order in epitaxial Lag.7Sro.3MnQOs thin films, Applied Physics Letters 92, 261901
(2008), with the permission of ATP publishing.

When bulk rhombohedral LSMO is epitaxially grown on cubic substrates, such
as on SrTi03(100) or (LaAlOgz)o.3(Sr2TaAlOg)o.7(100) (LSAT), the film ex-
periences lattice-mismatch induced normal biaxial strain as well as elastic
shear strain.['7174 This angle-mismatch induced shear strain is typically re-
laxed by structural domain formation.['46:172-177] Tn contrast to the lattice-
mismatch induced strain that relaxes often only in thick films of LSMO,[176!
the structural domain formation was observed already in the thin film limit
of 2.5nm in case of Lag7SrgsMnO3 on SrTiO5.175] The existence of these
structural domains in thin films of LSMO was observed by XRD studies,
(orientation contrast scanning) electron microscopy, or transmission electron
microscopy.[146:172:174,175,177-180]. Ay example of such structural domain forma-
tion in an Lag7Srg3MnOg thin film, which was deposited on LSAT(100),172
is presented in Fig. 2.14. Viewed along [100], the domains tilt their (010)
planes by an angle a, oppositely to each other (see Fig. 2.14 (a)).['™ Further-
more, they tilt their (100) planes by « in the side view along [010] (see Fig.
2.14 (b)).['72 This then leads to the formation of the twinned stripe (t; and
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to) and the resulting in-plane domain structure that has perpendicular stripes,
sketched in Fig. 2.14 (c), which was observed by TEM plane-view images (cf.
Fig. 2.14 (d)).['72]

The details of the substrate morphology, such as the substrate miscut and mis-
cut direction, determine the characteristics of the structural domains.[}77:181]
While cubic substrates with a small miscut angle were found to allow the forma-
tion of four possible domain variants for the rhombohedral LSMO,!'%2] vicinal
cubic substrates with larger miscut allow only 2-variant LSMO domains.[181:183]
It was shown by Boscker et al. that periodic twinning is dominant for 2-variant
films, with the out-of-plane modulations parallel to the step edges so that the
structural domain walls were observed perpendicular to the step edges.['83!

In contrast, terrace step-edge induced long-range structural modulations, 4!
often with periodic microtwinning, were seen in 4-variant films, 83 attributed

183] Two types of domains

to the preferred initial nucleation at step edges.
oriented along the [100] and [010] cubic axes were seen aligned perpendicu-
larly to each other. Especially in case of biaxial (isotropic) lattice-mismatch-
induced epitaxial strain, unidirectional structural domains or modulations in
LSMO impact on the orbital occupancy of the Mn ions and thus strongly in-
fluence the magnetic properties, such as the magnetic anisotropy or transition

temperature.[177-181,184]

Further interface effects that can alter the material properties of LSMO thin
films are inversion symmetry breaking!!®°! and charge transfer at the interfaces
with the layers with which the LSMO layers are epitaxially stacked.!'86] Addi-
tionally, the magnetic anisotropy can be tailored by the control of the oxygen
octahedral rotation at interfaces of LSMO and perovskites exhibiting strong
spin-orbit coupling.['?

In the framework of this thesis, the focus is on Ru-substituted Lag g7Srg.33MnO3
thin films deposited on LSAT(100). Thus, the substrate-induced compressive
strain of the order of 0.2 % for zero ruthenium substitution is small. The mag-
netic anisotropy of undoped LSMO films depends strongly and nontrivially on
temperature and film thickness, as studied in detail by S.K. Chaluvadi.[*49]
Weak uniaxial in-plane anisotropy was observed in 50 nm thick films at room
temperature, while biaxial combined with uniaxial anisotropy was seen in
25 nm, and strong uniaxial in-plane anisotropy was found in 12 nm thick LSMO

films.['*] The competition of several contributions to the total magnetic
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anisotropy, which all depend individually on strain and film thickness, was
considered as origin of the nontrivial thickness dependence.['*) At low film
thicknesses, the uniaxial anisotropy was attributed to step-surface induced
anisotropy or to octahedral rotations, whereas the biaxial anisotropy contri-
bution was related to strain-induced anisotropy.!'*?! At higher and intermedi-
ate thicknesses, the biaxial contribution was related to the magnetocrystalline
anisotropy and the uniaxial contribution was attributed to the orthorhombicity
of LSMO.[14l

Due to the small compressive strain imposed by the LSAT substrate, also a

small out-of-plane canting of the magnetization was observed.[!4?]

Ruthenium substituted Lag.g7_0.7Sro.33_0.3Mn;_,Ru,03

When the Mn ions are partially substituted by ruthenium, the lattice parame-
ters of the distorted perovskite structure are modified due to the distinct ionic
radii of the ruthenium and manganese ions. Ruthenium substitution of man-
ganese (up to 60 %187:188]) causes an increase of the unit cell volume due to
the larger ionic radius of Ru, 188189 but does not lead to a deviation from the
structure of the parent compound LSMO.[187:189]

Furthermore, it strongly impacts on the double exchange mechanism in LSMO
due to the modification of the Mn**-O-Mn*" arrangement.['®3] However, in
contrast to the strong reduction of the ferromagnetic transition temperature
by the B-site substitution with A>T or Fe**, ruthenium doping of
Lag.67-0.7570.33-0.3Mn; _;Ru, O3 up to 15 % was found to lead only to a mod-

10 of 7, [187,188,191]

erate decrease This difference was attributed to the more

delocalized electrons of 4d ruthenium so that Ru-O-Mn exchange was expected,
stabilizing the magnetic ordering instead of the disordering behavior that was

typically observed for other B-site substitutes.190:191]

Indeed, x-ray photoelec-
tron spectroscopy studies revealed the existence of mixed valence!! of Ru*™ and
Ru®" that proposes the interplay of Ru3+/Ru4+— Mn3+/Mn4+ pairs.[187,188,191]
The observed reduction of the saturation magnetization was attributed to an-

tiferromagnetic superexchange between manganese and ruthenium.[188:190]

10 A moderate increase of T, was observed upon 5% Ru substitution in Lag.¢Sro.4MnOs3s
thin films on SrTiOg.[19]

11 Additional Ru®t valence was proposed in the high doping regime above 50 % Ru
substitution.[188]
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The spin moment of Lag 7Srg sMn; _,Ru, O3 in the low doping regime (x < 0.5)

is given by:[188]

ps(z < 0.5) = [4(0.7 — 0.72) — 3(0.72) + 3(0.3 — 3z) + 2(0.3z)|up  (2.24)

Indeed, x-ray absorption spectroscopy combined with x-ray circular dichroism
studies of 50 nm 5 % Ru-doped Lag.¢Srg.4MnQj3 thin films, deposited on SrTiOs3,
showed that the directions of the spins of Mn and Ru are opposite.['92] The
orbital contribution to the total magnetic moment was found to be negligible
for Mn, but finite (and parallel to the spin moment) for Ru.[192]

Caused by the partial occupancy of the degenerated to4 orbitals by ruthenium
electrons and significant spin-orbit coupling, strong single ion anisotropy of
Ru was proposed.['90) This single ion anisotropy was later suggested as the
origin of the out-of-plane tilting of the magnetic easy axis observed in com-
pressively strained Lag 7Srg.3MnQOgz thin films upon the replacement of 10 %
Mn by Ru.[193]

Up to 15 % ruthenium substitution, Lag 7Srg3Mn; ;Ru,O3 films still show
metallic behavior, which turns semiconducting in the higher substitution

(188] The metal-to-insulator transition temperature, consistently larger

regime.
than T,,['%8 is reduced and the resistivity is increased upon the increase of
ruthenium. This was attributed to reduced hole carrier density induced by

194] Ty addition, a second metal-to-insulator

Ru*" that acts as electron donors.!
transition was observed at low temperatures for larger ruthenium doping in

polycrystalline Lag 7St 33Mn; - ,Ru, MnO3 samples.!!8%]
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The aim of this chapter is to present the basic principles of pulsed-laser de-

position, the technique used to deposit all the heterostructures investigated in

the course of this dissertation. Subsequently, the characterization techniques

which were most important for these studies are described. Additionally, the

general concepts of the data analysis are shown.
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3.1 Pulsed-laser deposition

Pulsed lasers have been used for the thin film deposition soon after their de-
velopment in the 1960’s.1-3] However, pulsed-laser deposition (PLD) became
prominent with the successful growth of high 7T, superconductors in the late
1980’s.1'"4] Nowadays, PLD is a versatile technique, frequently utilized to grow
multicomponent thin films and superlattices.

The principle of pulsed-laser deposition is sketched in Fig. 3.1 (a). Initially, the
photon energy, provided by the pulsed-laser, is absorbed by the target material

and transformed into electronic excitation!!-3!

so that the material gets vapor-
ized rapidly within hundreds of picoseconds.[? In order to achieve congruent
ablation of multielemental materials, independent of the individual vapor pres-
sures, only a small volume of the target needs to absorb high energy densities.?!
This is typically realized by the usage of high-energy (ultraviolet) laser pulses
with short (pulse) duration.[??!

The vaporized cloud absorbs the energy of the remaining incident laser pulse,
which typically has a duration of tens of nanoseconds."3] This leads to further
ionization of the plasma plume that consists of electrons, ions, and neutral
species!] with high kinetic energies in a range between a few and hundreds of
electron volts. [

The forward-directed plasma plume propagates towards the substrate surface.2!
Its shape and the kinetic energies of its constituents are influenced by the inter-
actions between the plasma species among themselves and with the background

(1.2 The background gas not only reduces the kinetic energies of

gas molecules.
the plasma particles, but can also create molecular species which are sometimes
beneficial for the growth of particular materials.?) On the substrate surface,
condensation of the plasma takes place and initializes the film growth. The su-
persaturation in the plasma plume favors the two-dimensional film growth.[?!
Additionally, the heating of the substrate enables the diffusion of the arriv-
ing adatoms until they stick at energetically favorable positions.[!] At these
sites, typically their atomic coordination number is enhanced, which is fulfilled
for instance at terrace steps or existing islands.!!! Pulsed-laser deposition has
as an advantage that most (condensed matter) materials can be grown, and
even metastable phases can be stabilized due to the deposition out of (thermal
and chemical) equilibrium.[' 3] Further great advantages are the preserved sto-
ichiometry and the capability to control the growth mode and rates, related to

the usage of high-energy laser pulses with short pulse duration.!'~!
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Figure 3.1: (a) Schematic of the pulsed-laser deposition set-up. (b) Inside-
view photograph of the main chamber of the pulsed-laser deposition set-up,
manufactured by SURFACE. The individual components are labeled accordingly.

The low complexity of the set-up, the installation of the laser as energy source
outside of the evacuated chamber, and the possibility to keep the targets at
room temperature, lead to the great flexibility in the geometrical design of
PLD systems.[' 3! Additionally, the capability to tune the size and shape of the
plasma plume by the control of the laser spot size and background pressure in
a broad range, as well as the suitable kinetic energy of the plasma constituents,
which disfavors bulk displacement but favors surface diffusion, are desirable.?!
On the other hand, the grown films are affected by unavoidable impurities in
the target and can be influenced by larger particles that are ejected from the

ceramic targets. !

Therefore, one important point is to use ceramic targets of
high purity and high density, which is not always possible. This is for instance
the case for SrIrOj targets, which often have rather low density. Moreover, thin
film inhomogeneities can be induced by inhomogeneous ion- or energy distri-
bution within the plasma plume.[? Furthermore, large discrepancies between
the vapor pressures of the individual elements can lead to off-stoichiometry of
the deposited thin film.[23!

The influence of these drawbacks can be minimized by the proper adjustment
of the deposition parameters, for instance by tuning of the laser properties,
such as the laser fluence and pulse repetition rate, by the optimization of the
substrate heating, gas pressure, or the usage of over-stoichiometric targets to
compensate potential losses of volatile elements. This emphasizes the require-

ment for the optimization of the growth parameters for every material, with
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fine tuning for the utilized vicinal substrates that determine the diffusion and

sticking characteristics.

Within the framework of this thesis, two different pulsed-laser deposition set-
ups were used. The first set of samples was grown in the system of Prof.
Regina Dittmann’s group at the Forschungszentrum Jiilich. The PLD system,
produced by Twente Solid State Technology (TSST) B.V., The Netherlands is
equipped with a krypton fluorine (KrF) excimer laser producing nanosecond
laser pulses with fluences between 1 J/cm? and 3.2 J/cm?.Pl

The second set of samples was deposited in the PLD set-up at the University
of Cologne, which was provided by the company SURFACE & SURFACE sys-
tems+technology GmbH € Co. KG. Here, the growth processes are done in
the main vacuum chamber presented in Fig. 3.1 (b), which can be evacuated
to a base pressure of the order of 10~ mbar within a few hours by the usage
of a turbopump (Pfeiffer HiPace300) and a membrane pump that operates as
backpump. Oxygen or nitrogen can be used as background gas. The pressure
is measured by the combination of two pressure gauges (CCR and PKR gauge,
both produced by Pfeiffer Vacuum Technology AG). A KrF excimer laser (pro-
duced by Coherent, Inc.) delivers nanoseconds-laser pulses of 248 nm with a
repetition rate between 1 and 10 Hz and pulse energy up to 800 mJ. Through
the stepless rotation of an attenuator that is placed in the laser beam path
in front of the main chamber entrance, the laser fluences can be varied up to
4.8Jcm~2 in case of minimum realizable spot size and 700 mJ energy.[® The
adjustment of the laser fluence is automized. Based on the preset values of
spot size, the transmission of the window, and the measured laser energy, the
software automatically calculates the laser fluence for the current position of
the attenuator. By rotating the attenuator, the transmitted laser energy is var-
ied until the requested laser fluence is achieved. The laser energy is measured
outside of the chamber when the target carousel is rotated so that the laser
can pass in between two target sites of the target carousel.

In contrast to the T'SST set-up where both substrate and targets are mounted
vertically, the SURFACE system is equipped with a horizontally installed tar-
get carousel and substrate manipulator, as shown in Fig. 3.1. The target
carousel offers the possibility to install four targets of up to 50 mm diameter
simultaneously. During the deposition, the target is moved in a toggling man-
ner to ablate the target surface as homogenously as possible.

The substrate is mounted on a heater with silver paste to ensure good thermal
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contact. Substrate temperatures up to 1000 °C can be achieved.l®! The tem-
perature is measured with a thermocouple. The distance between target and
substrate can be varied, but was typically set to about 6 cm for the growth of
the heterostructures studied here.

The system is equipped with a high-pressure RHEED system that enables in
situ growth monitoring in pressures up to 0.5 mbar. The reflected and diffracted
electron beam is visualized by a phosphorus screen and recorded by a CCD
camera. 6]

The whole deposition process is computer-controlled with the ability to select
the laser properties (fluence, repetition rate, number of pulses), the type and
pressure of the background gas, the substrate temperature, and the details of

the target movement.

3.1.1 Reflection high-energy electron diffraction

The growth mode as well as the surface crystallinity of the deposited films can
be monitored in situ by reflection high-energy electron diffraction (RHEED). As
displayed in Fig. 3.2 (a), a high-energy electron beam (typically monoenergetic
between 10-50 keV[?) is focused onto the sample surface in grazing incidence
(0.1° to 5°[2). The electrons are diffracted by the sample surface and the
diffracted beam is then visualized by the interaction with a phosphorus screen.
Due to the low angle of incidence, the electrons mainly interact with the top
atomic layers at the sample surface.) Thus, the monitored diffraction pattern
delivers information on the lattice and roughness of the topmost atomic layers.
RHEED spots are generated if the difference between the wavevectors of the
diffracted (kq) and the incident electron beam (kg) is equal to the reciprocal
lattice vector (G). In case of elastic scattering, |ko| is equal to |kq|. Multiple,
inelastic scattering events can lead to Kikuchi lines, which are observed as
curved lines in the RHEED pattern.[>7]

However, deviations from an atomically flat surface, such as surface roughness,
lead to the broadening of the diffraction spots or the appearance of so called
transmission spots in case of three-dimensional islands.[*7] Thus, the RHEED
pattern can be used as (qualitative) measure of the sample surface roughness
and crystallinity.[”]

The temporal evolution of the intensity of the RHEED spots, in particular
of the specularly reflected spot, yields insight into the growth mode. In case

of layer-by-layer growth, oscillations are observed in the time dependence of



68 Chapter 3. Sample deposition and experimental methods

(a)

Phosphor
screen

b, ¢

O )

2 8
! s

. 2

X %

c

2

y E
a

w

Incident u
T

beam

Time (s)

Figure 3.2: (a) Scheme of the RHEED geometry. ©1 (Or) and ®1 (Pr) are
the angles of incidence and azimutal angles of the incident (diffracted) beam.
S is the distance between the diffraction spots (or streaks) and Rs the distance
between the substrate and the phosphorus screen. (b) Sketch of the correlation
between surface coverage and RHEED spot intensity under the assumption of
ideal layer-by-layer growth. Figure (a) reproduced from Ref. [2], with permission
from Robert Eason, Pulsed Laser Deposition of Thin films: Applications-LED
growth of functional materials (2007) ©2007 by John Wiley & Sons, Inc. Figure
(b) adapted from Ref. [8] (published under a Creative Commons Attribution
4.0 International License, ©2018, H. Y. Sun, Z. W. Mao, T. W. Zhang, L. Han,
T. T. Zhang, X. B. Cai, X. Guo, Y. F. Li, Y. P. Zang, W. Guo, J. H. Song,
D. X. Ji, C.Y. Gu, C. Tang, Z. B. Gu, N. Wang, Y. Zhu, D. G. Schlom, Y. F.
Nie, and X. Q. Pan, Chemically specific termination control of oxide interfaces
via layer-by-layer mean inner potential engineering, Nature Communications 9,
2965 (2018), doi: 10.1038/s41467-018-04903-4).

the specular-reflection spot intensity, whose period correlates to the growth of
one monolayer.I"8l As sketched in Fig. 3.2 (b), the intensity of the (specular)
RHEED spot is maximum for an atomically flat surface.l"'"8 During the layer
growth, the surface is partially covered by two-dimensional islands that act as
scattering centers so that the intensity of the specular beam is reduced.[”8! If
the surface is half covered, the surface roughness is maximum within this simple
model and the RHEED intensity therefore minimum.[”8! With further increas-
ing surface coverage, the number of scattering centers decreases again, which

[7.8] Tn case of a perfect layer-by-layer growth, the

leads to an intensity increase.
initial intensity is recovered after the completion of one monolayer.l'! This os-
cillatory behavior of the RHEED intensity enables the thickness determination

of materials that grow in the layer-by-layer mode.
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3.1.2 Substrate preparation

In the framework of this thesis, the perovskite oxides SrTiO3 and
(LaAlO3)0.3(SroTaAlOg)o.7 (LSAT) are used as substrates. In case of the
SrTiO3(100) substrates, atomically flat, TiOo-terminated surfaces with step
edges of one-unit-cell step height can be achieved by wet etching in buffered
hydrofluoric acid,®! subsequent cleaning, and annealing in 950 °C-1000°C for
1-2 hours. The well-established wet-etching and cleaning procedure was per-
formed on our substrates by René Borowski at the Research Centre Jilich.

In contrast, the optimal treatment of LSAT(100) substrates that creates atom-
ically flat surfaces, is under debate.l'* ' While Ohnishi et al. reported the
creation of flat terraces with 0.4 nm step-height and B-site termination with
91 % surface coverage by annealing at 1300 °C in air,['?! the formation of SrO
mounds were observed after annealing in air at elevated temperatures of about
1100°C by Ngai et al.l') Other researchers reported optimized results for an-
nealing at 1050 °C in continuous oxygen flow.["¥ Thus, various annealing pro-
cedures were tested within the framework of this thesis.

The LSAT substrates in (100) orientation were delivered by CrysTec GmbH
Kristalltechnologie, unless otherwise stated.

As received ) s 650°Cforlh 0 °C for 30 min

Figure 3.3: AFM surface scans (5pm x 5pm) of the as-received LSAT(100)
substrate (a), and after annealing in 1 x 10™% mbar at 650 °C (b) and 900 °C (c).

Since the annealing in our furnace cannot be carried out under continuous
gas flow, the first annealing processes were performed under defined conditions
in oxygen-reduced atmosphere in the PLD chamber. For this purpose, the
substrates were glued on the substrate holder with silver paste. The chamber
was evacuated and the annealing was performed at a pressure of 1 x 10~% mbar
with a heating rate of 10°C/min to 15°C/min. After keeping the substrates
for 60 min at 650°C (Fig. 3.3 (b)) or for 30 min at 900°C (Fig. 3.3 (c)), the
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substrates were cooled down in vacuum with 10°C/min. Shown in Fig. 3.3 is
the comparison of the atomic force microscopy (AFM) scans of an as-received
substrate (after cutting and cleaning in isopropanol) in (a) and the surface
morphology after different (non-consecutive) annealing procedures ((b) - (c)).
The surface of the as-received substrate exhibits terrace-step morphology with
disordered step edges. As presented in Fig. 3.3 (b) and (c), even the annealing
at 900 °C did not enable the formation of well defined terraces. Thus, it can
be concluded that annealing temperatures larger than 900 °C are required in
order to thermally activate the surface reconstruction and form well-defined
terraces.

In order to avoid the formation of SrO clusters on the surface, which typically
takes place at elevated temperatures, the procedure proposed by Ngai et al. was
tested.l'% In this work, the LSAT substrate was placed between two sapphire
plates and an LaAlO3 (LAO) substrate was put on top of the sapphire plates
above the LSAT substrate surface. The increase of the La vapor pressure in
this configuration was proposed to suppress the creation of SrO mounds even
at 1300 °C, which is sufficient to enable the formation of well ordered terrace
steps.['% This procedure was modified by placing the LSAT substrate with a
thickness of 0.5 mm in between two 1 mm thick LAO substrates and covering
it by another LAO substrate. As shown in Fig. 3.4 (b), the annealing of
the LSAT substrates (the as-received AFM images shown in Fig. 3.4 (a)) at
1150 °C enabled the formation of step-and-terrace structure, but also of three-
dimensional clusters. Furthermore, also spherical mounds were formed, despite
the surrounding with LAO crystals. By testing lower annealing temperatures,
a trade-off between the formation of terraces and low densities of mounds was
found to be at about 1075°C to 1100°C (cf. Fig. 3.4 (c)-(d)).

However, substrate-to-substrate variations, with differences between different
substrate batches, were observed. Thus, every LSAT substrate used in this
study was investigated by atomic force microscopy before the deposition in

order to ensure that the density of mounds was small.
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(a) As received substrates (b) 1150°Cfor2h

Figure 3.4: AFM surface scans (5pm x 5pm) of two as-received LSAT(100)
substrates (a) and after annealing with an LaAlOs surrounding ((b)-(d)). The
left substrate of (a) was annealed at 1150 °C for 2 h in air (b). (c) AFM images
of a substrate that was annealed at 1075 °C for 20 h in air. The right substrate of
(a) was annealed at 1100 °C for 10 h in air (d). (2pm x 2pum) AFM scans of the
annealed substrates are presented in the right images of (c¢) and (d), respectively.

3.2 Thin film characterization methods

After the deposition, the heterostructures were characterized by several tech-
niques. The most relevant ones will be presented subsequently. The topography
of the samples was studied by atomic force microscopy. The magnetotransport
measurements were mainly acquired with a custom-built set-up, which allowed
additionally the simultaneous measurement of the magneto-optical Kerr ef-
fect in polar geometry. The magnetic properties were investigated by SQUID
magnetometry, first order reversal curve investigations, and magnetic force mi-

Croscopy.

3.2.1 Atomic force microscopy

Invented by G. Binnig, C.F. Quate, and Ch. Gerber,[!” atomic force mi-
croscopy (AFM) belongs to the class of scanning probe microscopy. The basic
principle of AFM, which is frequently used to determine the topography of thin
films and substrates, is sketched in Fig. 3.5.
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Figure 3.5: (a) Basic operation principle of atomic force microscopy; repro-
duced from Ref. [15] (©2022 NanoAndMore GmbH). (b) Sketch of the Lennard-
Jones potential as function of the tip-sample distance. The operation regimes of
the contact and non-contact mode are marked with blue and yellow, respectively.
Figure reproduced from Ref. [16] (©2022 Park Systems)

Attractive regime:
Used in Non-Contact AFM (F ~ 10N - 10-'2N)

The AFM probe consists of a cantilever with a sharp tip that is mounted at
the movable cantilever end. When the probe laterally scans over the sample
surface, the morphology-induced changes of the interatomic forces between the
sample and tip will lead either to static deflection, or dynamic changes of the
oscillation characteristics of the cantilever, depending on the utilized measure-

(16] The changes are recorded with the help of a laser beam, which

ment mode.
is reflected from the backside of the cantilever and detected by a position-
dependent (four-quadrant) photodetector.!*]

The AFM images presented throughout this thesis were acquired either in the
contact- or non-contact mode. These correspond to distinct sample-tip dis-
tances and thus to different regimes of the tip-sample interactions, which are
typically described by the Lennard-Jones potential.l'l The AFM measurements
are performed in the repulsive regime in case of the contact-mode, while the
non-contact mode is acquired at larger tip-sample distances in the attractive
interaction regime (compare 3.5 (b)).[16

In the non-contact regime, the cantilever oscillates at (or close to) its resonance
frequency fy, which is proportional to the squareroot of the effective spring con-

[16.18] The changes of the surface topography

stant kg, according to Hook’s law.
then lead to variations of the sample-tip forces and therefore to alteration of
the effective spring constant.'®! This affects the oscillation amplitude, oscil-

lation frequency, or the phase.l'®) Typically, the oscillation amplitude is kept
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constant by a feedback loop during the scan in the non-contact regime.[*¢! The
topography-related variation of the distance between tip and sample induces
a change of the oscillation amplitude that is detected by the photodetector
and used for the feedback loop, which moves the z (piezo-)scanner to keep the
distance constant. From the z scanner movement, the sample topography at

each measured (x,y) point is calculated.[*]

3.2.2 Magnetic force microscopy

@ MFM signal

L

(D AFM height

/\/

Figure 3.6: The schematic of the ‘Dual Pass’ technique that is used for MFM
on an exemplary sample structure containing multiple areas with different mag-
netizations. The topography signal (1) is obtained in the first pass scan close to
the sample and the MFM signals amplitude and phase (2), which capture the
relative strength and orientation of the magnetization, respectively, is obtained
in the second scan. Figure adapted from Ref. [19].

mis

Magnetic force microscopy (MFM) is a scanning probe technique that is used to
map the magnetic domain pattern?®! with spatial resolution down to 10 nm. 2]
The basic measurement principle is based on conventional atomic force mi-
croscopy, with a magnetic tip on a cantilever, which interacts with the magnetic

stray field of the sample surface.?"]

Typically, the tip is magnetized along its
axis in z-direction.

The tip-sample interactions lead to a frequency shift of the cantilever os-
cillation Af!. If the sample-tip-distance is constant, the damping of the
cantilever-oscillation is constant during the image scan, and the tip-sample
distance is large with respect to the oscillation amplitude, then Af is approx-

imately proportional to the resonance frequency fy and the force gradient:

1 Commercially available MFM often determine the change of the amplitude and phase of
the cantilever (compare for instance Ref. [19]).
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Af ~ —(fo/(2k)(OF./02),2%?3] where k is the spring constant of the can-
tilever. If the magnetic tip is approximated by a point dipole, the magnetic
force between tip and sample is given by F = ug(m-<7)H, where H is the stray
field of the sample and m the magnetic moment of the tip. Thus, the magnetic
contrast in MFM studies corresponds to the (out-of-plane) component of the
magnetic stray field of the sample surface.l?3] However, MFM measurements
typically yield qualitative understanding rather than the real magnetization
distribution, which can only be calculated under certain conditions.!??! By the
usage of the dual-pass technique, the long range magnetic interactions can be
separated from the short-range van der Waals interactions, acting between the

(19:24] Agindicated in Fig. 3.6, the topography

tip and the sample surface atoms.
of the sample is recorded during the first scan by conventional AFM. For the
second scan, the tip is lifted by a few nanometers and moves along the same
(x,y) line, following the topography in constant height mode.l'*) During the

second scan, the short-range van der Waals interactions can be neglected.?4

3.2.3 SQUID magnetometry

The magnetization measurements presented in the course of this dissertation
were carried out with the commercially available superconducting quantum in-
terference device (SQUID) magnetometer MPMS-XL (Quantum Design Inc).
It offers the possibility to measure the magnetic moment by applying a max-
imum of 7 T in a temperature range between 2 K and 400 K.[?® However,
since the thin films are mounted in plastic straws, the maximum achievable
temperature is limited by their deformation temperature to 350 K.

In order to detect the magnetic moment of a specimen, the straw with the
mounted sample is moved through a pick-up coil that is shaped as second-
order gradiometer, which efficiently cancels external constant magnetic fields
and magnetic field gradients.!?” The pick-up coil is part of a superconducting
closed circuit, the so-called flux transformer, which is shown in Fig. 3.7.[26:28]
To conserve the total flux in the superconducting circuit, the sample movement
through the pick-up coil and the corresponding change of the magnetic flux in-
duces a (persistent) current in the flux transformer.l?®>2% Due to the inductive
coupling with the SQUID loop, this current generates a change of the magnetic
flux in the SQUID loop that scales with the sample-induced magnetic flux

change?®! and is transformed into a voltage by the (radio frequency-biased)
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Figure 3.7: Schematic set-up of a SQUID magnetometer with 2°¢ order gra-

diometer. The inset shows the SQUID response versus sample position (x-pos.).
Figure reproduced from Ref. [26]: M. Buchner, K. Hofler, B. Henne, V. Ney,
and A. Ney, Tutorial: Basic principles, limits of detection, and pitfalls of highly
sensitive SQUID magnetometry for nanomagnetism and spintronics, Journal of
Applied Physics 124, 161101 (1018), with the permission of AIP publishing.

sensor.3931] The SQUID response voltage is recorded as a function of the sam-
ple position during the scan and fitted by the approximation for a magnetic
point dipole that moves in the center of the pick-up coil.26! The magnetic
moment of the sample is then determined from the fitting parameters.[2%:26]
According to Ref. [32], the SQUID response function, depending on the sam-

ple position z, is fitted by the function f(z):

2
(R?+ (= + X(4))2)°72

fle)=X1)+X(2) -2+ X(3) - <

(3.1)

1 1
(B + (A+ (= + X(4))2)P2 (B + (-A+ (= + X(4)))2)3/2)

with the longitudinal coil separation A and the longitudinal coil radius R.

While the fit parameter X (1) is a constant voltage offset, X (2) describes the

[32] Parameter

32]

linear electronic SQUID drift during the data aquisition process.

X (4) corresponds to the sample shift with respect to the magnet axis.|
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The magnetic moment of the sample is then calculated from the fit parameter
X (3) by the multiplication with a device-specific factor Dg, a correction factor

C, and a scan-dependent factor S: 2
Mtextsample = X(?)) D, - c-S (32)

Subtraction of magnetic impurities contribution

Since SQUID magnetometry senses every magnetic contribution that has a spa-
tial extension smaller than the scan length, not only the magnetic signal of the
sample, but also of the substrate, magnetic impurites on the sample as well
as contributions from imperfect sample mounting are detected.[26:31:33:34] Fyy-
thermore, artifacts can arise from the remanent magnetic field, finite sample
size, and off-centered mounting of the sample.[134 As investigated in detail by
Garcia and Sawicki et al., magnetic impurities can be introduced during many
steps of the sample preparation.33:34]

To avoid additional contributions, nonmagnetic tweezers are used during every
sample handling step. The avoidance of magnetic contributions introduced by
inhomogeneous sample environment on the sample holder is achieved by the
mounting without additional glue for the out-of-plane orientation. Therefore,
the sample is cut precisely to 4mm x 4mm and clamped between the walls
of the plastic straw. For the in-plane measurements, the sample is glued with
conventional double-sided scotch tape on a plastic sheet, both exceeding the
scan length of the measurements so that additional magnetic responses due to
the mounting are minimized. In order to reduce errors in the fitting procedure
of the point-dipole approximation,2¢! the sample size of 4mm x 4 mm is also
used for the in-plane measurements.

Despite the precautions, the intrinsic substrate contribution as well as addi-
tional paramagnetic and ferromagnetic contributions are still observed in the
magnetization measurements (compare Fig. 3.8). Due to the ratio of the vol-
umes of substrate and ultrathin film, the measured total magnetic signal is often
even dominated by the magnetic signal of the substrate. Thus, the knowledge
of the temperature and magnetic field dependence of magnetic background con-
tributions is required in order to extract the sample response correctly.

The purely diamagnetic contribution, mainly originating from the substrate, is

2 For further details on the device- and scan-specific parameters, the reader is referred to
Ref. [32].
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subtracted by linear fitting in the high magnetic field range for all the samples

shown throughout this dissertation.

5 [RIR2 ' @ , o , =

qE) 5t eessglesece | |

I\‘?_/ [/ 00000008000 Igﬁ-—::".u.....

€ ) ' /

x {1 T

2 H 1

: ‘// jremeenee -'o”ult‘:“d'

(0]

g) -5}essesstocee 1 + T=20K |

= T=20K T=200K (£ 200K)
-I3 (I) é _I3 (') é -.3 6 é

Magnetic field (T)

Figure 3.8: Magnetic field dependent magnetization measurements of the
SrRuOs-based heterostructure RIR2, corrected for the diamagnetic substrate
contribution. (a) Magnetic hysteresis loop at 20 K. (b) Magnetization hystere-
sis loop at 200 K, above the transition temperature of the SrRuOs layers . (c)
Magnetic hysteresis loop of RIR2 at 10 K after subtraction of the diamagnetic
contribution and the 200 K data, shown in (b).

One source of magnetic impurities is introduced during the sample cutting with

a (Ni-coated) diamond wire.[34:3%]

To reduce the amount of Ni contamination,
the thin films were spincoated with PMMA before the cutting and cleaned with
acetone and isopropanol afterwards. In case of the LSAT substrates, for which
no chemical etching was necessary, the substrates were cut manually to suit-
able size, cleaned, and annealed afterwards, or directly ordered in 4 x 4 mm?
from CrysTec GmbH. Nonetheless, the contribution due to magnetic impurities,
visible in the sample hysteresis loop shown exemplarily for the SrRuOs-based
heterostructure RIR2 in Fig. 3.8 (a), needs to be subtracted. If such artifical
contributions are not subtracted, the magnetic moment in saturation could be
overestimated or the coercive field evaluation could be influenced. Since the
transition temperature of Ni is at about 700 K[3®! and therefore far above T, of
the heterostructures under study, the magnetic moment and the coercive fields
are assumed to be constant in the temperature range between 3 K and 350
K. Thus, by measuring above the transition temperature of the ferromagnetic
layers of the samples, the magnetic response of the background can be deter-
mined, as shown in Fig. 3.8. The subtraction of this measurement (Fig. 3.8

(b)) from the low temperature hysteresis loop yields a good estimation of the
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sample response, as presented in Fig. 3.8 (c). However, also this correction
is imperfect, as small peak-like features persist at small magnetic field values,
most likely related to small temperature dependent variations of the real and
estimated coercive fields of the magnetic impurity contributions.

The temperature dependent magnetic measurements, shown in the scope of

this dissertation, were also background corrected.
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Figure 3.9: Temperature dependent magnetic moment of the two perovskite
substrates SrTiOs and (LaAlOg3)o.3(Sr2TaAlOg)o.7.

The temperature dependence of the magnetic moment of SrTiO3(100) and
LSAT(100) substrates, treated as the other samples of the study, i.e. cut with
the same wire saw, glued on the PLD sample holder and clamped in a plas-
tic straw, are shown in Fig. 3.9. While the overall magnetic moment of the
SrTiOg substrate is positive during the fc measurement in presence of 0.1T,
indicating the presence of ferromagnetic or paramagnetic impurities, the LSAT
substrate has an overall negative magnetic moment. This indicates that the
latter substrate is dominated by the intrinsic diamagnetic substrate response
and that the cutting and cleaning before the annealing did not introduce large
impurity densities.

The presented (scaled) fc m(T) measurements were subtracted from the mea-
sured m(T) data in order to extract the sample response. Here, the variation
of the substrate volume, which might be different for the substrates used for
the background measurement and those of the individual samples, is taken into
account by scaling the magnetic moment of the background m(T) curve to the

magnetic moment calculated from the susceptibility, extracted from the high
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magnetic field fit of the magnetic hysteresis loop at high temperatures. This
background correction helped to reduce the initial decrease of the magnetic mo-
ment at low temperatures, which originates from the substrate and has been
attributed to magnetic impurities that occupy lattice sites in common diamag-

netic substrates.37]

3.2.4 First order reversal curve studies

In the framework of this dissertation, selected heterostructures were investi-
gated not only by major magnetization hysteresis loops, but also by first order
reversal curve studies (FORC). With FORC investigations, single magnetiza-
tion reversal processes that take place in a sample can be disentangled and
the distributions of the coercive fields and internal interaction fields can be
accessed, which is typically unfeasible in the case of conventional major loop
magnetometry. [33-45]

This makes FORC a versatile technique to study magnetic multi-component

systems,[41’43’46] such as magnetic heterostructures,[43] magnetic microstructures,[41]

or magnetic mineral composites. 46!

Developed by Mayergoyz,[*”) FORC is considered as experimental approach
to estimate the Preisach distribution under certain conditions.!?®3947 In the
Preisach model, the magnetic hysteresis of a system is described by the super-
position (see Fig. 3.10 (b)) of so called hysterons.[*8! Each hysteron (see Fig.
3.10 (a)), which is a rectangular defined by the switching fields Hyp and Haown,
corresponds to a single, sharp (irreversible) magnetization reversal process. As
schematically presented in Fig. 3.10 (a), the hysteron can be described equiv-
alently by the coercive field H. and the interaction field H,. The mapping
of the hysteron characteristics onto the H.-H-plane then yields the Preisach
distribution (cf. Fig. 3.10 (c)).[*8!

According to Mayergoyz, first order reversal curves can be used to experimen-

tally approach the Preisach distribution, if two criteria® are fulfilled:[4”]

o Wiping out property:
All minor loops, measured between the reversal points Hyj, and Hyax
(with Hpin < Hmax) are independent of the details of the magnetic field

sweep for Hyin < H < Hpax and close after one cycle.

3 The two criteria are formulated following Ref. [45].



80 Chapter 3. Sample deposition and experimental methods

m
, <
(a) H. H.
PR R [T A N
1
1
1
]
Hdown 1 Hup H
1
1
1
<>
u
(b) (c)
Zof 04F °
T’E —~ 02 ]
S of 2 o .
2 T 0.2 .
S 04} °

-2 -1 0 1 2 0 0.5 1
applied field (a.u.) H. (a.u.)

Figure 3.10: (a) Scheme of a hysteron, as introduced by Preisach. Hyp, and
Haiown are the magnetic fields where the magnetization is switched. H, is the
interaction field and H. is the coercive field. (b) Fictitious magnetic hysteresis
loop (green), approximated by 5 hysterons (blue). The individual hysterons
have different interaction fields, but identical coercive field. The corresponding
Preisach distribution in the H.-Hy-plane is shown in (c). Figure (a) inspired
from Ref. [39]. Figures (b) and (c) are reproduced from Ref. [45].

o Congruency property:
All minor hysteresis loops that correspond to the same minimum applied

field Hpin and maximum applied field Hy,.x are geometrically congruent.

Since these two conditions are rarely fulfilled in real systems,¥] the interpre-
tation of FORC diagrams can be difficult and hence they are often considered
as qualitative fingerprint of the magnetic properties.[*'*2) However, Pike et
al. proposed to use FORC as an experimental technique independent of the
Preisach-like interpretation.[?) Several studies have shown that FORC densi-

ties can help to gain a deeper understanding of a system and yield quantative
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information, instead of being a mere fingerprint. 334142l

In order to obtain the FORC-density map, a set of first order curves (cf. Fig.
3.11 (b)) is measured with set-ups capable to study the magnetization or quan-
tities proportional to the magnetization, such as SQUID magnetometry!*? or

magneto-optical Kerr effect investigations.!43!
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Figure 3.11: (a) Schematics of the applied magnetic field as function of time
for a single first order reversal curve measurement. (b) Example of a set of
first order reversal curves of a CoFe nanowire array. Figure (a) reprinted with
permission from Ref. [42]: S. E. Ilse, F. Gro8; G. Schutz, J. Grife, and
E. Goering, Understanding the interaction of soft and hard magnetic com-
ponents in NdFeB with first-order reversal curves, Physical Review B 103,
024425 (2021), Copyright 2021 by the American Physical Society. Figure (b)
reproduced from Ref. [39] (distributed under the terms of the Creative COm-
mons Attribution- NonCommercial-ShareAlike-3.0 License, ©2010 Fanny Béron,
Louis-Philippe Carignan, David Ménard, and Arthur Yelon.

Each first order reversal curve is a minor loop that is characterized by its
reversal field H,.[*3! The measurement procedure with a SQUID magnetometer,
sketched in Fig. 3.11 (a) and following Ref. [39, 42, 45|, starts by saturating
the sample in Hg,;. Subsequently, the magnetic field H, (with H, < Hgat) is
applied to reverse the sample s magnetization partially. Then, the first order
reversal curve is measured by sweeping the external magnetic field H from H,
to Hpax. For the next minor loop, the sample is again saturated in Hgag.

The FORC density* is then obtained by calculating the mixed second derivative

of the measured magnetic moment surface:8!

10*m(H, H,)

prorc(H, H,) = T2 OHOH.

(3.3)

4 For further details on the numeric data analysis, the reader is referred to Ref. [40, 42,
44, 45].
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To describe the FORC density as function of the interaction field H, and the

coercive field H., the H- and H,-axes are transformed:
1 1
H, = i(H - H,), H, = §(H +H,) (3.4)

It was recently shown that FORC studies are furthermore capable to detect
the type of magnetic coupling in heterogeneous systems.[*!] In presence of mag-
netic coupling, the magnetic switching field of a magnetic subsystem depends
on the magnetization of the other subsystems, which violates the congruency
property.[*1] According to Ref. [41], this leads to the generation of an interac-
tion peak pair, whose shape gives insight whether the coupling is ferromagnetic

or antiferromagnetic.

3.2.5 Magneto-optical Kerr effect measurements

The magneto-optical Kerr effect (MOKE), discovered by Kerr in 1878,[5"]
describes the phenomenon that linearly polarized light gets elliptically polarized
with a rotation of the polarization plane upon reflection at the surface of a

magnetized medium (in polar and longitudinal geometry).[51-53

The change
of the polarization state is described by the (wavelength dependent) complex
Kerr angle Ok = Ok + ink. The geometric definition of the Kerr rotation
angle Ok and the ellipticity angle nk is indicated in Fig. 3.12. The ellipticity
ek = tanng is determined by the ratio of the long and short axes a,b of the
ellipse and is usually defined as ex = b/a,%? whereas O is the angle between
the major axis and the axis of polarization of the incident wave.

The magneto-optical Kerr effect originates from the difference of the refractive
indices of left-circularly polarized (LCP) and right-circularly polarized (RCP)
light for the reflection at the surface of a magnetized crystal.[®!] Linearly polar-
ized light can always be written as the combination of left-circularly polarized

and right-circularly polarized waves with equal amplitudes.[®?!
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/ kout

Figure 3.12: Scheme of the change of the polarization state of linearly polarized
light upon reflection at the surface of a magnetized solid. The incident light wave,
propagating along z-direction, is linearly polarized with the polarization (red)
along the x-direction. Upon reflection at the surface of the sample, magnetized
along z-direction by a magnetic field, the light gets elliptically polarized. The
polarization plane is rotated by ©x with respect to the polarization vector of
the incident wave. The ellipticity ex is defined by the ratio of the ellipse axes b
and a. Figure inspired from Ref. [54].

To derive the relation between the complex Kerr rotation §;< and the optical
properties of a solid, the dielectric tensor is considered. In case of a sample with
cubic symmetry that is magnetized in crystallographic z-direction and the light
propagation along z-direction (polar geometry), the optical dielectric tensor &

is given by:

€xx  €zy O €xz — U€gy 0 0
€= | —€zy €xz O €. = 0 €xx +l€zy O (3.5)
0 0 €rn 0 0 €rx

The off-diagonal elements of € that cause the difference of the refractive indices
for LCP and RCP waves, are only non-zero when time-reversal symmetry is
broken, i.e. in presence of an external magnetic field or finite magnetization.[>?!
€. represents the diagonalized form of € with spherical basis. The eigenvalues

M4 = \/€za £ i€y are the complex refractive indices.
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Following Ref. [52, 55-57], the polarization variable ¢ describes the ratio of
left and right circular polarization components of the reflected wave (Egus +
and Eoy-) and can be expressed in terms of the incoming light polarization

components Ei, + and the complex reflection coefficient pi.:

¢ = Doutt _ Bint0y _ Py (3.6)
Eout,— Ein,—/L P—

The Fresnel equation for reflection at normal incidence is given by

nye —1

= (3.7)
Since €3y < €54, Equation (3.6) can be written as:
¢= \/gjiejj_ 5+l (3.8)
This polarization variable corresponds geometrically tol®2:56]
(= On LIy (0 — ) (39)

14 tanng

The approximation is valid for small Ok, ex. The comparison of Equations
(3.8) and (3.9) then yields the connection of the complex Kerr rotation angle

and the elements of the dielectric tensor:

. €xy

Ok +ing = m (3.10)
Phenomenologically, the origin of the magneto-optical Kerr can be understood
by the classical description of the interaction of light and electrons in a solid.[>®]
The electric field of the electromagnetic wave that is propagating through mat-
ter will move the electrons. LCP light will generate left circular motion and
RCP light will cause right circular motion of the electrons. Only in presence
of the Lorentz force due to an external magnetic field, the radii of the circular
motion will differ for LCP and RCP which then leads to different dielectric
constants for RCP and LCP.58) Quantum mechanically, the Kerr effect is de-
termined by the exchange splitting and scales with spin-orbit coupling.[51:52
It was experimentally observed and theoretically shown by perturbation the-
ory that the Kerr constants are (in first order) proportional to the sample

magnetization.?1:58]
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In case of magnetic multilayers, the total Kerr effect ©%" is the sum of the con-

tributions originating from the Kerr response of the individual magnetic layers
0;:010%t = 3~ 0;,. In case of thin films, the ratio of the penetration depth
and film thickness requires the consideration of additional internal reflections

or reflections at the substrate-sample-interface.[>4:5)

Due to its proportionality to the magnetization, the Kerr rotation angle is

an important measurable in the scope of this dissertation.

photodiode

polarizer

light
source

& (22
28 SE0 8 lids
] u = current switch
$2¥ds | ki 1 3 source ~ system

Figure 3.13: Scheme of the polar magneto-optical Kerr effect measurement
set-up utilized in the framework of this dissertation. The optical set-up was up-
graded by Jorg Schopf so that p-MOKE and magnetotransport can be measured
simultaneously. Figure inspired from Ref. [55, 56, 59].

Sketched in Fig. 3.13 is the experimental set-up used to study the Kerr ro-
tation angle in polar geometry (p-MOKE). The propagation vector is slightly
tilted (5 deg[56]) with respect to the surface normal of the sample, which can
be magnetized by the application of a magnetic field perpendicular to the thin
film surface.

In order to determine the change of the light polarization state due to the re-
flection at a magnetized sample, the light intensity is measured as a function of
the polarization state. The simultaneous detection of the Kerr rotation angle
and the ellipticity can be achieved with high accuracy by usage of the double
modulation technique and lock-in amplifiers.

Depending on the sample requirements, either a 450 W xenon lamp, or a 491 nm

laser are used as light source for the p-MOKE experiments. As shown in Fig.
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3.13, a monochromator installed behind the xenon lamp is utilized in order to
select a specific light wavelength from the achievable range between 350 and
1500 nm.[8) After light collimation by a parabolic mirror, an optical chopper,
operating at 680 Hz, modulates the light. Subsequently, the light gets linearly
polarized by the first polarizer, which consists of a Glan-Taylor prism. The
sample is installed in a cryostat (MagnetoStatMo Ozford) that allows the ap-
plication of magnetic fields up to 5T perpendicular to the thin film surface.[5
Measurements can be performed in a temperature range between 300 K and
8 K.I°6l The focusing of the light is achieved by biconvex lenses in front of the
crystotat before and after the reflection at the sample surface. As indicated in
Fig. 3.13, the reflected laser light is furthermore modulated by a photoelastic
modulator (PEM). The PEM (Hinds Instruments) consists of a transparent
crystal, often fused silica, which is periodically deformed by a piezoelectric el-
ement. This induces periodically stress birefringence and therefore modulates
the polarization state of the light with 50 kHz and 100 kHz (2nd harmonic).
Then, the light passes through a second polarizer, the analyzer. At the detec-
tor (a silicon photodiode) the light intensity is measured and decomposed by 2
lock-in amplifiers into its 680 Hz component, corresponding to Ipc, the 50 kHz
(I11), and 100 kHz (I2¢) components. The Kerr rotation Oke, and ellipticity

€Kerr are then calculated from:[®6!

1 Iis 1 Iy

At o= =2 3.11
01 IDC K 02 IDC ( )

€Kerr =
with calibration factors C; and Cy that are generally wavelength-dependent.
C5 can be easily determined by the change of the first polarizer from the angle
¢ to ¢;. In the small angle regime, C5 is then given by the slope of the linear
function fitted to the determined data points of (I2r/Ipc)(¢). Since the set-

[55,56] and

up was originally designed by Dr. Rolf Versteeg and Simon Schéfer,
upgraded by an electric-transport-measurement system by Jorg Schopf, the
reader is referred to the respective theses for further details on the derivation

of Equation (3.11) and the determination of C.[5%:56:59]
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3.2.6 Transport measurements in van der Pauw geometry

The thin films characterized in the scope of this dissertation were investigated

by (magneto-)transport investigations in the van der Pauw geometry, which

allows the determination of the resistivity and Hall effect of arbitrarily shaped
60

samples without the need for the knowledge of the exact current distribution.!

(a) (b)
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Rapcp = Tnm Rppac=— Ton

Figure 3.14: General idea of the measurement principle of magnetotransport
investigations in van der Pauw geometry (a) and (b). Exemplarily shown in (a)
is the definition of Rag,cp and the definition of Rpp,ac (for Hall studies) is
presented in (b). (c) Sketch of the sample holder and respective electrical wiring
for the set-up presented in Fig. 3.13. The sample is drawn as blue square, the
wiring for Hall measurements in van der Pauw geometry are shown in orange.
Figure (c) reprinted from Ref. [59].

If the isotropic® and singly connected sample is homogeneously thick and the
four point-like contacts situated arbitrarily on the samples’ circumference, the

resistivity p is calculated from:[6"]

dR dR
exp (_77 1;B,CD> +exp (_W ];C,DA) 1 (3.12)

d is the thickness of the sample. The resistance Rap cp denotes the quotient of
the potential difference Vp-V, measured between contacts D and C, and the
current ITap that is flowing through contacts A and B (cf. Fig. 3.14 (a)).[50
Rpc,pa is defined accordingly by the voltage difference V4-Vp per current Ipc.
The Equation (3.12) can be solved numerically.[") As shown by van der Pauw,

the resistivity p is given by:

dR R R
P AB,cD + RBc,pA < AB,CD) (3.13)

" In2 2 Rpc.pa

5 An example of the extension of the van der Pauw method for anisotropic samples is
presented in Chapter 8.
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with the correction factor f, which is given by the solution of:

RaB,cp — Rec,pa (eXP (In 2/f)>
: : = farccos | ————= 3.14
Ras,cp + Rec,pa ! 2 (3.14)

Experimental artifacts impacting on the resistivity can arise from (charge car-
rier) inhomogeneities(®? or improper contact placement at finite distance from
the circumference.l%? It was furthermore demonstrated by van der Pauw that
the transversal Hall voltage can be determined in van der Pauw geometry by
the measurement of the resistance Rpp ac, as presented in Fig. 3.14 (b). In
the low field limit, the application of a magnetic field perpendicular to the thin
film surface causes the change of the resistance Rpp ac (measured in absence
of a magnetic field) by ARBD,AC.[GSO] However, in sizable magnetic fields H
along the surface normal, contributions originating from the longitudinal mag-

[63] Since

netoresistance will contribute additionally to the Hall coefficient R .
the longitudinal magnetoresistance is an even function of the magnetic field,
wheras the transversal Hall is an odd function, this contribution can be sub-
racted by calculating (half of) the difference of the measurements of Rpp ac
in +H and —H magnetic field directions.[%3] According to Spal,l% Sample, 6]
and Levy et al.,l5% the interchange of current and voltage electrodes is equiva-
lent to the inversion of the magnetic field direction. Thus, the Hall resistance

was calculated in the scope of this dissertation by:[®9

1
Ryan = 3 (RBp,Ac(H) — Rac,sp(H)) (3.15)

with the definitions of Rpp ac (and Rac,sp) as sketched in Fig. 3.14 (b). Most
of the electric studies were performed with the set-up presented in Fig. 3.13,
due to the capability to aquire the electric resistance and magneto-optical Kerr
rotation angle under as identical conditions as possible, such as temperature,
magnetic field, and sweep rate.

The permutation of the voltage and current electrodes was realized by the
sample mounting on the holder presented in Fig. 3.14 (c¢) and a software-
controlled switch system which periodically switched® between the measure-

ment of Rpp ac and RAC’BD.[59]

6 The time delay between the two measurements of Rgp ac and Rac,sp leads to differ-
ences in the applied magnetic field, which is depending on the sweep rate. According to
Ref. [59], the difference is about 13 mT for a sweep rate of 0.5 T/min.



References 89

When magnetic fields larger than 5T were required, the transport measure-
ments were performed in a PPMS (Quantum Design Inc.). Two measurement
bridges with interchanged voltage and current electrodes were connected so

that the sample was contacted with two copper wires per contact.
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4.1 Introduction

Magnetic skyrmions and their potential application for instance in new data
storage devices!>3! or for reservoir computing,* caused enormous research ac-
tivity within the last decade. The 4d transition metal oxide SrRuOjs, which
is ferromagnetic down to a few unit cells when it is deposited on SrTiO3z(100)

5] is considered as a promising material in the prospect of skyrmions

substrates,
in epitaxial oxide heterostructures. Its strong magnetocrystalline anisotropy
can be tuned to favor perpendicular magnetic anisotropy, for instance by the
growth on SrTiO3(100) substrates. "]

During the last years, unconventional features in the Hall resistance loops mim-
icking a topological Hall effect (THE) were observed in bilayers of StRuO3 and
the strong spin-orbit coupled SrIrOs.1% 8 Due to the breaking of the inversion
symmetry at the interface and the strong spin-orbit coupling of the 5d SrIrOg,
the generation of an interfacial Dzyaloshinskii-Moriya interaction (DMI) was
proposed to stabilize noncollinear magnetic textures, such as skyrmions in
SrRuOs3 layers of 4 - 6 monolayers (MLs) thickness.|®) In magnetic force mi-
croscopy investigations of such a 5 MLs SrRuO3/2 MLs SrIrO3 bilayer, round
magnetic domains were interpreted as magnetic skyrmions.!®

However, hump-like anomalies were also observed in ultrathin bare SrRuOs

s.[910] Ap alterna-

films when it was deposited under non-optimal condition
tive interpretation of the origin of the THE-like features that was proposed
is the existence of multiple conduction channels of the anomalous Hall effect
due to disorder,['!] off-stoichiometry,[®! interfacial modifications,'? or spatial
inhomogeneities.['314 This debate about the origin of the peculiar features
appearing in the Hall resistance loops emphasizes that the conclusion of the
presence of magnetic skyrmions based only on transverse transport measure-
ments can be faulty and highlights the importance of definite experimental
proof by magnetic imaging for instance.

In order to shed light on the origin of the hump-like features in ultrathin
SrRuOg layers interfaced with 2 MLs SrIrOg, the morphology and magnetic
domain formation of a 4 MLs SrRuO3 / 2 MLs SrIrO3 / 2 MLs SrZrOg trilayer
(4RIZ) was investigated within the framework of this study. Hall measure-
ments were correlated with microscopic studies of the magnetization reversal,
aiming to unravel the origin of THE-like features observed in the Hall resis-
tance hysteresis loops for the trilayer 4RIZ. A bare SrRuOj3 thin film of identical

thickness was investigated as reference sample. In case of the studied 4 MLs
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SrRuOs3 / 2 MLs SrIrOs / 2 MLs SrZrOg trilayer, nanoscale thickness varia-
tions, which led to local variations of the switching field as well as modifications
of the anomalous Hall constant in the nominally 4 MLs thick SrRuOj3 layer,
can explain the observation of THE-like features without the existence of mag-
netic skyrmions. The results highlight that hump-like anomalies that resemble
a topological Hall effect can be observed without the formation of magnetic
skyrmions and thus the observation of such features should not be used as

validation of a skyrmionic phase.

4.2 Sample deposition

Since the hump-like features were seen by Matsuno et al. in their study of
SrRuO3/SrIrOs-bilayers only for SrRuOj layer thicknesses between 4 and 6

MLs, ¢ the focus of this study was on the investigation of a trilayer composed
of 4 MLs SrRuOj interfaced with 2 MLs SrIrOs, as presented in Fig. 4.1(b).

The bilayer was capped by 2 MLs of the large band gap insulating oxide SrZrOg
[15]

in order to protect the moisture sensitive SrlrO3 from degradation.

(a) (b)

1 2 unit cells

4SRO foues 4RIZ

2 unit cells

¥ .
4 unit cells

v

Figure 4.1: Schematic sample design of the 4 MLs bare StRuO3 film (a) and
the SrTRuO3/ SrIrOs/ SrZrOs trilayer 4RIZ (b), both deposited on SrTiO3(100)
substrates. Figure adapted from Ref. [1]. Adapted with permission from G.
Malsch, D. Ivaneyko, P. Milde, L. Wysocki, L. Yang, P. H. M. van Loosdrecht,
I. Lindfors-Vrejoiu, L. M. Eng, ACS Appl. Nano Mater. 2020, 3, 2, 1182-1190,
Copyright 2020 American Chemical Society.

The second sample under study is a bare STRuOg thin film of the same (4 MLs)
thickness, labeled 4SRO (see Fig. 4.1 (a)).

The cubic SrTiO3(100) substrates used for the sample fabrication, exhibiting
a miscut angle of 0.1 deg, were etched in NHyF-buffered HF and subsequently
annealed at 1000°C for 2h in ambient conditions. This treatment ensured a
uniform step-terrace morphology with terrace width between 200 nm to 450 nm
and TiOs-termination on a large scale.

Both samples were deposited by pulsed-laser deposition with a KrF excimer
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laser from stoichiometric STRuQOg3, SrIrOg3, and SrZrO3 targets. The deposition
took place in 0.133 mbar Oy atmosphere with the substrate heated to 650 °C.

2 was used for all layers, while the laser repetition

A laser fluence of 2Jcm™
rate was set to 1 Hz to 2 Hz for the SrIrO3 and SrZrOgs layers and to 5 Hz for
the SrRuOj3 layers.

In order to monitor the growth mode, to control the individual layer thick-
ness, and to achieve an initial understanding of the crystal structure of the
films after the growth, in situ high-energy electron diffraction (RHEED) was
utilized in high-oxygen pressure. Depicted in red in Fig. 4.2 ((a) and (b))
are the integrated intensities of the specular spots of the RHEED patterns
as function of time. Additionally plotted in purple and blue in Fig. 4.2 (a)
are the integrated intensities of the 15* order diffraction spots of the RHEED
pattern of the bare SrRuOgs thin film. The observation of oscillations in the
time-dependent RHEED intensity for the deposition of the SrIrO3 and SrZrO;
layers indicate the layer-by-layer growth and enabled to control the layer thick-
ness to be 2 monolayers each. In contrast, the SrRuQOg layers, both the bare
thin film and the SrRuQOg layer of the heterostructure, grew in step-flow mode,
indicated by the almost time-independent, high RHEED intensity.['6] As often
recognized for SrRuQOj films deposited on TiOs-terminated SrTiO3 substrates,
the intensity exhibits an initial deep oscillation, which typically corresponds
to the growth of 1.5 monolayers.!'®l From this time period, the SrRuO3 layer
thickness was estimated to be 4 monolayers for the bare SrRuO3 thin film as
well as the StTRuOg layer of the trilayer 4RIZ.

The RHEED pattern acquired in situ after the deposition of the 4 MLs SrRuOg3
layer (see Fig. 4.2 (c)) shows the smooth deposition, pseudomorphic to the
SrTi03(100) substrate. Also after cooling in 200 mbar Og atmosphere to 150 °C,
no additional reflections are observed, indicating that the SrRuOgs is still above
the transition to the orthorhombic crystal structure (see Fig. 4.2 (d)). In con-
trast, as shown in Fig. 4.2 (e), the RHEED pattern of a 150 MLs thick bare
SrRuOg film after deposition on SrTiOs and cooling to 120°C shows the ex-
istence of additional reflections, which can be attributed to the orthorhombic

distortion of the crystal structure.
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(a) (b)
4RIZ

4SRO specular spot

—— 1% order diffraction spots——|

SrlrO, growth

o

SrZrO; growth

N
T

end of
deposition
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RHEED intensity (arb. units)
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Figure 4.2: Integrated RHEED intensity plotted as function of time for the
deposition of the bare SrTRuO3 film 4SRO (a) and the trilayer 4RIZ (b). The
integrated RHEED intensity of the specular spots are drawn in red. The purple
and blue plot correspond to 1°° order diffraction spots in (a). In situ RHEED
pattern after the deposition of 4 MLs SrRuQOs, taken under growth conditions (c),
and after cooling the sample to 150 °C in 200 mbar and subsequent evacuation
of the growth chamber (d). Depicted in (e) is the RHEED pattern of a 150 MLs
thick bare SrRuQO3 layer after cooling to 120°C. Marked by yellow boxes are
additional reflections that originate from the orthorhombic crystal structure of
this thick StRuOg film. Figures adapted from Ref. [1]. Adapted with permission
from G. Malsch, D. Ivaneyko, P. Milde, L. Wysocki, L. Yang, P. H. M. van
Loosdrecht, I. Lindfors-Vrejoiu, L. M. Eng, ACS Appl. Nano Mater. 2020, 3, 2,
1182-1190, Copyright 2020 American Chemical Society.

4.3 Magneto-optical Kerr effect and Hall inves-
tigations

Macroscopic magnetization measurements, by means of polar magneto-optical
Kerr effect (MOKE), and Hall measurements were performed for both samples,
the bare StTRuO3 thin film 4SRO and the trilayer 4RIZ. The Hall investigations
were acquired in van der Pauw geometry, as described in Chapter 3.2.6. The
magnetic field was applied perpendicular to the film surface and a driving cur-

rent of 100 pA was applied for all the Hall measurements shown here.
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Figure 4.3: Total Hall voltage hysteresis loops for the 4 MLs bare SrRuO3s
layer (a) and the SrRuOs/ SrIrOs/ SrZrOs trilayer 4RIZ (b) at representative
temperatures. The magnetic field was applied perpendicular to the film surface.
Sample 4SRO is paramagnetic at 80 K, while heterostructure 4RIZ still exhibits
an open Hall voltage hysteresis loop indicating ferromagnetic order. Figures
adapted from Ref. [1]. Adapted with permission from G. Malsch, D. Ivaneyko,
P. Milde, L. Wysocki, L. Yang, P. H. M. van Loosdrecht, I. Lindfors-Vrejoiu,
L. M. Eng, ACS Appl. Nano Mater. 2020, 3, 2, 1182-1190, Copyright 2020
American Chemical Society.

Depicted in Fig. 4.3 are the Hall voltage hysteresis loops of the bare 4SRO
thin film (a) and the trilayer 4RIZ (b) at selected temperatures, e.g. at which
magnetic force microscopy investigations were performed. The total Hall volt-
age is directly proportional to the total Hall resistivity pxy, which is the sum
of the ordinary Hall resistivity pogg and the anomalous Hall resistivity papg.
In the strong magnetic field range, where magnetic saturation of the sample is
assumed, the total Hall voltage is therefore determined by the magnetic field
dependence of the ordinary Hall effect.

The comparison of the magnetic field dependence of the total Hall voltages
shows that the interfacing of the 4 MLs thick SrRuOs layer with 2 MLs of
the strong spin-orbit coupled SrIrOj3 and the additional capping with 2 MLs
SrZrOg3 has a strong impact on the magnetotransport and the magnetic prop-
erties of the SrRuOj3 layer, as it will be discussed later. While the total Hall
voltage of trilayer 4RIZ has a negative slope in high magnetic fields, indicating
electron-dominated transport (see Fig. 4.3 (b)), the total Hall voltage of the 4
MLs SrRuOg thin film is almost constant as a function of magnetic field in this
range. Such strong variations of the charge carrier densities are a first indica-

tion of the impact of the interfacial environment of the SrRuOj3 layers on the
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band structure and thus on the magnetotransport properties of the samples.
Due to the proportionality of the anomalous Hall effect (AHE) to the out-of-
plane component of the magnetization,!!” the Hall hysteresis loops yield initial
insight into the macroscopic magnetic properties of the samples under study.
The Hall loop of the bare 4SRO film has an s-shape at 80 K, which indicates
that the sample is already in its paramagnetic state,!'®] whereas the 4 MLs
SrRuOj3 layer of trilayer 4RIZ is still in its ferromagnetic phase, according to
the open hysteresis loop.!*?]

The anomalous Hall constant Ra of the bare 4SRO thin film is positive within
the entire ferromagnetic phase, as depicted in Fig. 4.3 (a). In contrast, Ra of
heterostructure 4RIZ is negative below 60 K and changes its sign to positive val-
ues at about 70 K. Also these differences in the anomalous Hall effect properties
can be a sign of band structure modifications of the StRuOs3 layer due to the
capping with 2 MLs SrIrO3/2 MLs SrZrOs, since it was seen that the anoma-
lous Hall effect in SrRuOjs is dominated by the intrinsic contribution.!3-20]
This intrinsic contribution is dictated by the Berry curvature of the conduc-
tion bands.?!] Due to the existence of several Weyl nodes close to the Fermi
level yielding large contributions to the Berry curvature, the anomalous Hall
effect in SrRuOs is sensitive to modifications of the band structure,2! for in-

stance by the stoichiometry,[) the film thickness,[?2! interfacial interactions,*2!

or the crystal structure.['8]

In the present case, the band structure variations of the two samples under
study might originate from different crystal structures of the StRuOs layers.!23]
The nonmonotonous temperature dependence of the AHE, including the sign
change from negative to positive, observed for the trilayer 4RIZ, is consis-
tent with the stabilization of an orthorhombic crystal structure of the STRuOs3
layer.[21:23] The capping of StRuO3 with orthorhombic SrIrOs and SrZrOs lay-
ers, which exhibit large tilting angles of the oxygen octahedra, could support
the stabilization of the RuOg tilt angles bringing them closer to the bulk val-
ues of orthorhombic SrRuO3. Such modification of oxygen octahedral rotation
by the interfacing with capping layers was found to be efficient in ultrathin
SrRuOs films.?425 When the SrRuOs layer, deposited on an orthorhombic
DyScO3(100) substrate, was for instance capped with cubic SrTiOs, the tilts
of the RuOg octahedra were suppressed, which stabilized tetragonal structure
and influenced the ferromagnetic transition temperature.!2®!

The positive AHE down to 10 K in case of the uncapped 4 MLs SrRuOj thin

film however might be an indication of a tetragonal crystal structure.['8:23] This
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ultrathin SrRuQOg film has its top interface with vacuum and was deposited on
a cubic SrTiO3 substrate, which most likely leads to the suppression of the oxy-
gen octahedra tilts. Recent high-resolution x-ray diffraction investigations of a
3 unit cell thick StRuO3 film, deposited on Nb-doped SrTiO3(100) substrates,
indeed confirm the strong suppression of the octahedra tilts, although the film

is still not tetragonal.[2S]

Only for the heterostructure 4RI1Z, when the 4 MLs thick SrRuQOg layer was
capped by 2 MLs SrIrO3/2 MLs SrZrOs, the Hall voltage loops (cf. Fig. 4.3
(b)) possess additional hump-like features in the temperature range close to the
AHE sign change. In order to elucidate the origin of these unconventional fea-
tures, which were not observed in case of the bare StTRuO3 thin film, the Hall
measurements of the trilayer 4RIZ were compared to polar magneto-optical

Kerr effect measurements (see Fig. 4.4).
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Figure 4.4: Hall resistance after subtraction of the ordinary Hall resistance
(Rtot- Rour (black)) and Kerr rotation angle (red) hysteresis loops of the
SrRuOs/SrIrOs/SrZrOg3 trilayer 4RIZ at 55 K (a) and 60 K (b), close to the
sign change temperature of the AHE constant. Figure reprinted with permis-
sion from G. Malsch, D. Ivaneyko, P. Milde, L. Wysocki, L. Yang, P. H. M. van
Loosdrecht, I. Lindfors-Vrejoiu, L. M. Eng, ACS Appl. Nano Mater. 2020, 3, 2,
1182-1190, Copyright 2020 American Chemical Society.

Both quantities, Kerr rotation angle Ok, and Hall voltage, were measured
simultaneously with a home-built set-up ensuring identical conditions for the
magnetic field, its sweep rate, and the sample temperature (cf. Chapter 3).
Due to the proportionality of the Kerr rotation angle (in polar geometry) to
the out-of-plane component of the sample magnetization, the MOKE inves-
tigations are interpreted as magnetic hysteresis loops with the magnetic field

applied perpendicular to the sample surface. The Hall resistance Riot - Roug,
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plotted in black in Fig. 4.4, was calculated under the assumption that the
measured Hall voltage is determined by the metallic properties of the STRuOj3
layer, whereas the top SrIrO3/SrZrOs layers are insulating. The ordinary Hall
resistance Ropg was subtracted by linear fitting in the high magnetic field
range where the magnetic STRuOj3 layer is in its saturated state.

In contrast to the Hall resistance loop, the shape of the MOKE hysteresis loops
of the trilayer 4RIZ is squarish at 55K (Fig. 4.4 (a)) and 60K (Fig. 4.4 (b)).
OKerr in remanence is approximately equal to Oke. in saturation, which re-
sembles the magnetization reversal of a hard ferromagnet when the magnetic
field is applied close to the easy axis.
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Figure 4.5: Polar MOKE hysteresis loops of the trilayer 4RIZ at 10 - 55 K (a)
and at 70, 80 K (b). The coercive fields extracted from the MOKE hysteresis
loops (black) and the magnetic field where [Riot - Romng] vanishes (red) are
plotted as a function of temperature in (c). Figures (a) and (b) reprinted with
permission from G. Malsch, D. Ivaneyko, P. Milde, L. Wysocki, L. Yang, P. H.
M. van Loosdrecht, I. Lindfors-Vrejoiu, L. M. Eng, ACS Appl. Nano Mater.
2020, 3, 2, 1182-1190, Copyright 2020 American Chemical Society.
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As shown in Fig. 4.5 (a) and (b), squarish MOKE hysteresis loops were ob-
served throughout the ferromagnetic phase with the transition temperature
close to 90 K. Thus, no indications of the existence of a nontrivial magnetic
phase, such as a skyrmionic phase, were identified by the polar MOKE study
of the trilayer 4RIZ.

Furthermore, the coercive fields of the MOKE hysteresis loops and the field
where Riot - Ronug vanishes differ significantly only in the region close to the
AHE sign change temperature, where hump-like features were observed (see
Fig. 4.5 (c)). In contrast, the coercive fields of the MOKE loops are in good
agreement with the field of the vanishing Hall resistance Riot - Roug below 50
K and above 70 K, where hump-like features were absent in the Hall loops, as
plotted in Fig. 4.5 (c).

The understanding of the magnetic properties on the microscopic length scale,
such as the details of the domain nucleation, might be helpful to elucidate the
origin of the discrepancies between the MOKE and Hall measurements of the
trilayer 4RIZ. The existence of skyrmions for instance would lead to an addi-
tional (topological) Hall effect that impacts on the shape of the total measured
Hall hysteresis loop. Magnetic force microscopy is a versatile tool to image the
out-of-plane component of the magnetic stray field and was shown to be capa-
ble to image the fingerprint of skyrmions, which appear as bubble-like domains
in MFM.[27]

4.4 Low-temperature scanning force microscopy

and magnetic force microscopy study

In order to understand the magnetization reversal processes on the microscale,
low temperature noncontact scanning force microscopy (nc-SFM) and mag-
netic force microscopy were performed. The measurements were conducted in
ultrahigh vacuum (pressure less than 2 x 1071 mbar). The MFM investiga-
tions were performed in the two-path mode, in which the topography of the
thin film was acquired in the first scan. During the second scan, the tip was re-
tracted by 20 nm to sense only the long-range magnetic forces.[?8! The frequency
shift Af of the cantilever oscillation, whose amplitude was constantly 10 nm,
was taken for the topographic and magnetic feedback control in the SFM and
MFM measurements. SSS-QMFMR-type probes, coated with a magnetically
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hard material and having a mechanical quality factor of minimum 1.45 x 105,
were therefore utilized for SFM as well as MFM scanning. For the study pre-
sented here, the tip magnetization changed its direction at 22mT at 55 K and
at 60mT at 10 K and aligned its magnetization parallel to the external mag-
netic field.

Subsequently, the Hall effect loops and the (polar) Kerr rotation loops will be
correlated with the local scale structure by nc-SFM, and with the magnetic
characterization on the nanoscale by MFM in the temperature range between
10K and 80K.

4.4.1 Nanoscale real-space analysis of the topography of a
bare SrRuQOj thin film and a SrRuOgs-based trilayer

Presented in Fig. 4.6 are the nc-SFM images of the 4 MLs bare SrRuOg film
(a) and the 4RIZ trilayer (b). The step-and-terrace morphology of the vici-
nal SrTiO3(100) substrate, with terrace width of 200 nm to 450 nm and step
height of 0.39 nm, is preserved for both samples, confirming the pseudomorphic
epitaxial growth. However, over- and undergrown areas were observed in both
samples. For these areas of the 4SRO film, marked by white arrows in Fig.
4.6 (a), the STRuOj3 layer thickness is 5 MLs or 3 MLs, respectively. The over-
and undergrown areas are marked by pink and blue in the cross section taken
along the white dotted line in Fig. 4.6 (¢), and in a pseudo-3D view in Fig. 4.6
(e). Over- and undergrowth of the nominally 4 MLs thick StTRuO3 layer most
likely originate from local variations of the termination of the SrTiO3 substrate.
The SrTiO3 substrates were etched in buffered HF for 2.5 min to achieve TiO,
surface termination. However, it is likely that residual SrO islands remained,
located typically at the SrTiOgs terrace steps. Due to the reduced deposition
rate of StRuO3 on SrO-terminated SrTiOs surfaces,??) trenches form in the
topography of the sample that mark the positions of the substrate step edges.
The step edges of the SrTRuOg3 film do not terminate exactly at straight terrace
edges due to the stochastic nature of the deposition process. This then leads
to the observed over- and undergrowth.

In case of the trilayer 4RIZ, the local thickness variations of the SrRuQOj3 layer
are expected to cause further areas of under- and overgrowth in the nominally
2 MLs thick SrIrO3 and 2 MLs SrZrOg layers. Indeed, the topography image of
trilayer 4RIZ (see Fig. 4.6 (b)) has a more disturbed step-terrace-like structure

with dips of almost step-height depth as well as mounds of nanometer height
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Figure 4.6: Topographic nc-SFM scans of the bare 4 MLs thick SrRuOs; film
4SRO (a) and the 4RIZ trilayer (b). Marked with white arrows in (a) are under-
grown (3 MLs) and overgrown (5 MLs) areas. Line profiles taken perpendicular
to the topographic terraces along the white lines are plotted in (c) for the 4SRO
film and for the 4RIZ trilayer in (d). (e) Pseudo-3D topographic image of the
4SRO thin film with the over- and undergrown areas schematically marked by
blue and pink, respectively. (f) Schematic illustration of possible under- and
overgrown areas for the trilayer 4RIZ. Figure adapted from Ref. [1]. Adapted
with permission from G. Malsch, D. Ivaneyko, P. Milde, L. Wysocki, L. Yang, P.
H. M. van Loosdrecht, I. Lindfors-Vrejoiu, L. M. Eng, ACS Appl. Nano Mater.
2020, 3, 2, 1182-1190, Copyright 2020 American Chemical Society.

(see also Fig. 4.6 (d)). As schematically displayed in Fig. 4.6 (f), the local
thickness variations of the bottom SrRuOg layer can be continued in various
possibilities by the top SrIrO3z and SrZrOgs layers, which disables the determi-
nation of the local STRuOg layer thickness for the trilayer 4RIZ.
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However, the preserved step-and-terrace structure that emphasizes the pseu-
domorphic growth of STRuO3 enables the prediction of the approximate orien-
tation of the magnetic easy axis of the bare 4 MLs SrRuQOg layer. Generally,
the magnetic anisotropy of SrRuQOj films is depending on the epitaxial strain,
temperature, and the film thickness.[5:3%31 The angle between the film normal
and the magnetic easy axis of a 4 MLs SrRuQO3 thin film deposited on vicinal
SrTiO3 substrates was 14° at 0.4 K and therefore mainly favors out-of-plane
magnetization orientation.!"!

Thus, the magnetic easy axis of the bare STRuO3 layer (4SRO) and most likely
also of the trilayer (4RIZ) is close to the thin film normal, which is preferable
for magnetic force microscopy due to the maximization of the out-of-plane stray

field component in presence of magnetic domains.

4.4.2 Magnetic force microscopy of the SrRuQO3z-based tri-

layer

Displayed in Fig. 4.7 is a representative set of magnetic force microscopy im-
ages of the trilayer 4RIZ, acquired at 55 K, the temperature at which hump-like
features were recorded in the Hall resistance loops. The sample was saturated
in 2T and the magnetic field was then sweeped to —2T for the images Fig.
4.7 (a) - (e). The MFM images during the backward sweep are shown in Fig.
4.7 (f) - (k). During the forward magnetic field sweep, the trilayer stayed in its
saturated state, without domains of reversed orientation, down to the remanent
state at zero magnetic field. This is consistent with the macroscopic MOKE
study (see Fig. 4.5), where the Kerr rotation angle in remanence is equal to
OKerr in saturation. It is additionally in agreement with previous reports on
ultrathin SrRuOj thin films.!”!

Even in the saturated state, weak variations of the magnetic contrast are still
observed along the terraces, which are parallel to the y-direction in our images
(see Fig. 4.7 (a)). These contrast variations originate most likely from the
thickness-variation-induced differences in the magnetic susceptibility impact-
ing on the measured MFM signal.

Small initial domains of reversed orientation nucleate at around —100mT (see
Fig. 4.7 (a)-(b)), which grow abruptly in size upon the increase of magnetic
field, as displayed in Fig. 4.7 (c) - (e). At —240mT (e), the trilayer magneti-
zation is almost fully switched. Only isolated domains that were still pinned

get annihilated in magnetic fields larger than —300 mT.



110 Chapter 4. Correlating nanoscale structure and magnetotransport

During the magnetization reversal, domains with sharp domain walls in y-
direction, parallel to the topographic terraces, are present (see Fig. 4.7 (d) and
(j)), which is a sign that the domain growth is affected by the step-and-terrace

topography of the sample.
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Figure 4.7: Magnetic force microscopy scans of the 4RIZ trilayer at 55 K,
where THE-like features were observed in the Hall resistance loops. The color
code corresponds to the out-of-plane component of the magnetization aligned in
+2z (green) or -z (blue) orientation. The domain formation during the sweep from
positive to negative magnetic fields is displayed in (a) - (e) and the backward
loop in (f) - (k). The magnetic features observed show lateral sizes of microme-
ters, extending over several terraces. Figure reprinted with permission from G.
Malsch, D. Ivaneyko, P. Milde, L. Wysocki, L. Yang, P. H. M. van Loosdrecht,
I. Lindfors-Vrejoiu, L. M. Eng, ACS Appl. Nano Mater. 2020, 3, 2, 1182-1190,
Copyright 2020 American Chemical Society.

Nevertheless, the domain growth is not dominated by the substrate terraces,
since the magnetic domains of micrometer lateral size are expanded over sev-
eral terraces.

The comparison of the forward and backward sweep shows strong pinning
effects for regions of initial magnetic nucleation as well as for areas that remain
oriented opposite to the external magnetic field direction even in large mag-
netic fields (cf. Fig. 4.7 (b) and (g) as well as (e) and (k)).

While features mimicking a topological Hall effect were observed at 55 K in this
trilayer, no hints of a skyrmionic phase could be observed with MFM.

In the magnetic field range between 0T and +£130mT, where the hump-like
features appeared for the Hall resistance loop, the sample is still mainly sat-
urated according to both the MFM, and macroscopic MOKE measurements.

The magnetic field range in which the THE-like features were observed is much
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broader than the region in which the magnetization mainly switches, based on
the polar MOKE and MFM studies of trilayer 4RIZ. Thus, bubble domains
formed during the magnetization switching likely cannot account for the hump-
like anomalies in the Hall resistance loop. The initial or pinned domains are
isolated regions of irregular shape and do not resemble the shape of a skyrmion
or magnetic bubble (compare for instance Ref. [32]).

These pinning effects were also observed at low temperatures, exemplarily dis-
played in Fig. 4.8 at 10 K. Highlighted in red is a hammerhead-shaped mag-
netic domain that formed reproducibly in successive sweeps from negative to

positive magnetic fields and stayed strongly pinned up to 1T.

Figure 4.8: MFM of the trilayer 4RIZ at 10 K during successive sweeps from
negative to positive magnetic fields. Shown in (c) and (d) are MFM images
acquired under the same conditions as (a) and (b), but three days later. The color
code corresponds to the magnetization component aligned in positive (green) and
negative (blue) z-direction. Figures reprinted with permission from G. Malsch,
D. Ivaneyko, P. Milde, L. Wysocki, L. Yang, P. H. M. van Loosdrecht, I. Lindfors-
Vrejoiu, L. M. Eng, ACS Appl. Nano Mater. 2020, 3, 2, 1182-1190, Copyright
2020 American Chemical Society.
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4.4.3 Magnetic force microscopy of a bare SrRuQOj film

To achieve a deeper understanding of the domain formation in the 4 MLs
SrRuOj3 thin film, magnetic force microscopy investigations were also performed
on the reference sample 4SRO. The MFM images were again taken during the
magnetic field sweep from 2T to —2T (see Fig. 4.9 (a) - (e)) and back to 2T
(Fig. 4.9 (f) - (k)).

Figure 4.9: Magnetic force microscopy scans of the bare 4SRO film at 10 K.
Shown in (a)-(e) is the domain formation during the forward sweep from positive
to negative magnetic fields and the backward loop in (f)- (k). The color code
corresponds to the out-of-plane component of the magnetization aligned in +z
(green) or -z (blue) orientation. Magnetic nuclei are marked in white in (b) and
(g). The magnetic tip changes its magnetization at F60 mT. Figures reprinted
with permission from G. Malsch, D. Ivaneyko, P. Milde, L. Wysocki, L. Yang, P.
H. M. van Loosdrecht, I. Lindfors-Vrejoiu, L. M. Eng, ACS Appl. Nano Mater.
2020, 3, 2, 1182-1190, Copyright 2020 American Chemical Society.

Also the bare SrRuO3 film is saturated in 2 T and no initial nucleation domains
of reversed orientation are observed up to —200mT. Weak variations of the
magnetic contrast are again visible (see Fig. 4.9 (a)) although the sample is
saturated, which most likely originate from different magnetic susceptibilities
of the areas with 3 - 5 MLs thickness. Round magnetic domains of reversed
orientation, smaller than 100 nm, nucleate at —360mT (see dark blue areas in
Fig. 4.9 (b)). Further decrease of the magnetic field leads to the appearance of
more domains and to the expansion of the already existing magnetic domains
(see Fig. 4.9 (c) and (d)). At —500mT, the thin film is almost saturated
with the magnetization aligned along the external magnetic field. Only a few
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domains are still pinned up to —1T, which are observed in areas where topo-
graphic islands due to thickness variations are visible (as indicated by the black
lines).

Memory effects are also observed in case of the bare 4SRO film, when MFM
scans during the forward and backward sweep are compared. As presented in
Fig. 4.9 (b) and (g), the initial magnetic nuclei form at the same positions,
mostly at step edges of the sample topography (topographic features are high-
lighted by black lines). This indicates that the nucleation of reversed domains
preferentially starts at step edges or other topographic defects. Due to the
round shape and the small lateral extension, the initial magnetic nuclei formed
in the bare 4SRO have similarities to isolated magnetic bubbles or skyrmions,
as seen for instance in metallic Pt/Co/Ir multilayers.l3?l However, these mag-
netic domains of round shape were observed in our MFM investigations only
in the bare 4SRO thin film at 10 K, where no unconventional features were ob-
served in the Hall resistance loop that would correlate with a topological Hall
effect contribution. The small round bubbles are most likely trivial magnetic

nucleation domains.

Representative images of the MFM study of the bare 4SRO thin film at 55 K
are displayed in Fig. 4.10 (a) - (d).

In accordance with the Hall resistance measurements of the bare 4SRO thin
film, the nucleation of reversed domains at 55 K starts at smaller magnetic fields
of about —12mT. Also the coercive field is strongly reduced upon tempera-
ture increase. In contrast to the 10 K data, the domain nucleation and growth
are determined by the topographic terraces, since all domains extend over the
width of the individual terraces and grow parallel to the terraces. The steps
of one unit cell (0.39nm) height seem to hinder the propagation of domain
walls. Interestingly, the domain walls form almost perpendicularly (cf. the red
lines in Fig. 4.10 (a), (b), and (d)) to the step edges!. The red lines mark the
domain walls that appear reproducibly during forward and backward sweep
at the same positions (see Fig. 4.10 (a) and (d)), indicating that the domain
growth is stopped at the same pinning sites. At —32mT, the magnetization
of the thin film is mainly aligned along the direction of the external magnetic
field (see Fig. 4.10 (c)).

1 The correlation of local switching fields to structural, orthorhombic twin domains could
explain this domain formation, as it was observed in SrRuOs3 thin films that were de-
posited on vicinal SrTiO3 substrates of various miscut direction.[33]
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Figure 4.10: Magnetic force microscopy images of the bare 4SRO film at

55 K ((a) - (d)). The selected images present the domain formation sweeping the
magnetic field from 2T to —2T in (a) - (¢). (d) was acquired after sweeping back
to positive magnetic field at 18 mT. Marked in black are topographic contour
lines. Red lines highlight domain boundaries reappearing in the MFM scans at
respective positive and negative magnetic fields. Presented in (e) and (f) are
MFM scans at 80K at —60mT (e) and —180mT (f). Only overgrown areas still
show magnetization reversal (f). Figures adapted from Ref. [1]. Adapted with
permission from G. Malsch, D. Ivaneyko, P. Milde, L. Wysocki, L. Yang, P. H.
M. van Loosdrecht, I. Lindfors-Vrejoiu, L. M. Eng, ACS Appl. Nano Mater.
2020, 3, 2, 1182-1190, Copyright 2020 American Chemical Society.

The MFM study did not reveal any round or unusual domains during the mag-
netization switching of the bare 4SRO film at 55 K.

As expected from the s-shaped Hall loop of the bare 4SRO film, the major part
of the nominally 4 MLs thick SrRuOs is in the paramagnetic state at 80 K.
Only the overgrown 5 MLs thick areas, indicated by black lines in Fig. 4.10
(e) and (f), are ferromagnetic so that magnetization switching behavior was
observed by MFM.

In Fig. 4.11 is shown a two-dimensional map of the local switching fields
for the bare 4SRO film at 10 K (a) and 55 K (b). The local switching fields

were determined by the performance of a full hysteresis loop at every point
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of the 512 pixel x 512 pixel image and the subsequent application of Otsu’s
method. 34

330 mT 460 mT 13 mT 28 mT

Figure 4.11: Map of the local switching fields of the 4SRO film at 10K (a)
and 55K (b). The color code describes the local switching fields as indicated by
the bars below the maps. Black areas do not reverse magnetization within the
drawn magnetic field ranges of 330 mT to 460 mT at 10 K and 13mT to 28 mT
at 55 K. Figures reprinted with permission from G. Malsch, D. Ivaneyko, P.
Milde, L. Wysocki, L. Yang, P. H. M. van Loosdrecht, I. Lindfors-Vrejoiu, L. M.
Eng, ACS Appl. Nano Mater. 2020, 3, 2, 1182-1190, Copyright 2020 American
Chemical Society.

In case of a perfect hard ferromagnet (defect-free, homogeneous, and without
topographic influence on the switching behavior) with the magnetic field ap-
plied along the easy axis, the map in Fig. 4.11 would be of uniform color,
because the magnetization would reverse its orientation as a single domain. As
shown in Fig. 4.11, the 4SRO bare film exhibits however strong local variations
of the switching fields. Most areas reverse the magnetization orientation within
330mT to 460 mT (+£130mT) at 10K and between 13mT to 28 mT (£15mT)
at b5 K. The black areas do not switch within the shown magnetic field ranges.
In agreement with Fig. 4.9, the domains grow along and perpendicular to the
topographic step edges at 10 K, since large domains are of uniform contrast in-
dicating identical or similar local switching fields. However, the greenish areas
in Fig. 4.11 (a) , which represent small local switching fields, are preferably
observed close to step edges. This influence of the topography on the domain
formation and growth is more pronounced at 55K (see Fig. 4.11 (b)). Overall,
the switching field map confirmed the observation from the individual MFM

images of Fig. 4.10 that the domains nucleation and expansion is depending



116 Chapter 4. Correlating nanoscale structure and magnetotransport

on the topography. The initial domain size is limited by the terrace width and

the domains grow along the terraces subsequently.

Similar local variations of the switching field are also observed in the 4RIZ
trilayer, as presented in Fig. 4.12 at 10K (a) and 55K (b).

Figure 4.12: Map of the local switching fields of the 4RIZ trilayer at 10K (a)
and 55K (b). Black areas do not switch its magnetization orientation within
the shown magnetic field ranges. Figures reprinted with permission from G.
Malsch, D. Ivaneyko, P. Milde, L. Wysocki, L. Yang, P. H. M. van Loosdrecht,
I. Lindfors-Vrejoiu, L. M. Eng, ACS Appl. Nano Mater. 2020, 3, 2, 1182-1190,
Copyright 2020 American Chemical Society.

This distribution of the local switching fields of the STRuQOg layer, which is most
likely also related to thickness inhomogeneities in the SrRuOj5 film, will impact
on the macroscopic magnetotransport properties of the trilayer. Due to the
dominance of the intrinsic contribution, the anomalous Hall effect of ST RuQO3 is
sensitive to band structure modifications, such as thickness variations.©-21:22]
Thus, the observed local thickness variations likely cause differences of the
anomalous Hall constant. Combined with the local distribution of switching
fields, this might generate hump-like features in the Hall resistance in the tem-
perature region of the sign change of the anomalous Hall constant of the whole

trilayer.
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4.4.4 Magnetization characteristics

Polar magneto-optical Kerr effect hysteresis loops of the bare 4 MLs SrRuOs
thin film at low temperature are displayed in Fig. 4.13 (a). Like in case of the
trilayer 4RIZ, the hysteresis loops are squarish, which is consistent with the mi-
croscopic MFM study that showed that the magnetization reversal takes place
in a narrow magnetic field range. In case of the MOKE study, the sample signal
was too weak above 20K to separate it from the background contributions of
the cryostat window.? Summarized in Fig. 4.13 are the switching fields of the
bare 4SRO film and the trilayer 4RIZ as function of temperature. The coercive
fields determined by macroscopic MOKE measurements of the bare 4SRO film
(plotted in Fig. 4.13 (a)) are smaller than the switching fields extracted locally
by MFM for the 4 MLs thick areas (green).

Discrepancies might originate from differences in the magnetic field sweep rates,
which become probably relevant in case of the bare 4SRO film due to the small
field range in which the magnetization reversal takes place. While the MFM
investigations were performed in stabilized field, the magnetic field was contin-
uously varied during the performance of the MOKE hysteresis loops. Addition-
ally, it is impossible with the used MOKE set-up to distinguish the areas with
4 MLs and 5 MLs thickness and the local switching fields, as it was realized by
MFM. This emphasizes the importance of nanoscale magnetization techniques
such as MFM due to the sensitivity on the nanoscale, which is invisible to
macroscopic experiments such as MOKE.

While the enhancement of the transition temperature for the overgrown 5 MLs
thick areas (compared to the 4 MLs areas) is consistent with literature on bare
SrRuOj thin films,®! the increase of the switching fields for the 5 MLs thick
areas appears counterintuitive firstly, due to the usually observed decrease of
the coercive field for increasing SrRuOs layer thickness. [’

However, since the overgrown areas were found mainly at step edges, local pin-
ning effects might play a role in this enlargement of the local switching fields.
In case of the trilayer 4RIZ, the coercive fields determined by MOKE, drawn
in red in Fig. 4.13 (b), and extracted from the MFM images,>* plotted in

orange, are in reasonable agreement.

2 The thin film is placed inside of a cryostat during the MOKE investigations. The optical
cryostat window, made of fused silica, generates a finite polar Kerr rotation angle, which
is proportional to the external magnetic field and needs to be subtracted from the raw
data in order to extract the sample response.
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Figure 4.13: (a) Polar MOKE hysteresis loop of 4SRO at 10 K (black) and 20 K
(red). (b) Magnetization switching fields of the trilayer 4RIZ and the bare 4SRO
film as function of temperature, determined from MOKE (solid lines) and MFM
(dashed lines). Figures adapted from Ref. [1]. Adapted with permission from G.
Malsch, D. Ivaneyko, P. Milde, L. Wysocki, L. Yang, P. H. M. van Loosdrecht,
I. Lindfors-Vrejoiu, L. M. Eng, ACS Appl. Nano Mater. 2020, 3, 2, 1182-1190,
Copyright 2020 American Chemical Society.

The impact of the interfacial environment on the magnetic properties of the
SrRuO3 layer becomes visible for instance by the increase of the transition
temperature by the capping with 2 MLs SrIrO3 / 2 MLs SrZrOs. The en-
hancement of the ferromagnetic temperature to about 90 K was observed in
the MOKE, Hall, and MFM studies. It is likely related to capping-induced
changes of the RuOg octahedra tilts, which was found to be relevant for the

transition temperature in SrRuQOs thin films.[??!

4.5 Conclusion

The combined study of Hall resistance, magnetic force microscopy and po-
lar MOKE measurements, probing the magnetization on the micrometer- and
macroscopic scale, yield consistent, strong indications that the peculiar THE-
like features in the Hall resistance loops of our SrRuOj / SrIrO3 / SrZrO;
trilayer do not originate from skyrmions. In the temperature and magnetic
field range where hump-like anomalies in the Hall effect were observed, no do-
mains resembling the shape of magnetic skyrmions were identified by MFM. In
contrast, according to the magnetic domain formation, the trilayer remained in
its saturated state in the magnetic field range where the peculiar features were

already present. On the other hand, the nc-SFM investigations showed that



References 119

local inhomogeneities of the SrRuOg3 layer thickness led to spatial variations
of the magnetic switching fields. Due to the sensitivity of the anomalous Hall
effect in SrRuOg3 on the details of the electronic band structure, which itself is
strongly depending on the layer thickness, crystal structure, stoichiometry, or
interfacial modifications, these thickness inhomogeneities are expected to cause
local variations of the anomalous Hall effect of StRuQs.[911:22] Moreover, band
structure modifications at the STRuO3/ SrIrOj3 interface or local variations of
the stoichiometry were recently demonstrated to impact on the AHE magnitude
and sign.[%12] In the model of multiple AHE conduction channels, such local
inhomogeneities of the anomalous Hall constant and the observed distribution
of switching fields are most likely responsible for the peculiar anomalies in the
Hall resistance loops of the investigated SrRuOgs-based trilayer. The study fur-
ther highlights that the conclusion of the existence of skyrmions based only on

Hall resistance hysteresis loops can be faulty.
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5.1 Introduction

If skyrmions can form in a magnetic multilayer, their ferromagnetic coupling
across the stack has to be achieved, as it was realized in metallic superlattices.[24
Although several studies focused on the discussion of the origin of unconven-
tional features in the magnetotransport of STRuQOs3 /SrIrO3 heterostructures and
the existence of topologically non-trivial textures in SrRuQOj3 thin films is still
under debate,[® 16 the interlayer coupling in SrRuOs-based multilayers was
only little investigated. Experimental studies of the magnetic interlayer cou-
pling between SrRuOj3 layers were performed only in multilayers with spacers
that are not expected to induce interfacial Dzyaloshinskii-Moriya interaction
(DMI), such as LaNiOs or SrTiO3.['"!8] Yang et al. achieved strong ferromag-
netic coupling of the STRuOj3 layers by introducing a 4 monolayers' (MLs) thick
metallic LaNiOg spacer, while weak ferromagnetic coupling was observed for
the separation of the SrRuOs layers by 2 MLs of LaNiOs.['”) Insulating SrTiOs
spacers, 1 nm to 2.5 nm thick, were found to result also in weak coupling or in
magnetic decoupling of two epitaxial STRuOj3 layers in the study by Herranz et
al.'®1 Tn a previous study (Ref. [19]), the interlayer coupling between SrRuO3
layers separated by an asymmetric spacer of the strong spin-orbit coupling
oxide SrIrOg and the large band gap insulator SrZrOjs was addressed. Weak
ferromagnetic coupling was observed with enhanced coupling strength upon the
reduction of the total spacer thickness from 1.6 nm to 0.8 nm.[?! However, for
SrRuO3/SrIrOg multilayers with 2 MLs thick SrIrOs (about 0.8 nm), where the
SrIrOs is discussed to induce interfacial DMIL,[5:10:2021] there are only theoret-
ical calculations and no experimental data, which predict that ferromagnetic
coupling between the SrRuOj3 layers is more favorable than an antiferromag-
netic type of coupling.2]

This study addresses the magnetic interlayer coupling in StRuO3-SrIrO3 mul-
tilayers experimentally. Here the magnetic interlayer coupling was investigated
for heterostructures in which the SrtRuOj3 layers were separated by SrlrO3 spac-
ers with various thickness, by means of superconducting quantum interference
device (SQUID) magnetometry (full and minor hysteresis loops) and first or-
der reversal curve measurements (FORC). The FORC method has proven to

provide valuable information in many different systems that is inaccessible for

1 1 ML is about 0.4 nm thick for all the perovskites under discussion here and represents
the dimensions of a pseudocubic cell.
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conventional magnetometry measurements. For example, microstructural in-
formation without actual lateral resolution in microstructured and model mag-

[22-25] information about coercive and interaction field distribu-

netic systems,
tion in permanent hard magnetic systems,?6 28 as well as interaction strength
and interaction type between different magnetic components in systems[zz’zs]
can be achieved. The performance of minor hysteresis loops and FORC mea-
surements enabled to quantify the sign and strength of the magnetic interlayer
coupling between the STRuQOg layers for various SrIrOs spacer thicknesses. For
the heterostructure with only 2 MLs SrIrOj3 spacer, the minor loops showed
a small positive shift with respect to the major hysteresis loops above 30 K,
indicating that the coupling turned weakly antiferromagnetic. However, the
estimated coupling strength of about —7pJm™2 at 40 K led to the conclusion
that the two StRuOj3 layers switch their magnetization almost independently.
In its bulk form and thick films, the spacer material SrIrO3 is a paramag-
netic semimetal with a Fermi surface that consists of electron- and holelike
pockets.[??] The transition to an insulating state can be induced in SrIrOs thin
films by the reduction of the film thickness in the ultrathin limit®%-3 and by
tailoring of epitaxial strain.[®233] Manca et al. reported the (semi-)metal-to-
insulator transition to take place in SrIrOs films between 3 and 4 MLs.[?!] A re-
sistivity increase was observed upon temperature enhancement in these SrIrOs
layers of minimum 4 MLs thickness that indicated the metallic properties.! In
contrast, a 20 nm thick SrIrOg film showed only weakly temperature-dependent
resistivity in the study by Gruenewald et al.l** In this study, it was therefore
expected that the 2 MLs SrIrOg spacer is insulating and might undergo a tran-
sition from the insulating to the (semi-)metallic state, upon thickness increase.
In case of a transition to the semimetallic state with clear temperature de-
pendent resisitivity, the influence of the SrIrOj electronic transport properties
on the interlayer coupling could be adressed, in addition to the commonly ob-
served thickness dependence of the interlayer coupling mediated by exchange
or magnetostatic interactions. It turned out that the coupling strength did
not increase upon the increase of the spacer thickness to 12 MLs and the two
SrRuOg3 layers stayed decoupled. Resistivity investigations of SrIrOg reference
films show that they are semimetallic with very weakly temperature-dependent
behavior. Thus SrlrOs layers may be unsuitable as spacers for achieving a
strong magnetic coupling between ferromagnetic STRuO3 and other oxide lay-

ers ought to be considered for realizing this.
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5.2 Sample design and experimental methods
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Figure 5.1: (a) Scheme of the heterostructures under study, exemplarily drawn
for heterostructure RIR12, with 12 MLs SrIrOs spacer. (b) Integrated RHEED
intensity plotted as function of deposition time of the heterostructure RIR12.
Atomic force microscopy images ( 5um x 5pm) of one SrTiOs (100) substrate
after etching and annealing (c), and AFM images of the heterostructures RIR2
(d), RIR6 (e), and RIR12 (f). Adapted from Ref. [1], with the permission of
AIP Publishing.

For investigating the type and strength of the magnetic coupling of the fer-
romagnetic StTRuOj3 layers, a set of heterostructures with two ferromagnetic
SrRuOj3 layers of distinct thicknesses was designed. To make use of the thick-
ness dependence of the coercive field H. and ferromagnetic transition tempera-
ture T, of StRuOs thin films, % each multilayer was composed of two separated
SrRuOg layers with 6 MLs and 18 MLs thickness. The 18 MLs thick SrRuOj;
layer was deposited directly on the SrTiOs (100) substrate, while the top 6
MLs SrRuOj3 layer was grown on top of the spacer layer, as illustrated in the
scheme of the heterostructure design in Fig. 5.1 (a). A SrIrOj3 spacer separates
the two ferromagnetic layers. The heterostructure with 2 MLs SrIrO3 spacer
is named RIR2, the one with 6 MLs SrIrOs spacer RIR6, and the multilayer
with 12 MLs SrIrOgs is labeled RIR12. In case of decoupled or only weakly
coupled layers, the magnetic hysteresis loop of such heterostructures shows a

two-step switching behavior due to the different temperature dependencies of
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the coercive fields of the two SrRuQOg layers. This allows to assess the magnetic
interlayer coupling.

For the heterostructure RIR2, the top SrRuOj3 layer is additionally capped by
a 2 MLs SrIrOg layer. This capping layer was added so that the 6 MLs SrRuOg3
layer has the same boundary conditions on both interfaces, as this kind of unit
was employed by Yang et al. in the study of symmetric STRuO3/SrIrO3 mul-
tilayers in a recent work.[®] The capping layer of the RIR2 heterostructure is
not expected to play an active role in the magnetic interlayer coupling studied
here, for which only the spacer layer between the two magnetic layers has high
relevance.

The heterostructures were fabricated by pulsed-laser deposition (PLD), us-
ing the TSST set-up (cf. Chapter 3). The multilayers were grown on TiOs-
terminated SrTiO3z (100) substrates, which had been prepared as described in
Chapter 3. During the growth, the deposition temperature was 650°C, the oxy-
gen pressure was kept at 0.133 mbar and the laser fluence was set to about 2
J/ecm?. 5 Hz repetition rate was used for the STRuO3 and 1 Hz for SrIrO3. In or-
der to ensure a smooth epitaxial growth for enhanced thicknesses of the SrIrO;
spacer, the deposition temperature was increased for the heterostructure RIR12
to 700°C. Employing in situ high-energy electron diffraction (RHEED) enabled
the precise control of the SrIrOgz layer thickness, which grew in a layer-by-layer
mode (see Fig. 5.1 (b)). The SrRuO3 layers grew in step-flow mode which has
been proven to result in smooth thin films.[*! Atomic force microscopy (AFM)
investigations, presented in Fig. 5.1 (d) - (f), confirmed the smooth topogra-
phy of the heterostructure surfaces maintaining the stepped terrace structure
of the SrTiO5 (100) substrates with uniform terrace width and one unit cell
step height, which indicates the pseudomorphic, crystalline growth. The inves-
tigation of the surface topography by AFM did not show any etch pits on the
substrates before deposition, or deep holes in the heterostructures with SrlrOg
spacers of 2, 6, or 12 MLs thickness.

The magnetic interlayer coupling was investigated by a combination of con-
ventional SQUID magnetometry (temperature-dependent and magnetic-field-
dependent magnetic moment measurements) and FORC investigations. The
study was complemented by polar magneto-optical Kerr effect (p-MOKE) and
Hall voltage measurements for selected samples. All Hall measurements were
performed in the van der Pauw geometry with our home-built set-up.

SQUID magnetometry was performed with a SQUID magnetometer (MPMS-

XL, Quantum Design inc.). In order to extract the magnetic response of the
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ferromagnetic SrRuQOg layers, the linear contribution of the diamagnetic SrTiOs
substrate was subtracted by linear fitting in the high magnetic field range. Fur-
thermore, the nonlinear magnetic moment measured above the Curie tempera-
ture of the STRuQO3 layers was subtracted to correct the additional background
response originating from magnetic impurities introduced most likely during
the required sample cutting (see Chapter 3 for further details).

The FORC measurements were performed with a SQUID magnetometer (MPMS
3, Quantum Design inc.). Processing of raw data was done with LeXtender, 7]
and the FORC densities were calculated using the gFORC algorithm.[®8! For the
FORC study?, a set of minor loops with various reversal fields was performed.
Before each minor loop, the sample was saturated in a positive magnetic field
of 5 T. Then the external magnetic field was decreased to the required rever-
sal field H,. The first order reversal curve was determined by measuring the
magnetic moment when the magnetic field was increased from H, to saturation
in positive magnetic fields.(?2:2738] This procedure was repeated with step-like
decreasing of the reversal field until the reversal field reached negative satura-
tion. The FORC density was calculated by the mixed second derivative of the

magnetic moment surface:

19°m(H, H,)

p(H, Hy) = =3 OHOH,

(5.1)

The FORC density was then transformed on the axes of the coercive field H,

and the interaction field H,, via:

1 1
H,=5(H+H); He= (H-H,) (5.2)

From the FORC-density, plotted as function of the interaction field and the
coercive field, the sign of the magnetic interlayer coupling can be assessed, as

described in more detail in Chapter 3.

2 For further details on the FORC measurement procedure, please see Chapter 3.2.4.
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5.3 Magnetometry study of a heterostructure
with 2 MLs SrIrOj3; spacer

Summarized in Fig. 5.2 (a) and (b) are major and minor magnetic hysteresis
loops for the heterostructure RIR2 (2 MLs SrIrO3/ 6 MLs SrRuO3 / 2 MLs
SrIrO3z/ 18 MLs SrRuOj3 on SrTiO3(100), at representative temperatures of 10
K and 80 K.

The magnetization of the heterostructure RIR2 reverses its orientation in a
two-step reversal process indicating at best a weak coupling of the two StRuOj3
layers. Since the 18 MLs thick SrRuOgs layer has a larger magnetic moment
than the thinner SrRuOg layer, it can be concluded that the thicker layer is
the magnetically softer layer at 10 K. At elevated temperatures®, such as 80 K,
the thinner 6 MLs SrRuOj3 layer is magnetically softer and switches at smaller
magnetic fields than the 18 MLs SrRuQOj layer, as it has been shown already

in our previous study on similar SrRuOs-based heterostructures.!*]
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Figure 5.2: (a) Major (black) and minor (blue) magnetic hysteresis loops for
the heterostructure RIR2 with 2 MLs SrIrOs spacer at 10 K (a) and 80 K (b).
The magnetic field was applied perpendicular to the thin film surface. The
minor loops were carried out between 5 T and —0.5 T (a), and —0.07 T (b).
The minor loop at 10 K (a) does not show a measurable shift. At 80 K (b), the
switching field (during the backward sweep) of the minor loop (red dashed line)
is shifted by +30 mT with respect to the reversal field of the magnetically softer
layer during the major loop (solid red line) (b). Subfigures reproduced from L.
Wysocki, S. E. Ilse, L. Yang, E. Goering, F.Gunkel, R. Dittmann, P. H. M. van
Loosdrecht, I. Lindfors-Vrejoiu, Journal of Applied Physics 131, 133902 (2022),
with the permission of AIP Publishing.

3 The temperature dependence of the switching fields of the two ferromagnetic layers of
this particular heterostructure RIR2 is shown in Fig. 5.3 (a).
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In addition to the sharp two-step magnetization reversal, the magnetic hystere-
sis loops possess a tail in the high magnetic field range, which can be related
most likely to strongly pinned domains in the bottom SrRuOs layer deposited
directly on the SrTiOs (100) substrate.3%

The minor loop of heterostructure RIR2, plotted in blue in Fig. 5.2 (a), did
not show a measurable shift with respect to the major hysteresis loop at 10 K,
showing that the two SrRuOj3 layers of the heterostructure are indeed magnet-
ically decoupled. In contrast, the minor loop of the heterostructure RIR2 is
shifted by +30 mT to higher magnetic fields at 80K (cf. inset in Fig. 5.2 (b)).
Such a shift of the minor loop to larger magnetic field, compared to the full
loop, can be an indication for antiferromagnetic coupling of the two SrRuOgs
layers (see for instance Ref. [40-42]). As indicated by the red lines in Fig. 5.2
(b), the switching field of the magnetically softer layer increased by + 30 mT
with respect to the major loop.

Presented in Fig. 5.3 is the detailed temperature dependence of the switching
fields and the calculated coupling strengths. 40 K is the lowest temperature
of the current study at which a positive minor loop shift was observed. The
full and minor magnetic hysteresis loops of heterostructure RIR2 at 40 K are
shown in Fig. 5.3 (a). The minor loop (blue) is shifted by +30 mT with respect
to the full loop (black). Displayed in Fig. 5.3 (b) are the switching fields of
the two SrRuOg layers of heterostructure RIR2 as a function of temperature.
The two SrRuQg layers of the heterostructure have the same switching field at
20 K. Below 20 K, the bottom 18 MLs SrRuOgs switches at smaller magnetic
fields than the 6 MLs top SrRuQOgs, while they behave wvice versa above 20
K. Plotted with open triangles are the switching fields of the minor loops at
the respective temperatures. The minor loop shift is zero below 20 K, when
the bottom, 18 MLs thick SrRuOj3 is magnetically softer than the 6 MLs thin
SrRuO3 layer. When the thinner layer switches at smaller magnetic fields than
the thicker SrRuQOg layer, the minor loop is shifted by 30 mT to elevated fields
at all investigated temperatures below the Curie temperature of the thin layer
at 110 K (compare the m(T) measurement in Fig. 5.3 (¢)).

According to the calculation proposed by van der Heijden et al., the magnetic
coupling strength is directly proportional to the difference of the switching

fields of the magnetically softer layer of the major loop and the minor loop:!%!

JC = ,UfOAHshiftMsoft,revtsoft,rev = /JO(Hmajor - Hminor)Msoft,revtsoft,rev (53)



5.3. Magnetometry study of a heterostructure with 2 MLs SrlrOs 131

with the minor loop shift AHgpist. fsoft,rev ad Msoft rev are the thickness and
the magnetization of the magnetically softer layer, respectively.

As shown in Fig. 5.3 (c) for heterostructure RIR2, the minor loop shift is
almost temperature independent between 40 K and 100 K, when the 6 MLs
top SrRuQOg3 layer is the magnetically softer layer of the heterostructure. Thus,
the coupling strength, which is directly proportional to the magnetization of
the magnetically softer layer,*?) decreases for increasing temperature above 40
K, following the temperature dependence of the magnetization of the thinner
SrRuOj; layer.
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Figure 5.3: (a) Full and minor magnetic hysteresis loops of heterostructure
RIR2 at 40 K. Shown in the inset is the magnetic field range in which the
shift of the minor loop reversal field to elevated magnetic fields is highlighted.
(b) Temperature dependence of the switching fields of the two SrRuOs layers
of heterostructure RIR2, determined from the major hysteresis loops (circles)
and from the minor loops (open triangles). (c) Temperature dependence of the
calculated coupling strength (red) and the magnetic moment during warming in
0.1 T after field cooling (in 0.1 T). Reproduced from L. Wysocki, S. E. Ilse, L.
Yang, E. Goering, F.Gunkel, R. Dittmann, P. H. M. van Loosdrecht, I. Lindfors-
Vrejoiu, Journal of Applied Physics 131, 133902 (2022), with the permission of
ATP Publishing.
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The temperature dependence of the magnetic moment of the heterostructure
RIR2 is shown in Fig. 5.3 (¢) for comparison.

The estimated coupling strength is —5pJ m~2 at 80 K, increasing to —7 pJ m—2
at 40 K. This coupling strength is very weak. In a previous study on asym-
metric SrIrOs3/SrZrOs spacers, weak ferromagnetic coupling on the order of
351J m~2 was observed for a 1 ML SrIrO3/ 1 MLs SrZrO3 spacer (about 0.8 nm
total spacer thickness).[lg] For 2 MLs thick LaNiOj spacers between SrRuQOj3
layers, a coupling strength of 106 pJ m~2 at 10 K was reported.[!”]

The change of the magnetic interlayer coupling from decoupling below 20 K
to very weak antiferromagnetic coupling above 40 K seems to be correlated
to the change of the magnetically softer and harder layer of the heterostruc-
ture (cf. Fig. 5.3 (b)). When the 18 MLs thick bottom SrRuOjs layer is the
magnetically harder layer of the heterostructure, no shift of the minor loop is
observed. Only in the temperature range where the 6 MLs thick top SrRuOj3
layer has smaller coercive fields, the small shift of the minor loop, indicating
weak antiferromagnetic coupling, is seen.

A similar temperature dependence, namely decoupling at low temperatures and
strong coupling at higher temperatures, has been observed in Ni/Co pseudo-
spin-valve structures in which the Ni/Co multilayers of different repetition
numbers, separated by 4.6 nm Cu, were strongly coupled via magnetic dipolar
coupling.[*3] Mohseni et al. attributed this dependence and the decoupling at
low temperatures to the increase of the difference of the coercive fields of the
magnetically softer and harder layers at low temperatures so that the stray
fields of the magnetically harder layer were insufficient to initiate the reversal
of the magnetically softer layer.[3]

Maybe also in the present case, the coupling at low temperatures, where the
difference between the coercive fields is about two times larger than above 30
K, is too weak to initiate the switching in the magnetically harder

(18 MLs thick) layer.

On the other hand, assuming that the coupling strength was also on the order
of a few pJ m~2 at low temperature, the expected shift of the minor loop would
be smaller by a factor of 5 - 6.5, since the thicker SrRuOj3 is the magnetically
softer one at low temperature. However, a minor loop shift of 6 mT is close
to the detection limit of our experimental set-ups and therefore experimentally

challenging to observe.
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To confirm the sign and order of magnitude of the minor loop shifts, deter-
mined from the magnetometry measurements, polar magneto-optical Kerr ro-
tation measurements were performed with our home-built set-up based on the

well-established double modulation technique with light from a Xe-lamp.
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Figure 5.4: Magneto-optical Kerr rotation measurements of heterostructure
RIR2 at 10 K (a) and 80 K (b), measured with incoherent light of 540 nm.
Drawn with full symbols are the major hysteresis loops; the open symbols are
the minor loops. The minor loop at 80 K, measured between 2.5 T and -0.1
T is shifted by + 38 mT with respect to the full loop. Reproduced from L.
Wysocki, S. E. Ilse, L. Yang, E. Goering, F.Gunkel, R. Dittmann, P. H. M. van
Loosdrecht, I. Lindfors-Vrejoiu, Journal of Applied Physics 131, 133902 (2022),
with the permission of AIP Publishing.

The Kerr rotation angle, determined in the polar MOKE geometry, scales lin-
early with the perpendicular component of the magnetization, but is not influ-
enced by magnetic impurities at the backsides or on the edges of the sample
for our measurements in reflection geometry and therefore a useful probe of the
qualitative interlayer coupling. In agreement with our results from the SQUID
investigations, the minor loop at 10 K (Fig. 5.4 (a)) is not shifted within the
magnetic field accuracy, while the minor loop at 80 K is also shifted by 438
mT (Fig. 54 (b)).

To further study the magnetic interlayer coupling in the heterostructure RIR2,
FORC measurements were performed at 10 K (Fig. 5.5) and 80 K (Fig. 5.6).
Presented in Fig. 5.5 (a) is the set of minor loops of heterostructure RIR2 at 10
K. All minor loops were corrected by the subtraction of the diamagnetic contri-
bution originating from the SrTiO3 substrate. The soft magnetic contribution
visible in the minor loops at small magnetic fields is related to magnetic impu-

rities, often introduced during the sample cutting process, as mentioned earlier.
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Figure 5.5: First order reversal curve study of the heterostructure RIR2 at 10
K. The magnetic field was applied perpendicular to the heterostructure surface.
The measured minor loops, corrected for the diamagnetic contribution originat-
ing from the substrate, are presented in (a). The color of the respective minor
loops changes from red to blue for increasing reversal fields. The FORC density
p plotted as function of the coercive field H. and the interaction field H, at the
corresponding temperatures is shown in (b). Positive FORC density peaks are
plotted in red, negative ones in blue. Features (I) and (II) correspond to the
magnetization switching of the 6 MLs (I) and 18 MLs SrRuOs (II) layer, respec-
tively. Shown in (c) is the comparison of the major magnetization loop (red),
corrected by the subtraction of the diamagnetic substrate and magnetic impurity
contribution (see Chapter 3), and the reintegrated FORC density (black) after
removal of the soft magnetic contribution of the reversible ridge between -0.05
T < pwoH: < 0.1 T and -1.5 T< poHy < 1.5 T. The dashed blue lines in (c)
indicate the magnetic fields of the center positions of the peaks (I) and (II) of the
FORC density. Reproduced from L. Wysocki, S. E. Ilse, L. Yang, E. Goering,
F.Gunkel, R. Dittmann, P. H. M. van Loosdrecht, I. Lindfors-Vrejoiu, Journal
of Applied Physics 131, 133902 (2022), with the permission of AIP Publishing.

Additionally, the expected two step-reversal of the heterostructure magnetiza-
tion is observed in the minor loops that started close to negative saturation.
From these minor loops, the FORC density was calculated according to equa-

tion (5.1) and is shown in Fig. 5.5 (b). Three general features are present in
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the FORC density at 10 K. The positive peaks (I) and (II) correspond to the
reversal of the two ferromagnetic STRuOj3 layers. The intensity of the peaks
is proportional to the magnetization of the respective layer. Hence, the more
intense peak (II) is related to the switching of the 18 MLs bottom SrRuOj
layer and (I) to the 6 MLs thin SrRuOs layer. The positions of the center
of the peaks at 620 mT (I) and 450 mT (II) are in good agreement with the
switching fields determined from the major magnetization hysteresis loops (see
Fig. 5.3 (b)). The FORC investigations of heterostructure RIR2 do not show
any hints of the coupling of the two ferromagnetic STRuOj3 layers at 10 K. The
additional feature located at tiny magnetic field values is the reversible ridge,
which is dominated by magnetically soft, reversible contributions originating
mainly from magnetic impurities. In case of the SQUID hysteresis loop (Fig.
5.2), these contributions were removed by subtraction of the hysteresis loop
measured above the transition temperature of the StRuQOj3 layers and therefore
related to high T, magnetic impurities. To confirm that the reversible ridge is
dominated by the contribution of these magnetic impurities, the FORC density
presented in Fig. 5.5 (b) was reintegrated with the exclusion of the contribution
between -0.05 T < poH, < 0.1 T and -1.5 T< poH, < 1.5 T. Such integration
of the FORC density was possible, because features (I) and (II), originating
from the magnetization reversal of the layers, were sufficiently separated from
the reversible ridge. The integration yielded half of the hysteresis loop from
-2 T to 2 T and was mirrored at both x- and y-axis in order to reconstruct
the full hysteresis loop. Plotted in Fig. 5.5 (c) is the comparison of the re-
constructed hysteresis loop of the FORC study (black) and the conventional
major magnetization loop (red), which has been corrected for the magnetic im-
purity contribution. Both hysteresis loops are overall in good agreement and
the switching fields of the two SrRuOs layers are identical for both techniques
within a few mT. However, the major SQUID and the reconstructed hystere-
sis loops possess small differences of the shape of the tail that is observed in
high magnetic fields. The deviations might be related to small reversible con-
tributions of the sample magnetization reversal that contribute slightly to the
reversible ridge and are thus not considered for the reconstruction of the hys-
teresis loop from the FORC density. Nonetheless, the overall agreement of both
hysteresis loops supports the expectation that the reversible ridge is dominated
by uncorrelated magnetic impurities that do not influence the switching fields
of the magnetic STRuOj3 layers of the heterostructure. This shows that the

reintegration of the FORC density without the reversal ridge can be used in
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this case to obtain a hysteresis loop where the contribution of the soft magnetic
impurity is removed, without the need of an additional measurement above the
transition temperature of SrRuQO3.

The FORC study of heterostructure RIR2 at 80 K is summarized in Fig. 5.6.
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Figure 5.6: FORC study of the heterotructure RIR2 at 80 K with the magnetic
field applied perpendicular to the heterostructure surface. The measured minor
loops, corrected for the diamagnetic contribution originating from the substrate,
are shown in (a). The color of the respective minor loops changes from red to
blue for increasing reversal fields. The FORC density p is plotted in (b) as a
function of the coercive field H. and the interaction field H,. Positive FORC
density peaks are shown in red, negative ones in blue. Features (I) and (II)
correspond to the magnetization switching of the 6 MLs (I) and 18 MLs SrRuOs
(II) layer, respectively. The additional peak pair (III) at 80 K is the interaction
peak indicating antiferromagnetic coupling. The additional feature located along
H. = 0 T is the reversible ridge. Reproduced from L. Wysocki, S. E. Ilse, L.
Yang, E. Goering, F.Gunkel, R. Dittmann, P. H. M. van Loosdrecht, I. Lindfors-
Vrejoiu, Journal of Applied Physics 131, 133902 (2022), with the permission of
ATP Publishing.

Also the minor loops measured at 80 K, presented in Fig. 5.6 (a), show a two-
step magnetization reversal. At 80 K, the 6 MLs thin SrRuOj3 layer switches
at smaller magnetic fields than the 18 MLs thick bottom SrRuOgs layer. In
the FORC density, shown in Fig. 5.6 (b), feature (I) corresponds again to
the reversal of the 6 MLs SrRuOg, while feature (II) originates from the mag-
netization switching of the 18 MLs thick SrRuOgs layer. In contrast to the
FORC density map at 10 K, an additional positive-negative-peak pair (struc-
ture (III)) is present at finite interaction field (see Fig. 5.6 (b)) at 80 K. Accord-
ing to previous FORC studies on well defined systems of coupled microarrays
and on NdFeB samples with components with different coercivities, such ad-

ditional positive-negative-peak pairs are characteristic for magnetic coupling
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between two different magnetic sites and denominated as the so-called "inter-

[22.27] The relative position of the positive and negative part of

action peak".
the interaction peak with respect to each other yields information about the
nature of the coupling. As shown in Ref. [22], the coupling is antiparallel if the
negative FORC density part of the interaction peak is at higher coercive and
interaction fields than the positive part of the interaction peak and parallel if it
is vice versa. According to this, the interaction peak in Fig. 5.6 (b) shows that
the SrRuOg layers in sample RIR2 are coupled antiparallel, which confirms our
observation from the conventional SQUID magnetometry. If exchange bias be-
tween a ferromagnet and an antiferromagnet was present, this would lead most
likely to a positive peak in the FORC density which is elongated,*¥ rather
than a positive-negative peak pair.

The FORC density of a StTRuOs-based heterostructure in which the ferromag-
netic layers are coupled weakly ferromagnetically is presented in Fig. 5.8 in
section 5.6. In this heterostructure RIZR1, the two SrRuOjs layers were weakly
ferromagnetically coupled through a spacer of 1 ML SrIrO3 and 1 ML SrZrOs.
The FORC density, plotted in Fig. 5.8 (c), also shows two positive peaks re-
lated to the magnetization reversal of the magnetization of the two SrRuOj
layers. The observed interaction peak shows the positive FORC density at
higher coercive and interaction field than the negative peak, which indicates

the ferromagnetic coupling between the SrRuOj3 layers.[??]

Generally, the coupling of two ferromagnetic layers separated by a nonmag-
netic insulator can originate from different mechanisms, such as the direct cou-

pling via pinholes,*5] magnetostatic Néel’s coupling due to correlated surface

[46:47] que to shape-induced magnetic poles,[*8] or induced by the

[49-52

roughness,
coupling of magnetic domain walls. I Another coupling mechanism is the
magnetic exchange coupling by tunneling of spin-polarized electrons through
the insulating barrier.[*1:53,54]

The coupling via pinholes, which are often present in heterostructures with ul-
trathin spacers, would lead to trivial ferromagnetic coupling!*®*%! between the
SrRuOg3 layers and thus cannot explain the minor loop shift to higher magnetic
fields for sample RIR2. On the other hand, it needs to be emphasized that
the coupling of the two SrRuQj3 layers separated by 2 MLs SrIrO3 was found
to be very sensitive to the existence of (pin-)holes in the heterostructure. As
presented in Fig. 5.11 in Section 5.6, a second heterostructure where holes

of nanometer depth were observed by atomic force microscopy showed weak
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ferromagnetic coupling. In contrast, atomic force microscopy did not show the
existence of holes in any of the heterostructures RIR2, RIR6, RIR12 so that it
can be concluded that the density of pinholes connecting the two SrRuOj5 layers
is most likely small for these samples. The weak antiferromagnetic coupling
was observed only in heterostructure RIR2 with 2 MLs SrIrOgs spacer and with
a small density of holes seen by AFM.

In addition, magnetostatic and interlayer exchange coupling can lead to mag-
netic coupling of the SrRuQOg layers. Antiferromagnetic coupling between fer-
romagnetic layers separated by nonmagnetic, insulating spacers has been pre-

[41] described by the Slonczweski spin-

viously related to exchange coupling,
current model®! or the quantum interference model developed by Bruno.4
However, the observed decrease of the coupling strength Jo (calculated with
equation (5.3)) with increasing temperature observed for heterostructure RIR2
cannot be explained within the model of quantum interference effects, which
predicts an increase for increasing temperatures in case of insulating spacers.!>4
The prediction of the temperature-induced increase of the magnitude of the cou-
pling strength is based on approximations that are only valid for temperatures
below T = hk:F/Zk‘BmD.[s‘q In case of heterostructure RIR2, with 0.8 nm thick
SrIrOs spacer, this corresponds to temperatures on the order of 365 K (for
Fermi velocities of about 7.6- 10* m/s°%l) which confirms that the approxima-
tions should be valid for the temperature range that was studied here. However,
due to the dependence of the electronic transport properties of SrIrOs on the
details of the interfacial environment and the thickness, the Fermi wavevector
for the SrIrOj layers of heterostructure RIR2 probably differs from the reported
values of bare SrIrO3 thin films.

Néel’s theory of the magnetostatic coupling due to magnetic surface charges
induced by correlated surface roughness was extended by Moritz et al. to mag-
netic multilayers with perpendicular magnetic anisotropy.[*”) Depending on
the strength of the magnetic anisotropy constant, the magnetostatic orange-
peel coupling has been found to be ferromagnetic for a weak perpendicular
anisotropy constant and antiferromagnetic for strong perpendicular magnetic
anisotropy.[*”) SrRuOj3 thin films deposited on SrTiO3(100) typically have a
large magnetic anisotropy with the magnetic easy axis close to the [110]orthorh.

[57] 50 that the orange-peel coupling would be expected to favor anti-

direction
ferromagnetic coupling between the layers. The heterostructures under study

were all deposited on SrTiO3 (100) substrates with a step-and-terrace structure
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of 0.4 nm height and 250-300 nm width that most likely led to unidirectional
interface roughness.[®®! However, the orange-peel coupling fieldsP®?! expected
for the substrate induced roughness would be too small to explain the observed
weak antiferromagnetic coupling.

One possible coupling mechanism of magnetostatic origin, which is qualitatively
consistent with the observed temperature- and spacer-thickness dependence
of the antiferromagnetic interlayer coupling, might be the model of domain
replication in the hard layer via magnetostatic interactions, as proposed by
Nistor.[0] When the magnetic field required to reverse the magnetization of
the soft layer during the minor loops is close to the nucleation field of the hard
layer, inversed domains in the soft layer will generate stray fields that can in-
duce so-called replicated domains in the hard layer, acting as negative bias field

during the second half of the minor loop.[60:61]

However, it cannot be proven
that the domain replication mechanism is the only explanation for the coupling

observed for the 2 MLs SrIrOg spacer.

5.4 Influence of the SrIrOj; spacer thickness on

the interlayer coupling

The possibility of a (semi-)metal-to-insulator transition that was reported by
Manca et al. to take place between 3 and 4 MLs in bare SrIrOs thin films/®!]
motivated the growth of the two heterostructures RIR6 and RIR12, with SrIrOs
spacers that are considerably thicker than 4 MLs (6 MLs spacer for RIR6 and
12 MLs for RIR12). If such spacer thickness increase led to a significant change
of the SrIrOg3 electronic transport properties, a major impact on the interlayer
exchange coupling would be expected, as it was achieved in SrRuOgz-based het-
erostructures separated by LaNiOz spacers.['”] Presented in Fig. 5.7 (a) and
(b) are the full and minor magnetic hysteresis loops of heterostructure RIR6 (6
MLs SrIrOg spacer) at 50 K and 80 K, acquired by SQUID magnetometry. The
major hysteresis loops of the heterostructure RIR6 show a two-step reversal of
the magnetization, similar to heterostructure RIR2. At 50 K, the switching at
0.1 T originates from the magnetization reversal of the 6 MLs SrRuOj layer,
while the step at 0.25 T is related to the switching of the 18 MLs SrRuOs
layer, which is the magnetically harder layer at 50 K. Such two-step switching
process indicates again the decoupling or weak magnetic interlayer coupling.

To determine the interlayer coupling strength, the reversal fields of the minor
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Figure 5.7: Full and minor hysteresis loops of the magnetic moment of het-
erostructure RIR6 with 6 MLs SrIrOs spacer at 50 K (a) and 80 K (b). (c)
Temperature dependence of the switching fields of the two SrRuOs layers with
18 MLs (switching field 2) and 6 MLs (switching field 1) thickness, and the
switching fields determined from minor loops experiments for the heterostruc-
ture RIR6. (d) Major and minor hysteresis loops of the magnetic moment of
heterostructure RIR12 with 12 MLs SrIrOs spacer at 50 K. The magnetic field
was applied perpendicular to the surfaces of the heterostructures. Reproduced
from L. Wysocki, S. E. Ilse, L. Yang, E. Goering, F.Gunkel, R. Dittmann, P. H.
M. van Loosdrecht, I. Lindfors-Vrejoiu, Journal of Applied Physics 131, 133902
(2022), with the permission of AIP Publishing.

loop were compared to the switching behavior of the magnetically softer layer
during the full loop. As highlighted in the inset of Fig. 5.7 (a), the minor loop
switching field is equal to the switching field of the major loop. This shows that
the minor loop shift and therefore the coupling strength is zero (see Section 5.6
for further details on the calculation). The two SrRuOj3 layers are fully decou-
pled by 6 MLs SrIrO3 at 50 K. Also at 80 K, where a weak antiferromagnetic
coupling was observed for heterostructure RIR2, the minor loop is not shifted
in case of heterostructure RIR6 (see inset of Fig. 5.7 (b)). As shown in Fig. 5.7

(¢), such equality of the switching fields of minor loop (drawn as blue triangles)
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and major loop (full symbols) was observed at all temperatures investigated
for heterostructure RIR6. The absence of a measurable minor loop shift shows
that the 6 MLs SrIrOg3 spacer decouples the two ferromagnetic SrRuQOg layers
fully at all temperatures.

Even further thickness increase of the SrIrO3 spacer to 12 MLs was still insuf-
ficient to couple the two SrRuOj layers of heterostructure RIR12 considerably.
As shown by the loop measurements at 50 K in Fig. 5.7 (d), the magnetic hys-
teresis is consistent with a two step-reversal of the magnetization. The minor
loop is not shifted within the magnetic field accuracy indicating the decoupling
of the two ferromagnetic layers. The decoupling of the SrRuQOg layers was con-
firmed by a magnetotransport study of heterostructure RIR12, presented in
Section 5.6.

The decoupling of the ferromagnetic SrRuQOg layers, observed in a broad tem-
perature range and consistently for the heterostructures RIR6 and RIR12 with
spacer thicknesses above the limit for which a (semi-)metal-to-insulator transi-
tion was reported, indicates that a SrIrOg spacer may not be a suitable choice
for enabling an exchange mediated coupling in these heterostructures. In con-
trast to LaNiOjg spacer layers,['7! the semimetallic SrIrO3 layers may not permit
the strong ferromagnetic coupling of SrRuOj3 layers, which would be relevant
in the context of skyrmion formation in SrRuOs-SrIrOs multilayers.[$:2°] The
SrlrOg resistivity was investigated by reference thin film measurements, pre-
sented in Section 5.6, because the details of the SrIrO3 spacer resistivity could
not be assessed directly for our heterostructures when the SrlrOs was sand-
wiched between the metallic STRuOg layers. The resistivities of these 6 MLs
and 12 MLs SrIrOgs reference thin films showed a very weak temperature de-
pendence with a small resistivity increase for decreasing temperature, as it
was also observed in 20 nm SrIrOs deposited on SrTiOs,*4 or when sand-
wiched between LaMnO3.[52] Based on the observed semimetallic behavior of
the 6 MLs and 12 MLs bare SrIrO3 thin films, also the SrIrO3 spacers of the

heterostructures likely did not become metallic.

5.5 Conclusion

The magnetic interlayer coupling between ferromagnetic StRuOg3 epitaxial lay-
ers separated by the strong spin-orbit coupling SrlrO3; was investigated by the
combination of conventional SQUID magnetometry and FORC measurements.

The minor loops of the heterostructure with 2 MLs SrIrOg spacer showed a
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small shift to higher magnetic fields above 30 K, indicating very weak anti-
ferromagnetic coupling of about —7pJm~2. The minor loop of a second het-
erostructure with 2 MLs SrIrO3 spacer, which exhibited nanometer-deep holes
in the surface topography, showed only weak ferromagnetic coupling. The
increase of the SrIrOgs layer thickness above the thickness for which a metal-
to-insulator transition was reported for bare SrIrOg layers did not lead to an
increase of the coupling, but to rather fully decoupled layers. This is most likely
related to the electronic properties of the SrIrO3 spacer, which, unlike LaNiOg
spacers,'”l does not enable the ferromagnetic coupling of SrRuOs layers. The
magnetic decoupling of the SrRuOj3 by SrlrOj3 spacers is undesirable in the
context of skyrmion formation. Without ferromagnetic coupling between the
magnetic layers, skyrmions forming in the SrRuOgs layers cannot be coupled
through multilayer stacks. As SrlrOg layers turned out to be unsuitable as
spacers for achieving a strong magnetic coupling, other oxide layers ought to
be considered for realizing this end.

The study further highlights the scientific relevance of first order reversal curve
investigations for the study of magnetic interlayer coupling, being capable to
detect weak coupling interactions as well as to determine whether the coupling
is antiferromagnetic or ferromagnetic. Additionally, FORC measurements have
the advantage that a correction for the contribution of magnetic impurities is
not necessary, because the peaks representing the various magnetization rever-
sal steps are well separated in the FORC density maps. Additionally, it was
shown that reintegrating the FORC density without the reversible ridge can be
an alternative method to correct a sample s hysteresis loop for a soft magnetic

impurity.

5.6 Supportive investigations

First order reversal curve study of heterostructure RIZR1

showing weak ferromagnetic coupling of the SrRuOj; layers

The major and minor hysteresis loops, determined by SQUID magnetometry of
heterostructure RIZR1 are shown exemplarily at 10 K in Fig. 5.8 (a). Similar
to heterostructure RIR2, also this heterostructure is composed of two SrRuO3
layers of 18 MLs and 6 MLs thickness. They are separated and capped by 1 ML
SrIrOz / 1 ML SrZrOgs. As highlighted in the inset of Fig. 5.8 (a), the minor

loop is shifted by about 30 mT to smaller magnetic fields indicating a weak
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ferromagnetic coupling on the order of 35 1J m~2, as is has been demonstrated
in a previous study.['?! In order to confirm the relation of the interaction peak
with the type of magnetic coupling, FORC studies were also performed at 10
K for the heterostructure RIZR1 with heterogeneous spacer of 1 ML SrIrO3/
1 ML SrZrOjs. Depicted in Fig. 5.8 (b) are the individual minor loops of the
first order reversal curve study at 10 K. Only the diamagnetic contribution
originating from the SrTiOj3 substrate has been corrected by linear fitting in

the high magnetic field range where the sample is in its saturated state.
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Figure 5.8: (a) Major (black) and minor (blue) magnetic hysteresis loops of
heterostructure RIZR1 at 10 K, measured with conventional SQUID magnetom-
etry. This heterostructure has 1 ML SrIrOs and 1 ML SrZrOgs as spacer and
capping layers. (b) Minor loops of heterostructure RIZR1 measured at 10 K.
The color of the respective minor loops changes from red to blue for increasing
reversal fields. (c¢) FORC density p plotted as a function of the coercive field
H. and the interaction field H, for the heterostructure RIZR1 at 10 K. Posi-
tive FORC density peaks are shown in red, negative ones in blue. Features (I)
and (II) correspond to the magnetization switching of the 6 MLs (I) and 18 MLs
SrRuOs (II) layer, respectively. (III) is the interaction peak indicating ferromag-
netic coupling. Reproduced from L. Wysocki, S. E. Ilse, L. Yang, E. Goering,
F.Gunkel, R. Dittmann, P. H. M. van Loosdrecht, I. Lindfors-Vrejoiu, Journal
of Applied Physics 131, 133902 (2022), with the permission of AIP Publishing.
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The soft magnetic contribution is related to magnetic impurities introduced
during the sample cutting and handling. The FORC density at 10 K is plotted
in Fig. 5.8 (c) as function of the interaction field H, and the coercive field
H.. Similar to heterostructure RIR2 with 2 MLs SrIrO3 spacer, a reversible
ridge was observed at small magnetic field values, which is related to purely
reversible magnetization switching. Due to the relative intensity of the peaks,
the more intense peak (IT) can be related to the switching field of the 18 MLs
thick StRuOgs layer. Feature (I) corresponds to the irreversible switching of
the 6 MLs SrRuQOg layer of the heterostructure. In accordance with the global
SQUID magnetometry shown in (a), the 6 MLs SrRuO3 is the magnetically
harder layer at 10 K. An additional positive-negative-peak pair is present in
the FORC density with the orientation opposite to the one observed for het-
erostructure RIR2. While the orientation of feature (III) in Fig. 5.6 indicated
antiferromagnetic coupling for heterostructure RIR2, the reversed orientation
of feature (III) in Fig. 5.8 supports the observation of ferromagnetic coupling
at 10 K in heterostructure RIZR1.

Magnetotransport investigations of heterostructure RIR12
with 12 MLs SrIrO; spacer

As described in detail in Chapter 3, all SQUID magnetometry measurements of
this study have been corrected by subtraction of the magnetic hysteresis loop
at 200 K, above the Curie temperature of the SrRuQOg layers of the heterostruc-
tures. However, this correction leads to artifacts, such like the small peaklike
features close to zero field at low temperatures (cf. Fig. 5.9).

In order to confirm that this correction does not lead to misinterpretations
of the main physical properties of the heterostructures, Hall measurements
were performed for sample RIR12, the heterostructure with the thickest SrlrO;
spacer of this study.

In a single domain ferromagnet, the anomalous Hall constant is directly propor-
tional to the out-of-plane component of the magnetization.%3] As shown also by
van Thiel et al., the measured Hall voltage of a magnetic sample that contains
several anomalous Hall conduction channels is given by the sum of the different
individual contributions.!® For heterostructure RIR12, the overall anomalous
Hall voltage is then the sum of the contributions of the two SrRuOj; layers
with distinct thicknesses and therefore different temperature dependencies of

the anomalous Hall constant.
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Figure 5.9: Comparison of the magnetic hysteresis loops determined by SQUID
magnetometry (black) and the Hall voltage (blue), corrected for the ordinary Hall
contribution, as function of applied magnetic field for heterostructure RIR12
with 12 MLs SrIrOs spacer. To increase the comparability of the magnetic
field dependencies of Hall effect and magnetization reversal, the anomalous Hall
voltage was plotted from positive to negative values for 10 K, 50 K, 80 K, and
100 K. Reproduced from L. Wysocki, S. E. Ilse, L. Yang, E. Goering, F.Gunkel,
R. Dittmann, P. H. M. van Loosdrecht, I. Lindfors-Vrejoiu, Journal of Applied
Physics 131, 133902 (2022), with the permission of AIP Publishing.

Depicted in Fig. 5.9 is the comparison of the magnetic hysteresis loops (black)
and the Hall voltage (after subtraction of the ordinary Hall effect) of het-
erostructure RIR12 at several temperatures below the ferromagnetic transition
temperature of the 18 MLs SrRuQOg layer of the heterostructure. The observa-
tion of hump-like features between 50 K and 100 K confirms our expectation of
the different temperature dependencies of the anomalous Hall constant. The
anomalous Hall constant of the thin SrRuOg layer is most likely positive in this
temperature range, while the AHE constant of the thicker STRuOg layer is still
negative up to 100 K. Most relevant for the present study is the magnetic field
range in which the two different STRuQOg layers reverse their magnetization. The
comparison of the SQUID and Hall measurements confirms that the hump-like

features appear in the same magnetic field range in which the magnetically
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softer layer reverses its magnetization and disappears when the magnetically
harder layer switches its magnetization. This confirms the switching fields de-
termined by SQUID magnetometry. At 100 K, the hump-like feature has an
s-shape which is most likely related to the 6 MLs thin layer which is already in
its paramagnetic phase with a still measurable contribution to the Hall voltage.
At 125 K, the Hall voltage loop is mainly determined by the anomalous Hall
voltage of the 18 MLs SrRuO3 layer, which is still in its ferromagnetic phase,
again confirming the SQUID magnetometry.
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Figure 5.10: Comparison of the magnetic hysteresis loops determined by
SQUID magnetometry (black) and the anomalous Hall voltage (red) as func-
tion of applied magnetic field for heterostructure RIR12 with 12 MLs SrlrOgs
spacer at 80 K. To increase the visibility in the magnetic field range of the minor
loop switching, a zoom-in of (a) is shown in (b). Reproduced from L. Wysocki,
S. E. Ilse, L. Yang, E. Goering, F. Gunkel, R. Dittmann, P. H. M. van Loos-
drecht, I. Lindfors-Vrejoiu, Journal of Applied Physics 131, 133902 (2022), with
the permission of AIP Publishing.

Depicted in Fig. 5.10 are the major and minor loop hystereses of the Hall
voltage, after subtraction of the ordinary Hall contribution, and compared to
the major magnetic hysteresis loop (in black). As highlighted in Fig. 5.10
(b), the minor loop of the anomalous Hall voltage, which is proportional to
the magnetization of the magnetically softer layer, is in good agreement with
the magnetic field dependence of the major magnetic hysteresis loop for the
reversal of the magnetically softer STRuOj3 layer. This confirms that the minor

loop is not shifted with respect to the full loop.
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Minor loop investigations of a SrRuQOjs-based heterostruc-

ture with 2 MLs SrIrO; spacer having nanometer-deep
holes
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Figure 5.11: (a) Integrated RHEED intensity of the specular spot during the
deposition of a second sample (TL06) with 2 MLs SrIrOs spacer and capping
layer. (b) Atomic force microscopy image (5pm x 5pum) of the surface topogra-
phy of TL06. Major (c) and minor (d) magnetic hysteresis loop measurements of
the heterostructure determined by SQUID magnetometry. Reproduced from L.
Wysocki, S. E. Ilse, L. Yang, E. Goering, F.Gunkel, R. Dittmann, P. H. M. van
Loosdrecht, I. Lindfors-Vrejoiu, Journal of Applied Physics 131, 133902 (2022),
with the permission of AIP Publishing.

The influence of holes in the heterostructures on the magnetic interlayer cou-
pling was investigated by the comparison of heterostructure RIR2 with a sec-
ond sample with 2 MLs SrlrO3 spacer where holes of minimum 1-2 nanometers
depth were observed by atomic force microscopy. As shown in Fig. 5.11 by the

time-dependent RHEED intensity plot, this sample also has a SrlrOj3 spacer
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and capping layer of 2 MLs thickness and two SrRuQOjs layers of distinct thick-
nesses. In contrast to the other heterostructures of the current study, this
sample was deposited by our new pulsed-laser deposition set-up at the Univer-
sity of Cologne, manufactured by SURFACE. As depicted in Fig. 5.11 (b), the
heterostructure surface of this sample shows the existence of nanometer-deep
holes. Because there were no holes observed in the AFM investigations of the
heterostructures RIR2, RIR6, or RIR12, it was expected that this heterostruc-
ture was influenced more strongly by the existence of ferromagnetic bridges by
pinholes. Shown in Fig. 5.11 (c¢) are major hysteresis loops of this sample at
various temperatures. Only at 10 K, the switching fields of the two individual
SrRuOj3 layers are distinguishable. The performed minor loop at 10 K, drawn
in Fig. 5.11 (d), shows a small negative shift of 45 mT, indicating weak fer-
romagnetic coupling. Thus, both samples with 2 MLs SrIrO5 spacer indicate
opposite sign of the coupling of the two SrRuOj3 layers. The difference could
originate from the different densities of nanometer-deep (pin-)holes in the het-
erostructures, which was increased for sample TLO6. Such holes are expected
to lead to the formation of ferromagnetic bridges by pinholes connecting the

two ferromagnetic StRuOg layers.

Resistance measurements of bare SrIrO; thin films de-
posited on SrTiO3(100)

Because it is sandwiched between two SrRuOj3 layers with much lower resistivity
(about 0.5 pQmat 10 K), the resistivity of the SrIrO3 spacer layers cannot be
assessed easily.[?1:57:65] The voltage drop measured along the whole heterostruc-
ture will therefore be dominated by the SrRuQOj3 layers. This is confirmed by a
resistance measurement of heterostructure RIR12 in comparison to a 12 MLs
bare reference SrIrOj3 film (see Fig. 5.12). The voltage drop of this anisotropic
heterostructure was measured in van der Pauw geometry as indicated in the in-
set in Fig. 5.12 (a). The sheet resistances of the 6 and 12 MLs bare SrIrO3 thin
films (shown in Fig. 5.12 (b)), deposited on SrTiOs, correspond to a measured
voltage drop that is almost two order of magnitudes larger than the measured
voltage drop in case of the heterostructure. Thus, our following estimations of
the SrIrOg3 spacer transport properties are based on the investigations of 6 and
12 MLs bare SrIrOj reference thin films deposited on SrTiO3 (100) substrates.
The sheet resistances of the 6 and 12 MLs SrIrOgs thin films (see Fig. 5.12 (b))

show only a very weak temperature dependence of about 20% variation between
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Figure 5.12: (a) Temperature dependence of the voltage measured along the
edges of heterostructure RIR12 when 100 nA were applied. The two configura-
tions that correspond to the current parallel to the two in-plane principal axes
of the orthorhombic SrRuQOg layers are sketched in the inset. Temperature de-
pendence of the sheet resistance of 6 (grey) and 12 MLs (black) bare SrIrO3 thin
films deposited on SrTiOs (100). Reproduced from L. Wysocki, S. E. Ilse, L.
Yang, E. Goering, F.Gunkel, R. Dittmann, P. H. M. van Loosdrecht, I. Lindfors-
Vrejoiu, Journal of Applied Physics 131, 133902 (2022), with the permission of
ATP Publishing.

5 K and 300 K, with a small upturn for decreasing temperature. The classifi-
cation of the observed transport properties of the SrIrOj reference films is not
straightforward due to the variety of different experimental results of SrIrO;
thin films deposited on SrTiO3B3%31:34] or when SrIrO3 was interfaced with dis-
similar perovskite oxides.[%?] A (semi-)metal-to-insulator transition, with a clear
change to a positive slope of p(T) in the thicker films, was observed between
3 and 4 MLs thickness by Manca et al.®! or below 4 MLs by Groenendijk et
al.3% In contrast, weakly temperature-dependent resistivity was seen in even 20
nm thick SrIrOs films by Gruenewald et al.,[®* or when SrIrOs was interfaced
with LaMnOs.[62] The latter behavior is consistent with the transport behav-
ior of our SrlrOj3 thin films. Theoretical band structure calculations as well
as experimental ARPES studies!?9°% showed that the Fermi surface of SrIrOs
in the semimetallic state consists of electron- and holelike pockets. Thus, oc-
tahedral rotation or slight modifications of the stoichiometry were proposed
29,56

to change the transport properties.! Ir deficiency, due to the volatility of

IrO,, can lead to an effective hole doping,[?®! whereas oxygen vacancies can act

as electron dopants.!3!]
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A recent (angle-resolved photoemission spectroscopy) study on (n MLs SrIrOs/
20 MLs SrRuO3) heterostructures, which were deposited by molecular beam
epitaxy on LSAT(100) substrates, indicates that even ultrathin (down to n=1)
SrIrOs layers do not become insulating when they are interfaced with SrRuOs. 6!
It was shown that the SrIrOg3 layers are effectively hole doped due to electron

transfer from SrIrO3 to the SrRuOj layer, which was proposed as origin of
the observed metallicity.[%¢) Thus, also the (2 MLs) ultrathin SrIrOj3 layer of
our SrIrO3/SrRuOj3 heterostructure might not be insulating. However, the

SrIrO3/SrRuOj3 heterostructures of the study by Nelson et al. were deposited

on LSAT, which induces larger epitaxial strain than the growth on SrTiO3(100)

substrates. Since the epitaxial strain was shown to influence the details of the

SrRuO3 band structurels” and therefore might also impact on the properties

of the StTRuOj3/SrIrO3 interface, similar investigations of SrIrOsz/SrRuOs het-

erostructures deposited on SrTiO3(100) would be required to determine the

conductivity of our 2 MLs thick SrIrOgs layer interfaced with StRuOs.
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6.1 Introduction

In order to prove the existence of magnetic skyrmions, real space imaging of the
magnetic texture with high spatial resolution is needed. However, the real space
investigations of these, typically tiny, magnetic structures are technically chal-
lenging and limited by experimental means. While magnetic force microscopy
is sensitive only to the out-of-plane component of the sample’s magnetic stray
field and its spatial resolution is limited to typically 20 nm,[>4 the specimen
preparation required for electron holography or Lorentz transmission electron
microscopy is complex.5] Due to their sensitivity to damage by the electron or
ion beam, the specimen preparation for TEM investigations of heterostructures
that contain SrRuOs3; layers is even more challenging.

An experimentally simple technique to investigate the fingerprint of magnetic
skyrmions, which is available in many laboratories, is the measurement of Hall
voltage loops. In presence of magnetic skyrmions, the conduction electrons get
deflected by the emergent magnetic field generated by the skyrmions. This
leads to the topological Hall effect, which is observed additionally to the ordi-
nary (OHE) and anomalous Hall effect (AHE).[%

The observation of Hall features that resemble a topological Hall effect in
SrRuO3-SrIrOs bilayers!?! motivated intense research activity on SrRuOs thin
films and SrRuOs-based heterostructures.[>7 121 Only rarely supported by ad-
ditional MFM studies,® similar hump-like anomalies were seen in the Hall
resistivity loops of SrRuOgs-based thin films and were taken as proof of the
existence of skyrmions.[?3%9 Also the Hall resistivity hysteresis loops of ul-
trathin bare SrRuOg films after the post-deposition implantation of hydro-
gen ions!*® or the deposition in low oxygen pressurel’®) showed such THE-like
features. However, alternative models aiming to explain the unconventional
features were proposed, disregarding the formation of skyrmions.1:12:14-16]
Within the suggested model of multiple (Hall) conduction channels, the peak-
like anomalies were attributed to sample inhomogeneities and heterogenous

(11,12

transport. I Since the anomalous Hall effect in SrtRuQ3 is dominated by the

intrinsic contribution and hence determined by the Berry curvature of the band

[12,17,18]

structure, it was proposed that multiple AHE channels can be induced

in SrRuOg thin films and heterostructures due to inhomogeneities within the
SrRuOjs films or the interfacial environment.[14-16]
In the present study, it is demonstrated that peculiar anomalies can be gener-

ated in Hall voltage hysteresis loops of SrRuOs-based heterostructures in the
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absence of magnetic skyrmions. The investigated heterostructures are com-
posed of two ferromagnetic, metallic STRuOj3 layers of distinct thicknesses in
order to generate measurably different switching fields, magnetic moments, and
anomalous Hall constants. The layers with perpendicular magnetic anisotropy
were magnetically basically decoupled by insulating SrIrOs and/or SrZrOs
spacers (cf. Chapter 5) and electrically connected in parallel. Such heterostruc-
ture is a suitable system to investigate the phenomena of two anomalous Hall
effect channels. Moreover, the study points out that the Hall effect investiga-
tions can yield misleading results and hump-like Hall features should not be

considered as a proof of the formation of skyrmions.

6.2 Sample design and structural properties

The heterostructures under study are composed of two SrRuOj5 layers of signif-
icantly distinct thicknesses which are separated and capped by non-magnetic
layers of SrIrOgs or insulating SrZrOs, as schematically shown in Fig. 6.1 (a).
The thicknesses of the bottom and top SrRuOj; layers were selected to be
18 monolayers (MLs) and 6 MLs, respectively. The thickness of the bottom
SrRuOg3 layer is in the range where orthorhombic structure is stabilized at room
temperature, but coherent structure is preserved without strain relaxation.™
Based on previous reports on SrRuO3 epitaxial thin films, both SrRuOg layers
should show ferromagnetic ordering below the respective Curie temperature.[20:21]
However, due to the thickness reduction, the transition temperature of the

6 MLs thick SrRuOgs layer is expected to be lowered to approximately 100

K.[20:21] Fyrthermore, thickness-related, considerable variations of the temper-

ature dependencies of the switching fields, magnetization2922 as well as of the

temperature dependence of the anomalous Hall constant(2!]
The two SrRuOj3 layers are separated by 2 MLs SrIrO3 and/or 2 MLs SrZrO; to
achieve effectively magnetic decoupling of the ferromagnetic conduction chan-
nels, which was confirmed by the FORC and SQUID magnetometry study

presented in Chapter 5 and study [22].

are anticipated.

Furthermore, only the thinner SrRuOj layer is in a range of thickness where
interfacial DMI was proposed to be sufficiently strong to generate skyrmions. 2!
The substitution of SrIrOg by the large band gap insulator SrZrOj enabled the
investigation of the influence of the strong spin-orbit coupling of SrIrOg3 at the
SrIrO3/SrRuOj interfaces.
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Figure 6.1: (a) Scheme of heterostructure RIR2, which is composed of a 18
MLs thick bottom SrRuOs layer and a 6 MLs thick top SrRuOs3; layer, separated
and capped with 2 MLs thick SrIrOs, deposited on SrTiO3(100). (b) Time
dependence of the integrated RHEED intensity of the specular spot during the
deposition of the heterostructure RIR2. Atomic force microscopy images (4 - 5
pm x 4 - 5 um) of one SrTiO3(100) substrate after wet-etching and annealing
(c), of the heterostructure RIR2 with 2 MLs SrIrOs spacer and capping layers
(d), and of the heterostructure RZR2 with 2 MLs SrZrOs spacer and capping
layers (e). Figures adapted from Ref. [1]. Adapted with permission from the
American Physical Society.

While previous experiments proposed the emergence of strong interfacial DMI
at the SrIrO3/SrRuOs interface,! a possible DMI at the SrZrOs/SrRuOs
is expected to be negligible. In addition, a SrIrO3/SrRuOs/SrIrOg3 trilayer
with 6 MLs SrRuOg3 was studied as a reference sample. All investigated het-
erostructures summarized in Table 6.1 were grown by pulsed-laser deposition
on low miscut vicinal, TiOo-terminated, single crystalline SrTiO5(100) sub-
strates. The SrIrO3z and SrZrOj layers grew in a layer-by-layer growth mode,
characterized by the oscillatory time trace of the integrated RHEED intensity,
as exemplarily shown in Fig. 6.1 (b) for heterostructure RIR2. This enabled
the precise determination of the spacer and capping layers thicknesses.
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Sample name  Composition

RIR2 18 MLs SRO /2 MLs SIO / 6 MLs SRO /2 MLs SIO

RZR2 18 MLs SRO /2 MLs SZO / 6 MLs SRO /2 MLs SZO

RIZR2 18 MLs SRO /2 MLs SIO / 2 MLs SZO / 6 MLs SRO /2 MLs
SIO / 2 MLs SZO

IRI 2 MLs SIO / 6 MLs SRO /2 MLs SIO

Table 6.1: Name and composition of the heterostructures under study

The SrRuOj3 layers of the heterostructures under study grew in the step-flow
growth mode, which has been found to be preferred to generate smooth, ho-
mogeneously flat epitaxial SrRuOs layers.[2!

The surface of the heterostructures was imaged by atomic force microscopy.
As shown in Fig. 6.1 (d), the surface morphology of heterostructure RIR2 is
homogeneously flat and preserves the step-terrace-like structure of the SrTiO3
substrate presented in Fig. 6.1 (c). The surface of the multilayer RZR2, with 2
MLs SrZrOs as spacer and capping layers, has an increased defect density (see
Fig. 6.1 (e)), which is most likely related to the larger compressive strain due

to the increased lattice mismatch between SrZrOs and the substrate.

6.3 Experimental methods

The Hall effect measurements were performed in the van der Pauw configuration

(24.25] \which enabled the simultaneous investigation

with our home-built set-up,
of the Hall voltage and the magneto-optical Kerr effect (MOKE) in polar ge-
ometry. For all shown Hall and polar MOKE experiments, the magnetic field
was applied perpendicular to the sample surface.

The minimization of optical artifacts in the polar MOKE measurements was
achieved by the individual selection of the wavelength of the incoherent light
source for each heterostructure. For the MOKE study of the heterostructure
RIR2, incoherent light of 540 nm wavelength was utilized and 590 nm for the
sample RZR2.

In case of sample RIR2, polar MOKE measurements of a bare Sr'TiO3 substrate
were acquired and subtracted additionally in order to reduce the substrate-
related background contribution.

One aim of this study was to investigate the individual contributions of the

two ferromagnetic layers to the heterostructure total magnetic moment as well
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as to the total anomalous Hall effect. Due to the direct proportionality of the
(polar) magneto-optical Kerr rotation angle to the perpendicular component
of the magnetization, MOKE studies are often used to determine the magnetic
properties of thin films. However, in case of multilayers with ferromagnetic lay-
ers with different properties and/or thicknesses, the proportionality constants
of the different layers are expected to vary.!?]

Thus, the magnetic characteristics of the heterostructures were determined
directly by SQUID magnetometry with the SQUID magnetometer MPMS-XL
(Quantum Design inc.) and compared to the Hall hysteresis loops. The mag-
netic measurements were corrected following the procedure described in Chap-

ter 3.

6.4 Magnetic and magnetotransport studies of

a heterostructure with 2 MLs SrIrO; spacer

6.4.1 Magnetic properties

To confirm that the two SrRuOj3 layers of the heterostructure show indeed dis-
tinct switching fields, temperature and magnetic field dependent polar MOKE
and SQUID magnetometry measurements were performed.

Since the polar Kerr rotation angle of the heterostructure is determined by
the sum of the p-MOKE contributions of the two individual SrRuQOs layers,
which are proportional to the out-of-plane component of the magnetization of
the respective SrRuQOg layer, the MOKE study can indicate the existence of
distinct switching fields. As depicted in Fig. 6.2, the MOKE hysteresis loops
show a double-step-like switching behavior!
low 110 K. Only at 20 K, the p-MOKE loop shows a single-step reversal due to

the equality of the switching fields of the two SrRuOg layers at this particular

in a broad temperature range be-

temperature.

The observed two-step switching behavior of the MOKE hysteresis loops orig-
inates from the different temperature dependencies of the switching fields and
domain nucleation fields of the basically decoupled SrRuQOg layers, as it was

investigated in detail in Chapter 5 of this thesis.

1 Due to the imperfection of the background correction, a slight artificial curvature remains
in the polar MOKE hysteresis loops at high magnetic fields.
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Figure 6.2: Kerr rotation angle of heterostructure RIR2 with 2 MLs SrIrOs
spacer and capping layers, plotted as a function of the external magnetic field,
applied perpendicular to the film surface, at selected temperatures. The mea-
surements were performed with incoherent light of 540 nm. Reprinted figure
with permission from: L. Wysocki, L. Yang, F. Gunkel, R. Dittmann, P. H. M.
van Loosdrecht, and I. Lindfors-Vrejoiu, Phys. Rev. Materials 4, 054402 (2020),
Copyright (2020) by the American Physical Society.

The magnetic field dependence of the magnetic moment was confirmed by
SQUID magnetometry at selected temperatures.

Exemplarily depicted in Fig. 6.3 are the hysteresis loops at 10 K (a) and 80
K (b). Due to the thickness-dependence of the magnetic moment of SrRuO;
thin films, the two steps of distinct height in the magnetic hysteresis loops can
be attributed to the switching of the two magnetic layers. From the relative
magnitude of the magnetization in saturation it can be concluded that the
18 MLs thick layer has a smaller switching field than the 6 MLs layer at low
temperatures, such as 10 K (Fig. 6.3 (a)). In contrast, the thin SrRuOj layer
reverses the direction of its magnetization at smaller fields than the 18 MLs

SrRuOj layer at higher temperatures (see Fig. 6.3 (b) for the measurement at
80 K).
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Figure 6.3: SQUID magnetometry of the heterostructure RIR2: Magnetic field
dependence of the magnetic moment at 10 K (a) and 80 K (b). (c) Magnetic
moment plotted as function of temperature during the warming up in presence of
0.1 T external magnetic field after field cooling (0.1 T); The transition temper-
atures and the switching fields of the two SrRuOs layers are highlighted in red.
The magnetic field was applied perpendicular to the thin film surface. Figures

adapted from Ref. [1]. Adapted with permission from the American Physical
Society.

As illustrated in Fig. 6.3 (c), the temperature dependence of the magnetic
moment (during warming up in 0.1 T after field cooling) shows the existence of
two ferromagnetic transition temperatures. The transition at 135 K originates
from the 18 MLs thick StRuOg layer, whereas the one at Tc= 112 K is related
to the 6 MLs SrRuOj3 layer. The difference between the two ferromagnetic
transition temperatures as well as a double-step magnetization reversal indicate
that the magnetic coupling of the two SrRuQOj is very weak, as intensively
studied in Chapter 5. Also the SrRuOj3 layers of the heterostructure RIZR2

are basically magnetically decoupled, as we confirmed previously.[??]
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Thus, these heterostructures are suitable candidates to investigate the effect
of two magnetically decoupled, but electrically (parallel) connected channels

which contribute to the total anomalous Hall effect.

6.4.2 Magnetotransport

If the conducting system is composed of two channels with Hall conductances

oy, and a}(’y, the total Hall conductance is given by:[2¢]
ol =08, + o—};y (6.1)

Since the resistivity tensor p is the inverse of the conductivity tensor &, under

the assumption that py = pyy and pyx = -pxy, the Hall resistivity py, can be

written as:
_ TOxy
pxy - 0-)2(x+0—)2(y (62)
and
O—XX
Pxx = =55 (6.3)
0%+ 0%y

When the Hall conductivity oy, is much smaller than the longitudinal conduc-

tivity oxx, Equations (6.3) and (6.2), can be approximated as:

1
Pxx R —— (6.4)
and
Ox
Pxy & 072y = OxyPix (6.5)

In a parallel circuit with the two resistances Ryx= and R,.», the total resistance

is given by:
Ryxa Ryyo

R a+R b (66)

Rxxtotal -

Combining Equations (6.1), (6.6), and (6.5) it can be shown that the total Hall
voltages of two magnetically decoupled, electrically parallel connected layers
sum up in this specific case.[26-29

Depicted in Fig. 6.4 are the total Hall voltage Vi, hysteresis loops of the
heterostructure RIR2, which were measured with the magnetic field applied
parallel to the film normal. The Hall voltage loops of this multilayer possess

an unconventional shape in a broad temperature range.
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Figure 6.4: Total Hall voltage Vi, of the heterostructure RIR2 plotted as a
function of the applied magnetic field at selected temperatures. The magnetic
field was applied perpendicular to the thin film surface. The blue (red) part of the
hysteresis loops was measured during the sweeping of the magnetic field from
negative to positive (positive to negative) values, as indicated by the arrows
in the top left panel (60 K loop). Reprinted figure with permission from: L.
Wysocki, L. Yang, F. Gunkel, R. Dittmann, P. H. M. van Loosdrecht, and I.
Lindfors-Vrejoiu, Phys. Rev. Materials 4, 054402 (2020), Copyright 2020 by the
American Physical Society.
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Below 110 K, when both SrRuQOg layers are in the ferromagnetic phase, hump-
like anomalies are observed in the Hall voltage loops. These resemble the THE-
like features that were seen in StRuQ3/SrIrO3 bilayers and attributed either to
multiple AHE conduction channels!*? or to the formation of skyrmions.[?:3] The
anomalies are peak-like between 40 K and 60 K and possess a more extended
plateau-like shape between 80 K and 100 K. The Hall voltage loop at 10 K shows
dips in the magnetic field range where the 18 MLs SrRuOjs layer, which is the
magnetically softer layer below 20 K, switches its magnetization (cf. also Fig.
6.3 (a)). To improve the comparability of the magnetic field dependence of the
magnetization and the Hall voltage, the ordinary Hall voltage was subtracted
by linear fitting in the high magnetic field regime for all Hall loops presented
subsequently.

As displayed in Fig. 6.5, the anomalies in the Hall voltage loops build up in
the magnetic field range in which the orientation of the magnetization of the
ferromagnetic layer with smaller coercive field is reversed. The corresponding
magnetic field range is marked by dashed green lines in Fig. 6.5.

When the thin StTRuOj3 layer has a lower coercive field than the 18 MLs StRuOj5
layer, such as for example at 80K (see top panel of Fig. 6.5), the anomalies
have their maximum in the magnetic field range where both StRuQOj3 layers are
magnetically saturated, but with opposite orientations. Thus, the THE-like
features cannot be attributed to magnetic domains that are created during the
magnetization reversal of the 6 MLs thin SrRuOgs layer. This indicates that
skyrmions most likely do not form in the 6 MLs SrRuOg layer, which is sand-
wiched between SrIrOgs, during the magnetic field sweep.

In contrast, the agreement of the magnetic field ranges is an indication that
the THE-like anomalies are correlated with the presence of subsystems in the
heterostructure which have different magnetic and magnetotransport proper-
ties, such as distinct magnitude and sign of the anomalous Hall constants as
well as different switching fields.

In the absence of topologically non-trivial structures, a topological Hall effect
is not expected so that the difference of the total Hall voltage Vi, and the
ordinary Hall voltage Voug corresponds to the total anomalous Hall voltage
Vang of the heterostructure. In homogeneous ferromagnets, the total anoma-
lous Hall voltage Vapg is proportional to the out-of-plane component of the

31,32 However, in case of a hetero-

overall measured sample magnetization M .l
geneous system that is composed of decoupled, distinct (magnetic) subsystems,

this empirical relation needs to be modified.
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Figure 6.5: Magnetic field dependence of the magnetic moment (black) and
Hall voltage loops (after subtraction of the ordinary Hall effect contribution,
shown in red) of the RIR2 heterostructure at 10 K (lower panel) and at 80 K
(upper panel). The magnetic hysteresis loops were acquired by SQUID mag-
netometry. The horizontal arrows guide the reader through the Hall voltage
(red) and magnetic moment (black) hysteresis loops. Indicated by the vertical
arrows are the orientations of the out-of-plane magnetization components of the
18 MLs (purple arrows) and 6 MLs (blue arrows) thick StRuOgs layers during
the magnetic field sweep. The small purple arrows illustrate the tail observed in
the hysteresis loops, which likely originates from pinned domains in the bottom
SrRuO3 layer.[SO] Reprinted figure with permission from: L. Wysocki, L. Yang,
F. Gunkel, R. Dittmann, P. H. M. van Loosdrecht, and I. Lindfors-Vrejoiu, Phys.
Rev. Materials 4, 054402 (2020), Copyright 2020 by the American Physical So-
ciety.

If the subsystems are electrically coupled, the measured AHE voltage is the
sum of the contributions of each subsystem, which have most likely distinct
temperature dependencies of the magnitude and sign of the anomalous Hall

constant Ray.
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With the two-channels AHE model, as proposed by Zhang et al.l?®! and Gerber, 2]
the shape and the temperature range in which the hump-like anomalies are ob-
served in the Hall voltage loops can be explained. The prerequisites of their
model, which are the magnetic decoupling and the parallel electrical connection
of the two ferromagnetic, metallic layers, are fulfilled in the case of the het-
erostructure RIR2. The magnetic decoupling was achieved by the separation of
the SrRuOg layers by the SrIrOg spacer layer (cf. Chapter 5). Since signatures
of both ferromagnetic layers were seen in the Hall voltage hysteresis loops, the
layers have to be electrically connected, which is probably originating from the
pulsed-laser deposition, in which the size of the plasma plume is larger than the
lateral extension of the substrate so that material is grown also on the sample
edges.

The performance of minor loop studies, as described in detail in Chapter 5,
enabled to disentangle the contributions of the individual ferromagnetic STRuOj3
layers to the total anomalous Hall voltage of the entire heterostructure.
Presented in Fig. 6.6 are the minor loops of the magnetic moment (black) and
the Hall voltage (red), after subtraction of the ordinary Hall effect, at 10 K
and 50 K.
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Figure 6.6: Full (solid symbols) and minor loops (open symbols) of the Hall
voltage (after the subtraction of the ordinary Hall contribution, shown in red,
scale inverted) and the magnetic moment (black) at 10 K (a) and 50 K (b) for the
heterostructure RIR2. The magnetic field was applied perpendicular to the thin
film surface. For the sake of comparison to the magnetic moment hysteresis loop,
the sign of the Hall voltage values is inverted. Reprinted figure with permission
from: L. Wysocki, L. Yang, F. Gunkel, R. Dittmann, P. H. M. van Loosdrecht,
and I. Lindfors-Vrejoiu, Phys. Rev. Materials 4, 054402 (2020), Copyright 2020
by the American Physical Society.

The minor loop studies shed light on the magnetization reversal behavior of the

SrRuOg3 layer with smaller switching field and in this way also on the changes
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of the anomalous Hall voltage during the minor loop field sweep. At 50 K
(Fig. 6.6 (b)), the 6 MLs SrRuOj is the magnetically softer layer of the het-
erostructure so that the minor loop represents the magnetic switching behavior
of the thinner SrRuO3 layer. Since the Hall voltage minor loop and the mag-
netic moment minor loop have the same sign?, it can be concluded that the
anomalous Hall constant of the 6 MLs thin SrRuOj3 layer is positive at 50 K.
In contrast, the larger contribution to the total anomalous Hall voltage loop,
which originates from the 18 MLs thick SrRuOg layer, is negative. Below 20 K,
the 18 MLs bottom SrRuQOgs has smaller switching fields than the top StRuOj;
layer and thus can be characterized by minor loops. As shown in Fig. 6.6 (a),
the Hall voltage minor loop and therefore the anomalous Hall constant of the
thicker SrRuOj3 layer has a negative sign also at 10 K. This indicates that the
anomalous Hall constant of the 18 MLs thick SrRuOs layer has a negative sign
between 50 K to 10 K, which is in good agreement with previous studies on
thick SrRuOj films.[2!

In order to achieve a qualitative understanding of the anomalies seen in the
Hall loops, the temperature dependencies of the individual switching fields and
of the anomalous Hall voltage related to the two distinct channels will be de-
rived subsequently. While the switching fields of the individual SrRuQOg layers
were given by the extrema of the magnetic field derivative of the magnetic
moment, minor loop experiments were performed to determine the anomalous
Hall voltages created in the two SrRuQOjs layers (cf. Fig. 6.6).

The procedure to extract the two anomalous Hall voltages from the minor loops
is shown exemplarily in Fig. 6.7 and will be derived briefly. Since pxy < pxx
for StRuOs thin films,[26:33] the total anomalous Hall voltage of the studied
heterostructures® is given by the sum of the anomalous Hall voltages related
to the two individual SrRuOj3 layers, when the electric current Inpplicd is ap-
plied to the sample. According to Pugh et al., the anomalous Hall resistivity

pape of a homogeneous ferromagnet is proportional to the component of the

magnetization that is perpendicular to the thin film surface M :[31
pAHE = RauM | (6.7)
2 Please note that the scale of the Hall voltage was inverted in Fig. 6.6 for improved

comparability.

3 The validity of pxy < pxx for our heterostructures can be also seen by the comparison
of Fig. 5.12 (a) and Fig. 6.4, which indicates that V, is about two order of magnitude
smaller than Vi, or Viy.
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with the anomalous Hall constant Rap. Assuming that Equation (6.7) is valid
for both SrRuQOg layers individually, the anomalous Hall resistivity and there-
fore the anomalous Hall voltage of the magnetically harder SrRuQOg3 layer is
magnetic-field independent during the minor loop, because this layer stays
saturated. The change of the anomalous Hall voltage during one minor hys-
teresis loop is then correlated with the contribution of the magnetically softer
SrRuOj3 layer. The anomalous Hall voltage created in the SrRuOj3 layer with

lower switching field (VAHE) can be written as (in saturation):

VAHE — ‘/Sat - Vminor(o T)

: (6.8)

Viat and Viinor (07') are shown in Fig. 6.7 by red arrows. The anomalous Hall
voltage generated in the magnetically harder SrRuQOg layer is then calculated
by:

Vit = (Viat = 2V3) = Vininor (0 T) (6.9)

AHE
Vi

AHE
3 Vs

and correspond to the anomalous Hall voltages generated in the
6 MLs or 18 MLs SrRuOgs layers, depending on the switching fields at the

particular temperature.
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Figure 6.7: Illustration of the definition of Viinor(0 T) and Vsa¢ (indicated by
red arrows), exemplarily shown for the full and minor loops of the anomalous Hall
voltage of the RIR2 heterostructure at 50 K. Reprinted figure with permission
from: L. Wysocki, L. Yang, F. Gunkel, R. Dittmann, P. H. M. van Loosdrecht,
and I. Lindfors-Vrejoiu, Phys. Rev. Materials 4, 054402 (2020), Copyright 2020
by the American Physical Society.

For the presented calculation, the tail in the hysteresis loops apparent in high

magnetic fields during the resaturation is not considered.
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The calculated anomalous Hall voltages generated in the 6 MLs and 18 MLs
thick STRuOj are plotted as function of temperature in Fig. 6.8 (b).

The anomalous Hall voltage of the 18 MLs thick SrRuOj5 layer possesses a non-
monotonous temperature dependence with the change of sign from negative to
positive values at 110 K, in proximity to the Curie temperature. Such behavior

(171 and bare orthorhom-

of the AHE is conventional for STRuOj3 single crystals
bic SrRuO5 thin films of similar thickness.[21:34-37 In contrast, the anomalous
Hall voltage generated in the 6 MLs thin SrRuQOg layer, sandwiched between
SrIrOg, is positive down to 10 K. Such behavior is unusual for bare StRuOg
thin films, but was found recently in symmetric SrIrO3/SrRuQOs/SrIrOg trilay-
ers by Groenendijk et al.[?]

Within this simplified two-channels-AHE model (sketched in Fig. 6.8 (a)) that
assumes the additivity of two independent anomalous Hall channels, hump-like
anomalies can be generated if the AHE voltages, being proportional to the
anomalous Hall constants, have opposite signs, and the switching fields of the
two subsystems are different. As presented in Fig. 6.8 (b), these requirements
are fulfilled between 40 K and 100 K, which is consistent with the observa-
tion of peak-like anomalies in the Hall hysteresis loops of heterostructure RIR2
(Figure 6.4). The considerably different shapes of the Hall voltage loops at 10
K and above 20 K originate from the distinct temperature dependencies of the
switching fields of the two SrRuQOg layers. For temperatures above 20 K, the
thin SrRuO3 has a lower switching field than the 18 MLs thick bottom SrRuOj;
layer, whereas it is the magnetically hard layer below 20 K.

At low temperatures, where the thin SrtRuOj3 layer is the magnetically harder
layer, the 18 MLs bottom SrRuQOg layer starts to reverse its magnetization at
smaller magnetic fields than the 6 MLs thin SrRuO3. However, the thicker
layer remains partially magnetized so that it is not fully reversed when the
magnetization of the 6 MLs top StRuQOj layer is reversed. Such partial pinning
most likely caused the tail in the hysteresis loops and was seen in previous
reports on bare SrRuO3 films!*% or similar STRuQO3-based multilayers.??l

The tail probably originates from strongly pinned domains in the 18 MLs bot-
tom SrRuOj layer. Zahradnik et al. proposed that such magnetic domain
pinning in SrRuOj3 films can be attributed to disorder of the crystallographic
orientation of SrRuOj3 films when they are deposited on SrTiO3 substrates with
low vicinal angle of 0.1 degree.l3% According to this study, the pinning can be
reduced and the size of the domain nucleation increased by the epitaxial growth

of SrRuQO3 on highly vicinal SrTiO3 substrates with minimum 1° miscut angle.
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Figure 6.8: (a) Schematics of the magnetic moment and the anomalous Hall
voltage hysteresis loops within the two-channels model. Temperature depen-
dence of the AHE voltages generated in the two individual StRuOs3 layers (solid
circles) and the switching fields (open circles) of the 18 MLs SrRuOs layer (red)
and of the 6 MLs SrRuO3 layer (blue) plotted in (b). Subfigures reprinted with
permission from: L. Wysocki, L. Yang, F. Gunkel, R. Dittmann, P. H. M. van
Loosdrecht, and I. Lindfors-Vrejoiu, Phys. Rev. Materials 4, 054402 (2020),
Copyright 2020 by the American Physical Society.

The two-channels Hall voltage model used for the analysis is based on the
assumption that the magnetization reversals are sharp and saturation of the
magnetic heterostructure is achieved at the switching field of the magnetically
harder layer. Thus, the contribution of pinned domains, creating the tail at
magnetic fields that exceed the switching fields of the two ferromagnetic layers,
is not considered within our model.

The observed behavior of the anomalous Hall constant of the 6 MLs thin
SrRuOg3 layer of the heterostructure RIR2 is in contrast to the AHE of a ref-
erence sample that is composed of a 6 MLs SrRuQOj3 layer sandwiched between
two 2 MLs thick SrIrOs layers.

As it can be seen in Fig. 6.9, the sign of the anomalous Hall constant of the
trilayer is negative at low temperatures and changes its sign close to 80 K,
below the ferromagnetic phase transition at 126 K.[38!

The difference of the AHE constant of the reference sample and the thin STRuOj3
layer of the sample RIR2 emphasizes the strong influence of the details of
the heterostructure design on the magnetotransport properties of the StTRuOj;

layers.
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Figure 6.9: Magnetic field dependence of the total Hall voltage of a symmetric
SrIrOs/SrRuQOs/SrlrOs trilayer with 6 MLs thick StRuOs layer and 2 MLs thick
SrIrOs layers, at selected temperatures below (a) and above (b) the temperature
of AHE sign change. (c) Polar Kerr rotation angle (blue) and Hall voltage (after
subtraction of the ordinary Hall voltage) hysteresis loops (red) of the trilayer
at three representative temperatures. To increase the visibility in (c), the Hall
voltages at 80 K and 90 K are multiplied by 5 and 10, respectively. Figures
reprinted with permission from: L. Wysocki, L. Yang, F. Gunkel, R. Dittmann,
P. H. M. van Loosdrecht, and I. Lindfors-Vrejoiu, Phys. Rev. Materials 4,
054402 (2020), Copyright 2020 by the American Physical Society.

To achieve a deeper insight into the impact of the interfacial environment at
the SrRuOg-spacer interface on the magnetic and magnetotransport proper-
ties of the whole heterostructure, the SrlrOs spacer and capping layers were

substituted with the large band gap insulating oxide SrZrOs.

Two-layers heterostructure with SrZrO; spacer (RZR2)

For the heterostructure RZR2, 2 MLs thick SrZrOgs layers were used instead of
SrIrO3 as spacer and capping layer, still preserving the general sample design
drawn in Fig. 6.1 (a). The comparison of the (polar) Kerr rotation angle and
the Hall voltage loops, after subtraction of the ordinary Hall effect, is presented
in Fig. 6.10.

Similar to heterostructure RIR2, the Kerr rotation angle 0ke,,, being propor-

tional to the magnetization component perpendicular to the thin film surface,
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possesses a double-step-switching below 50 K, which originates again from the
existence of the two magnetically decoupled, ferromagnetic STRuO3 layers with
measurable difference of the switching fields. Above 110 K, the difference be-
tween the switching fields is below the limit that is distinguishable with our
MOKE measurements. In contrast to heterostructure RIR2, also the Hall volt-
age hysteresis loops show a double-step-reversal at low temperatures, indicating
that the AHE constants of both layers are negative at low temperatures. The
dominant contribution to the anomalous Hall voltage, corresponding to the 18
MLs thick SrRuOj3 layer with a Curie temperature of approximately 140 K, is
negative below 127 K. Sharp hump-like features are observed in the Hall volt-
age loops only in a very narrow temperature range between 127 K and 129 K
(not shown here), around the temperature of the sign change of the dominant
anomalous Hall constant. This indicates that the AHE constant of the thin
layer of this heterostructure is negative at low temperatures, but changes its
sign in the range between 122 K and 127 K. In contrast to the thin layer of het-
erostructure RIR2, having a positive AHE constant down to low temperatures,
the anomalous Hall constant of the 6 MLs top SrRuQOg of this heterostructure,
sandwiched between SrZrQOs, behaves like bare SrRuOj3 films and exhibits the
AHE sign change from negative to positive values close to the ferromagnetic

transition temperature.[737]
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Figure 6.10: Hall voltage hysteresis loops after subtraction of the ordinary
Hall contribution (red) and (polar) Kerr rotation angle loops (blue) at selected
temperatures for the heterostructure RZR2 with SrZrOs spacer and capping
layer. The global change of sign of the AHE from negative to positive takes
place at about 127 K. The Hall voltage values at 127 K are multiplied with 5 to
increase the visibility of the hump-like features. The magnetic field was applied
perpendicular to the thin film surface. Reprinted figure with permission from:
L. Wysocki, L. Yang, F. Gunkel, R. Dittmann, P. H. M. van Loosdrecht, and I.
Lindfors-Vrejoiu, Phys. Rev. Materials 4, 054402 (2020), Copyright 2020 by the
American Physical Society.
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Two-layers heterostructure with hybrid SrIrO3/SrZrO;
spacer (RIZR2)
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Figure 6.11: Hall voltage (after subtraction of the ordinary Hall contribution,
shown in red), and (polar) Kerr rotation angle hysteresis loops (blue) of het-
erostructure RIZR2, the two-layer StTRuO3 heterostructure with 2 MLs SrIrOs/2
MLs SrZrOs spacer and capping layers. The magnetic field was applied perpen-
dicular to the thin film surface. Reprinted figure with permission from: L.
Wysocki, L. Yang, F. Gunkel, R. Dittmann, P. H. M. van Loosdrecht, and I.
Lindfors-Vrejoiu, Phys. Rev. Materials 4, 054402 (2020), Copyright 2020 by the
American Physical Society.

The deposition of a SrIrO3/SrZrO3 hybrid spacer was realized for heterostruc-
ture RIZR2. This heterostructure is also composed of an 18 MLs thick bottom
SrRuOj3 layer and a 6 MLs top SrRuOj3 layer, which are separated and capped
by hybrid 2 MLs SrIrO3 / 2 MLs SrZrOs layers. Due to the growth of such
hybrid spacer and capping layers, the 6 MLs top SrRuOg3; layer of heterostruc-
ture RIZR2 is interfaced on one side with SrZrOs and on the other one with
SrIrOs. The interlayer coupling in such multilayers with asymmetric inter-
faces, as they were investigated in our previous study,? is important in the
context of possible additivity of interfacial DMI. Since the inversion symmetry
is broken at bottom and top interfaces of the ferromagnetic layer in the asym-

metric multilayers, it might be possible that, if interfacial DMI is obtained, it
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might be additive, as it was achieved in metallic asymmetric multilayers, such
as Pt/Co/Ir.[40]

The very weak coupling or decoupling of the two ferromagnetic layers, which
was addressed in our previous publication,??! as well as the distinct tempera-
ture dependence of the layers’ switching fields is reflected by the double-step-
hysteresis of the Kerr rotation angle loops, presented in Fig. 6.11 in blue. Sim-
ilar to the heterostructure RIR2, the thin SrtRuO3 layer has a larger switching
field than the bottom thick StRuOs layer at low temperatures. For this par-
ticular heterostructure, the switching fields become equal at 60 K so that the
thick SrRuQOg layer is the magnetically hard layer above 60 K.

Presented in red in Fig. 6.11 is the Hall voltage after subtraction of the ordi-
nary Hall voltage as function of the applied magnetic field. Although a two-step
like behavior is seen at low temperatures, the AHE is not directly proportional
to the total Kerr rotation angle of the heterostructure. Under the assumption
that the existence of a skyrmion-related topological Hall effect can be disre-
garded?, the presented difference of total and ordinary Hall voltage is again the
total anomalous Hall voltage of the heterostructure. Within the two-channels
AHE model, the two-step Hall switching behavior below 80 K is an indication
that the AHE constants of both SrRuOj3 layers have identical (negative) signs.
The dominant contribution to the anomalous Hall voltage, originating from
the 18 MLs SrRuQOg layer, becomes positive close to 110 K, which is decreased
by almost 20 K compared to heterostructure RZR2. Hump-like features are
observed only in the temperature range between 100 K and 110 K, which is
most likely attributed to the AHE constant of the thin SrRuOj3 layer becoming
positive close to 100 K.

The discussed differences in the temperature dependence of the anomalous
Hall constants of both StRuOj3 layers, which depend on the spacer and capping
material, demonstrate the strong impact of the interfacial environment on the
magnetotransport properties of the SrRuOgs layers. Such effect was observed
even for the 18 MLs thick bottom SrRuOjs layer of the presented heterostruc-
tures. While the temperature of the AHE sign change took place at about
130 K in case of heterostructure RZR2, where the SrRuOg3 is interfaced with
SrZrO3, the temperature of the AHE sign change was reduced to 110 K for

4 Due to the asymmetry of the STRuO3s interfaces, a net DMI could be generated. How-
ever, based on other studies on similar trilayers,[4] we do not consider the formation of
skyrmions here.
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heterostructure RIR2.

Similar impact of the SrIrO3/SrRuQOs3 interface on the global magnetotransport
characteristics has been observed also in the study of asymmetric
SrHfO3/SrRuOs3/SrIrO3 and SrZrOsz/SrRuOs/SrlrOs multilayers. 2]
According to the current knowledge of the strong dependence of the anomalous
Hall conductivity on the details of the SrRuO3 band structure,*!! interfacing
SrRuO3 on one or both sides with distinct perovskite oxides most likely leads
to modifications of the electronic band structure and in this way to changes of

the anomalous Hall conductivity.

6.5 Conclusion

Due to the technical simplicity and the possibility to perform the electrical
transport measurements in most modern solid state research laboratories, the
possibility of examining the formation of skyrmions by magnetotransport mea-
surements is a very attractive experimental option. However, many experi-
mental studies lately concluded the formation of skyrmions in SrRuOs thin
films and SrRuQOgs-based heterostructures solely from the appearance of pe-
culiar anomalies that resemble a topological Hall effect.l® 19 Other transport
studies disregarded the formation of skyrmions and suggested the existence
of multiple AHE channels, related to inhomogeneities of the AHE conductiv-
ity, to be the origin of the THE-like features in the Hall resistivity loops.[1:15:16]
Thus, this magnetotransport study was dedicated to STRuOgs-based heterostruc-
tures, with intentional heterogeneity due to the contribution of two independent
conduction channels. This was achieved by the deposition of a heterostructure
with two StRuOj layers of distinct thicknesses that were separated by epitaxial
oxide spacers, such as SrIrOz and/or SrZrOs. Although the thinner SrRuOs
layer of the heterostructures under study was in a thickness range for which

2l and con-

strong interfacial DMI was predicted in SrRuO3-SrIrOg3 bilayers,
sequently skyrmion formation would be expected, the investigations indicated
that the observed peculiar features in the Hall loops do not correspond to a
topological Hall effect.

The study demonstrated that the anomalous Hall voltage of the heterostruc-
tures with multiple SrRuOs layers is additive if the layers are electrically con-
nected and magnetically decoupled. Furthermore, hump-like anomalies can
be observed in the Hall voltage hysteresis loops when the two independent

magnetic subsystems have distinct signs (and magnitudes) of the anomalous
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Hall voltage as well as distinct switching fields, which was described by the
two-channels Hall model. Thus, the deduction of the formation of skyrmions
primarily based on THE-like anomalies in the Hall resistance loops in SrRuOj3
heterostructures can be faulty. The study furthermore showed the sensitivity
of the anomalous Hall conductivity of SrRuOg3 layers on the electronic band
structure due to the strong impact of the interfacial environment on the mag-

netotransport properties of the SrRuQO3 layers.
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The focus of this chapter is on the magnetic study of a set of
La0_67Sr0_33Mn0.95Ru0_05 03 thin ﬁlms, in which the influence of the film thick-
ness on the magnetic anisotropy was investigated. In the first half of this

chapter, the optimization of the deposition parameters is addressed.
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7.1 Introduction and experimental methods

Strontium-substituted lanthanum manganite is a fascinating material class
both from the fundamental physical, and technological point of view. Its rich
electronic and magnetic phase diagram, for instance as function of tempera-
ture, strontium concentration, and epitaxial strain state, paves the way for the
property tailoring by interfacial engineering, doping, and film thickness.[) Bulk
Lag.7Srg.3MnQOj3 is ferromagnetic up to 350 K, possesses an exceptionally large
spin polarization close to 100 %, and shows colossal magnetoresistance, mak-
ing LSMO an interesting candidate for spintronic devices.[] In this context, the
control of the magnetic anisotropy, which describes the preferential alignment

(2:3] Especially

of the magnetic moments along a certain direction, is required.
magnetic films that exhibit (uniaxial) perpendicular magnetic anisotropy can
be used in stable, dense, and low power consumption devices, such as mag-
netoresistive random-access memories.[* ¢ In comparison to in-plane magnetic
anisotropy systems, the anisotropy energy is often larger, the magnetization
more homogeneous, thermally more stable, and offers the possibility to maxi-
mize the information-to-cell-size ratio further.># Additionally, the control of
the magnetization state in ferromagnet/heavy metal heterostructures by (spin)
currents of low current densities was successfully realized.[6”]

In the research field of skyrmionics, obtaining moderate perpendicular anisotropy
in (ferro-)magnetic thin films is desirable. If the Dzyaloshinskii-Moriya interac-
tion, generated at the interface of the magnetic thin film with a strong spin-orbit
coupled layer (such as SrIrOs), is of comparable strength with the Heisenberg
exchange interaction in the ferromagnet and the magnetic anisotropy, non-
trivial spin textures, such as magnetic skyrmions or chiral domain walls, might
be stabilized.[®*]

Epitaxial Lag.7Srg.3Mn.,Ru,O3 thin films have been proven to be promising
candidates for the tailoring of the magnetic anisotropy by variations of the
Ru/Mn ratio as well as the epitaxial strain' and are therefore in the focus of
the subsequently presented magnetic anisotropy study. Tensile epitaxial strain
(by the growth on SrTiO3(100) substrates) favors in-plane magnetic anisotropy
even for 10 % ruthenium substitution, while compressive strain, imposed by
the deposition on LSAT(100) substrates, allows (thickness-dependent) out-of-
plane canting of the magnetic moments also for 5% ruthenium substitution.

Therefore, the following study focused on the thickness dependence of the
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magnetic anisotropy for Lag. g7Srg.33Mng.95Rug.0503 thin films that were de-
posited on LSAT(100) substrates with small miscut of about 0.1°. The mag-
netic properties of the thin films of 5.5 nm to 81 nm thickness were investigated
by temperature and magnetic field dependent superconducting quantum inter-
ference device (SQUID) magnetometry (MPMS XL7, Quantum Design Inc.).
The effective magnetic anisotropy showed a non-monotonic thickness depen-
dence and varied as function of temperature. Moderate perpendicular magnetic
anisotropy was seen at low temperatures for film thicknesses between 7.5 nm
and 21 nm. The largest effective perpendicular magnetic anisotropy (on the
order of 10° erg per cm? at 100 K) was observed in a 16 nm

Lag.g7Sr9.33Mng g5 Rug.0503 thin film.

7.2 Thin film deposition

7.2.1 Lag.7Srg.3Mn;_,Ru,0O3: Growth optimization

The assurance of homogenous, reproducible Lag 7Srg 3sMn;_,Ru,Og3 thin films
is an important prerequisite for the consistent study of the magnetic anisotropy.
As described in detail in Chapter 3, the deposition temperature, the oxygen
pressure as well as the laser fluence, target-to-substrate-distance, and the laser
repetition rate influence the details of the growth process in a non-trivial man-
ner. Based on previous studies of epitaxial Lag7Srg3MnOg3 thin films (see
for instance Ref. [11]), the Lag 7SrgsMn;_,Ru,O3 thin films were deposited
at 650°C in oxygen partial pressure of 0.133 mbar. The laser repetition rate
was set to 3Hz and the target-to-substrate distance fixed at 5.9 cm. In order
to reduce the formation probability of oxygen vacancies, the epitaxial films
were cooled down in oxygen (partial pressure: 100 mbar) with a cooling rate
of 10°C/min. The laser fluence was in the focus of the subsequently shown

deposition optimization process.

The laser fluence was varied between 2Jcm™2 to 2.8 Jcm™2 for the deposi-
tion of a set of approximately 30 nm thick Lag 7Srg.3Mng oRug 103 (LSMRO)
films. Due to the high reproducibility of substrate surface morphology and

termination, TiOs-terminated, low miscut SrTiO3(100) substrates were pre-
ferred over LSAT substrates, which were found to be prone to the formation of
SrO mounds (as presented in Chapter 3). The utilized SrTiO3 substrates have

a terrace width of about 250 nm and one-unit-cell step height.
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The in situ monitoring of the thin film deposition by RHEED, operating in
high pressure, is depicted in Fig. 7.1 (a).
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Figure 7.1: (a) Integrated RHEED intensity as function of deposition time
during the initial 400 s (to 500 s) of the deposition, (b) RHEED patterns in
vacuum after the cooling to about room temperature, and (¢) AFM surface scans
(5pm x 5um) of the 30 nm Lag.7Sro.3Mno.9Ruo.1 O3 films for various fluences
(from top to bottom line: 2.0Jcm™2, 2.4Jcm ™2, 2.6 Jcm ™2, 2.8 Jem™2).

As indicated by the oscillations in the time trace of the RHEED intensity, the
deposition with laser fluences between 2.J cm =2 to 2.8 J cm~2 led consistently to

layer-by-layer growth. The growth rate increased from about 62 pulses per unit
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cell for a fluence of 2.0.Jcm™2 to about 35 pulses per unit cell for 2.8.J cm™2.

Based on the knowledge of the deposition rate for each LSMRO thin film, the
number of laser pulses was adjusted individually in order to keep the film thick-
ness of about 30 nm similar.

The RHEED diffraction patterns of the thin films after the growth and cooling
process to about room temperature, displayed in Fig. 7.1 (b), possess (elon-
gated) diffraction spots. This indicates that the film surfaces are still rather
flat.[12] The surface quality was confirmed by the atomic force microscopy scans
presented in Fig. 7.1 (c¢). All thin films preserved the step-terrace-like structure
imposed by the SrTiO3 substrates. A few particles of maximum 10 nm height
were observed for the thin films deposited with 2.6 J cm 2, while some holes can
be seen in the epitaxial film grown with 2.0.Jcm™2. However, due to the low
defect density, these differences most likely originate from small substrate-to-
substrate variations rather than from laser-fluence-induced differences in the
thin film growth. Thus, the usage of different fluences between 2Jcm™2 to
2.8 Jcm ™2 did not cause significant changes of the overall surface morphology
of the 30 nm Lag 7Srg.3Mng gRug 103 thin films.

Due to the experimental difficulty to assess the stoichiometry of thin films, espe-
cially of the relevant Ru/Mn ratio, by ez situ EDX investigations with sufficient
precision, temperature dependent SQUID magnetometry was used in order to
investigate fingerprints of the stoichiometry of the Lag 75rg 3sMn; — ,Ru,O3 thin
films. The strong impact of the Ru/Mn ratio on the magnetic properties of
La;_zSryMn; _yRu,O3 thin films, such as coercive fields, transition tempera-
ture, and magnetic anisotropy was demonstrated in previous studies.[19:13]
Displayed in Fig. 7.2 (a) - (c) are the temperature dependent magnetic mo-
ment investigations, acquired during warming up in presence of 0.1 T after field
cooling in 0.1 T. The magnetic field was applied either perpendicular (OOP)
or parallel to the sample surface along the sample edges (IP).

Since the contribution of the magnetic impurities was more than one order of
magnitude smaller than the sample signal for this particular combination of
30nm Lag 7Sro.3Mng 9Rup.1 O3 deposited on SrTiO3(100) substrates (compare
Chapter 3), the fc measurements were only corrected by subtracting the offset
above the transition temperature under the assumption that the diamagnetic
contribution of the SrTiOs substrate is approximately temperature indepen-
dent. All 30nm Lag 7Srg.3Mng.gRug 103 of this study show in-plane magnetic

anisotropy, due to the epitaxial tensile strain.['?]
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Figure 7.2: Field cooled magnetization measurements plotted as function of
temperature with 0.1 T magnetic field applied parallel (grey) and perpendicular
(blue) to the thin film surface for 30 nm Lag.7Sro.3Mng.9Ruo.1 O3 thin films, which
were deposited on SrTiO3(100) substrates with laser fluences of 2.0Jcm™2 (a),
2.4Jem™? (b), and 2.8 Jem™? (c), respectively. (d) Field cooled m(T)-curves
of the Lag.7Sro.3Mng.oRuo.1 O3 films, deposited with laser fluences of 2.4 J cm ™2
(black), 2.6 Jem ™2 (red), and 2.8 Jcm ™2 (grey) for out-of-plane magnetic field.

While the thin films deposited with laser fluences between 2.4 J cm ™2 to0 2.8 J cm ™2
have comparable ferromagnetic transition temperatures around 240 K (cf. Fig.
7.2 (d))!, the thin film grown with 2.0Jcm™2 possesses an increased T¢ of
273 K. Since 240 K is similar to the Curie temperatures reported for compara-
ble (stoichiometric) Lag.7Sro 3Mng gRug 1 O3 films,[*] this increase of T might
be an indication of a reduction of the Ru/Mn ratio compared to the other thin
films under study.!*%'3] Additionally, the temperature dependent magnetic mo-
ment curves exhibit additional structure between 150 K and 220 K, which are of
opposite sign for the in-plane and out-of-plane measurement and not observed
for the other Ru-substituted LSMO thin films shown here. This could be a
sign either of a temperature dependent change of the magnetic anisotropy or
an indication for inhomogeneities in the thin film.

Except for the lowest fluence studied (2.0 J cm~2), the chosen laser fluences did

1 The Curie temperatures were extracted from the extremum of dm/dT.
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not impact strongly on the (temperature) dependent magnetic characteristics
of the Lag 7Srg 3MngoRug 103 films. As displayed in Fig. 7.2 (d), the three
films that were deposited with 2.4Jcm~2, 2.6 Jcm™2, and 2.8 Jcm ™2 exhibit
similar transition temperature and magnetic moment at low temperatures. The
magnetization of about 2.5 ug per uc, which was calculated exemplarily for the
fc (IP) measurement of the sample deposited with 2.4Jcm~2 at 3 K, is com-
parable with values reported for similar LSMO films with 10 % ruthenium
substitution that were acquired during fc measurements.!!3]

Thus, the intermediate fluence of 2.4Jcm™2 is taken as suitable laser fluence
for the deposition of Lag 7Srg.3Mng gRup 103 on SrTiO3(100) substrates.

Under the assumption that the sticking coefficients for the growth on SrTiO3(100)
and LSAT(100) substrates are similar and the film stoichiometry is therefore
approximately independent of the utilized substrates, the optimized growth
parameters were taken also for the deposition on LSAT. In order to keep the
deposition parameters consistent, all La;_,Sr;Mn;_,Ru,O3 films of the sub-
sequently shown study were deposited under the following conditions (unless

otherwise stated):

Parameter

Deposition Temperature 650°C
Oxygen pressure 0.133 mbar
Laser fluence 2.4Jcm™?2
Laser repetition rate 3Hz
Target-substrate distance 5.9cm
Postannealing In 100 mbar Oy, 10 °C/min

Table 7.1: Optimized parameters for the pulsed-laser deposition of
Lai_zSrzMn;i_yRu,O3 thin films.

7.2.2 Thin film deposition of Lagg7Srg.33Mng.95Rug.0503
thin films

To investigate the dependence of the magnetic anisotropy on the thickness of
the films, a set of LSMO thin films with 5 % Ru-substitution was deposited,
with thicknesses in the range from 5.5nm to 81 nm.

The Lag ¢7Sr0.33Mng.95R10.0503 (LSMRO) thin films under study were epi-
taxially grown on LSAT(100) substrates by pulsed-laser deposition under the

conditions summarized in Table 7.1.
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Figure 7.3: Integrated intensity of the RHEED specular spot during the initial
220 s ((a) - (c)) or 500 s (d) of the deposition of the Lag.67Sro.33Mng.95 Ruo.0503
thin films and atomic force microscopy surface scans (5pm x 5pm) of the thin
films. Shown are exemplarily the RHEED and AFM investigations for the 5.5 nm
(a), 7.5nm (b), 16 nm (c), and the 80 nm (d) thin film.



7.2. Thin film deposition 197

The deposition on LSAT(100) substrates at 650 °C, which were annealed as
decribed in Chapter 3, induces biaxial? compressive strain to the
Lag.67Sr0.33Mng g5 Rug 0503 thin films.

Presented in Fig. 7.3 are the RHEED intensities of the specular spot during
the initial 220 s ((a) - (¢)) or 500 s (d) of the deposition as well as atomic force
microscopy surface topography scans, exemplarily shown for the thinnest (a),
two intermediate ((b) - (c)), and the thickest thin film (d) of this study. The
Ru-substituted LSMO grew in a layer-by-layer mode, indicated by the
oscillations visible in the RHEED intensity time traces, as it was also seen for
the deposition of undoped Lag 7Srg3MnOsz on SrTiOz with step-terrace-like
structure.'®16] However, the RHEED oscillation intensity maximum increased
during the initial seconds of the growth, with a change of intensity oscillation
frequency. Thus, the initial oscillations were not considered for the estimation
of the deposition rate.

The thickness of the individual thin films was then calculated under the as-
sumption of fully strained films and a constant out-of-plane lattice parameter
of 0.3885 nm, determined by XRD investigations of an 88 nm reference film.
The RHEED intensity does not show clear oscillations after about 16 to 20
oscillations anymore, as presented exemplarily in Fig. 7.3 (d). This could
indicate a change of the growth mode, similar to the change from the layer-by-
layer to steady-state growth mode that was seen to take place after 20 unit cells
during the growth of Lag 7Srg3MnO3 on miscut SrTiOs substrates.[16 In this
study, Boschker et al. also observed a peak in the RHEED intensity oscillation
maxima?®, which they attributed to a possible conversion of the termination. 6]
Acquired by atomic force microscopy in the non-contact mode, the surface
morphologies of the LSMRO films under study are summarized in the lower
panels of Fig. 7.3. Up to a film thickness of 7.5nm, the thin film surfaces
are smooth, maintaining the step-and-terrace-like structure of the LSAT(100)
substrates. However, the thicker films exhibit a worm-like topography aligned
along the substrate terraces, which would be consistent with a possible growth
mode change. The formation of islands with unit cell height was also observed

(16]

in a 30 uc Lag/35r1 /3MnO3 on miscut substrates Sr'TiO3.!"* In order to confirm

the film thicknesses estimated from the RHEED intensity oscillations during the

2 Only below 150K, LSAT possesses a small (orthorhombic) distortion from cubic
symmetry.[M]

3 Since the substrate termination is unknown for our LSAT substrates after the thermal
treatment, a clear statement about the possibility of a termination conversion cannot be
made here.
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Figure 7.4: (a) RHEED intensity oscillations during the deposition of a 11.5 nm
Lao.67Sr0.33Mno.95 Rug.05 O3 thin film. (b) X-ray reflectometry 6 — 260 scans of the
same film. The XRR measurements were performed and analysed by Brajaopal
Das.

deposition (see Fig. 7.4 (a)), x-ray reflectometry measurements* of a reference
film were performed and are shown in Fig. 7.4 (b). Plotted in black is the
measured x-ray reflectivity, shown in red is the fit. The thickness of 11.5nm,
which was extracted from the data fittings, is in good agreement with the
estimated thickness from the in situ RHEED study.

7.3 Magnetic characterization

Based on thin film studies of the parent compound Lag g7Srg.33MnQO3, which
were deposited on LSAT under weak compressive strain, a non-trivial depen-
dence of the magnetic anisotropy on thickness was expected.!”) In the study
by Chaluvadi, 25 nm Lag g7Srg.33MnQOg thin films were found to show biaxial
anisotropy with the easy axes along the in-plane <110>. axes and the hard
axes along in-plane <100>. (at low temperatures).ml This biaxial contribu-
tion basically originates from the magnetocrystalline anisotropy of LSMO tight
to the in-plane orientation defined by the epitaxial deposition on cubic (100)
substrates.!'®!

In case of the here presented study, the preferential alignment of the magne-
tization along <110>., compared to the in-plane <100>. axes, was tested for
the two Ru-substituted LSMO films of intermediate thicknesses.

4 Both studies, XRD and XRR, were performed by Brajagopal Das (Technion, Israel).
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Figure 7.5: Temperature dependent (fc) magnetization measurements of the
16 nm (a) and 21 nm (b) Ru-substituted LSMO film with the magnetic field
applied in the film plane along the edges of the squarish sample (red) and along
the diagonal (blue). Magnetic hysteresis loops of the 16 nm (c) and 21 nm
(d) Ru-substituted LSMO film with the applied magnetic field in the film plane
along the two orthogonal samples edges at 100 K.

For the in-plane measurements presented in Fig. 7.5, the magnetic field was
applied along two orthogonal sample edges ([100]. and [010].) and along the in-
plane diagonal ([110].). As shown in Fig. 7.5 (a), the temperature-dependent
magnetic moments are approximately identical throughout the entire ferro-
magnetic temperature range when the magnetic field is applied along [100]. or
[010]. direction. In contrast, the magnetic moment is enhanced during the fc
curve when the magnetic field was applied along [110]., plotted in blue. This
behavior is consistent with the magnetic hysteresis loops of the two thin films
at 100 K, displayed in Fig. 7.5 (c¢) and (d). It indicates that the magnetic
easy axes in these 16 nm and 21 nm Lag g75rg.33Mng.95Rug.05 03 film are indeed
probably also along the <110>. direction, as it was observed for the biaxial
anisotropy along <110>. in 25nm thin films of the LSMO parent compound
(deposited on LSAT) at low temperatures.[!”) Thus, the subsequently shown
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magnetic characteristics of the Ru-substituted LSMO thin films were measured
for the three magnetic field directions, perpendicular to the thin film surface
(OOP), in-plane parallel to the sample edges (IP1: H II sample edges) and
along the in-plane diagonal (IP2; IP II sample diagonal).

All subsequently presented temperature magnetization measurements were cor-
rected for background contributions as described in detail® in Chapter 3. The
magnetization was calculated by normalizing the measured thin film magneti-
zation to the unit cell volume, expressed in multiples of the Bohr magneton.
Here, an out-of-plane pseudocubic lattice cell of 0.3885 nm was assumed, refer-

ring to the XRD investigations.
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Figure 7.6: Temperature dependence of the magnetization of the

Lao.675r0.33Mno.95 Rup.05 03 thin films with thicknesses between 5.5nm (upper
left panel) and 81 nm (lower right panel), deposited on LSAT(100). The field
cooled measurements with the magnetic field of 0.1 T applied perpendicular to
the film surface are drawn in black. When the magnetic field was applied parallel
to the film plane along one of the sample edges, the measurements are plotted
with red symbols. Displayed in blue are the field cooled M(T)-curves for the
magnetic field applied in-plane along the diagonal [110]. direction. Indicated by
the black arrows are the temperatures at which the magnetic moments for the
magnetic field applied perpendicular to the sample surface and in-plane, along
[110]c direction, are identical in presence of 0.1T.

5 Since the measurements along the in-plane diagonal were performed after the resistance
measurements mostly, this additional background contribution above T, was subtracted
too.
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Presented in Fig. 7.6 are the temperature dependent magnetization measure-
ments, performed during the warming process in presence of 0.1 T after cooling
in 0.1 T. The applied magnetic field of 0.1 T was on the order of the coercive
fields at low temperatures for most of the thin films.

In the fc-measurements in presence of 0.1 T, all Lag g7Srg.33Mng.95Rug.0503
films under study possess magnetic anisotropy at low temperatures. In con-
trast, isotropic behavior (with respect to the three orientations) is observed
at higher temperatures close to (and above) the Curie temperatures. This
behavior is related to the distinct temperature dependencies of the various
contributions to the magnetic anisotropy, such as shape, surface, magnetocrys-
talline, and magnetoelastic anisotropy.

As shown in Fig. 7.6, the magnetic moment is equal to or larger when the
magnetic field is applied along the sample diagonal ([110];) compared to the
magnetic moment for the magnetic field applied along the sample edges ([100].
or [010]c). This behavior is observed consistently at low temperatures for all
Lag.g7Sr0.33Mng.95 Rug 0503 between 5.5 nm and 81 nm.

However, whether the magnetization is larger for the magnetic field applied
perpendicular to the thin film surface (black) or along the in-plane diagonal
depends on the film thickness and temperature. Generally, favorable out-of-
plane alignment (in the fc(0.1 T)-curves) is only seen at low temperature for
Lag g7Sr9.33Mng 95 Rug. 0503 films with thicknesses between 7.5nm and 21 nm.
Highlighted by the black arrows in Fig. 7.6 are the temperatures at which
the magnetic moments during the fc-measurement in 0.1 T were identical when
the magnetic field was applied parallel to the surface normal or along the in-
plane diagonal. This temperature is shifted to higher temperatures up to a
film thickness of 16 nm and decreases again for further thickness enlargement.
The thinnest and the thickest thin film of this study do not show perpendicu-
lar magnetic anisotropy in the temperature dependent fc magnetization study.
While the (preferred in-plane) magnetic anisotropy is comparably weak in case
of the 5.5nm thin film, the in-plane orientation of the magnetization is clearly
favorable in case of the 81 nm thin film. Summarizing, the field cooled M(T)
measurements indicate that moderate perpendicular anisotropy can be induced
in LSMO thin films by the deposition on LSAT and 5% ruthenium substitution

in thin films of intermediate thickness, 7.5 nm to 21 nm, at low temperatures.
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The thickness- and temperature range in which moderate perpendicular mag-
netic anisotropy was seen is confirmed by the magnetic field dependent hys-
teresis loops, which are displayed exemplarily at 10K in Fig. 7.7 (a), at 100K
in Fig. 7.8, and at 250K in Fig. 7.7 (b).

Tllustrated in Fig. 7.7 are the magnetic hysteresis loops with the magnetic field
applied perpendicular to the thin film surface (black) and in the film plane

along one of the sample edges (red).
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Figure 7.7: Magnetization hysteresis loops of Lag.67Sro.33Mng.95Rug.0503 thin
films with thicknesses between 5.5nm and 81 nm at 10K (a) and 250K (b). The
measurements were performed with the magnetic field applied parallel to the
film surface normal (black) or parallel to the sample edge (red).

The out-of-plane magnetic hysteresis loops of the 7.5nm, 16 nm, and 21 nm
thick Lag.g7Sr9.33Mng.g5Rug.0503 films are more squarish and possess larger
magnetization in the remanent state than the corresponding in-plane loops
at 10K, which is in agreement with the moderate perpendicular magnetic
anisotropy observed in the temperature dependent magnetization studies. How-
ever, the in-plane hysteresis loops still exhibit sizable coercive fields, similar to
the out-of-plane loops, and not a clear s-shape. This is an indication that the

effective perpendicular magnetic anisotropy is only moderate and the measured
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in-plane direction is probably not a magnetic hard axis.

The hysteresis loops of the 41 nm thin film possess almost identical magnetic
field dependence at 10K, with a slightly larger remanent magnetization when
the magnetic field is applied perpendicular to the thin film surface.

In case of the 81 nm film, the preferred magnetization alignment in the film
plane is observed, indicated by the reduced remanent magnetization in the
out-of-plane hysteresis loop with respect to the in-plane M(B) loop.

The thinnest film under study has almost identical magnetizations in the rema-
nent state and also similar saturation fields when the magnetic field is applied
along the sample edge or parallel to the surface normal. However, the coercive
fields as well as the hysteresis loop shapes differ, which might be an indication

of variations of the details of the microscopic magnetization reversal.

In contrast to the low temperature M(B)-study, the magnetic hysteresis loops of
all the LSMRO films have larger remanent magnetizations when the magnetic
field was applied in the film plane at 250 K (presented in Fig. 7.7(b)). This is
again in agreement with the preferred in-plane alignment of the magnetization
at elevated temperatures which was observed in the M(T) study.

At 100K (Fig. 7.8), the magnetization loops were measured additionally also
with the magnetic field applied along the in-plane diagonal® (blue).

The shape of the out-of-plane hysteresis loops of the 7.5nm and the 16 nm
Lag.67Sr0.33Mng g5 Rug 0503 films is more squarish than of both correspond-
ing in-plane loops, which is consistent with the results from the M(T) study of
moderate perpendicular magnetic anisotropy in this temperature and thickness
range. In contrast, the 81 nm film clearly exhibits in-plane magnetic anisotropy,
according to the large ratio of the magnetization in remanence to the moment
in saturation (Myem/Msat) for the in-plane hysteresis loops and the reduced
magnetic moment in remanence in case of the out-of-plane hysteresis loop.
The OOP- and IP2-hysteresis loops of the 21 nm thick LSMRO film show simi-
lar magnetic field dependence also at 100 K, which is consistent with the M(T)
study in this temperature range. The slightly enhanced M em/Msat ratio of
the IP2 hysteresis loop (compared to the OOP loop) in case of the 41 nm thick

Lag.675r0.33Mng.95 Rug 0503 film indicates very weak in-plane anisotropy.

6 Due to the required sample mounting with conventional plastic straws for SQUID mag-
netometry, measurements with more than these orientations could not be performed
accurately.
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Figure 7.8: Magnetization  hysteresis loops at 100K  of

Lag.67Sr0.33Mng. 95 Rug.050s thin films with thicknesses between 5.5nm
and 81 nm. The measurements were performed with the magnetic field applied
parallel to the film surface normal (black), parallel to the in-plane diagonal
(blue), or parallel to the (in-plane) sample edge (red).

In order to quantify the strength of the magnetic anisotropy, the effective mag-
netic anisotropy constant K.g was calculated. K.g was estimated from the area
between the magnetic out-of-plane and ([110].) in-plane hysteresis loops in the
first quadrant, following the procedure described for instance in Ref. [5]. By
definition, Keg is positive if the alignment of the magnetization perpendicular
to the film plane is favored over the alignment (along the respective directions)

in the film plane.

The thickness dependence of K. (plotted in purple) and of the ratio of the
out-of-plane-magnetization in remanence to the the out-of-plane-magnetization
in saturation (Myem/Msat, black) are displayed in Fig. 7.9.

Kog at 100 K is slightly negative for the 5.5 nm LSMRO film and increases upon

thickness increase.
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Figure 7.9: Thickness dependence of the effective perpendicular magnetic
anisotropy constant K.g (purple) and the ratio of the out-of-plane-magnetization
in remanence to saturation Meg/Msae (black) at 100 K.

At 100 K, Kog is maximized for a film thickness of 16 nm, which is in agreement
with the previously discussed observations from the M(B)- and M(T) investi-
gations. The maximum of K.g is of the order of 5- 10%erg/cm® and therefore
one order of magnitude smaller than it was achieved by octahedral rotation
in La; ,Sr;MnOs5-SrIrO3 heterostructures,® but is comparable to the effec-
tive perpendicular magnetic anisotropy in compressively strained LSMO.!9!
With further increasing film thickness, the effective perpendicular magnetic
anisotropy at 100K decreases, it is almost zero for the 21 nm film, and be-
comes negative for the 41 nm and 81 nm films. The ratio of Myem/Msat for the
out-of-plane hysteresis loop shows qualitatively similar thickness dependence

and is maximized for the 16 nm thin film.

Perpendicular magnetic anisotropy” was achieved in LSMO thin films under

nl31921-27 414 attributed to the preferred occupancy

large compressive strai
of the 3ds,2_,2 orbital.2] The observed moderate perpendicular magnetic
anisotropy is furthermore in agreement with a study by Nakamura et al., who

demonstrated that perpendicular magnetic anisotropy can also be induced in

7 Similar induction of moderate perpendicular magnetic anisotropy in LSMO thin films
was realized by interfacial modifications in superlattices with SrTiOs[29 or with
SrIrO3[%) and attributed to the preferential occupation of the 3ds,2 2 orbital.l21]
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LSMO under weak compressive strain when the manganese is partially (5 %
or 10 %) substituted by ruthenium.!'®) It was proposed that the PMA was
induced by the single-ion anisotropy of the ruthenium, which originated from
the compressive-strain-induced lifting of the ¢y, orbital degeneracy of the doped

Ru*"ion and the resulting restorage of orbital momentum in the ruthenium.™

The effective magnetic anisotropy constant (at 100 K) shows two spin reori-
entation transitions as function of thickness: from in-plane to out-of-plane
between 5.5 nm and 7.5nm and back to in-plane above 21 nm. Similar spin re-
orientation transitions were seen for instance in Cu/Ni films on Cu(001) upon
Ni thickness increase.?® As described in Chapter 2.1 (Equation (2.8)), the
effective magnetic anisotropy energy can be written as the sum of the contri-
butions of the bulk (independent of the film thickness ¢) and a surface and
interface contribution that scales with 1/¢. In this way, the spin reorienta-
tion from perpendicular magnetization to in-plane magnetization observed in
Fe/CusAu(100) films was related to the thickness-increase-related win of the
shape anisotropy over the surface anisotropy, which favored the perpendicular
magnetization for small thicknesses.[??! If the surface anisotropy of the studied
LSMRO thin films is positive, the spin reorientation transition from perpen-
dicular to in-plane magnetization upon thickness increase above 21 nm might
originate from such competition of surface and shape anisotropy.

However, the thickness dependence of Keg (cf. Fig. 7.9) cannot be described
by this simple 1/t scaling in the whole thickness range between 5.5nm and
81nm, as two spin reorientations were observed. This indicates that the sepa-
ration into a thickness-independent bulk term and a single thickness dependent
surface contribution is not a proper description of the magnetic anisotropy of
the system. Likely, also the bulk terms depend on thickness. As demonstrated
in Fig. 7.8, the saturation magnetization weakly increases with film thickness
between 5.5nm and 7.5 nm so that the shape anisotropy is not independent of
the thickness.

Furthermore, structural domains that often form in LSMO thin films with
bulk rhombohedral structure when they are deposited on cubic substrates (see
Chapter 2.2.2 or Ref. [30-32]) might influence the thickness dependence of
the magnetic anisotropy. These either unidirectional thickness modulations,
unidirectional structural domains, ! or periodically microtwinned domains!3?!
were found to impact on the magnetic anisotropy.l®* According to the compa-
rably small ruthenium substitution, the rhombohedral structure of the LSMO
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film is not expected to be strongly distorted (cf. Chapter 2.2.2). Thus, shear-
strain relaxation is expected to take place also in the Ru-substituted LSMO
thin films deposited on the cubic LSAT(100) substrates, which induces in-plane
biaxial compressive strain. In case of Lag.7Srg.3sMnQOs3 films that were deposited
on cubic LSAT substrates, structural domains were observed, with the stripe
boundaries along {110}cupic directions.*®] The influence of the formation of
structural domains might influence the magnetic anisotropy of the ruthenium
substituted LSMO films studied here, as it was observed for instance in ferroe-
lastic LaCoOj films. 35!

While for the thinner films, the influence of the substrate-induced step-edges
might still be relevant, the influence of the existence of elongated terraces on
e.g. the shape anisotropy is probably reduced for increased film thickness.
The identical shape of the magnetization curves for the magnetic field applied
in-plane along [100]. and [010]. (parallel to the topographic terraces) for inter-
mediate film thicknesses (see Fig. 7.6) might support this statement. On the
other hand, the formation of structural domains and their orientation might
become more relevant for increased film thickness.

Structural investigations either by reciprocal space mapping or plane-view
TEM would be helpful in order to visualize the formation of structural do-
mains. The improved knowledge about the formation and alignment of struc-
tural formations of the films of individual thickness, combined with further
angle-dependent measurements would be desirable to improve the understand-
ing of the mechanisms that determine the thickness dependence of the effective

perpendicular magnetic anisotropy.

The temperature dependence of the magnetic anisotropy is also related to the
distinct temperature dependencies of the contributions of the magnetocrys-
talline, magnetoelastic, and shape anisotropy as function of temperature. A
similar observation of perpendicular magnetic anisotropy only at low temper-
atures was observed by Xiao et al. in compressively strained LSMO and at-
tributed to the preferential occupation of the 3ds,2_,2» orbital and the sup-
pressed transition to the 3d,2_,» orbital at low temperatures.[?!l The shape
anisotropy, favoring in-plane alignment, is proportional to the square of the
magnetization (cf. Equation (2.7)) and would be maximized at low tempera-
tures. However, only the temperature dependence of the magnetization of the
81 nm thick film could be attributed to the dominance of the shape anisotropy,

which might cause the observed increase of the magnetic anisotropy with larger
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magnetization along the sample edges and the in-plane diagonal than in the
out-of-plane direction. This might be an indication that the compressive epi-
taxial strain imposed by the LSAT substrates could be partially relaxed in the
81nm film. However, high resolution XRD studies would be helpful to see
whether the film is still fully strained to the substrate.

Temperature-induced spin reorientation in bare LSMO thin films was also at-
tributed to the variation of the relative strength of the biaxial anisotropies
(along <110>) and uniaxial contribution along [100].56) A similar scenario
might also influence the temperature dependence of the magnetic anisotropy
in the LSMRO thin films under study.

Based on the knowledge of the spin magnetic moment for small (less than 50%)
ruthenium substitutions (cf. Chapter 2.2.2, Equation (2.24) or Ref. [37]), the
maximum, theoretically expected, saturation magnetization is about 3.4 pp/uc
for bulk Lag.g7Sr0.33Mng.95Rug.0503 at low temperatures.3”) For the present
thin films, deposited under weak biaxial compressive strain, the magnetiza-
tion at 100K is about 2.74 pup/uc in case of the 5.5nm film and 2.9 up/uc
for the 16 nm thin film. Even at 10K, where the saturation magnetization
of the 16 nm thin film is about 3.1 up/uc, the observed magnetization values
are reduced. However, similar reduction of the magnetization was observed in
Lag 6Sro.4Mn;_;Ru, O3 thin films,*3! in Lag ¢7Sr¢.53MnOs thin films, or LSMO-
based heterostructures that exhibit (compressive-strain-induced or interface-
induced) perpendicular anisotropy.>2%21 Combined XLD and XMCD studies
of 30 uc Lag 7519 3sMnO3 (deposited on LAO) demonstrated the partial lifting of

[38] with the orbital magnetic moment

S. [39]

the orbital magnetic moment quenching;
oriented antiparallel to the spin moment in Lag ggSrg.1oMnQO3 thin film:
Because of the moderate compressive strain, introduced by the deposition on
LSAT in the case of our LSMRO thin films, in combination with the addi-
tional elongation of the unit cell in c-direction due to the larger ionic radius of
ruthenium, a similar reduction of the magnetic moment due to an antiparallel
alignment of spin and orbital Mn moment might be considered. However, also
slight off-stoichiometry or the existence of a magnetically dead layer at the
film-substrate interface, which is not ferromagnetic, might reduce the overall
magnetization.[!5] Further possibilities for the reduction might be deviations of
the determined and the real film thickness or a possible thickness-dependence
of the out-of-plane lattice parameter, which was not calculated individually for

every thin film under study.
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7.4 Conclusion and outlook

The SQUID magnetometry study of a set of Lag.g75rg.33Mng.95Rug.0503 thin
films, which were deposited under small epitaxial strain on LSAT(100) sub-
strates, revealed that moderate perpendicular magnetic anisotropy can be in-
duced by varying the layer thickness. While in-plane anisotropy was observed
for the 81 nm thick (5 %) Ru-substituted LSMO film, weak in-plane magnetic
anisotropy was seen in a 5.5nm Lag 7Srg.3sMng g5Rug.0503 thin film. Moder-
ate perpendicular magnetic anisotropy (on the order of 10° erg per cm? at
100 K) was observed in the intermediate thickness range between 7.5nm to
21 nm below a layer-thickness-dependent temperature. The observed effective
magnetic anisotropy is determined by the competition of the magnetocrys-
talline anisotropy, shape anisotropy, surface anisotropy, and the magnetoelas-
tic anisotropy. While the shape anisotropy favors in-plane alignment of the
magnetization, preferable out-of-plane alignment of the magnetization can be
attributed to the compressive strain imposed by the substrate combined with
the induced single-ion anisotropy due to the ruthenium substitution. In order
to determine the total magnetic anisotropy, detailed angle dependent magne-
tization or magnetoresistance measurements would be required. In addition to
the biaxial anisotropy, a uniaxial contribution along [001]o was for instance ob-
served in 40 nm Lag 7Sro 3sMnOj films, which were deposited on LSAT(100).1#!
Such additional contribution cannot be investigated without detailed angular
dependent studies.

Obtaining moderate perpendicular anisotropy, preferably at high temperatures,
is desirable in the context of skyrmion creation in thin film heterostructures.
Its competition with DMI that is generated at the interface of the ferromagnet
and a strong spin-orbit coupled layer was shown to stabilize topologically non-

8] The observed moderate perpendicular anisotropy indi-

trivial spin textures.
cates that 5.5 nm to 21 nm thick Lag g7Srg.33Mng 95 Rug 0503 films, deposited on
LSAT(100), might be suitable candidates to generate magnetically non-trivial
structures when the layers are interfaced with a strong spin-orbit coupled ma-

terial, such as SrIrOs.

The perpendicular magnetic anisotropy can be further enhanced by the increase
of the Ru content to 10 %. Shown in Fig. 7.10 are the (fc) temperature depen-
dent magnetization curves of a 2nm, 6 nm, and a 9nm Lag 7Srg.3Mng gRug.1 O3
film, which were deposited on LSAT(100).
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Figure 7.10: (a) M(T)-study of Lag.7Sro.3sMng.9Rug.1O3 thin films of 2.5nm
to 9nm thickness, deposited on LSAT(100). (b) Magnetic hysteresis loops of a
9nm thick Lag.7Sro.3sMng.9Rup.1 O3 film at 100 K. The magnetic field was applied
perpendicular to the film surface (full symbols) and in-plane along the sample
edge (open symbols).

The comparison with the fc measurements of the set of Lag.g7Srg.33Mng.95 Rug.0503
thin films indicates that the magnetic anisotropy is enhanced and perpendicu-
lar magnetic anisotropy can be induced in a broader temperature range for the
films of intermediate thickness (6nm and 9nm). Furthermore, the magnetic
hysteresis loop of the 9nm film shows a larger Mey,/Msat ratio at 100K (cf.
Fig. 7.10 (b)) and enhanced effective magnetic anisotropy, compared with the
Lag.g75r0.33Mng 95 Rug 0503 films in a comparable thickness range. However,
the detailed investigations of the thickness dependent magnetic anisotropy are
desirable also for this set of LSMO films with 10 % ruthenium substitution.
The strong initial decrease of the magnetization in the M(T)-curve and the
s-shape contribution around zero magnetic field in the M(B)-curve could be
indications of magnetic impurities that impact on the total measured magnetic
properties. In order to study the sample characteristics, these contributions
need to be reduced, as it was achieved for the Lag. g7Srg.33Mng g5 Rug.0503 thin

film series.
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Anisotropic magnetoresistance and the

observation of unidirectional structural

domain formation in a Ru-substituted

LSMO thin film deposited on
LSAT(100)
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In this chapter, the magnetic and magnetotransport investigations of a 42.5 nm

Lag.g7510.33Mng g5 Rug 0503 thin film, which was deposited under compressive

strain on LSAT(100), are presented. The magnetoresistance exhibits a strong

dependence on the angle between the current and the crystallographic axes.

Reciprocal space mapping reveals the formation of unidirectional structural

domains. Magnetic force microscopy demonstrated the formation of locally

ordered magnetic stripe domains that cause domain wall resistance.
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8.1 Introduction

The magnetoresistance (MR) of half-metallic strontium-doped lanthanum man-
ganite (LSMO) thin films is the complex result of contributions of the colos-
sal MR, conventional Lorentz MR, domain wall resistance, and anisotropic
magnetoresistance.[!! Tailoring of the magnetic properties by engineering of
the epitaxial strain state, substrate miscut, or interfacial octahedral coupling
was shown to modify the weight of the contributions of the individual MR ef-
fects in LSMO thin films.['"4

Magnetic stripe domains, locally parallel to each other, were for instance stabi-
lized in Lag.7Srg.3MnOj3 films by imposing large epitaxial compressive strain.[
This caused strong in-plane anisotropy of the magnetoresistance due to the
dominant domain wall resistance contribution, which was determined by the
angle between the current direction and the domain walls.!%!

Wang et al. achieved anisotropic in-plane magnetoresistance by highly anisotropic
tensile strain. However, this was detrimental to the ferromagnetic ground state
of the LSMO layer.[?! Another way to induce in-plane anisotropic magnetore-
sistance is the interfacial octahedral coupling when LSMO is deposited on or-
thorhombic NdGaO3 (110) substrates, as shown by Liao et al.l*!

In the subsequently presented study, anisotropic magnetoresistance hysteresis
loops are reported, measured for the two orthogonal in-plane directions paral-
lel to the sample edges, when the magnetic field was applied perpendicular to
the film surface. This was measured on a 42.5nm Lag g7519.33Mng 95 Rug. 0503
thin film, which was deposited on LSAT(100). As discussed in Chapter 7, such
thin films show significant out-of-plane tilting of the magnetic easy axis. It
was furthermore asserted that magnetic skyrmions can form in a similar thin
film, a 30nm thick Lag ¢7Srg.33Mng g95Ru0.0503 film deposited on LSAT(100),
inferred from Hall features mimicking a topological Hall effect, magnetic bub-
ble domains in magnetic force microscopy, and supportive Lorentz microscopy
images. ¢!

In the presented study, the simultaneous measurement of the magnetoresistance
and polar MOKE magnetometry, combined with magnetization hysteresis loops
acquired by SQUID magnetometry, enabled the connection of the anisotropic
magnetoresistance and the anisotropic magnetic properties of the thin film.
Furthermore, magnetic force microscopy investigations showed the formation
of parallel stripe domains when the magnetic field was applied perpendicular

to the film surface. These stripe domains that showed preferential alignment
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at finite angle perpendicular to the substrate-induced terraces led to significant
domain wall resistance and thereby to low field features in the MR hysteresis
loops. The structural analysis by x-ray reciprocal space mapping indicated the
formation of a unidirectional superlattice structure that likely influenced the
magnetic anisotropy and thereby the preferential alignment of the magnetic

stripe domains.

8.2 Thin film deposition and topographic

Investigation
(a) (b) ~nm

Deposition parameter 4
Temperature 650 °C

O, pressure 0.133 mbar

Laser repetition rate 5 Hz 2
Number of pulses 5100

Laser fluence 2.4Jem™2

0I

Figure 8.1: (a) Deposition parameters of the 42.5nm LSMO thin film. (b)
Atomic force microscopy scan (2pm x 2pum) of the thin film topography after
deposition. The AFM image was taken by Lin Yang.

The Ru-substituted Lag 67Srg.33Mng 95 Rug 0503 (Ru-LSMO) thin film was grown
on an LSAT(100) substrate with the pulsed-laser deposition set-up produced
by SURFACE. The substrate with a miscut angle of about 0.1° was annealed
at 1000 °C for 2 hours in air.

The thin film was deposited from a Lag g7Srg.33Mng.95Rup.0503 target under
the conditions summarized in the table in Fig. 8.1 (a).

Based on the x-ray reflectometry of a twin sample and from the deposition
parameters, a film thickness of 42.5 nm was estimated.

Atomic force microscopy images taken shortly after growth, presented in Fig.
8.1 (b), confirm the crystallinity of the thin film and the surface smoothness.
The thickness modulations with a periodicity of 200 nm to 250 nm likely origi-

nate from the imprinted step-and-terrace structure of the miscut substrate.
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8.3 Magnetotransport study
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Figure 8.2: (a) Hall resistivity loops of the 42.5 nm Lag.¢7Sr0.33Mno.95 Ruo.0503
thin film at representative temperatures. (b) Anomalous Hall resistivity (black)
and the normalized Kerr rotation angle (red) as function of the applied magnetic
field at 10 K. To increase the comparability, the axis of the normalized Kerr
rotation angle is reversed.

Motivated by the observation of anomalies in the Hall loops that mimic a topo-
logical Hall effect in the study by Nakamura et al.l% (see Fig. 8.3), the Hall
hysteresis loops of the investigated 42.5nm Lag g7Srg.33Mng.95Rug.0503 film
were compared with the simultaneously measured MOKE hysteresis loops.
The Hall investigations, displayed in Fig. 8.2, were performed with the home-
built MOKE-transport set-up that was described in Chapter 3. The Hall re-
sistivity was measured in van der Pauw geometry with cyclic permutation of
the contacts to remove artificial contact and longitudinal magnetoresistance
effects.

Under the assumption that the Lag g7Srg.33Mng.95Rug 0503 thin film behaves
like a conventional ferromagnet,[”] the total Hall resistivity loops, presented in
Fig. 8.2 (a), can be described by the sum of the ordinary Hall resistivity pgf

and the anomalous Hall resistivity pff .

The ordinary Hall resistivity, domi-
nant in the high magnetic field range when the thin film is saturated and the
anomalous Hall effect (AHE) therefore constant, indicates the contribution of
multiple conduction channels with p- and n-type charge carriers. While the
high field behavior is linear with a positive slope at 10K, it is almost mag-
netic field independent at 100 K, and shows a nonlinear negative dependence

on the applied magnetic field at 200 K. This temperature dependence of the
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ordinary Hall resistivity, including a sign change of alpgyH /dB, indicates the in-
sufficiency of the explanation in a single-type carrier model. Similar behavior
of the ordinary Hall effect was observed experimentally in thin films of the par-
ent compound Lag 7Sro.3sMnO58! and theoretically predicted by the existence
of electron and hole pockets at the Fermi surface.!!

The anomalous Hall constant of the ruthenium-substituted LSMO thin film is
negative throughout the investigated temperature range between 10 K and 200
K. An enhancement of the magnitude of the AHE upon temperature increase
is observed, despite the temperature-induced decrease of the out-of-plane mag-
netization (see Fig. 8.9 (d)). This shows that the anomalous Hall constant
increases significantly with temperature up to 200 K, which is consistent with
the reported behavior of a 30 nm Ru-substituted LSMO thin film in the study by
Nakamura et al.l® Similar temperature dependencies of pﬁf were furthermore
observed in La;_,Sr;MnOj3 single crystals,'%11 bare LSMO thin films,® or
Lag.7Srg.sMnO3 /SrTiOg heterostructures,['? which indicates that the overall
AHE constant of the studied ruthenium-substituted LSMO thin film resembles
the characteristics of the parent compound.

The total Hall resistivity loops of the investigated Ru-LSMO thin film* do not
show any peculiar features between 10 K and 200 K (see Fig. 8.2 (a)), but
scale well with the Kerr rotation angle, presented exemplarily in Fig. 8.2 (b)
at 10K.

This is contrary to the study by Nakamura et al. on a similar
Lag.7Srg.3Mng.95Rug.0503 thin film, who observed hump-like features in the
Hall resistivity loops, as depicted exemplarily at 100 K in Fig. 8.3 (a). Bubble-
like features were seen in their MFM measurements in the magnetic field range
where the magnetic stripe domains of alternating magnetization direction split
into smaller domains, which is in agreement with the magnetic field region
where the humps appeared in the Hall loop, as presented in Fig. 8.3 (¢) and
(d). Nakamura et al. observed topological Hall resistivities between 5K and
200K, on the order of maxmimum 0.65 pQ2 cm (cf. Fig. 8.3 (b)), which was not
seen for our 42.5 nm thick Lag g7Srg.33Mng.g5Rug 0503 film in the temperature
range between 10 K and 200 K (cf. Fig. 8.2 (a)). However, the skyrmion-
induced topological Hall resistivity is often much smaller than the anomalous

Hall resistivity and therefore hardly observable in the overall magnetic field

1 The Hall loops of a twin sample, investigated by Daniel Jansen and Lin Yang, also
did not exhibit unconventional features when the magnetic field was swept with similar
rates.[13]
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Figure 8.3: Hall resistivity and MFM measurements of a 30nm
Lao.7Sro.3Mng.95 Rug.0503 thin film, which was deposited on LSAT(100). (a)
Magnetic field dependence of the ordinary Hall resistivity pz?x (green), pyz — pgx
(red), and the magnetization M. (blue). pg, was derived by linear fitting of the
pye(H) curve above a magnetic field of 1 T. The scale of the vertical axis for pyq
and that for M, are adjusted so that they overlap at 0.5 T. (b) Temperature evo-
lution of the topological Hall resistivity p;rz versus H. (c¢) MFM investigations at
10K. (d) pa,(H) curve at 10K. The red arrows indicate the scan direction and
the green data points correspond to the magnetic fields where the MFM mea-
surements were performed. (Sub-)figures are reproduced from Ref. [6], ©(2018)
The Physical Society of Japan.
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dependence of p,, (see for instance Ref. [14]). In order to extract the topo-
logical Hall resistivity, the ordinary png and the anomalous Hall resistivities
pll were subtracted from the total Hall resistivity.'4

Such subtraction was performed exemplarily for the backward half of the hys-
teresis loop at 10K, depicted in Fig. 8.4 (a). The anomalous Hall resistivity
was calculated by the scaling of p.y — pQff with the Kerr rotation angle in
0.4T. The subtraction yields a sharp, peak-like contribution on the order of
—0.023 12 cm at around —0.01T, and thus close to the field of initial domain
nucleation, referring to the polar MOKE loop. Compared to the results of Ref.
[6] displayed in Fig. 8.3 (b), the peak is much sharper.

(a) (b)
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Figure 8.4: (a) Normalized Kerr rotation angle (red) and p.y — pSf — pal!
(black) during the magnetic field sweep from —0.4T to 0.4T at 10K. (b) Mag-
netic field dependence of p, — plo.yH (grey) and the normalized Kerr rotation
angle (red) for the magnetic field sweep from —0.4T to 0.4 T at 100 K. Shown
in the inset is poy — pSy" — pa’ (black) during the same magnetic field sweep at
100 K.

Such differences between the Hall properties of the two Ru-substituted LSMO
thin films of similar thickness can originate from differences of the sample char-
acteristics, such as exact film thickness, small differences of the stoichiometry,
or the LSAT substrate morphology which was shown to impact on the forma-
tion of structural domains in LSMO films (see for instance Ref. [15]). It might
also originate from the differences of the resistivity measurement set-up. The
Hall resistivity was measured in van der Pauw geometry in our case, while Hall
bars were patterned in Ref. [6].

Whether the sharp peak in the Hall loop shown in Fig. 8.4 (a) originates
from the presence of magnetic skyrmions cannot be concluded based on the

Hall measurements exclusively and requires further investigations, such as real
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space imaging for instance. Even when MOKE and Hall resistivity are mea-
sured simultaneously, the small peak-like feature might still be caused by tiny
(artificial) variations of the two measurables. Imperfection of the background
corrections, required for both quantities, as well as variations of the sensitivity
of the two techniques on impurity contributions can lead to such non-vanishing
contributions, as it was also observed in ferromagnetic, topologically trivial
systems.['®! Furthermore, the Kerr rotation angle measured with the home-
built set-up sometimes exhibits a drift of the measurement signal?, which is
visible in the data presented in Fig. 8.4 (b). The (artifical) linear decrease of
the normalized Kerr rotation angle above 0.2T is an indication that this mea-
surement at 100 K was affected by this effect. p,, — png — p’;‘yH was calculated
again by the subtraction of pff , determined from the measured Kerr rotation
angle normalized to pg, — pgf at —0.4T. Thus, also pzy — pryH — pfyH , pre-
sented in the inset of Fig. 8.4 (b), is influenced by the drift and the observed

finite contribution should not be overinterpreted.

Magnetoresistance study

@ 127 ° e (b)
4l
8
3 B
4 -
.

Figure 8.5: Atomic force microscopy images (5pm x 5pum) the 42.5nm thick
Ru-substituted LSMO thin film under study, taken after the sample stayed in air
for several weeks (a). The definition of the potential differences measured along
the two edges of the sample with respect to the topographic terraces is indicated
in (b). AV, is measured mainly along the terraces, AV, perpendicular to
them.

2 One origin of the drift might be the usage of a thermally non-stabilized PEM. The
temporal evolution of the ambient temperature of the PEM was shown to cause thermal
drift of the measurement signal, which was demonstrated by the manufacturer HINDS
Instruments.[17)
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Also the subsequently presented longitudinal resistance and magnetoresistance
measurements were performed in van der Pauw geometry. The measured volt-
ages are defined as indicated in Fig. 8.5 (b). Due to the miscut of the substrate,
making an angle of about 12° 4+ 2° with respect to the sample edge and there-
fore to [100]. or [010]. direction (cf. AFM image in Fig. 8.5 (a)) , the voltages
are not measured exactly parallel or perpendicular to the substrate induced
terraces. Thus, the directions will be named as "mainly parallel" or "mainly
perpendicular" to the terraces subsequently. AV, is the voltage measured
mainly parallel to the topographic terraces (inherent to the vicinal LSAT sub-
strate), which were still clearly visible in the atomic force microscopy image
shown in Fig. 8.5 (a), after the sample stayed in air for several weeks. AV,
was measured mainly perpendicular to the terraces. The calculation of the
corresponding resistivities was performed according to the extension of the van
der Pauw method by Price, which is valid for rectangular samples of anisotropic
material.[18]

Under the assumption that the current flows everywhere in the sample parallel
to the sample plane and p,, and p,, are the principal resistivities in the plane,

the van der Pauw equation is given by:['®]

wdR AR C’D) ( ﬂ'dRBCDA)
exp| ——% | t+exp| —"FF5 | —1=0 (8.1)
( (Pmrpyy)l/2 (pmpyy)l/z

Equation (8.1) can be solved numerically, for instance by the Newton method,
in order to calculate (pzzpyy)'/ 218 To determine p,. and pyy, (prz/pyy) ">
has to be determined firstly. For squared samples of thickness d, as in the

present case, Rpc pa is given by:[18]

wd

n=0

Rpc,pa = —w x In (ﬁ tanh {(pw/pyy)l/Q(Zn + 1);}) (8.2)

and analogously

d

n=0

1/2 o0 -
Rapcn = -2zl oy (H tanh | (py,/poz) /(20 + 1)2]> (8.3)

As long as (pee/pyy)/? € 1, (pex/pyy)'/? can be approximated by:

1
(paa/p)/? = = In (tanh [rdRpo.0a/16(p0ep) 2] ) (84)
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The principal resistivities are then given by:

Pzz = (Pzzpyy)1/2 : (sz/f’yy)l/2 (8.5)

Pyy = (Pazpyy)'’? + (pza/pyy) ™ (8.6)

The longitudinal resistivities of the thin film measured without external mag-
netic field (zfc), drawn in red in Fig. 8.6 (a), increase upon temperature in-
crease, as commonly observed for the parent compound Lag g7Srg.33MnQOs.[19]
The metal-to-insulator transition temperature is above room temperature, which
is consistent with the ferromagnetic transition temperature that is also above
room temperature (compare Fig. 8.9 (d)).

Despite the squarish sample size, the zero-field resistivities possess different
values. This could be an indication of structural anisotropy, such as a mon-
oclinic or orthorhombic distortion of the unit cell?” or structural domain
formation,['52! as it was observed in undoped LSMO thin films that were
deposited on cubic substrates.

The application of 5 T, perpendicular to the thin film surface, leads to the
reduction of both longitudinal resistivities, as plotted in black in Fig. 8.6 (a).
According to the field dependent magnetization study in Fig. 8.9, the field
cooling in 5T should be sufficient to realize a magnetic single-domain state
so that domain wall resistance should not contribute to the overall measured
resistivities in 5 T. The temperature dependent magnetoresistance, drawn in
blue in Fig. 8.6 (a), was calculated by MR = (p(5T) — p(zfc))/p(zfc). MR is
negative over the entire ferromagnetic temperature range, with increasing ab-
solute values upon temperature enhancement. Close to the metal-to-insulator
transition, the magnetoresistance of about -20% is maximum, which can be
attributed to the dominance of the colossal magnetoresistance (CMR) in this
temperature range (e.g. Ref. [1, 19, 22]). The CMR in double-exchange man-
ganites is typically maximum close to the MIT, because the influence of the
suppression of spin fluctuations by the application of a magnetic field is maxi-

mized in this temperature range.!3]



8.3. Magnetotransport study 225

( ) T T
——
" o R

pii (LQm)

0 100 200 300

330} (b)

Prx (LOM)

3.26

-04 -02 00 02 04 -04 -02 00 02 04

Magnetic field (T)

Figure 8.6: (a) Longitudinal resistivities py, (full symbols) and py, (open
symbols) as function of temperature in absence of an external magnetic field
(red), and in presence of 5T (black) applied perpendicular to the thin film
surface. The magnetoresistance is plotted versus temperature in blue symbols.
(b) Magnetoresistivities pzo (black) and pyy (red) as function of the magnetic
field which was applied perpendicular to the film plane at 10 K. Current I =
100 pA was used for all the resistivity measurements.

Presented in Fig. 8.6 (b) are the magnetic field dependent longitudinal resistiv-
ity measurements at 10 K, when the magnetic field was applied perpendicular
to the thin film surface. The sweep directions for p,, (black) and p,, (red) are
indicated by arrows. The magnetoresistivity hysteresis loops were taken after
cooling the sample to 10 K without external magnetic field. As displayed in
Fig. 8.6 (b), the loops show anisotropic magnetoresistivity with low field fea-
tures that depend on the direction of the applied current. Similar anisotropic
magnetoresistivity was observed for a twin sample by Daniel Jansen and Lin
Yang.['3] The virgin magnetoresistivity curves decrease for sweeping the mag-
netic field up to 0.5T for both current directions. However, the features of the
magnetoresistivity virgin curves are mirror-like and the slopes in the magnetic

field range above 0.25T differ, which will be addressed in more detail later.
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When the magnetic field is swept back from positive to negative magnetic fields,
strong differences of the initial virgin magnetoresistivity and the subsequent
magnetoresistivity in zero magnetic field are observed. While the MR in the
virgin state is larger than the subsequent magnetoresistivity in zero magnetic
field in case of pgy, it is smaller for p,,. Such differences between the initial
zero-field state and the subsequent zero-field magnetoresistivity might be an
indication that the domain patterns of the initial zero-field and the subsequent
zero-field state differ and therefore different contributions of the domain wall
resistance are measured. Such effect was observed for instance in SrRuQOj3 thin
films with strong magnetic anisotropy, where the samples remanent state was
still a single domain-state, while zero field cooling led to the formation of a
magnetic stripe-domain pattern.?* Although the magnetic anisotropy in the
Ru-substituted LSMO film is smaller than in the case of StRuOj thin films,
based on the results of Chapter 7, differences in the domain pattern between
the initial and subsequent zero-field states might still exist.

A magnetoresistance study of thin films of the parent compound Lag 7Srg 3MnOs3,
deposited on LAO(001), revealed a similar initial drop of the magnetoresistiv-
ity and distinct zero-field magnetoresistivities.?®! It was proposed that grain
boundaries that have a non-collinear Mn-spin structure at the LSMO-substrate
interface are the origin of the large resistivity in the virgin state, while the ap-
plication of a magnetic field can align the spins ferromagnetically and thereby
decrease the resistivity strongly.!?®! In a similar way, also the existence of struc-
tural twins that are oriented by the application of an external magnetic field
might be a possible origin of the distinct zero-field magnetoresistivities. As it
will be shown later in the chapter, undirectional structural domain formation
was observed in the 42.5 nm Lag g7Srg.33Mng 95 Rug 9503 thin film under study.
If these structural domains can be oriented or modified by the application of
a magnetic field, similar to the magnetic field control of structural domains

[26] differences of the magnetoresistivities after zero

in SrRuOg3 single crystals,
field cooling and in the remanent state would be expected. However, structural
x-ray investigations before and after the application of magnetic fields on the

order of the saturation field would be helpful to conclude on this speculation.

Not only the virgin curves, but also the magnetoresistivity hysteresis loops ex-
hibit strong dependence on whether the current is applied mainly along (p...)
or mainly perpendicular (p,,) to the topographic step edges. When the sample

was saturated in positive magnetic field, p,, shows an almost linear increase
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close to zero magnetic field values, while py, shows a decrease. At —17mT
and —150mT, p,, has local maxima in the magnetoresistivity and py, local
minima. Such mirror-like features often originate from anisotropic magnetore-
sistance effects due to differences in the angle between the sample magnetization
and direction of the electric current.[':22 In the present case, the magnetic field
is always applied perpendicular to the thin film surface. However, as discussed
in Chapter 7, the direction of preferential alignment of the magnetization makes
a finite angle with the surface normal of the thin film under study. Thus, dur-
ing the sweeping through the magnetic hysteresis loop, magnetic domains and
domain walls will be formed, where the magnetization is rotated away from the
surface normal and has finite in-plane components. The angle between these
in-plane components of the magnetization and the current direction most likely
differs for p;, and py, as long as the external magnetic field is insufficient to
align the magnetization fully along the surface normal. Another source of an
in-plane magnetization component could originate from closure domains, as it

was for instance observed in Feg gGag o thin films.[27-28]

In order to disentangle the various contributions of the overall magnetore-
sistance (MR), such as the anisotropic MR, CMR, and domain wall magne-
toresistance, the magnetization reversal and the details of magnetic domain
formation® need to be understood. An accurate way to correlate the magne-
toresistance with the macroscopic magnetic properties is to measure both quan-
tities simultaneously. This was achieved with our home-built magnetotransport
set-up that allowed the simultaneous detection of the magnetoresistance and
magneto-optical Kerr effect in polar geometry (p-MOKE). The p-MOKE study
was performed with coherent laser light of 491 nm wavelength. The presented
hysteresis loops were corrected for the linear background contribution originat-
ing from the optical cryostat window. The following magnetoresistance hys-
teresis loops were calculated by the consideration of the subsequent zero-field
state as p(0T).

Due to its proportionality to the out-of-plane component of the magnetization,
the p-MOKE hysteresis loops, drawn in red in Fig. 8.7, are considered as qual-

itative measure of the z-component of the macroscopic sample magnetization.

3 The domain formation was investigated by MFM and is addressed in Fig. 8.10.
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Figure 8.7: Normalized Kerr rotation angle (red), MRxx (black, full symbols),
and MRy, (black, open symbols) as function of the external magnetic field, which
was applied perpendicular to the thin film surface at 10 K.

Its comparison with the magnetoresistance loops, drawn in black, shows the
direct correlation of the low field MR features and the characteristics of the
magnetic domain formation imprinted in the macroscopic MOKE hysteresis
loop. A similar correlation between the mirror-like features in the magnetore-
sistance and the MOKE loops were also observed for a twin sample, investigated
by Daniel Jansen. 3]

After saturating the sample in large magnetic fields, the initial increase (de-
crease) in MRy (MRyy) appears at the same magnetic field for which the first
initial decrease is observed in the p-MOKE loop, indicating the formation of
magnetic domains with reversed magnetization direction. At the coercive field
of around £0.017T, determined from the MOKE hysteresis loop, the MR ex-
hibits either a local maximum for MRy, or local minimum for MRy,. The
magnetic field where a plateau is seen in the MOKE hysteresis loops at 150 mT
correlates with the second local extremum in the MR loops.

The magnetic field dependence of the MR, possessing multiple local extrema,
is most likely related to the existence of magnetic domains that have different
switching fields and therefore induce magnetic domains walls and correspond-
ing domain wall resistance, as it was seen in STRuOs films that showed regions
with distinct local switching fields related to structural twin domains.?%) Simi-
larly, multiple switching events were observed in the magnetoresistance loops of
a 60nm Lagg7Cap.33MnO3 / 5nm SrTiO3z/ 40nm Lag g7Cag.33MnO3 trilayer,
which was attributed to the existence of multiple domains.!3%!

Furthermore, the MR and p-MOKE hysteresis loops close consistently at about
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+0.22T. However, even in the magnetic field range above +0.22 T, both MR
channels possess distinct slopes as well as deviations from the linear scaling
with the magnitude of the magnetic field that would be expected for pure
CMR in LSMO.[??] Therefore, the MR and macroscopic magnetic properties
were studied in an enlarged magnetic field range, performed with commercially
available PPMS and MPMS3 (both Quantum Design Inc.).
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Figure 8.8: Magnetic field dependence of the magnetoresistance measured
along the topographic terraces (MRxx, redish) and perpendicular (MRyy, bluish)
at representative temperatures. The sweep from positive to negative magnetic
field values is shown for 100 pA applied current.

As depicted in Fig. 8.8, both magnetoresistance channels MRy, and MRy,
exhibit strong dependence on temperature and the direction of current appli-
cation, even in magnetic fields up to 12 T.

Generally, the magnetoresistance hysteresis curves can be divided qualitatively
into three magnetic field regions, which are determined by distinct main con-
tributions to the MR, respectively. Due to the previous discussion of the low
field features, the focus of the subsequent section is on the intermediate and

high magnetic field range.



230 Chapter 8. Magnetotransport of Ru-substituted LSMO

The colossal magnetoresistance typically dominates the MR in the high mag-
netic field range, where the film is in a magnetic single-domain state and the
magnetization macroscopically aligned along the external magnetic field di-
rection so that the contributions of the domain wall resistance and anisotropic
magnetoresistance are negligible.[1:22] Except for the MRy loop at 10 K, MRy
and MRy, scale linearly with |H| in the high magnetic field range (above about
3-4 T), which is typically observed in CMR manganites.[1:2231:32] Related to
the magnetic field induced suppression of spin fluctuations, CMR was observed
in bare Lag 7Srg3MnOs thin films, deposited on SrTiOs, even up to 60 T.[33]
The negative slope of the MR, curves in large magnetic fields increases upon
temperature enhancement, as visible in Fig. 8.8. This is in accordance with
the expectation of the CMR in manganites and the observed MR-temperature
dependence displayed in Fig. 8.6 (a).

Also the shapes of the MR curves in the intermediate magnetic field range de-
pend on the direction of the applied current. While MRy, decreases with the
enlargement of the magnetic field, MRy, has a positive slope in the intermedi-
ate magnetic field range. This mirrored behavior can be attributed likely again
to anisotropic magnetoresistance effects.[1:22]

The observed anisotropy of the (magneto-)resistances of the two channels hints

towards the existence of a magnetic anisotropy within the thin film plane.

SQUID magnetometry (with a MPMS3, Quantum Design Inc.) enabled the
determination of the magnetization reversal in larger magnetic fields than in
case of the p-MOKE set-up, and for different orientations of the applied mag-
netic field.

The magnetic field was applied perpendicular to the thin film surface for the
out-of-plane (OOP) hysteresis loops, and in the film plane along the two sam-
ple edges for the two IP hysteresis loops (roughly along [100]. and [010].), as
sketched in the inset of Fig. 8.9 (a). The shown hysteresis loops were corrected
for the diamagnetic contribution of the substrate by linear fitting in the range
between + 6 and 7 T at low temperatures and between + 4.8 and 7 T at 240
K. As shown in Fig. 8.9 (a), the magnetic hysteresis loop shows significant
rotation of the magnetic moment up to about 5T when the magnetic field

is applied along the OOP direction. Such rotation of the magnetic moment
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indicates that* the magnetic moments are still tilted with respect to the exter-
nal magnetic field direction so that there exists an in-plane component of the
magnetization which probably makes distinct angles with the two orthogonal
in-plane current directions.

The comparison of the magnetic hysteresis loops in the magnetic field range
between + 0.5 T, displayed in Fig. 8.9 (b), indicates that this thin film does
not show (dominant) perpendicular magnetic anisotropy, because the OOP-
and IP1-hysteresis loops exhibit very similar shape. This is an indication that
the magnetization is canted with similar components in the OOP- and the
IP1-directions, which is consistent with the behavior of the 41 nm thin film
that was studied in Chapter 7. Angular dependent measurements are required
for definite statements about the type of anisotropy and the orientation of the
possible easy axis.

The two IP magnetic hysteresis loops, measured with the magnetic field ap-
plied in the plane but along the two orthogonal sample edges (along [100]. and
[010].) are shown in red and orange. The comparison shows that the orienta-
tion of the magnetization along the IP2-direction is energetically less favorable
than along IP1, since the remanent state of the IP2 hysteresis loop is lower and
the overall loop has a more pronounced s-shape (with still significant hysteresis
loop opening).

At 240K (cf. Fig. 8.9 (c¢)), this anisotropy within the film plane weakens, as
the shape of the two in-plane loops are more similar than at low temperatures.
However, the magnetization along IP2 is still energetically less favorable than
along IP1, indicated by the lower remanence and more s-like shape of the mag-
netic moment loop. The magnetization component in the OOP direction is
smaller than in the two in-plane directions at 240 K, which indicates that the
magnetization tends to rotate more towards the film plane at elevated temper-
atures.

This is reflected in the m(T)-curves during the warming up process in 0.1 T
after field cooling in the same magnetic field, shown in Fig. 8.9 (d). While
the OOP- and IP1-m(T)-curves increase with temperature decrease, the m(T)-
curve with the magnetic field in IP2 direction increases up to about 280K
before it decreases for further temperature decrease. This leads to the situa-
tion that the difference of the magnetizations (at 0.1 T) between the OOP- and

IP1-curves is reduced for decreasing temperature. In contrast, the difference

4 However, also parasitic paramagnetic contributions from impurities of the substrate
might contribute to this rotation of magnetization.
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between the magnetizations when the magnetic field is applied along the two
sample edges increases upon temperature decrease. As it will be discussed in
detail subsequently, this behavior can possibly originate from the existence of
unidirectional domain formation so that the corresponding shape anisotropy
contributions differ for the two in-plane directions.
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Figure 8.9: Magnetic field dependence of the magnetic moment at 10 K ((a)
and (b)). Shown in (b) is a zoom-in between £ 0.5 T to highlight the low field
magnetization reversal. The definition of the respective magnetic field orienta-
tions is drawn in the inset in (a). Magnetic moment hysteresis loop at 240 K
(¢). (d) Temperature dependence of the magnetic moment during warming up

in 0.1 T after field cooling with the magnetic field applied along three directions,
as sketched in the inset in (a).

The comparison of the magnetic moment studies of this 42.5 nm and the 41 nm
(cf. Chapter 7) thick Lag g7Sr0.33Mng.95Ru0.0503 films reveal similarities, but
also differences of the magnetic properties. Both thin films of similar thickness
exhibit canted magnetization with comparable components for the OOP and

IP1 direction (parallel to the sample edges) at low temperatures, as presented
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in Fig. 7.7 and Fig. 8.9 (a). However, the magnetic hysteresis loops of the
42.5 nm thick film are narrower with smaller coercive fields, which can indicate
variations in the details of the magnetic domain formation. Such differences
could originate from the distinct annealing procedures of the LSAT substrates
and the resulting differences of the substrate topography prior to the depo-
sition. While the substrate used for the 41nm thick film was annealed as
described in Chapter 3.1.2, which created regular step-and-terrace-like struc-
ture, the 42.5 nm thick film was deposited on a substrate without well-defined
terrace structure due to the annealing at low temperatures of 1000 °C (cf. Fig.
8.1 (b)). As described in detail in Chapter 2, the topography of the substrate,
the miscut angle, and the miscut direction are known to impact on the for-
mation of structural twin domains or thickness modulations in LSMO thin
films'®! and thereby influence the magnetic anisotropy.*¥ In order to improve
the understanding of the observed differences, the magnetic properties of a set
of Ru-substituted LSMO thin films, which are deposited on substrates with

distinct miscut angles, could be compared.

8.4 Correlation of macroscopic and microscopic
magnetic properties

The subsequently presented magnetic force microscopy investigations of the
42.5nm Lag ¢7519.33Mng.95Rug.0503 thin film were performed by the group of
Dr. Peter Milde at the Technical University Dresden. A low-temperature non-
contact scanning force microscope was used, operated under ultra-high vac-

351 The change of the cantilever oscillation

uum conditions (2 x 10~1% mbar)
frequency was detected in the so-called two-path mode in order to separate the
contributions from van der Waals forces between tip and sample and the mag-
netostatic interactions. Here, the topography was measured first, followed by a
second scan with the tip retracted by 20 nm.3% Both scans were acquired with
a hard-magnetic-coated MFM tip. In order to remove artificial background
effects, the images were corrected by subtracting the image in high magnetic
field (27T).

Presented in Fig. 8.10 is the comparison of the polar MOKE hysteresis loop
(k) and relevant magnetic force microscopy images [(a) - (j)] at 10 K. For both
measurements, the external magnetic field was applied perpendicular to the

thin film surface.
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Figure 8.10: Magnetic force microscopy measurements at 10 K with the mag-
netic field applied perpendicular to the thin film surface. The domain formation
is shown at selected magnetic fields during the forward sweep [(a) - (g)] after
saturating the sample in 2T. Presented in [(h) - (j)] are MFM images during
the reversed sweep after saturation in —2 T. The color scale corresponds to the
measured out-of-plane component of the samples magnetic stray field with green
in positive and blue in negative z-direction. (k) Polar MOKE hysteresis loop at
10 K measured with coherent light of 491 nm, normalized to its maximum value
in high magnetic fields.

The Kerr rotation angle, proportional to the z-component of the sample mag-
netization, was normalized to its maximum value at 0.4 T.

The selected MFM images visualize the magnetic domain formation during a
magnetic field sweep after saturating the thin film in 27T. For all the images
shown in Fig. 8.10, the measured change of the cantilever oscillation frequency
A f was transformed so that the displayed color code corresponds to the out-
of-plane component of the magnetic stray field in positive (green) and negative
(blue) z-direction, normalized to the maximum values in £2T.

When the magnetic field is reduced from 2 T towards zero magnetic field, spher-

ical objects with several nanometers diameter form at 20 mT (see Fig. 8.10 (a)).
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Except for these objects, the thin film is still homogeneously magnetized paral-
lel to the applied magnetic field with a small, stripy modulation of the magnetic
contrast that likely originates from thickness modulations.

At 10mT (see Fig. 8.10 (b)), initial stripe domains of reversed orientation
nucleate, with the out-of-plane stray field component in -z-direction, and lat-
eral extension of about 200 nm to 250 nm. This is in good agreement with the
strong decrease of the Kerr rotation angle hysteresis loop that is observed at
0.017T. When the magnetic field direction is reversed, the number of mag-
netic stripe domains as well as their elongation increase up to approximately
—30mT, where the areas of stripe domains with the stray field parallel and
antiparallel to the applied magnetic field are similar. This is in accordance
with the coercive field of —0.027 T determined from the polar MOKE hystere-
sis loop shown in (see Fig. 8.10 (k)). For magnetic fields larger than —0.03 T,
the stripe domains with the OOP-stray field component oriented antiparallel
to the applied magnetic field shrink in size until the thin film is homogeneously
magnetized at —0.3 T. However, again spherical objects with the stray field
aligned antiparallel to the external magnetic field persist still at —0.3T (see
Fig. 8.10 (g)) and can be erased only in large fields of —1T.

Sweeping the magnetic field back from —2 T to 0T, the formation of bubble-
like features is again observed at —0.02T. Close to zero magnetic field values,

stripe domains are formed again.

The origin of the bubble-like features cannot be clearly pinpointed with our
measurement means. However, by the comparison of the MFM images at 0.02 T
and at —0.02 T (see Fig. 8.10 (a) and (i)), a memory effect of these bubble-like
features is observed. Further comparison with the topography scan, presented
in Fig. 8.11, indicates that the bubble-like features are not only formed at the
same sites but at positions where topographic defects of maximum 5 nm height
are seen. Additional clusters of a few nanometers lateral extension and similar
height (3nm to 4nm), probably of a different material due to their visibility
in the dissipation scan in Fig. 8.11 (c¢), are seen in the topography image, but
are invisible in the MFM image. Thus, it can be assumed that the observed
bubble-like features are real magnetic contrast and not an artificial imprint of
topographic defects in the MFM images.

These tiny particles of a few nanometers height could originate from the forma-
tion of SrO mounds on the LSAT substrates during the annealing process.[3%
When the LSMO thin film is deposited on a substrate with such SrO clusters
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on the surface, the material will deposit also on top of these clusters.
This probably leads to local variations of the measured out-of-plane stray field

of the thin film surface around these particles.
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Figure 8.11: Magnetic force microscopy at 10 K in 0.02T. Corresponding
topography (b) and dissipation scan (c) of the thin film at 10 K, acquired at the
same position as the MFM image in (a).

These feature are observed in relatively large fields before reaching saturation,
or at £0.02 T before the formation of initial reversed stripe domains. Our Hall
measurements did not reveal any THE-like features in these magnetic field
ranges. Furthermore, the magnetic field range is not consistent with the peak
in the pgy — pryH - pff -curve (cf. Fig. 8.4 (a)) so that these domains cannot
be the origin of the peak. Thus, these spherical objects are likely topologically
trivial.

Since the bubble-like objects are observed in a magnetic field range where no
hints of reversed domain formation or persistence were observed in the MOKE
hysteresis loop, their contribution to the macroscopic magnetization is most

likely too weak to be sensed by the MOKE investigations.

The formation of magnetic stripe domains, maze-like or only locally parallel,
is often observed in LSMO thin films when perpendicular magnetic anisotropy
was realized.!>32:3741 If the perpendicular magnetic anisotropy in LSMO thin
films was induced by uniaxial compressive strain, for instance by the deposition
of relatively thick films on orthorhombic NdGaQOg3 (110), ordered stripe domains
were found in zero field after application of a saturating magnetic field perpen-

38,41]

dicular to the thin film surface.! Here, the comparison of the orientation

of the magnetic stripe domains with the film topography did not point out any
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correlation between the alignment and the film surface structure.*!) However,
when the PMA was generated in LMSO thin films by inducing biaxial com-
pressive strain, for instance by the usage of LaAlOgz substrates, parallel stripe
domains were observed in zero field only after the application of an in-plane
saturation magnetic field.[2:38] The domains were then aligned mainly along
the direction of the previously applied in-plane magnetic field.[?1:32:38] When
the magnetic field was applied perpendicular to the thin films, maze-like or
locally parallel magnetic stripe domains were seen in the zero-field state,38:42]
which was attributed to the lack of a preferred in-plane orientation of the mag-
netization in case of biaxially compressively strained LSMO films. 8]
According to the temperature and magnetic field dependent magnetization
study, our 42.5 nm Lag ¢7Srg.33Mng.g95Rug.05 03 thin film does show neither clear
perpendicular magnetic anisotropy, nor magnetically isotropic in-plane behav-
ior. Instead, a significant out-of-plane tilting of the magnetization was seen.
Moreover, the in-plane magnetization measurements showed that the orienta-
tion of the magnetization along one sample edge is energetically more favorable,
while the orientation at 90 degree is magnetically harder.

Thus, the formation of parallel stripe domains could probably be attributed
to this combination of out-of-plane tilting of the magnetic easy axis and the
anisotropic in-plane behavior. This in-plane magnetic anisotropy might be re-
lated to structural anisotropy of the thin film.

In order to investigate the structural characteristics of the thin film, x-ray
diffraction off-specular reciprocal space mapping of a twin sample were per-
formed on the (013),(103),(013), and (103) reflections, as presented in Fig.
8.12.

The Bragg reflections of the LSAT substrate and the ruthenium-substituted
LSMO film are located at identical position of |Qx|, in both (0kl) and (hOl)
planes, which shows that the thin film is fully strained.?*) Furthermore it indi-
cates that effects due to the relaxation of lattice-mismatch-induced strain are
probably negligible.?!l The Q. values of the (013) and (013) reflections are
enhanced or decreased with respect to the identical @), values of the (103) and
(103) reflections. This is an indication of the tilting of the pseudocubic c-axis of
the thin film with respect to LSAT c-axis.[*3] Likely, the Ru-LSMO unit cell is
(e.g. monoclinically) distorted, as it was observed in thin films of ferroelastic,
rhombohedral LaCoOj3 deposited on cubic SrTiO3(100) substrates.*?!
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Figure 8.12: (a) X-ray diffraction reciprocal space maps on (013), (103), (013),
and (103) reflections at room temperature. The red lines are guides to the
eye. The presented measurements were performed by Brajagopal Das on a twin
sample, which was deposited by Jorg Schopf. (b) Proposed schematic of the
shear-strain-relaxation induced formation of unidirectional structural modula-
tion along [100]e.

Additional satellite peaks, symmetric and broadened with respect to the main
peak, are observed in the RSMs in (103) and (103) reflections, but are absent
for the (013) and (013), indicating the formation of a unidirectional in-plane
superlattice.[* The periodicity of this superlattice in [100]. direction was esti-
mated from the spacing of |Q x| between main and satellite peaks to be 25 nm.
However, to visualize the formation of domains on the cubic LSAT substrate
microscopically, plan-view TEM images would be required, as shown in Ref.
[21].

Similar characteristics were observed in off-specular reciprocal space maps in

thin films of the parent LSMO compound.?145] Based on the reciprocal space
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maps®, the structural domain formation along [100]. can be sketched as pre-
sented in Fig. 8.12 (b).

The monoclinic distortion of the unit cell and the formation of the unidirec-
tional structure is expected to impact on the magnetic anisotropy.®* Probably
the shape anisotropy favors the alignment of the magnetization along the struc-
tural domains due to the small width of the structural modulation of about
25 nm.

Combining the angle dependent in-plane magnetization measurements, the ob-
servation from MFM that the magnetic stripe domains form perpendicular to
the substrate-induced terraces, and the structural investigations, one plausible
model® is that the unidirectional structural modulation takes place along the
terraces so that the structural domain walls are perpendicular to the terraces.
Such effect was seen in bare LSMO thin films that were deposited on miscut
SrTiO3(100) substrates and attributed to the nucleation at the step edges dur-
ing the intial growth stage.['®) Also the studied thin film was deposited on a
miscut substrate so that this effect might have caused the formation of the
structural modulation along the topographic terraces.

Although the attribution of the magnetic stripe domain formation to the uni-
directional structural domains is not straightforward, the observation of a uni-
directional structural modulation might still be a potential origin of the (weak)
preferential alignment of the magnetization along the IP1 direction (cf. Fig.
8.9). Since these unidirectional structural stripes have a width of about 25 nm,
much smaller than the elongation of these stripes, the shape anisotropy contri-
bution is expected to be reduced when the magnetization is aligned along these
structural domains. Due to the proportionality of the shape anisotropy to the
magnetization, its contribution to the effective magnetic anisotropy decreases
upon temperature increase. This is in agreement with the observed weakening
of the anisotropy in the film plane at elevated temperatures (cf. Fig. 8.9 (c)
and (d)).

However, the width of the observed magnetic stripe domains of about 200 -
250 nm at 10 K is much larger than the periodicity of the structural domains

(about 25 nm), determined by reciprocal space maps at room temperature.

5 An elaborate structural x-ray study with further conclusions on the details of the struc-
ture of this sample was performed by Brajagopal Das and is currently prepared for
publication (not shown here).

6 Brajagopal Das combined XRD investigations with AFM surface topography scanning
and SQUID magnetometry (not shown here) in order to investigate the miscut and
confirmed that the periodic modulation indeed happens along the terraces.
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Figure 8.13: (a) - (d) Magnetic force microscopy scans of magnetic stripe
domains formed during the hysteresis loops from positive to negative fields ((a)
and (c¢)) and during the backward sweep ((b) and (d)) at 10 K ((a) - (b)) and 80
K ((c) - (d)). (¢) MFM amplitude (upper panel) and corresponding topography
image (lower scan) at room temperature in absence of an applied magnetic field.

In order to estimate whether the discrepancy originates from the possibility of
temperature-induced change of the structural periodicity, magnetic force im-
ages were compared at various temperatures. Shown in Fig. 8.13 are MFM
images presenting the formation of magnetic stripe domains of reversed orien-
tation during the magnetic field sweeping. Displayed in Fig. 8.13 (e) is the
(remanent) room-temperature MFM scan (upper panel) and the topography
scan (lower panel), which was recorded with a commercially available AFM
(Park Systems). The magnetic stripe domains observed at 80 K (Fig. 8.13 (c)
and (d)) as well as the still barely visible stripe domains at room temperature
still have a domain width of about 200 nm. Hence, the difference of the width
of magnetic and structural domains is not related to the distinct temperatures
at which the main MFM study and the reciprocal space mapping were con-
ducted.

The origin of the observed discrepancy of the width of the magnetic domains
and the structural domains cannot be pinpointed based on the presented data.
Magnetic force microscopy studies of bare LSMO thin films, being imposed

to compressive strain, demonstrated the formation of magnetic stripe domains
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without correlation with the film topography.[41:46]

It was proposed that mag-
netostatic interactions account for the observed magnetic domain widths, which
were of the order of the respective LSMO film thicknesses.[*6] Similarly, it might
be that the formation of magnetic stripes as narrow as 25nm is energetically
less favorable than the formation of domains of larger width. However, theo-
retical analysis, such as micromagnetic simulations, would be helpful in order
to estimate the magnetic domain width for the thin film under study.

On the other hand, also the interaction between the magnetic MFM tip and
the sample might influence the domain structure locally, as it was seen in other
manganite thin films.[*”) In order to shed light on this effect, magneto-optical
imaging might be considered as a nonpeturpative probe to study the domain
formation in such thin films. Alternatively, the MFM studies could be repeated
with different magnetic tips that have smaller or larger coercive fields to in-
vestigate the influence of the magnetic interactions between the tip and the

sample on the magnetic domain formation.

Generally, due to the strong coupling between structural, electronic, and mag-
netic properties in mixed-valence manganites, the seen unidirectional structural
modification is expected to impact on both the magnetic and electronic char-
acteristics of this ruthenium-substituted LSMO thin film. If the structure is
unidirectionally distorted, this might also lead to unidirectional distortion of
the crystal field of the oxygen octahedra. It thereby might impact on the Mn-O-
Mn bond angle and Mn-O bond length, and thus on the exchange interaction.
Such asymmetric exchange interaction was induced in LSMO by the deposition
on orthorhombic NdGaOs (110) substrates.!?! Thus, the observed unidirectional
anisotropy could possibly also explain the anisotropy of the longitudinal resis-
tivities for the two orthogonal current directions as well as the different MR
channels due to the interplay of the various contributions of anisotropic MR
and domain wall resistance.

According to our MFM study, the magnetic stripe domains align mainly per-
pendicular to the substrate-induced terraces and thus mainly along MR,,. In
order to remove the main contribution of the anisotropic magnetoresistance,
0.5 (Apge + Apy,) was calculated, presented in Fig. 8.14 (a).

The sum of the two magnetoresistivities still contains the contribution of the
colossal magnetoresistance as well as the domain wall resistance. Displayed in
Fig. 8.14 (b) is the domain boundary length that was extracted from the MFM

images, plotted versus the applied magnetic field.
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Figure 8.14: Magnetic field dependence of the sum of the two magnetoresis-
tivity channels at 10 K (a). Shown in (b) is the total domain boundary length,
extracted from the MFM images by Dr. Milde, as function of the magnetic field
at 10 K.

As indicated by the blue lines, the hysteretic features in Fig. 8.14 (a) appear
when the domain wall length increases, and shows only a weak field dependence
when the domain wall length is almost constant. This emphasizes that the low
field features in our MR measurements are indeed related to the domain wall
resistance. However, in order to disentangle the domain wall resistance from the
colossal magnetoresistance, the subtraction of the CMR, usually determined by
linear fitting in the high magnetic field ranges,[!! would be required. Probably,
larger magnetic fields are necessary at 10 K, since the overall magnetoresistance
showed the expected negative slope of MR(B) only at higher temperatures or
in one channel at 10 K, which might indicate that 12T were insufficient to

reach the magnetic field regime where the CMR dominates.

8.5 Conclusion and outlook

Anisotropic magnetoresistance with mirrorlike features for the two in-plane (or-
thogonal) current directions were observed in a 42.5 nm Lag 67Sr0.33Mng 95 Rug o5
thin film, when the magnetic field was applied perpendicular to the surface.
This anisotropic MR could be correlated with the magnetic anisotropy of the
sample which caused also the formation of parallel magnetic stripe domains,
observed by magnetic force microscopy. The domain wall resistance was ap-
proximated by summing the two in-plane MR channels in order to remove the
contribution from the anisotropic magnetoresistance. The preferential align-

ment of the magnetization with respect to one of the (in-plane) sample edges
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is possibly related to the formation of a unidirectional superlattice, indicated
by RSM investigations. RSM and SQUID magnetometry of a twin sample
confirmed the correlation between the orientation of preferential magnetiza-
tion alignment and the crystallographic axes. To determine the details of the
magnetic anisotropy, such as the exact orientation of the easy axis (in case
of uniaxial anisotropy), angular dependent magnetization measurements are
required. Referring to the temperature dependence of the magnetization, the
in-plane anisotropy of the magnetization vanishes close to 250 K. Magnetore-
sistance measurements at and above 250 K could yield further information on
the possible correlation between the observed anisotropy of the MR channels
and the magnetic anisotropy.

In order to shed light on the observed discrepancy between the width of the
structural and magnetic domains, structural investigations of the sample in its
remanent state would be helpful to study a possible field-induced alignment of
the structural domains. Furthermore, magneto-optical Kerr imaging might be
considered as technique to exclude the possibility of interactions between the
magnetic tip and the sample that influence the magnetic domain width during
MFM measurements.

The presented MFM investigations are contrary to a previous study of Naka-
mura et al. on a 30nm thick Lag 7SrgsMng.o5Rug.0503 film,®! who observed
the formation of bubble-like objects in the magnetic field range when the mag-
netic stripe domains of alternating orientation split into smaller domains. This
field range coincides with the region where hump-like contributions were seen
in the Hall resistivity loop at 10 K.[®/ However, we neither observed hump-like
features in the Hall loop of the 42.5 nm Lag g7Srg 33Ru9.05Mng 9503 thin film,
nor clear indications of magnetic bubble-like domains that could be magnetic
skyrmions. The discrepancy between the studied thin films might originate
from the distinct thicknesses, as the magnetic anisotropy of this system is
prone to thickness variations. Furthermore, as we have seen from the sample-
to-sample variations, also different LSAT substrates might be a possible origin

of the observed differences in the domain formation.
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Summary and outlook

This dissertation discusses the magnetic and magnetotransport properties of
different perovskite oxide thin films. The focus lies on the ferromagnets stron-
tium ruthenate and ruthenium-substituted lanthanum strontium manganite.
Both materials are promising candidates in the view of the creation of topo-
logically non-trivial structures, such as magnetic skyrmions. This originates
from the possibility to modify the magnetic properties, such as the magnetic
anisotropy, for instance by layer thickness variations and interfacial engineer-
ing.

After the first observation of hump-like features that resemble a topological
Hall effect in SrRuOg3-SrIrO3 bilayers, several studies aimed to unravel the
origin of these anomalies. If skyrmions indeed form in such SrRuOs-SrlrO;
heterostructures, the magnetic coupling between the magnetic layers will be of
particular relevance, since the coupling of the skyrmions across the multilayer
stack would be desirable. This question was addressed in the framework of the
thesis by the artificial design and investigation of StRuOs3-SrIrO3 heterostruc-
tures. For 2 MLs thick insulating spacer, only very weak coupling between
the individual magnetic STRuQOg3 layers was observed, whereas no coupling was
observed for thicker SrIrOg spacers. Such magnetic decoupling of the SrRuOs
is undesirable in the view of the coupling of skyrmions across the multilayer
stack. Thus, alternative perovskite oxides should be considered as spacer ma-
terials in order to achieve ferromagnetic coupling of the SrRuQOg layers. Since
enhanced ferromagnetic coupling was observed when the SrRuOg3 layers were
separated by metallic LaNiOg spacers, a similar heterostructure design with
strong spin-orbit coupled, but metallic spacers might be of future research in-

terest.

Due to the experimental challenges in the imaging of nanosized skyrmions,
Hall effect measurements are frequently used to detect fingerprints of magnetic
skyrmions. When conduction electrons get scattered by skyrmions, the topo-

logical Hall effect (THE) can be detected with technically simple experimental
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set-ups. However, it is problematic that also other phenomena, such as multi-
ple, parallel (anomalous) Hall channels, can generate features that resemble a
topological Hall effect. This issue was emphasized by different examples within
this thesis.

The magnetic force microscopy (MFM) study of an ultrathin StTRuO3-SrIrO3 bi-
layer, capped by SrZrQOj3, showed that peak-like features can be observed in Hall
measurements without the existence of skyrmions. The MFM investigations re-
vealed variations of the local layer thickness and corresponding differences of
the switching fields in a bare StTRuOj3 thin film. These thickness variations were
also seen in the trilayer and expected to lead to band structure variations of
the anomalous Hall constant. Within the model of multiple anomalous Hall
channels, these local variations of switching field and AHE constant can explain
the THE-like features.

It was demonstrated in a second study that hump-like anomalies can be gener-
ated in the Hall loops in SrRuQOgs-based heterostructures, when the individual
SrRuOj3 layers possess distinct switching fields and anomalous Hall constants.
For this purpose, heterostructures with two SrRuOj3 layers of different thick-
ness and therefore with different anomalous Hall constants and coercive fields
were investigated. Here, the total Hall voltage can be written as the sum of
the Hall voltages of the individual layers. This emphasizes that the conclusion
about the presence of skyrmions based on transport measurements only, can be
faulty. This further highlights the importance of techniques that are capable

to proof the existence of skyrmions, such as real space imaging.

In the second part of this dissertation, ruthenium-substituted lanthanum stron-
tium manganite (Lag7Sr.33Mng g5Rug.0503) films, grown under moderate
compressive strain on LSAT(100) substrates, were investigated. A nonmono-
tonic dependence of the magnetic anisotropy on the layer thickness was ob-
served and attributed to the distinct temperature dependencies of the individ-
ual contributions of the magnetic anisotropy.

Finally, strong in-plane anisotropic magnetoresistance was seen in a 42.5 nm
Lag.67Sr0.33Mng g5 Rug 0503 thin film deposited on LSAT(100). This anisotropic
magnetoresistance, with mirrorlike features for the two orthogonal current di-
rections, could be related with the magnetic anisotropy. The macroscopic mag-
netic behavior is in good agreement with the formation of parallel magnetic

stripe domains, which were observed in a magnetic force microscopy study.
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The preferential alignment of the magnetic stripe domains furthermore ex-
plained the current-direction dependent contribution of magnetic domain wall
resistance to the overall magnetoresistance. However, the understanding of the
connection between the size and orientation of the magnetic stripe domains

and the structural domains still needs to be improved.

In contrast to the investigated SrRuOg films which typically show strong per-
pendicular magnetic anisotropy, when it is interfaced with SrIrOs or SrZrOsg,
the Lag.g7510.33Mng g95Rug.0503 films under study possessed a weak magnetic
anisotropy with preferential magnetization alignment perpendicular to the thin
film surface in a thickness-dependent temperature range. This is promising in
the view of the tailoring of the magnetic state by small distortions of the (mag-
netic) energetic balance by modifications of the heterostructure design. The
interfacing of Ru-substituted LSMO layers with a strong spin-orbit coupling
material, such as SrIrOg, is therefore a possibility that might stabilize mag-
netically non-trivial structures and is considered as promising research topic in
the future.
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Kurzzusammenfassung und Ausblick

Diese Dissertation behandelt die magnetischen und magneto-elektrischen Eigen-
schaften verschiedener oxidischer Perovskitdiinnschichtsysteme. Hierbei liegt
der Fokus auf den zwei Ferromagneten Strontium Ruthanat sowie Ruthenium-
substituiertem Lanthanum Strontium Manganat. Beide Materialien sind vielver-
sprechende Kandidaten im Hinblick auf die Erzeugung topologisch nicht-trivialer
Strukturen, wie z.B. magnetischer Skyrmionen. Dies ist dadurch bedingt, dass
die magnetischen Eigenschaften, wie beispielweise die magnetische Anisotropie,
durch Schichtdickenvariation oder Modifikation der Grenzflichen kontrolliert
werden konnen.

Nach der ersten Beobachtung von Peaks in den Hallmessungen von SrRuOs-
SrIrOg3 Bilagen, die einem topologischen Halleffekt &hnelten, wurden viele Stu-
dien durchgefiihrt, die den Ursprung dieser Peaks evaluieren wollten.

Unter der Annahme, dass tatsdchlich Skyrmionen in diesem System erzeugt
werden konnen, ist die magnetische Kopplung der Skyrmionen innerhalb der
Heterostruktur im Hinblick auf potentielle Anwendungsmoglichkeiten essen-
ziell. Die Thematik der Stérke der magnetischen Kopplung der einzelnen La-
gen wurde im Rahmen dieser Dissertation betrachtet. Hierfiir wurden asym-
metrische STRuO3-SrIrO3 Heterostrukturen hergestellt und im Hinblick auf ihre
magnetischen Eigenschaften untersucht. Trotz der geringen Dicke der trennen-
den SrIrO3 Schicht konnte nur eine sehr geringe (antiferromagnetische) Kop-
plung der Strontium Ruthanat Schichten realisiert werden. Da dies im Hinblick
auf die bevorzugte Kopplung der Skyrmionen innerhalb der Heterostruktur
nicht gewiinscht ist, sollten andere Materialen als moégliche Trennschicht be-
trachtet werden. Die erfolgreiche ferromagnetische Kopplung der Strontium
Ruthanat Schichten durch metallisches LaNiO3 konnte hierbei als erster
Anhaltspunkt gewéhlt werden, sodass zukiinftig metallische Trennschichten, die
zusétzlich eine starke Spin-Bahn Kopplung besitzen sollten, untersucht werden
konnen.

Bei der Detektion von magnetischen Skyrmionen, dessen experimentelle Darstel-
lung aufgrund ihrer Grofle im Nanometerbereich herausfordernd ist, haben

Hall-Messungen eine besondere Bedeutung. In Anwesenheit von Skyrmionen
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werden die Leitungselektronen durch das skyrmiongenerierte Magnetfeld abge-
lenkt, was einen zusatzlichen Beitrag in den Hall-Messungen erzeugt, den so-
genannten topologischen Hall-Effekt. Problematisch ist hierbei, dass Beitrige,
die einem topologischen Hall-Effekt &hneln, auch durch andere Phdnomene wie
z.B. multipel anomale Hall-Kanéle generiert werden kénnen. Dies konnte im
Rahmen dieser Thesis anhand mehrerer Beispiele gezeigt werden. In ultradiin-
nen gecappten SrRuQO3-SrIrO3 Bilagen verdeutlichte unsere Magnetic Force Mi-
croscopy Studie, dass peakdhnliche Strukturen in Hall-Messungen auch ohne
die Existenz von Skyrmionen beobachtet werden kénnen. Weiterhin wurden
lokale Variationen in der Schichtdicke der Strontium Ruthanat-Lage entdeckt,
die zu lokal verschiedenen Koerzitivfeldern sowie vermutlich unterschiedlichen
anomomalen Hall-Konstanten gefiihrt haben. Im Rahmen des Modells der ver-
schiedenen anomalen Hall-Kanéle kann dies die beobachteten Anomalien erk-
laren.

In einer weiteren Studie konnten wir zeigen, dass peakédhnliche Strukturen in
den Hall-Messungen von Heterostrukturen gezielt erzeugt werden kénnen, wenn
die einzelnen SrRuOs Lagen verschiedene Koerzitivfelder und anomale Hall-
Konstanten besitzen. Hierzu wurden wiederum asymmetrische Heterostruk-
turen betrachtet, die zwei ferromagnetische SrRuO3 Schichten mit unter-
schiedlichen magnetischen und Hall Eigenschaften besaflen. Die effektiv gemessene
Hallspannung konnte hierbei als Summe der beiden einzelnen Schichten dargestellt
werden. Die hierbei entdeckten, scharfen Peaks in den Hall-Messungen kon-
nten so auf die Existenz mehrerer Kanéle und nicht auf die Existenz von
Skyrmionen zuriickgefithrt werden. Damit konnte gezeigt werden, dass die
finale Schlussfolgerung der Existenz von Skyrmionen ausschliefllich basierend
auf Hall-Messungen nicht hinreichend ist. Die Ergebnisse verdeutlichen weit-
erhin die Relevanz von Messmethoden, die Skyrmionen tatsédchlich nachweisen
kénnen, wie z.B. bildgebende Verfahren im Realraum.

In einem weiteren Kapitel dieser Thesis wurden Ruthenium-substituierte Lan-
thanum Strontium Manganat Lag.¢751g.33Mng.95Rug.0503 Diinnschichten un-
tersucht. Diese zeigten eine nichtmonotone Schichtdickenabhéngigkeit der mag-
netischen Anisotropie aufgrund der verschiedenen Temperaturabhéngkeiten der
einzelnen Beitrage zur magnetischen Anisotropie. Weiterhin wurde in einem
42.5nm dicken Lag g75r9.33Ru0.05Mng 9503 Film, der auf LSAT unter
epitaktischer, biaxialer, kompressiver Spannung gewachsen wurde, ausgeprigte
Anisotropie des Magnetotransports in der Filmebene beobachtet. Dieser anisotrope

Magnetowiderstand fiir die zwei orthogonalen Stromrichtungen konnte auf die
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magnetische Anisotropie in der Filmebene zuriickgefithrt werden. Das
makroskopische magnetische Verhalten ist hierbei in guter Ubereinstimmung
mit der Bildung magnetischer Streifendoménen, die im Rahmen unserer MFM
Studie beobachtet wurden. Die bevorzugte Ausrichtung der parallen Streifendomé-
nen erklart aufferdem die Existenz des stromrichtungsabhéngigen Beitrags des

Doménenwandwiderstands zum gesamten Magnetowiderstand.

Waéhrend die untersuchten Strontium Ruthanat Filme typischerweise eine starke
senkrechte magnetische Anisotropie zeigten, wenn sie Grenzflichen mit SrlrOs
oder SrZrQj3 besaflen, zeigten die untersuchten Ruthenium-substituierten LSMO
Filme eine vergleichsweise geringe senkrechte magnetische Anisotropie, die

temperatur- und schichtdickenabhéngig war. Dies ist im Hinblick auf die
mogliche Steuerung der magnetischen Struktur vielversprechend. Die Ergeb-
nisse machen Hoffnung, dass die magnetische Anisotropie durch kleine Modi-
fikationen der Heterostruktur modifiziert werden kann. Das Grenzflichenengi-
neering mit SrlrOg ist hierbei als Moglichkeit fiir zukiinftige Forschungen zu
erwahnen, da an der Grenzfliche mit dem Spin-Bahn gekoppelten Material,

eventuell eine Dzyaloshinskii-Moriya Wechselwirkung induziert werden kénnte.
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