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1.1 Motivation

Ferromagnetic multilayers have been the subject of intensive study due to their
potential use in applications related to magnetic storage devices and spintronics,
such as reading heads, sensors, magnetic random-access memories, topological
quantum computing'”. To realize these applications, the interest in the study of
fundamental physics, like the anomalous Hall effect (AHE), magnetic coupling, and
magnetic anisotropy, has been greatly stimulated®!°. Many researchers have studied
these properties in the ferromagnetic multilayers with metallic spacers!'''!, the
ferromagnetic oxide multilayers with insulating spacers or metal-insulator transition
spacer should also be studied in detail due to their complex coupling between spin,
charge, orbital, and lattice degrees of freedoms?*?* and current-driven applications’.

1.1 Motivation

In 2016, J. Matsuno et al** reported that the skyrmions were discovered in
SrRuOs3/SrIrO3 ferromagnetic oxide heterostructures, which were produced by the
strong interfacial Dzyaloshinskii-Moriya interaction (DMI) due to the broken spatial
inversion symmetry and the strong spin-orbit coupling in SrlrOs. The hump-like
anomalies of anomalous Hall effect (AHE) resistance loops attributed to the
manifestation of the topological Hall effect (THE) were treated as the proof of the
presence of skyrmions. Furthermore, it has been reported that magnetic skyrmions can
be used as an ideal information carrier due to their small size, particle properties, high
density, high stability (even at room temperature), and low energy consumption®-%,
The investigation of skyrmions in SrRuOs-based films has been since 2016 a hot topic.

Stemming from J. Matsuno’s work, there were lots of reports of the hump-like
features observed in Hall resistance loops of a single layer’*-3?, a variety of SrRuO;
multilayer34'43 , and other multilayers, such as, TmsFesO1o/Pt*, Cr03/Pt¥, and
Lao 7Sr03MnO3/SrIrOs* bilayers. However, the interpretation of these hump-like
features in AHE resistance loops as a fingerprint of the THE contribution due to
skyrmions has been under debate for several years. Because the origin of hump-like
features in AHE loops can be explained both by the two-channel AHE model*”*-4? and
the magnetic skyrmions induced THE***’. Thus, in my Ph.D work I aimed to figure out
whether the hump-like features in AHE loops can experimentally confirm the presence
of skyrmions or not.

Besides, the magnetic coupling between magnetic layers in a multilayer system
has attracted much attention because of the application areas of magnetic recording,
sensors, and spin electronics*®. Moreover, the exchange coupling together with the
epitaxial strain induced by the substrate and the interactions at the coherent epitaxial
interfaces can work as knobs to modify or control the magnetic properties of the
multilayer system. The type (ferromagnetic or antiferromagnetic) of magnetic layers,
their magnetic properties and the spacer layers' thickness and physical properties
determine the magnetic interlayer coupling (IC) in a multilayer system®.



1.2 Scope of this thesis

Most studies of magnetic interlayer coupling in multilayers selected spacers with
metallic properties instead of insulating spacers since the former shows the possibility
of bringing a stronger magnetic coupling than the latter. The magnetic coupling in the
samples with insulating spacers tends to decay with the thickness of the spacers, while
the magnetic coupling in metallic spacer show coupling strength oscillation with the
spacer thickness®®. However, in some particular cases, strong interlayer coupling with
insulating spacers is desired, since the weak coupling is not beneficial to investigate
and control the magnetic domains. For instance, when one expects to obtain the stable
and electric field-driven magnetic skyrmions in SrRuOs3 layers sandwiched between
two different non-magnetic large spin-orbit coupling oxides, the spacer should be
poorly conducting®. Different spacers, such as SrTiOs, Lag7Sro3MnOs and
SrIrO3*°192 were chosen to achieve this goal. However, decoupling or weak
ferromagnetic coupling was proved. Based on this, I will search for a solution to
enhance the interlayer coupling in a SrRuOs-based multilayer system.

Lastly, magnetic anisotropy (MA) is another important property of magnetic
materials and relevant for technological applications. And materials with different
strength of magnetic anisotropy can be used for different applications. More precisely,
the materials with high, medium, or low MA can be fabricated by the permanent
magnets, information storage media, or magnetic cores in transformers and magnetic
recording heads, respectively®®. The magnetic skyrmions are topologically nontrivial
spin textures, and one can treat them as a unique magnetic domain structure that is
determined by a competition between different magnetic interactions, i.e., magnetic
anisotropy energy, DMI, spin-spin exchange energy, magnetic dipole-dipole interaction,
and Zeeman energy. Therefore, magnetic anisotropy can be a tool to tune the stability
of magnetic skyrmions®**°. Currently, most of the work has concentrated on the
magnetic anisotropy of SrRuOs; single crystal or single layer thin films, and few works
focus on that of SrRuO3-based multilayers due to the more complex coupling between
spin, charge, orbital, and lattice degrees of freedoms and interaction at interfaces>®>’.
For instance, finding an excellent spacer layer to tune the magnetic anisotropy of
SrRuO; multilayers is challenging®*>!*2, Here I am addressing how this is affected by
making epitaxial multilayers of SrRuO; with LaNiOs spacers of different thickness.

1.2 Scope of this thesis

In this thesis, to promote theoretical research and the potential application of the
unique physical properties of ferromagnetic oxide multilayers, I will focus on
investigating the origin of hump-like features in the AHE, the way to enhance the
magnetic anisotropy, and tailoring the magnetic anisotropy in SrRuO3 multilayers. A
brief overview of the next chapters of this thesis is given below:

Chapter 2: In this chapter, the fundamental properties, including the crystal structure,
magnetic and electronic properties of the individual layers and substrates of the StRuO3

(SRO)-based heterostructures, i.e., STRuOs3, SrlrO3, LaNiO3, and SrTiO3 are given first.
6



1.2 Scope of this thesis

The fundamental physical phenomena of magnetic anisotropy, interlayer magnetic
coupling, and the anomalous Hall effect are treated first. Subsequently, the theory of
the magneto-optic Kerr effect is discussed, which is used to investigate the magnetic
properties of the samples.

Chapter 3: This chapter introduces the experimental methods. All the samples were
prepared by pulsed laser deposition. The analytic techniques, including reflective high-
energy electron diffraction (RHEED), the magneto-optic Kerr effect (MOKE), the
atomic force microscopy (AFM), magneto-transport measurements, superconducting
quantum interference device (SQUID) magnetometry, and x-ray magnetic circular
dichroism (XMCD) measurement for the sample were described.

Chapter 4: This chapter focuses on the origin of the hump anomalies in the Hall
resistance loops of ultrathin SrRuO3/SrlrO3 multilayers. We deliberately considered the
SrIrO3/SrRuOs/SrlrOs epitaxial trilayers and multilayers to eliminate, or at least
minimize, the role of interfacial Dzyaloshinskii-Moriya interaction (DMI). In a
perfectly symmetric ultra-thin film heterostructure, the interfacial DMI should be
canceled entirely. Indeed, our SrIrO3/SrRuOs/SrlrOs3 trilayer samples did not exhibit
any hump-like anomalies in the Hall-effect loops. Conversely, hump-like anomalies
were observed over an extensive temperature range in the Hall effect loops of the
multilayer samples, in which a StRuO3/SrIrO; bilayer was stacked thrice or six times,
and the origin of the Hall effect loops with hump anomalies is discussed.

Chapter 5: This chapter presents the enhancing of the magnetic interlayer coupling
between two epitaxial ferromagnetic StRuOs3 layers separated by ultrathin LaNiOs; in
epitaxial heterostructures. The goal was to ensure the ferromagnetic coupling of two
SrRuOs layers separated by a non-ferromagnetic spacer so that the field values for the
reversal of the magnetization of the two layers become identical. Findings revealed that
the ferromagnetic STRuOjs layers separated by two monolayers thick LaNiO3 (about 0.8
nm), exhibited a weak interlayer coupling. However, the coupling becomes strongly
ferromagnetic when the LaN1Os spacer is four monolayers thick and there is a reversal
of the magnetization of the two SrRuQOs layers at a common value of the perpendicular
magnetic field. The enhancement of the magnetic interlayer coupling affected by the
conductivity of the LaNiOs3 layer was confirmed.

Chapter 6: This chapter investigates the tailoring of magnetic anisotropy and
magnetotransport of SrRuOs3/LaNiO; multilayers. Since the tailoring of magnetic
anisotropy and dipolar interactions in multilayers tends to stabilize the skyrmions,
multilayers are often a better candidate for achiving this. The magnetic anisotropy was
studied using SQUID magnetometry, where in-plane and out-of-plane magnetization of
the multilayers could be measured. The magnetotransport was studied with a
homemade setup, which can measure the Hall effect and the MOKE simultaneously.
We found that the magnetic anisotropy of the LaNiO3/SrRuO; multilayers changes from
in-plane to out-of-plane with the decrease in the LaNiOs spacer layer from 4 monolayers

7



1.2 Scope of this thesis

(MLs) to 2 MLs. The contribution of the octahedral tilt angles and the bond lengths in
conjunction with the interlayer coupling are the possible causes for the effective
tailoring of magnetic anisotropy.

Chapter 7: This chapter will summarize the main results and show the contribution of
this thesis, including drawing a conclusion and giving an outlook of my work.
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2.1SRO

To investigate the physical properties of SrRuO3 heterostructures, it is pertinent to
know the properties, specifically, the crystal structure, the magnetic properties, and
the conductivity of individual layers and substrates. This chapter begins with a brief
introduction to the oxides used in the experiments. Subsequently, the theory of the
magneto-optic Kerr effect is explained, which is the basis of the investigation of the
samples' magnetic properties.

2.1 SrRuOs3

Perovskite SrRuOs-based thin films have been of significant interest to researchers for
more than half a century due to their exotic properties, such as surprising itinerant
ferromagnetism!?, metal-insulator transitions®* tunable magnetic anisotropy™®,
13-16

unusual transport properties’'?, and interlayer coupling
2.1.1 Structural Properties

Figure 2.1 shows the room temperature structure of SrRuOs which exhibits
orthorhombic symmetry Pbnm (No. 62)!7, with lattice parameters a=5.5670 A,
b=5.5304 A, and ¢=7.8446 A. Relative to the thin-film standard ABOs perovskite
structure, STRuO; shows a slight rotation of the oxygen octahedra. The orthorhombic
phase can be visualized by the rotation of the BOs (RuOs) octahedra counterclockwise
about the [010]cubic and [001Jcubic directions and clockwise rotation about the [100]cubic
direction of an ABO3 cubic perovskite (pseudocubic with ape=3.93 A). These directions
become inequivalent after rotation'®.

The structure of SrRuOs3 thin films can be affected by temperature. For example,
the degree of orthorhombic distortion decreases with the decreasing temperature. The
structure of a single crystal of SRO is cubic above 677 °C. Between 677 °C and 547 °C,
it distorts slightly into a tetragonal phase, and below 547°C, it transfers to orthorhombic
or pseudocubic structure, as shown in figure 2.2'%!°, In addition, other factors, such as
types of substrates and thickness of epitaxial thin films, i.e., strain-induced factors, are
also prone to induce this structural transition?*-%2,

2.1.2 Magnetic Properties

In magnetic physics, the magnetism originates from the magnetic moment or magnetic
dipole of magnetic materials. The permanent magnetic moments arise from the spin
magnetic moments of electrons and nucleus, and orbital magnetic moment of electrons.
Moreover, the magnetic properties of materials are mainly introduced by the magnetic
moments of the electrons. Since the magnetic moments of the nuclei of the atoms are
typically thousands of times smaller than the magnetic moments of the electrons, thus,
they can often be ignored.
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2.1.2.1 Magnetic anisotropy
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Figure 2.1: Schematic view of the orthorhombic unit cell of StRuOs. Reproduced with permission from
Q. Gan et al., © 1999 American Institute of Physics?.

Orthorhombic Tetragonal Cubic

Figure 2.2: A sequence of phase transitions of unstrained bulk SrRuO3 from orthorhombic to tetragonal
and then cubic symmetry at 547 °C and 677 °C, respectively. The unit cell of the orthorhombic SrRuO3
consists of four formula units of the ideal cubic perovskite structure. The Ru atoms occupy high-
symmetry positions with respect to the orthorhombic shape of the cell. The O and Sr atoms are displaced
from their high-symmetry positions due to the octahedral tilting. The tetragonal SrRuO; is a one-tilt
system, where the RuOg octahedra are rotated only about the [001] direction. Gray, black, and white balls
represent Ru, O, and Sr atoms, respectively. Reproduced with permission from K. J. Choi et al., © 2010
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim?4,

SrRuO; exhibits ferromagnetism which comes from the 4d electrons of the Ru
ions?. It has a ferromagnetic transition temperature 7. of ~160 K in single crystals?®
and ~ 150 K in the thin films grown on the SrTiOs substrates?’. The saturated magnetic
moment of the SRO is ~1.6 ££5 /RU atom, where /££g is Bohr magneton®®,

2.1.2.1 Magnetic anisotropy
14



2.1.2.1 Magnetic anisotropy

Magnetic anisotropy describes how an object's magnetic properties can depend on
direction®. The magnetization direction depends on several contributions for magnetic
thin films, such as shape anisotropy, magnetocrystalline anisotropy, growth-induced
uniaxial anisotropy, magnetoelastic anisotropy, interface anisotropy, and exchange bias.
These contributions define the energy density E. The magnetization M is aligned in the
direction for which E is minimized. For material with coherent rotation of the
magnetization (i.e., the film has a mono-domain state and the magnitude of the
magnetization vector is constant.), we can describe the energy density £ by the classic
Stoner-Wohlfarth model*° as:

E=-HeM+> E 2.1,

with Zeeman term —H e M and anisotropy contributions Ej. For the minimum of E of
isotropic media, magnetization M is aligned parallel to the external magnetic field H.
In anisotropic media, the anisotropy contributions change the energy landscape, and a
different direction from A can be favored for M. The magnetic anisotropy can originate
from spin-orbit coupling and dipole-dipole interaction. The spin-orbit coupling is
responsible for magneto-crystalline anisotropy and magnetoelastic anisotropy. The
dipole-dipole interaction originates from the shape anisotropy’!. For SRO thin films,
the essential contributions to the magnetic anisotropy are magnetocrystalline
anisotropy>2, magnetoelastic anisotropy?®.

(1) Magnetocrystalline anisotropy

A ferromagnetic material has magnetocrystalline anisotropy when the required energy
for magnetization in a specific direction is larger than others. These directions are
usually related to the principal axes of its crystal lattice.

The investigation of magnetocrystalline anisotropy of bulk or single-crystal SRO
was made difficult by the lack of high-quality single crystals. In 1976, Kanbayasi
reported that a crystal with a tetragonal phase has easy axes only in the (001) plane and
an anisotropy field larger than 10 T. The strong magnetocrystalline anisotropy stems
from the strong spin-orbit coupling of the heavy Ru ions*. After two years, he found
crystals show pseudocubic anisotropy with the [110],c directions (in the pseudocubic
cell) being the easy axes and an anisotropy field of ~2 T**,

For the thin films, the investigation of magnetocrystalline anisotropy gets more
complex. For example, the twin-free STRuOs3 films grown on miscut SrTiO3 substrates
show a single easy axis in the (001) plane. Above Tc, the easy axis is the b axis which
is ~ 45° relative to the film normal®®. Below 7¢, there is an orientational transition’” in
which the easy axis continuously changes its angle with respect to the normal from ~
45° to 30° at low temperatures, at a practically constant rate of ~ 0.1 deg/K* (see figure
2.3).
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2.1.2.2 Magnetic interlayer coupling
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Figure 2.3: (a) Temperature dependence of the in-plane, out-of-plane, and total remanent magnetization
of a SrRuO; film. The film was cooled in a saturating field down to 5 K and the magnetization was
measured upon warming after removing the applied field. The temperature dependence of the angle
between the magnetic moment and the normal to the film plane is also shown from Ref.* . Reproduced

with permission from L. Klein et al., © 1996 IOP Publishing Ltd.

(2) Magnetoelastic anisotropy

Magnetoelastic anisotropy arises from the strain dependence of the anisotropy constants
that causes magnetic materials to change their shape or dimensions during
magnetization. To prevent lattice deformation in samples, stress must be applied. If the
crystal is not subjected to stress, magnetostriction alters the effective
magnetocrystalline anisotropy. Then, the magnetic anisotropy of the samples tends to
be tailored.

It has been reported that in-plane compressive strain in StRrO3 coherently grown
on SrTiO; (001) substrate has the easy magnetic axis normal to the surface and
suppressed Tc of about 150 K°. However, the SrRuO; films grown on Baj.
S1rxT1103/BaTiOs bilayer buffer layers with tunable in-plane lattice constant by changing
the Ba/Sr ratio in the Ba1.xSrxTiO3 layer, the easy axis of magnetization isperpendicular
to the surface in compressively strained films and rotates into the in-plane direction in
strain-free films3®.

2.1.2.2 Magnetic interlayer coupling
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2.1.2.2 Magnetic interlayer coupling

This section introduced the theory of magnetic interlayer coupling based on Yasser
Shokr’s Ph.D. thesis (see details in section 3.3)°.

The interlayer coupling between two ferromagnetic layers separated either by a
non—-magnetic or an antiferromagnetic spacer layer can be summarized as a
competition between the following mechanisms®:

(a) Ruderman-Kittel-Kasuya-Yosida (RKKY) coupling from the correlation energy

between two FM layers through the conduction electrons of the spacer layer®-
42

(b) Direct exchange interaction at interface induced by the exchange bias between
the FM layer and AFM layer*3-4°,

(c) Magnetostatic interactions like orange-peel (Néel) coupling originating from the
two neighboring ferromagnetic layers with rough interfaces®*“’, coupling by
magnetostatic stray field due to magnetic domain structures*or from the sample
edges in small-sized structures®.

(d) Direct ferromagnetic coupling through pinholes’->%5L,

These mechanisms will be described in more detail in the following subsections.
In this thesis, the parallel coupling is assigned with a positive sign and antiparallel
coupling as negative.

(1) RKKY

RKKY describes the magnetic layer as arrays of localized spin, which interact
with conduction electrons via a contact exchange potential**2. The dependence of
the interlayer coupling on the spacer layer thickness originates from the change of
density of states caused by the spin-dependent confinement of the electrons (or holes)
in the quantum well when the magnetic films are aligned parallel. The spacer layers
should be paramagnetic or diamagnetic to describe the magnetic coupling with the
quantum well model and show metallic properties. Phenomenologically, the interlayer
coupling energy per unit area is written as*>°3:

Jruky =-J,€0s(6) 2.2,

where “6” is the angle between the magnetization directions of the two ferromagnetic
layers, and Ji is the interlayer coupling constant. An example of the explanation for the
origin of RKKY interaction of the magnetic 3d transition metals and noble metals is
shown in figure 2.4.

Figure 2.4 (a) shows the difference in the band structure of magnetic 3d transition
metals and noble metal. In figure 2.4(b), the spin-up electrons can penetrate the whole
stack with little reflection at the interface. The transition for the spin-down electrons is
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2.1.2.2 Magnetic interlayer coupling
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Figure 2.4: (a) Schematic for the density of the states (n(E)) in ferromagnetic 3d transition metals and
noble metals. (b) Schematic to explain the origin of the RKKY interaction. The spin-up (1) electron
penetrates the whole stack with little reflection at the interfaces. The spin-down (|) electron is reflected

back and forth between the interfaces. The figures are adapted from Ref.’.

reduced due to the splitting of the band in the magnetic films, which brings a high
reflection for the electrons in the interlayer with spins opposite to the film
magnetization and makes standing electron waves. The direction of motion of the
electrons is perpendicular to the interfaces. Upon increasing the spacer thickness, the
magnetic interlayer coupling shows an oscillatory thickness dependence. Since the
discrete levels are shifted downwards with increasing the interlayer thickness, new
levels come in and are populated upon crossing the Fermi energy (Er). When such a
new level just crosses Er, this will increase the total electronic energy. Since the system
tends to stay at a stable and lowest energy state, the magnetization direction of one layer
will be changed from parallel to antiparallel. When the discrete levels become far below
Er, with low energy, a parallel alignment of magnetization directions will be more
favorable.

(2) Coupling across antiferromagnetic layers

For an antiferromagnetic (AFM) layer as an interlayer spacer, the proximity effects will
exist at the interfaces and the magnetic state of the antiferromagnetic spacer layer. That
means both the exchange coupling at the AFM/FM interfaces and the internal exchange
coupling within the AFM must be considered. Thus, atoms in AFM material have
magnetic moments coupled to other atoms in AFM and FM. Moreover, the competition
between the internal exchange coupling within the AFM and the FM/AFM interfacial
interaction can lead to magnetic frustration, where not all the nearest-neighbor spins

18



2.1.2.2 Magnetic interlayer coupling
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Figure 2.5: Spin frustration at an FM/AFM interface: (a) No frustration, perfect interface. (b) Frustration
caused by a step in the AFM. (c) Frustration at the interface. (d) Frustration in the FM. The figures are
adapted from Ref. 3%,

can be in their local minimum energy configuration®. In addition, the spin configuration
in the FM and AFM layers is affected by the interface roughness.

In figure 2.5, the different cases of the spin frustration configuration at an
FM/AFM interface are illustrated. Figure 2.5 (a) is an example of perfect interfaces of
simple layerwise AFM spin structure®. For this perfect interface, all pairs of spins are
aligned along with their preferred spin directions, which causes a direction change for
the spins in the AFM layers with each additional layer. In contrast, all spins in the FM
layer are pointing in the same direction. When the sample shows thickness fluctuations,
there will be a competition between the exchange coupling through the odd and even
layers. In figure 2.5 (b), the FM-AFM interaction is frustrated in the AFM layer, where
a step is at the interface. In contrast, in figure 2.5 (c-d), frustration occurs at the interface
and within the FM layer. The local minimum energy configuration of the nearest
neighbor determines where the frustration occurs. To be more specific, the frustration
depends on the strength of the AFM-FM interactions, the thickness of the FM and AFM
layers, the wvertical and lateral extent of the interfacial defects, and system
temperatures>®®’.

(3) Magnetostatic coupling

The magnetostatic coupling usually is smaller than the exchange interaction in bulk
magnetic materials, while in a magnetic film with finite lateral extension, the
magnetostatic coupling can play an essential role and strongly affect its magnetic
properties. The “magnetic poles” are generated at the surface of the magnetic film,
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2.1.2.2 Magnetic interlayer coupling
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Figure 2.6: Schematic representation of (a) Néel’s “orange—peel” coupling in ferromagnetic layers
separated by nonmagneticspacers,ad(b) Néel wall and (c) Bloch wall couplinginsinglelayerfilm. The

figures are adapted from Ref.’.

which brings a demagnetizing field. The distribution of these poles will affect the
demagnetizing field. That means the strength of the demagnetizing field can be tuned
by the geometry and the magnetization of the FM layer.

According to the resources, the magnetostatic coupling is divided into two types,
i.e., Néel “orange-peel” coupling and domain walls induced coupling. The first one is
generated between two neighboring FM layers, which have correlated roughness. The
dipoles are located at the protrusions and valleys of the interfaces. The magnetostatic
interactions between the dipoles give rise to the parallel alignment of the respective
magnetizations of the two FM layers. Besides, in the case of multilayers, these exposed
poles tend to reduce the strength of the RKKY -like coupling. This kind of coupling is
known as Neel “orange-peel” coupling and is surface roughness dependent, as shown
in figure 2.6(a).

Another kind of magnetostatic coupling originates from domain walls (DWs), i.e.,
the Bloch wall and Néel wall, which is inspired by a single layer film with local
magnetostatic interactions between domain boundaries, as shown in figures 2.6(b) and
2.6(c). Here, the DW is defined as the transition region at which the magnetization
changes direction from one domain to the other. The stray field in the DW will exert a
local force on an adjacent film in a multilayer structure. That can modify the structure
and energy of the domain walls and introduce an effective attraction or repulsion
between two domain walls in adjacent films.
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2.1.3 Magnetotransport

The total energy of a domain wall includes the exchange, the anisotropy, and the
magnetostatic energies, which determine the spin configuration in the domain wall. The
Bloch walls will be present in very thick films or bulk materials, while the Néel walls
will be in a thin film. The stray magnetic fields in the materials with Bloch wall and
Néel walls will play a significant role in generating the magnetostatic coupling.

(4) Interlayer coupling through pinholes

This coupling mechanism explains the interlayer coupling between two magnetic layers,
which are coupled through pinholes in the spacer layer. Let us give a simple case, for
two FM layers separated by an inhomogeneous space layer, pinholes in the spacer can
occur through which the FM layers are directly coupled. Furthermore, coupling through
pinholes depends strongly on the quality of the layers and will decrease rapidly as the
thickness increase of the spacer layer. Thus, it is necessary to consider the pinhole

coupling for a system with thin spacer layers®s,

2.1.3 Magnetotransport

In this thesis, to investigate the magnetotransport properties of SrRuOs-based films, the
magnetic resistance (resistance change) measurement and anomalous Hall effect (AHE)
measurement techniques are employed. The change of resistance and the generation of
Hall voltage are modified by the classical Lorentz force, which acts on the charge
carriers. Specifically, magnetoresistance is described as a dependence of the electrical
resistance on an external magnetic field for a nonmagnetic or ferromagnetic material
(often ferromagnetic), which reveals the scattering mechanisms of electrons. The AHE
requires a combination of magnetic polarization and spin-orbit coupling to generate a
finite Hall voltage even in the absence of an external magnetic field. In ferromagnetic
materials, the AHE is quantum mechanics in nature (spin-orbit coupling) and connect
the electronic properties with the magnetization®”°.

2.1.3.1 Magnetoresistance

The magnetic resistance was discovered by William Thomson, later known as Lord
Kelvin, in 1856°'. He confirmed that the resistance of an iron conductor changed when
submitted to an external magnetic field. When the magnetic field was applied along the
conductor, the resistance increased by 0.2%, and when the field was perpendicular to
the conductor, the resistance decreased by 0.4%. In addition, he did the same
experiment with nickel. Moreover, he found that its resistance showed similar behaviors
to nickel but the magnitude of the resistance was greater, which is defined as anisotropic
magnetoresistance.

2.1.3.2 AHE
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2.1.3.2 AHE

To study the AHE with Hall effect measurement, one must divide the Hall effect into
different components, such as ordinary Hall effect, AHE, and topological effect (if
possible).

The ordinary Hall effect was discovered in gold leaves by Edwin Hall in 187952,
It is the production of the Hall voltage across an electrical conductor that was transverse
to an electric current in the conductor and to an applied magnetic field perpendicular to
the current (see figure 2.7(a)). After that, the AHE was reported in ferromagnets such
as Co and Ni, which is ten times larger than the nonmagnetic metal®®. The transverse
voltage (“anomalous” Hall voltage) is roughly proportional to the magnetization M,
while the ordinary voltage is proportional to the magnetic field (see figure 2.7(b)).
Pugh® and Lippert® reported that the total Hall resistivity, pxy, is given by an empirical
formula:

pxy = ROBZ +:uORst 23’

where Ro is the ordinary Hall coefficient and it depends on the type and density of
carriers. The Rs is the anomalous hall coefficient. Considering the magnetic H field is
defined as:

H,, =—2>-M, 2.4,
/uO/ur

The equation 2.3 can be rewritten as:
Ho by

when B, is small, the magnetization is not saturated, the second item dominated for the
pxy- When B, is large enough and the magnetization gets saturated, the first item is the
dominated contribution to pxy. Thus, this provides us a simple way to distinguish the
ordinary Hall effect and AHE.

Usually, the AHE simply can be divided into different types based on the origins:
(1) Intrinsic AHE
In 1954, Karplus and Luttinger®” gave the first insight into the intrinsic AHE. They

found that when applying an electric field to an ideal crystal with periodic intrinsic spin-
orbit coupling, the electrons will acquire an additional contribution to their group
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2.1.3.2 AHE

(b) Anomalous Hall effect

Figure 2.7: (a) Hall effect: the longitudinal current I under vertical external magnetic field Hz contributes
to the transversal voltage Vy due to the Lorentz force experienced by the charge carriers. (b) Anomalous
Hall effect (AHE): the electrons with majority and minority spin (due to spontaneous magnetization M,)
having opposite “anomalous velocity” due to spin-orbit coupling, which causes unbalanced electron

concentration at two transversal sides and leads to finite voltage Vy. The figures are adapted from Ref.%.

velocity (anomalous velocity). Moreover, the anomalous velocity is perpendicular to
the field. The anomalous velocity from all occupied electrons in the opposite direction
contributes to the anomalous Hall conductivity where the electron's spin is imbalanced,
as shown in figure 2.8 (a). This contribution solely depends on the band structure of the
system and is independent of scattering. Nowadays, this anomalous velocity is referred
to as Berry-phase curvature after the introducing of the Berry phase concept. The cross-
product of electric field and Berry-Phase curvature in momentum space moves the
electrons of different spin in opposite perpendicular directions.

(2) Extrinsic AHE

In the above description for the intrinsic AHE from Karplus and Luttinger, the intrinsic
AHE occurs in the absence of disorder which was criticized by Smit. He stated that the
asymmetric scattering from impurities due to spin-orbit interactions was significant on
the steady-state and hence for AHE, named skew scattering®® (impurity scattering) (see
figure 2.8(b)). After that, another impurity-induced AHE, side-jump induced AHE was
reported by Berger’® (see figure 2.8(c)).
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2.1.3.2 AHE
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Figure 2.8: Three main mechanisms of AHE: (a) intrinsic deflection, (b) skew scattering, (¢) and side
jump that can give rise to an AHE. In any real material all these mechanisms act to influence electron

motion. The figures are adapted from Ref.%.

Skew-scattering can be described as that an electron changes its traveling direction,
@, from ¢ =0 to ¢ = ¢' due to a magnetic scattering center, which pxy is proportional to
the pxx, €.2., Pxy°<pxx In a simple single-spin model. Here the direction (positive or
negative) is determined by the time-reversal symmetry breaking induced by the
magnetic moment, resulting in a net transverse current flow. The side-jump mechanism
also relies on this symmetry breaking, but with the same propagation angle at the
scattering center, so that pxy is proportional to the p’kx, i.e., pxy™p’xx. The electron
wave-packet undergoes an effectively instantaneous change in position transverse to its
travel direction. The direction of this scattering is spin-dependent.

Now, for a system with negligible phonon scattering, the AHE resistivity can be
described as’!:

pf;/ = (apxxo +ﬁpfx0) + bpfx 26’

where the coefficients a, f, and b are the skew scattering, side-jump, and intrinsic
contributions to, respectively. The first two parameters depend on the impurity
scattering in a specific sample, but parameter b is independent of scattering. Thus, it is
possible to distinguish the skew and side-jump scattering from equation 2.6, but hard
to experimentally distinguish the side-jump scattering and intrinsic scattering. In the
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2.2 STO substrate

future, further investigation about how to separate the AHE into different contributions
for a system with a negligible side-jump scattering is highly demanded.

The AHE in SRO has non-monotonic temperature dependence, and the origin of
this behavior has been a matter of debate’>”*. The debate centers on whether the AHE
conductivity is driven by asymmetric scattering of impurities or by intrinsic effects due
to band structure. Experimentally the resistivity dependence of the AHE can distinguish
between different extrinsic contributions but not between intrinsic and extrinsic
contributions. Intrinsic and extrinsic effects may be distinguishable by the zero-
temperature limit of the AHE, but there is no consensus’*">.

2.2 SrTiO3 substrate

The substrates play a significant role in the growth of epitaxial films. The substrate
should be a single crystal substrate. The choice of substrate is limited by various factors,
such as crystal symmetry, orientation, minimum lattice parameter mismatch, surface
energy consideration, surface termination, chemical nature, thermal expansion
coefficient, and most importantly, the application for which the film is being deposited’®.
The growth of high-quality epitaxial materials requires that the substrates have
structural and chemical compatibility with the desired film. Chemical incompatibility
can lead to various interfacial reaction layers or interdiffusion of unwanted elements
between the film and the substrate. Structural incompatibility, typically manifested
through substrate lattice parameters with very different values from the film, or large
differences in thermal expansion between the film and substrate, can significantly affect
the film's structural and electrical properties.

To grow the high-quality SrRuOs-based film, numerous substrate materials are
available. Table 2.1 summarizes other substrate materials, including the unit-cell
parameters, the resulting SrRuOs strain, and other critical physical properties'®””. The
most common (and successful) substrate material used to deposit STRuO3 thin films is
SrTiOs. SrTiOs has a cubic perovskite unit cell with a lattice parameter of 3.905 A,
which provides good lattice matching with SrRuO3. The SRO unit cell orientation,
which lies close to the [110]pc ([010]o) direction’® tends to adopt that of the STO subs-
trate to minimize the in-plane strain”’. Here, the pseudocubic notation is used, indicated
by a subscript pc. This provides us with an elegant tool for controlling the
magnetocrystalline anisotropy of the SRO film without the requirement of ultrathin
films, additional layers, or complex layer structures and device geometries.

In addition, a clean and well-defined surface is important for good thin film growth.
Typically, the surface is cleaned using organic solvents (for example, acetone and
ethanol), then annealed in oxygen at an elevated temperature. Also, the terminating
layer of the substrate has a significant influence on the initial growth of a deposited thin
film!#, For the growth of high quality SrRuOs thin films, having singly terminated

surfaces (either SrO or TiO> in the case of SrTiOs3) has been found
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Table 2.1: A selection of frequently used oxide substrate materials and their structural and transport
properties. SrRuOs strain is defined as (di-ds)/ds, where di and ds refer to the bulk in-plane lattice

parameters of StRuQO; layer and the substrate, respectively. The table is adapted from Ref.!®77,

Substrate Symmetry a(A) b(A) c(A) SrRuO, Transport properties
at 300 K strain (%)

LaAlO; Cubic 3.82 3.82 3.82 2.61 Insulating
SrTiO, Cubic 3.905 3.905 3.905 0.446 Insulating

Nb doped SrTiO; Cubic 3.905 3.905 3.905 0.446 Conducting
NdGaO; Orthorhombic 543  5.50 7.71 .12 Insulating
DyScO, Orthorhombic  5.44 5.71 7.89 -0.574 Insulating
L2.155T0.52Ak65 7803505 Cubic 3.868 3.868 3.868 1.2 Insulating

(LSAT)
Bulk SrRuO; Orthorhombic  5.567  5.53 7.845 - Conducting

to be important. Fortunately, a method has been developed using an HF treatment to
make the surface of SrTiOs singly terminated®'. The method reliably yields a TiO»-
terminated surface with straight step edges.

2.3 SrlrOs

2.3.1 Introduction to SrirO3

The Ruddlesden—Popper perovskite series of iridates Srn+11rO3n+1 With strong spin orbit
coupling (SOC) has attracted increasing interest in condensed matter physics and
materials communities due to the observed or predicted versatile novel physics such as
topological states®?, superconductivity®’, ferroelectricity®, anomalous quantum Hall
effect® and fractional quantum Hall effect®.

A typical example, the perovskite SrlrOs (n = o), stands out since it has been
theoretically proposed as a key building block for engineering topological phases at
interfaces and in superlattices. For example, J. M. Carter ef al. proposed that the SrlrO;
has a Dirac node crossing at the Fermi level under the tight-binding Hamiltonian the
frame of construction based on the Jeir= 1/2 single band model®’. This Dirac node hosts
electron carriers for the semimetal background state of SIO and can evolve into
different kinds of topological states depending on the specific symmetry breaking®®.

From the insight of the experiment, J. Matsuno et al.* reported that topological
phases could be realized SRO when it is interfaced with complex Ir oxides with very

26



2.3.2 Crystal structure properties

Figure 2.9: Schematic view of the orthorhombic unit cell of SrIrOs . Sr, Ir and O atoms are shown in

green, blue and red. The octahedra shown are rotated about the c—axis and tilted about [110]-axis.

strong spin-orbit coupling. They investigated the ferromagnet thickness dependence
and stated that the broken inversion symmetry at the SRO/SIO interface and strong
spin-orbit coupling of SrlrO3 generated the interface DM interaction, then introducing
the skyrmion phase.

2.3.2 Crystal structure properties

The structure of SrlrOs is orthorhombic with the space group Pbnm (No.62). The lattice
parameters at room temperature are a = 5.56 A, b =5.59 A, and ¢ = 7.88 A*°. Each Ir
atom is connected by six atoms of oxygen to create an IrO¢ octahedron (see figure 2.9).
The nearest-neighbor IrOs octahedral tilt in the opposite sense about the [110] axis at
about 12°. Moreover, they rotate around the c-axis at about 11° in the same direction if
they are in different layers but the opposite direction. If they are in the same layers,
resulting in a unit cell with four formula units. The tilting and rotation of the octahedra
simultaneously cause unit cell distortion with two types of Ir—O—Ir angles, at 156.49(8)°

and 153.7(5)°, respectively”'2,

2.3.3 Conductivity and Magnetic properties

In the three-dimensional limit, the SrlrO, was considered as a narrow-band semimetal
bordering a Mott transition due to a combination of strong SOC and electron
correlations. Moreover, it was revealed to be a paramagnetic semimetal. Since the
enhanced interlayer hopping induced by the three-dimensionality, compassion with
Sr2IrO4 and Sr3lrnO7 (n=2), the Jerr= 1/2 band mixes the J.r= 3/2 band at a certain extent
in SrIrO3**% (see figure 2.10). The semimetallic ground state has been confirmed
experimentally and theoretically®”-*°. It is of particular interest to achieve
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Figure 2.10: Electronic structure of orthorhombic SrlrOs: (a) Orbit configuration of 5d5 with SOC and
U’; (b) schematic picture of the band evolution with dimensionality increases in Sn+11mQOsp+ iridates. W
represents the bandwidth. The a denotes the excitation of electrons from LHB to UHB, and the {3 for the
excitation from Jer = 3/2 band to the UHB, seen from the optical conductivity spectra'®. The figure is
adapted from Ref.*>.

the proposed topological and/or magnetic states via tuning the SOC, U (Coulomb
repulsion), and/or lattice symmetry.

2.4 LaNiOs

LaNiOs (LNO) is a perovskite oxide crystallizing in a three-dimensional nearly cubic
structure with a small rhombohedral distortion (8 = 90.41°)°"%_ 1t is reasonably well
approximated by a pseudocubic cell with a = 3.838 A. Like most of the rare-earth
nickelates of the form RENiO; (RE=rare earth), which show a metal-insulator
transition (MIT), the (001)-oriented LNO films possess an MIT for changing the
thicknesses of t=2-4 unit cells (u.c.)’*!'%. The conduction band of LNO and other
perovskite nickelates (RNiOs, where R is rate earth) is formed by the overlap of the Ni
3d orbitals and the O 2p orbitals. This overlap is correlated with the ionic radii of the
rare earth and influenced by the temperature'®. With decreasing temperatures, the NiOs
octahedra buckle, and the overlap reduces, which results in a metal-insulator
transition! %1%,

Besides, LNO lacks magnetic order in its bulk form since the Ni** ion has a low-
spin 3d '°7 configuration with one electron in the higher energy. e.g., states. The
conductivity of LNO is very sensitive to oxygen stoichiometry. The deficiency of
oxygen during the fabrication process will lead to the creation of Ni*" ions and

deteriorate conductive properties. As for the film form of LNO, in most of the cases, it
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was proven as paramagnetic®'®®. However, H. Guo et al. reported that the crystals
without Ni*" impurities exhibit metallic properties and an unexpected but clear
antiferromagnetic transition. M. K. Margaret et al. followed their work and confirmed
the emergence of long-range magnetic ordering at the film-substrate interface in
ultrathin (111)-oriented LNO thin films up to 26 u.c. by synchrotron x-ray diffraction,
AHE measurement, and dynamical x-ray diffraction simulations®®.

2.5 Magneto-optic Kerr effect

2.5.1 Introduction to MOKE

The Kerr effect is described as the rotation of the plane of polarization of the incident
light. This phenomenon was first reported by John Kerr in 1877 #!. However, a similar
effect was first discovered by Faraday in 1845'%, when he found out that the plane of
polarization of light transmitted through a magnetic sample was rotated. The angle of
polarization rotation observed in the Kerr and Faraday effect is dependent on the
strength of the magnetization of the sample surface and the magnetization orientation
of the sample surface with respect to the plane of incidence light. This influence of
magnetization orientation can be described by the different magnetization geometries
of the Kerr effect. The details will be discussed in subsection 2.5.5.

In general, the rotation effect of MOKE can be described in the form of a dielectric
tensor which accounts for the effect of the magnetic medium. The dielectric law is given
as:

D=¢.E 2.7,

1]

where ¢ is the dielectric permittivity tensor which connects the electric field vector E

of the plane of the light wave along with D, the induced electrical displacement vector.

The generalized dielectric permittivity tensor'' is given as:

. - 2
1 —-1Q,m, IQm, B, m; B,m,m, Bmm,
g =¢| iIQm, 1 -iQm, [+| Bmm, Bm’ Bmm,| 28,
. - 2
—-1Q,m, 1Q,m, 1 B,m,m, Bmm, B, m;

where Q,is the Voigt constant in which it is material dependent that describes the
magneto-optical rotation of the plane of polarization of light. This Voigt term is a
complex material parameter that is to the first order proportional to the magnetization
of the sample. Bx and By are constants describing the Voigt effect, and m; are the
components of the unit vector of magnetization along the cubic axis. Q,, Bx and By are
complex and not well known for the majority of materials. However, the real parts of
these constants are the most dominant. By using the term in equation 2.7, the dielectric

law can be generalized as follows:
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2.5.2 Polarization of light

D=¢(E+iQmxE) 2.9.

In equation 2.9, & 1is the dielectric permittivity tensor, vector D represents the
secondary light amplitude which is produced by the magneto-optic interaction between
E and the magnetization vector m in the sample. From equation 2.9, the cross
product, proves the gyroelectric nature of the Kerr effect and analogy to the Lorentz
force. In general, what is observed in MOKE is the magneto-optic response of the
medium which is in the form of a change in the polarization of the incident light. This
change is made of two types, the change of the in-phase component of the reflected
light causing a rotational change in the plane of polarization of the incident light and
the out-of-phase change which causes the elliptical change to the polarization of
incident light.

2.5.2 Polarization of light

According to Maxwell’s theory, light is an electromagnetic wave®!. It can be treated as
a combination of transverse electric and magnetic fields travelling along the direction
of propagation. The travelling electric and magnetic fields are defined as equations 2.9

and 2.10, respectively. Figure 2.11 shows an illustration of an electromagnetic wave®!.

E (r,t)=¢,Ee " 2.10

B (r.1) :%(kg xz, ) Bl 211,

where €, is the unit polarization vector and k = (w/c), ko is the wave vector along the
direction of propagation. The electric field vector is named the polarization vector,
which leads to the state of the polarization of the electromagnetic wave. Since the
electric field vector consists of a rapid succession of different polarization states lying
in the xy plane®!. Natural light is called unpolarized. This means the electric field vector
always has different orientations on this plane. The configurations of the
electromagnetic wave can be linearly, circular, and elliptical polarization. When the
electric field vector has a fixed orientation on the plane perpendicular to the propagation
direction, the electromagnetic wave is linearly polarized. Other possible configurations
are circular and elliptical polarization. The possible polarization of light is shown in
figure 2.12.

When light impinges on a surface, the vectors along the propagation direction of

the incoming and reflected beams define as the plane (scattering plane) of incident
light'!, If the light is linearly polarized on the plane of incidence, the light is called
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Figure 2.11: The schematic view of a traveling electromagnetic wave. The electric and magnetic field
are transverse to each other and the propagation direction ko. The electric field vector is named the

polarization vector as it defines the polarization state of the electromagnetic wave. The figure is adapted

from Ref.%!.
E,

Unpolarized  Linearly Circularly Ellipically
polarized polarized polarized

Figure 2.12: Possible polarization states of light. The figure is adapted from Ref.’.

p-polarized (from parallel). If the light is linearly polarized perpendicular to the plane
of incidence, it generates called s-polarized light (see figure 2.13).

2.5.3 Definition of the magneto-optical Kerr effect

When s- or p-polarized light is reflected from a magnetic film, its polarization becomes
elliptic, and the principal polarization axis is rotated®!. These two consequences, Kerr
ellipticity and Kerr rotation, make up the magneto-optical Kerr effect, as shown in
figure 2.15.
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g
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Figure 2.13: Light being refracted from a medium, with the s- and p-polarization directions defined. The

ki and k; vectors define the plane of incidence. The figure is adapted from Ref.!!5,

The angle ¢ in figure 2.14 represents the Kerr rotation and denotes the rotation of
the major axis with respect to its original polarization direction. The Kerr rotation is
given by equation 2.16:

2E,,E,, cOS¢p

2 2
EOx - EOy

tan 2¢ = 2.12,

where Eox and Eoy denote the electric field amplitudes of the linearly polarized light in
the x and y directions ¢!, ¢ is the phase difference between these amplitudes.

The angle ¢ in figure 2.14 is the ratio between the normal components of the
resulting elliptical polarized light®!. It is called the Kerr ellipticity and is given by

|Emin| _ |E0R _E0L|

= 2.13,
E |Eqr + EoL|

tane =

-

where Eor and EoL are the basis states of the right-circularly polarized light and left-
circularly polarized light, respectively. MOKE is often represented by the complex Kerr
angle, Ok, given by equation 2.14.

O, =p+ie 2.14
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2.5.4 Physical origin

Figure 2.14: Electric field vector after a linearly polarized light impinges on a magnetic surface and
experiences the Kerr effect. The angle ¢ is called the Kerr rotation and the angle ¢ is called the Kerr

ellipticity. The figure is adapted from the Ref.®!.

2.5.4 Physical origin

There are two physical origins to explain the MOKE, i.e., semi-classical way and
quantum theory.

The semi-classical explanation of the MOKE is as follows. Linear polarization can
be separated into the equal superposition of phase and amplitude-coherent left and right
circular polarization (LCP and RCP, respectively). When the electric field of LCP (RCP)
propagates through a medium, the electrons will be excited, resulting in them to orbit
in left (right) circular orbits. With a magnetic field in the medium, the electrons will
feel different Lorentz forces, either away from or towards, the center of the orbit and
the radius of the orbit will either increase or decrease. However, if the magnetic field is
removed, the orbits will have the same radius, and linear polarization will be unchanged.
Thus, when a material is excited by a light source, the superposition of LCP and RCP
is different in comparison to the incident light. The linear polarization state will be
rotated, and the different absorption rates between LCP and RCP will change the
ellipticity.

However, this classical explanation is qualitatively correct. To quantify magneto-
optic effects in ferromagnets, an effective field of the same order as the Weiss field is
required!!2. When light travels through a dielectric material, it may experience different
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refractive indexes depending on the direction of propagation. For material with
optically isotropic properties, the permittivity tensor can be described as:

gy, O
=0 ¢, O 2.15.
0 0 ¢

If the material is optically anisotropic, the permittivity tensor with non-zero off-
diagonal terms will be shown as equation 2.19!13:

Eo &y —Ey
) =|-¢, &, &, 2.16.
e, —€, &

The magneto-optic effects can also be well explained by quantum theory. Linear
magneto-optic effects are generated by the interaction of photons with electron spins
via the spin-orbit interaction'!*!'%. This statement can be proved by analyzing the
Hamiltonian function for isolated one-electron and the magneto-optic effects, and the
orbital motion of an electron in an electrostatic field!'!?.

2.5.5 Geometries of Kerr effect

There are three different geometries of MOKE, i.e., longitudinal MOKE, transverse
MOKE, and polar MOKE, where their differences are relative to the plane of light
incidence, as shown in figure 2.15.

For longitudinal geometry, the direction of the sample’s magnetization is parallel
to the plane of incidence light. And the transverse MOKE occurs when the direction of
magnetization is perpendicular to the plane of light incidence. In polar MOKE, the
linearly polarized light induces the electrons to oscillate parallel to its plane of
polarization, which in this case it is the plane of electric field E. In this thesis, we use
the polar MOKE configuration to design the home-made setup.

From figure 2.16, Rn is the regularly reflected light where it is polarized in the same
plane as the incident light. The Lorentz force induces a small vibration in the direction
perpendicular to the primary motion and the magnetization direction. This secondary
motion is proportional to the Lorentz movement, generating the Kerr amplitude Rx for
reflection. Therefore, the difference in angle between Rn and Rk results in the
magnetization-dependent polarization rotation.

2.5.6 Measurement theory
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Figure 2.15: The longitudinal, transverse, and the polar magneto-optical Kerr effect (MOKE)
measurement geometries are defined in terms of the relative orientation of the magnetic field B and the

plane of incidence light. The figure is adapted from the Ref.!!5,

polar geometry

Figure 2.16: Diagram of the polar MOKE showing the magnetization direction and the Lorentz

movement direction, which gives the Kerr effect in reflection. The figure is adapted from the Ref. '°.

The MOKE setup in our lab, shown in figure 2.17, was built by Simon Schifer and Rolf
B. Versteeg. After that, Jorg Schopf updated it which enable us to simultaneously
measure the Kerr rotation and Hall effect resistance. The measurement theory for the
system was also presented in their master or Ph.D. thesis!!®!7,

2.5.6.1 Intensity modulation

The setup response is calculated in the Jones matrix formalism. After the
monochromator, the light passes a polarizer, which vertically polarizes the incident light:
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:

The linearly polarized light is reflected from a sample represented by the reflection
matrix:

o

b
ﬁcirc:[ . ~ J 2.18
0 p

given in circular basis.

The complex circular reflection coefficients are:

p. =r.e 2.19,

where 7 is the amplitude and - is the phase. When linearly polarized light reflects
from the sample, the polarization variable is:

£ =L = Zelee) 2.20.

The polarization rotation and ellipticity ratio are in this case:

1 r —r
6 = — (0 —(‘Z) = — ks 221
K 2( =9.) &m r+r

In Cartesian coordinates, the sample reflection matrix is:

- _ 1 1\ p 01 i
ﬁlin = F_l 'ﬁcirc F= l P P ~ . 2.22.
2{-1 1)L0 p A1 —i

The PEM is a phase retarder, with the addition that the amount of retardation is now a
periodic function in time:

O= | s =s,sinat 2.23.
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Light

soruce

Figure 2.17: Schematic of the polarizing elements in the setup. Monochromatic light is polarized in the
y-direction by polarizer one, reflected by the sample, modulated by the PEM, passes polarizer two and
is collected by the detector. The symbols of the Jones matrices are attached. The figure is adapted from
Ref. 18,

The second polarizer (the analyzer) is set to an angle of 135° (or 45°). Other
configurations are possible, but will yield a worse signal-to-noise ratio in most
experiments'!®, Thus, our general expression is simplified as follows:

) 37T 37 . 37 1 1
Ccos™ — COS—SIn— —- ——

A(135') = 4 4 4l 2 2 2.24.
. 31 3w ., 3T 1 1
SIN—C0S— SiIn® — - —
4 7y 4 2 2

Combining all the elements, the full Jones matrix representation of the beam path is:

0
Eout =A-O- I:_l'pcirc ’ F( j

1
1 1)
- [ 3 .
_1) 2 2e 011p+~01!0 9 95
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2.5.6.1 Intensity modulation

The signal intensity arriving at the detector is the absolute square of this value:

Iout :|Eout |
1 - iS5 ~ ~ ~ - 2
=< lie” (p. -5 )~ (5. +5.) 2.26.
We note here that P, and p. are complex valued, and of the form o. = r.e'’”  We
also define AG = E(Q —6_) after a lengthy calculation, we receive:
| = 1[rf +1?+(r? —r?)sin5+2r,r_cosssin Ae} 2.27.
4

From equation 2.21, we estimate the difference in reflectivity to be small:|r+—1.| <<1++

r-. This allows us to use the following approximations:

r’—r’> _r—r
—— N2 ——=2¢, 2.28
ro+r r+r
r.r 1
= 2.29.
r’+r’ 2
Additionally, we use the shorthand
| = % R[1+2¢,sin5+cosdsin(-26, ) | 2.30.

The above intensity expression contains the terms of interest: the rotation 6k, and
ellipticity ratio e. The PEM modulates the intensity by d(t) = do sin(wt). The sine and
cosine function terms are expanded in Bessel function terms J as'%’:

cos(d, sin(at)) = J,(6,)+ Zi J,,(6,)cos(2nat)
n=1
=J,(6,)+23,(5,)cos(2at) + higher order even e terms 2.31.

o0

sin (&, sin(at) ) =2>"J,,,, (5, )sin((2n +)wt)

n=0

=2J,(6, )sin(wt) + higher order uneven « terms
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Here, the orders higher than 2w are ignored. The modulated intensity arriving at the
detector thus is:

I =1(0)+ I (w) + 1 (2w) + higher order o terms 2.32
with:
R :
I(O):E(“ 2J,(5,)sin(-26,)) 2.33
|(w)=5(43 (8)&n) 2.34
2 1\Y0)%m '
| (20) = %(Nz (8, )sin(-26,)) 2.35.

The component without temporally modulated intensity is /(0). The /(0) intensity is
determined by mechanically chopping the incident light at a frequency fchopper<< fPEM
depending on the retardation amplitude &o through the zero’th order Bessel functions
Jo(8o). Similarly, J;(80), and J2(d0) are determined by the first and second-order Bessel
functions. Detectors and lock-in amplifiers show different sensitivities to DC values
and the modulated @ and 2w signals which are in the kHz range. This dependency is
captured with effective constants A and B for the different frequency components.

In the measurement, we will get signals from lock-in amplifiers Ipc, t, and L.
Here the /rand rcan be easily derived from w=2nf, equations 2.34, and 2.35. To extract
the Kerr rotation and ellipticity, we will divide the PEM-modulated signals by the DC
signal:

I, 43,(5,)¢, ‘
—A. ~4AJ, (5,) =C, - 2.36
e 1+23,(3,)sin(-26,) 1(%)4 =Cy-2

I, 2J,(5,)sin(-26,)
l e 1+23,(8,)sin(-26,)

~—4BJ,(5,)6, = C,-6, 2.37.

2.5.7 Calibration of the Kerr rotation
The calibration of the Kerr rotation is easy to achieve by rotating a positive and negative

incident angle (+¢) of polarizer one, which polarizes the incident light. Then we can
quantify the signal as follows:
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= C,(A) (+9) 2.38.

to

|2f
A

DC

Then we can determine the calibration constant C, (1) by:

I
_i(ﬁ)

|
p 'DC

|
L
C,(1)=—

0 2.39.
2¢

Combining the equation 2.38 and 2.39, the measured Kerr rotation angle can be
rewritten as:

|
o
0(1) = cDC—(;L) 2.40.

For a single wavelength measurement (temperature or field sweep), the ratio Io¢/Ipc is
measured for known incident positive and negative incident polarization rotations
(normally, £1$ +2% +3°). The measured ratios are then fitted with the function 2.39,
as shown in figure 2.18.

2.5.8 The Kerr spectroscopy of SrRuO3

The magneto-optical studies carried out on SrRuOj3 single crystal, and thin film SrRuOs
have shown large magneto-optical effects'?!"1?2. The Kerr spectroscopy of StRuO; can
indicate the relation between electron structure and MOKE spectrum.

For example, a Kerr spectrum of a [101] oriented single crystal of SrRuO3 was
taken at T = 15 K by Polar MOKE measurement, as shown in figure 2.19. The grey
curve, which shows a peak position at 1.75 eV and 2.85 eV, is the theoretical Kerr
spectrum from the simulation. The red dots curve shows the experimental peaks
observed at ~1.65 eV and ~2.65 eV!!7, which is in good quantitative agreement with
the theoretical peaks. The peak at lower energy comes from the plasma resonance!? i
the diagonal optical conductivity oxx. The higher one is affected by strong hybridization
of O(2p) and Ru(4d) states which induce the O(2p)—Ru(4d) interband transition!?!1?,

n

According to the above introduction of theoretical and experimental Kerr spectrum,
one can choose a suitable wavelength responding to the key energy to maximize the
measured Kerr rotation angle. Actually, the /(0) is a constant depending on the source
intensity, which means the intensity of the light measured by the detector is wavelength-
dependent. Besides, defects or impurities for the real samples exist in different samples.
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2.5.8 The Kerr spectroscopy of SRO

The Kerr spectrum tends to be different between them. Then a suitable wavelength
is required to maximize the intensity for measurement.

42



2.6 References

2.6 References

10

11

12

14

15

16

17

18

J. Xia, W. Siemons, G. Koster, M. R. Beasley, and A. Kapitulnik, Phys Rev
B 79 (14), 140407 (2009).

M. Kim and B. I. Min, Phys Rev B 91 (20) (2015).

Z. Sefrioui, D. Arias, M. A. Navacerrada, M. Varela, G. Loos, M. Lucia, J.
Santamaria, F. Sanchez-Quesada, and M. A. Lopez de la Torre, Applied
Physics Letters 73 (23), 3375 (1998).

J. M. Rondinelli, N. M. Caffrey, S. Sanvito, and N. A. Spaldin, Phys Rev B
78 (15), 155107 (2008).

C. U. Jung, H. Yamada, M. Kawasaki, and Y. Tokura, Applied Physics
Letters 84 (14), 2590 (2004).

Z. Zeng, J. Feng, X. Zheng, C. Wang, J.W. Liu, Z. X. Lu, F.-X. Jiang, X.-H.
Xu, Z. M. Wang, and R.-W. Li, Applied Physics Letters 116 (14), 142401
(2020).

I. Bakonyi, E. Simon, B. G. Téth, L. Péter, and L. F. Kiss, Phys Rev B 79
(17), 174421 (2009).

F. Bern, M. Ziese, A. Setzer, E. Pippel, D. Hesse, and 1. Vrejoiu, Journal of
Physics: Condensed Matter 25 (49), 496003 (2013).

Y. Shokr, Ph.D. thesis, Freien Universitédt Berlin (2016).

Y. Ohuchi, J. Matsuno, N.Ogawa, Y. Kozuka, M. Uchida, Y. Tokura, and M.
Kawasaki, = Nature Communications 9 (1), 213 (2018).

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, Physical
Review Research 2 (2), 023404 (2020).

M. Ziese, F. Bern, P. D. Esquinazi, and 1. Lindfors-Vrejoiu, Physica status
solidi (b) 257 (7), 1900628 (2020).

I. Lindfors-Vrejoiu and M. Ziese, physica status solidi (b) 254 (5), 1600556
(2017).

Q. Qin, W. Song, S. He, P. Yang, and J. Chen, Journal of Physics D: Applied
Physics 50 (21), 215002 (2017).

L. Wysocki, R. Mirzaaghayev, M. Ziese, L. Yang, J. Schopf, R. B. Versteeg, A.
Bliesener, J. Engelmayer, A. Kovacs, L. Jin, F. Gunkel, R. Dittmann, P. H. M.
van Loosdrecht, and 1. Lindfors-Vrejoiu, Applied Physics Letters 113 (19),
192402 (2018).

L. Yang, L. Jin, L. Wysocki, J. Schopf, D. Jansen, B. Das, L. Kornblum, P.H.
M. van Loosdrecht, and I. Lindfors-Vrejoiu, Phys Rev B 104 (6), 064444
(2021).

C. W. Jones, P. D. Battle, P. Lightfoot, and W. T. A. Harrison, Acta
Crystallographica Section C 45 (3), 365 (1989).

G. Koster, L. Klein, W. Siemons, G. Rijnders, J. Steven Dodge, C.-B. Eom, D.
H. A. Blank, and M. R. Beasley, Reviews of Modern Physics 84 (1), 253

43



2.6 References

19

20
21

22

23

24

25

26

27

28

29

30

31

32
33

34

35

36

37

38

39

40

(2012).

J. Choi, C. B. Eom, G. Rijnders, H. Rogalla, and D. H. A. Blank, Applied
Physics Letters 79 (10), 1447 (2001).

D. Kan and Y. Shimakawa, Crystal Growth & Design 11 (12), 5483 (2011).
D. Kan, R. Aso, H. Kurata, and Y. Shimakawa, Advanced Functional
Materials 23 (9), 1129 (2013).

W. Lu, W. Song, P. Yang, J. Ding, G. Moog Chow, and J. Chen, Scientific
Reports 5 (1), 10245 (2015).

Q. Gan, R. A. Rao, C. B. Eom, L. Wu, and F. Tsui, Journal of Applied
Physics 85 (8), 5297 (1999).

K. J. Choi, S. Hyub Baek, H. W. Jang, L. J. Belenky, M. Lyubchenko, and C.-
B. Eom, Advanced Materials 22 (6), 759 (2010).

M. S. Laad and E. Miiller-Hartmann, Physical Review Letters 87 (24),
246402 (2001).

K. Yoshimura, T. Imai, T. Kiyama, K. R. Thurber, A. W. Hunt, and K. Kosuge,
Physical Review Letters 83 (21), 4397 (1999).

Q. Gan, R. A. Rao, C. B. Eom, J. L. Garrett, and Mark Lee, Applied Physics
Letters 72 (8), 978 (1998).

G. Cao, S. McCall, M. Shepard, J. E. Crow, and R. P. Guertin, Phys Rev B
56 (1), 321 (1997).

Wikipedia contributors, Magnetic anisotropy,
https://en.wikipedia.org/w/index.php?title=Magnetic_anisotropy&oldid=1067
920859 (last visited May 10, 2022). Wikipedia.

C. Tannous and J. Gieraltowski, European Journal of Physics 29 (3), 475
(2008).

D. Sander, Journal of Physics: Condensed Matter 16 (20), R603 (2004).

A. Kanbayasi, Journal of the Physical Society of Japan 41 (6), 1879 (1976).
L. Wu, F. Wen, Y. Fu, J. H. Wilson, X. Liu, Y. Zhang, D. M. Vasiukov, M. S.
Kareev, J. H. Pixley, and J. Chakhalian, Phys Rev B 102 (22), 220406
(2020).

A. Kanbayasi, Journal of the Physical Society of Japan 44 (1), 108 (1978).
L. Klein, J. S. Dodge, C. H. Ahn, J. W. Reiner, L. Mieville, T. H. Geballe, M.
R. Beasley, and A. Kapitulnik, Journal of Physics: Condensed Matter 8 (48),
10111 (1996).

Y. Kats, I. Genish, L. Klein, J. W. Reiner, and M. R. Beasley, Physical
Review B 71 (10), 100403 (2005).

L. D. Landau, J. S. Bell, M. J. Kearsley, L. P. Pitaevskii, E .M. Lifshitz, and J.
B. Sykes, Electrodynamics of continuous media. (elsevier, 2013).

K. Terai, T. Ohnishi, M. Lippmaa, H. Koinuma, and M. Kawasaki, Japanese
Journal of Applied Physics 43 (No. 2A), L227 (2004).

M. Matczak, B. Szymanski, M. Urbaniak, M. Nowicki, H. Glowinski, P.
Kuswik, M. Schmidt, J. Aleksiejew, J. Dubowik, and F. Stobiecki, Journal of
Applied Physics 114 (9), 093911 (2013).

M. A. Ruderman and C. Kittel, Physical Review 96 (1), 99 (1954).

44


https://en.wikipedia.org/w/index.php?title=Magnetic_anisotropy&oldid=1067920859
https://en.wikipedia.org/w/index.php?title=Magnetic_anisotropy&oldid=1067920859

2.6 References

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60
61

62
63

64

65

66

67

T. Kasuya, Progress of Theoretical Physics, 16, 45 (1956).

Kei Yosida, Physical Review 106 (5), 893 (1957).

M. D. Stiles, Journal of Magnetism and Magnetic Materials 200 (1), 322
(1999).

W. Kuch, L. I. Chelaru, F. Offi, J. Wang, M. Kotsugi, and J. Kirschner,

Nature Materials 5 (2), 128 (2006).

J. Wu, J. Choi, A. Scholl, A. Doran, E. Arenholz, Y. Z. Wu, C. Won, Chanyong
Hwang, and Z. Q. Qiu, Phys Rev B 80 (1), 012409 (2009).

B. Zhang, C.-B. Wu, and W. Kuch, Journal of Applied Physics 115 (23),
233915 (2014).

J. Moritz, F. Garcia, J. C. Toussaint, B. Dieny, and J. P. Noziéres,

Europhysics Letters (EPL) 65 (1), 123 (2004).

W. Kuch, L. I. Chelaru, K. Fukumoto, F. Porrati, F. Offi, M. Kotsugi, and J.
Kirschner, Phys Rev B 67 (21), 214403 (2003).

V. Baltz, B. Rodmacq, A. Bollero, J. Ferré, S. Landis, and B. Dieny, Applied
Physics Letters 94 (5), 052503 (2009).

J. F. Bobo, H. Kikuchi, O. Redon, E. Snoeck, M. Piecuch, and R. L. White,
Phys Rev B 60 (6), 4131 (1999).

F. Stobiecki, B. Szymanski, M. Urbaniak, T. Lucinski, J. Dubowik, M.
Kopcewicz, J. Jagielski, and Y. P. Lee, Journal of the Korean Physical
Society 45 (1), 1 (2004).

P. Bruno, Phys Rev B 52 (1), 411 (1995).

P. Bruno and C. Chappert, Physical Review Letters 67 (12), 1602 (1991).

J. C. Slonczewski, Journal of Magnetism and Magnetic Materials 150 (1), 13
(1995).

D. T. Pierce, J. Unguris, R. J. Celotta, and M. D. Stiles, Journal of
Magnetism and Magnetic Materials 200 (1), 290 (1999).

A. Berger and H. Hopster, Physical Review Letters 73 (1), 193 (1994).

H. Hopster, Physical Review Letters 83 (6), 1227 (1999).

V. M. Uzdin, C. Demangeat, Journal of Magnetism and Magnetic Materials,
165, 458 (1997).

M. Onoda and N. Nagaosa, Journal of the Physical Society of Japan 71 (1),
19 (2002).

N. A. Sinitsyn, Journal of Physics: Condensed Matter 20 (2), 023201 (2007).
J. Stohr, H.C.S. Joachim Stshr, and H.C. Siegmann, Magnetism: From
Fundamentals to Nanoscale Dynamics. (Springer, 2006).

G. S. Leadstone, Physics Education 14 (6), 374 (1979).

E. M. Pugh and N. Rostoker, Reviews of Modern Physics 25 (1), 151
(1953).

E. M. Pugh, Physical Review 36 (9), 1503 (1930).

E. M. Pugh and T. W. Lippert, Physical Review 42 (5), 709 (1932).

C. Liu, S. Zhang, X. Qi, arXiv: 1508.07106, Mesoscale and Nanoscale Physics
(2015).

R. Karplus and J. M. Luttinger, Physical Review 95 (5), 1154 (1954).

45


https://arxiv.org/abs/1508.07106

2.6 References

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

N. Nagaosa, J. Sinova, S. Onoda, A. H. MacDonald, and N. P. Ong, Reviews
of Modern Physics 82 (2), 1539 (2010).

J. Smit, Physica 24 (1), 39 (1958).

L. Berger, Phys Rev B 5(5), 1862 (1972).

H.-Y. Yang, B. Singh, B. Lu, C.-Y. Huang, F. Bahrami, W.-C. Chiu, D. Graf,
S.-M. Huang, B. Wang, H. Lin, D. Torchinsky, A. Bansil, and F. Tafti,
Applied Physics Letters Material 8 (1), 011111 (2020).

L. Klein, J. R. Reiner, T. H. Geballe, M. R. Beasley, and A. Kapitulnik, Phys
Rev B 61 (12), R7842 (2000).

R. Mathieu, A. Asamitsu, H. Yamada, K. S. Takahashi, M. Kawasaki, Z. Fang,
N. Nagaosa, and Y. Tokura, Physical Review Letters 93 (1), 016602 (2004).
G. Bergmann, Eur. Phys. J. B 54 (1), 19 (2006).

N. Nagaosa, Journal of the Physical Society of Japan 75 (4), 042001 (2006).
J. M. Phillips, MRS Bulletin 20 (4), 35 (1995).

M. D. Biegalski, L. Qiao, Y. Gu, A. Mehta, Q. He, Y.Takamura, A. Borisevich,
and L.Qing Chen, Applied Physics Letters 106 (16), 162904 (2015).

A. F. Marshall, L. Klein, J. S. Dodge, C. H. Ahn, J. W. Reiner, L. Mieville, L.
Antagonazza, A. Kapitulnik, T. H. Geballe, and M. R. Beasley, Journal of
Applied Physics 85 (8), 4131 (1999).

J. C. Jiang, X. Q. Pan, and C. L. Chen, Applied Physics Letters 72 (8), 909
(1998).

G. Rijnders, D. H. A. Blank, J. Choi, and C.-B. Eom, Applied Physics
Letters 84 (4), 505 (2004).

M. Kawasaki, K. Takahashi, T. Maeda, R. Tsuchiya, M. Shinohara, O.
Ishiyama, T. Yonezawa, M. Yoshimoto, and H. Koinuma, Science 266
(5190), 1540 (1994).

X. Wan, A.M. Turner, A. Vishwanath, and S.Y. Savrasov, Phys Rev B 83
(20), 205101 (2011).

T. Han, Y.n Wang, J.Yang, L. He, J. Xu, D. Liang, H. Han, M. Ge, C. Y. Xi, W.
K. Zhu, C. Zhang, and Y. Zhang, Applied Physics Letters 109 (19), 192409
(2016).

S.-W. Cheong and M. Mostovoy, Nature Materials 6 (1), 13 (2007).

K.-Y. Yang, Y.-M. Lu, and Y. Ran, Phys Rev B 84 (7), 075129 (2011).

H. L. Stormer, Reviews of Modern Physics 71 (4), 875 (1999).

J.-M. Carter, V. V. Shankar, M. A. Zeb, and H.-Y. Kee, Phys Rev B 85 (11),
115105 (2012).

L. Zhang, B. Pang, Y. B. Chen, and Y. Chen, Critical Reviews in Solid State
and Materials Sciences 43 (5), 367 (2017).

J. Matsuno, N. Ogawa, K. Yasuda, F. Kagawa, W. Koshibae, N. Nagaosa, Y.
Tokura, and M. Kawasaki, Science Advances 2 (7), e1600304.

P. E. R. Blanchard, E. Reynolds, B. J. Kennedy, J. A. Kimpton, M. Avdeev,
and A. A. Belik, Phys Rev B 89 (21), 214106 (2014).

J. M. Longo, J. A. Kafalas, and R. J. Arnott, Journal of Solid State
Chemistry 3 (2), 174 (1971).

46



2.6 References

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107
108

109

110

J. G. Zhao, L. X. Yang, Y. Yu, F. Y. Li, R. C. Yu, Z. Fang, L. C. Chen, and C.
Q. Jin, Journal of Applied Physics 103 (10), 103706 (2008).

B. J. Kim, Hosub Jin, S. J. Moon, J. Y. Kim, B. G. Park, C. S. Leem, Jaejun
Yu, T. W. Noh, C. Kim, S. J. Oh, J. H. Park, V. Durairaj, G. Cao, and E.
Rotenberg, Physical Review Letters 101 (7), 076402 (2008).

J. W. Kim, Y. Choi, Jungho Kim, J. F. Mitchell, G. Jackeli, M. Daghofer, J.
van den Brink, G. Khaliullin, and B. J. Kim, Physical Review Letters 109
(3), 037204 (2012).

S. J. Moon, H. Jin, K. W. Kim, W. S. Choi, Y. S. Lee, J. Yu, G. Cao, A. Sumi,
H. Funakubo, C. Bernhard, and T. W. Noh, Physical Review Letters 101
(22), 226402 (2008).

Y. F Nie, P. D CKing, C. HKim, M. Uchida, H. I Wei, B. D Faeth, J. P
Ruf, J. P C Ruff, L. Xie, X. Pan, C. J Fennie, D. G Schlom, and K. M Shen,
Physical Review Letters 114 (1), 016401 (2015).

W. Wang, L. Li, J. Liu, B. Chen, Y. Ji, JO Wang, GO Cheng, Y. Lu, G. Rijnders,
G. Koster, W. Wu, and Z. Liao, npj Quantum Materials 5 (1), 73 (2020).

M. M. Kane, A. Vailionis, L. J. Riddiford, A. Mehta, A. T. N’Diaye, C. Klewe,
P. Shafer, E. Arenholz, and Y. Suzuki, npj Quantum Materials 6 (1), 44
(2021).

J. Son, P. Moetakef, J. M. LeBeau, D. Ouellette, L. Balents, S. J. Allen, and S.
Stemmer, Applied Physics Letters 96 (6), 062114 (2010).

E.J. Moon, B. A. Gray, M. Kareev, J. Liu, S. G. Altendorf, F. Strigari, L. H.
Tjeng, J. W. Freeland, and J. Chakhalian, New Journal of Physics 13 (7),
073037 (2011).

E. Sakai, M. Tamamitsu, K. Yoshimatsu, S. Okamoto, K. Horiba, M. Oshima,
and H. Kumigashira, Phys Rev B 87 (7), 075132 (2013).

J. Fowlie, M. Gibert, G. Tieri, A. Gloter, J. fﬁiguez, A. Filippetti, S. Catalano,
S.Gariglio, A.Schober, M.Guennou, J. Kreisel, O. Stéphan, and J.-M. Triscone,
Advanced Materials 29 (18), 1605197 (2017).

Y. Li, J. Zhou, and D. Wu, ACS Applied Materials & Interfaces 11 (3), 3565
(2019).

K. Tsubouchi, I. Ohkubo, H. Kumigashira, Y. Matsumoto, T. Ohnishi, M.
Lippmaa, H. Koinuma, and M. Oshima, Applied Physics Letters 92 (26),
262109 (2008).

J. B. Torrance, P. Lacorre, A. 1. Nazzal, E. J. Ansaldo, and C. Niedermayer,
Physical review. B, Condensed matter 45 (14), 8209 (1992).

J. L. Garcia-Mufioz, J. Rodriguez-Carvajal, and P. Lacorre, Physical review.
B, Condensed matter 50 (2), 978 (1994).

A. Riiegg and G. A. Fiete, Phys Rev B 84 (20), 201103 (2011).

L. Sun, T. Yu, Y.-F. Chen, J. Zhou, and N.-B. Ming, Journal of Materials
Research 12 (4), 931 (1997).

N. O. Urs, B. Mozooni, P. Mazalski, M. Kustov, P. Hayes, S. Deldar, E.
Quandt, and J. McCord, AIP Advances 6 (5), 055605 (2016).

A. Hubert and R. Schéifer, Magnetic domains : the analysis of magnetic

47



2.6 References

111
112
113

114
115

116

117

118

119

120
121

122

123

microstructures. (Berlin : Springer, 1998).

H. E. Edens, Master’s thesis, University of Amsterdam, (2002).

P. N. Argyres, Physical Review 97 (2), 334 (1955).

J. Zak, E. R. Moog, C. Liu, and S. D. Bader, Journal of Applied Physics 68
(8), 4203 (1990).

P. S. Pershan, Journal of Applied Physics 38 (3), 1482 (1967).

A. Arora, S. Ghosh, and V. Sugunakar, Review of Scientific Instruments
82 (12), 123903 (2011).

J. Schopf, Master thesis, Universitit zu Koln (2019).

R. B. Versteeg, Ph.D. thesis, Universitit zu Koln (2019).

S. Schifer, Master thesis, Universitit zu Koln (2015).

S. Polisetty, J. Scheffler, S. Sahoo, Yi Wang, T. Mukherjee, X. He, and Ch
Binek, Review of Scientific Instruments 79 (5), 055107 (2008).

K. Sato, Japanese Journal of Applied Physics 20 (12), 2403 (1981).

H. Ohta, E. Kulatov, J. S. Dodge, Yu Uspenskii, and S. Halilov, Journal of
the Magnetics Society of Japan 22 (S 2 MORIS 97), S2 185 (1998).

J. S. Dodge, E. Kulatov, L. Klein, C. H. Ahn, J. W. Reiner, L. Miéville, T. H.
Geballe, M. R. Beasley, A. Kapitulnik, H. Ohta, Yu Uspenskii, and S. Halilov,
Phys Rev B 60 (10), R6987 (1999).

H. Feil and C. Haas, Physical Review Letters 58 (1), 65 (1987).

48



Chapter 3 Experimental methods

Chapter 3 Experimental methods

Contents

Chapter 3 Experimental methods ........cccuvieiiiiiiiiiiiiiiiiiiiiiiiieeeeee. 49
3.1 FIlm @LOWEH ..o 50
3.1.1 Pulsed Laser DepoSition.........cccceeieciinininiiieniiiiiiciesiese e 50

3.1.2 Reflection high-energy electron diffraction (RHEED) .........ccccoooviiiiinininiininnenn, 51

3.2 Magnetooptical Kerr effect (MOKE) and magneto-transport measurements ................... 52
3.2.1 MOKE MEASUTCIMENLS ......eeteevieiieniienieenieeniiesitesitesitesitesieesieesaeesaeesatesaeesneesneesneeenee 52

3.2.2 Magneto-transport MEASUTEINENE.......ccuerviiiirierririiiieienie st se e s ae e 54

3.3 Atomic Force Microscopy (AFM) ....ccccoiiiiiiininiiiiiiiiiiicicscee e 56

3.4 Superconducting Quantum Interference Device (SQUID) magnetometer........................ 57

3.5 X-Ray Magnetic Circular Dichroism (XMCD).......coceriiriiniiniinienienieeie e 58

3.0 RETEIENCES ..ottt 61

49



3.1 Film growth

his chapter outlines the experimental techniques used to prepare and characterize
magnetic heterostructures.

3.1 Film growth

3.1.1 Pulsed Laser Deposition

Pulsed Laser Deposition (PLD) is commonly used to make thin films of complex
materials, such as strongly-correlated electronic  materials'?,  colossal
magnetoresistance materials®*, ferroelectrics®, high-temperature superconductors®’
and compound semiconductors®,

PLD is a competitive technique for several reasons. Firstly, it enables the
stoichiometric transfer of the target material to the film’. Secondly, it is easy to fabricate
different thicknesses and multilayers films by controlling the growth time, the pulse
repetition rate, and varying targets. Thirdly, the laser is outside the chamber, which can
minimize any impurities caused by in-vacuum power components. The laser can serve
many vacuum systems to save the laser cost. One can obtain atomic-scale oxide thin-
films and heterostructures by PLD, which are high quality and comparable to samples
prepared by molecular beam epitaxy (MBE)!°. PLD combined reflection high-energy
electron diffraction (RHEED) allows one to characterize the film growth in real-time'"
13

The basic principles of PLD are sketched in figure 3.1: A pulsed laser beam is
focused down to a high energy density onto a single or polycrystalline target, placed

Rotatable Heater

Sample Manipulator Prassiie Gatise

Excimer
\ Laser Source

View
Port

RHEED
Screen

Target
Planetary
Target Manipulator

Figure 3.1: Principle of pulsed laser deposition (PLD): A laser is focused on a rotating target where it
ablates material in the form of a plasma. A heated substrate is placed into the emerging plasma plume.

On the substrate, the plasma condenses and a film grows.
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3.1.2 Reflection high-energy electron diffraction (RHEED)

ol

RHEED screen

i |

= ¥§:/

RHEED Gun
S

Figure 3.2: Photo of the PLD machine with which the samples were made.

in a vacuum chamber with a defined gas atmosphere. The laser-matter interaction leads
to a rapid ablation of target material, which is ejected as a plasma plume, expanding in
a flow perpendicular to the target surface. This plasma plume contains charged and
neutral species of the target material. Repetition of laser shots leads to an accumulation
of matter onto the substrate surface, resulting in forming a thin film.

In this work, the PLD fabricated the samples with the equipment shown in figure
3.2. The growth process can be conducted in different gas atmospheres. In my thesis,
oxygen is used.

3.1.2 Reflection high-energy electron diffraction (RHEED)

Reflection high-energy electron diffraction (RHEED) is a common technique used to
characterize the surface of crystalline materials. This in situ system has two advantages.
First, the in situ measurements are non-destructive and are free from sample
degradation due to adsorbates from the ambient atmosphere. Second, simultaneous
measurements performed by the RHEED allow the entire thin-film growth process to
be observed and characterized. The thickness of the grown layers. may be inferred if
the layer growth model allows, and the crystalline structure or possible surface
reconstruction can be observed.
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3.2 Magnetooptical Kerr effect (MOKE) and magneto-transport measurements

Figure 3.3: Schematic of the MOKE setup used for this thesis (the figure from S. Schéifer and J. Schoepf,

Master's thesis'*!%).

Figure 3.1 illustrates very schematically also the apparatus of RHEED. The
electron beam, produced and accelerated in an electron gun, passes through a small
aperture, and it is focused on a fluorescence screen by a (magnetic) focusing lens. The
beam is deflected by deflection coils to irradiate the sample surface with a defined
glancing angle of incidence. The RHEED pattern is observed on the fluorescence screen,
which is placed inside the view port flange of the vacuum chamber and can be recorded
by an external photo camera. The spot intensity and profile are analyzed later from the
stored images or in real-time with a CCD-PC system. Alternately, the spot intensity can
be measured directly as current by a Faraday cage, a small metal cage to collect the
aimed diffracted beam, which is connected to a picoammeter.

3.2 Magnetooptical Kerr effect (MOKE) and magneto-transport

measurements

3.2.1 MOKE measurements

A pivotal idea to increase the sensitivity of MOKE measurements and improve the
signal-to-noise ratio is to use modulation techniques based on lock-in phase detection.
A polarization spectroscopy setup based on the double-modulation (DM) technique
(DMT) described in Refs'*!'® was constructed in this work. The light polarization
rotation with an excellent signal-to-noise ratio can be measured by using the DM and
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3.2.1 MOKE measurements

Table 3.1: Properties and specifications of the cryostat microstatMO, polarization spectrometer, and

electrical transport setup (a: inferred from my measurements).

System properties Specification
Sample temperature T range 8K -300K!'"
Temperature stability AT at 10 K 0.05 K% 0.1 K5, 0.2 K'®
(During magnetic field sweep; rate: 0.3T/min)
Magnetic field uH range +5T!®
Wavelength ) range 350 nm - 1500 nm'®
Spectral resolution AL 5-10 nm'®
Polarization rotation sensitivity 0.005°1°
(at 540nm £ 10nm)
Current source I range 0.1 pAto 105 mA!7
Voltage V range (resolution) 10 mV(InA) to 10V (1uV)!'®
Voltage accuracy AV 10mA range +(60 ppm of reading + 40
nv)!8

lock-in technique.

A schematic of the polarization spectroscopy setup is shown in figure 3.3. The
devices used for Hall measurements are shown on the left of the cryostat. The devices
and optical components are shown on the right. The light source with tunable
wavelength is a Xe-lamp, a monochromator directly attached to it. A parabolic mirror
collimates the delivering Light, subsequently sent through an optical chopper with a
frequency of 680 Hz, modulating the signal into a square shape. The light becomes
linear polarized by passing through a Glan-Taylor prism (Pol 1). Then the
inhomogeneous light is cut by the aperture 1 and focused on the sample inside the
cryostat by a biconvex lens (Lens 1). A second biconvex lens polarized the reflected
light. A photoelastic modulator (PEM) modulates the polarization state of the light with
a frequency of 50 kHz. A photodiode detector measures the light intensity. One can
obtain the intensity components Ipc, /if, and l>r from two Lock-Ins. A summary of the
system specifications is given in table 3.1. The output of a 450 W Xe lamp is
monochromatized with a JobinYvon MicroHR F = 140 mm monochromator. The light
is subsequently collimated with a parabolic mirror, and s-polarized with a Glan-Taylor
prism, and focused on the sample with a biconvex lens. When using an F = 15 cm lens,
a spot size of ~1 mm? is obtained. A mechanical chopper modulates the incident light
to determine the reflected or transmitted quasi-DC intensity /pc. Samples can be placed
in an Oxford MagnetoStatMO superconducting magnet. The transmitted or reflected
light i1s refocused with a biconvex lens through a photoelastic modulator PEM-100
Hinds Instruments and a second Glan-Taylor polarizer onto a silicon photodiode. The
PEM modulates the light polarization state with a 50 kHz frequency. The phase
difference is generally set to 6o = 150.5° to ensure a trade-off in modulation efficiency
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3.2.2 Magneto-transport measurement

for the ellipticity and rotation. The ellipticity is proportional to the /= 50 kHz signal,
and the polarization plane rotation is proportional to the 2= 100 kHz signal. The second
Glan-Taylor prism acts as an analyzer for the polarization state. The intensity
components Ipc, /1, and rrare read out by two lock-ins (Ametek Signal Recovery 7230),
of which one measures /irand />r simultaneously. Rotation spectra can be taken over a
wavelength range of 350 -1500 nm. The typical spectral resolution is AL ~5 - 10 nm
depending on the central wavelength and monochromator slit width. A magnetic field
can be applied (and swept) between £ 5 T. The sample temperature can be set (and
swept) between 8 - 300 K. For small rotation 8 and ellipticity ¢ the relation between
measured intensities, and 6, and ¢ is:

& zCZILf QzCZILf 3.1
IDC

The rotation calibration constant C; is determined by rotating the incident polarization
for a known rotation. The details calibration of the rotation for the measurement is
mentioned in Chapter 2.

The rotation sensitivity for A = 540 nm (10 nm bandwidth) probe light is
experimentally determined by measuring 0k (Ha) on a sample with small magnetization.
The slightest detectable polarization rotation is about + 5 mdeg.

3.2.2 Magneto-transport measurement

In this work, the cryostat from Oxford Hall effect measurement systems was used to
characterize electrical properties, such as, temperature dependent sheet resistance,
magnetoresistance, and Hall resistance'>. The van der Pauw method was used for the
electrical measurements'®-*,

The van der Pauw method uses a four-point probe placed at the edges of the sample.
However, the sample must be homogeneous flat with uniform thickness. The size of the
contacts and their location on the sample can significantly affect the measurement
accuracy. To improve measurement accuracy, the area of each contact should be at least
an order of magnitude smaller than the area of the entire sample. The electrical
properties of the contacts were checked by measuring current as a function of voltage.
For ohmic contacts, the 7 - V' curve should exhibit linear behavior.

A schematic diagram of the van der Pauw geometry is shown in figure 3.4. During
the magnetoresistance measurement, current flows along one side of the sample (probes
1 and 2 in figure 3.4(a)) while the voltage is measured along the opposite side (probes
3 and 4 in figure 3.4(a)). According to Ohm’s law, the resistance can be calculated as:

XX

R =Ve 3.2.
I21

54



3.2.2 Magneto-transport measurement

Figure 3.4: (a) and (b) Van der Pauw geometry for a square thin film sample. The black corners with
numbers show electrical contacts. B, is the magnetic field applied perpendicular to the sample surface for

magnetoresistance and Hall resistance measurements.

The fundamental physical principle of Hall measurements is the Hall effect?!. As
displayed in figure 3.4(b), an electric current flows through a conductor (probes 1 and
3) in a magnetic field (B:). The magnetic field exerts a transverse force on the moving
charge carriers, pushing them to one side of the conductor. Here, the magnetic field B,
is perpendicular to the sample surface. The voltage is measured along the diagonal
direction (probes 2 and 4). The Hall effect resistance is given by:

R, =2 3.3.
|13

Xy

To calculate the magetoresistance and Hall resistance with the equations 3.2 and
3.3 in Van der Pauw geometry, symmetry considerations should be considered. More
precisely, the longitudinal magnetoresistance is an even function of the applied field. In
contrast, the ordinary and the anomalous Hall effect (AHE) are odd functions of the
applied field and the sample magnetization, respectively.

In the experiment, there are two methods to perform the electrical resistivity and
the Hall effect measurement with the van der Pauw geometry, i.e., the methods of
reversing the magnetic field and without reversing its direction. The method of
reversing the magnetic field is based on the Hall potential changing its sign (but not the
absolute value) after reversing the magnetic field. In contrast, the longitudinal potential
remains the same. The non-Hall potentials can be thus eliminated after two
measurements in both field directions (H, —H). Here, we must keep in mind that the
polarity of the injected current should be kept the same. So, the longitudinal and Hall
voltages can be calculated by:
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3.3 Atomic Force Microscopy (AFM)

VXX = [V24,13 (H)'2V24,13 ('H) j 34
ny — [Vzma (H)+2V24,13 ('H)) 35

where the V24,13 is defined as the voltage between points 2 and 4 when an applied
current flows through contacts 1 and 3(see figure 3.4b). In the method without reversing
the applied magnetic field, the voltage can be detected by permutation of voltage and
current contacts (see figure 3.2). Any pair of contacts can be used as current or voltage
contacts. From the reciprocity theorem, it follows that V13 24(—H) = V24,13(H)*>%. Thus,
combining the equations 3.4 and 3.5, the Hall and longitudinal voltages can now be
reformulated as:

V, = [V24,13 (H);V13,24 (H)J 36
ny = (V24,13 (H);V13,24 (H)] 37.

Here, we strength that we take the second method without reversing the applied
magnetic field since only one resistance measurement configuration and only one
quadruple of connections is necessary.

3.3 Atomic Force Microscopy (AFM)

The Atomic Force Microscope (AFM) is based on a scanning probe technique where
the probe is a sharp tip that is rastered across the sample surface to map the topography?*.
In an atomic force microscope, the displacement of a cantilever is employed to probe
the interaction with the surface of a sample. Typically, an atomically sharp scanning tip
attached to an elastic cantilever serves as a spring. Forces acting between scanning tip
and sample can be used as the imaging information upon scanning the tip over the
sample surface.

The basic configuration for our AFM is shown in figure 3.5. This AFM is typically
used to measure a wide variety of samples with relatively small roughness. The
interaction force between the atoms at the sample's surface and those at the cantilever's
tip can be detected by monitoring how much the cantilever deflects. This deflection of
the cantilever can be quantified by the measurement of a beam reflected off the backside
of the cantilever and onto the Position Sensitive Photo Detector (PSPD). The tube-
shaped
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Figure 3.5: Scheme of work principles of conventional AFM microscope. (Reproduced from Park
Systems NX10 User’s Manual).

scanner under the sample moves a sample in the horizontal direction (X-Y) and the
vertical direction (Z). It repetitively scans the sample line by line, while the PSPD signal
is used to establish a feedback loop that controls the vertical movement of the scanner
as the cantilever moves across the sample surface.

In this work, a Park NX10 (Park Systems Corp., Suwon, Korea) is used. The
cantilever is excited to oscillate at a frequency of f = 280 - 330 kHz with a free
amplitude of A = 14 nm (70% of free amplitude is used as setpoint amplitude). The
freely available software Park Systems XEI (Copyright © January 2011 Park Systems
Corp.) is employed to process and visualize the raw data acquired

3.4 Superconducting Quantum Interference Device (SQUID)

magnetometer

A SQUID magnetometer is used to measure the magnetic moment of samples, in
particular being sensitive to small magnetic signals. The core components of a SQUID
magnetometer are ring-shaped superconductors with a pair of Josephson junctions and
are shown in figure 3.6 (a). As a magnet sample passes through the ring, the change of
magnetic flux in the ring causes voltages in the junctions.
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3.5 X-Ray Magnetic Circular Dichroism (XMCD)
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Figure 3.6: (a) Diagram of SQUID?: A superconducting ring with Josephson junctions. (b) Signal
response from 4-ring geometry as a function of position, red and blue arrows indicating opposite ring
voltage response (figure source: Quantum Design MPMS manual). (c) Superconducting Quantum
Interference Device (d) Typical sample of a ferromagnetic heterostructure grown on a diamagnetic
SrTiOs substrate, mounted inside a nonmagnetic plastic straw.

Quantum Design Magnetic Property Measurement System (MPMS) has a built-in
SQUID setup with 4-rings geometry, as shown in figure 3.6 (c). The SQUID shows a
different response against the scan length when a sample travels through a different
location among the 4-ring geometry. The output indicates the sample is too high and
must be lowered (see figure 3.6 (b)). The motion can be linear or linear with small
oscillation, corresponding to the measurement mode of DC or RSO, respectively. The
RSO provides better sensitivity and is therefore used for this dissertation on the ultra-
thin films, which will be described in the experimental part of chapter 5. Thin films on
a substrate are usually cut into a 4mm x 4mm piece and fixed in straw with a negligible
diamagnetic response, as shown in figure 3.6(d).

3.5 X-Ray Magnetic Circular Dichroism (XMCD)

XMCD is one of the key methods for microscopic investigations of magnetic systems,
which has been pioneered by professor Gisela Schiitz?®. The XMCD is based on the
magnetization dependent on the variation of the x-ray absorption coefficient of circular
polarized x-rays present in a vicinity of an absorption edge. XMCD enables one to
determine spin and orbital magnetic moments.
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Figure 3.7: Illustration of the XMCD effect at the L-edge absorption for SrRuO3 showing density of
states for the spin-up and spin-down. The figure is adapted from Ref. ?’.

To understand the XMCD principle, here we explain it with the vital material
SrRuO;. SrRuO; with Ru*" nominally has four d-orbital electrons in a low-spin
configuration, where three electrons occupy the majority spin channel, while the fourth
electron resides in the minority spin channel with occupational degeneracy among the
three Ru g orbitals. In figure 3.7, we see a typical magnetic L-edge transition of
SrRuO; in which the 2p band is split by spin-orbit coupling and the 4d band is
exchanged split into spin-up and spin-down bands. The density of states of the 44 band
is different for spin-up and spin-down electrons, resulting in a different transition
probability for different spin states, as required by Fermi's Golden Rule. Thus, the 4d
band may act as a detector of spin states. In addition, XMCD operates by additionally
exploiting the selection rules for atomic transitions. The two 2p subbands have opposite
spin-orbit coupling, and the state mixing which occurs in these core levels results in
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3.5 X-Ray Magnetic Circular Dichroism (XMCD)

one of the levels being more likely to excite a spin-up electron while the other is more
likely to excite a spin-down electron. This polarization of the excitation combines with
the spin sensitivity of the 4d band to yield magnetic information. By switching the
magnetization direction, the majority and minority 4d spin bands will switch, causing
the intensity of one L-edge to rise and the other to fall. In a nonmagnetic system, the
intensity would remain constant, as there would be more majority or minority spin
bands. Similarly, in a system without spin-orbit coupling (a K-edge, for example), the
L3 and L, edge would excite equal numbers of spin-up and spin-down electrons, and
switching the magnetization would have no observable effect. Both factors are required,
and when present, they result in significant dichroism of the x-ray absorption signal as
the magnetization of the sample reverses direction.

To perform the XMCD experiment, samples are illuminated by a beam of
circularly polarized x-rays while magnetized alternatively parallel and antiparallel to
the axis of photon polarization by an alternating magnetic field. The energy of the
incoming photons is swept through an elemental absorption edge, and an absorption
spectrum is taken for both the parallel and antiparallel magnetization state. Then we
extract element specific magnetic information such as which elements and energy levels
are ordering magnetically, the relative magnitude of a ferromagnetic signal, and,
through the application of the XMCD sum rules, the ratio of orbital magnetic moment
and spin magnetic moment based on the difference between the circularly polarized
light (c+ and c¢—). The XMCD intensity is proportional to the magnetization M of the
sample projected to the photon propagation direction and the angular momentum L, of
the photons:

— |0+ 5- _ 1 TLpht™ ILphT™™
Algyep =177 =17 =1 ~1 38.

For maximum XMCD eftect, the M and Lph have to be parallel to each other.
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4.1 Abstract

4.1 Abstract

he proposal that very small Néel skyrmions can form in SrRuQO3/SrlrOs; epitaxial

bilayers and that the electric field effect can be used to manipulate these skyrmions
in gated devices strongly stimulated the recent research of SrRuOs3 heterostructures. A
strong interfacial Dzyaloshinskii-Moriya interaction (DMI) was considered the driving
force for the formation of skyrmions in StTRuO3/SrlrOs bilayers. Here, we investigated
nominally symmetric heterostructures in which an ultrathin ferromagnetic SrRuOs
layer is sandwiched between large spin-orbit coupling SrlrOs layers, for which the
conditions are not favorable for the emergence of a net interfacial DMI. Previously the
formation of skyrmions in the asymmetric StRuOs/SrIrOs bilayers was inferred from
anomalous Hall resistance loops showing hump-like features that resembled
topological Hall effect (THE) contributions. Symmetric SrlrO3/SrRuQOs/SrlrO;s trilayers
do not show hump anomalies in the Hall loops. However, the anomalous Hall resistance
loops of symmetric multilayers, in which the trilayer is stacked several times, do exhibit
the hump-like structures, similar to the asymmetric STRuOs3/SrlrO;3 bilayers. The origin
of the Hall effect loop anomalies likely resides in unavoidable differences in the
electronic and magnetic properties of the individual SrRuOs; layers rather than in the
formation of skyrmions.

4.2 Introduction

Topologically protected magnetic whirls, dubbed as magnetic skyrmions, are
considered to be ideal candidates for the potential application in future data storage’.
This primarily derives from their small size and room temperature stability**, low
37 and topological protection®!°. Epitaxial perovskite oxide
heterostructures, such as SrfRuOs/SrlrOs3, are considered to have strong interfacial DMI
due to the broken spatial inversion symmetry and the strong spin-orbit coupling in
SrIrOs, and it was reported that Néel skyrmions form in these heterostructures'"'?. The
insulating nature of perovskite oxide heterostructures, such as ultrathin SrRuOs3/SrlrOs,
makes them promising systems in terms of electric field manipulation as well as the
ability to engineer their magnetic properties. Magnetic skyrmions can in principle, be
observed in real space by magnetic force microscopy (MFM)'3, Lorentz transmission
electron microscopy (LTEM)', scanning transmission x-ray microscopy (STXM)?,
spin- polarized scanning tunneling microscopy (SP-STM)!°, x-ray magnetic circular
dichroism based photoemission electron microscopy (XMCD-PEEM)!¢, spin-polarized
low energy electron microscopy (SPLEEM)!”, and in reciprocal space by small-angle
neutron scattering (SANS)'® and resonant small-angle x-ray scattering (SAXS)'".
However, for epitaxial oxide heterostructures, by using these techniques, the direct
observation of sub-100 nm size skyrmions and their characterization becomes
extremely challenging. Therefore, the possibility of examining the formation of
skyrmions by magnetotransport measurements is very attractive as Hall resistivity
investigations are rather easy to perform in any solid state research laboratory. Recently,

energy consumption
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4.2 Introduction

there were many reports in which the formation of skyrmions was inferred from the
observation of hump-like anomalies of Hall resistance loops that were attributed to the
manifestation of the THE. This is the case of quite a few reports related to epitaxial
SrRuOs heterostructures and to bare SrRuOs thin films?°-2, J. Matsuno et al.!! attributed
the observation of such features of Hall loops measured for ultrathin ferromagnetic
SrRuO3 [thinner than six pseudocubic unit cells (uc)] capped by two uc SrlrO3 thick
layers to the formation of skyrmions. Many similar publications followed shortly. There
were reports of the hump-like features observed in Hall resistance loops of a variety of
SrRuOs3 based samples: SrRuO3/SrlrO3 multilayers with relatively thick layers (10 uc
thick SrRu0s)*, BaTiO3/StRuO; bilayers?*, SrRuO; (5 uc)/SrIrOs (2 uc) in which the
iridate layer was the bottom layer on the SrTiO; substrate®>, SrRuOjs (8 uc)/BaTiOs (2
uc) bilayers on SrTiO3%%, SrlrOs (2 uc)/SrRuO; (10 uc) bilayers for which MFM
experiments were also performed!?, or relatively thick SrRuOj; (3—6 nm) films grown
in low oxygen pressure?’. Different mechanisms for the occurrence of the interfacial
DMI were proposed in these papers, adapted to the particular interfaces and sample
peculiarities. However, the interpretation of the observed humps in anomalous Hall
effect (AHE) resistance loops as a fingerprint of the THE contribution due to skyrmions
is currently under debate. Other reports addressed the possible role played by SrRuO3
layer inhomogeneity, such as Ru/O vacancies®®, thickness variations®*>!, crystal
structure distortions®®*?, and intermixing®® in the occurrence of the THE-like features
of the AHE loops. This division of opinions concerning the origin of the THE-like
structures of the Hall resistance loops calls for a careful analysis and understanding of
the electronic and magnetotransport properties of SrRuOs-based heterostructures. We
stress that there are no direct measurements of the magnitude of the interfacial DMI in
such epitaxial SrRuOs-based heterostructures, but only the theoretical proposal from
Ref. [11], which does not however provide any quantitative microscopic description of
how the DMI is generated at the SrlrOs/SrRuOs interfaces. There exists very little
insight into the interfacial DMI at epitaxial oxide interfaces**, although hints for the
existence of an interfacial DMI in SrlrO3 (2 uc)/SrRuOs3 (10 uc) bilayers were inferred
from the analyses of the magnetic domain wall chirality!?. We previously studied
asymmetric SrZrO3/SrRuQO3/SrlrO3 and SrHfO3/SrRuO3/SrZrO3 multilayers in which
we aimed to observe the possible effects of the net interfacial DMI on the
magnetotransport properties and magnetic domain formation®>. However, these SrRuO3
multilayers, with insulating spacers, were magnetically only very weakly coupled®® and
did not permit a conclusive investigation of the magnetic domains by magnetic force
microscopy.

Here we deliberately considered SrlrOs;/SrRuOs/SrIrOs epitaxial trilayers and
multilayers with several repeats of the trilayer, in order to have interfaces as symmetric
as possible in this material system. We aimed to eliminate, or at least minimize, the role
of interfacial DMLI. In a perfectly symmetric ultrathin film heterostructure the interfacial
DMI should cancel out. However, for epitaxial interfaces of perovskite oxides (ABO3),
the interfaces are likely to be asymmetric due to the AO/BO> stacking imposed by
epitaxial growth, due to asymmetric intermixing or different oxygen octahedral
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rotations (OOR) angles at the upper and lower interface. For example, the strong
influence of the type of interface stacking on the physical properties of perovskite oxide
heterostructures was recently demonstrated for SrlrOs-Lag7Sro3MnOs bilayers®’. For
our trilayers and multilayers, because A = Sr for both SrRuOs3 and SrlrOs, the interfaces
are either of the type SrO/IrO»//SrO/RuO; or IrO»/SrO//RuO,/SrO, and from this
viewpoint the interfaces are equivalent.

Prior investigations demonstrated that SrRuOs layers separated by two uc thick
SrIrOs nonmagnetic layers are magnetically decoupled®®. Therefore, the overall
conditions in these SrIrO3/SrRuQO3/SrIrO3; multilayers strongly disfavor the formation
of Néel skyrmions. The trilayer SrlrOs/SrRuO3/SrlrO; samples did not exhibit any
hump- like anomalies in the Hall effect loops. In contrast, anomalies were observed
over a large temperature range in Hall effect loops of nominally symmetric multilayer
samples, in which a SrRuQ3/SrIrO; bilayer was stacked three or six times. The Hall
effect loops with hump anomalies can result from inhomogeneous magnetic and
electronic properties of the SrRuO; layers in the multilayers. The inhomogeneous
properties possibly arise from layer thickness variation, different degrees of intermixing
of Ir on the Ru site, and oxygen octahedron deformations that can be different for the
SrRuOs layers next to the substrate and foe layers at the top of the multilayer.

4.3 Method

4.3.1 Sample growth

The heterostructures studied here, SrlrOz/[StTRuOs3/StlrO3]m (m = 1, 6), were grown
on SrTiO3(001) by pulsed-laser deposition (PLD) using a KrF excimer laser (A = 248
nm). SrTiO3(001) single-crystal substrate was used for the deposition after NH4F-
buffered HF etching for 2-2.5 min and annealing at 1000 ~C for two hours in the air.
The oxygen partial pressure and deposition temperature were optimized at 0.133 mbar
and 650 °C for the growth of all the layers. The pulse repetition rate of the laser was 5
Hz and 2 Hz for the SrRuOs layers and SrlrOs; layers, respectively. The growth of each
layer was monitored by high oxygen pressure reflective high-energy electron diffraction
(RHEED). The thickness of each SrRuOj layer is nominally six uc and the thickness of
each SrIrO; layer is nominally 2 uc (1 uc layer is ~0.4 nm thick). The samples were
cooled in 100-200 mbar oxygen atmosphere from 650 ‘C down to room temperature
with a rate of 10 °C/minute. A multilayer with m = 3, SrlrO3/[SrRuO3/SrlrOs]3, was
grown in a second RHEED-PLD system (made by SURFACE systems+technology
GmbH und Co. KG), under similar growth conditions, except for a higher laser fluence
and target-to-substrate distance. The sample with m = 3, along with a second trilayer
(m = 1) are made in this PLD system as the reference sample to further figure out the
origin of humps anomalies of ultrathin StRuOs3/SrIrO3; multilayers

4.3.2 Sample characterization
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The surface morphology of our samples was characterized by atomic force microscopy
(AFM). The microstructure of the multilayers, in terms of sharpness of the interfaces,
layer thickness, and element distribution, was investigated by high-angle annular dark
field scanning transmission electron microscopy (HAADF-STEM) of cross-section
specimens. The distribution of the atomic elements was observed with high resolution
energy dispersive x-ray spectroscopy (EDX). Both STEM and EDX were performed
using an electron probe aberration corrected FEI Titan 80-200 ChemiSTEM
microscope equipped with in-column EDX detectors. Hall effect measurements were
carried out in the four-point geometry (van der Pauw), with permutating contacts for
antisymmetrization. Hall resistance loops were recorded both with a physical property
measurement system (PPMS, Quantum Design Inc.) and with a homemade setup. The
home setup enables the simultaneous measurement of Hall resistance and magneto-
optical Kerr effect (MOKE). The polar MOKE studies were performed with the
magnetic field applied perpendicular to the thin film surface with incoherent light from
a Xe lamp. The probe wavelength was chosen in- dividually for each sample to reduce
the contributions of optical artifacts, such as interference effects that can be present in
heterostructures with ultrathin films of dissimilar oxides. Light of 491-520 nm
wavelength was used for the SrlrOs/[SrRuO3/SrlrOs]; trilayer, 630 nm wavelength was
used for the SrlrOs3/[SrRuOs/SrIrOs]3, and 610 nm wavelength was used for the
SrIrOs/[SrRuO3/SrlrO3]e multilayer.

The magnetic moment of the samples was measured as a function of temperature
and magnetic field using a superconducting quantum interference device (SQUID)
magnetometer (MPMS XL-7 from Quantum Design). The magnetic background due to
the diamagnetic SrTiOs; substrates was subtracted from the total magnetic response, and
often also corrections for a ferromagnetic impurity contribution had to be applied !,

4.4 Results and discussion

4.4.1 Microstructure investigations

In figure 4.1, the growth mode and the thickness of the individual layers of the
multilayers were monitored by employing in sifu high oxygen pressure reflective high-
energy diffraction (RHEED). The average intensity of the RHEED specular spot as a
function of time is shown in figure 4.1(a) and figure 4.1(c) for SrlrO3/SrRuO3/SrIrO3
and SrIrO3/[StTRuO3/SrIrO3s]e, respectively, both grown in the same PLD chamber at FZ
Jiilich under the same PLD parameters. The oscillations in the RHEED intensity-time
curves during the SrlrO; deposition show that the iridate layers grew in a layer-by-layer
growth mode: see a first clear oscillation followed by a more damped second oscillation,
marked by the small black arrows, corresponding to the growth of two monolayers of
SrIrOs. SrRuO; layers grew in step-flow growth regime*’. The similar RHEED intensity
behavior indicates the homogeneous thickness of sample layers. The surface
morphology of both SrIrO3z/[SrRuOs/SrlrOs]i and SrlrOs/[SrRuO3/SrlrOs]e samples
was investigated by atomic force microscopy (AFM) and is shown in figure 4.1(b) and
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Figure 4.1: RHEED and AFM investigations of SrIrO3/[SrRuO3/SrIrOs]; and SrlrOs/[SrRuO3/SrlrOs]s,
which were grown under the same PLD conditions: (a) and (c¢) deposition time dependence of RHEED
intensity; (b) and (d) AFM topography images (5 um % 5 um scans) of the top surface of the as grown
samples. The small black arrows in (a) and (c) mark the top of the oscillations of the RHEED intensity
signal during the growth of the SrlrOj; layers. The inset in (c) shows the RHEED signal recorded during
the growth of the first three layers of the multilayer SrIrO3/[SrRuO3/SrIrOs]

figure 4.1(d), respectively. Non-continuous terrace-like structure is shown by the
trilayer (see figure 1(b)) and the multilayer has a relatively large density of tiny holes,
coming from probably incomplete coverage of the top most SrlrO; layer (see figure
4.1(d)).

The results of microstructure also investigations by HAADF-STEM and high-
resolution EDX are summarized in figure 4.2. The overall structure of the
heterostructures under study here, SrlrO3/[SrRuO3/SrlrO3]m (m = 1, 3, 6) is shown in
figure 4.2(a), whereas the symmetric unit cell structure of the repetitive trilayer building
block is depicted in figure 4.2(c). Figures 4.2(b) and 2(d) show cross-sectional STEM
images of the microstructure of the SrlrOs/[SrRuO3/SrlrOs]¢ multilayer at low and high
magnification, respectively. The stacking starts with a SrlrO3 and individual SrRuO3
and SrlrOs layers have thicknesses that match fairly well the expected thickness values
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Figure 4.2: Microstructure investigations by scanning transmission electron microscopy. (a) Schematics
of sample SrlrO;/[SrRuO4/SrlrO;]m (m =1, 3, 6) grown on SrTiO;(100) substrates. (b) An overview
HAADF-STEM micrograph of sample SrIrO;/[SrRuO,/SrIrO;], indicates the layers are uniform (except
for the top layer that was damaged during the FIB processing of the specimen). (c) Schematics of the
structure of the trilayer SrIrO;/[SrRuO;/SrlrOs];, for which a 6 uc SrRuO; layer is inserted between two
SrlrO; layers (both 2 uc thick). Green, orange, blue, and red dots represent Sr, Ir, Ru, and O atomic column
positions, respectively, in the crystal structure drawn using VESTA*. In (d) and () high magnification
micrographs show the quality of the interfaces. EDX elemental mapping across the entire stacks shown in
(e) probed the uniformity of chemical element distribution. (f) FFT pattern obtained from the image shown
in (d), which shows the spots due to the reflections originating from the orthorhombic distortion (marked

by red circles), and confirms the in-plane c-axis orientation of the layers [white arrow in (d)].

from the in situ RHEED monitoring of the layer deposition [see figure 4.2(c)]. The
high-resolution image (see figure 4.2(d) ) indicates coherent epitaxial growth of the
layers, as no dislocations were detected across the entire stack in the investigated TEM
specimen. The high resolution EDX mapping of the elements across the entire stacks
[figure 4.2(e)] indicates that Ru and Ir are distributed as expected from the designed
growth sequence, starting with a SrlrO; layer as the first layer on the substrate. We
could not analyze quantitatively the exact stoichiometry of the individual layers. We
show the Line profiles for each element in figure 4.3(b): they confirm that the SrRuO;
layers are about 6-7 uc thick (as the number of individual Ru-O» planes varies between
6 and 7), while the SrIrOs layers are 2-3 uc thick (as the number of individual Ir-O:
planes varies between 2 and 3), in agreement with our RHEED observations. In figure
4.3(b), we drew four lines, two in orange and the other two in green. The first orange
(green) line marks the position of Ir (Ru), and the second orange (green) line marks the
neighboring B-site positions. For both cases, the net count drops from 80 to 30. That
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Figure 4.3: (a) HAADF-STEM and EDX analyses of a SrlrOs/[SrRuQOs/SrIrOs]¢ multilayer. The line
profiles across the multilayer, starting from the substrate upwards in the growth direction, for the atomic

column with the Sr, Ti, Ru, Ir ions are shown in (b).

means no matter what the element is, the decrease is the same. Only the thickness of
the individual layers in the growth direction matters. The SrlrO; layers, being only 2-3
uc thick, are much too thin to allow quantitative analyses of the possible intermixing at
the interfaces with the SrRuOs layers. To achieve atomic resolution in EDX
investigations, due to the electron beam channeling, volume, and spectrum background
effects, is very problematic. And the structure was analyzed by fast Fourier transform
(FFT) images [see figure 4.2(f)] which confirm the in-plane c-axis orientation of the
layers (see white arrow) and demonstrate the expected orthorhombic distortions (due to
A-site atom displacements of the pseudocubic perovskite ABO3) by the presence of
extra reflections, marked by the red circles in figure 4.2(f).

For the sake of comparison with the symmetric trilayer samples, we fabricated a
bilayer sample in our PLD system (at University of Cologne). The RHEED patterns and
the analysis of the intensity variation of the RHEED specular spot acquired during the
growth are shown in figure 4.4 (a) (d).). They demonstrate the high quality of the layers
and that the 2 MLs thick SrIrO; bilayer grew in the layer-by-layer growth mode (as
indicated by the two oscillations of the average intensity). The schematics of the bilayer
are shown in figure 4.4 (e). The AFM topography images shown in the figure 4.4 (f)
and figure 4.4 (g) confirm the smooth surface morphology.

4.4.2 Magnetic properties

We measured the dependence of the out-of-plane total magnetic moment as a function
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Figure 4.4: (a), (b) and (c) RHEED patterns of SrRuO3/SrlrO; bilayer (with 2MLs thick SrIrO3 bottom
layer and 6 MLs thick SrRuOj; top layer), which was grown under the same PLD conditions as the
trilayer discussed in Section II. (d) RHEED intensity oscillation. (¢) Schematics of the sample and (f)
ex situ AFM topography images of the SrRuQO3/SrlrOs bilayer immediately after growth.

of temperature, under zero-field cooling [ZFC, measured while heating up in 0.1 Tesla
(T) after cooling the sample with no applied field] and field cooled (FC) with a 0.1 T
field applied perpendicular to the sample surface. The results for the
SrIrOs/[StRuO3/SrlrO3]; trilayer and the SrlrOs/[SrRuO3/SrlrOsz]¢ multilayer are
summarized in figure 4.5. For the trilayer sample, the Curie temperature (7¢) is 126 K,
which was determined from the derivative of the FC magnetic moment curve as a
function of temperature (see inset in figure 4.5(a)). The 7. of the 6 uc thick SrRuO3
layer of this sample is lower than for the bulk SrRuO; single crystals (7c = 160 K),
which is typical for ultrathin films, due to epitaxial strain and disorder and
stoichiometry effects, which are more pronounced the thinner the SrRuOs layers are*’.
The magnitude of the magnetic moment for SrlrOs/[StRuO3/SrlrOs]s is almost six times
as large as SrlrOsz/[SrRuOs/SrIrOs3]; (see the red dotted curve in figure 4.5(b)),
corresponding to the magnetic volume relation of these two samples. Apparently two
transitions at temperatures 7T¢1 (120 K) and T2 (140 K) occur for the
SrIrOs/[SrRuO3/SrlrOs]e6 epitaxial multilayers. We assume that the occurrence of two
transition temperatures originates from the inhomogeneous magnetic properties of the
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Figure 4.5: Temperature dependence of the magnetic moment of the samples (a)
StlrO4/[SrRuO,/SrlrO,]; and (b) SrlrO;/[SrRuO+/SrlrO;]s under zero field cooling (ZFC, blue plot)
and field cooling (FC, red plot, 0.1 T applied perpendicular to the sample surface) conditions. The
dotted red curve shown in (b) is the FC, curve of the trilayer sample from (a) multiplied by six and
plotted for the sake of comparison. The insets in (a) and (b) show the first derivative of the
magnetization with respect to temperature, used to determine the Curie transition temperatures of the

SrRuO; layers.

SrRuOs3 layers. Most likely the six SrRuOj3 layers of the SrIrOs/[StRuO3/SrlrO3]s have
all slightly different Curie temperatures distributed in the interval between T¢i and T¢.
Comparing with the transition temperature of the trilayer sample, which is 126 K, we
are led to consider that the bottommost SrRuOjs layer has the lowest Curie temperature,
while the top SrRuOs3 layers have the largest Curie temperature. It is likely that the
bottommost SrRuO; layers are most affected by the epitaxial strain and oxygen
octahedral accommodation to the conditions of the SrTiO3 substrate, resulting in
suppressed Curie temperature. The topmost STRuOs layers of the multilayer may have
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Figure 4.6: (a) X-ray absorption spectroscopy (XAS) and XMCD around the Ruthenium L3 edge at 100
K. The XMCD was normalized to the XAS maximum. (b) Temperature dependence of the (normalized)
Ru XMCD at 2840 eV after field cooling in 130 mT (black symbols). The XMCD was normalized to
the max. value at 40 K for better comparison with the normalized m(T) curve determined by SQUID
magnetometry. (¢) XAS and XMCD around the Iridium L3 edge at 40 K. The XMCD was normalized
to the step edge of the XAS.

structures that are more relaxed towards the bulk SrRuOs; structure, approaching the
OOR values of the bulk, and thus have larger Curie temperature.

Two ferromagnetic transition temperatures were reported recently for
(SrRuO;3)n/(SrIrO3)n superlattices with ultrathin individual layers (n<<3)*. The high
temperature transition, also occurring at 140 K as for our samples, was attributed to the
interesting possibility that the ultrathin SrlrOs; layers undergo a canting
antiferromagnetic transition. This transition vanished for the superlattices with thicker
layers, n=4. As stressed in this reference, no x-ray circular magnetic dichroism
spectroscopy (XCMD) measurements at the Ru and Ir edges have been performed yet
to test this proposal. There are however XMCD studies of LaMnO3/SrlrOs superlattices,
which demonstrate the formation of interfacial Ir-Mn molecular orbitals and
ferromagnetic order of the Ir magnetic moments**.

To figure out whether the ultrathin SrlrO3 layers of our multilayer show the
mentioned canting antiferromagnetic transition, the XMCD measurement was
performed first. The energy scans at the Ruthenium L3 edge, shown in figure 4.6(a),
were performed. The (normalized) XMCD signal at the energy as a function of
temperature was shown in see figure 4.6(b), which is very similar to the (normalized)
m(T) curve measured by SQUID magnetometry (drawn in violet). Thus, we checked
that the structure observed in the dm/dT curve is most likely related to the SrRuOs
layers. Then, energy scans around the Iridium L3 edge were performed to investigate
whether the Ir ions become magnetically ordered due to the interfacing with
ferromagnetic StRuO3 within the heterostructure. The absorption edge of the Iridium
was clearly observed in the XAS scan (see figure 4.6(c), while no XMCD signal could
be measured (above a signal strength of 0.5 %, cp. lower plot in figure 4.6(c)). Error
bars are nevertheless important, and more statistics would be required. Based on the
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Figure 4.7: Magnetic moment hysteresis loops (measured by SQUID magnetometry, red loops) and

MOKE rotation angle loops for samples (a) SrlrO;/[SrRuO,/SrlrO;]; and (b)

SrIrOs/[SrRuO,/SrlrO;]s, measured in perpendicular magnetic field. (c) Comparison of the coercive

fields of these two samples at different temperatures, as obtained from the SQUID and MOKE

hysteresis loops. The lines are guides for the eye.

current XMCD results, no conclusive statements can be made regarding the magnetic
order of the Ir ions.

The comparison of the out-of-plane total magnetic moment hysteresis loops,
measured with the SQUID magnetometer, and the MOKE rotation angle loops of the
samples with m = 1 and m = 6 is shown in figure 4.7(a) and figure 4.7(b), respectively.
We plotted the SQUID and MOKE hysteresis loops of the same sample at several
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temperatures (10 K, 50 K, 80 K). The coercive fields determined by SQUID and MOKE
measurements are almost identical. The SQUID and MOKE loops of both samples are
in very good agreement except for the regions of saturated magnetization, for relatively
high fields. This discrepancy stems from the corrections that had to be applied to both
type of loops: the loops are affected by different contributions either from the
diamagnetic substrate and ferromagnetic impurities for SQUID loops or from the
cryostat window in the case of the MOKE loops. The temperature dependence of the
coercive field, extracted from loops measured by SQUID and MOKE, is compared for
the two samples in figure 4.7(c). The magnitude of coercive fields and their temperature
dependence is in good agreement with the results of previous work>¢.

4.4.3 Anomalous Hall resistance and MOKE hysteresis loops

For the particular samples under study, the measured total Hall voltage has a
contribution from the ordinary Hall effect and a contribution from the AHE, at
temperatures below the Curie temperature of the SrRuOs layers. The total Hall voltage

Vyx was measured in van der Pauw configuration (as shown in the schematic inset of
figure 4.8(a)).

We define the transverse Hall resistance Ryx as the ratio of the Hall voltage and the
excitation current I: Ryx = Vy/l. For the SrlrO3/[SrRuO3/SrlrO3]m multilayers, the
metallic SrRuOs layers are magnetically decoupled*® and are electrically connected in
parallel. The SrRuOs layers have very similar resistances, because they have nominally
the same thickness and similar interfaces*. The contribution of the ordinary Hall effect
to the measured Hall voltage Vyx was subtracted from all the Hall loops shown in the
paper: We assumed that in the high magnetic field range, when the magnetization of the
sample gets saturated, the only field dependence comes from the linear contribution of
the ordinary Hall effect. Therefore, in the following Ryx reflects the AHE of the samples
and we refer to it as the anomalous Hall resistance in discussing the data presented in
figures 4.8-4.12.

The hysteresis loops of Ryx at fixed temperature in the range 10-110 K/120 K of
the SrIrO3/[StTRuOs3/SrlrOs]1 and SrlrO3/[SrRuOs3/SrlrOs]s samples are plotted in figure
4.8(a) and figure 4.8(b), respectively. We note that the anomalous Hall resistance of
these two samples exhibits a sign change from negative (at low temperatures) to
positive around 86 K. This change of sign is typical for STRuOs epitaxial films as well
as single crystals*®, consistent with previous experimental data and theoretical
predictions!'*”2, This peculiar sign change, from negative to positive as the
temperature increases, comes from the change of the sign of the intrinsic anomalous
Hall conductivity. The latter is the result of the presence of Weyl-like nodes, acting as
magnetic monopoles, in the electronic band structure of SrRuOs;, combined with
changes in the band structure as a function of the magnetization (and thus of the
temperature). Although the existence of magnetic monopoles in SrRuOs; is not
experimentally unambiguously proved yet, the three-dimensional bulk SrRuOs3 has
been considered as a system for which a large intrinsic AHE driven by topological band
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Figure 4.8: Summary of the anomalous Hall effect (AHE) resistance Ryx loops of the
SrlrO4/[SrRu0O+/Srlr04],, (m = 1, 6) samples, as a function of temperature: (a) for
SrlrO4/[SrRu0+/SrlrO;]; and (b) for SrlrO;/[SrRuO;/SrlrOs]s. In (¢) and (d) the anomalous Hall
resistance loops (black) and the MOKE rotation angle loops (red) measured at 80 K for sample
SrIrO+/[SrRu04/SrlrO;]; and SrIrO5/[SrRuO,/SrlrO,]s, respectively, are compared.

structure can be observed*. As the energies of nodal points and lines are different, when
the Berry curvatures from them have opposite signs, the magnitude, and the sign of
intrinsic AHE conductivity can be tuned by changing the position of the Fermi
level?%31:33,

The most important observation is that the trilayer samples do not exhibit any
hump-like anomalies in the as measured Hall effect loops, as this is expected for
symmetric interfaces. In contrast, our asymmetric bilayers with only one
SrRuO3/SrlrOs interface of the same structural quality as for the trilayers, as studied in
our previous work®>>* (see also comparative AHE loops data for a bilayer in figure
4.12), do show hump-like features in the vicinity of the temperature at which AHE
constant changes sign. Besides, the AHE resistance loops of the multilayer sample (m
= 6) do show hump-like features within a broad temperature range from 70—110 K [see
figure 4.4(b)]. These features of Hall resistance loops are peculiar, if compared with the
corresponding magnetization/Kerr rotation angle loops measured at the same
temperature. For the multilayer, the AHE and MOKE loops at the temperatures where
the hump features occur are strikingly different, as obvious in the selected plots in figure
4.4(d). This indicates that the AHE resistance loops of the multilayer do not directly
scale with the magnetization loops, as conventionally expected if the AHE constant was
the same, in terms of magnitude and temperature dependence, for all six SrRuO3 layers
of the multilayer.
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Figure 4.9: Anomalous Hall effect (AHE) resistance loops and Kerr rotation angle loops for the second
SrlrO3/[SrRuOs/SrlrOs]; trilayer, at different temperatures from 10 K to 120 K: AHE resistance loops
(red line) and the MOKE loops (black line with solid square dots). The AHE changes sign to positive
above 60-70 K.

To cross check the AHE and MOKE loops data of SrlrO3/[StTRuO3/SrlrOs]:1, we
grew a second trilayer sample SrlrO3/[ STRuO3/SrIrOs]; and a multilayer sample with
m = 3 SrlrO3/[SrRuO3/SrlrOs]3, in our PLD system at University of Cologne. The
MOKE and Hall effect loops of the samples are summarized in figure 4.9 and in figure
4.10, respectively. The Kerr rotation angle and AHE resistance measurements were
performed simultaneously and both type of loops shows similar coercive fields at all
temperatures. In the ferromagnetic phase of the SrRuOs layer, as the temperature
increases, the AHE resistance changes sign, from negative to positive, somewhat
below 80 K. There are no hump-like features in the AHE resistance loops also for this
second SrlrO3/[SrRuOs3/SrlrOs];.

The data of AHE resistance and MOKE loop measurement at different
temperatures for the trilayer made in our PLD system and its reference trilayer sample
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Figure 4.10: Comparison of AHE and MOKE loops for the two SrIrO3/[SrRuO3/SrlrOs]; trilayers, made
in different PLD chambers, with differing PLD conditions. We compare the loops at different
temperatures, capturing the change of sign of AHE for both samples: (a) 10 K, (b) 80 K, (c) 100 K. AHE
resistance loops are plotted in red and green and the Kerr rotation angle black and blue. The magnitude
of Hall loop for SrIrOs/[SrRuOs3/SrlrOs]; at 100 K was increased tenfold for better comparison.

are summarized in figure 4.10. It should be noted that we obtained these data by
simultaneous measurement of MOKE and Hall effect resistance loops in our combined
MOKE-Hall setup, with the sample in the same cryostat. In general, for each sample,
the AHE loops scale with the MOKE loops fairly well. The most striking differences
between the two samples are the magnitude of the coercive fields and the temperature
dependence of the AHE resistance. The second trilayer has a much smaller coercive
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Figure 4.11: AHE resistance loops and Kerr rotation angle loops for the multilayer
SrIrOs/[StRuOs/SrlrOs]3 (m = 3), at different temperatures from 10 K to 120 K: AHE resistance loops
(red line) and the MOKE loops (black line).

field at low temperatures, see for instance the loops measured at 10 K: the coercive field
of the reference layer is almost twice as large. The AHE changes sign well below 80 K
for the second trilayer, while the reference trilayer changes the sign of the AHE from
negative to positive at 86 K. We grew the second trilayer with the intention to obtain a
comparable sample, i.e., with 2 uc thick SrlrO3 and 6 uc thick SrRuOs; layers. However,
the second PLD chamber has major differences (such as target-to-substrate distance,
perpendicular geometry, laser fluence measurement), which made it not possible to
have the same PLD parameters for the growth. Thus, we stress how important the
growth conditions are for the magnetic and electronic properties of SrRuQO3/SrlrO;
oxide thin films. However, the most important similarity between the two trilayer
samples is that both do not show any hump-like anomalies of the AHE resistance loops,
demonstrating a consistent behavior for the expected symmetric trilayers.
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Figure 4.12: AHE resistance loops and Kerr rotation angle loops for the of SrRuOs/SrIrO; bilayer,
acquired simultaneously at different temperatures from 10 K to 50 K (around the change of sign of the
AHE constant): AHE resistance loops (red line) and the MOKE loops (black line).

Besides, we grew another reference sample SrlrOs/[SrRuQOs/SrlrOs]3, with the
same PLD parameters as for the second trilayer SrlrOs/[SrRuQOs/SrlrOs]i. For the
multilayer SrlrO3/[SrRuOs/SrlrOs]; (see figure 4.11), the MOKE and Hall loops show
striking differences in the temperature range 10 K - 80 K. For the MOKE measurement,
the open MOKE loops are obtained up to about 110 K, indicating that the Curie
temperature is at least 110 K. For the AHE resistance measurement, the clear humps
exist from the lowest temperature we can measure at, 10 K, to about 80 K. The evolution
of the sign of anomalous Hall constant is quite different from the previous sample
SrIrOs/[SrRuOs/SrlrOs] and bilayer sample in J. Matsuno et al. paper!'!. The sign of
the total anomalous Hall resistance (voltage) of the sample SrlrOs/[StTRuO3/SrlrOs]3 is
positive down to about 10 K. The multiple peaks of the AHE loops at 10 K and 30 K
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may be explained, if the global loop is decomposed in three independent loops
generated by the three SrRuOj; layers. The three separated magnetic layers possess
slightly different magnetic and AHE properties®®.

In figure 4.12, we summarize the temperature dependence of the AHE resistance
loops of the SrRuO4/SrIrOs bilayer sample, from 10 K to 50 K. At a temperature around
37 K, the AHE resistance loops change the sign from negative to positive on increasing
the temperature. The AHE loops from 35 K to 45 K do show hump-like anomalies, as
we also observed for other bilayer samples and reported in our previous publication®
and, for example, in Ref. !!, and as observed here for the symmetric multilayers (m= 3
and m= 6).

Our symmetric multilayers, SrIrOs3/[SrRuO3/SrlrOs]e and
SrIrOs/[SrRuQO3/SrlrO3]3, had a geometry that minimizes a net interfacial DMI. The
lack of net DMI is a strong indication that other mechanisms than skyrmions and their
THE have to be considered for the hump anomalies of the AHE hysteresis loops. A
more plausible explanation is that the individual SrRuO; layers of the multilayer
SrIrOs/[SrRuO3/SrlrOs]e have slightly different magnetic properties (i.e., saturation
magnetization, coercive field, T¢), as a result of chemical and structural differences
among each other (originating from slight layer thickness variation, different degree of
intermixing of Ir on the Ru site, and oxygen octahedron deformations). These
differences, though probably minute, are of great importance for the temperature
dependence and the magnitude of the intrinsic anomalous Hall resistivity of each layer.
Hence, the individual ferromagnetic SrRuO; layers generate several independent
magnetotransport channels leading to the observed hump anomalies of the AHE loops.
As proposed in several papers®®¥-355 and our previous reports*>¥-8 the hump-like
anomalies of the AHE hysteresis loops in SrRuOs-based heterostructure can be well
explained by a model of several independent magnetic channels, with distinct coercive
fields and different temperatures at which the intrinsic AHE conductivity changes sign.

4.5 Summary

In epitaxial asymmetric StTRuO3/SrlrO; bilayers a strong interfacial DMI was proposed
to emerge and be the driving force for the formation of skyrmions. These skyrmions
would result in a THE, whose manifestation was considered to be spotted as hump-like
features, developing while the magnetization of the SrRuO3 layer reversed between
saturated states. We studied here heterostructures in which an ultrathin ferromagnetic
SrRuO; layer was sandwiched between SrlrOs layers. Principally, this geometry
disfavors the occurrence of a net interfacial DMI, and thus the formation of skyrmions
would be exceptional. SrlrO3/SrRuOs/SrlrOs trilayers did not have hump anomalies of
the Hall resistance loops. However, the Hall resistance loops of multilayers, in which
the trilayer was stacked several times, did exhibit the hump-like structures, similar to
the asymmetric STRuOs/SrlrO; bilayers. The magnetization as a function of temperature
indicated that the multilayers had a spread of the Curie temperatures, hinting to
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4.5 Summary

differences in the magnetic properties of the individual SrRuOs3 layers. The origin of
the Hall effect anomalies likely stems from unavoidable structural differences between
the individual SrRuOs3 layers stacked in epitaxial multilayers. The minute structural
differences (oxygen octahedra rotation angles, bond lengths) of the individual ruthenate
layers result in inhomogeneous magnetic and electrical properties across the multilayer.
It is possible that the individual SrRuOs layers generate several independent
magnetotransport channels leading to the observed anomalous features of the Hall
effect loops. The possibility that the hump anomalies relate to the skyrmion formation
cannot be ruled out. However, our data strongly support the interpretation in terms of
multiple magnetotransport channels present in multilayers. We stress that to the best of
our knowledge, there is no experimental evidence of the existence of DMI at the
epitaxial interface of the ferromagnetic StTRuO3 and the large spin-orbit coupling SrlrOs
and the interfacial DMI is still only at the level of speculative assumption. Experiments
of Brillouin light scattering (BLS)***7, which are routinely employed for determining
the strength and sign of interfacial DMI, but chiefly for systems that are magnetically
ordered at room temperature, are rarely performed at low temperatures, such as needed
for SrRuO3/SrlrO3. No BLS investigations have been reported so far on epitaxial all-
oxide heterostructures. Focused studies must be dedicated to the essential aspect of
DMI determination, from both theoretical and experimental viewpoints, starting with
understanding the microscopic mechanism of DMI at epitaxial all-oxide interfaces.
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5.1 Abstract

5.1 Abstract

I\/I agnetic interlayer coupling is a critical ingredient in designing magnetic
multilayers with functionalities that reach out to the realm of applications. In
epitaxial ferromagnetic (FM) oxide multilayers, the magnetic interlayer coupling is,
however, less studied, and its prediction is often a challenging task. Ultrathin FM
SrRuOs epitaxial films with perpendicular magnetic anisotropy, interfaced with suitable
oxides, may be susceptible to forming skyrmions. Hence, a strong FM interlayer
coupling would be beneficial to achieve the uniform switching behavior of a SrRuOs-
based multilayer. Previous studies reported that the coupling of two SrRuOs layers
separated by a non-FM oxide spacer is at best weakly FM, and the two FM layers switch
at markedly different fields. We study the magnetic interlayer coupling between two FM
SrRuOs layers separated by ultrathin LaNiOs in epitaxial heterostructures grown on
SrTiO3(100) single crystals. We found that FM SrRuOs layers separated by 2
monolayers (MLs) thick LaNiOz show weak FM interlayer coupling of about 106 pJ/m?
at 10 K. The coupling becomes strongly FM for four MLs thick (about 1.6 nm) LaNiOs
spacers and the two SrRuOs layers reverse their magnetization at a common value of the
perpendicular magnetic field. This is likely due to a transition of the LaNiOz spacer from
insulating to metallic as its thickness increases.

5.2 Introduction

Ferromagnetic (FM) oxide thin films and multilayers, in contrast to the bare metallic
FM multilayers based on Fe, Co, or Ni, have multiple tuning knobs to modify and
control their physical properties. To name a few, these knobs can be the epitaxial
strain imposed by the single crystalline substrate, the interactions at the coherent
interfaces with dissimilar oxides, the structural modifications undergone to
accommodate the mismatch of symmetry, all being often in conjunction with strong
layer thickness dependence®. Often minute turns of the tuning knobs massively impact
on the magnetic properties, such as the Curie temperature, the saturation magnetization,
on the effective magnetic anisotropy and on the magneto- transport properties of the
epitaxial layer. On one hand, this high sensitivity results in fascinating phenomena,
such as magnetic frustration, 2D electron gases, and superconductivity?. On the other
hand, it makes it difficult to predict their occurrence, and the development of the
theoretical treatment is often not keeping up with their complexity. For instance, an
exciting proposal was made in 2016 that at the epitaxial interface between FM ultrathin
SrRuO; layers and the large spin-orbit coupling (SOC) semimetallic SrirO;, a large
interfacial Dzyaloshinskii-Moriya interaction (DMI) would exist. An attractive
consequence put forward was that Néel skyrmions so small as about 10 nm could form
in the ultrathin SrRuO;, layers®. Moreover, it was proposed that by applying a gate
voltage across the SrRuO4/SrlrO, bilayer, an electric field effect could be a convenient
way to act on the skyrmions®. Stimulated by these proposals, we studied the magnetic
and mangneto-transport properties of symmetric and asymmetric SrRuQO,/SrirO;
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multilayers®® and one aspect we addressed was the magnetic interlayer coupling’®. We
found that the FM SrRuQ; layers are only very weakly coupled across the nonmagnetic
ultrathin SrirO4 layers. The weak coupling is disadvantageous if the control of the
magnetic domains is targeted. Here we report on a possible solution of how to make
the magnetic interlayer coupling between two SrRuO; layers separated by a non-FM
spacer strongly FM. For this purpose, we considered LaNiO, an oxide that usually
does not exhibit FM ordering. The coupling between two SrRuO; layers is weakly FM
for the 2 monolayers (MLs) thick LaNiO5 spacer and strongly FM when the thickness
of the LaNiO; spacer was increased to 4 MLs. For the latter case, the two SrRuO;
layers reverse their magnetization at the same mag- netic field, independent of
temperature. The change of the coupling from weak to strong has to do chiefly with
changes in the transport properties of the LaNiO5 spacer. Bulk LaNiO5 is metallic, but
ultrathin LaNiO; epitaxial layers exhibit a metal-insulator transition, which typically
occurs when the layers become thinner than about 4 MLs®. The temperature at which
the transition to insulating takes place depends on the particular details such as on
what substrate the layers are grown (i.e., epitaxial and symmetry conditions) and on
the type and amount of defects (off-stoichiometry, oxygen content, extended structural
defects)®!°. Moreover, a possible transition to antiferromagnetic (AFM) order was
reported for ultrathin LaNiO; layers. Recently it was found that bulk LaNiO; also
has a transition to AFM order at about 157 K, similar to the other RNiO; (R = rare
earth, Y) compounds®!, after being long considered a paramagnetic material down to
low temperatures. No FM order has been reported, though, for LaNiO; layers grown
on SrTiO4(100)-oriented substrates, such as we employ here.

5.3 Experiment details

The heterostructures studied here were grown on SrTiO3(100) by pulsed-laser deposition
(PLD) using a KrF excimer laser (A = 248 nm), using the same fabrication parameters
for all samples. Prior to use, all SrTiO3(100) single-crystal substrates were etched in
NHsF-buffered HF for 2.5 min and annealed at 950 °C for 1 h in air in order to obtain
uniform TiO»-surface termination and terraces with uniform width and one unit cell step
height. The deposition temperature was 700 °C and laser fluence was 3 J/cm? for both
types of layers. The pulse repetition rate of the laser was 5 Hz for the SrRuO3 layers and
1 Hz for the LaNiOs layers. For the growth of SrRuO3 and LaNiOs, the oxygen partial
pressure was optimized at 0.133 and 0.3 mbar, respectively. The heterostructures were
cooled in 100 mbar oxygen atmosphere from 700 "C down to room temperature, with a
rate of 10 "C/min. The growth of each layer was monitored by high oxygen pressure
reflective high-energy electron diffraction (RHEED). In order to study the magnetic
interlayer coupling we made heterostructures in which the two SrRuOs layers had
different coercive fields. We applied the same heterostructure design as we used for the
study of the magnetic coupling of two layers separated by ultrathin SrirOs"8. The
thickness of the top and bottom SrRuOsz layers was nominally 6 and 18 MLs,
respectively, and the thickness of each LaNiOs layer is nominally 2 or 4
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Table 5.1. Heterostructures used for the study of magnetic interlayer coupling, with the thickness of the
individual LaNiO, spacer and of the two FM SrRuO; layers given in MLs (1 ML is about 0.4 nm thick).

Two reference samples with a single SrRuO; layer were investigated for comparison with the

heterostructure for which the strong FM coupling was observed.

[MLs LaNiO;/MLs
Sample name SrRuO,/MLs Comment
LaNiO;/MLs SrRuO;]
grown on SrTi05(100)
4LNO/6SRO/4LNO/18SRO [4/6/4/18] Strong FM coupling
2LNO/6SRO/2LNO/18SRO [2/6/2/18] Weak FM coupling
Strong FM coupling,
[4ALNO/6SRO/4LNO/18SROJR [4/6/4/18] reference sample for
reproducibility of the
strong
Reference sample to
simulate the upper part
4LNO/6SRO/4LNO [4/6/4/0] of the
4LNO/6SRO/4LNO/18S
RO heterostructure
Reference sample to
simulate the lower part
4LNO/18SRO [0/0/4/18] of the

4L.NO/6SRO/4LNOQ/18S
RO heterostructure

MLs (1 ML layer is ~ 0.4 nm thick). The two SrRuOz layers have different thicknesses,
because here we need two layers that have different coercive fields. We make use of the
fact that epitaxial SrRuOs layers have a pronounced thickness dependence of the
coercive field>4. A schematic of the samples is shown in figure 5.1(a). Table 5.1
summarizes the details of the main samples employed here.

The microstructure of the multilayers, such as the sharpness and the coherence of
the interfaces and the uniformity of the layer thickness, was investigated by high-angle
annular dark field scanning transmission electron microscopy (HAADF-STEM) on
cross-section specimens. The elements distribution of the samples was characterized
with energy dispersive x-ray spectroscopy (EDS) mapping. These were performed using
an FEI Titan 80-200 ChemiSTEM microscope equipped with a super-X EDS system
running at 200 kV. X-ray diffraction was carried out in a Rigaku Smart-Lab using a
rotating anode source and a 2-bounce Ge (220) monochromator. Simulation of the data
was done using the GlobalFit 2.0 software. The magnetization was measured with a
superconducting quantum interference device (SQUID) magnetometer (MPMS XL7
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5.4 Results and discussion

from Quantum Design, magnetic field up to 7 Tesla). The surface morphology of our
samples was characterized by atomic force microscopy (NX10, Park Systems). A
homemade setup that enables the simultaneous measurement of linear resistance or
transverse Hall resistance in van der Pauw configuration and the polar magneto-optical
Kerr effect (MOKE) was used. We used copper wires glued with silver paint to the
corner of the samples for the electrical measurements. We acquired simultaneously Hall
resistance and Kerr rotation hysteresis loops under the same field sweeping rates of 0.3
Tesla/min. The polar MOKE studies were performed with the magnetic field applied
perpendicular to the thin film surface with incoherent light from a Xe lamp. The
spectrum of the polar Kerr rotation angle and its magnitude for SrRuOs crystals and
epitaxial layers!™ are influenced by several parameters of the heterostructures, such as
the layer thickness-dependent optical properties, the number of interfaces and their
sharpness, and the surface morphology and its roughness!’. Therefore, after finding the
optimal measurement conditions for the Kerr rotation angle signal of each sample, we
performed the MOKE investigations at slightly different wavelengths: 550 nm
wavelength was used for the sample 4LNO/6SRO/4LNO/18SRO, 570 nm was used for
2LNO/6SRO/2LNO/18SRO and 4LNO/18SRO, and 520 nm was used for
4LNO/6SRO/4LNO.

5.4 Results and discussion

5.4.1 Microstructure investigations

We investigated the microstructure of the heterostructures with the focus on the quality
of the interfaces and the integrity of the ultrathin LaNiOj; spacer layer. A main concern
was to ascertain that no pinholes formed in the heterostructures. Pinholes would lead
to the direct connection of the two FM SrRuO; layers and result in a trivial FM
coupling, which hinders the study of the intrinsic interlayer coupling through the
particular type of spacer!®. The sample that has strong FM coupling and is thus the
central piece of the work, 4LNO/6SRO/A4LNO/18SRO, was studied in detail by
HAADF-STEM and EDS. A cross-section specimen was produced by conventional
techniques, which is beneficial for SrRuO; layers that are sensitive to ion irradiation;
however, slight damage of the top layer occurred and thus the top LaNiO; layer
appears to be thinner than 4 MLs (see figures 5.1(b) and 5.1(e)). A high magnification
HAADF-STEM micrograph is shown in figure 5.1(b) and highlights the four layers of
the 4LNO/6SRO/4LNO/18SRO heterostructure, with clearly separated layers of the
expected thickness. Lower magnification HAADF-STEM micrographs, showing larger
areas of the cross-section, are shown in figure 5.2. The spacer LaNiO; layers appear to
have a one ML thickness variation at the top interface with the 6 MLs SrRuOj; the
presence of a step is marked by the red lines drawn on the micrograph in figure 5.1(b)
and figure 5.2. The chemical element distribution across the entire stack was
investigated by EDS and enabled us to check the uniform distribution of the cations
and the sharpness of the interfaces. Figure 5.1(¢) shows a high magnification
HAADF-STEM micrograph of the 4LNO/6SRO/4LNO/18SRO sample, marking the
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(a) (b) 4LNO/6SRO/4LNO/18SRO (c) 4LNO/6SRO/4LNO/18SRO (d) 2LNO/6SRO/2LNO/18SRO

nm

(k) () (m)
La I|

Figure 5.1: The design of the heterostructures employed for the interlayer coupling study and their

18 ML SrRuO,4

Substrate SrTiO; (100)

(e) () (9) (h) ) ()

microstructure: (a) Schematics of samples; (b) HAADF-STEM cross-sectional image of the
4LNO/6SRO/ALNO/18SRO sample, with 4 ML LaNiO, spacer and capping layers; (c) and (d) AFM
topography images (5 um—5 um areas) of the two main samples (as mentioned at the top of the
images); (e—n) high-resolution HAADF-STEM cross-sectional image combined with EDS mapping
of the distribution of the chemical elements (noted at the top of the images) across the
4LNO/6SRO/4LNO/18SRO heterostructure, including part of the SrTiO, substrate, yielding Ti signal.

region where atomic resolution EDS was performed. The HAADF image overlaid
with the overall EDS mapping shows an overview of the layer sequences and
distribution of all the A4-site and B-site perovskite-type cations (see figure 5.1(f)). The
meaning of the colors is the same as in the elemental EDS maps shown in further
detail in figure 5. 1; each color corresponds to a particular ion. Taken separately, the
EDS maps of the B-site (Ni, Ru, and Ti) and A-site (Sr and La) cations across the
multilayer are shown in figures 5.1(g) and 5.1(h), respectively. Images displaying the
distribution of all the individual ions (i.e., Ni, La, Ru, Sr, Ti, and O), across all the
layers and at the top of the substrate, are shown in figures 5. 1(i)—~(n), respectively.
In conclusion, the EDS
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5.4.1 Microstructure investigations

SrTiO;substrate

Figure 5.2: lower magnification HAADF-STEM micrographs of the 4LNO/6SRO/4LNO/18SRO

heterostructure studied for the strong FM interlayer coupling.
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Figure 5.3: AFM topography images and analyses of the topography of the two heterostructures used
for the interlayer coupling study: (a)-(c) for the 4LNO/6SRO/4LNO/18SRO and (d)-(f) for the
2LNO/6SRO/2LNO/18SRO heterostructure.

investigation strongly indicates that the spatial extent of all the cations matches the
expected layer thickness, in agreement with the RHEED monitoring of the individual
layer growth and fulfilling our sample design. Besides, we performed atomic force
microscopy (AFM) of all the samples under study, having as a prime objective to
determine whether pinholes formed in the heterostructures. The morphology of the
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Figure 5.4: XRD scan of the 4LNO/18SRO reference, confirming the high crystalline quality of the

heterostructure. The data is compared to a simulation (see Table 5.2 for details).

top surface of the heterostructures showed the step-and-terrace pattern inherent to the
vicinal SrTiO; substrate surface, with uniform terraces, used for the growth. This is
also a consequence of the growth mode of the SrRuOj; layers (step-flow growth) and of
the

LaNiOs layers (layer-by-layer growth), under the used PLD growth conditions!®%,
The 4LNO/6SRO/4LNO/18SRO heterostructure does not exhibit holes, but tiny
particles seen as white spots and analyzed by the section profiles shown in figures
5.1(c) and 5.3(a)-(c). The 2LNO/6SRO/2LNO/18SRO heterostructure has some
apparent pinholes of 100-200 nm lateral size, which are about 1.9 nm deep (see figures
5.1(d) and figure 5. 3(d)-(f)). These pinholes are thus less than 10 MLs deep (about 4
nm) and cannot lead to the direct coupling between the top and bottom SrRuOj; layers®'.

In addition, x-ray diffraction of the reference sample 4LNO/18SRO is shown in
figure 5.4. The parameters summarized in table 5.2 indicate a possible deviation of up
to 1.75 MLs in the estimation of the SRO layer thickness (19.75 MLs instead of 18
MLs). As we kept the number of laser pulses constant (and the other relevant PLD
parameters) for all the samples, we are confident that the thickness of the bottom SRO
layer is the same for all the heterostructures, and thus none of the conclusions of the
paper are affected by this possible deviation from the nominal 18 MLs thickness.

5.4.2 Magnetic interlayer coupling
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5.4.2 Magnetic interlayer coupling

Table 5.2: Calculation of thickness of 4LNO/18SRO heterostructure.

Number of Out-of-plane lattice Thickness (nm)
Material layers (nominal) parameter (A)
SRO 19.75 3.95+0.005 7.8 +0.05
LNO 4 3.76 £ 0.005 1.4+0.01
STO - 3.905 -

The double-layer SrRuO; heterostructures with layers of two different thicknesses
were subjected to the measurement of full and minor hysteresis loops by means of
MOKE and Hall effect measurements and by SQUID magnetometry. To characterize
the type and strength of coupling, we measured the major and minor hysteresis loops
at different temperatures below the Curie temperatures of two different thickness of
SrRuO; layers (below 140 K). The major and minor loops of the Kerr rotation angle
measured for the 2LNO/6SRO/2LNO/18SRO heterostructure are shown in figures
5.5(a), 5.5(c) and 5.5(e). We show the results at three representative temperatures: 10,
90, and 100 K (around 100 K the anomalous Hall effect (AHE) shows a change of
behavior, as seen later).

For comparison, we measured M(H) major and minor loops by SQUID
magnetometry (see figure 5.6(d)). The MOKE major loops present two sharp
magnetization reversal steps and tails at high magnetic field. The tail originates from
the multiple magnetizations switching steps in multi-twin-domain or domain pinning
in the thicker SrRuO; layer?>?*. Additionally, the rotation of the magnetization to align
with the large perpendicular magnetic field may also contribute to the tail features.
Inspecting closely the loop at 10 K, we see that the two steps occur at ~0.27 T
corresponding to the magnetization switching of the bottom 18 MLs SrRuO; and at
~0.34 T due to magnetization reversal of the top 6 MLs SrRuO;. From our past
investigations, we know that the two SrRuO; layers of these thicknesses have different
temperature dependence of the coercive field’. At 10 K the 18 MLs SrRuO; has a
lower coercive field, but at 90 and 100 K the thinner 6 MLs layer has a lower coercive
field (as is approaching its Curie temperature of about 113 K). Similarly, two steps
were observed for the Kerr loops acquired at 90 and 100 K, corresponding to two
magnetization reversal processes, with the bottom SrRuO; having a larger reversal
field than the top SrRuO;, which is in agreement with our former work’. The shift
of the minor Kerr rotation loops with respect to the major loops at 10, 90, and 100
K was negative and evaluated to about -100, -64, and -46 mT, respectively. The decrease
of the loop shift with increasing temperature indicates a decrease of the coupling
strength. For the quantitative evaluation of the coupling strength, we made use of the
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Figure 5.5: MOKE (Kerr rotation) loops of the heterostructures with 2 or 4 ML thick spacer or capping
LaNiO; layers: (a), (c), (¢) Major loop and minor loops at 10, 90, and 100 K, respectively, for the
heterostructure 2LNO/6SRO/2LNO/18SRO with weak coupling; (b), (d), and (f) only major loops for
the 4LNO/6SRO/4LNO/18SRO heterostructure with strong coupling. The minor loops (marked in red)
were measured between saturation in positive fields and reversal field of —0.271 T, —0.058 T, and —0.027

T. The magnetic field was applied perpendicular to the heterostructure surface for all measurements.

M(H) loop measurements by SQUID (see figure 5.6(d))). M(H) loop measurements
enabled us to determine the saturation magnetization for the two SrRuOj; layers as
these values are needed for the estimation of the interlayer coupling strength’. We
estimated the interlayer coupling strength Ji as 106 pJ/m? at 10 K?*. For the
heterostructures with SrlrO;/SrZrO; spacer, we obtained the largest FM coupling
strength of about 35 uJ/m? at 10 K7. Thus, the coupling of the SrRuO; layers through
the 2 MLs LaNiO; spacer is FM, larger than for the SrlrO;/SrZrO; spacer of the
same thickness, however still rather weak.
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Figure 5.6: SQUID magnetometry investigations of the [4LNO/6SRO/4LNO/18SROJR and
2LNO/6SRO/2LNO/18SRO heterostructures with magnetic field applied perpendicular to the sample
surface: (a) and (b) Temperature dependence of magnetic moment under field-cooled (FC) mode with
applied magnetic field of 0.1 T for [4ALNO/6SRO/4LNO/18SRO]JR and 2LNO/6SRO/2LNO/18SRO,
respectively; (c¢) comparison of m(H) hysteresis loop and Kerr rotation loop of the
[4LNO/6SRO/4LNO/18SRO]R, both measured at 10 K; (d) major m(H) loop at 10 K and minor loop
between saturated state (+ 3 T) and a reversal field of -0.3 T, for the weakly coupled heterostructure,
2LNO/6SRO/2LNO/18SRO. The inset in (a) and (b) shows the first derivative of the magnetic moment
with respect to temperature, to determine the Curie temperatures for the two SrRuQO; layers of the

heterostructures.

To determine the Curie temperatures of the two ferromagnetic SrRuO; layers of
the heterostructures used for the interlayer coupling study, we measured the magnetic
moment as a function of temperature by SQUID magnetometry using the SQUID with
field cooled (FC) method. The samples were cooled from room temperature to 3 K with
a magnetic field of 0.1 T applied perpendicular to the sample surface, and the magnetic
moment was recorded during the warming process under 0.1 T. The magnetic moment
as a function of temperature (m(T) curves) are shown in figure 5.6(b) for
2LNO/6SRO/2LNO/18SRO. We saw the fingerprint of two ordering transition
occurring at about 142 K and 113 K, and we attribute them to the thick bottom SrRuOs
layer and the thin top SrRuOjs layer, respectively (see inset of figure 5.6(b)). These two
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Figure 5.7: (a) and (b) Kerr rotation loops for the 4LNO/6SRO/4LNO/18SRO (green),

2LNO/6SRO/2LNO/18SRO  (red), 4LNO/6SRO/4LNO (blue) and 4LNO/18SRO (black)

heterostructure at 10 K and 50K, respectively. (¢) Temperature dependence of the reversal fields for

the SrRuOj; layers of the four samples (colors as for the loops above), with the values obtained from

MOKE loop measurements. For the 2LNO/6SRO/2LNO/18SRO heterostructure, only the reversal field

ofthe bottom layer are shown in (c).

transitions strongly indicate that for the 2LNO/6SRO/2LNO/18SRO heterostructure
the two SrRuOj; layers are not strongly magnetically coupled.

For the weakly coupled heterostructure, 2LNO/6SRO/2LNO/18SRO, we found that

the major magnetic moment m(H) loop shows two marked steps corresponding to
the magnetic moment reversal of the two SrRuOs layers at different fields (see figure
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5.4.2 Magnetic interlayer coupling

5.6(d)). The small humps around zero field are artifacts as a result of the correction we
had to perform because of an impurity contribution (introduced by the cutting of the
sample to make it fit in the straw holder for the SQUID magnetometer). To cross
check our conclusions provided by the Kerr loops (full and minor) (see figure 5.5)
concerning the type and the strength of the magnetic coupling, we also measured a
minor m(H) loop by SQUID at 10 K. The minor loop shows negative shift of -75 mT
with respect to the major loop, and confirms the ferromagnetic interlayer coupling
between the two SrRuO; layers. We compared the loop shift from the SQUID
magnetometry m(H) results with polar magneto-optic Kerr effect (MOKE)
measurements (see figure 5.5(a)). The different shift values (-100 mT vs. -75 mT) may
originate from the different measurement conditions between the SQUID and the MOKE
loops, as they are performed with different instruments. For the value of the shift of -
75 mT measured with the SQUID, we estimated the interlayer coupling strength Jic as
79.2 pJ/m? at 10 K by using the Egs. (1a) and (1b) mentioned by van der Heijden et
al.,** which is more than double of that of our SrRuOj; layers separated by 2 MLs
SrZrO;/SrIrO5 7. However, in figure 5.5, we calculated the Jic using the shift values
obtained from running minor and full Kerr loops, as we could measure such loops at
more temperatures than with the SQUID.

When we increased the thickness of the LaNiO; spacer and capping layer to 4
MLs, a single magnetization reversal occurred at a common value of the magnetic
field at all temperatures down to 10 K (see the Kerr rotation loops in figures 5.5(b),
5(d) and 5(f)). This indicates that the 4LNO/6SRO/4LNO/18SRO heterostructure has
a strong intrinsic magnetic interlayer coupling and meets our goal of finding the
conditions for which the two FM layers reverse their magnetization simultaneously at
the same value of the applied field. In addition, we also performed the SQUID
measurements of the heterostructures as a crosscheck of the Kerr rotation
measurements and to measure the saturation magnetization of the SrRuO; layers,
which we used in the calculation of the interlayer coupling. In addition, to check the
reproducibility and further confirm the strong FM coupling, we presented the
comparison of SQUID M(H) hysteresis loop and Kerr rotation loop of reference
sample [4LNO/6SRO/4LNO/18SRO]R, measured at 10 K as shown in figure 5.8(c),
w h 1 ch show very similar coercive fields and a single reversal of the magnetization. This
confirms that the Kerr rotation angle loops (see figure 5.5) correctly follow the
magnetization reversal process of the heterostructures. It further confirms the strong
magnetic coupling of the heterostructures with 4 MLs thick LaNiO; spacer.

We investigated also two reference samples (see table 5.1) in order to get
information of the properties of the single bottom 18 MLs SrRuO; layer and single
top 6 MLs SrRuO; layer, when the other FM layer is not present to influence its
magnetic properties. We kept the interfaces to be similar to the heterostructures, as
for one reference layer we capped the 18 MLs layer with a4 MLs LaNiO; layer (sample
4LNO/18SRO), and for the other reference we sandwiched the 6 MLs layer between
two 4 MLs LaNiO; layers (sample 4LNO/6SRO/4LNO). The Kerr rotation loops of
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Figure 5.8: Comparison of Kerr rotation loops for 4LNO/6SRO/4LNO/18SRO and its reference sample
[4LNO/6SRO/4LNO/18SRO]JR at 10 K, 50 K, 90 K and 100 K. The red loops are for the reference sample
[ALNO/6SRO/4LNO/18SRO]R.

these three reference samples (4LNO/6SRO/4LNO (blue), 4LNO/18SRO and
[4ALNO/6SRO/4LNO/18SRO]R) are shown in figure 5.7 and figure5.8." In figure
5.7(a), (b), we present a summary of the results of the MOKE loop measurements of
4LNO/6SRO/4LNO/18SRO, 2LNO/6SRO/2LNO/18SRO, and the two reference
samples 4LNO/6SRO/4LNO and 4LNO/18SRO (see table 5.1). As stated in the the
above, we investigated these two reference samples to obtain information on the
properties of the single bottom 18 MLs SrRuOj; layer and single top 6 MLs SrRuO;
layer, when the other ferromagnetic layer is not present to influence its magnetic
properties. We kept the interfaces to be similar to the heterostructures, as for one
reference sample we capped the 18 MLs layer with a 4 MLs LaNiOj; layer (sample
4LNO/18SRO), and for the other reference sample we sandwiched the 6 MLs layer
between two 4 MLs LaNiOs; layers (sample 4LNO/6SRO/4LNO). From the
measurements of the 4LNO/6SRO/4LNO sample, we see that the single 6MLs SrRuO;
layer sandwiched between LaNiOj; layers has a much larger coercive field than when
it is coupled to the bottom layer even weakly, as it is in the case of the
2LNO/6SRO/2LNO/18SRO sample. The coercive field of 6MLs SrRuOj; is about 4
times larger than for the top SrRuO; layer in 4LNO/6SRO/4LNO/18SRO and about
three times larger than for the top SrRuOj; layer in 2LNO/6SRO/2LNO/18SRO. If we
compare the coercive field of the single 18MLs SrRuO; layer in the reference
4LNO/18SRO with the coercive field of other samples, we see that its values are
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matching closely the ones of the strongly coupled 4LNO/6SRO/4LNO/18SRO
heterostructure, and they are slightly smaller than the coercive field values of the
bottom 18 MLs SrRuO; in the 2LNO/6SRO/2LNO/18SRO heterostructure. The latter
is consistent with the weak coupling of the 2LNO/6SRO/2LNO/18SRO, which makes
the coercive field of the bottom SrRuOjs layer increase slightly and the coercive field of
the top SrRuOs layer decrease considerably.

In order to confirm the reproducibility of the strong interlayer coupling for
the heterostructures with 4 MLs thick LaNiO; spacer, which is the key result of our
study, we made a second sample, [4LNO/6SRO/4LNO/18SRO]R, trying to preserve
the growth PLD parameters. We point out that some unavoidable differences are induced
by the quality of the SrTiO5 substrate used for the growth. It is known that the details of
the vicinal surface of the substrate influence the growth of the SrRuO; layers and may
result in the formation of the crystallographic domains. These domains then influence
the coercive field and the magnetization reversal process of the SrRuO; layer?®. We
think this is what happens for the [4LNO/6SRO/4LNO/18SRO]R reference sample,
that has increased coercive field with respect to the 4LNO/6SRO/4LNO/18SRO.
Nevertheless, as we can see from the comparison presented in figure 5.8, the Kerr
rotation loops of the two samples are very similar in their behavior at all temperatures,
apart from the coercive field difference. The loops of both samples show a single
reversal of the magnetization at all the temperatures, confirming the strong
ferromagnetic coupling of the layers when the LaNiOs spacer layer is 4 MLs thick.
We point out that it is impossible to probe the transport properties of the LaNiOs spacer
layer, as it is buried between the two metallic SrRuOj; layers. Direct measurements
of the resistivity of the 2 or 4 MLs thick LaNiO; spacers, to monitor the metal-
insulator transition, are impossible in our heterostructures with metallic SrRuOj;
layers.

Based on the above discussion, now we can explain the different strength of
interlayer coupling for the heterostructures with 4MLs spacers and 2MLs spacers. The
difference in the strength of the FM coupling between the two heterostructures must be
the consequence of the difference in the thickness of the LaNiO; spacer. We ascribe
this to the abrupt change of the electronic properties of the LaNiO; as the thickness
increases from 2 to 4 MLs!®. The interlayer coupling is only weakly FM through the
insulating 2 MLs LaNiO;. For this heterostructure, the mechanism of the weak
coupling can be a combination of tunneling through the insulating layer plus the effect
of pinholes’. The coupling through the metallic 4 MLs thick LaNiO; thus becomes
strongly FM, possibly via a Ruderman-Kittel-Kasuya-Yosida (RKKY) type of exchange
coupling of the itinerant FM SrRuOj; layers via the conduction electrons® 2.

5.4.3 Resistivity measurements of bare LaNiOs thin films deposited on
SrTiOs3(100)

As we discussed, the 4LNO layers thin films have been reported to show metallic
conductivity, and the 4LNO/6SRO/4LNO/18SRO and 2LNO/6SRO/2LNO/18SRO
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Figure 5.9: (a)temperature dependence of resistivity during the warm up process when 100uA and
60uA were applied for 8MLs and 4MLs bare LNO, respectively, by the 4-point probes method. The pyx
and p,, were obtained when measuring the sample along two vertical edges. (b) The bare 4 (red) and
8(black) MLs LaNiOj thin films were deposited on SrTiO3(100).

show a stronger interlayer coupling than the heterostructures with SrirOs spacers
probably due to the different interlayer coupling mechanisms.

For the A4LNO/6SRO/4LNO/18SRO and 2LNO/6SRO/2LNO/18SRO
heterostructures, their resistivity can be obtained by resistance measurements of whole
samples. However, the LNO spacer layers cannot be probed easily inside the
heterostructures, as their conductivity is worse than for the thicker SrRuOs metallic
layers. The resistivity of the 4LNO/6SRO/4LNO/18SRO is one order of magnitudes
smaller than that of 4 or 8 MLs bare LNO layers, as shown in the figure 5.9. The
resistivity of the 4 MLS LNO bare thin film is larger than the 8 MLs LNO bare thin film
(see figure 5.9(b)). Furthermore, the 4 MLs LNO thin film shows an increase in
resistivity, indicating a tendency of metal-insulator transition (MIT) for the thinner thin
films and a good agreement with the literature®®., M. Golalikhani et al.® found that
room-temperature metallic behavior persists until the film thickness is reduced to an
unprecedentedly small 1.5 unit cells (NiO2 termination) for the few unit cells in thickness

104


https://www.nature.com/articles/s41467-018-04546-5#auth-M_-Golalikhani

5.4.4 Hall effect resistance loops
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Figure 5.10: Anomalous Hall resistance loops (blue) and the Kerr rotation angle loops (red) measured
simultaneously at 10 and 90 K for the 2LNO/6SRO/Z2LNO/18SRO ((a) and (c)) and for the
4LNO/6SROAZLNO/18SRO ((b) and (d)) heterostructures.

LNO thin films deposited on LaAlOs. They stated that the metallic states are fragile for
the LaNiOs ultrathin films, and the oxygen vacancies due to the absence of the apical
oxygen ions play an important role in the fundamental understanding of the MIT in
ultrathin LaNiOs films. Besides, E. Cappelli et al.* reported that LaNiOs thin films
deposited on LaAlO3 (LAO) undergo a metal-insulator transition when their thickness is
reduced to a few unit cells. The MIT can be attributed to the structural relaxation at
LNO/LAO interface or LNO surface.

For our sample system of LNO grown on STO substrates with large tensile epitaxial
strain, when the thickness of LNO decreases, the heterostructures tend to show MIT,
which probably originates from the lattice disorder or defect based on the microstructure
investigation

5.4.4 Hall effect resistance loops

Transverse resistance loops resulting from the Hall effect are a complementary way to
probe the behavior of the magnetization reversal in FM thin films. Besides this, the
Hall resistance loops may unravel additional features inherent to magneto-transport
effects, which are not present in the M(H) loops measured by SQUID or in the Kerr
rotation loopsdiscussed above. Here we define the total transverse Hall resistance
Rxy as the ratio of the Hall voltage and the excitation current I Ry, =V, /T = (Vapgxy
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5.5 Summary

+ Voue, xy /1. The measured Hall voltage, V,,, has two contributions: One from the
AHE, Vug xy» and the other from the ordinary Hall effect, Vi «,- The contribution of
the ordinary Hall effect was subtracted from all the Hall loops shown in the paper>®.
We measured the Hall resistance Rxy of the two heterostructures in van der Pauw
geometry. The MOKE and AHE measurements were performed simultaneously with
our homebuilt setup. In figure 5.10, we show the MOKE and Hall loops measured at 10
and 90 K for the two heterostructures. Both types of loops show consistent values of
the coercive field for both samples at all temperatures. The Kerr and Hall loops of
both samples exhibit remarkably similar behavior at 10 K, as both the Kerr rotation
angle and the Hall resistance are expected to be directly proportional to the out-of-
plane magnetization. The Hall loops measured at 90 K (and at other temperatures
around 90 K) have some peculiar additional features, with which we are familiar from
our investigations of SrRuQ,/SrIrO; heterostructures and other recent reports®®3!.
Closer inspection of the Hall loop of the 2LNO/6SRO/2LNO/18SRO heterostructure
in comparison to the corresponding MOKE loop (see figure 5.10(c)) shows that the
Hall loop develops a hump-like feature in the field range in which the top SrRuO; layer
reverses its magnetization. We demonstrated in the past that the origin of such a hump
is in the change of sign from negative to positive that the AHE constant undergoes as
one approaches the Curie temperature, 7¢, of the StTRuO;8. The thin top StRuO; layer
has lower 7¢ and thus changes its sign before the thick bottom SrRuO; layer does. The
temperature dependence of the anomalous Hall constant of SrRuO; is known to be
complex and it is a result of its electronic band structure®?. In the temperature range
where the two SRO layers have different signs of the anomalous Hall constant, the Hall
loops have such hump-like features. This is visible also for the Hall loop of the second
4LNO/6SRO/ALNO/18SRO heterostructure, though the hump is less pronounced (see
figure 5.10(d)). In conclusion, the Hall effect loop measurements further support our
Kerr and SQUID magnetometry loop measurements that demonstrate a strong FM
interlayer coupling in the heterostructure with 4 MLs thick LaNiO; and a much weaker
coupling in the heterostructure with 2 MLs LaNiOj; spacer.

5.5 Summary

To summarize, prompted by our previous investigations of magnetic interlayer
coupling for various SrRuQO;-based epitaxial heterostructures, we have searched for an
oxide material structurally compatible with SrRuO; that can make the magnetic
interlayer coupling strongly FM. Past studies with SrTiO;, SrZrO;, or SrlrO; used as
spacers between SrRuQO; layers showed that the coupling was at most weakly FM and
the two FM layers reversed the magnetization at different field values’®. LaNiO; turned
out to be a suitable candidate and the interlayer coupling between the two SrRuO;
layers changed from weakly FM to strongly FM as the thickness of the spacer
increased from 2 to 4 MLs. We think that the change of the coupling strength is related
to changes in the electronic properties of the LaNiO; spacer with thickness, as it most
likely becomes metallic and enables a FM coupling via a RKKY type of exchange
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5.5 Summary

coupling”?. Finding solutions for how to couple the StRuOj; layers in a ferromagnetic
manner is highly relevant for designing heterostructures in which control over the
formation of the magnetic domains should be achieved.
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Chapter 6 Tailoring the magnetic anisotropy of SRO layers by epitaxial interfacing with LNO multilayers

Contributions to this chapter:

The main contribution to the publication comes from Lin Yang, lonela Lindfors-Vrejoiu,
and Paul H. M. van Loosdrecht. The contributions from the co-authors and others are
as below:

1) Lei Jin carried out the scanning transmission electron microscopy measurement and
provided me with the initial data analysis.

2) Ionela Lindfors-Vrejoiu fabricated all the samples by PLD.

3) Lena Wysocki and Jorg Schopf assisted me with the superconducting quantum
interference device (SQUID) measurement and analyzed the data.

4) The magneto-optical Kerr effect (MOKE) and Hall measurement were performed
with the assistance of Jorg Schopf.

5) Daniel Jansen performed part of the atomic force microscopy (AFM) measurement
for me.
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6.1 Abstract

6.1 Abstract

Ferromagnetic thin films with tunable magnetic anisotropy are essential for
applications, including spin valves, magnetic tunnel junctions, and magnetic
storage devices. Effective magnetic anisotropy in ferromagnetic oxide multilayers is
mainly the result of epitaxial growth-induced structural changes affecting
magnetocrystalline anisotropy, substrate-induced strain tuning the magnetoelastic
anisotropy, interlayer coupling, and dipolar interactions. However, few researchers
focus on the tunability of magnetic anisotropy of SrRuOs-based multilayers, due to the
complex interaction between different degrees of freedom, e.g., lattice, charge orbit,
and spin. In the present work, we investigate the tunability of magnetic anisotropy of
SrRuOs-based films by epitaxial interfacing with LaNiOs. We find the magnetic
anisotropy of the LaNiO3/SrRuOs; multilayers changes from more in-plane to out-of-
plane when the LaNiOs3 layers decrease from 4 MLs to 2 MLs, probably due to oxygen
octahedral connectivity at the SrRuO3/LaNiOs interfaces, resulting in changes of the
octahedral tilt angles and bond lengths, which, in conjunction with the interlayer
coupling, dictate the effective magnetocrystalline anisotropy.

6.2 Introduction

Transition metal oxide SrRuO; (SRO) provides an ideal platform to investigate
magnetism and transport in epitaxial oxide heterostructures'”’. Since the SRO show
surprising itinerant ferromagnetism® and tunable magnetic anisotropy>’’. Moreover,
the transport, e.g., magneto and electrical transport, relate to its large
magnetocrystalline anisotropy”!'and metal-insulator transition (MIT)!?13, respectively.
In addition, the SRO has a close lattice match’ (SrRuO; has a pseudocubic lattice
parameter of 3.93 A) with many functional perovskite oxides, such as SrIrO; with
strong orbit-spin coupling’, LaNiO; with metal-insulator transition (MIT)* and
ferroelectrics BaTiO3'°, raise the possibility for the application study in SrRuOs-based
heterostructures. More precisely, STRuOs3 epitaxial oxide heterostructures are frequently
predicted to be employed in magnetoelectric devices'®!” and spintronic, such as
magnetoresistive random-access memory?*?! and racetrack memory>2>* due to the

tunable magnetic properties, especially the magnetic anisotropy.

As we have already introduced in the chapter two, magnetic anisotropy describes
how an object's magnetic properties can depend on direction. The microscopic origin
of magnetic anisotropy can be attributed to dipolar interaction, which contributes to
shape anisotropy, and the spin-orbit coupling, which contributes to many other types of
magnetic anisotropies, 1i.e., magnetoelastic anisotropy and magnetocrystalline
anisotropy’*?. Most magnetic films show in-plane magnetic anisotropy, for the shape
anisotropy dominates over magnetoelastic anisotropy?*?°. However, the SrRuOs with
orthorhombic structure grown on STO (001) substrate always shows out-of-plane
magnetic anisotropy>’>.
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6.2 Introduction

For the past two decades, it has been reported that the magnetic anisotropy of
SrRuO; can be mainly tailored by following two methods: 1) tuning magnetoelastic
anisotropy by substrate-induced strain with different substrates materials (e.g., STO,
LSAT and LaAlO3(LAO))*’, or controlling the thickness films to induces misfit
dislocations and tunes the strain, then the magnetoelastic affects the magnetic
anisotropy; 2) tailoring the magnetocrystalline anisotropy via rotating oxygen
octahedral lead to the change the length of the Ru-O-Ru bond and angle manipulating
the hybridization between Ru d orbitals and O p orbitals resulting in the change of
strain?*?°28; or tunning the orientation of lattice distortion with different orientation of
substrates®’, or tailoring the interfacial oxygen octahedral coupling in metastable
SrRuO; phases®’, or modifying the doping level by applying a gate voltage or chemical
doping to manipulate the magnetocrystalline anisotropy energy (MCAE)*, or changing
the growth mechanism (e.g., step flow or layer by layer growth) resulting in inducing
different domain textures®!. Currently, it is widely shared that the easy axis of SRO
shows an angle of approximately 30°- 45°to the normal of the film below the Curie
temperature with applied field from zero teslas to several teslas ([110 T). Since the easy
axis can be rotated for the changes in intrinsic magnetocrystalline anisotropy due to the
strong spin-orbit coupling of heavy Ru ions’.

Recently, the STRuO3(SRO)-based heterostructures grown on SrTiO3(STO) (100)
substrates with perpendicular magnetic anisotropy and symmetry breaking at the
interfaces interfaced with strong spin-orbit coupling (SOC) SrlrO3 layer enable the
formation of magnetic skyrmions due to the presence of interfacial Dzyaloshinskii-
Moriya interactions (DMI)>>2. The magnetic skyrmions with particle-like topological
states and nontrivial spin structures can be treated as an excellent candidate for high-
density, low-power, and multi-functional memory and logic applications*’. Considering
the critical DMI energy for skyrmions generation D, = 4K | 7 can be defined to
evaluate the stability of the skyrmions where J and K are the exchange stiffness and
magnetic anisotropy>*, respectively, manipulating the magnetic anisotropy in
multilayers is a reasonable approach to stabilize the skyrmions for the practical
applications. In addition, it has been reported that the asymmetric interfaces in Pt/Co/Ir
multilayers host additive DMI, which can stabilize the small individual skyrmions at
room temperature*>°. Moreover, the magnetic anisotropy of SrRuOs-based films can
be tuned by capping a nonmagnetic LaNiO3(LNO) layer on top, inducing oxygen
octahedral distortion or inserting Sr3Al2O¢ or Ba1xSrxTi03/BaTiOs bilayer buffer layers
as a result of triggering the change of the strain?37-*8. Furthermore, the enhancing
ferromagnetic interlayer coupling has been confirmed in ferromagnetic SRO
multilayers separated by four monolayers (MLs) thick LaNiOs*°. However, most of
these works focus on investigating single layer or bilayer but few on multilayers. Last
but not least, motivated by the above review of the strategies to tailor the magnetic
anisotropy of SRO, further investigation about tuning the magnetic anisotropy of
SrRuO3-based multilayer by growing different capping layers or buffer layers and
changing the thickness of spacers should be promising.
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6.3 Experimental details

This work focuses on investigating the tailoring of the magnetic anisotropy and
magnetotransport for LaNO/SRO multilayers. The samples were deposited by Pulsed
Laser Deposition (PLD). The microstructure investigated was performed by atomic
force microscopy (AFM) and scanning transmission electron microscope (STEM). The
magnetic anisotropy was detected by a superconducting quantum interference device
(SQUID). The magnetotransport was revealed by a homemade setup that can perform
the transverse resistance and MOKE measurement simultaneously. We demonstrate that
the easy axis of the multilayers can be changed from more in-plane to out-of-plane by
controlling the thickness of LNO layers. The anomalous Hall resistance loops of
symmetric and asymmetric multilayer show hump-like features. The results are
discussed based on microstructure, magnetic properties, and transport analysis, with
details presented below.

6.3 Experimental details

The multilayers studied here, 4LNO/(10SRO/4LNO)*6, 2LNO/(10SRO/2LNO)*6, and
the reference sample 4LNO/6SRO/4LNO) were grown on SrTiO3(STO) (100) by
pulsed-laser deposition (PLD) technique. The STO single-crystal substrate was
prepared by NH4F-buffered HF etching for 2-2.5 min and annealing at 1000 °C for 2
hours in the air. Epitaxial SRO and LNO were deposited with partial pressure of 0.133
mbar and 0.3 mbar at 700 °C, respectively. A KrF excimer laser (wavelength = 248 nm)
was delivered on a stoichiometric SRO and LNO target with a laser fluence of 3 J/cm?.
The pulse repetition rate of the laser was 5 Hz for the StRuOs layers and 1 Hz for LNO
layers, respectively. The growth of each layer was monitored by high oxygen pressure
reflective high-energy electron diffraction (RHEED). The thickness of each SrRuOs
layer is nominally 6 or 10 monolayers (ML), and the thickness of each LaNiOs3 layer is
nominally 2 or 4 MLs (1 ML layer is ~0.4 nm thick). The samples were cooled in a 100-
mbar oxygen atmosphere from 700°C down to room temperature with a rate of
10 °C/minute.

The microstructure of the multilayers was investigated by high angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) of cross-section
specimens. For the 4LNO/(10SRO/4LNO)*6 and 4LNO/6SRO/4LNO, the cross-
sectional TEM specimens were prepared by a standard procedure that included
mechanical grinding, tripod polishing, and argon ion beam milling in a stage cooled
with liquid nitrogen. The elements distribution of samples was characterized by an FEI
Titan 80-200 ChemiSTEM microscope with energy dispersive x-ray spectroscopy
(EDS) mapping. The magnetization of all the samples was measured with a
superconducting quantum interference device (SQUID) magnetometer (MPMS XL7
from Quantum Design, magnetic field up to 7 T). The surface morphology of our
samples was characterized by atomic force microscopy (NX10, Park Systems). A
homemade setup enables the simultaneous measurement of transverse Hall resistance
in van der Pauw configuration and the polar magneto-optical Kerr effect (MOKE).
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6.4 Results and discussion

(@)

4 MLs LaNiOI

4 MLs LaNiO,

Substrate SrTiO; (100)

()

Figure 6.1: Microstructure of 4LNO/6SRO/4LNO heterostructure (a) schematic of the sample, (b)
HAADF-STEM cross-sectional image, (c) high magnification micrograph, the red lines on the top
micrograph indicate a region where the spacer LaNiOs layer has a one unit cell thickness step at the top
interface, (d) an high magnification micrograph, (e) EDX elemental mapping of all the cations of the
layers across the heterostructure in the area shown in (d) (Ni purple, La light green, Ru blue, Sr red, Ti

green, O Cyan colors).

Silver paint was used to prepare the electrodes for the electrical measurements, and thin
copper wires were used as connecting leads. The transverse Hall resistance Rxy can be
expressed as the ratio of the Hall voltage and the excitation current 1*°. We acquired
simultaneously Hall resistance and Kerr rotation hysteresis loops under the same field
sweeping rates of 0.3 Tesla/min. The polar MOKE studies were performed with the
magnetic field applied perpendicular to the thin film surface with incoherent light from
a Xe lamp. Light of 560 nm wavelength was used for the sample
4LNO/(10SRO/4LNO)*6 multilayers, 570 nm wavelength was wused for
2LNO/(10SRO/2LNO)*6, 520 nm wavelength was used for 4LNO/6SRO/4LNO,
respectively.

6.4 Results and discussion

6.4.1 Investigation of microstructure

Figure 6.1 shows the growth characterization of the LNO/SRO/LNO heterostructures
films. Figure 6.1(a) shows the schematic of the samples. The interface of the sample
was observed in low magnification high angle annular dark-field (HAADF) STEM
mode as shown in figure 6.1(b), with the layer sequence matching exactly the schematic
sequence in figure 6.1(a). The high magnification HAADF-STEM micrograph is shown
in figure 6.1(c) and highlights the three layers of the 4LNO/6SRO/4LNO
heterostructure, which clearly indicate the separated layers and thickness of each layer.
The steps feature at the interface was observed. To further investigate the
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6.4.2 Magnetic anisotropy

A
0.19 nm

tom

Figure 6.2: Microstructure of 4LNO/(10SRO/4LNO)*6 heterostructure (a) HAADF-STEM cross-
sectional image, (b) high magnification HAADF-STEM micrograph, (c) FFT pattern obtained from the
image shown in (b), (d) EDX elemental mapping all the cations of the layers across the heterostructure

(Ni purple, La light green, Ru blue, Sr red, Ti green, O Cyan). colors).

heterostructure, we show arbitrary zoom area of high magnification micrographs, as
shown in figure 6.1(d). Corresponding to the zoomed magnification micrograph, figure
6.1(e) displays the distribution of the chemical elements across the entire stack
investigated by high-resolution EDX and enables us to check their uniform distribution
and sharp interface. The slight observable signal intermixing, such as Sr traces at the
adjacent Sr and La layers or Ni traces at the adjacent Ni and Ru layers, can be caused
by electron beam spreading within the sample due to scattering delocalization.
Therefore, here we cannot rule out an off - stoichiometry or intermixing for the sample.

Similarly, figure 2 shows a summary of the HAADF-STEM cross-sectional
investigations of the 4LNO/(10SRO/4LNO)*6 multilayer: an overview image (see figure
6.2. (a)), a high magnification micrograph (see figure 6.2. (b)), and EDX elemental
mapping of all the cations of the layers across the 4LNO/(10SRO/4LNO)*6
heterostructure (see figure 6.2. (d)) which imply the growth of layer sequence, the
thickness of each layer, and elements of distribution as good as expected. In figure
6.2(c), a fast Fourier transform (FFT) of the STEM image is shown: the superlattice
satellites spots marked with the green rectangle confirm the regular periodicity of the
multilayer and the absence of the half-order refelctions indicate that the structure of the
SrRuO;3 layers is not orthorhombic at room temperature **. The absence of diffraction
spots may be summarized as: 1) no or suppressed oxygen octahedra tilts in the structure;
i1) too week intensity to be detected by this means.

6.4.2 Magnetic anisotropy
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6.4.2 Magnetic anisotropy
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Figure 6.3: Comparison of the magnetic moments as a function of temperature and magnetic field of the
(4LNO/(10SRO/4LNO)*6 and 2LNO/(10SRO/2LNO)*6 multilayers: (a) and (b) Magnetic moments as
a function of temperature measured with field cooling (FC) mode; (¢) and (d) Magnetic moments as a

function of applied field along different directions (parallel and perpendicular to the layers) at 10 K.

To probe the magnetic anisotropy of the 4LNO/(10SRO/4LNO)*6 and
2LNO/(10SRO/2LNO)*6 multilayers, the measurement of temperature and magnetic
field dependence of magnetic moment, i.e., M(T) and M(H), was done with the
magnetic field directed along the different crystallographic direction. In figures 6.3(a)
and 6.3(b), the magnetic moment of 4LNO/(10SRO/4ALNO)*6 and
2LNO/(10SRO/2LNO)*6 multilayers were measured as a function of the temperature
in a 0.1 T external magnetic field applied along with the film normal (the red or black
solid-dot line) and parallel to the film surface (the red or black dash-dot line) during
field cooling, respectively. For 2LNO/(10SRO/2LNO)*6, show the typically out-of-
plane magnetic anisotropy. That is, the easy axis of the sample tends to align to sample
normal rather than parallel to the sample surface, which is typical for StfRuOs3 layers of
this thicknes deposited on SrTiO3(100). While when the thickness of LNO layers
increased to 4 MLs, the FC magnetization of the multilayer obtained in the magnetic
field parallel to the surface of the sample were larger than the FC magnetic moments
detected in the magnetic field along with the film normal, which means the easy axis
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6.4.3 Anomalous Hall effect (AHE) resistance and Kerr rotation

of the sample changed toward in-plane orientation.

In addition, we show the temperature dependence of the magnetization loops at 10
K in out-of-plane and in-plane magnetic field, as presented in figures 6.3(c) and 6.3(d).
The diamagnetic contributions of the substrate, and of the ferromagnetic impurity
introduced during the sample cutting and of the background were subtracted’*!. In
agreement with the M(T) data, the in-plane hysteresis loop has a large saturation
magnetization and the largest remnant magnetization at 10 K, indicating that the easy
axis lies close to the in-plane direction for the multilayer with 4 MLs LNO spacers. To
determine the Curie of 4LNO/(10SRO/4LNO)*6, we get the derivative of the M(T)
curve, which shows two Curie temperature at 89 K and 117 K. The origin of these two
transition temperatures may come from the slight homogeneity of the multilayer,
similar to the case of the SrRuQO3/SrlrO3 multilayers

As we stated at the beginning of this chapter, the rotations of oxygen octahedra
can leadsto the change of magnetocrystalline anisotropy, and possibly this occurs in the
two multilayer. Thsmeans that additional investigation of the distortionsof the oxygen
octahedra at the interfaces is necessary to understand the strong modification of the
magnetocrystalline anisotropy in the two multilayers. More precisely, high-resolution
HAADF and ABF imaging, which are simultaneously acquired and enables us to image
all the elements (Sr/La, Ru/Ni, and O) in the sample, can be used for the investigation
of the atomic distortion at the interfaces. The oxygen octahedral tilting at the interfaces

can be obtained from the atomic structure calculation and STEM image simulation**
49

6.4.3 Anomalous Hall effect (AHE) resistance and Kerr rotation

Our former work demonstrated that the origin of the hump anomalies in the Hall
resistance loops of ultrathin SrRuOs/SrlrO3 multilayers could be attributed to the
unavoidable differences in the electronic and magnetic properties of the individual
SrRuO; layers*®. Hence, we are also interesetd about the Hall effect of the SRO/LNO
multilayers. Since the single LNO layer does not show strong SOC and shows
paramagnetic properties, it means that if the hump anomalies in the Hall resistance
loops of the sample were observed, one cannot attribute the hump-like features to the
skyrmion”.

I investigated the evolution of magnetotransport properties of SRO/LNO
multilayers with different thicknesses and stacking. We characterized the transverse
magnetotransport of these samples. The Hall resistance of samples can be expressed
asR,, = RXC;HE + RQHE, where the first term is the ordinary Hall resistance due to the
Lorentz force and the second term is the anomalous Hall (AH) resistance (Rx,*!), which
is proportional to the out-of-plane magnetization of the films. In figure 6.4, we show
the anomalous Hall resistance loops and MOKE rotation angle loops of
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Figure 6.4: Comparison of anomalous Hall resistance loops (blue: the first half marked as 1, the rest
marked as 2 and red) and of the MOKE rotation angle loops (black) measured at 10 K, 50 K, 80 K, and
100 K or at 10 K, 78 K, 80 K, and 100 K for sample 4LNO/(10SRO/4LNO)*6 and
2LNO/(10SRO/2LNO)*6, respectively.

4LNO/(10SRO/4LNO)*6 and 2LNO/(10SRO/2LNO)*6 at the temperature range of 10-
100 K. Here, we note that the ordinary Hall resistance and the background and impurity
contribution are subtracted from the total Hall resistance for the Hall loops and Kerr
rotation angle for Kerr loops shown subsequently throughout the paper.

The main features of the data for these two multilayers can be extracted as the
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Figure 6.5: MOKE rotation angle loops (black) and the anomalous Hall resistance loops (red) measured
at 10 K, 60 K, 63K, 64 K, 65 K, and 70 K for 4LNO/6SRO/4LNO trilayer reference sample are
compared. Hump-like features appear in the Hall loops around 63 K, where the AHE changes its sign

from negative to positive.

following points. First, the AHE resistance and MOKE loops show similar coercive
fields at all temperatures, which means the two different measurements can detect the
domain reversion and confirm that the coercive fields inferred by the AHE resistance
loops agree with those determined by MOKE loops. However, the hump-like feature
only occurs in AHE resistance loops but not in MOKE loops because the AHE
resistance loops do not directly scale only with the evolution of magnetic domain
Second, the hump-like features appear in the AHE loops for these symmetric
multilayers without DMI, which means other sources than skyrmions and their
topological Hall effect introduce the hump anomalies of the AHE hysteresis loops.
Considering the steps features at the interface in STEM images for the

40,41
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4LNO/6SRO/4LNO heterostructure, we assume that the hump-like features originate
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6.5 Conclusion

from the inhomogeneity of multilayers which have several magnetic channels with
distinct coercive fields and different temperatures at which the intrinsic AHE
conductivity changes sign®>>* TThe anomalous Hall resistances exhibit a sign change
from negative (at low temperatures) to positive (at high temperatures) which is typical
for SrRuOs; epitaxial films as well as single crystals due to the sign change of the
intrinsic anomalous Hall conductivity. In addition, the rotation of oxygen octahedral
can be attributed to the hump-like features in the AHE resistance loops as M. Ziese et
al. confirmed the Pro7Gao3MnO3/SRuO; show interfacial oxygen octahedral tilting™.

However, the difference in AHE resistance or MOKE loops for the two samples is
also obvious. Firstly, the AHE resistance loops of the 4LNO/(10SRO/4LNO)*6 show
the bend curve features at a high magnetic field but not for 2LNO/(10SRO/2LNO)*6
due to the 4 MLs metallic LNO with different ordinary Hall effect constants®. Then the
MOKE loops of 4LNO/(10SRO/4LNO)*6 present the wasp-waisted features at 50 K
and 100 K while they show a more square shape for 2LNO/(10SRO/2LNQO)*6, which
means the domain structure is more complex probably due to the rotation of the easy
axis. Thus, we can infer that decreasing the thickness of LNO from 4 MLS to 2 MLs
can tune the easy axis from in-plane to out-of-plane.

For the further investigation of the origin of the hump-like features of the
multilayers, we characterize the AHE resistances angle of a symmetric
4LNO/6SRO/4LNO heterostructure (see figure 6.5). The main features of the AHE and
MOKE loops for the sample, such as the hump-like features, the similar coercive field,
and the sign change of AHE resistance, are quite similar to 4LNO/(10SRO/4LNO)*6
and 2LNO/(10SRO/2LNO)*6. We strength that the AHE resistance loops of the
4LNO/6SRO/4LNO show the obvious humps-like features again at narrow temperature
ranges 63 K - 65 K, which is similar to that of the 2LNO/(10SRO/2LNO)*6, but
different with other literature which stated skyrmions show at a larger temperature
range for SrRuO; based heterostructures or SrRuOs signal layer’*>’. Here we
strengthen again that the 2 MLs or 4MLs are paramagnetic, and thus the AHE originates
from the SrRuOs layers. In addition, the LNO layers show no strong SOC, and there is
no DMI for the sample. The humps-like features of AHE loops tend to come from the
inhomogeneity of the sample with differences in electronic and magnetic properties of
the individual SrRuOj3 layers for 4LNO/(10SRO/4LNO)*6, 2LNO/(10SRO/2LNO)*6,
while the humps-like features generated by the interfaces with different magnetic
properties for 4LNO/6SRO/4LNO*%.

6.5 Conclusion

In summary, we studied the tailoring of magnetic anisotropy and the occurrence of
hump-like features in AHE resistance loops for symmetric SrRuO3/LaNiO3/SrRuO;
multilayers or asymmetric LaNiO3/SrRuO3 multilayers. To investigate magnetic
anisotropy, we mainly performed measurements of the temperature and magnetic field
dependence of magnetic moment by SQUID. The origin of magnetic anisotropy change
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was revealed by atomic structure calculation and STEM image simulation. The
symmetric SrRuQO3/LaNiO3/SrRuO3; multilayers and asymmetric LaNiO3/SrRuO3
multilayers, the magnetic anisotropy axes can be controlled from in-plane to out-of-
plane by decreasing the thickness of LaNiOs3 layers from 4 MLs to 2 MLs probably due
to the different oxygen octahedral connectivity at the StRuO; /LaNiOjs interfaces, which
cause changes of the octahedral tilt angles and bond lengths and thus tune the effective
magnetocrystalline anisotropy. Meanwhile, the strong interlayer coupling in the
multilayers with 4 MLs LNO maybe also contribute to the tailoring of magnetic
anisotropy. To study the magnetotransport of samples, we simultaneously measured the
AHE and MOKE Kerr rotation angle loops by a homemade setup. The AHE resistance
loops  show  hump-like  features  for the  symmetric = multilayers
((2LNO/(10SRO/2LNO)*6), (4LNO/(10SRO/4LNO)*6), and 4LNO/6SRO/4LNO).
Considering the absence of strong SOC for LaNiO3 layers and symmetry of the structure
of multilayers, we conclude that the hump-like features most possibly originate from
the inhomogeneous magnetic and electrical properties of individual SrRuOs layers and
different magnetic properties at LaNiO3/SrRuOjs interfaces rather than the formation of
skyrmions. I expect my work to promote the research on the spintronics with
faerromagnetic oxide heterostructures.
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7.1 Summary and Outlook

he work summarized in the thesis aims to investigate intriguing physical

phenomena, i.e., anomalous Hall effect (AHE), magnetic interlayer coupling, and
magnetic anisotropy in ferromagnetic oxide epitaxial multilayers for understanding
how to control them and potentially make use of them in applications. I carried out
studies mainly with StRuOzs-based heterostructure and multilayers. A strong motivation
for this choice was that heterostructures of SrRuO3/SrlrO3; were considered to have
strong interfacial Dzyaloshinskii-Moriya interaction (DMI) due to the broken spatial
inversion symmetry and the strong spin-orbit coupling in SrIrOs, which would result in
the formation of small Néel skyrmions.

The detection of skyrmions with an available approach for most of the research
groups, i.e., magnetotransport measurement, has been intensively investigated since the
interpretation of the observed humps in AHE resistance loops of SrRuOs;/SrlrOs,
bilayers as a fingerprint of the contribution of the topological Hall effect (THE) of
skyrmions. However, increasing numbers of researchers doubted the reliability of the
Hall measurements proof for the existence of skyrmion, because the hump-like features
can also be explained by the two-channel AHE model or inhomogeneity. In chapter four,
we prepared different SrRuOs;/SrIrO3SrRuOs symmetric heterostructures, which
disfavor the occurrence of a net interfacial DMI and thus, the formation of skyrmions
would not have the proper conditions to form. However, the hump-like structures were
observed for the Hall resistance loops of multilayers, in which the trilayer was stacked
several times, which is similar to the case of asymmetric STRuO3/SrIrOs bilayers. The
Hall resistance loops of multilayers, in which the trilayer was stacked several times, did
exhibit hump-like structures, similar to that of asymmetric STRuOs3/SrIrO3 bilayers. The
magnetization as a function of temperature combined with the XMCD measurement for
the individual SrRuOs layers and SrlrO; layers showed that the multilayers probably
had a spread of the Curie temperatures, indicating the different magnetic properties of
the individual SrRuOs3 layers. The origin of the Hall effect anomalies likely can be
attributed to the unavoidable structural differences between the individual SrRuOs;
layers stacked in epitaxial multilayers. The slight structural differences, such as oxygen
octahedra rotation angles, and bond lengths, of the individual ruthenate layers, lead to
the inhomogeneous magnetic and electrical properties across the multilayer. Thus, the
individual SrRuOjs layers may generate several independent magnetotransport channels
leading to the hump-like features of the AHE loops.

Hence, we proved that the presence of the possible magnetic skyrmions and THE
in SRO heterostructures need to be determined by a set of complementary techniques,
especially by real space observations by means of electron microscopy or magnetic
force microscopy. Further theoretical studies on the electronic structure of SRO
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heterostructures and understanding better the anomalous Hall effect in these
heterostructures are required.

Then, considering a strong ferromagnetic coupling is beneficial to modifying or
controlling the magnetic properties of the multilayer system, I studied coupling effects
in SrRuO3/LaNiO3 multilayers systems. Strong ferromagnetic interlayer coupling
benefits multilayers with topologically non-trivial magnetic domains propagating
across the entire stacking. In chapter five, we found an easy but effective approach to
enhance the ferromagnetic interlayer coupling between epitaxial SrRuOs; layers. The
metal-insulator transition related to thickness plays a significant role in the change of
the interlayer exchange coupling mechanism. More precisely, the multilayer with 4
MLs metallic LaNiO3 (LNO) spacers enables a ferromagnetic coupling via an RKKY
type of interlayer exchange coupling. In contrast, the multilayer with 2 MLs insulating
LaNiOs spacer shows weak coupling, which arises from a combination of tunneling
through the insulating layer plus possibly the effect of pinholes.

In this work, we show a promising approach to enhance the ferromagnetic
interlayer coupling between epitaxial SrRuO;s layers, which contributes to the
heterostructure design for ferromagnetic oxide multilayer system with attractive
magnetic domains. Still further investigation of the RKKY coupling to understand the
stronger interlayer coupling is necessary. For example, the RKKY coupling strength
oscillation with the spacer thickness should be strengthened. Moreover, though the bare
4 and 8 MLs bare LNO thin films show the tendency of metal-insulator transition with
the thickness decreasing, finding a way to check the conductivity of LNO spacer in
multilayers can directly help us further figure out the coupling mechanism. Finally,
stemming from this work, it should be valuable to the interlayer coupling in
ferromagnetic oxide multilayers with high Curie temperature separated by spacers for
the room temperature application.

Finally, effective magnetic anisotropy can tune the magnetic domain structure in
ferromagnetic thin films and multilayers. In chapter six, we focus on tailoring the
magnetic anisotropy of StRuO3/LaNiO3; multilayers between out-of-plane and in-plane
configurations, and this tunable magnetic anisotropy may provide a viable approach to
stabilize magnetic skyrmions in SrRuQOs-based multilayers. We find that the magnetic
anisotropy axes of our symmetric STRuO3/LaNiO3/SrRuO3 multilayers and asymmetric
LaNi10O3/SrRuO3 multilayers can be tuned from in-plane to out-of-plane by decreasing
the thickness of LaNiO; layers from 4 MLs to 2 MLs probably due to the different
oxygen octahedral connectivity at the SrRuO;s; /LaNiO; interfaces, distorting the
octahedral tilt angles and bond lengths and then modifies the effective
magnetocrystalline anisotropy. Additionally, the strong interlayer coupling in the
multilayers with 4 MLs LNO spacers likely may also contribute to the tailoring of
magnetic anisotropy. It is also interesting to find the AHE resistance loops of our
symmetric multilayers ((2LNO/(10SRO/2LNO)*6), (4LNO/(10SRO/4LNO)*6), and
4LNO/6SRO/4LNO) show hump-like features. This observation confirmed the

129



7.1 Summary and Outlook

conclusions of our work on SrRuOs/SrlrO; multilayers, which stressed that the
inhomogeneous magnetic and electrical properties of individual SrRuOs3 layers can lead
to several independent magnetotransport channels.

In conclusion, we can tailor the magnetic anisotropy of SrRuOs-based multilayers
by inserting different thicknesses of ultrathin LNO spacers, making use of the
thickness-dependent structural distortions and physical properties of perovskite oxides.
To investigate octahedral tilt angles, the bond length, and atomic distortion in these
multilayers, we should perform high-resolution x-ray diffraction studies and high angle
annular dark-field scanning transmission electron microscopy as a function of
temperature, as recently performed for bare SrRuOs films', and more in-depth atomic
structure calculation is required.
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Figure 2.1: Schematic view of the orthorhombic unit cell of SrRuO3. Reproduced with
permission from Q. Gan et al., © 1999 American Institute of Physics®.....14

Figure 2.2: A sequence of phase transitions of unstrained bulk SrRuOs; from
orthorhombic to tetragonal and then cubic symmetry at 547 °C and 677 °C,
respectively. The unit cell of the orthorhombic SrRuO3 consists of four formula
units of the ideal cubic perovskite structure. The Ru atoms occupy high-symmetry
positions with respect to the orthorhombic shape of the cell. The O and Sr atoms

are displaced from their high-symmetry positions due to the octahedral tilting. The
tetragonal SrRuOs is a one-tilt system, where the RuOg octahedra are rotated only
about the [001] direction. Gray, black, and white balls represent Ru, O, and Sr
atoms, respectively. Reproduced with permission from K. J. Choi et al., © 2010
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim?*..............cccccveveveverennneee, 14
Figure 2.3: (a) Temperature dependence of the in-plane, out-of-plane, and total
remanent magnetization of a STRuQOs3 film. The film was cooled in a saturating
field down to 5 K and the magnetization was measured upon warming after
removing the applied field. The temperature dependence of the angle between the
magnetic moment and the normal to the film plane is also shown from Ref.® .
Reproduced with permission from L. Klein et al., © 1996 IOP Publishing Ltd. 16
Figure 2.4: (a) Schematic for the density of the states (n(E)) in ferromagnetic 3d
transition metals and noble metals. (b) Schematic to explain the origin of the
RKKY interaction. The spin-up (1) electron penetrates the whole stack with little
reflection at the interfaces. The spin-down (]) electron is reflected back and forth
between the interfaces. The figures are adapted from Ref.’. ..........cc.ccooevevinnnnee, 18
Figure 2.5: Spin frustration at an FM/AFM interface: (a) No frustration, perfect
interface. (b) Frustration caused by a step in the AFM. (c) Frustration at the
interface. (d) Frustration in the FM. The figures are adapted from Ref.>*........... 19
Figure 2.6: Schematic representation of (a) Néel’s “orange—peel” coupling in
ferromagnetic layers separated by nonmagneticspacers,ad (b) Néel wall and (c)
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Bloch wall couplinginsinglelayerfilm. The figures are adapted from Ref”’.......20
Figure 2.7: (a) Hall effect: the longitudinal current Ix under vertical external magnetic
field Hz contributes to the transversal voltage Vy due to the Lorentz force
experienced by the charge carriers. (b) Anomalous Hall effect (AHE): the electrons
with majority and minority spin (due to spontaneous magnetization M,) having
opposite ‘“anomalous velocity” due to spin-orbit coupling, which causes
unbalanced electron concentration at two transversal sides and leads to finite
voltage Vy. The figures are adapted from Ref.%.............ccccceevvviiieiiicccen, 23
Figure 2.8: Three main mechanisms of AHE: (a) intrinsic deflection, (b) skew scattering,
(c) and side jump that can give rise to an AHE. In any real material all these

mechanisms act to influence electron motion. The figures are adapted from Ref.%®

Figure 2.9: Schematic view of the orthorhombic unit cell of SrIrOs . Sr, Ir and O atoms
are shown in green, blue and red. The octahedra shown are rotated about the c—axis
and tilted about [ T1T0]-aXIS. ..eecuureiiirieiiiieiiiie st 27
Figure 2.10: Electronic structure of orthorhombic SrIrO3: (a) Orbit configuration of 5d5
with SOC and U’; (b) schematic picture of the band evolution with dimensionality
increases in Sm+1IrmOsn+1 iridates. W represents the bandwidth. The a denotes the
excitation of electrons from LHB to UHB, and the  for the excitation from Jefr =
3/2 band to the UHB, seen from the optical conductivity spectra'®. The figure is
adapted from Ref.?. ... 28
Figure 2.11: The schematic view of a traveling electromagnetic wave. The electric and
magnetic field are transverse to each other and the propagation direction ko. The
electric field vector is named the polarization vector as it defines the polarization
state of the electromagnetic wave. The figure is adapted from Ref.®!................. 31
Figure 2.12: Possible polarization states of light. The figure is adapted from Ref.’. ..32
Figure 2.13: Light being refracted from a medium, with the s- and p-polarization
directions defined. The ki and 4 vectors define the plane of incidence. The figure
is adapted from Ref.!12 .. ..o 32
Figure 2.14: Electric field vector after a linearly polarized light impinges on a magnetic
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surface and experiences the Kerr effect. The angle ¢ is called the Kerr rotation and
the angle ¢ is called the Kerr ellipticity. The figure is adapted from the Ref.®!...33
Figure 2.15: The longitudinal, transverse, and the polar magneto-optical Kerr effect
(MOKE) measurement geometries are defined in terms of the relative orientation

of the magnetic field B and the plane of incidence light. The figure is adapted from

Figure 2.16: Diagram of the polar MOKE showing the magnetization direction and the
Lorentz movement direction, which gives the Kerr effect in reflection. The figure
is adapted from the Ref. 10 ... 35
Figure 2.17: Schematic of the polarizing elements in the setup. Monochromatic light is
polarized in the y-direction by polarizer one, reflected by the sample, modulated
by the PEM, passes polarizer two and is collected by the detector. The symbols of
the Jones matrices are attached. The figure is adapted from Ref.!'7.................... 37
Figure 2.18: Calibration and fitting data with the small rotation angle of polarizer for a
LaNi1O3/SrRUO3 heteroStrUCTULE. .......ccvirriiiiciieeiec e 41
Figure 2.19: (a) The gray dashed line gives the theoretical Ox(E) spectrum. The red
spheres give the measured Ox(E) at uOHa =+0.5 T at T = 15 K. Peaks are observed
at 1.75 eV and 2.85 eV. The figure is taken from Ref............c.cooviiiiiiininn 41
Figure 3.1: Principle of pulsed laser deposition (PLD): A laser is focused on a rotating
target where it ablates material in the form of a plasma. A heated substrate is placed
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1M ZLOWS. ¢t 50
Figure 3.2: Photo of the PLD machine with which the samples were made. ............. 51
Figure 3.3: Schematic of the MOKE setup used for this thesis (the figure from S.
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corners with numbers show electrical contacts. B, is the magnetic field applied
perpendicular to the sample surface for magnetoresistance and Hall resistance
MNECASUTCINIETIES. ..viiiiie ittt bbb n e 55
Figure 3.5: Scheme of work principles of conventional AFM microscope. (Reproduced
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from Park Systems NX10 User’s Manual). .........cccccvvriieiiiiiniiciieciees 57
Figure 3.6: (a) Diagram of SQUID?: A superconducting ring with Josephson junctions.
(b) Signal response from 4-ring geometry as a function of position, red and blue
arrows indicating opposite ring voltage response (figure source: Quantum Design
MPMS manual). (¢) Superconducting Quantum Interference Device (d) Typical
sample of a ferromagnetic heterostructure grown on a diamagnetic SrTiO3
substrate, mounted inside a nonmagnetic plastic Straw. ...........c.ccocvvvriiiiiicinenn, 58
Figure 3.7: Illustration of the XMCD effect at the L-edge absorption for SrRuOs;
showing density of states for the spin-up and spin-down. The figure is adapted
FEOM REE. 27 1ottt 59
Figure 4.1: RHEED and AFM investigations of SrlrOs/[SrRuO3/SrlrOs3]; and
SrlrO3/[SrRuO3/SrlrOs]6, which were grown under the same PLD conditions: (a)
and (c) deposition time dependence of RHEED intensity; (b) and (d) AFM
topography images (5 um x 5 um scans) of the top surface of the as grown samples.
The small black arrows in (a) and (c) mark the top of the oscillations of the RHEED
intensity signal during the growth of the SrlrOs3 layers. The inset in (c) shows the
RHEED signal recorded during the growth of the first three layers of the multilayer
StIrO3/[STRUOZ/STITO3] . s 69
Figure 4.2: Microstructure investigations by scanning transmission electron microscopy.
(a) Schematics of sample SrlrO;/[SrRuOs/StlrO;]m (m = 1, 3, 6) grown on
SrTiO;(100) substrates. (b) An overview HAADF-STEM micrograph of sample
SrIrO;/[SrRuO3/SrlrO3]¢ indicates the layers are uniform (except for the top layer
that was damaged during the FIB processing of the specimen). (c) Schematics of
the structure of the trilayer SrlrO;/[SrRuQO;/SrlrOs];, for which a 6 uc SrRuO;
layer is inserted between two SrlrO; layers (both 2 uc thick). Green, orange, blue,
and red dots represent Sr, Ir, Ru, and O atomic column positions, respectively, in the
crystal structure drawn using VESTA*. In (d) and (e) high magnification
micrographs show the quality of the interfaces. EDX elemental mapping across the
entire stacks shown in (e) probed the uniformity of chemical element distribution.
(f) FFT pattern obtained from the image shown in (d), which shows the spots due to
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intensity oscillation. (e) Schematics of the sample and (f) ex situ AFM topography
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Figure 4.5: Temperature dependence of the magnetic moment of the samples (a)
SrIrO5s/[SrRuO;/SrlrOs]; and (b) SrlrOs/[SrRuO;/SrlrOsz]s under zero field
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Figure 4.6: (a) X-ray absorption spectroscopy (XAS) and XMCD around the
Ruthenium L3 edge at 100 K. The XMCD was normalized to the XAS maximum.
(b) Temperature dependence of the (normalized) Ru XMCD at 2840 eV after field
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Figure 4.7: Magnetic moment hysteresis loops (measured by SQUID magnetometry,
red loops) and MOKE rotation angle loops for samples (a)
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Figure 5.3: AFM topography images and analyses of the topography of the two
heterostructures used for the interlayer coupling study: (a)-(c) for the
4LNO/6SRO/4LNO/18SRO and (d)-(f) for the 2LNO/6SRO/2LNO/18SRO
NETETOSEIUCTULE. ...ttt ettt ettt e b et e e beeennee e 95
Figure 5.4: XRD scan of the 4LNO/18SRO reference, confirming the high
crystalline quality of the heterostructure. The data is compared to a simulation (see
Table 5.2 fOr detailS). ...uviiiiiiiiii it 96
Figure 5.5: MOKE (Kerr rotation) loops of the heterostructures with 2 or 4 ML thick
spacer or capping LaNiO; layers: (a), (¢), (¢) Major loop and minor loops at 10,
90, and 100 K, respectively, for the heterostructure 2LNO/6SRO/2LNO/18SRO
with weak coupling; (b), (d), and (f) only major loops for the
4LNO/6SRO/4LNO/18SRO heterostructure with strong coupling. The minor
loops (marked in red) were measured between saturation in positive fields and

reversal field of —0.271 T, —0.058 T, and —0.027 T. The magnetic field was applied

perpendicular to the heterostructure surface for all measurements. ..................... 98
Figure 5.6: SQUID magnetometry investigations of the
[4LNO/6SRO/4LNO/18SRO]R and 2LNO/6SRO/2LNO/18SRO

heterostructures with magnetic field applied perpendicular to the sample
surface: (a) and (b) Temperature dependence of magnetic moment under field-
cooled (FC) mode with  applied magnetic field of 0.1 T for
[4ALNO/6SRO/4LNO/18SRO]R and 2LNO/6SRO/2LNO/18SRO, respectively; (c)
comparison of m(H) hysteresis loop and Kerr rotation loop of the
[4ALNO/6SRO/4LNO/18SRO]R, both measured at 10 K; (d) major m(H) loop at
10 K and minor loop between saturated state (+ 3 T) and a reversal field of -0.3
T, for the weakly coupled heterostructure, 2LNO/6SRO/2LNO/18SRO. The inset
in (a) and (b) shows the first derivative of the magnetic moment with respect to
temperature, to determine the Curie temperatures for the two SrRuO; layers of
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Figure 5.7: (a) and (b) Kerr rotation loops for the 4LNO/6SRO/4LNO/18SRO (green),
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2LNO/6SRO/2LNO/18SRO (red), 4LNO/6SRO/4LNO (blue) and 4LNO/18SRO
(black) heterostructure at 10 K and 50K, respectively. (c) Temperature dependence
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Figure 6.1: Microstructure of 4LNO/6SRO/4LNO heterostructure (a) schematic of the
sample, (b) HAADF-STEM cross-sectional image, (c) high magnification
micrograph, the red lines on the top micrograph indicate a region where the spacer
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magnification micrograph, (e) EDX elemental mapping of all the cations of the
layers across the heterostructure in the area shown in (d) (Ni purple, La light green,
Ru blue, Sr red, Ti green, O Cyan €olors)........cooeerreiiiieiiiiieneeeeenee e 115

Figure 6.2: Microstructure of 4LNO/(10SRO/4LNO)*6 heterostructure (a) HAADF-
STEM cross-sectional image, (b) high magnification HAADF-STEM micrograph,
(c) FFT pattern obtained from the image shown in (b), (d) EDX elemental mapping
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Figure 6.3: Comparison of the magnetic moments as a function of temperature and
magnetic field of the (4LNO/(10SRO/4LNO)*6 and 2LNO/(10SRO/2LNO)*6
multilayers: (a) and (b) Magnetic moments as a function of temperature measured
with field cooling (FC) mode; (c¢) and (d) Magnetic moments as a function of

applied field along different directions (parallel and perpendicular to the layers) at

Figure 6.4: Comparison of anomalous Hall resistance loops (blue: the first half marked
as 1, the rest marked as 2 and red) and of the MOKE rotation angle loops (black)
measured at 10 K, 50 K, 80 K, and 100 K or at 10 K, 78 K, 80 K, and 100 K for
sample 4LNO/(10SRO/4LNO)*6 and 2LNO/(10SRO/2LNO)*6, respectively.119

Figure 6.5: MOKE rotation angle loops (black) and the anomalous Hall resistance loops
(red) measured at 10 K, 60 K, 63K, 64 K, 65 K, and 70 K for 4LNO/6SRO/4LNO
trilayer reference sample are compared. Hump-like features appear in the Hall

loops around 63 K, where the AHE changes its sign from negative to positive.
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Table 2.1: A selection of frequently used oxide substrate materials and their structural
and transport properties. STRuQs strain is defined as (di-ds)/ds, where d; and d; refer
to the bulk in-plane lattice parameters of SrRuO; layer and the substrate,
respectively. The table is adapted from Ref.!377 . ...........cccooviviiiiiiiiiceccee, 26

Table 3.1: Properties and specifications of the cryostat microstatMO, polarization
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