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ABSTRACT

Emergent phenomena of perovskite
ruthenate in ultra-thin regime

Byungmin Sohn
Department of Physics and Astronomy

Graudate School, Seoul National University, Seoul, Korea

This thesis comprises researches of emergent phenomena of perovskite stron-

tium ruthenate, SrRuO3 (SRO), in an ultrathin regime. Due to the characteristics

of the ultrathin system, a condensed material can have novel physical properties

different from the bulk or thick films. Although SRO is one of the well-studied

materials over the decades, SRO ultrathin films have not been studied inten-

sively yet. Thus, we introduce the growth of high-quality SRO ultrathin films

and emergent phenomena in the view of electrical transport and angle-resolved

photoemission spectroscopy measurement.

As the importance of electronic devices is advanced, electrical transport mea-

surements have been utilized to investigate many physical properties such as

resistivity, Hall effect, and carrier density. In this sense, Hall effects in SRO thin

films also have been widely investigated for decades. Generally, the Hall effect in

SRO thin films has been explained with two Hall effects, ordinary Hall effect and

anomalous Hall effect. Recently, as a high-quality SRO thin film was successfully

grown, research of the Hall effects began to progress even in the ultrathin-film

area. We observed that the shape of Hall hysteresis of SRO ultrathin films is

xix



different from that of an SRO thick film: hump-like structures appear and the

sign of anomalous Hall effect changes. We present results and discussion on the

novel Hall effects which behave differently than thick films and bulk.

We focus on the hump-like features in Hall resistivity, which appear when

the thickness of thin films is thinner than 2 nm. The hump-like features are

produced due to the inversion symmetry breaking on the surface of thin films,

which generates Dzyaloshinskii-Moriya interaction and chiral magnetic structures.

Furthermore, we control the hump-like features via capping layers on SRO and

manipulating an electric field with the ionic-liquid gating method. We discuss the

mechanism and possible origin of hump-like structure, explain the controversy on

the emergent hump-like Hall effect, and control the hump-like structure by tuning

the electric field on the surface.

Next, the sign-changing anomalous Hall effect in the ultrathin limit is con-

tinuously discussed. We show that the sign of anomalous Hall effect changes in

a variation of the film thickness, magnetization, and chemical potential due to

the multi-sign characteristic of Berry curvature near the Fermi level. The multi-

sign Berry curvature is generated due to topological nodal structures (nodal lines

and quadratic band crossing), which are protected by the four-fold-rotational

and two-dimensional symmetry. Our study is the first to directly characterize

the topological band structure of two-dimensional spin-polarized bands and the

corresponding AHE, which could facilitate new switchable devices based on fer-

romagnetic ultrathin films.

The electronic band structure in ultrathin films is also expected to change

due to a lack of translational symmetry along out-of-plane direction. We demon-

strate SRO retains its metallicity even in a monolayer. We also introduce how

the ground state changes in a monolayer SRO with changing oxygen octahedral
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rotation. Our systematic investigation reveals that there is a close correlation

between the electronic phase and itinerant ferromagnetism in ultrathin SrRuO3

films. Furthermore, by exploiting the low-dimensional nature of the monolayer

SrRuO3, we induce the electronic transition from the correlated metal to Fermi

liquid.

Key words : Transition metal oxide, Strontium ruthenate perovskite, SrRuO3,
Angle-resolved photoemission spectroscopy, Electrical transport,
Ferromagnetism, Chiral magnetic order, Fermi liquid, Hall effect,
Anomalous Hall effect, Topological Hall effect, Berry curvature,
Topological nodal structures
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Chapter 1

Introduction

In this chapter, we discuss transition-metal-oxide heterostructures. We in-

troduce general features of transition metal oxides, as well as heterostructures

to control underlying properties of materials. The fundamental characteristic of

transition metal oxides can appear differently in the ultrathin regime. We will

present the factors that cause abnormal phenomena in ultrathin films other than

thick films or bulk materials, in particular, in a strontium ruthenate perovskite,

SrRuO3. At the end of this chapter, we summarize the outline of the thesis on

emergent phenomena in ultrathin SrRuO3 films.
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Chapter 1. Introduction

1.1 Transition metal oxides and metal-oxide het-

erostructures

Electronic correlations often bring on interplays between the fundamental de-

grees of freedom in condensed matters, namely, the electronic spin, orbital, charge,

and lattice. In transition metal oxides, strongly correlated d electrons induce an

entanglement of the degrees of freedom. As a result, a variety of phenomena such

as high-temperature superconductivity, Mott transition, various charge, spin and

orbital orderings, and multiferroics emerge. Thus, understanding the combina-

tion between the degrees of freedom is of importance for understanding transition

metal oxides and these phenomena.

There have been many attempts to comprehend these phenomena by manipu-

lating the degrees of freedom in transition metal oxides. One of the effective meth-

ods to control the degrees of freedom is synthesizing epitaxial heterostructures.

As shown in Fig. 1.1, each degree of freedom can be engineered at heterostruc-

ture interfaces: Charge reconstruction with polar layers, spin reconstruction due

to spin frustration, orbital interaction with spin-spin and spin-orbit couplings,

and lattice reconstruction are produced. As a result, the interplay of interfaces

controls the degrees of freedom of the epitaxial film and often leads to different

ground states other than bulk materials.

Over the past decade, many emergent phenomena related to interface effects

have been reported in transition-metal-oxide heterostructures. Two-dimensional

metallic electron gas and superconductivity were realized in the interface of insu-

lating materials, LaAlO3 and SrTiO3 [2]. Orbital reconstruction was observed in
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1.1. Transition metal oxides and metal-oxide heterostructures

Figure 1.1: Schematic illustration of interplays between four degrees of freedom
(charge, spin, orbital, and lattice) at the interface of epitaxial heterostructures.
Adapted from P. Yu et al. [1].

the interface of a cuprate heterostructure [3], and later, emergent superconduc-

tivity was reported in the interface between non-superconducting cuprates [4].

Emergent magnetic phases also have been reported such as ferromagnetic [5] and

magnetic skyrmion phases [6] in oxide heterostructures. Interface-driven novel

phenomena have been vigorously studied by synthesizing heterostructures until

a recent date.

Still, studying the interface-driven phenomena by synthesizing heterostruc-

tures (or, superlattices) has some experimental limitations. Heterostructures are

composed of layers of two or more materials, which may give difficulties in ana-
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Chapter 1. Introduction

lyzing transport data. Moreover, since the novel phenomena appear in the inter-

face, it is difficult to study the phenomena with surface-sensitive methods, such

as scanning transmission microscopy (STM) and angle-resolved photoemission

spectroscopy (ARPES). Thus, a much simpler system is necessary to investigate

the emergent phenomena.
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1.2. Transition-metal-oxide ultrathin films

1.2 Transition-metal-oxide ultrathin films

By constructing heterostructures with two or more different materials, inter-

faces are naturally formed between two layers of different materials. A thin film

composed of only a single material also has at least two interfaces: “an interface

between a substrate and a film” and “an interface between a vacuum and a film

(or, surface)” (Fig. 1.2). Nonetheless, the effects induced by both interfaces have

been often neglected since a large portion of a thin film consists of a bulk-like

region when a thin film is thick enough (∼10 nm). In the ultrathin regime, how-

ever, a bulk-like region that is not affected by interfaces disappears, and interfaces

influence all atomic layers. So, these interface effects cannot be neglected if a film

is ultrathin (∼1 nm).

Not only the interfaces but also a lack of translational symmetry to out-of-

plane direction can affect ground states and properties of the system. In con-

Figure 1.2: Schematic illustrations for thin (∼10 nm) and ultrathin (∼1 nm)
films. A Bulk-like region disappears in the ultrathin films.
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Chapter 1. Introduction

Figure 1.3: Schematic illustration for confined electrons in an ultrathin film.

densed matter, periodically distributed atoms generate a periodic potential, and

the electrons are described with Bloch’s function. However, in ultrathin films,

due to the lack of periodicity, electrons have a different tendency to move in an

out-of-plane direction than in an in-plane direction (Fig. 1.3). Moreover, as the

thickness of films decreases and becomes close to the atomic scale, two interfaces

can induce a new boundary condition for electrons. As a result, electrons tend

to be confined inside the conducting layers and exhibit quantum confinement

effect [7–9].

In summary, “interfacial effects due to a substrate and surface” and “a lack of

translational symmetry” can induce different states in ultrathin films from bulk

or thick films. In this section, the possible different properties of ultrathin films

will be presented.

1.2.1 Strong interfacial effects

Epitaxial thin films are grown on a substrate, and so there are at least two

interfaces as explained in section 1.2. Due to the interfacial effects induced from

a substrate and vacuum, many properties such as atomic, electronic, and spin

structures can be different from the bulk near the interface. The interfacial effects
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1.2. Transition-metal-oxide ultrathin films

Figure 1.4: Ab-initio results for the (a) equatorial Ni-O-Ni bond angle and (b)
La-La distance in the out-of-plane direction in 10, 6, and 2 uc LaNiO3 thin films
on LaAlO3 (001) substrate. Adapted from J. Fowlie et al. [10]

have been often neglected in studying thin films, however, those effects cannot

be ignored in the ultrathin-thick limit.

In ultrathin films, layer-by-layer atomic structures are quite distinct from

thick films. In LaNiO3 and BaBiO3 ultrathin films (Fig. 1.4), ab-initio calcu-

lations show that 3 and 2 uc-thick regions of LaNiO3 near the substrate and

vacuum, respectively, have different atomic structures from bulk [10, 11]. It was

also observed that Ni-O bonding distortions appear at the surface and are sup-

pressed at a distance from the surface [12].

Subsequently, these atomic structure deviations may induce a variation in

electronic structures and corresponding phase transition in ultrathin films, e.g.

metal-to-insulator transition. As shown in Fig. 1.5, a SrIrO3 thin film on a SrTiO3

(001) substrate has orthorhombic structure when it is thick, while it becomes

tetragonal when the thickness is thinner than 2 uc [13]. In addition, the film turns

from metallic state into insulating state simultaneously. A LaNiO3 ultrathin film

7



Chapter 1. Introduction

Figure 1.5: (a) Photoemission spectroscopy of SrIrO3 films with thickness of 0, 1,
2, 3, and 4 uc. (b) Low-energy electron diffraction (LEED) and reflectivity high-
energy electron diffraction (RHEED) patterns of 4 and 3 uc SrIrO3 films. (c)
Structural models for SrIrO3 ultrathin films. Adapted from P. Schutz et al. [13]

also shows metal-to-insulator transition in the ultra-thin limit [14,15].

1.2.2 Surface-normal translational-symmetry breaking

In condensed matter physics, periodicity in atoms makes Bloch’s wave function

and electrons can be described with the concept of electronic band structures. For

example, the strontium iridate Ruddlesden-Popper compounds, Srn+1IrnO3n+1 is

composed of n layers of SrIrO3 perovskite layers, which are intecalated by SrO

layers, and SrIrO3 layers are shifted in a plane so that any iridium atoms cannot

be connected by mediating an oxygen atom between each [SrIrO3]n block [16]

(Fig. 1.6). As n is close to one, electrons strongly tend to be confined in the

[SrIrO3]n blocks, i.e. the electronic structure of Srn+1IrnO3n+1 system becomes

quasi two-dimensional when n = 1.

As dimensionality varies in the strontium iridate Ruddlesden-Popper series,

metal-to-insulating phase transition occurs. When n = 1, Sr2IrO4 is a Mott

insulator [17]. In n = 2, Sr3Ir2O7, as electron hopping along normal direction
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1.2. Transition-metal-oxide ultrathin films

Figure 1.6: A Schematic for Ruddlesden-Popper perovskites (An+1BnX3n+1).
Adapted from X. Xu et al. [19]

appears, the Mott-insulating state breaks down to barely-insulating state with a

narrower gap [18]. Eventually, it turns to be a three-dimensional semimetal as n

diverges to ∞, SrIrO3.

In ultrathin films, a lack of periodicity along out-of-plane direction can be

designed with the number of layers. As the thickness of films is reduced, it was

reported that SrIrO3 ultrathin films show a metal-to-insulating transition [13].

Thus, we expect the dimensionality of a material can be controlled as a function of

the thickness of thin films in the ultrathin limit. Moreover, due to the two different

interfaces near the vacuum and substrate, new crystal boundaries occur which

induces the wavefunction of electrons to form standing waves in the ultrathin

well [9]. Since electrons are confined in the finite well, this phenomenon is often

called the quantum confinement effect. It has been observed in SrVO3 ultrathin
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Chapter 1. Introduction

Figure 1.7: Two-dimensional quantum well states in SrVO3 ultrathin films.
Adapted from K. Yoshimatsu et al. [8]

films where two-dimensional quantum well states emerge shown as variations in

electronic band dispersion (Fig. 1.7) [8]. Many novel phenomena such as phase

transition and metal-insulator transition can be induced in ultrathin films.

1.3 Strontium ruthenate perovskite: SrRuO3

Strontium ruthenate Ruddlesden-Popper series, Srn+1RunO3n+1 [20], have fas-

cinated researchers over the decades. Here, n represents the number of octahedra

layers in the perovskite stack [21]. In the Rudddlesden-Popper materials, an

oxygen octahedron, which is composed of six oxygen atoms, surrounds a B site

atom (Ru, in the case of Srn+1RunO3n+1) and makes a covalent B-O-B bond

through which electrons are hopping. Thus, the shape of oxygen octahedrons

significantly influences physical properties such as electrical transport, supercon-

ductivity, magnetism, and thermal conductivity (Fig. 1.8).
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1.3. Strontium ruthenate perovskite: SrRuO3

Figure 1.8: Tuning an oxygen octahedron and possible phase transitions.
Adapted from D. Li et al. [22], S. Majumdar and S. Dijken [23], and J. M.
Rondinelli and N. A. Spaldin [24].

As the number of octahedra layers in each perovskite block, n, increases, the

dimensionality of Srn+1RunO3n+1 changes from two to three. It is also respon-

sible for the characteristics of each Ruddlesden-popper members. For example,

Sr2RuO4 is a novel superconductor with broken time-reversal symmetry. Mag-

netism is also affected by dimensionality. Clear ferromagnetism was reported

in Sr4Ru3O10 and SrRuO3, while it is under debate in Sr2RuO4 and Sr3Ru2O7.

Though many novel phenomena occur in the strontium ruthenate Ruddlesden-

Popper series, we will focus on the infinite-layer case, SrRuO3, in this thesis.

SrRuO3 is the infinite-layer material (n = ∞) in Ruddlesden-Popper series.

It is well known as an itinerant ferromagnetic metal (Fig. 1.9). While it shows

Fermi-Liquid behavior in low temperature, i.e. the resistivity is proportional to

T 2, it exhibits bad metal behavior at high temperature.

The structure of SrRuO3 is orthorhombic at room temperature, and structure

transitions occur as temperature increases. When it is a thin film, the structure
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Chapter 1. Introduction

Figure 1.9: Structure, resistivity, and magnetism of a single-crystalline SrRuO3.
Adapted from G. Koster et al. [20].

is highly dependent on the substrate, buffer layer, and thickness. For example, on

SrTiO3 (001) substrate, it shows thickness-dependent structure transition: when

it is thick (more than 10 nm), orthorhombic, and when it is thin, tetragonal [25].

As the A-site atom, Sr, is substituted to Ca or Ba, oxygen octahedral rotation

can be controlled [26]. Ferromagnetism is suppressed when the angle of oxygen

octahedra is too large or small. In (Ca,Sr)RuO3, as the angle is increasing,

ferromagnetism becomes weak and eventually disappears.

Although bulk and thin-film SrRuO3 have been intensely studied, a study of

ultrathin SrRuO3 (∼ 2 nm) has not yet been studied much yet. As we discussed

in section 1.2, many physical properties can be different from bulk and thick film.

In this thesis, we will examine and control the physical properties of SrRuO3

ultrathin films in the views of structure, transport, and electronic structure.

1.4 Outline of Thesis

We have discussed transition metal oxides and heterostructures focusing on

strontium ruthenate perovskite, SrRuO3. Strontium ruthenate thin films showed
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1.4. Outline of Thesis

different properties from bulk depending on substrate, crystal direction, and

thickness. Especially in the ultrathin limit, interfacial effects and a lack of out-

of-plane translational symmetry are expected to induce new novel phenomena.

In this thesis, we will discuss emergent electronic and magnetic phenomena in

SrRuO3 ultrathin films.

In chapter 2, the experimental methods will be introduced: pulsed laser de-

position (PLD) method, transport, and ARPES measurements. For growing

SrRuO3 thin films, we exploited a pulsed laser deposition (PLD) method, which

will be dealt with in the first section of chapter 2. As ultrathin SrRuO3 films

show different transport properties from the bulk and thick film, we investigated

the resistivity and Hall effect of the ultrathin films. The transport measurement

will be introduced in the second section. We also utilized ARPES to study the

ultrathin films, which will be dealt with in the third section.

In chapters 3 and 4, Hall effects in SrRuO3 ultrathin films will be focused

on. The behavior of the Hall effect in SrRuO3 appears differently in the ultra-

thin limit: a hump-like structure appears and a sign of anomalous Hall effect

is flipped. We will examine and control a hump-like structure that emerges in

Hall effect measurement near the coercive field. Then, the origin of sign flipping

in the anomalous Hall effect with a change of thickness, chemical potential, and

magnetization will be explained.

In chapter 5, we will introduce how the ground state changes with more thin-

ner SRO ultrathin films into the monolayer limit. By designing charging-free

SRO ultrathin heterostructures and utilizing ARPES, we study electronic struc-

tures in a monolayer-thick epitaxial SrRuO3 film. Our systematic investigation

reveals that there is a close correlation between the electronic phase and itiner-

ant ferromagnetism in ultrathin SrRuO3 films. Furthermore, exploiting the low-
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dimensional nature of the monolayer SrRuO3, we induce the electronic transition

from a correlated metal to Fermi liquid.
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Chapter 2

Experimental Methods

In this chapter, we introduce experimental methods which are utilized to ob-

tain results in this thesis. First, we discuss pulsed laser deposition (PLD) we have

used for growing strontium ruthenate films. Second, we explain transport mea-

surements including magnetoresistance, Hall resistance, and ionic-liquid gating.

Last, angle-resolved photoemission spectroscopy (ARPES) measurement will be

introduced.
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Chapter 2. Experimental Methods

2.1 Pulsed laser deposition

Over the last decades, many chemical and physical deposition techniques have

been developed and advanced to make high-quality thin films. In condensed mat-

ter physics, the molecular beam epitaxy (MBE) method, on/off-axis sputter, and

pulsed laser deposition (PLD) method have been widely exploited for synthesiz-

ing thin films. Among them, PLD is the simplest way to synthesize a thin film

with high crystalline quality. PLD method offers a very wide range of deposition

parameters, such as substrate temperature, gas partial pressure, and laser fluence.

This flexibility makes the PLD method to be very attractive for investigating the

effects of the deposition parameters. For example, it is known that oxide thin

films have quite different physical properties depending on deposition conditions.

Figure 2.1: A picture of pulsed laser deposition method.
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2.1. Pulsed laser deposition

Figure 2.1 shows a schematic illustration of a PLD method. It is composed of

a target holder and a substrate holder placed in a vacuum chamber. We can tune

many experimental parameters to optimize the growth condition: temperature of

a substrate, laser fluency, partial pressure, and distance between substrate and

target. Depending on these experimental conditions, many characteristics such

as atomic ratio, growth ratio, and growth mode are varying.

Temperature of a substrate. When amorphous and polycrystalline films are

necessary to be deposited, the substrate temperature is usually maintained near

room temperature. However, in most cases, epitaxially-grown thin films are

needed and a substrate is required to be maintained at high temperature. The

structure and atomic ratio of thin films are highly dependent on the tempera-

ture of the substrate [27, 28]. It was also reported that the growth mode can be

controlled with changing temperature of the substrate [29].

Laser fluency. A high-power laser is used as an external energy source to

ablate and vaporize the target material. As a laser fluency becomes stronger,

the number of ablated atoms by a pulsed laser increases. The evaporated atomic

ratio is highly related to laser fluency. For example, the ratio of heavy atoms

tends to increase with the high fluency of laser. The growth mode also varies

depending on the deposition rate of a laser [29].

Partial pressure. A thin film is synthesized in a high vacuum or the presence of

a background gas, such as oxygen and argon in the PLD method. Since transition

metal oxides are sensitive to oxygen vacancy, oxide thin films are usually deposited

with large oxygen partial pressure. The size of a plasma plume is also related

to the pressure in the chamber. When the pressure of the chamber is high, a

mean-free path of plasma is smaller which induces a broad shape of the plasma

plume. When the pressure is low, the plasma plume tends to have a sharp shape
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with the large kinetic energy of atoms.

Distance between a substrate and a target material. A thin film is slowly grown

if the interspace between a substrate and a target material is distant.

By using the reflection high-energy electron diffraction (RHEED) technique,

we can in-situ characterize the surface of thin films. Electrons are generated

from an electron gun, and the incident angle is very small relative to the sample

surface. For this reason, RHEED intensity and patterns are highly sensitive to the

surface of thin films. Much surface-related information such as surface structure

and growth mode can be in-situ monitored.

18



2.2. Transport measurements

2.2 Transport measurements

2.2.1 Hall effect

In this section, we will discuss the Hall effect in a thin film. For measuring the

Hall effect in a thin film, an electric current is applied with an external magnetic

field and a voltage difference of transversal direction to the current is measured.

When the electric current in a thin film to a certain direction and a magnetic

field is applied perpendicular to the current, a voltage difference across the thin

film appears, which is called as Hall effect. Edwin Hall discovered the Hall effect

in 1879 [30].

Hall resistivity can be derived from the Lorentz force,

F = q(E + v ×B), (2.1)

where v is the velocity of conduction electrons. Assuming a steady state and

a experimental geometry given in Fig. 2.2, and we obtain

F = 0, Ex = −vyBz, and Ey = vxBz. (2.2)

Since Ey = VH
w

, we obtain

VH = vxBzw. (2.3)

Supposing that only a single type of charge carrier (let us assume ”electron”)

exists. Then, Ix = ntwvxe, where n is charge carrier density, t is the thickness of

19



Chapter 2. Experimental Methods

a conducting thin film, w is a width of a thin film, and e is the electron charge.

We obtain

VH =
IxBz

nte
. (2.4)

Thus, the Hall voltage is related to the current, an applied magnetic field,

carrier density, and thickness of a thin film.

Meanwhile, the electrical resistivity and conductivity are defined by the ratio

of the applied current and the induced voltage, Vx, as shown in Fig. 2.2, i.e.

j = σE, (2.5)

and

E = ρj. (2.6)

The Hall resistivity, ρxy, is defined by the ratio of the applied current and a

transversal voltage difference, VH , i.e.

ρxy =
Ey
jx
. (2.7)
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Figure 2.2: A schematic illustration of a device for transport measurement.
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2.2. Transport measurements

To observe the change of Hall resistivity as a function of an applied magnetic

field, we can define the Hall coefficient as

RH ≡
ρxy
Bz

=
Ey
jxBz

=
VHt

IxBz

=
1

ne
, (2.8)

where jx is the current density of the conduction electrons. Thus, we can notice

that the slope of Hall resistance is inversely proportional to the carrier density of

a thin film.

However, in many cases, the Hall resistivity is not just proportional to an

applied magnetic field. Especially, in the case of SrRuO3 ultrathin films, two

additional features (anomalous Hall effect and hump-like structure) are observed.

Further discussion will be discussed in the next chapters.

2.2.2 Ionic liquid gating

Figure 2.3: A schematic illustration of forming electric double layer (EDL) in an
electrochemical cell. Adapted from S. Z. Bisri et al. [31]
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As we explained in the introduction, novel phenomena, which do not emerge

in the properties of the original materials, can occur in the interface between

materials. By synthesizing heterostructures and superlattices, many parameters

such as atomic structures near the interfaces are tuned. However, synthesizing

methods have a shortage that the interface of materials can be designed only

when the thin films are grown, i.e. it is difficult to control the interface after

samples are synthesized. Thus, to control the interfaces and properties of thin

films flexibly, we need to design a proper device of thin films or a technique.

One of the nice ideas is using electrolytes, which are ionic conductors but

electronically insulators [31, 32]. With an external electric field, the cations and

anions move and are aligned to screen the applied electric field out. In a steady

state, the ions form a strong accumulation of charges at the electrolyte and mate-

rial interface, which is called an electric double layer (EDL), or a Helmholtz layer

(Fig. 2.3). The EDL is well understood as a simple parallel plate capacitor. When

EDL is formed at the interface, the counter charge of ions forms in the material

Figure 2.4: (a) A schematic of ionic liquid gating. (b) A device for ionic liquid
gating.
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2.2. Transport measurements

and is accumulated to the interface to screen out the electric field. Thus, the ac-

cumulated charges are opposite to the charges of electrolytes near the interface.

Typically, liquid electrolytes are exploited and the EDL at a solid-liquid interface

can act as a nanogap capacitor (∼1 nm).

An example schematic and a picture of the device are shown in Fig. 2.4. An

external electric field is applied between the top of an ionic liquid and a thin film.

To prevent the leakage of ionic liquid, we build a circular-shaped bank of a Torr

seal and pour the ionic liquid inside the bank.
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2.3 Angle-resolved photoemission spectroscopy

measurement

Since Hertz and Einstein first discovered the photoelectric effect in 1887 and

1905, respectively, photoelectrons have been investigated to study condensed mat-

ter physics. The basic equation of photoemission spectroscopy is given as

Figure 2.5: A schematic for the photoemission process. Adapted from A. Dama-
scelli et al. [33].
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2.3. Angle-resolved photoemission spectroscopy measurement

eU = Ekin,max = ~w − Φ, (2.9)

where Ekin,max is the maximum electron kinetic energy, U is the retarding voltage,

and Φ is the work function of the material, respectively. We can define the

electron binding energy in a solid as EB relative to the Fermi energy EF . Then,

the equation becomes

Ekin = ~w − Φ− EB. (2.10)

Equation 2.10 shows that only an electron that has higher energy than the

work function of the material can escape from the material. We assume that the

electrons are not interacting with each other. Since the photon momentum is very

small compared to electrons in the typical ARPES measurement, we can neglect

the momentum of photons. By using these assumptions with energy and mo-

mentum conservation laws, we can obtain the kinetic energy of the photoelectron

(2.10) and the momentum p‖ as follows:

p‖ = ~k‖ =
√

2mEkin · sinθ, (2.11)

where k‖ is the component of the electron crystal momentum parallel to the

surface, m is the mass of a free electron, and θ is a polar angle (Fig. 2.6).

The perpendicular component of the wave vector, k⊥, is not conserved across

the sample surface due to the lack of translational symmetry along the out-of-

plane direction.
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Chapter 2. Experimental Methods

Figure 2.6: Geometry of an angle-resolved photoemission spectroscopy (ARPES).
Adapted from A. Damascelli et al. [33].
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Chapter 3

Hump-like features in Hall effects
in SrRuO3 ultrathin films

As discussed in 2.2.1, Hall effects show lots of transport properties such as

carrier density. Thus, Hall effects in SrRuO3 thin films have been widely inves-

tigated for decades. Generally, the Hall effect in SrRuO3 can be explained with

two resistivity terms, ρOHE and ρAHE, where OHE and AHE stand for ordinary

and anomalous Hall effect, respectively. As shown in Fig. 3.1(a), only an ordinary

Hall effect (OHE) appears proportional to the external magnetic field, whereas

hysteresis occurs at low temperatures. It is well known that the ferromagnetism

of SrRuO3 is responsible for the hysteresis: the Curie temperature of SRO thick

films on a SrTiO3 substrate is around 155 K.

Recently, as a high-quality SrRuO3 thin film was successfully grown, research

of the Hall effects began to progress even in the ultrathin-film area. Interestingly,

Figs. 3.1(b) and (c) show that the shape of Hall hysteresis is different from that of

a SrRuO3 thick film: hump-like structures appear, and the sign of ρAHE changes.

In chapters 3 and 4, we present results and discussion on the novel Hall effects

which behave differently than thick films and bulk. First, we will discuss hump-

like features in Hall resistivity, which appear when the thickness of thin films is
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Figure 3.1: Novel Hall effects emergent in SrRuO3 (SRO) ultrathin films.
(a) Hall effect of a SRO thick film (20 uc) measured at above and below the Curie
temperature (∼ 155 K). (b) Hall resistivity of a 5 uc SRO film. (c) Hall resistivity
of a 4 uc SRO film.

thinner than 5 unit cell (uc). Then, the anomalous Hall effect which is induced

due to ferromagnetism of SrRuO3 will be discussed. The sign of anomalous Hall

effect changes with thickness, which is induced by multi-sign Berry curvatures at

the Fermi surface. Topologically protected nodal structures produce the multi-

sign Berry curvatures.

For now, we will focus on the hump-like structure emergent in SrRuO3 ultra-

thin films. Over the last few years, the hump-like Hall effect has been attracted

and studied by many scientists. However, the mechanism and origin of the hump-

like structures are still under debate. In this section, we will discuss the mech-

anism and possible origin of hump-like structure, explain the controversy on the

emergent hump-like Hall effect, and control the hump-like structure by tuning

the electric field on the surface. This chapter is adapted by B. Sohn et al. [34],

B. Sohn et al. [35], and D. Kim et al. [36].
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3.1. Robust topological Hall effect and nontrivial magnetic order

3.1 Robust topological Hall effect and nontriv-

ial magnetic order

Nontrivial spin structures induce real-space nontrivial Berry curvature, lead-

ing to topological Hall effects (THE). In this section, we systematically investi-

gate THE in SrRuO3 (SRO) films by performing Hall effect measurements with

controlling temperatures and magnetic fields. The THE of SRO appearing in

the ultrathin film is extremely stable under high magnetic fields owing to its

quasi two-dimensionality. To elucidate the robustness of THE, we monitored the

temperature-dependent change of emergent magnetic orders in the SRO films

by using resonant elastic X-ray scattering. Furthermore, atomic-level structural

analysis of an SRO ultrathin film with theoretical calculation provides the clue

to unveil the hidden link between the robustness of THE, magnetic order, and

Dzyaloshinskii-Moriya interactions in the ISB. We verify that the two-dimensional

property of ultrathin film can generate the stable nontrivial magnetic order in fer-

romagnetic oxide materials.

3.1.1 Dzyaloshinskii-Moriya interaction and topological Hall
effect

Non-coplanar spin structures and topological properties in magnetic materials

offer intriguing possibilities for exploring emergent properties and creating func-

tionalities at the nanoscale. In ferromagnets, a transverse electric field can be

induced without an external magnetic field due to asymmetric spin scattering,

known as anomalous Hall effect (AHE) [37]. However, researchers found a new

non-vanishing anomalous component in the Hall effect beyond AHE, which could

not be explained by momentum space Berry curvature [38]. This emergent Hall ef-
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Chapter 3. Hump-like features in Hall effects in SrRuO3 ultrathin films

fect, dubbed as topological Hall effect (THE), is found to be from real-space Berry

curvatures of non-coplanar magnetic structure [39], such as all-in-all-out spins in

pyrochlore lattice [38] or magnetic skyrmions [40–43]. In specific, during the last

decade, THE has been observed in materials with magnetic skyrmions such as

MnSi [44, 45], FeGe [46], and Mn1−xFexSi [47]. A key ingredient for generating

non-coplanar spin structures or magnetic skyrmions is the Dzyaloshinskii-Moriya

interaction (DMI) in the presence of an inversion symmetry breaking (ISB).

After it was reported that magnetic skyrmion phases could be more stable

in thin films [48,49], reports on the observation of THE in epitaxial heterostruc-

tures such as Crx(Bi1−ySby)2−xTe3/(Bi1−ySby)2Te3 [50], MgO/Mn2CoAl/Pd [51]

and SrRuO3/SrIrO3 [52] began to appear. The underlying design strategy has

been artificially breaking the inversion symmetry and boosting the spin-orbit

coupling necessary for DMI by exploiting the heterostructure of a thin film with

a heavy-metal layer. However, such structures usually become inevitably quite

complicated and some obstacles, which should be detrimental to construct the

theoretical model systems or actual applications.

SrRuO3 (SRO), a well-known itinerant ferromagnet, was recently shown to

be an excellent platform for studying THE [52, 53]. However, it has been tacitly

believed that the spin-orbit coupling in SRO is too small to host DMI and that

a capping layer with heavy elements is necessary. As we suggest THE design

strategy now, even the simple few-layer magnetic structure of SRO without the

additional heavy metal layer proves to be an adequate platform for engineering

real-space Berry phase or nontrivial spin textures. The hypothesis is that the

intrinsic ferromagnetism of the metallic SRO, together with the interfacial DMI

endowed by the interface to the vacuum, might be sufficient to stabilize nontrivial

magnetic order in the ultrathin limit. Despite its fundamental importance, our
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3.1. Robust topological Hall effect and nontrivial magnetic order

understanding of the stability of THE under magnetic field or relatively small

DMI is still poor.

In this section, we present a unique approach for investigating the stability

of THE in SRO thin films on SrTiO3 (STO) (001) substrates with controlling

thicknesses from 7 unit-cell (uc) to 4 uc. Clear hump-like features, which we

attribute to a THE, were observed in the Hall resistivity of 4 and 5 uc SRO thin

films. The THE was found to be surprisingly robust, surviving the magnetic field

tilting angle as large as 85◦. Furthermore, we performed temperature-dependent

resonant elastic X-ray scattering (REXS) on 4 uc SRO thin film and observed

nontrivial magnetic order that appears corresponding to the THE phase. To

elucidate the hidden relation between THE and DMI, we analyzed the atomic-

level structure of a 4 uc SRO thin film by using X-ray surface coherent Bragg rod

analysis (COBRA) measurement in combination with density functional theory

(DFT) calculation. A cation-oxygen rumpling into the out-of-plane direction

could lead to sufficient in-plane DMI required for THE. Our theory-driven insight

for the robustness of THE is that the strong magnetic anisotropy is strongly

connected with the two-dimensionality of SRO films.

3.1.2 Hall effect measurements in SRO ultrathin films

Figure 3.2(a) shows Hall resistivity measured at various temperatures for 4-

7 uc SRO under the perpendicular magnetic field to the thin film. Hump-like

structures are clearly observed in cases of 4 and 5 uc films, whereas only large

rectangular-shape hysteresis is observed in 6 and 7 uc SRO.

The Hall resistivity in ultrathin films can be understood with three terms,

ρxy = ρOHE + ρAHE + ρTHE, namely the ordinary Hall effect (OHE), AHE, and

THE, whereas only OHE and AHE are sufficient to explain Hall effect in 6 and 7 uc
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SRO. Note that the OHE contribution was subtracted in all the data shown in the

paper. THE starts to appear, together with AHE, below the Curie temperature

Tc, which can be determined from the temperature-dependent ρxx(T ).

As illustrated in Fig. 3.2(b), THE exists as clear humps and disappears near

the coercive field where AHE undergoes a sign change. At the lowest measured

temperature of 2 K, THE persists over the 1.6 - 2.6 T range, demonstrating that

the THE in SRO film is extremely robust compared to other materials that host

nontrivial magnetic orders or skyrmions over much weaker fields [40,46]. By using

the Hall resistivity data, an overall temperature-field phase diagram for 5 uc SRO

can be obtained, as shown in Fig. 3.2(c). The phase diagram exhibited the uni-

versal trend of the nontrivial topological phase in ferromagnetic films compared

to those previous reports in the SrRuO3/SrIrO3 heterostructure [52], the thin-film

chiral magnet Fe1−xCoxSi [40], and FeGe [49]. Interestingly, on the other hand,

the critical field for destructing THE is much larger in our SRO ultrathin films.

A surprising aspect of THE in ultrathin SRO is its exceptional stability or

robustness under the tilting of the magnetic field. As shown schematically in

Fig. 3.3(a), the Hall resistivity of 4 uc SRO was measured with the magnetic

field tilted at an angle θ from the perpendicular direction at 10 K. The angle-

dependent Hall data are plotted in two different ways in Fig. 3.3(c) and (d),

using either the total magnetic field (µ0H) or the perpendicular field (µ0H⊥)

as the variable for the plot. At each angle of inclination one can define two

critical fields Hc1(θ) and Hc2(θ), associated with the onset and disappearance of

THE, respectively (Fig. 3.3(b)). The region of THE stability is then defined as

∆(µ0H) ≡ µ0Hc2− µ0Hc1 for a given angle of inclination. In the first case where

µ0H is used as the variable, Hc1(θ), Hc2(θ), and ∆(µ0H) all increased continuously

as the tilt angle increases. In the other case using µ0H⊥ as the plotted variable,
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3.1. Robust topological Hall effect and nontrivial magnetic order

Figure 3.2: Topological Hall effect (THE) in SrRuO3 (SRO) ultrathin
film under the perpendicular magnetic field. (a) Hall effect resistivity for
4-7 unit-cell (uc) SRO. The red (blue) arrow indicates the positive (negative)
sweep direction of the magnetic field. (b) An enlarged plot of the Hall effect
measured for 5 uc SRO at 30 K. (c) Phase diagram of 5 uc SRO in the (T, µ0H)
plane. Assignments of the phases are ferromagnetic (FM) and THE regions,
respectively. Arrows next to the ’FM’ indicate the direction of magnetization.
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they decreased with θ. Figure 3.3(e) represents a phase diagram in the plane of

(µ0H‖, µ0H⊥) at 10 K for 4 uc SRO, deduced from the Hall effect measurement

data. The two components refer to the in-plane (µ0H‖) and out-of-plane (µ0H⊥)

magnetic field, respectively. As one can see, there exists a marked increase in the

magnetic field window of stability for THE as the tilt angle θ = tan−1(H‖/H⊥)

grows.

Earlier experiment on EuO film found the THE disappears at θ slightly larger

than 10◦ inclination of an external magnetic field from the normal [54]. Similar

field-tilt measurement on the FeGe found θc ≈ 12◦ to be the critical angle of

inclination before the cycloidal phase replaced the skyrmion phase [55]. Com-

pared to similar field-tilt experiments in EuO [54], FeGe [55], GaV4S8 [56] and

GaV4Se8 [57], the ultrathin SRO shows an exceptionally wide phase diagram re-

gion of THE stability under the field tilting, e.g., 85◦. It will be carefully demon-

strated in subsequent sections that several factors - extreme two-dimensionality of

the film, magnetic anisotropy, breaking of inversion symmetry through rumpling

of the Ru-O plane - contribute serendipitously to the robustness of THE both in

terms of its stability under high magnetic field and the field tilting.

3.1.3 Observation of in-plane magnetic order by resonant
X-ray scattering

To elucidate the robustness of THE, we tried to explore hidden magnetic

orders in 4 uc SRO ultrathin films by using REXS, as shown in Fig. 3.4(a).

It was demonstrated that THE in the chiral magnet could originate from the

skyrmion lattice or non-coplanar magnetic structure [44, 58]. REXS at Ru L2

edge (2.971 keV) is a powerful experimental method to directly observe magnetic
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3.1. Robust topological Hall effect and nontrivial magnetic order

Figure 3.3: Angle-dependent Hall measurements in 4 uc SRO. (a) A
schematic illustration of the geometry of angle-dependent Hall measurement. (b)
Hall resistivity data when θ is zero. Hc1 is defined by the intersection of two
extrapolations shown as black dotted lines. Hc2 is defined as the field value at
which the Hall resistivity values under the positive and negative sweeps coincide.
∆(µ0H) is defined as the difference, µ0Hc2 − µ0Hc1. (c), (d) Hall resistivity at
various angles of field inclination. The same data is plotted using the x-axis of (c)
total magnetic field µ0H, and (d) perpendicular magnetic field µ0H⊥. (e) Phase
diagram in the plane of parallel (µ0H‖) and perpendicular (µ0H⊥) components
of the magnetic field. (Inset) Schematics of our experimental geometry with tilt
angle, θ.
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orders related to Ru or magnetic correlations in reciprocal space because of the

enhancement of Ru signal [59]. We measured temperature-dependent REXS with

a permanent magnet which induces a magnetic field, µ0H ∼ 0.47 T, perpendicular

to the thin film.

Figures 3.4(b) and (c) show temperature-dependent reciprocal space mapping

(RSM) results of REXS measurement under 0.47 T. As shown in Fig. 3.4(b), the

diffraction patterns in the form of two main stripes at 120 K and (1, 1, 1/2)pc

(pc denotes for pseudocubic) are expected to be derived from the distorted SRO

structure (octahedral rotation) and the array of terraces. The separation between

the stripes in the reciprocal space can be converted into the distance of ∼ 220 nm

in real space, which is quite consistent with the width of step terraces measured

by our atomic force microscopy.

With decreasing temperature to 32 K, the SRO film at 0.47 T became THE

phase in Fig. 3.4(a). Then, surprisingly, extra peaks around the stripes conse-

quently appeared in the RSM as pointed by yellow arrows in Fig. 3.4(c). Fig-

ure 3.4(d) illustrates that black and red peaks resulted from the SRO structure

and emergent THE-related magnetic order, respectively. A magnetic vector, ~q1,

is aligned parallel to the step-terrace direction, whereas ~q2 is approximately 50◦

tilted from the step-terrace direction. The magnitude of ~q1, 0.0028 Å−1, is quite

similar with the separation of step terrace corresponding to 220 nm of real-space

distance. Note that the direction and magnitude of ~q2 are approximately 50◦

tilted with ~q1 and 0.0033 Å−1 corresponding to 190 nm, respectively.

To confirm the correlation between THE phase and the emergent magnetic

peaks, we plotted the intensity of emergent magnetic peaks as a function of

temperature, as shown in Fig. 3.4(e). The phase transition temperatures from

THE to normal FM phases with µ0H ∼ 0.47 T in Fig. 3.4(a) were about 15 K
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and 60 K. At the transition temperatures, we clearly observed the abrupt change

of intensity of emergent magnetic peaks, as shown in Fig. 3.4(e). Considering the

strong correlation between THE phase and the intensity of magnetic peaks, we

propose that the emergent and nontrivial magnetic order is responsible for THE.

3.1.4 COBRA measurement and DMI calculation

The natural ISB due to thin-film geometry is expected to generate DMI in

SRO ultrathin films. The question is what the exact source of the DMI is. Atomi-

T T

Figure 3.4: THE-related nontrivial magnetic order in 4 uc SRO. (a)
Schematic diagram of experimental geometry. Reciprocal space mapping (RSM)
of SRO (1, 1, 1/2) reflection under an external magnetic field of 0.47 T taken
at (b) 120 K and (c) 32 K. Additional peaks are shown at 32 K (red arrows).
(d) Schematic description of REXS features around SRO (1, 1, 1/2)pc reflection.
Black stripy patterns are formed due to the array of terraces. An incommensurate
magnetic modulation vector ~q1 is alined within the direction of the step terrace.
(e) Temperature-dependent intensity of magnetic peaks (a white dotted circle in
Fig. 3(c)).
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cally resolved surface X-ray diffraction measurements combined with the COBRA

method render some key insights into the origin of THE and its stability in the

SRO film [60–62]. Figure 3.5(a) schematically illustrates the crystal structure of

the 4 uc SRO thin film grown on STO (001) substrate. The COBRA method,

being an effective phase-retrieval surface X-ray technique for ultrathin film, is

capable of providing the three-dimensional electron density profile and accurate

atomic positions. One can see in Fig. 3.5(b) the overall two-dimensional electron

density profiles of the 4 uc SRO and the STO layers in the (100) plane for the

Ru, Ti, and O atoms. Electron density profiles in some of the individual Ti-O2

and Ru-O2 planes are shown in Fig. 3.5(c) in greater detail.

The SRO ultrathin film on the STO substrate maintains the tetragonal struc-

ture (a0a0c−) [25], meaning that the octahedral tilt angle along in-plane crystal-

lographic axes is zero, while the rotation about the c-axis (by angle γ) is allowed.

The intriguing aspect of the COBRA findings is the cation(Ru)-oxygen rum-

pling, measured by the displacement δ of the Ru atom out of the Ru-O2 plane

(See Figs. 3.5(d) and 3.5(e) for pictorial definitions of angle γ and δ). Both these

quantities have been measured for the individual SRO and STO layer as shown in

Figs. 3.5(f) and 3.5(g). As shown in Fig. 3.5(f), the Ru displacement is as much

as δ ≈ 0.2 Å at the topmost layer, which is ∼10 % of the distance between SrO

and RuO2 layers.

A significant ionic displacement of the SRO ultrathin film observed by CO-

BRA accounts for the breaking of inversion symmetry and the consequent appear-

ance of DMI in the SRO thin film, which is consequently expected to produce

chiral spin structures. As displayed in Fig. 3.5(d), the direction of the DMI vec-

tor, D12, is perpendicular to the Ru(spin S1)-O-Ru(S2) plane, and its strength is

also proportional to the cation(Ru)-oxygen rumpling length [63].
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Figure 3.5: Coherent Bragg rod analysis (COBRA) of 4 uc SRO. (a)
A crystal model of SRO on the SrTiO3 (STO) substrate. A green (blue, gray,
red) dot indicates Sr (Ti, Ru, O) atom. A blue (gray) translucent octahedron
indicates an oxygen octahedron of Ti (Ru) atoms. SRO/STO interface is marked
by a black dotted line. (b) Electron density contour plot of an STO substrate
and 4 uc SRO in (100) plane at 30 K. (c) Electron density contour plots on B-site
atoms for several Ti and Ru layers. (d) A schematic plot of the cation rumpling
length δ, measured from the center of the octahedron to the Ru atom, and the
corresponding DMI vector (D12). (e) SRO atomic structure within the ab-plane
with the octahedral rotation angle γ between Ru atom and O atom. (f) Layer-
dependent cation-oxygen rumpling δ of the STO substrate and the SRO thin film
measured by COBRA. (g) Layer-dependent octahedral rotation angle γ of STO
and SRO. Blue dotted horizontal line indicates the average of octahedral rotation
angle for the STO substrate.
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In order to quantitatively estimate the DMI energy, we performed first-principles

calculation using a supercell with an average value of the octahedral rotation

angles and rumpling parameters of 7.8◦ and 0.11 Å, respectively, measured by

COBRA and obtained the DMI energy of 2.1 meV. Considering that our esti-

mated DMI energy is comparable to interfacial DMI energy for various metallic

ferromagnet/heavy metal bilayer systems (∼ 1 meV) [64, 65], we can expect an

emergence of the chiral spin texture in SRO ultrathin film.

In addition, we get further insight into the robustness of THE in the ultrathin

limit from the above results. We performed a further first-principles calculation

of the 4 uc SRO based on the lattice parameters and oxygen rotation angles,

experimentally determined by COBRA. We verified that the 4 uc SRO thin film

has perfect out-of-plane magnetic anisotropy which is consistent with the previous

paper [66]. Furthermore, our DFT calculation gives an estimate of the easy-axis

anisotropy toward the normal direction to the film of an order of 0.56 meV for

the 4 uc SRO. Considering the fact that magnetic anisotropy energy of 40 nm

SRO thin film is ∼ 0.23 meV [67] and that our SRO is quite a bit thinner, our

calculated magnetic anisotropy energy is a reasonable value. The anisotropy field

µ0Ha = 2.8 T (corresponding to 0.31 meV assuming two units of Bohr magneton

for the Ru magnetic moment) which we used to fit our angle-dependent Hall

data in Fig. 3.6 is also analogous to the calculated value. Thus, we propose that

the quasi-two-dimensionality of ultrathin SRO film induces the strong magnetic

anisotropy and the robust THE as we suggested in the theoretical model.

Based on the experimental results from transport, REXS, and COBRA mea-

surements with a combination of theories, we can conjecture the possible mag-

netic structure arising with THE. The magnetic structure should be periodic in

a scale of step terrace (∼200 nm) based on the REXS data. COBRA and first-
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principle calculation present the source of DMI which can induce chiral magnetic

structures with perpendicular anisotropy [68]. Recently, we observed magnetic

dichroism patterns in SRO ultrathin film by using resonant soft X-ray scatter-

ing [69]. Considering previous reports on the THE from skyrmions in the SRO

systems [35, 52, 53, 70] and other oxide thin films [71, 72], we speculate that the

nontrivial magnetic order is likely to be magnetic skyrmions.
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Figure 3.6: Theoretical analysis for angle-dependent Hall measurements.
(a) Schematics of the easy-axis anisotropy serving as the effective magnetic field
Ha. The net effective magnetic field Heff is obtained as the vector sum of Ha

and the external magnetic field H. As a result, the magnetization orientation ϕ
differs from the external field orientation. (g) Fit to the experimentally extracted
angle-dependent critical field Hc2(θ) using the model equation (1).
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It is well known that skyrmion lattice is formed as an equilateral triangular

shape so the angle between two propagation vectors should be 60◦. If we assume

that the magnetic skyrmion lattice is the nontrivial magnetic structure in SRO

ultrathin film, the skyrmion lattice is not equilateral triangular since the angle of

two propagation vectors is 50◦ as shown in REXS data. We anticipate that the

magnetic anisotropy from the step terrace affects the magnetic structure [73, 74]

and also the shape of the skyrmion lattice. The stability of tilted skyrmion

lattice is not strange considering that a square skyrmion lattice [75] and tilted-

hexagonal superconducting vortex lattice [76] were experimentally observed in

previous studies.

3.1.5 Conclusion

We performed Hall effect measurements in 4, 5, 6, and 7 uc SRO thin films

grown on STO (001) substrate and observed THE in 4 and 5 uc SRO thin films.

Angle-dependent Hall effect measurement shows that the THE is extremely robust

against the magnetic field angle, surviving even in the high angle as large as 85◦.

To verify what magnetic structure appears with THE, we performed REXS in

the variation of temperature. Nontrivial magnetic order emerges in the region of

THE. Layer-by-layer atomic structure study of 4 uc SRO thin film by COBRA

identifies Ru-O rumpling into the out-of-plane direction as the origin of DMI

required for THE, which possibly stabilizes chiral magnetic structures. Based on

the experimental observations and theoretical analysis with recent studies [35,69],

we believe that magnetic chiral order emerges and is responsible for the THE effect

in our SRO ultrathin films.

Nontrivial spin structures induce real-space nontrivial Berry curvature, lead-
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ing to topological Hall effects (THE). In this section, we systematically investigate

THE in SrRuO3 (SRO) films by performing Hall effect measurements with con-

trolling temperatures and magnetic fields. THE of SRO films in the ultrathin limit

is extremely stable under high magnetic fields owing to its two-dimensionality.

To elucidate the robustness of THE, we monitored the temperature-dependent

change of emergent magnetic orders in the SRO films by using resonant elastic

X-ray scattering. Furthermore, atomic-level structural analysis of an SRO ul-

trathin film with theoretical calculation provides the clue to unveil the hidden

link between the robustness of THE, magnetic order, and Dzyaloshinskii-Moriya

interactions in the ISB. We verify that the two-dimensional property of ultrathin

film can generate the stable nontrivial magnetic order in ferromagnetic oxide

materials.
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3.2 Hump-like structure in Hall effect without

inhomogeneous AHE

A controversy arose over the interpretation of the recently observed hump

features in Hall resistivity ρxy from ultra-thin SrRuO3 (SRO) film; it was initially

interpreted to be due to the topological Hall effect (THE) but was later proposed

to be from the existence of regions with different anomalous Hall effect (AHE). In

order to settle down the issue, we performed Hall effect as well as magneto-optic

Kerr-effect measurements on 4 unit cell SRO films grown on SrTiO3 (001) sub-

strates. Clear hump features are observed in the measured ρxy, whereas neither

hump feature nor double hysteresis loop is seen in the Kerr rotation which should

be proportional to the magnetization. In addition, magnetization measurement

by superconducting quantum interference device shows no sign of multiple coer-

cive fields. These results show that inhomogeneous AHE alone cannot explain

the observed hump behavior in ρxy data. We suggest that the emergence of the

hump structure in ρxy is closely related to the growth condition.

3.2.1 Controversy on the origin of hump structure

Distinct hump-like features in Hall resistivity near the coercive field are often

attributed to the so-called THE (Fig. 3.7). Formation of a chiral or non-coplanar

arrangement of spins can provide fictitious magnetic field or real-space Berry

curvature, leading to the THE [77]. A notable example of such a chiral spin

structure is the magnetic skyrmions. In fact, THE has been observed in many

bulk materials that are known to have magnetic skyrmions [44,46–48]. Skyrmion
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phases have been also obtained in magnetic thin films with a heavy metal cap-

ping layer, utilizing the naturally occurring broken inversion symmetry as well

as large spin-orbit coupling (SOC) [78]. Later on, a similar approach has been

made on oxide thin films and THE-like behavior (hump structures in the Hall

data) was indeed observed in systems such as EuO thin film and SrRuO3/SrIrO3

heterostructure [52, 54]. Then, it was found that SrRuO3 (SRO) ultra-thin films

without SrIrO3 capping layer also show THE-like features [6, 34, 79]. However,

different causes were given for the THE-like feature in the reports and, as a result,

the origin of the THE-like feature remains controversial.

Overall, aside from detailed differences, there are two categories of propos-

als on the origin of the THE-like feature observed in SRO thin films: one with

topological origin (Fig. 3.7(b)) and the other from inhomogeneity in anomalous

Hall effect (AHE) (Fig. 3.7(c)). In the first view, THE from the formation of

chiral spin phase is responsible for the hump structures, which is a natural ex-

tension of earlier studies on other materials/systems [52, 54, 78]. In the other

view, it is argued that the THE-like behavior can also be explained by the sum

of different AHEs [79–81], suggesting the THE-like feature is not from THE. One

of the possible scenarios within the view, as suggested in Ref. [81], is that the

intrinsic thickness inhomogeneity which inevitably appears due to the step-flow

growth mode of SRO thin film leads to regions with different magnetic properties

(thus different AHEs). Another possibility proposed in Ref. [80] is that the inho-

mogeneous AHE comes from the existence of interfaces with different magnetic

properties.

Whether the hump structure comes from THE or inhomogeneity in AHE is

an important and controversial issue. However, as both of the two mechanisms

can account for the hump features in Hall data, Hall data alone cannot settle
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Figure 3.7: Schematics of Hall measurement results for (a) 4 and 5 unit cell (uc)
SrRuO3 (SRO) films on SrTiO3 (STO) substrate. The red (blue) line indicates
the positive (negative) sweep direction of the magnetic field. Distinct hump-like
features exist near the coercive fields. (b) Interpretation of the hump-like feature
the sum of topological Hall effect (THE) from magnetic skyrmions (solid) and
anomalous Hall effect (AHE) (dotted) for 4 and 5 uc films, respectively. The sign
of AHE is different for the two systems. (c) Interpretation of the same results
in terms of inhomogeneous AHEs. The superposition of two different AHEs with
different coercive fields can result in hump-like behaviors.

down the issue and one, therefore, needs to rely on other experimental data. In

order to resolve the issue, we turn to the magnetic measurement of 4 unit cell (uc)

SRO thin films grown on SrTiO3 (STO) (001) substrate which possesses distinct

hump features in the Hall data. Magnetic characterization results show that the

second view, i.e. superposition of different AHEs alone cannot explain the hump

feature in the Hall effect data. Furthermore, we found that the hump behavior

is highly sensitive to the residual resistivity ratio (RRR) of the films which is

strongly correlated with the growth condition such as the laser fluence for the

growth. We suggest that the inconsistent results from various groups might be

due to the sensitivity of Ru contents in SRO thin film to the growth condition.
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3.2.2 Interpretations for hump-like structure in Hall mea-
surement

Figure 3.7(a) schematically illustrates Hall measurement data from 4 and 5 uc

SRO thin films (without the ordinary Hall effect) [34]. Each Hall data consists

of rectangular AHE curve and hump structures around the coercive fields. It is

well-known that AHE is generally proportional to the magnetization [40], and

the correlation between AHE and magnetization in the SRO system has already

been discussed [82]. An interesting feature of the AHE in SRO is the thickness-

dependent sign of the anomalous Hall coefficient in the ultra-thin regime [52] as

seen in Fig. 3.7(a). Because of the sign change in AHE, a detailed look of the

Hall resistivity (that is, AHE plus hump structures) depends on the thickness.

As seen in Fig. 3.7(a), the Hall resistivity data for 4 and 5 uc look very different;

while the hump structure appears to be similar, the AHE sign changes between

the two cases.

The humps in the Hall data may be interpreted in two ways as mentioned

above. The first interpretation, as illustrated in Fig. 3.7(b), is based on the for-

mation of the magnetic skyrmions. The Dzyaloshinskii-Moriya interaction from

inversion symmetry breaking at the interface combined with the large SOC of Ru

may lead to the formation of magnetic skyrmions which induce THE [34]. Since

magnetizations for 4 and 5 uc cases are similar, the skyrmion formation and thus

the resulting THE effect remains similar between the two cases. Meanwhile, in

spite of the similar magnetization, AHE changes the sign presumably due to the

location of the magnetic monopole relative to the Fermi energy [82]. The AHE

and THE in Fig. 3.7(b) can result in the Hall effect shown in Fig. 3.7(a).

On the other hand, the ρxy in Fig. 3.7(a) may well be understood as a super-
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position of two (or more) AHE curves. Let us assume that there are two regions

of 4 and 5 uc thick SRO which we may have due to the step-flow growth; a nom-

inal 4 uc film may have dominantly 4 uc regions with some 5 uc regions, and the

other way around for a nominal 5 uc film. The two regions have opposite AHE

signs as mentioned above as well as different coercive field strengths as illustrated

in Fig. 3.7(c). The sum of the two curves in each case results in the ρxy curves

in Fig. 3.7(a). Therefore, both interpretations successfully account for the ρxy

curves in Fig. 3.7(a), which means that Hall measurement alone cannot resolve

the issue and we need additional information to settle it down. Here, we note

that the interpretation within the inhomogeneous AHE requires different coercive

fields, which should be manifested in the magnetization v.s. magnetic field (M-H)

curve as corresponding distinct steps or double hysteresis loops. Meanwhile, if

the hump features are from magnetic skyrmions, we expect a simple single hys-

teresis loop in M-H curve since magnetic skyrmions have zero net magnetization.

Therefore, magnetization measurements on SRO ultra-thin films should provide

the answer to the issue.

3.2.3 Magnetization measurement on SRO ultrathin films

In order to resolve the issue, we grew high quality 4 and 5 uc SRO films and carried

out Hall effect measurements. Hall data taken at 10 K are plotted in Figs. 3.8(a)

and (b). Both of the data show clear AHE signals with opposite signs for the

anomalous Hall coefficient. We thus only need to measure the magnetization as

a function of the applied field. It has been shown that magnetization of ultra-

thin films can be reliably obtained by MOKE measurements. Unfortunately, the

coercive fields at 10 K (∼ 1 T ) are larger than the highest field we can apply
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in the MOKE experiments (∼ 0.1 T ), and the M-H curve could not be obtained

over a wide enough field range. A way to circumvent the situation is to reduce

the coercive field by raising the temperature - the coercive field diminishes as the

temperature approaches the Curie temperature, TC . Figures 3.8(c-f) show ρxy and

MOKE measurement results of 4 uc SRO thin film measured at 50, 60, 65, and

80 K, respectively. Note the much smaller coercive fields at these temperatures.

In spite of much smaller coercive field values, the hump structures are clearly

observed in the 50, 60, and 65 K data, whereas only small hysteresis is seen at

80 K which is close to TC .

In the MOKE measurement results, one can clearly see hysteresis behavior in

the Kerr rotation at 50, 60, and 65 K while it almost disappears at 80 K or near

the TC . While hump structure is clearly observed in the Hall data in Fig. 3.8(c),

the MOKE data in Fig. 3.8(d) show only single hysteresis loops without any sign

of hump structures. The MOKE data therefore clearly show that the double AHE

model cannot account for the hump structures observed in our 4 uc SRO films.

On the other hand, the single hysteresis loop is not inconsistent with the view

that the hump structure in the Hall data has a topological origin stemming from

a topological origin.

While the MOKE data already show that the double AHE model is incon-

sistent with the experimental data, studying the behavior of the magnetization

at low temperatures is desired as the hump structure is much clear at low tem-

perature. Magnetization measurement of ultra-thin film at low temperature in

a field higher than the coercive field is possible with SQUID magnetometry. Al-

though magnetization measurement by a SQUID has an issue of having a major

contribution from the substrate than the film, it can still provide some useful in-

formation. Figures 3.9(a) and (d) show SQUID measurement results of 4 uc SRO
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Figure 3.8: Hall measurement results on (a) 4 and (b) 5 uc SRO films as a function
of the applied magnetic field at 10 K. The linear ordinary Hall effect has been
subtracted from the data. The AHE sign is opposite between 4 and 5 uc SRO
films and clear hump structures are observed for both films. (c), (d), (e), (f) Hall
effect and magneto-optic Kerr effect (MOKE) measurements of 4 uc SRO film
at 50, 60, 65, and 80 K, respectively. Humps are observed at 50, 60, and 65 K
while only AHE hysteresis is seen at 80 K. Only a simple rectangular hysteresis
is observed in MOKE results.
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film with an out-of-plane geometry at 20 and 30 K, respectively. Even though

the magnetization data look different from what is expected from a hard magnet

because of the contribution from the substrate, a hysteresis behavior due to the

ferromagnetism of SRO thin film is discernible. The difference of the two mag-

netization curves (positive and negative sweeps), ∆M , is plotted in Figs. 3.9(b)

and (e) for 20 and 30 K, respectively. Meanwhile Figs. 3.9(c) and (f) present

ρxy of 4 u.c. SRO thin film taken at 20 and 30 K, respectively. Here, we pay

attention to the shaded ∆H region between the vertical dotted lines. Although

the hump feature is observed in the ∆H region, ∆M is nearly zero as M is almost

saturated. If the hump structure is due to inhomogeneous AHE stemming from

inhomogeneous magnetization [81], one has to see additional hysteresis in the ∆H

region. Therefore, the magnetization data given in Fig.3.9 are again inconsistent

with the double AHE model.

At this point, it should be worthwhile mentioning a case in which both hump

structures in the Hall data and a double hysteresis loop in M-H are observed. This

is to show that our method is valid. In an earlier study, La0.7Sr0.3MnO3/BaTiO3/SrRuO3

superlattice was prepared by PLD technique, and Hall effect measurement, as well

as magnetic characterization, were performed on the superlattice system [83]. The

results show hump features in the Hall data and a double hysteresis loop in the

M-H curve. Since the superlattice system has two different ferromagnetic sources

(La0.7Sr0.3MnO3 and SrRuO3), it is not surprising to see a double hysteresis loop

in the M-H curve and resulting hump feature in the Hall effect data. Similar

double hysteresis loop is also observed in SrRuO3 (6 uc)/SrZrO3/SrIrO3/SrRuO3

(18 uc) heterostructures in polar MOKE and MPMS measurement [84]. In our

ultra-thin SRO film case, however, we do not see any double hysteresis behav-

ior in MOKE or SQUID results. We thus conclude that the double AHE model
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Figure 3.9: (a) Normalized M-H curve of 4 uc SRO film measured with out-of-
plane field direction at 20 K. Diamagnetic signal from the STO substrate has
been subtracted. Red (blue) line represents the positive (negative) sweep direc-
tion of the applied magnetic field. Clear hysteresis is observed. (b) The difference
between the two magnetizations measured with positive and negative sweep di-
rections (difference between the two curves in (a)). (c) Hall resistivity ρxy of the
4 u.c. SRO film measured at 20 K. (d), (e) and (f) Corresponding data set mea-
sured at 30 K. The dashed lines indicate the fields at which the magnetization
nearly saturates (∆M = 0) and THE disappears, respectively.
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Figure 3.10: (a) Temperature dependent resistivity for 50 u.c. SRO films grown
under two different growth conditions. Black (red) line is from the film grown
with a laser fluence of 1.7 (1.85) J/cm2. (b) and (c) Hall resistivity of 4 u.c. SRO
films grown under the two growth conditions. While no hump feature is observed
for the 1.7 J/cm2 film in (b), clear THE hump is seen in the data in (c) for 1.85
J/cm2 film.

cannot account for the hump features in the Hall data from our ultra-thin SRO

film.

Then, why do the results from different groups vary? In order to answer

the question, we also grew SRO thin films under non-optimal growth conditions,

intentionally lowering the film quality. Figure 4a shows temperature-dependent

resistivity data from two 50 uc SRO thin films grown with different laser fluence

values of 1.7 and 1.85 J/cm2 (here, we use 50 uc films for the characterization of

the resistivity because these thick films do not have the low temperature up-turn).

While the TC indicated by the kink in R(T ) is similar between the two cases, there

is a clear difference in the resistivity value. The SRO film grown with 1.85 J/cm2
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has a higher RRR value of 11.33 compared to 9.17 for the film grown with 1.7

J/cm2. In order to investigate the effect of the growth condition on the Hall

effect, we grew 4 uc SRO thin films under the two growth conditions. Hall effect

measurement results are presented in Figs. 3.10(b) and (c). The hump features are

clearly observed in the SRO thin film grown with 1.85 J/cm2, whereas they are not

seen for the film grown with the lower laser fluence. These results show that the

existence of the hump feature is very sensitive to the growth condition. The result

of a previous study suggests that the RRR value is an indication of the Ru content

in the system [85]. Therefore, we may expect a higher Ru content in the RRR =

11.33 sample than in the other sample. Based on these observations/results, we

may suggest that the difference between Hall measurement results from different

groups may be from the variation in the Ru content which originates from different

growth conditions. While the exact relation between the hump feature and Ru

content should be left for future studies, it is clear that the hump feature appears

only for films with high RRR values.

3.2.4 Conclusion

In conclusion, we performed Hall effect and magnetization measurements on SRO

ultra-thin films grown on STO (001) substrate. The Hall effect data show AHE

as well as clear hump features. MOKE and SQUID measurements on 4 uc film

did not show a double step hysteresis loop but a simple single-step loop. This

is clear evidence against the view that the hump structures are due to regions

with different magnetic properties (that is, AHE). Therefore, we conclude that

the hump-like behavior in our SRO thin films cannot be explained within the

inhomogeneous AHE model and must have a topological origin. In addition,
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we show that the hump behavior in the Hall resistivity can vary depending on

the growth condition, which we attribute to the growth condition-dependent Ru

content in the film.
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3.3 Controlling hump structure via tuning in-

version symmetry breaking

We investigated AHE and hump structure in the Hall resistivity of SRO ultra-

thin films with a SrTiO3 (STO) capping layer and ionic liquid gating. STO

capping results in sign changes in the AHE and modulation of the hump structure.

In particular, the hump structure in Hall resistivity, the origin of which is still

under debate in bare SRO ultra-thin film, is strongly modulated and even vanishes

in STO-capped 4 unit cell (uc) films. In addition, the conductivity of STO-capped

SRO ultra-thin films is greatly enhanced with restored ferromagnetism. We also

performed ionic liquid gating to vary the surface electric field. Drastic changes

in the AHE and hump structure are observed with different gate voltages. Our

study shows that the hump structure, as well as the AHE, can be controlled by

varying the inversion symmetry breaking field.

3.3.1 Recovering inversion symmetry with capping layer

As we explained in the section 3.2, the origin of hump structures is still under

debate in the community. Some propose that the hump structure is induced due

to the emergent electromagnetic field from magnetic skyrmions as reported for

various magnetic materials [40, 44, 48]. In fact, It has been shown that inversion

symmetry breaking (ISB) can induce surface distortions (atomic rumpling) on

surfaces [10, 12, 86–88] and thus the Dzyaloshinskii-Moriya interaction (DMI),

which can generate the topological Hall effect (THE) in SRO ultra-thin films [34,

52,53,89].
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However, an alternative interpretation was recently proposed, in which the

hump structure arises from the existence of inhomogeneous regions with different

AHEs and coercive fields due to the inevitable thickness inhomogeneity [79, 81,

90–94]. Numerous subsequent studies on the hump structure in ultra-thin SRO

films have been reported [34,95,96], yet the mechanism of the hump structure in

SRO ultra-thin films has yet to be resolved.

The key difference between the two scenarios is whether or not ISB is required;

the THE scenario requires ISB, while the inhomogeneous one does not. Therefore,

if the ISB (or the electric field on the surface) can be controlled, the debate may

be resolved. It was previously demonstrated that ISB can be removed by having

a capping layer [80, 97]. Therefore, our strategy is to grow a SrTiO3 (STO)

capping layer with various thicknesses and also perform ionic liquid gating to

control ISB in ultra-thin SRO films. We find that the hump structure in our film

can be controlled by restoring the inversion symmetry through STO capping,

which cannot be accounted for by combinations of different AHEs that arise from

thickness inhomogeneity [35, 79, 81, 90–92]. Moreover, Hall effect measurements

with ionic liquid gating on SRO ultra-thin films support a similar conclusion.

3.3.2 Vanishing hump features in SrRuO3/SrTiO3 heterostruc-
tures

Figure 3.11(a) shows a schematic diagram of a t unit cell (uc) SRO thin film

on an STO substrate capped with n uc STO. Figures 3.11(b) and (c) show the

RHEED intensity plots and patterns for the SRO and STO. The deposition rate

of the SRO (STO) was 0.05 (0.1) uc/s.

We measured the resistivity of SRO/STO heterostructures with various SRO
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Figure 3.11: Characterization of films. (a) Schematic of SrRuO3 (SRO) /
SrTiO3 (STO) thin films on a SrTiO3 (STO) (001) substrate. t unit cell (uc)
(t = 2 ∼ 4) SRO is capped with n uc (n = 1 ∼ 10) STO. (b) In-situ reflection
high-energy electron diffraction (RHEED) intensity from (upper) 4 uc SRO and
(lower) 10 uc STO heterostructures. (c) RHEED patterns of SRO and STO
layers.

thicknesses. Figure 3.12 shows the thickness-dependent resistivity of the SRO

thin films with a 10 uc STO capping layer. The Mott-Ioffe-Regel (MIR) limit is

used to identify the threshold between the metal and insulating states of SRO

film [98, 99]. The MIR limit (represented by the horizontal dashed line in Fig.

3.12(a)), at which the mean free path becomes comparable to the interatomic

distance, is given as ρMIR = ha/e2, where h, a = 3.93 Å and e are the Planck

constant, lattice constant and electron charge, respectively [100, 101]. Here the

STO-capped 3 uc SRO shows metallic behavior, whereas the 2 uc heterostructure

is an insulator.

Figure 3.12(b) shows the effect of the STO capping layer on the Hall effect

in 4 uc SRO film. Sohn et al. [34] observed the hump structure in bare SRO

ultra-thin films and argued that the ISB in ultra-thin films allows DMI which in

turn induces the THE. We see that the 4 uc SRO film without an STO capping

layer shows a strong hump structure. However, when the SRO films are capped

with STO layers, the hump structure almost disappears. The vanishing hump

58



3.3. Controlling hump structure via tuning inversion symmetry breaking

(a)

Temperature (K)
100 300200

103

104

105

ρ
x
x
 (

μ
Ω

·c
m

)

0

SRO(t)/STO(10 uc)

3 uc

2 uc4 uc

Mott-Ioffe-Regel limit

STO 10 uc cap
without cap

(b)

10 K

μ
0
H (T)
0-2-4 2 4

-2

-1

0

1

2

ρ
x
y
 (

μ
Ω

·c
m

)

SRO(4 uc)

Figure 3.12: Resistivity and Hall effect results of t uc (t = 2 ∼ 4) SRO
films with 10 uc STO capping layer. (a) Resistivity of 10 uc STO-capped
SRO for a range of thicknesses. (b) Hall effect measurements of 4 uc SRO thin
films with and without the STO capping layer.

structure can be attributed to the fact that the inversion symmetry restored by

STO capping alleviates the electric field on the SRO surface and weakens the

DMI. This clearly rules out the inhomogeneous AHE scenario and suggests a

topological mechanism as the origin of the hump structure in the Hall signal

from our 4 uc SRO films. This point will be discussed further later.

It is well-known that the THE is enhanced in the ultra-thin regime [52]. Hence,

we can expect the hump structure to be stronger in thinner SRO films if the hump

is indeed from THE. As the STO-capped 3 uc SRO film is a ferromagnetic metal,

as seen in Fig. 3.12(a), we decided to investigate the AHE and hump structure in

3 uc SRO films with various STO capping layer thicknesses. In Fig. 3.13(a), we

compare resistivities of 3 uc SRO films with and without a 10 uc STO capping
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layer. The STO-capped 3 uc film is ferromagnetic (Tc ≈ 110 K, as indicated by

a kink in dρ/dT ) with a much reduced resistivity. This allows us to study the

behavior of the Hall resistivity of STO-capped 3 uc SRO films.

Figure 3.13(b) shows the Hall measurement results. As discussed above, the

3 uc bare SRO film is nonmagnetic and we thus observe a vanishing Hall signal.

On the other hand, clear AHE and hump structure appear in the STO-capped

film. Following previous studies [52, 53], we can explain the Hall resistivity of

SRO films using three terms: ρxy = ρOHE + ρAHE + ρhump (the ordinary Hall

effect (OHE), AHE, and hump structure, respectively). Here, the Hall data are

presented without the OHE contribution. As shown in Fig. 3(b), we define ρAHE

as the saturated ρxy under a high magnetic field, and ρhump as the difference

between the maximum ρxy and ρAHE.

To shed more light on the capping effect, we measured ρxx and ρxy for var-

ious STO capping layer thicknesses. Figure 3.13(c) shows the ρxx measurement

results for various STO thicknesses. With only 1 uc of an STO capping layer, the

metallicity is greatly enhanced as ρxx decreases below the MIR limit. Thereafter,

ρxx slowly decreases with increasing STO capping layer thickness. Figure 3.13(d)

shows the corresponding ρxy. It can be clearly seen that ρAHE increases with

the thickness of the capping layer. On the other hand, ρhump decreases with the

thickness. Note that the hump structure of the 3 uc SRO with 10 uc STO capping

layer, though small, is more pronounced than that of the 10 uc STO-capped 4 uc

SRO film. We attribute this to incomplete relaxation of the stronger rumpling in

3 uc bare SRO film.

We also performed temperature dependent studies on SRO(3 uc)/STO(n uc).

Figure 3.14(a) shows the temperature-dependent ρAHE in SRO(3 uc)/STO(n uc).

As the STO thickness increases, the overall ρAHE becomes larger, and the sign
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reversal temperature (filled inverted triangles) increases. It has previously been

reported that the sign and magnitude of ρAHE can be controlled by the thickness

of the film in the ultra-thin limit [102]. We find that ρAHE can be controlled not

only by the thickness of the SRO, but also by the thickness of the capping layer.
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Figure 3.13: Effects of an STO capping layer on metallicity and Hall
effects in 3 uc SRO. (a) Resistivity of 3 uc SRO thin films with and without
a 10 uc STO capping layer. (Inset) Derivative of the resistivity for the two
systems. (b) ρxy of 3 uc SRO thin films with and without a 10 uc STO capping
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Chapter 3. Hump-like features in Hall effects in SrRuO3 ultrathin films

On the other hand, the maximum ρhump, whose location is marked by empty

triangles in Fig. 3.14(b), decreases with increasing STO capping layer thickness.

The effect of the STO capping layer on the SRO ultra-thin film is illustrated

by schematics in Fig. 3.14(c) and (d). Bare SRO 3 uc does not exhibit AHE or

hump structure due to its nonmagnetic nature. Adding an STO capping layer on

the SRO 3 uc film turns the film into a ferromagnet with much lower resistivity

and generates both the AHE and hump structure. As the thickness of the STO

capping layer increases, ρhump decreases but ρAHE further increases. In the case of

the 4 uc SRO film, the sign of ρAHE changes, and the hump structure disappears

with an STO capping layer.

3.3.3 Discussion on the effect of STO capping layer

An STO capping layer results in changes in transport properties of SRO ultra-

thin films: i) enhancement of metallicity, ii) sign and intensity changes in ρAHE,

and iii) decrease in ρhump. The enhancement of metallicity with a capping layer

on an ultra-thin film has been reported for various systems. Several models have

been proposed to explain the enhanced metallicity, including reduced distortions

at interfaces of LaNiO3 (LNO) heterostructures [12] and ferroelectric proxim-

ity effect in BaTiO3/SrRuO3 heterostructures [103]. Another possible origin is

the interfacial intermixing which inevitably exists at interfaces and has been re-

ported in studies of heterostructures [104–107]. Further studies on this enhanced

metallicity of capped ultra-thin films should be explored in the future by using ex-

perimental methods such as transmission electron microscopy (TEM) or coherent

Bragg rod analysis (COBRA).

On the other hand, the changes in the sign and magnitude of ρAHE in SRO
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Figure 3.14: Temperature-dependent AHE and hump structure for var-
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ultra-thin films have been reported, and it was suggested that the magnetiza-

tion of SRO thin films is a key factor determining the ρAHE [102]. According

to the proposal, ρAHE turns from negative to positive when the magnetization

becomes larger than 0.5 µB/Ru. Considering that the sign-changing temperature

of ρAHE (filled inverted triangles in Fig. 3.14(a)) increases as the STO capping

layer thickness increases, we speculate that the magnetization of SRO thin films

also increases with STO thickness. This tendency is consistent with the case of

thicker SRO film [108]. Further study is necessary to verify this conjecture on

the magnetization of SRO heterostructures.

The last one in the list, that is, decrease in ρhump with STO capping may be

explained in the following way. On the surface of thin films, a surface electric field

naturally exists and atomic distortions occur to screen the electric field [65]. There

have been several reports on atomic distortions on the surfaces of LNO [10,12,109]

and SRO [34]. Octahedral distortions in ultra-thin films have been found to

decrease in deeper layers [10]. Depositing capping layers on the surface should

result in a reduction in atomic distortions, since the thin film surface is no longer

exposed to vacuum [12]. Therefore, we believe that the capping layer reduces

atomic distortions and thus ρhump.

Despite numerous studies in recent years [34, 35, 79, 81, 90–94], the origin of

the hump structure observed in the Hall effect data from bare SRO film is still

under debate. It has been suggested that atomic rumpling of SRO ultra-thin

films can induce sufficient DMI to form magnetic skyrmions [34], and that such

skyrmions can act as an additional magnetic source and induce the so-called

THE, which appears as the hump structure in Hall effect measurements. An

alternative interpretation of the hump structure has also been proposed, in which

a combination of different AHEs that arises due to thickness inhomogeneity can
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3.3. Controlling hump structure via tuning inversion symmetry breaking

lead to hump structures in Hall data [79,81,90–92]. However, the latter view may

not account for the results from our films since it cannot explain the disappearance

of the hump structure in the 4 uc SRO film with the STO capping layer (Fig.

3.12(b)). By contrast, the behavior of ρhump in STO-capped SRO heterostructures

is well explained by the former view, as the electric field (or atomic distortions)

can be controlled by capping layers.

3.3.4 Controlling hump structures via ionic liquid gating

Finally, we wish to demonstrate that we can control the AHE and hump

structure via the ionic liquid gating method. We chose SRO(3 uc)/STO(10 uc)

as the system since the STO capping layer is expected to prevent an irreversible

chemical reaction in SRO [110]. Figure 3.15(a) shows a schematic illustration of

our ionic liquid gating experiment. We applied an electric field in the inward and

outward directions, and measured the Hall resistivity as shown in Fig. 3.15(b).

ρAHE decreases (increases) and ρhump increases (decreases) with positive (negative)

gate voltage, which corresponds to a thinner (thicker) STO capping layer (Fig.

5(c)).

In ionic liquid gating experiments, an electric field is applied between accumu-

lated ions on the surface and counter charges induced in the conductive layer [31].

Due to the electric field along the out-of-plane direction, charge carrier modula-

tion is expected to appear in the SRO film [53,111,112]. Charge modulations in

SRO ultra-thin films with gating methods have been reported by several research

groups: 6 % in a 5 uc SRO thin film with ionic liquid gating [111], 1 % in a

10 uc SRO thin film with ionic liquid gating [112], and 1 % in SrRuO3/SrIrO3

heterostructure with back gating [53]. We also estimated the charge modulation
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Chapter 3. Hump-like features in Hall effects in SrRuO3 ultrathin films

in our SRO system. The carrier density of our SRO system was calculated from

the slope of the ordinary Hall resistivity, which showed that the carrier density

varies less than 2 % in the ionic liquid gating experiments. Despite the small

amount of charge modulation, the AHE and hump structure clearly change. In

this regard, we argue that carrier density modulation is not the dominant factor

for changes in the AHE and hump structure.

Rather than the carrier modulation, we claim that the key ingredient of the

phenomenon is related to the lattice distortion at the interface due to the electric

field. In the positive bias case depicted in Fig. 3.15(a), a strong inward (relative

to the substrate direction) electric field is applied to the surface of the SRO layer.

In several structural studies of perovskite oxides with ionic liquid gating, elonga-
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Figure 3.15: Hall effect measurement results from ionic liquid-gated
SRO(3 uc)/STO(10 uc). (a) Schematic illustration of ionic liquid gating ex-
periments. (b) Results for gate voltages of -3, 0, and 3 V. A positive (negative)
electric voltage induces an inward (outward) electric field. (c) ρAHE and ρhump at
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tion of the out-of-plane lattice constant (c-axis lattice) has been reported with

an inward electric field [113–115]. COBRA studies of 5 uc La1.96Sr0.04CuO4 film

show that the displacement between the nearest site atoms increases (decreases)

with an inward (outward) electric field [113]. XRD studies report elongation of

the c-axis lattice with an inward electric field, regardless of the majority car-

riers [114, 115]. Thus, we think that the elongation of the out-of-plane lattice

constant and distortion can appear in SRO. We note that the THE and mag-

netic skyrmions of SRO could be controlled with ferroelectric proximity effect at

the BaTiO3/SrRuO3 interface [6]. Moreover, a small change in lattice (0.3 %)

can induce large distortions in the skyrmion lattice (20 %), as reported in FeGe

crystal, due to large change in the DMI Hamiltonian, HDM ≡ Dij · Si × Sj [116].

Thus, we argue that the elongation of the out-of-plane lattice constant and lattice

distortion induced by the gate voltage is what causes the variation in ρhump.

3.3.5 Conclusion

In conclusion, both the AHE and hump structure in the Hall resistivity of SRO

ultra-thin films can be modulated by capping the film with an STO layer and

gating with an ionic liquid. The AHE and hump structure change significantly

when STO layers are capped on SRO ultra-thin films. We controlled the electric

field on SRO ultra-thin films using the ionic liquid gating method and found

that the AHE and hump structure can be controlled with the gate voltage. We

attribute the large modulation of the AHE and hump structure to an electric field

tuned inversion symmetry, which is directly related to DMI.
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Topological structures inducing
sign-varying anomalous Hall
effect

In this chapter, we continuously deal with the novel Hall effects emergent in

the ultrathin limit. As the hump-like features in the Hall effect were discussed

in chapter 3, we focus on the sign-changing anomalous Hall effect (AHE), which

is shown in Fig. 3.1. We show that the sign of AHE changes in a variation of

the film thickness, magnetization, and chemical potential due to the multi-sign

characteristic of Berry curvature near Fermi level. The multi-sign Berry curva-

ture is generated due to topological nodal structures (nodal lines and quadratic

band crossing (QBC)), which are protected by the four-fold-rotational and two-

dimensional (2D) symmetry. Our study is the first to directly characterize the

topological band structure of 2D spin-polarized bands and the corresponding

AHE, which could facilitate new switchable devices based on ferromagnetic ul-

trathin films. This chapter is adapted by B. Sohn et al. [102].
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4.1. Sign-controllable anomalous Hall effect

4.1 Sign-controllable anomalous Hall effect

4.1.1 Two-dimensional nodal structures in ferromagnetic
perovskite

The interplay between magnetism and spin-orbit coupling (SOC) underlies the

various novel topological transport phenomena seen in metallic ferromagnets [80,

117, 118]. In three-dimensional (3D) ferromagnets, spin-polarized bands often

accompany nodal points or nodal lines (NLs) [119–121]. The lifting of the band

degeneracy at a nodal structure due to SOC induces enhanced Berry curvature

around it, which leads to various topological transport phenomena such as the

anomalous Hall effect (AHE) [122–124]. For instance, in the SrRuO3 (SRO) bulk,

theoretical predictions have indicated that nodal structures with an SOC-induced

gap play a role as magnetic monopoles in momentum space, which leads to a non-

monotonous change in the AHE [82].

The 3D SRO bulk has been considered as a canonical system, in which the

topological band structure induces a large AHE [65, 82]. However, the existence

of magnetic monopoles in SRO has not yet been verified experimentally. Part of

the reason for this is the lack of a suitable single crystal, as well as the difficulty in

preparing clean, cleaved surfaces for angle-resolved photoemission spectroscopy

(ARPES) study due to its 3D structure. Meanwhile, it has recently been shown

that the NLs of 3D spin-polarized bands can also induce a large AHE, as seen in a

layered Fe3GeTe2 ferromagnet [121]. The AHE driven by nodal points (so-called

Weyl points) has also been reported in various 3D magnetic metals [125,126].
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Chapter 4. Topological structures inducing sign-varying anomalous Hall effect

The relationship between the topological band structure and corresponding

transport phenomena remains largely unexplored in two-dimensional (2D) metal-

lic ferromagnets. The nodal structures in 2D ferromagnets are more fragile and

unstable compared with 3D structures. Only when proper symmetry conditions

are satisfied can nodal points or NLs manifest as symmetry-protected band de-

generacy in 2D bands [127,128]. Moreover, the increased correlations expected in

the reduced dimensionality could alter both the quasi-particle energy spectrum

and intrinsic AHE such that careful comparison between theoretical and exper-

imental results is indispensable to verify the topological band structure in 2D

magnets [129,130].

In this section, we demonstrate the relation between the symmetry-protected

nodal structures of 2D spin-polarized bands and the AHE. For this purpose, we

performed ARPES measurements on SRO ultrathin films, revealing their band

structures for the first time. Based on tight-binding models, first-principles calcu-

lations, and symmetry analysis, we propose that the spin-polarized bands derived

from t2g orbitals in layered perovskite oxides generally support i) nodal points

with quadratic band crossing (QBC) protected by four-fold rotation symmetry

and ii) NLs arising from the crossing between majority and minority spin bands.

When SOC is included, these nodal points and lines are gapped and generate

large Berry curvature in the surrounding area. Because the energies of nodal

points and lines are different, when the Berry curvatures that arise from them

have the opposite signs, the magnitude and sign of the AHE can generally be

varied by changing the Fermi level. We demonstrate that the AHE of SRO thin

films exhibits sign reversal, depending on the film thickness, temperature, magne-

tization, and chemical potential, due to the symmetry-protected nodal structures

of the 2D spin-polarized bands. Finally, as the nodal structures are protected by
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4.1. Sign-controllable anomalous Hall effect

crystalline symmetries, we show that a sign-switchable AHE can emerge in other

ferromagnetic perovskite materials that share the same space group with SRO

such as monolayer SrCoO3.

Figure 4.1(a) shows the general lattice structures of layered perovskite oxides

with the chemical formula An+1BnO3n+1, where n denotes a natural number. As

n increases, the material takes on a more 3D character, interpolating between the

2D limit with n = 1 (A2BO4) and the 3D limit with n = ∞ (ABO3). Among

the perovskite materials, SRO is a representative example of 3D ferromagnetic

metals, with an AHE that has been attributed to the magnetic monopoles in

momentum space of the topological band structure [82].

To investigate a 2D metallic ferromagnet, 2D systems should be sought: how-

ever, the 2D Sr2RuO4 is non-magnetic [131]. Therefore, as an alternative, we

studied the quasi-2D limit of SRO by growing ultrathin films of SRO with a

thickness ranging from 4 - 10 unit cells (uc). Due to its quasi-2D nature, the

Fermi surfaces (FSs) of SRO ultrathin films are expected to be somewhat similar

to those of Sr2RuO4 [132]. We confirm this through our ARPES measurements.

For Sr2RuO4, it is well known that FSs consist of three bands, α, β, and γ, where

α and β FSs are composed of dxz,yz orbitals, and γ FS arises from the dxy orbital

(Fig. 4.1(b)) [132–134]. When ferromagnetism develops, spin-degenerate bands

split into majority and minority bands, which results in six bands derived from

t2g orbitals appearing at the Fermi level. For simplicity, we first focus on three of

the six bands, in which two majority bands are derived from dxz,yz orbitals and

one minority band originates from the dxy orbital. The properties of the system

as a whole can be understood simply by doubling the number of bands.

In the absence of SOC, the majority and minority bands are not hybridized,

such that NLs form when they intersect (Fig. 4.1(c)). The crossing between
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M MX M MX

QBCNL

Figure 4.1: Mechanism for the sign-tunable anomalous Hall effect (AHE)
induced by nodal lines (NLs) and points in two-dimensional (2D) fer-
romagnetic perovskites. (a) Structures of layered perovskite oxides with the
chemical formula An+1BnO3n+1 where n = 1, 2, ... denotes a natural number.
(b) Schematic Fermi surfaces (FSs) of SrRuO3 (SRO) in the 2D limit. When
magnetization (M) and spin-orbit coupling (SOC) are absent, all bands are spin
degenerate. When M is finite, spin degeneracy is lifted, such that majority (red)
and minority (blue) bands form. For easier understanding, we focused on the
two majority bands derived from dxz,yz orbitals and the one minority band from
the dxy orbital. On initiating SOC, the FSs become hybridized, inducing a fi-
nite Berry curvature. (c) A simplified band structure along the M -X-M line.
Quadratic band crossing (QBC) occurs at the M point and an NL is formed
when the majority and minority bands cross. SOC can lift the degeneracy of the
nodal structures. (d) Configuration of nodal structures in momentum space. The
NL and QBC located near the Fermi level become the source of the large Berry
curvature. Red lines (black dots) denote the NL (QBC). (e) Schematic showing
the sign-tunable AHE. The sign of anomalous Hall resistivity can change as the
magnetization or Fermi energy is varied due to Berry curvature hot spots near
the Fermi level induced by nodal structures.
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bands with opposite spin-polarization generally leads to 2D NLs in spin-polarized

systems when SOC is neglected. Moreover, due to the tetragonal crystalline

symmetry of thin films, QBCs can appear at the Γ and M points with C4v point

group symmetry made up of bands with the same spin character. Thus, NLs

and QBCs are generic nodal structures that exist in the spin-polarized bands of

layered 2D perovskite structures (Fig. 4.1(d)). When SOC is turned on, these

nodal structures are gapped; thus, large Berry curvature is generated that leads

to the AHE (see Methods for details). Due to multiple sources of enhanced

Berry curvature generated by QBCs and NLs, the sign and magnitude of the

AHE can vary depending on the energies of the nodal structures relative to the

Fermi level. In such a case, it is natural to expect a strong deviation of the AHE

from the conventional behavior that is proportional to the net magnetization

(Fig. 4.1(e)). In the following, we show that the sign and magnitude of the AHE

can be controlled by different parameters, such as magnetization and chemical

potential.

4.1.2 Spin-resolved ARPES of two-dimensional SRO ul-
trathin films

The next step is to experimentally verify the generic band structure and spin

polarization, for which we performed in-situ ARPES measurements of SRO ul-

trathin films. Figure 4.2(a) shows an FS map of the 4 uc SRO thin film measured

with linear vertical (LV) polarized He-Iα light (21.2 eV): the figure shows that

despite some differences, the overall structure of the FSs is indeed similar to

that of Sr2RuO4. Spin polarization of the bands was obtained by performing

spin-resolved ARPES (SARPES) measurements below and above the Curie tem-
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Figure 4.2: Angle-resolved photoemission spectroscopy (ARPES) data
of a 4 unit cell (uc) SRO thin film. (a) FS map in the (kx, ky) plane measured
at 10 K integrated within EF ± 10 meV. (b) Spin-resolved ARPES (SARPES)
data of the valence band at the Γ, X, and M points at 10 K (T < TC) and 125 K
(T > TC). Lower figures show the spin polarization at each high symmetry point.
(c) Intensity plot of ARPES data obtained with linear horizontal (LH) polarized
synchrotron light with a photon energy of 80 eV, integrated within EF ± 8 meV.
α, a folded β (β′) and γ bands are marked in the (ky, E) cut. (d) FS map in
the (kx, kz) plane at 10 K integrated within EF ± 8 meV. Band structures are
nearly dispersionless and additional bands do not appear. The black dashed line
marks the β band. The white dotted line indicates the zone boundary. (e) FS
map of the data in (c). The white (black, yellow) dotted line indicates the α (β,
β′) band. The thick lines from the fitting of the tight-binding model are overlaid
with ARPES data.
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perature, TC ∼ 110 K. Figure 4.2(b) shows the spin-resolved energy distribution

curves (EDCs) and spin polarizations at Γ, X, and M at 10 K (below TC) and

at M at 125 K (above TC), as marked in Fig. 4.2(a). The EDCs below TC show

a considerable difference between the majority and minority spins, whereas no

difference was observed above TC . The difference is also presented in the form of

spin polarization, P = (I↑− I↓)/(I↑+ I↓), in the lower panels. These observations

are consistent with itinerant ferromagnetism [135,136].

The orbital characters of the bands can be determined by polarization-dependent

ARPES measurements; here we used synchrotron light for the polarization-dependent

experiments. ARPES data in Fig. 4.2(c) show the FS map, as well as the energy-

momentum (E-k) spectra of 4 uc SRO thin film measured with linear horizontal

polarized photons (80 eV); α and β FSs are clearly visible, similar to the cor-

responding FSs reported for Sr2RuO4 [132–134, 137, 138]. Due to the rotational

distortion of RuO6 octahedra in SRO ultrathin films grown on SrTiO3 (001) sub-

strates [25, 34], the FS from the folded-β band (β′) was also observed.

Whereas the in-situ data in Fig. 4.2(a) provides detailed information on the

structure of the FS, confirmation of whether ultrathin films indeed possess 2D

electronic structures requires an examination of the kz (i.e., photon energy) de-

pendence. The measured kz dispersion is shown in Fig. 4.2(d); here kz is calcu-

lated based on the inner potential of 14 eV obtained from experiments on SRO

single crystals [139]. Unlike 3D materials exhibiting periodic kz dispersion, the

β band did not show any kz dispersion. This clearly illustrates that SRO ul-

trathin films have quasi-2D band structures, similar to Sr2RuO4 [134, 138] and

Sr3Ru2O7 [140, 141]. In Fig. 4.2(e), experimentally measured FSs are compared

with the results obtained from an effective 2D tight-binding model fit; most of

the FSs can be explained with the 2D model.
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4.1.3 Nodal structures inducing nonmonotonous AHE

With the full electronic structure identified, we turn our attention to the

transport and magnetic properties of SRO ultrathin films presented in Fig. 4.3.

Figure 4.3(a) shows the thickness-dependent Hall resistivity measured at 10 K for

3.8 - 5.0 uc SRO ultrathin films under an out-of-plane magnetic field. Here, the

thickness of the thin film was estimated from the corresponding in-situ reflection

high-energy electron diffraction (RHEED) intensity plot. The hump-like features

in the Hall data indicate the so-called topological Hall effect (THE), which is

believed to arise from a chiral magnetic structure [34, 35, 52]. In general, the

ordinary Hall effect (OHE), AHE, and THE can contribute to the Hall resistivity

ρxy, which is thus given by ρxy = ρOHE + ρAHE + ρTHE. The OHE term was

subtracted from all Hall resistivity data presented in this paper. As ρTHE is non-

zero only near the coercive field, ρAHE can be determined from the saturated ρxy

in the high field limit.

The thickness dependence of ρAHE is shown in Fig. 4.3(b). Here, ρAHE de-

creased as the thickness became thinner and eventually took on a negative value

with a sign change in between. We also performed ionic liquid gating of SRO

ultrathin films to investigate how the change in chemical potential affects ρxy.

Figure 4.3(c) shows the results of ionic gating experiments for 4 and 5 uc SRO

thin films measured at 10 and 50 K, respectively. In both cases, the magnitude of

ρxy changed significantly with the gate voltage. Figure 4.3(d) shows the out-of-

plane magnetization of 4, 5, and 7 uc SRO thin films. Combining the thickness

and temperature-dependent Hall effect results with the magnetization data, we

can derive ρAHE vs. M data, as plotted in Fig. 4.3(e). It should be noted that the

76



4.1. Sign-controllable anomalous Hall effect

data points fall on a single line, implying that M may be the key parameter for

ρAHE. The sign reversal of ρAHE can also be clearly observed as the magnetization

approaches 0.5 µB/Ru.

Figure 4.3: Non-monotonous AHE in SRO ultrathin films. (a) Thickness-
dependent ρxy of SRO ultrathin films at 10 K. ρAHE is defined as the saturated
Hall resistivity ρxy. (b) ρAHE v.s. thickness curve for SRO ultrathin films at 10 K.
The sign of ρAHE changes as the film thickness varies. (c) ρxy of 4 and 5 uc SRO
thin films with ionic liquid gating at 10 and 50 K, respectively. The sign and
magnitude of ρAHE change with the bias voltage. (d) Out-of-plane magnetization
of 4, 5, and 7 uc SRO thin films. (e) ρAHE v.s. M plot for 4, 5 and 7 uc SRO
thin films at various temperatures. The sign of ρAHE changes near 0.5 µB/Ru.

It is worth noting that the sign-switching behavior of ρAHE is highly unusual.

To understand the origin of the unusual AHE, we conducted a tight-binding

model analysis combined with first-principles calculations. The kz independence
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of ARPES data indicates that the measured FS can be described by effective

2D model Hamiltonians. Figure 4.4(a) shows the band structure in the effective

six-band tight-binding model (relevant to 1 uc SRO), the parameters of which

were adjusted to describe the FS of a 4 uc SRO thin film with a magnetiza-

tion M = 0.33 µB/Ru. The open and closed circles denote NLs and QBCs of

spin-polarized bands, respectively, which become the sources of the large Berry

curvature when they are gapped due to SOC. Three distinct Berry curvature hot

spots can be seen near the Fermi level: two QBCs at the M point and one NL

passing through the Fermi level. As shown in the upper half of Fig. 4.4(b) and

(c), QBCs formed by minority bands induce negative Berry curvature, whereas

the others generate positive Berry curvature.

To demonstrate that the presence of QBCs and NLs, and the associated sign-

switching of the AHE signal, are generic properties of SRO ultrathin films in-

dependent of film thickness, we also constructed a tight-binding model for 4 uc

SRO and compared it with the effective six-band model. The hopping parame-

ters for the 4 uc tight-binding Hamiltonian were extracted from first-principles

calculations. For realistic calculations, the atomic positions of 4 uc SRO were

obtained from the experiment using coherent Bragg rod analysis (COBRA) [34].

The lower half of Fig. 4.4(b) shows the FS and Berry curvature derived from

the 4 uc model, where large Berry curvatures are generated by gapped QBCs

and NLs. It is interesting to note that the two models predict similar FS and

Berry curvature distributions. The sign-switching of the AHC also appears in

both cases, as shown in Fig. 4.4(d).

To further support the thickness independence of FS and topological band

structures, we performed additional ARPES measurements on SRO ultrathin

films of various thicknesses from 4 to 10 uc (Fig. 4.5). The overall FS shape and
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4.1. Sign-controllable anomalous Hall effect

band structure were roughly independent of the thickness, as in SrVO3 ultrathin

films where thickness-independent metallic properties were reported [8]. This

means that the nodal structures and related sign-switchable AHE of ultrathin

films, with a thickness of up to about 10 uc, are well described by the effective

2D tight-binding model with suitably chosen parameters.

The QBCs in Fig. 4.4(c) show that the competition between Berry curvature

hot spots with opposite signs can produce a sign-changing AHE (see Methods for

details). The calculated anomalous Hall conductivity (AHC), σAHE = ρxy/(ρ
2
xy +

ρ2xx) using two tight-binding models for 1 uc and 4 uc SRO, as a function of

magnetization, well matched the experimental results (Fig. 4.4(d)). Remarkably,

the sign of the AHC reverses when the amplitude of the magnetization varies,

which is in sharp contrast to the conventional AHC being proportional to the

magnetization.

The chemical potential dependence of AHC was also computed using the tight-

binding model (Fig. 4.4(e)). According to the calculation near M = 0.4 µB/Ru,

AHC increased with the chemical potential. This tendency is in accordance with

the ionic liquid gating measurements on 4 and 5 uc SRO ultrathin films (Fig.

4.4(e), inset). Given that both films have a magnetization of M∼ 0.4 µB/Ru,

AHC tended to increase as the gate voltage increased.

Because the topological nodal structures (QBCs and NLs) are protected only

by crystalline symmetries, similar nodal structures can appear in any 2D systems

sharing the same space group symmetry as SRO. To confirm this idea, we also per-

formed first-principles calculations on SrCoO3 (Fig. 4.6), another ferromagnetic

perovskite oxide, in which the sign-switching AHE was recently observed [142].

Interestingly, the NLs and QBCs were also located close to the Fermi energy and

generated Berry curvature with opposite signs, as in SRO. We believe that the
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Figure 4.4: Berry curvature hot spots from nodal structures and switch-
able AHE of the SRO ultrathin film. (a) Band structures of SRO calculated
from an effective six-band model relevant to 1 uc SRO. Without SOC, a QBC
appears at the Γ and M points, and NLs are formed when majority and minor-
ity bands cross. (b) Calculated band structure and Berry curvature of SRO at
the Fermi level. While the majority (blue) and minority (red) bands are spin-
polarized, the mixed bands (black lines) have comparable contributions from up
and down spins. The upper (lower) half of the figure is derived from the 1 uc
(4 uc) tight-binding model. The left (right) half of the figure indicates the band
structures (Berry curvature distribution) at the Fermi level. In both (a) and (b),
a white (black) circle denotes a source of Berry curvature from the NL (QBC).
(c) Calculated Berry curvature distribution in the momentum space from the
effective six-band model. QBC in majority bands and the NL induce positive
Berry curvature, whereas negative Berry curvature is generated from the QBC
in minority bands. (d) Measured (circles) and calculated (solid (dashed) line for
the 1 (4) uc model) magnetization dependence of anomalous Hall conductivity
(AHC) in SRO ultrathin films. When the magnetization is small (large), the
AHC is negative (positive). (e) Chemical potential dependence of AHC. (inset)
Ionic liquid gating measurements on 4 and 5 uc SRO thin films. AHC increases
with the gate voltage.
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Figure 4.5: Fermi surface of 4, 5, and 10 uc SRO thin films measured
by in-situ ARPES. (a, b, c) Fermi surface maps of 4, 5, and 10 uc SRO thin
films in (kx, ky) plane measured at 10 K. ARPES data are integrated within EF±
10 meV to produce the Fermi surface. Overall shapes of the Fermi surfaces are
almost the same in three cases. (upper) Momentum distribution curves at Fermi
level along the Γ-X line, the red dashed line in the lower figures. Red inverted
triangles and red arrows represent the peaks from β band. The positions of red
inverted triangles are at kx = 0.5149, 0.5138, and 0.5174 Å−1, respectively, which
shows that β electron pockets have almost the same size (the difference is less
than 1 %) regardless of the thickness.

same mechanism applies to many ferromagnetic perovskite oxides.

4.1.4 Conclusion

In conclusion, by combining ARPES, transport measurements, and theoret-

ical analysis, we demonstrated the topological band structure of ferromagnetic

SRO thin films. In particular, the band structures of SRO film in the ultrathin

2D limit were observed and defined for the first time. Through theoretical anal-

ysis, we also showed that the spin-polarized bands of 2D ferromagnets generally

possess nodal points and lines that become the source of enhanced Berry curva-
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Figure 4.6: Band structures and Berry curvature of SrCoO3 monolayer.
(a) Top panel: band dispersions without spin-orbit coupling where solid and
dashed lines represent the spin up and down bands, respectively. Middle panel:
band dispersion with spin-orbit coupling. Bottom panel: Berry curvature inte-
grated up to the chemical potential. (a0 : Bohr radius). The zero energy is
defined as 62 meV above the Fermi energy to emphasize the large Berry curva-
tures around the band crossings. A quadratic band crossing at Γ point and the
nodal line in the MΓ direction, marked by red and blue circles, respectively, are
major sources of enhanced Berry curvature as in SrRuO3. (b) Integrated Berry
curvature (color plot) and constant energy contour (black solid lines) at the zero
energy, showing that the Berry curvature is dominantly contributed around the
band crossings.

ture. Comparing the measured band structure with the tight-binding model, we

identified the Berry curvature hot spots originating from multi-nodal structures,

which led to the unconventional AHE. Competing contributions from different

Berry curvature hot spots induce a sign-changing AHE, which can be controlled

by varying the film thickness, temperature, magnetization, and chemical poten-

tial. We believe that our findings will open up new avenues for investigating novel

transport phenomena driven by symmetry-protected nodal structures of 2D mag-

netic systems, and facilitate the development of magnetic devices based on the

engineering of magnetic topological band structures.
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Controlling electronic structure
of SrRuO3 extreme ultrathin
films

Two-dimensional (2D) materials have brought about a number of exotic elec-

tronic phases over the past decade [143–145]. Associated devices [146], het-

erostructures [147], and Moiré superlattice [148,149] have created unique physics

and substantial functionalities. However, oxide has been out of scope in the

study of 2D materials due to technical difficulties in the preparation and char-

acterization of such systems. The strong electronic correlation characteristic of

transition-metal oxides causes additional complexity in resolving the electronic

structures of the 2D oxide. The strong correlation, though, is also the source of a

wide variety of emergent phenomena, such as high-temperature superconductiv-

ity, Mott transitions, ferromagnetism and so on [150–152]. Thus, the realization

of the 2D oxide electronic system will enable the integration of the strongly cor-

related electron into the field of 2D materials.

Since most oxides have strong ionic or covalent bonds, mechanical exfoliation

techniques as in the case of van der Waals materials cannot be applied to ox-

ides. Accordingly, epitaxial thin film growth must be implemented to construct
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2D oxides. Numerous experiments have been carried out on epitaxial oxide thin

films with varying thickness. Yet, to the best of our knowledge, all these re-

ports have shown metal-insulator transition in the reduced thickness [153–155],

and strong-correlation-induced Mott insulating phases have often been discussed.

Such monotonous behavior limits the functional spectrum of 2D oxides, hence a

metallic 2D oxide should be demonstrated to extend the range of properties and

possible applications.

Figure 5.1: Maximized interface effect and quantum confinement in extreme-
ultra-thin film limit

Meanwhile, as we discussed in section 1.2, strong interfacial effects are also

expected in ultrathin films due to a lack of bulk-like region, and these can af-

fect properties of condensed matter. The interfacial effect becomes stronger with

reduced thickness, and it is expected to be maximized in the monolayer limit.
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Moreover, in the thickness of the atomic scale, electrons feel new boundary condi-

tions between two interfaces (at surface and substrate-film interface) and become

confined inside the conducting layers. These two effects (strong interface and

quantum confinement effects) are extremized in the monolayer limit (in extreme-

ultra-thin-region, Fig. 5.1).

For these reasons, 2D (or, extreme-ultra-thin) oxide films should be inves-

tigated. However, due to extrinsic effects and deterioration in the quality of

ultrathin films, so far experimental measurements have been difficult. For exam-

ple, mechanically exfoliated graphene has the highest quality, whereas epitaxial

graphene thin films prepared by chemical vapor deposition method show lower

mobility and higher density of defects [156]. As the 2D oxides are limited to thin

films, the high density of defects must be seriously considered in characterizing

the material properties. In that sense, conventional transport measurement is

not a proper tool for 2D oxides, since weak or strong localization can occur in

disordered electronic systems [157]. Such extrinsic effects tend to be more pro-

nounced in the reduced thickness due to increased scattering from interfaces and

surfaces [158].

On the other hand, since these impurities are not periodic, they are barely

expected to be observed in momentum space. Thus, ARPES can be a powerful

tool to investigate the electronic phases of 2D oxides. As a direct method to obtain

electronic band structures, ARPES might minimize any extrinsic contributions

from the disorders and become the most effective approach to unveil the hidden

phases of 2D oxides. Thus, we study an electronic structure of high-quality single-

atomic-layer SrRuO3 (SRO) (Fig. 5.2(a)) with ARPES.
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Figure 5.2: Observation of a metallic state in a monolayer SrRuO3 (SRO)
film. (a) A schematic of a monolayer SRO grown on a SrTiO3 (STO) layer. (b) A
schematic of charging-free ultrathin SRO heterostructure composed of 4 unit-cell
(uc) SRO layer (charge reservoir), 10 uc STO layer (buffer layer), and n uc ultra-
thin SRO layer, sequentially grown on a STO (001) substrate. The charge reser-
voir prevents charging effect during photoemission measurement. The buffer layer
isolates the ultrathin SRO layer from the charge reservoir. (c) Angle-integrated
photoemission spectra of charging-free ultrathin SRO heterostructures. Energy
distribution curves (EDCs) are integrated in a range of −0.6 Å−1 5 kx 5 0.6 Å−1

and ky = 0. n indicates the thickness of the ultrathin SRO layer. Fermi edge is
persistent down to the monolayer.

5.1 Thickness-dependent phase transitions

5.1.1 Observation of a metallic single-atomic-layer oxide

We fabricated high-quality and charging-free ultrathin SRO heterostructures

with varying thickness. Figure 5.2(b) shows the schematic of the SRO heterostruc-

ture which consists of 4 unit-cell (uc) SRO layer, 10 uc SrTiO3 (STO) buffer layer,

and n uc ultrathin SRO layer, sequentially grown on STO (001) substrate. In our

ARPES measurement, escaping photoelectrons left a charging effect on a sam-
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5.1. Thickness-dependent phase transitions

ple and distorted measured spectra. By introducing the charge reservoir of 4 uc

SRO layer, we successfully removed the charging effect in the ultrathin SRO. The

10 uc STO buffer layer isolates the topmost ultrathin SRO film from the charge

reservoir.

Using the charging-free ultrathin SRO heterostructures, we examine an elec-

tronic ground state of the monolayer SRO. We performed in-situ ARPES on

the heterostructures with n = 0, 1, 2, 3, and 4 uc. Figure 5.2(c) shows angle-

integrated photoemission spectra from the heterostructures at Γ. Definite Fermi

edges survive down to monolayer, showing the persistent density of states (DOSs)

at the Fermi level. In sum, we discovered a metallic ground state in the monolayer

SRO.

A strong quasi-particle peak near the Fermi level is clearly observed in 4 and

3 uc SRO films as reported in thicker SRO film [159]. As the thickness reduced,

the spectral weight shifts toward high-binding energy, resulting in only a weak

Fermi-level spectral weight in the monolayer. While the underlying mechanism

for the peak shift is ambiguous, it might imply the loss of the inherent properties

in the reduced thickness.

For a fundamental understanding of this metallic monolayer SRO, we look

into the Fermi surfaces (FSs) of the ultrathin SRO with varying thickness (Fig.

5.3(a)). Consistent with the photoemission results (Fig. 5.2(c)), metallic FSs are

resolved down to the monolayer as well. Here, we define three bands at the FSs

as α, β, and γ following the conventional way at FS of Sr2RuO4. In the FSs of

4 and 3 uc SRO (Fig. 5.3(a)), sharp α and β bands, but a broad γ band are

seen. In the 2 and 1 uc, observed experimental spectra broaden possibly due to

the small Fermi-level spectral weight. Still, FSs do not show qualitative change

with varying thickness.

87



Chapter 5. Controlling electronic structure of SrRuO3 extreme ultrathin films

b

In
te

ns
ity

 (
a.

u.
)

1.2

1.0

0.8

0.6

0.4

0.2

0.0

-0.2

k
x
 (Å-1)

k y (
Å

-1
)

1.2

1.0

0.8

0.6

0.4

0.2

0.0

-0.2

k y (
Å

-1
)

0.4 0.80.0

k
y
 (Å-1)

4 uc

2 uc

1 uc

4 uc

3 uc

3 uc

2 uc 1 uc

a

0.4 0.8 1.20.0

k
x
 (Å-1)
0.4 0.80.0

Γ

Γ

М

X

X

X

▼

▼

▼

▼

▼

▼

▼

▼

Figure 5.3: Fermi surfaces (FSs) of ultrathin SRO films. (a) FSs of ultra-
thin SRO layers with specified thickness at 10 K. ARPES data were integrated
within EF ± 10 meV. (b) Momentum distribution curves at the Fermi level (EF )
along the kx = 0 line (Γ-X), indicated as a black dashed line in (a). Inverted
triangles represent peaks of β band marked by red arrows in (a).

Moreover, we do not find quantitative variation in electron occupancy within

the ultrathin SRO layers. Figure 5.3(b) shows momentum distribution curves

(MDCs) at the Fermi level along the kx = 0 (a black dotted line in Fig. 5.3(a)).

Inverted triangles represent peak positions of the β bands in each ultrathin SRO

layer. We estimate the Fermi wave vectors, kF s, of the β bands and define the

distance between two kF s of the β bands as ∆kF,β. We find that, regardless of

the thickness, ∆kF,β is constant as 0.606 ± 0.008 Å−1. Putting it all together, the
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5.1. Thickness-dependent phase transitions

FSs and the peak positions of the β band are quite independent of the thickness.

On the FSs, it is difficult to verify the thickness-dependent electronic transitions

in ultrathin SRO.

5.1.2 Thickness-driven phase transitions

For more insight into the thickness-dependent electronic transition in the ul-

trathin SRO films, we show background-subtracted energy (E) versus momentum

(k) dispersions along the ky = 0 line (Fig. 5.4(a)). In the 4 uc, though we could

not resolve a distinct γ band from the FS, a coherent γ band, as well as a β band,

is clearly observed. In contrast, the 2 uc shows only an incoherent γ band. We

fitted MDCs at the FS by the Lorentzian function and calculated a full-width

half maximum (FWHM) of the γ bands. The FWHM varies from 0.286 to 0.414

Å−1. Considering that the β band remains consistently coherent at the FSs (Fig.

5.3), we guess that spectra of the β band are hidden behind the broad γ band.

The thickness-dependent evolution of the γ band is manifested by analyzing

energy distribution curves (EDCs) at (kx, ky) = (0, 0.75) (Fig. 5.4(b)). The co-

herent peak (inverted triangles) appears as a kink in the EDCs, shown in the 4

and 3-uc SRO. The coherent peak disappears in the 2 and 1 uc SRO and, seem-

ingly, the spectral weight is transferred to the incoherent band. Such a tendency

is reminiscent of the strongly correlated metal such as doped cuprates [33].

While bulk SRO is ferromagnet [20], its quasi-two-dimensional analogue, Sr2RuO4,

do not show ferromagnetism [160]. It implies a possibility of magnetic transition

in the ultrathin SRO films. We investigated the spin polarization of each ul-

trathin SRO film by performing spin-resolved ARPES. Figure 5.4(c) shows the

spin-resolved EDCs measured at 10 K near Γ. We obtained different intensities
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Figure 5.4: Thickness-driven electronic transition in ultrathin SRO. (a)
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4 uc, whereas only an incoherent γ is observed in 2 uc. (Upper) Normalized MDCs
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Thickness-dependent energy distribution curves (EDCs) at (kx, ky) = (0, 0.75)
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between majority and minority spins from the 4 and 3 uc SRO. However, no dif-

ference was observed in the 2 and 1 uc SRO. Note that our result ascertains the

quantum confinement (QC) effect in which the ferromagnetic properties of SRO

films are lost in the ultrathin limit [7].

We noticed a remarkable coincidence between the band coherency and mag-

netism in the ultrathin SRO films. Both coherent-to-incoherent and ferromagnetic-

to-nonmagnetic transitions start to occur at the 2 uc thickness, which suggests a

strong interplay between electronic correlation and magnetism.

Figure 5.5(a) schematically shows how the electronic structures evolve un-

der several different conditions. In three-dimensional (3D) cubic SRO, three t2g

orbitals, (dxy, dyz, and dzx) degenerates. Based on our DFT calculation (Fig.

5.5(b)), in the presence of oxygen octahedral rotation (OOR), the degeneracy of

t2g orbitals is lifted and the van Hove singularity (VHS) of a dxy band lies near the

Fermi level [161]. The high DOSs and large effective mass give strong electronic

correlation and might result in the correlated metallic phases [162]. Nevertheless,

the VHS at the Fermi level can be avoided when the dxy band split into spin ma-

jority and minority bands. This principle is seemingly valid down to the 4 and

3-uc thickness in which the strong coherent peaks and spin-splitting are evident

(Fig. 5.4).

The situation is quite different in two-dimension. While the dxy band that

extends in the xy plane is barely affected, due to the orbital-selective QC effect,

the dyz and dzx bands become one-dimensional (1D) [7]. Namely, the DOS of the

dyz and dzx bands is divergent at band edge but becomes very low near the Fermi

level. The Stoner criterion cannot be met with the reduced DOS, resulting in

the nonmagnetic 2 and 1-uc SRO films (Fig. 5.4(c)). Meanwhile, the VHS of the

dxy band remains at the Fermi level. With the absence of the spin-splitting, the
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Figure 5.5: Thickness-dependent interplay between electronic correla-
tion and magnetism. (a) Schematic illustration of the electronic density of
states (DOSs) depending on dimensionality, atomic structures and electronic cor-
relation.
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strong correlation leads to the incoherency of the dxy band (Fig. 5.4(b)).

5.1.3 e−-doping-induced transition to Fermi liquid

After clarifying the thickness-driven electronic transition, we found the po-

tential to control the electronic phases of the monolayer SRO. The key to the

correlated metal phases is the VHS lying at the Fermi level. Hence, tunning the

chemical potential is likely to break the correlated phases. We carried out in-situ

K dosing to dope electrons into the correlated metallic monolayer SRO. Figure

5.6(a) shows a FS of the monolayer SRO after K dosing. The kF of the β band

changes from 0.522 to 0.596 Å−1 along the kx = 0 line, indicating that electrons

are doped into the monolayer SRO. Note that, compared with the pristine sample

(Fig. 5.3(a)), the FS is much better resolved. The most distinct change is the γ

band, which has never been coherently observed in the pristine FS but appears

as a hole-like band after K dosing.

In the electron-doped monolayer SRO, Fermi liquid phase emerged. Figure

5(b) shows background-subtracted E vs k band dispersions along the ky = 0 line

before and after K dosing. The electron doping effectively transfers the spectral

weight from the incoherent to the coherent peaks. EDCs in Fig. 5.6(c) further

corroborates the spectral-weight transfer and concurrently shows the emergence

of the coherent quasi-particle peak at the Fermi level. Achieving considerable

Fermi-level DOS and characteristic of Fermi liquid, we expect a good metallicity

out of the single-atomic-layer SRO. This observation highlights both the rich

electronic spectrum of the monolayer SRO and its giant tunability by charge

modulation.
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5.1.4 Conclusion

2D materials and their applications are a rapidly growing field in contempo-

rary condensed matter physics and materials science. This trend is becoming

predominant not only for van der Waals materials but also for oxides. Even in re-

cent years, free-standing oxides have been achieved, whose size is wafer-scale, and

their crystallinity can be maintained down to the monolayer limit [163–165]. By

demonstrating a metallic single-atomic-layer oxide, our work expands the scope

of 2D oxides that has been limited to insulators so far. The strong electronic

correlation gives rise to highly tunable correlated electronic phases, which will be

a distinguishing feature of 2D oxides in future research fields. We expect other

emergent phases of oxides, such as unconventional superconductivity [166], to

appear in a single-atomic-layer and thus pave the way to the two-dimensional

correlated electronics.
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5.2. Structure-dependent phase transitions

Figure 5.7: Possible transition of ground states via controlling buffer layer. A
center schematic is adapted from S. Kim et al. [167]

5.2 Structure-dependent phase transitions

In section 5.1, we clearly showed that metallic Fermi surfaces and band disper-

sions are observed even in a monolayer-oxide film. One can expect that ground

states of monolayer films can vary with structure. Especially, oxygen octahedral

rotation, which easily changes depending on interfaces, has an important role

in perovskite oxide. Several researches have been reported that as the rotation

angle of oxygen octahedrons increases, perovskite oxides such as Sr2RuO4 turn

to be insulating. Thus, it can be possible that the metallic ground state can be

controlled depending on the atomic structure (Fig. 5.7). In this section, we will

show the ground states of a monolayer SrRuO3 (SRO) change with buffer layers.
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Chapter 5. Controlling electronic structure of SrRuO3 extreme ultrathin films

Figure 5.8: RHEED patterns and intensity plots of SRO n uc/CaTiO3 (CTO)
10 uc/SRO 4 uc/STO (001) substrate.

5.2.1 Controlling structure of SRO monolayer with buffer
layer

To increase the angle of oxygen octahedron rotation, we grow a CaTiO3 (CTO)

buffer layer under the SRO layer. The structure of STO thin film is tetragonal

at low temperature, while CTO has an orthorhombic structure with a larger

octahedral rotation angle. Thus, if we grow an SRO extreme-ultra-thin film on

the CTO buffer layer, we might induce an insulating ground state in the SRO

layer. Figure 5.8 shows in-situ RHEED intensity plot and patterns of an SRO 4

uc/CTO 10 uc/SRO 4 uc/STO (001) heterostructure. In RHEED patterns, clear

half peaks are observed in a monolayer SRO on a CTO buffer layer, which means

that the structure of the SRO monolayer is orthorhombic.

We also confirmed the structure of SROs on STO and CTO buffer layers via

in-situ low-energy electron diffraction (LEED) (Fig. 5.9). Here, only
√

2 ×
√

2
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5.2. Structure-dependent phase transitions

Figure 5.9: Low energy electron diffraction (LEED) patterns of SRO on STO
and CTO buffer layers. Two SROs have different structures, tetragonal and
orthorhombic.

reconstruction peaks are observed in SRO/STO heterostructures, whereas 2 × 2

reconstruction peaks appear in SRO/CTO. Thus, the SROs on both buffer layers

have different structures. We can expect the bandwidth of band structures in

SRO on the CTO buffer layer is much narrower than that of SRO/STO, since

oxygen octahedrons are tilted along both in-plane and out-of-plane directions.

5.2.2 Structure-dependent metal-to-insulator transition

With ARPES, we measured photoelectron spectra of 4, 2, 1, 0 uc SRO on

STO and CTO buffer layers (Fig. 5.10). In both cases, oxygen 2p bonding and

non-bonding states are located around -5.5 and -3 eV from the Fermi level, re-

spectively. As already shown in section 5.1, clear Fermi edges appear in the

SRO films on the STO buffer layer. However, in the case of SRO on the CTO

97



Chapter 5. Controlling electronic structure of SrRuO3 extreme ultrathin films

Figure 5.10: Thickness-dependent photoemission spectroscopy results of SRO on
STO and CTO buffer layers. Clear Fermi surface is observed in the 1 uc SRO on
a STO, while it disappears in the 1 uc SRO on a CTO.

buffer layers, the spectral weight near the Fermi level drastically decreases with

thickness. Eventually, the ground state of an SRO turns to be insulating in the

monolayer limit.

We also measured the Fermi surface map with ARPES (Fig. 5.11). In the case

of SRO on CTO, the bands at the Fermi surface becomes broader and weak as the

thickness decreases. In the monolayer limit, no more Fermi surface is observed,

which shows that the SRO monolayer on the CTO is an insulator.

5.2.3 Conclusion

In summary, we controlled the metallicity of an SRO monolayer with buffer

layers. Metallic SRO becomes insulating as we introduce a CTO buffer layer

instead of SRO. We suggest that structure transition and increase of octahedral

rotation angle induce metal-to-insulator transition in the SRO monolayer.
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Figure 5.11: Thickness-dependent Fermi surface maps of SRO on STO and CTO
buffer layers. Fermi surface disappears in the 1 uc SRO on a CTO buffer layer.
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국문 초록

초박막 영역에서 페로브스카이트 루테늄 산화물의 발현 현
상

  본 학위 논문은 초박막 영역에서 스트론튬 페로브스카이트 루테늄 산화물 
(SrRuO3) 의 발현 현상에 대해 다룬다. 초박막 형태의 응집 물질은 두께가 매
우 얇아서 일반적인 덩어리 혹은 두꺼운 박막에서 나타나지 않는 새로운 물리
적 특성이 나타난다. 페로브스카이트 루테늄 산화물은 수십 년 동안 잘 연구된 
물질 중 하나이지만, 초박막 형태에서의 루테늄 산화물에 대한 이해는 부족한 
상황이다. 본 논문에서는 초박막 스트론튬 페로브스카이트 루테늄 산화물에서 
나타나는 발현 현상을 전자 수송 및 각 분해능 광전자 분광 실험을 이용해 설
명한다.
  전자 장치가 발전함에 따라, 전자 수송 측정을 이용하여 페로브스카이트 루
테늄 산화물 박막의 저항, 홀 효과, 운반자 밀도와 같은 물리적 특성이 지난 
수십 년 동안 연구되었다. 일반적으로는 페로브스카이트 루테늄 산화물의 홀 
효과는 일반 홀 효과와 비정상 홀 효과의 합으로 이해되었다. 그러나, 최근 고
품질의 초박막 합성이 가능하게 되면서, 초박막에서의 홀 효과 연구도 활발히 
진행되기 시작하였고, 초박막의 홀 히스테리시스의 경향이 두꺼운 박막과 다르
게 나타난다는 것이 보고되었다. 초박막의 홀 측정에서 혹 모양의 홀 효과가 
관찰되었으며, 또한, 비정상 홀 효과의 부호가 두께에 따라 변하는 것이 보고
되었다. 본 논문에서는 이러한 새로운 홀 현상의 제어 및 원인에 대해 다룬다.
  본 논문은 먼저 혹 모양의 홀 효과에 대해 다룬다. 연구를 통해 혹 모양의 
홀 효과는 2㎚보다 얇은 영역에서 나타난다는 것을 밝혔다. 엑스선 구조 분석
을 통해 초박막의 표면에서의 반전 대칭성 붕괴는 드잘로신스키-모리야 상호 
작용 및 나선형 자기 구조를 일으킬 수 있고, 따라서 혹 모양의 홀 효과를 만
들 수 있다는 것을 보여준다. 또한, 본 연구에서는 스트론튬 페로브스카이트 
루테늄 산화물 초박막에 다른 박막을 쌓아 헤테로 구조로 만들거나 이온 액체 
게이팅 방법을 이용하여, 표면의 반전 대칭성을 제어하고 이에 따라 혹 모양의 
홀 효과를 제어한다. 이러한 결과를 통해 혹 모양 홀 효과의 원리에 대해 규명
하고, 혹 효과의 제어를 이용한 장치에 대해 다룬다.
  이어서, 본 논문은 초박막 영역에서 나타나는 비정상 홀 효과의 부호 바뀜에 



대해 다룬다. 박막의 두께, 자화, 그리고 화학 퍼텐셜의 변화가 운동량 공간에
서의 베리 곡률의 합을 바꾸고, 따라서 비정상 홀 효과의 부호를 바꿀 수 있음
을 보인다. 이차원 페로브스카이트 루테늄 산화물에서는 여러 부호를 가지는 
베리 곡률이 나타나는데, 이는 구조에 의해 보호되는 위상 마디 구조가 존재하
기 때문이다. 본 논문은 부호가 바뀌는 비정상 홀 효과의 원인 및 활용 방안에 
대해서 다룬다.
  초박막은 박막에 수직인 방향으로 주기성이 없고, 따라서 전자 구조 또한 덩
어리 혹은 두꺼운 박막과 다르게 나타날 것으로 생각된다. 본 논문에서는 수직
인 방향의 주기성이 없는 한 층의 페로브스카이트 루테늄 박막의 전자 구조에 
대해 다룬다. 각 분해능 광전자 분광 장치를 통해 한 층의 페로브스카이트 루
테늄 박막은 금속인 것을 관찰하였다. 또한, 박막의 구조를 제어함으로써 한 
층의 페로브스카이트 루테늄 박막의 금속성을 제어할 수 있는 것을 확인하였
다. 

· 키워드: 전이 금속 산화물, 스트론튬 루테늄 산화물, 각 분해능 광전자 분광 장치, 전자 수
송, 강자성, 나선형 자기 구조, 페르미 액체, 홀 효과, 비정상 홀 효과, 위상 홀 효과, 베리 곡
률, 위상 마디 구조
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