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Abstract

Perovskite oxides have exotic functionalities such as ferroelectricity, magnetism, metal-
insulator transition, and superconductivity. Those properties are coupled with their specific
crystallographic character based on their oxygen octahedral structure. The interplay
between the B-site cation and the oxygen is related to the size, shape, and rotation of the
BOg octahedra. An effective way to control the oxygen octahedra of perovskite oxides is
thin-film engineering. With a thin film approach, an interfacial coupling can be utilized as
a tuning knob of oxygen octahedra. In this dissertation, we address the important factors

for interfacial engineering and the way of manipulating them.

First, we investigated the proper buffer template for the commensurate epitaxial growth
of large-latticed perovskite; BaBiOs (¢ = 4.374 A), which is a charge-density-wave
insulator from its intrinsic octahedral breathing distortion. Using a BaZrOs;/BaCeOs bilayer
buffer template, we overcame the misfit dislocation accumulation problem and realized a
fully commensurate epitaxial BaBiOs film for the first time. Most of the misfit dislocations
are accommodates in the BaZrO; arbitrating layer while the BaCeOs layer provides a clean
interface for growing BaBiO; thin films. Using this system, we provide a more accurate
critical thickness of the octahedral breathing distortion due to the fundamental symmetry

breaking of octahedra at the surface and the heterointerface.
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Abstract

Second, the effect of surface termination was examined. It is well known that the
termination of the ultra-thin film determines the alternating polarity of perovskite oxides.
We found the surface termination also plays an important role in the octahedral symmetry
even without the alternating polarity. To examine it, we developed a water-leaching
technique to convert the surface termination of SrRuQOs films from SrO to RuO,. With this
method, the surface-metal insulator transition of SrRuQOj; films was observed. Our findings
show the clear relationship between the octahedral crystal field and the surface termination,

which governs orbital occupancy and associated electronic structure dramatically.

At last, we explored the effect of the LaAlOs capping layer on the SrRuOs films. The
anomalous Hall effect of SrRuOs; is known to be sensitive to the various physical
parameters, while its mechanism can be diverse, and thus, it is still under debate. Recently,
the inhomogeneity induced two-channel anomalous Hall effect has attracted much attention,
but the systematic approach of it has seldom been addressed. Here, we found that the
capping layer can induce artificially tunable inhomogeneity into the SrRuOj; film by the
kinetic process. The induced inhomogeneity would give effective thickness variation of the

film, resulting in a two-channel anomalous Hall effect.

Keywords: Perovskite oxides, Thin film, Interfacial engineering, Buffer layer, Surface
termination, Capping layer, BaBiOs;, SrRuQOs, Octahedral distortion, Metal-insulator

transition, Anomalous Hall effect.

Student number: 2015-20349
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Chapter 1

Introduction

A physicist is an atom's way of knowing about atoms.
- Geroge Wald-

1.1 Perovskite oxides

Perovskite oxides have attracted much attention with their versatile physical properties
such as ferroelectricity, magnetism, metal-insulator transition, and superconductivity [ 1-3].
Therefore, the understanding and controlling of those functionalities have become

mainstream of condensed matter physics and real-world application.

Perovskite oxides are defined by their simple pseudo-cubic crystallographic structure
and stoichiometry (4B0s; 4 = alkali and rare-earth, B = transition metal, O = oxygen). The
strong bonding between B-site cation and oxygens forms corner-sharing BOs octahedron.
As shown in Fig. 1-1, The six-coordinated B-site cation and oxygen ligands form octahedral
crystal field splitting of energy level. Within the cubic symmetry, e, and #, degenerated

orbital levels are formed [4]. However, a slight distortion of oxygen octahedra results in

Octahedral crystal field splitting

A[\.‘ﬂ, /d 37

@

o \\\ Oxygen 2p

~~3

Fig. 1-1 Schematic diagram of octahedral crystal field splitting of perovskite oxides.
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Chapter 1. Introduction

the further splitting of degeneracy. Besides, the shape, size, and rotation of BO¢ octahedra
determine B-O bond length, charge and orbital ordering, and associated symmetries [5].
Therefore, oxygen octahedral engineering of perovskite oxides is a key to understand their

functionalities.

The transition metal oxides typically have a strong electron-electron (e-e) correlation
due to d-orbital electrons. In perovskite oxides, this Coulomb interaction between electrons
affects exchange interaction [6]. Therefore, in order to explain the magnetism and
conduction of this material, a strong correlation should be considered. Intriguingly, since
the exchange interaction can be mediated by oxygen ligands, oxygen octahedron also plays

an important role in the e-e correlation physics of perovskite oxides [7].

1.2 Interfacial engineering of ultra-thin films

An effective way to control the oxygen octahedra of perovskite oxides is thin-film
engineering [5,8—10]. Due to their simple structural similarity, perovskite oxides can be a
building block of the artificial heterostructure. The corner-sharing nature of oxygen
octahedra makes their structural symmetry propagate into different layers [Fig. 1-2a]. As
an example, on the higher structural symmetry substrate (e.g. cubic SrTiO3), the film with
lower structural symmetry (e.g. orthorhombic SrRuOj;) shows the tendency to have a
tetragonal structure near the interface [11]. However, this structural symmetry propagation
only holds for a few unit cells from the interface. Far from the interface, the film recovers

its bulk structure with the relaxation. Therefore, we should consider the proper length scale

13



Chapter 1. Introduction

for interfacial engineering.

Not only the symmetry propagation but also the strain induced by the substrate is a
crucial factor for interfacial engineering [Fig. 1-2b]. The in-plane biaxial strain is imposed
when there is a misfit lattice between the substrate and the film. Under the strain, we could
dramatically tune the functionalities of oxides, which do not exist in the bulk material [12-
14]. Biaxial strain breaks the cubic symmetry of oxygen octahedra and affects their crystal
field, Brillouin zone shape, and electronic band structure. However, there is a mechanical

limit of applied elastic strain by thin film epitaxy. Most oxides are brittle and will crack if

: — Bl
L -"‘interfa(ial(ouplinq g 2 6 T
. #0‘ "‘""'."‘."
O | octahedral ae ks
L{ i *"’ control parameter B
X s Q) L
e - .

%ﬁ st

Fig. 1-2 a. Schematic illustration of the octahedral symmetry propagation. The cubic

4
'k s epitaxial strain
/4

interaction distance

symmetry of the substrate propagates into the film material suppressing the octahedral
rotation. Adapted from J. M. Rondinelli et a/ (2012) [5]. b. Schematics of epitaxial
strain engineering. The film is under the in-plane biaxial compressive (tensile) strain
from the substrate with the smaller (larger) lattice constant. Adapted from D. G. Schlom
et al (2014) [13].
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Chapter 1. Introduction

the applied strain exceeds a few percent [13]. If the lattice mismatch between the substrate
and film is too large, the film material relaxes rapidly by the formation of misfit dislocations,
which result in quality degradation like huge mosaicity. To overcome a large lattice

mismatch, usage of the proper buffer layer would be helpful.

In an ultra-thin regime, the role of the interface becomes more important. Since the
volume ratio of the interfacial region is increasing when the film becomes thinner, the
property contribution from the interface becomes dominant. At the interface and the surface
(also can be considered as a vacuum-film interface), the translation and inversion symmetry
of bulk crystal unit cells are broken. Therefore, the interface and the surface of a film always
show different physical properties compared with bulk. Since the physics of ultra-thin film

is governed by the interface, engineering it is the effective tuning knob of functional oxides.

1.3 Outline of Thesis

In this dissertation, the discussion regarding “what is important for the interfacial
engineering of perovskite oxides and how to control it” will be provided. After
explaining the main experimental methods in chapter 2, the result from three topics will
be discussed in chapters 3, 4, and 5. Each topic is a buffer layer, surface, and capping layer,

respectively.

In the buffer layer chapter, the bilayer buffer template to grow commensurate epitaxial
BaBiO; films and associated suppression of breathing distortion is discussed.

BaZrO3/BaCeOs bilayer buffer template is designed to overcome the large lattice mismatch
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Chapter 1. Introduction

between the substrate and the BaBiOs film. Using this template, we found the fundamental

critical thickness of octahedral breathing distortion in BaBiO; film.

In the surface chapter, the water-leaching method to convert surface termination of
SrRuOs films and associated surface metal-insulator transition is investigated. Using the
different solubility of atomic layers, we converted the surface termination of the STRuOs3
film for the first time. The detailed mechanism regarding surface crystal field splitting is

investigated using various experimental methods.

In the capping layer chapter, control of inhomogeneity in SrRuOs films and related
anomalous Hall effect is reported. The kinetic effect of the capping layer is analyzed. By
controlling the growth pressure of the capping layer, we utilized it as a tuning knob of the
kinetic process and solved the problem regarding the two-channel anomalous Hall effect,

which has been a recent controversy.

As a last, the answer to the first question - what is important for the interfacial
engineering of perovskite oxides and how to control it - will be provided as a summary in

the conclusion chapter.
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Chapter 2
Experimental Methods

A method is more important than a discovery,
since the right method will lead to new and even more important discoveries.
- Lev Landau -

2.1 Pulsed laser deposition

All the films used for this research are fabricated using the pulsed laser deposition (PLD)
technique [1]. PLD method is the deposition of a thin film on a substrate by using the
ablation of a pulsed laser to the bulk target material [Fig. 2-1]. When the laser ablates a
target, the evaporation from a target forms a plume that reaches the substrate and crystalizes
into a thin film. During the growth, the substrate is annealed, and oxygen flows inside the

chamber to help the crystalline and oxidization process.

The quality of the thin film made by the PLD method is known to be higher than the
conventional sputtering method and comparable with the molecular beam epitaxy method.
One advantage of PLD is the rapid growth optimization for various materials. Another
advantage of PLD is diverse growth parameters such as laser fluence, substrate temperature,
oxygen partial pressure, target to substrate distance, and target stoichiometry. The wide
range of growth parameters provides the flexibility of the film deposition. However, those
parameters are entangled with each other and sometimes become a hardship of PLD growth.

Therefore, the systematic control of growth parameters is important for the PLD method.

17



Chapter 2. Experimental Methods

As shown in Fig. 2-1, The PLD system used for this research consists of a KrF excimer
laser (COHERENT, USA; A = 248 nm) and a vacuum chamber (PASCAL co., Japan; Base
pressure < 10°® Torr). The excimer laser beam is focused on the target surface using the
combination of laser optics. The chamber contains a target carousel that helps the in-situ
exchange of targets for heterostructure growth. The target rotates during the growth for the
uniform ablation. During the growth, the substrate is annealed by an infrared laser. The
temperature of the substrate is controlled by manipulating the current supplied to the
infrared laser. The most advantage of this PLD system is the in-situ reflection high-energy
electron diffraction (RHEED) system. It monitors the electron diffraction from the substrate
and film during the deposition. By analyzing the diffraction pattern and its intensity, the
lattice structure, surface reconstruction, and growth dynamics of the thin film can be
monitored.

Ir laser
heater

KrF excimer laser
beam

Substrate

Fig. 2-1 Schematic illustration of the pulsed laser deposition technique.
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Chapter 2. Experimental Methods

2.2 Structure and surface characterization

The lattice structure of the thin film is characterized by high-resolution X-ray
diffraction (XRD) [2]. The XRD machine (Bruker-D8; Bruker, Germany) for this research
is designed to perform the thin film analysis with a 4-circle goniometer and high-intensity
rotating anode. Using a CuK-a X-ray (A = 0.15406 nm), the out-of-plane constant of a thin
film is easily obtained through Bragg’s law. As a reference, a substrate peak position is
used. Measuring in-plane lattice constant in film geometry is trickier than out-of-plane.
Measurement. To obtain it, reciprocal space mapping is performed, since the mapping can
contain an in-plane axis. The crystallinity of the film is also investigated with a rocking
curve, which is an intensity profile near the film peak position. The higher the crystallinity
is, the sharper the rocking curve is. X-ray reflectometry (XRR) is also conducted to measure
the thickness of the film [3]. For the ultra-thin film, the XRD and XRR experiments are
performed using the accelerator light (Pohang Light Source, Korea). Since the signal to
noise ratio from the ultra-thin films is too low, a much higher X-ray intensity from the

accelerator is required.

The surface morphology of the thin film is characterized by atomic force microscopy
(AFM) [4]. The most efficient method to measure the surface topography by AFM is AC-
tapping mode. In AC-tapping measurement, a small tip attached to the cantilever is put near
the sample surface. The displacement of the tip is measured by detecting the reflection of
a laser beam from the tip. During the measurement, the tip oscillates with AC driving

frequency. Since the tip is near the surface of the sample, the atomic force between the
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Chapter 2. Experimental Methods

sample surface and tip acts as an additional external force. Therefore, the motion of the
AFM tip can be described as a damped harmonic oscillator with AC driving force. By
detecting the phase and amplitude of the tip oscillation, the distance between the sample
and the tip is estimated. Therefore, by scanning a certain area, the surface morphology of
the thin film is obtained. Furthermore, advanced analyzes are possible with phase mapping.
The advanced AFM technique will be discussed in Chapter 4 in more detail. In this

research, Cypher AFM machine (Asylum Research, USA) is used.

2.3 Transport measurement

The temperature-dependent resistivity of the thin film implies important physical
information of the sample [5]. For example, the resistivity-temperature curve determines
its metallicity and Fermi liquidity from the density of state near the Fermi level. In addition,
the resistivity combined with an external magnetic field (i.e. magnetoresistance and Hall
effect) contains information about the spin majority, carrier density, spontaneous

magnetization, and even band topology.

To extract the physical parameters of the sample by transport, precise device fabrication
is required. Thin film geometry has the advantage that it is easy for device processing. In
this research, the Hall bar device is fabricated elaborately using the photolithography and
the ion milling method. The electrode for wire connection is deposited using an e-beam
evaporator. To avoid the contact resistance effect, all the electrode is designed for 4-probe

geometry. A Physical Property Measurement System (PPMS; Quantum Designs, USA) is
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used for the (magneto-) transport measurement.

2.4 Spectroscopic measurement

The spectroscopic measurement for this research is mainly done by an ellipsometer (J.
A. Woollam, USA). The ellipsometry technique is measuring the polarization dependence
of reflected light from the sample [6]. The incident light has two perpendicular polarization
components. The intensity ratio and rotated angle of reflected polarization components can
be converted into the complex dielectric constant of the sample following Maxwell’s
equation inside the material. In the case of thin film, the reflection occurs at the substrate-
film interface and film surface. Therefore, the thickness of the film becomes important to
calculate the complex dielectric constant of the film. In this research, the thickness obtained
by XRR is used for the calculation. The advantage of this technique is high reliability due
to its self-consistent nature from the Kramers-Kronig relation. Furthermore, by varying the
energy (wavelength) of the light, we get information about the band structure. For example,
if there is a gap at certain energy of the band structure, the imaginary dielectric constant

spectrum shows the peak at that energy.

Another spectroscopic technique used in this research is Raman spectroscopy [7]. It
measures Raman shift, which comes from the inelastic scattering of light resulting in
frequency shift. It is typically used to investigate vibrational phonon modes in a solid. Since
each phonon mode has its eigenfrequency and Raman shift value, the Raman shift

measurement provides a fingerprint of its structural symmetry.
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What we observe is not nature itself, but nature exposed to our method of questioning.
- Werner Heisenberg -

3.1 Introduction: BaBiO3

BaBiO; (BBO) is a charge-density-wave (CDW) insulator [1,2]. It has the characteristic
oxygen octahedral distortion, which is called an octahedral breathing distortion (OBD) [3].
Two neighboring BiOg octahedra have alternating sizes: one expanding and the other
shrinking. This alternating size variation does not break the cubic point symmetry, (i.e., A1y
symmetry) but results in lattice doubling. This structural change is related to a strong
hybridization of Bi-6s and O-2p orbitals, which makes the Bi covalency alternate, and
forms a CDW. The CDW of BBO opens a 2eV gap near the Fermi surface and makes BBO

insulating [1,4,5] [Fig. 3-1].

DOs

‘ Hybridized Big,-O,,
> E

Fig. 3-1 a. Schematic illustration of oxygen octahedral breathing distortion. b.

E

Schematic density of state (DOS) diagram of BaBiOs due to breathing distortion. The

2eV gap opening occurs at the Fermi level (EF).
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The OBD and related CDW can be observed via Raman spectroscopy and optical
ellipsometry. Since OBD has A, symmetry, it activates the characteristic Raman shift at
565 cm™ [6]. If there is breaking of OBD, the strong Raman response of 565 ¢cm™ is
suppressed. Regarding the CDW feature, the CDW creates a density of states below and
above the Fermi level of its electronic band structure, resulting in a strong optical
absorption around 2eV [4,5]. By measuring the dielectric spectrum with spectroscopic
ellipsometry, the formation of CDW can be addressed. For example, in chemically doped
bulk BBO, the suppression of OBD and the associated CDW was observed by these two
spectroscopic measurements. Furthermore, it is found that the suppression of OBD and
CDW can induce a superconducting transition with a high critical temperature of 34 K [7].
Since this material has characteristic octahedral distortion and associated properties, it

would be also intriguing to control its octahedra by interfacial engineering.

However, the interfacial engineering of BBO thin film has intrinsic obstacles. The in-
plane lattice constant of BBO is 4.374 A, which is much larger than commercially available
perovskite oxide. For example, the widely used SrTiO; (STO) substrate has a lattice
constant of 3.905 A. The lattice mismatch between BBO and STO is ~12%, which makes
commensurate growth impossible. With this large lattice mismatch, BBO film grown on
STO substrate is always fully relaxed [8], thus the interfacial effect cannot propagate.
Therefore, it would be helpful to develop a suitable template for growing large oxides like

BBO.
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3.2 Bilayer buffer template

In order to overcome the large lattice between the STO substrate and the BBO film,
proper usage of a buffer layer is required. This buffer layer technique has been used to
alleviate large lattice mismatch [9,10]. For example, the growth of high-quality GaN and
ZnO on Al,O3 substrates was realized by overcoming a mismatch problem through the
usage of buffer layers. Here, we utilize a template composed of two buffer layers: an
arbitrating layer and a main-buffer layer [11,12]. The main-buffer layer is used to provide
a desired commensurable lattice for the target material (BBO), with a lattice mismatch of
less than a few percent. For this purpose, we use BaCeOs3 (BCO, a = 8.777 A, b=6236A,
and ¢ = 6.216 A; orthorhombic in bulk) because of the small lattice mismatch between
BBO and BCO (0.43%), in the pseudo-cubic notation [ 13]. However, there remains a lattice
mismatch between BCO and STO, of 12.4%. To obtain a high-quality BCO layer, it is
necessary to insert an arbitrating layer between the BCO main-buffer layer and the STO
substrate. We use BaZrO; (BZO, a =4.192 A; cubic in bulk) as the arbitrating material [14].
With the intermediate lattice constant, lying between those of BCO and STO, this BZO

layer can arbitrate the large lattice mismatch.

Regarding the growth of a single BCO layer on the STO substrate, the large lattice
mismatch of 12.4% degrades the crystalline structure of the BCO layer. As shown in Fig.
3-2a, the XRD rocking curve of a 12 nm-thick BCO layer shows a very broad feature,
indicative of the mosaicity spread in the crystal structure [15]. The large full width at half-

maximum (FWHM) value of the broad feature indicates a huge in-plane inclination [16].
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The rocking curve exhibits a small Gaussian component which indicates the existence of a
crystallized region with a small volume, but a large mosaicity spread made it unsuitable for
use as a buffer template. The AFM image in Fig. 3-2b shows a surface with a high
roughness value of 0.91 nm. The line profile along the white line in Fig. 3-2¢ does not show

any step-and-terrace topography from the substrate.

On the other hand, the growth of a high-quality BCO layer (12 nm) on STO is possible

Fa BCO/STO | d = BCO/BZO/STO

Intensity (a. u.)

20 21 20 21
6 (deg.) 8 (deg.)

BCO/STO BCO/BZO/STO
Roughness : 0.91 nm ghness : 0.174 nm

Height (nm)
N Ao aN

L ) L L 1 L L . L !
02 04 06 08 10 02 04 06 08 1.0
Distance (um)

Fig. 3-2 X-ray diffraction (XRD) rocking curve for (002) diffraction of BaCeO; (BCO)
layers on a. the SrTiO; (STO) substrate and d. the BaZrO; (BZO)-arbitrating layer. Red
and blue dashed lines are a Gaussian component and background component of raw
data. Arrows indicate full-width at half maximum values of fitting curves. The pseudo-
cubic notation was used for indexing all reflections. Atomic force microscopy (AFM)
topographic images of the BCO layers on b. the STO substrate and e. the BZO
arbitrating layer. A line profile along the white line in b (e) was plotted in ¢ (f). Adapted
from H. G. Lee et al (2016) [12].
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by inserting a BZO arbitrating layer (10 nm). This double-layer structure has a sharp
rocking curve for the BCO layer, with a small FWHM value of 0.061° [Fig. 3-2d]. This
suggests that the mosaicity problem could be overcome by using a BZO-arbitrating layer.
Furthermore, the surface roughness is significantly less, at about 0.174 nm [Fig. 3-2e]. The
line profile along the BCO surface shows a step-and-terrace pattern [Fig. 3-2f]. The height
of each step is ~ 0.44 nm, within the experimental resolution of AFM. This height value is

consistent with the out-of-plane lattice constant of the BCO film measured by XRD.

The reason why the growth of high-quality BCO is possible with the BZO layer is the
high density of accommodated misfit dislocations in the BZO arbitrating layer. Fig. 3-3a
shows a scanning transmission electron microscope (STEM) image of the BCO/BZO/STO
heterostructure. This image reveals well-defined sharp interfaces and epitaxial growth of
thin films. Fourier-filtered images of the two red square areas [Figs. 3-3b, c] reveal several
edge dislocations near the interfaces; the white circles in Fig. 3-3b indicate edge
dislocations near the interface between STO and BZO layers, and Fig. 3-3¢ shows two
dislocations appearing at the BZO/BCO interface and in the BZO layer. This indicates that
strain relaxation occurred throughout the high density of misfit dislocations inside the
intermediate BZO layer. The relatively little dislocation density within the BCO layer
makes BCO/BZO double-layer buffer template an ideal platform for growing

commensurate epitaxial films with a large lattice constant.
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Fig. 3-3 a. High-resolution transmission electron microscopy (HRTEM) image of the
double-layer buffer structure on the STO substrate. b. and c. Fourier-filtered images of
the red squares in a, using the (100) location. The white circles indicate the positions
of misfit dislocations, and the white lines indicate the interfaces between layers.
Adapted from H. G. Lee et a/ (2016) [12].

The growth of high-quality commensurate epitaxial BBO films becomes possible with
the BCO/BZO double-layer buffer template. Fig. 3-4 shows sample geometry and XRD
results of three different BBO structures: BBO/STO, BBO/BCO/STO, and
BBO/BCO/BZO/STO. As previously reported, BBO thin films can be grown directly on
STO substrates, but only in a fully relaxed state [Figs. 3-4a-c]. When only a single BCO
buffer layer was used, the quality of both the BCO buffer and the BBO thin film was
seriously degraded [Figs. 3-4d-f]. This was due to the large mosaicity and associated

defects in the BCO layer. On the other hand, the BBO layer on the double-layer buffer
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structure received epitaxial strain from the BCO layer. As shown in the reciprocal space
map (RSM) of Fig. 3-4h, the in-plane peak position of the BBO is aligned with that of the
BCO, suggesting that the BBO layer was commensurately grown and fully strained (0.48%)
against the BCO layer. The XRD rocking curve in Fig. 3-4i shows a high-crystalline

structure compared with the single buffered sample.
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Fig. 3-4 Schematic sample structures of a. BBO/STO, d. BBO/BCO/STO, and g.
BBO/BCO/BZO/STO. b, e, and h. Reciprocal space maps (RSMs) around STO (103)
diffraction measured from a, d, and g, respectively. The black lines are cubic relaxation
lines from STO (103). c., f., and i. XRD rocking curves at BBO (002) diffraction from
a, d, and g, respectively. Red and blue dashed lines are a Gaussian component and
background component of raw data. Arrows indicate full-width at half maximum values
of rocking curves. The pseudo-cubic notation was used for indexing all reflections.
Adapted from H. G. Lee et al (2016) [12].
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3.3 Anisotropic suppression of breathing distortion

By the insertion of a bilayer buffer template, the interfacial effect on the BBO film can
be investigated more precisely. We investigated the structural evolution of OBD by
measuring the Raman response as a function of BBO thickness [17], as shown in Fig. 3-5a.
Raman spectra of BBO were obtained using 633-nm-wavelength laser irradiation (~1.96
eV) to maximize the Raman response via resonance with the strong absorption peak of
BBO (~2.0 €V). A strong Raman response at 565 cm™! and its second harmonic at 1,130
cm ! were quite evident for the 20-u.c.-thick BBO sample. However, with a decrease in
BBO film thickness, the Raman response at 565 cm ™! was gradually suppressed. Below 6
u.c., the Raman signature at 565 cm™!' becomes completely vanished, resulting in Raman
spectra similar to that of the BCO/BZO/STO sample. It indicates that the A, symmetric
phonon mode related to OBD should become suppressed at 6 unit cell (u.c.). Above this
critical thickness, the OBD-related A, mode becomes recovered in BBO. However, it
cannot be explained by the simple strain relaxation, since BBO films on the BCO layer are

fully-strained up to 20 u.c.

The evolution of the CDW feature due to the OBD suppression was also investigated in
optical conductivity spectra o1(®), as shown in Fig. 3-5b. As shown by a red line, the 20-
u.c.-thick BBO film showed a significant peak at 2.05 eV [4,5]. Interestingly, the peak
gradually becomes weakened with a reduction in BBO film thickness. The close
relationship between suppression of the A, Raman mode and the CDW absorption peak

was displayed in Fig. 3-5¢. Raman intensities at 565 cm ™!, the characteristic Raman shift
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Fig. 3-5 a. Raman responses of fully strained BBO with the variation of film thickness
when the sample is exposed to 633-nm laser irradiation. The first and second harmonics
at 565 cm ™! and 1,130 cm ™! are excited due to the oxygen octahedral breathing phonon
modes of BBO. b. Optical conductivity spectra of BBO films with variation in film
thickness. The absorption maximum at 2.05 eV comes from direct optical transitions
across the charge-density-wave gap in BBO. ¢. Summary of the evolution of Raman
intensity values at 565 cm ™! and optical conductivity values at 2.05 eV as a function of
BBO film thickness. Both values show discontinuity near 6—8 u.c. as highlighted in red.
Solid lines are guides for the eye. Adapted from H. G. Lee et al (2018) [17].

for OBD, are plotted as a function of BBO thickness in the upper section. Optical
conductivities at 2.05 eV, the characteristic CDW feature, are plotted in the bottom section.
These two plots clearly show similar discrete behaviors near 6~8 u.c., as highlighted in the
red highlighted region. Above the boundary, bulk-like OBD and associated CDW becomes
recovered. However, the Raman response of 6 u.c. the sample was completely suppressed,
while o1(®) peak shows a small trace of spectral weight at 6 u.c. The difference between
Raman and oi(®) response will be discussed later with the concept of anisotropic

suppression of OBD.

The mechanism of OBD suppression in ultra-thin BBO film is explained by density
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functional theory (DFT) calculation. We used DFT with the projector-augmented wave

method, as implemented in the Vienna Ab initio Simulation Package (VASP) code [18,19].

The plane-wave energy cutoff was set at 600 eV, and an 8 X 8 X 1 k-point mesh was used

for a2 X v/2 slab. We determined the magnitude of oxygen displacement in each mode

by comparing the atomic positions with those calculated for the 1 X 1 BBO slab, which

does not have OBD due to the absence of neighboring octahedra. Fig. 3-6a shows how the

Fig. 3-6 a. Calculated oxygen displacement in each unit cell of BBO with different
lattice planes. The BCO sublayer is in the yellow background. At the BBO/BCO
interface (gray-colored) and the BBO surface (blue-colored), the oxygen up-down
mode in BaO slabs is broken while the change in the oxygen expanding-shrinking mode
in BiO; slabs is negligible. b. The oxygen displacement deviation from the ideal
breathing mode. The value O represents the ideal breathing pattern. ¢. The schematics
of 10-u.c.-thick BBO on BCO sublayer. The octahedral structure of BBO with distinct
three regions was displayed with an exaggerated scale. Adapted from H. G. Lee ef a/

(2018) [17].
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calculated magnitudes of oxygen displacement modes will vary in terms of distance from
the heterointerface. It might be easier to look at the deviation of the oxygen positions from
those of the ideal breathing mode. The magnitudes of oxygen displacement modes are

converted into the deviation from ideal OBD (with cubic Aig symmetry) [Fig. 3-6b].

As schematically shown in Fig. 3-6c¢, inside the BBO layer, there are three distinctive
regions, which we will call interfacial, bulk-like, and surface regions. For example, let us
look at Figs. 3-6a and b for the 10-u.c.-thick BBO film. At the first 3 u.c. of the interfacial
region (gray colored), the oxygen up-down mode in the BaO slab becomes strongly
suppressed in the first unit cell, but enlarged in the second unit cell. In the bulk-like region
(without any background color), residing at 3—7.5 u.c., oxygen displacement modes are
close to those of the ideal OBD, namely alternative oxygen displacements in either the BaO
or BiO; slab. In the surface region (blue colored), oxygen up-down modes are enlarged and
expanding-shrinking modes are inverted in the sign at the top layer resulting in a huge
deviation from ideal OBD. Note that the detailed displacement pattern of the oxygen modes

at the interfacial and surface regions are significantly different.

This calculation shows that the suppression of OBD in ultra-thin BBO is anisotropic. At
the interfacial region, oxygen up-down mode is suppressed at the first unit cell. However,
there is no distinguishable change in the oxygen expanding-shrinking mode in the BiO,
slab at the first unit cell. Our experimental ellipsometry studies are sensitive to in-plane
optical absorption. The remained oxygen expanding-shrinking mode can explain

incomplete suppression of 2eV peak at 6 u.c., observed in Fig 3-Sc¢. In contrast, the Raman
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response should be vanished immediately, since anisotropic suppression of OBD breaks
Aig symmetry completely. Note that the shape of octahedra in BBO cannot be arranged in
the same geometry as that of non-breathing BCO. As a result, anisotropic distortion should
occur in BBO due to different responses in each BaO and BiO layer; thus, a new type of
octahedral distortion emerges at the heterointerface, which breaks A, symmetry, OBD, and

also partially associated CDW.

3.4 Conclusion

By using the proper buffer layer, the fundamental thickness limit of the OBD of BBO
is revealed. We established a systematic method to interpret the OBD in terms of oxygen
up-down and expanding-shrinking modes. We found that the OBD suppression is
anisotropic due to different responses of these two oxygen modes. This suppression occurs
at both the heterointerface and the surface. In the previous report using the fully-relaxed
BBO on STO substrate [8], the critical thickness of OBD suppression was 11 u.c. On the
other hand, with the fully strained interface by using a double-layer buffer template, the
critical thickness was decreased to 6 u.c. The 5 u.c. the difference comes from the dead-
layer between the STO substrate and the BBO film. Recent follow-up studies show that this
interfacial dead layer by grazing incidence XRD and STEM [20-22]. These results indicate
that the BCO/BZO double-layer buffer structure is useful for the growth of various other
oxide materials of large lattice constant ( > 4.1 A). This double-layer buffer template can
be applied to avoid large lattice mismatch induced dead layer problem in various perovskite

oxides.
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God made the bulk; the surface was invented by the devil.
- Wolfgang Pauli -

4.1 Introduction: SrRuQOs
4.1.1 Physical properties of SrRuQOs

SrRuO; (SRO) is an itinerant ferromagnetic metal with a Curie temperature (T¢) of ~
160 K [1]. Because of its high electrical conductivity and structural stability among the
perovskite oxides, SRO epitaxial film has been widely used as an electrode layer for TMO-
based devices [2—4]. Furthermore, a fine balance between e-e correlation and spin-orbit
coupling in SRO gives rise to a variety of novel physical properties, including itinerant
ferromagnetism with non-Fermi liquid electrical transport, magnetic monopoles in
momentum space, anomalous Hall effect (AHE), strong magnetocrystalline anisotropy, and

topological Hall effect [5-9].

In the form of thin film, SRO has huge thickness dependence. The resistivity of SRO
film is increasing in the ultra-thin regime, and even shows metal-insulator transition (MIT)
at 2~3 u.c. thickness [10-13]. The magnetism of SRO thin film is also highly dependent
on the thickness. The Tc and magnetization are degraded in an ultra-thin regime. AHE of
SRO film shows more complex behavior with the thickness [6,14]. The coercive field,

anomalous Hall conductivity, even the sign of AHE changes abruptly with the variation of
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thickness. This sensitivity is related to its topological band structure [5,6,15], which will be
discussed in Chapter 5 with more details. Note that the sensitive behavior can be an

indicator of the film thickness.

4.1.2 Surface termination engineering of SrRuQs3 thin film

(001)-oriented epitaxial ABO3 perovskite film consists of AO and BO, atomic layers
alternately stacked along the pseudo-cubic [001] direction. As the film thickness reduces
to several nanometers or unit-cells, surface termination (AO or BOy) starts to play a crucial
role in determining the physical properties such as ferroelectric stability, spontaneous-

a b

A-site termination B-site termination

E- E

Fig. 4-1 Schematics of termination engineering. a. At AO-terminated film, BOs
octahedral crystal field split the B 4d band into %, and e; subbands. The partially-filled
tg band results in finite density-of-states (DOS) near the Fermi level (EF), signifying
robust metallicity. b. At the BO,-terminated film surface, on the contrary, the loss of
apex oxygen breaks the BOg octahedral symmetry. It further splits the #,; and e, bands.
Adapted from H. G. Lee et al (2020) [27].
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polarization direction, tunneling conductance, Schottky barrier height, and work
function [4,16-21]. Conventionally, this concept of termination conversion is thought to be
important in alternating-polar perovskites like LaAlOs; and LaNiO3[19,22]. In these
materials, the AO and BO: layers have opposite charges, thus surface termination
determines the built-in polarity of the thin film. However, even if alternating polarity does
not exist, there is a possibility that the surface termination affects its functionalities by
crystal field splitting. At the AO-terminated (001) surface or in bulk, the crystal field from
BOs octahedron split d band into #,, and e, subbands [23]. For metallic systems, one of the
subbands should be partially filled (Fig. 4-1a). By contrast, at the BO»-terminated (001)
surface, the loss of apex oxygen may further split the #,, and e, bands and result in a gap

opening (Fig. 4-1b).

SRO ultra-thin film can be a proper system to examine the crystal field hypothesis. Due
to its high sensitivity, the effect of surface termination conversion can be amplified in its
physical properties. However, in-situ termination engineering during the SRO film growth
is prohibited by the distinct thermodynamic stability between SrO and RuO; surface
termination [24,25]. The RuO; surface layer is highly volatile at the optimal growth
temperature (~700°C). Hence, the as-grown SRO film surface always exhibits a uniform
SrO termination. Therefore, a novel method should be developed to realize RuO;-

terminated SRO films.
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4.2 Water-leaching technique and surface termination conversion

The water solubility of AO and BO; surface layers in many ABOs perovskites are
distinct, which makes water-leaching an effective method for selectively etching surface
atomic layers. Although bulk SRO is resistant to most acid etching processes [1], the water
solubility of SrO and RuO; atomic layers are distinct at the surface: SrO can react with H,O
molecular to produce water-soluble Sr(OH),, whereas RuO, cannot be dissolved in
water [26]. Therefore, the structure change of as-grown SRO surface in water should have
a self-limiting nature. Here, we ultrasonicated the as-grown SRO films in deionized water
for various time durations (tw) to trigger a surface termination conversion from SrO to

RuO; [27].

The surface evolutions of SRO films during the water-leaching were observed via atomic
force microscopy (AFM). After water-leaching the SRO film for various t., we acquired
AFM height [Figs. 4-2a-e] and phase [Figs. 4-2f-j] images simultaneously. In addition to
the topography, the surface chemical composition variations can also change sample-tip
interaction, thus contributing to the phase contrasts. Therefore, the phase images can be a
fingerprint of local surface termination variations [28,29]. In Fig. 4-2a, the height image of
the as-grown sample (tw = 0) shows an atomically flat surface with one-unit-cell-high
terraces. The corresponding phase image [Fig. 4-2f] shows negligible contrast except for
the lines at terrace edges, indicating a uniform surface termination. After water-leaching
for various tw, the AFM height images [Figs. 4-2b-e] do not show notable changes either.

In contrast, the phase images for t, = 10 and 30 s become highly inhomogeneous [Figs. 4-
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2g,h]. The local phase difference exceeds 2°, signifying considerable variations in the
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Fig. 4-2 SRO surface termination conversion triggered by water-leaching. a-j. Atomic
force microscopy topographic height images (a-e), and corresponding phase images (f-
j) of the SRO thin film acquired after different water-leaching durations (#). All the
scale bars correspond to 300 nm. k. Schematics of surface termination evolution during
water-leaching. The topmost SrO layer is gradually dissolved during water leaching. i.
Coaxial impact-collision ion scattering spectroscopy measurements on the as-grown
(blue) and water-leached (red) SRO(001) surfaces. The experimental spectra (dotted
lines) can be well fitted (solid lines) via two Gaussian peaks. Adapted from H. G. Lee
et al (2020) [27].
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surface chemical composition. By further increasing tw up to 100 s, the phase image
becomes uniform again [Fig. 4-2i], and it remains stable even after additional water-

leaching for tw= 1,000 s [Fig. 4-2j].

The surface termination conversion was further confirmed by coaxial impact-collision
ion scattering spectroscopy (CAICISS) [30,31]. CAICISS is a low-energy ion scattering
spectroscopy where the time-of-flight (TOF) of injected ions backscattered by atoms at a
crystal surface is measured. The TOF profile is highly dependent on the masses of the
surface atoms which cause backscattering. As shown in the schematic inset of Fig.4-2l,
when the Ne* ions are injected along the [111] axis toward the SRO(001) surface, because
of the atomic shadowing effect, only the topmost atoms can affect the backscattering
process. In this case, the TOF profile is extremely sensitive to surface termination. As
shown in Fig.4-21, TOF peaks of the as-grown (~8,530 ns) and water-leached (~8,720 ns)
SRO films can be assigned to the backscattering processes from Sr and Ru atoms,
respectively. The good Gaussian fitting further demonstrates uniform terminations at both
as-grown (SrO) and water-leached (RuO.) film surfaces. In other words, the RuO,-

terminated SRO film has been realized for the first time via the water-leaching method.

4.3 Surface metal-insulator transition

Based on the uniformity in surface termination, we can define SRO film thickness (tsro)
with sub-unit-cell accuracy. We denote the number of RuO; layers in the SRO film as Ngy.
The SrO-terminated SRO films grown on TiO-terminated STO(001) substrate consist of

Nrut1 SrO layers, while the RuO,-terminated films consist of Nry SrO layers. The surface
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termination conversion can strongly affect the longitudinal electrical transport and

ferromagnetism of the SRO ultrathin films. Temperature-dependent longitudinal resistivity

(oxx-T) and magnetization (M-T) curves are shown in Figs. 4-3a-d and Figs. 4-3e-h,

respectively. For the as-grown sample with Ngry = 6 (tsro = 6.5 u.C., SrO-terminated), the
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Fig. 4-3 Electrical transport and magnetic characterizations of SRO ultrathin films. a-

h. Temperature-dependent longitudinal resistivity (a-d) and magnetization (e-h) (pxx-T

and M-T) curves of the SrO- (blue curves) and RuO,- (red curves) terminated SRO films

with various Nry. The M-T curves are measured with an out-of-plane magnetic field (H)

of 100 Oe. i-l. H-dependent anomalous Hall resistivity (pane — H) curves measured at

10 K from the SrO- and RuO,-terminated SRO films with various Ngr.. All of the

ordinary Hall components have been subtracted for clarity. The H scanning directions

are indicated by solid arrows. Adapted from H. G. Lee et al (2020) [27].
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pxx-T curve exhibits a bulk-like metallic behavior and a kink near Tc ~ 144 K, where the
corresponding M-T curve also shows a well-defined paramagnetic-ferromagnetic transition.
As Nry (tsro) decreases, pxx of the as-grown samples increases gradually. The px-T curve
for the Ngry, = 3 case even shows an insulating upturn at ~47 K. The T¢c and M in the
ferromagnetic phase also decreases systematically with Ng,. The observed decays in
metallicity and ferromagnetism of the as-grown films are consistent with previous
studies [10-13]. Interestingly, after water-leaching, the RuO.-terminated samples show a
clear increment in px and reduction in M. Such a termination conversion-induced decays

in both metallicity and ferromagnetism become more prominent as Ngry, decreases.

Similar to the longitudinal transport, the transverse magnetotransport properties of SRO
ultrathin films are also strongly dependent on surface terminations. The py-H curves
measured from the SrO- and RuO-terminated SRO films at 10 K are shown in Figs. 4-3i-l.
The linear OHE components are subtracted from all the curves for clarity. For the as-grown
sample (blue curve) with Nry = 6 (tsro = 6.5 u.c., SrO-terminated), px-H curves exhibit
bulk-like AHE with negative Rs. As Nry decreases to 4, the sign of Rs changes from
negative to positive. This sign reversal originates from a Fermi level (Eg) shift with respect
to the avoided band crossing points, which significantly affects the Berry curvature and
thus the intrinsic AHE, which will be discussed in Chapter 5. As Nry decreases to 3, pxy
increases, and the coercive field decreases dramatically, implying further decay in electrical
conductivity and ferromagnetism. After water-leaching, the Rs sign change occurs at Nr, =

5.
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Interestingly, the px-T, M-T, and px-H curves of the Nry = 3, 4, and 5 water-leached
samples look surprisingly similar to their as-grown counterparts with Ngy = 2, 3 and 4
respectively. In other words, the physical properties of the Ngry layered Water-leached
samples are similar to Ngy-1 as-grown samples. To clarify the termination conversion-
induced intriguing modulations in physical properties, we further investigated the
evolutions of sheet resistivity (psneet), Sheet carrier density (Nsneet), M (at 10 K), and T, with
tsro. As previously defined, for SrO-terminated (RuO,-terminated) samples, the nominal
tsro = 3.5 ~ 6.5 (3.0 ~ 6.0) u.c. As shown in Figs. 4-4a-d, tsro-dependent psheet, Nsheet, M,
and T curves consistently exhibit a step-like feature. It is worth noting that both the
metallicity and ferromagnetism of SRO are dominated by the RuO, atomic planes, which
remain structurally intact during the surface termination conversion. Accordingly, the
topmost SRO monolayer should not contribute to both electrical transport and
ferromagnetism after water-leaching. In other words, as depicted in insets of Figs. 4-4e, f,
even in an SRO film with robust bulk metallicity (Nry > 5), the RuO.-terminated surface
should become both insulating and non-ferromagnetic. Moreover, the consistent step-like
features in Figs.4-4a-d strongly suggest that the insulating non-ferromagnetic state is
strictly confined within the topmost SRO monolayer; namely, the termination conversion

triggers a surface MIT in SRO ultrathin films.

The surface MIT is further examined by scanning tunneling spectroscopy (STS)
measurements. The differential tunneling conductance versus bias (dI/dV-V) curves on the
SrO- and RuO,-terminated SRO surfaces are shown in Fig. 4-4e and Fig. 4-4f, respectively.

Each curve was obtained by averaging over 14 curves measured on clean and flat regions
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at 77 K. The dl/dV signal is proportional to the local density of states (DOS) at the
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Fig. 4-4 Evolution of electrical transport and magnetic properties with fsro and surface
termination. a-d. fsro-dependent sheet resistivity (psheet) (@), sheet carrier density (#sheet)
(b), magnetization (c), and Curie temperature (7¢) (d) of the SRO thin films. The psheet,
Nsheet, and M values were measured at 10 K. All curves exhibit a step-like feature,
signifying that the metallicity and magnetism of RuO,- terminated samples consisting
of Nru RuO: layers are similar to those of SrO-terminated samples consisting of Nr,-1
RuO; layers. e-f. Scanning tunneling spectroscopies of the SrO- (e) and RuOs- (f)
terminated samples. The solid lines are bias-dependent differential conductance (dZ/dV-
V) curves averaged from 14 curves measured at flat and clean surface regions. The
colored backgrounds indicate the standard deviations. The insets of e and f are
schematic atomic structures of SRO films with SrO- and RuO;-terminated surfaces,
respectively. The electrical conductivity of the topmost SRO monolayer with RuO»-

termination decavs significantly. Adanted from H. G. Lee ef al (2020) [271.
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surface [18]. The dl/dV-V curves of the SrO-terminated surface [Fig. 4-4e] exhibit typical
metallic characteristics: finite DOS at zero-bias and gradually increased DOS with bias.
These features are also consistent with a previous report on as-grown SRO surface [32]. In
contrast, the dl/dV-V curves of the RuO,-terminated surfaces [Fig. 4-4f] clearly shows a
gap-like feature due to the negligible DOS near zero-bias. The average gap size is ~ 0.30
eV. Note that the STS spectra of both SrO- and RuO-terminated surfaces exhibit
considerable spatial variations, which can be ascribed to surface adsorbates arising from
the unavoidable ex-situ sample transfer procedure and water-leaching processes. In spite of
this spatial variation, metallic (insulating) characteristics are consistently observed in all
the dI/dV-V curves from SrO-terminated (RuOj-terminated) surfaces. Therefore, the

surface MIT by termination conversion in SRO thin film was observed.

Density functional theory calculation [33-35] explains the mechanism of surface MIT.
The Ru** cations inside the bulk SRO are under an octahedral crystal field. This crystal
field splits Ru 44 orbitals into triple degenerate 2 (dxy, dyz, and dy, ) orbitals and double
degenerate e, (di>y* and ds,>) orbitals. The calculated orbital-resolved DOS profiles
projected along with a RuO; layer underneath the SrO layers are shown in Fig. 4-5a.
Because of the high energy difference between the £, and e, orbitals, the four Ru 4d
electrons occupy #¢ orbitals only: three of them occupy the spin-majority channel and the
remaining one occupies the minority channel, leading to a low spin configuration. Similar
orbital occupancy can be found in the other RuO; layers underneath the surface layer and

the ones in SrO-terminated SRO film.
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In contrast, the Ru** cations at the RuO,-terminated surface layer are under a unique

square pyramidal crystal field. This crystal field with lower symmetry further degenerates

the #,; and e, orbitals. The orbital-resolved DOS profiles projected along the RuO, surface

DOS (state/eV)

Fig. 4-5 Electronic structure and 4d orbital occupancy in SRO ultrathin film. a. Orbital-
resolved DOS projected along with the RuO; layer underneath the SrO layer. b. Orbital-
resolved DOS projected along with the RuO,-terminated surface layer. The gap size is
~0.25 eV. Insets of (a) and (b) illustrate the low-spin and high-spin configurations in
the bulk-like and surface RuO; layers, respectively. ¢. X-ray linear dichroism (XLD) at
the Ru L, edge measured from the SrO- and RuO»-terminated SRO films (Nru = 5). I
and [, are X-ray absorption spectroscopy intensities with linear light polarization
parallel (E;) and perpendicular (E}) to the (001) surface. The schematic inset shows
how the di*.,* (top) and d3,** (bottom) orbitals couple with the incident linear-polarized

X-ray. The light-color (deep-color) indicates the unoccupied (occupied) orbitals.
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Adapted from H. G. Lee et al (2020) [27].
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Chapter 4. Results and Discussion I1: Surface

layer are shown in Fig. 4-5b. The d5,>.? orbital states shift downward dramatically below
EF, thus leading to the gap opening. The gap size is ~0.25 eV, close to the one derived from
the STS measurement. Moreover, the four Ru 4d electrons occupy three £, orbitals as well
as one e (ds,>*) orbital in the spin majority channel, leading to a high spin configuration.
We also tested several possible magnetic orderings in the RuO,-terminated SRO film and
found the energetically favorable magnetic ground state is bulk ferromagnetic with surface
G-type antiferromagnetic. This spin configuration is ~60 meV lower in energy compared
to the pure ferromagnetic configuration. Therefore, the surface MIT and non-ferromagnetic

transition can be explained by termination dependent orbital occupancy, theoretically.

To experimentally verify the termination-dependent orbital occupancy scenario, X-ray
linear dichroism (XLD) measurement was conducted. We performed X-ray absorption
spectroscopy (XAS) measurements on the SrO- and RuO,-terminated SRO films (Ngy = 5)
at the Ru L.-edge with the linear light polarization perpendicular (E, ) and parallel (E;) to
the film surface. The corresponding XAS intensities I, and [, are dominated by the
unoccupied ds>* and dy>.,*> orbitals, respectively [36,37]. The XLD is calculated as the
normalized XAS intensity difference (I, —1,)/(I. +1;). As shown in Fig. 4-5c, the
RuO.-terminated SRO film shows a positive XLD peak, signifying a preferential electron
occupation in the ds,% orbital. By contrast, the SrO-terminated SRO films show a much
weaker XLD peak. Since both eq orbitals are unoccupied, this weak XLD signal may come
from compressive strain induce slight preferential electron occupancies in dy, and dy,
orbitals. The consistency between DFT and XLD results confirms that the surface

termination-dependent  orbital occupancy and associated  modulations in
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electronic/magnetic structures can comprehensively explain the surface MIT in ultra-thin

SRO films [38].

4.4 Conclusion

RuO; surface terminated SRO thin film was realized for the first time. An ex-situ water-
leaching recipe was developed to achieve an effective and uniform surface termination
engineering in SRO. As the surface termination converts from SrO to RuO;, the topmost
SRO monolayer undergoes an MIT while the underneath layers remain metallic. This
surface MIT can be fully understood by the surface symmetry breaking-induced changes

in 4d orbital occupancy and electronic/magnetic structures.

The water-leaching recipe for surface termination engineering can be easily generalized
to other TMO-based epitaxial systems. In addition, the water-leaching-induced termination
conversion is also technically essential for SRO-related research. The SRO surface
termination conversion occurs even with a very short-duration water-leaching (~30 s).
Therefore, it could occur during water-solution-based nano-fabrication procedures or even
simple storage in a humid atmosphere. An unexpected surface termination conversion of
this type could cause considerable changes in the magnetism and electrical transport of
SRO ultrathin films. On this basis, we suggest that the differences and non-uniformity of
surface termination could be an important factor to cause a large deviation on the previously
reported electric/magnetic critical thickness values in SRO ultrathin films [10-13].
Besides, for investigating the electrocatalytic activity of SRO [39], the stability of surface

termination in water-based solutions should also be seriously considered.
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An expert is a person who has made all the mistakes
that can be made in a very narrow field.
- Niels Bohr -

5.1 Introduction: Anomalous Hall effect of SrRuQ;
5.1.1 ‘Intrinsic’ anomalous Hall effect

When there is a broken time-reversal symmetry, the anomalous Hall effect (AHE)
arises [1]. It can be distinguished with the ordinary Hall effect, which is linearly dependent
on the external field and inverse of carrier density. Conventionally, it has been explained
with a spin-dependent scattering of the itinerant electrons due to the spontaneous
magnetization or magnetic impurities inside the materials (e.g. ferromagnet). Therefore,

the Hall effect can be described as below in the empirical and conventional picture.
Pxy = RoH + RyupM.

H and M are the external field and the magnetization of the sample, respectively. Ry is
the ordinary Hall coefficient inverse proportional to the carrier density. Rawue is the

anomalous Hall coefficient, thus the second term describes AHE as below.
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Pane = Pxy — RoH = RyppM.

However, the conventional picture cannot explain the AHE in the case of zero-
magnetization such as all-in-all-out spin texture and negative AHE. Recently, the AHE is
understood in terms of the geometric concepts of Berry curvature in momentum space [1—
3]. The free-electron under the electric field does not have any velocity component
perpendicular to the electric field. However, with periodic lattice potential, it could have a
perpendicular component. In Karplus-Luttinger theory (1954), the electron in solid

acquires an additional component to their group velocity as below.

_10E

e
Vgroup = EB_K+ EEX-Qn :

In the second term, £2,, is the berry curvature which gives additional velocity
perpendicular to the electric field E, thus it contributes to the Hall effect. With this
concept, the sum of E X £2,, over all occupied band gives AHE. In the trivial case, due to
their symmetric (trivial) band structure near the Fermi surface, the sum is zero. However,
in a ferromagnet with the broken time-reversal symmetry, the sum can be non-zero, thus it
has AHE. This phenomenon is called ‘intrinsic AHE’ due to its Berry curvature-related

origin.
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5.1.2 Origin of anomalous Hall effect in SrRuQO3

The intrinsic Berry curvature-related picture has been adopted to explain the AHE of
SrRuOs (SRO). As briefly shown in Chapter 4, the magnitude and even the sign of AHE
are dependent on doping, temperature, and film thickness of SRO [2,4—6]. The sign flipping
cannot be explained by conventional RyyrM picture. Hence the intrinsic E X £2,, term
should be considered to understand the AHE of SRO. The broken time-reversal symmetry,
strong correlation, and spin-orbit coupling of SRO induce non-trivial band crossing points,
which give non-trivial Berry curvature. The change of magnetization affects the splitting
of the band, thus varies the position of the band crossing points. Therefore, the sum of Berry

curvature along the Fermi surface in SRO is closely related to the magnetization and the

YLz o NP/ N1z

=i
v
=
A
v

Increased magnetization Fermilevel shift

Fig. 5-1 a. Schematic band diagram of the SRO thin film. Different color of the curves
denotes spin-majority and minority bands. Each circle is the band crossing points,
which gives non-zero Berry curvature. b. Band shift from the magnetization changes.
The gap between spin-majority and minority bands become larger with increasing
magnetization. Positions of crossing points are also shifting. ¢. Band shift with respect

to the Fermi level
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Fermi level, resulting in modulation of AHE [2,7].

5.1.3 Recent controversies related to topological Hall effect

Recently, there have been extensive controversies on SRO ultra-thin films after the
discovery of the topological Hall effect (THE) in this material [8]. THE of SRO ultra-thin
film is thought to be originated from the magnetic Skyrmion, which is the swirling
arrangement of spins in real space [Fig. 5-2a]. This extraordinary spin texture comes from
the antisymmetric exchange interaction (Dzialoszynski-Moriya interaction; DMI). The
strong spin-orbit coupling and the inversion symmetry breaking are the key factors for the
DMILI. If we wrap the unit sphere with the individual spin of Skyrmion, the solid angle from

the spins can be defined as below.

Qs = fpn- (0,n x dyn)dxdy .

The electron moving near this spin texture should feel the effective magnetic field due
to the gauge invariance, which contains the concept of topological charge Q and vector
gauge potential A. Therefore, the solid angle from the magnetic Skyrmion contributes Hall

effect, i.e. THE.
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Fig. 5-2 a. Schematic illustration of the magnetic Skyrmion (Bloch type). Arrows
denote the direction of spins. b. Evolution of solid angle with varying the external
magnetic field. The solid angle of spin emerges at the sudden magnitude of the field
with the Dzialoszynski-Moriya interaction. When the external field keeps increasing,
the solid angle is suppressed due to the spin alignment.

THE of material is characterized by the ‘hump’ signal of the Hall resistivity. With the
high external field, all spins in the material are aligned resulting in the zero-solid angle of
spin texture. Near the zero-external field, all spins are paramagnetically distributed, thus
also cannot have a finite solid angle. With the intermediate field, the solid angle of magnetic

Skyrmion starts to have a finite value which gives a sudden deviation of Hall resistivity

[Fig. 5-2b].

The number of reports regarding the hump signal in SRO ultra-thin films and associated
heterostructure is skyrocketing recently. Some studies explain it using the concept of
magnetic Skyrmion and related THE [Fig. 5-3a] [8—10]. They claim that the enhancement
of the inversion symmetry breaking, or spin-orbit coupling, or both induce DMI to generate
Skyrmion texture and result in THE. The others explain the hump signal by using the

concept of two-channel AHE [11-19]. As shown in Fig. 5-3b, merging the two AHE curves
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Fig. 5-3 a. The AHE curve of 5 u.c. SRO film (green) and the THE curve from the
possible magnetic Skyrmion (orange). b. AHE curves which have an opposite sign with
each other. The positive (red) AHE comes from the 4 u.c. SRO film while the negative
(blue) AHE curve comes from the 5 u.c. SRO film. ¢. The resultant AHE curve with the
hump structure comes from either a or b. Adapted from L. Wang et a/ (2020) [19].

with opposite signs and different coercive fields gives a hump structure. However, the
existence of two different components of AHE requires inhomogeneity of the SRO ultra-
thin film. Therefore, a proper explanation for the inhomogeneity providing opposite Berry

curvature is required.

5.2 Tunable inhomogeneity induced by the capping layer

Various physical conditions induce inhomogeneity during film growth. Since diverse
growth parameters are entangled with each other complicatedly, the systematic control of
inhomogeneity in the thin film is still in a haze. One outstanding approach to this topic was
done by Wang et al. (2020) [19]. In this research, they controlled the thickness of SRO film

fractionally using the step-flow growth dynamics of SRO thin film. The one-layer growth
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of SRO starts from the step-edge and ends with covering all terrace areas, i.e. step-flow
growth mode. This growth mode makes fractional thickness possible if we stop the growth
before the newly growing layer covers the whole surface. For instance, if we grow the 4
u.c. of SRO and continue the growth but stop before it forms the fifth unit cell, the film has
a fractional thickness between 4 and 5 integer unit cells. Therefore, the film has a thickness
inhomogeneity of distinguishable 4 and 5 u.c. region. Since each component has a different
sign of AHE, the resultant Hall effect shows a hump signal from the inhomogeneity. After
this study, plenty of similar two-channel AHE has been reported even with the
heterostructured-SRO, despite the lack of the explanation for the origin of inhomogeneity

and how it acts to AHE.

In this paper, we addressed the systematic control of inhomogeneity by using the
LaAlO; (LAO) capping layer. We grew SRO thin films on the SrTiO3(001; STO) substrate
using the pulsed laser deposition (PLD) technique [Fig. 5-4a]. The thickness of SRO films
is precisely fixed as 5 u.c., using the reflection high-energy electron diffraction (RHEED)
to avoid any artifacts from the thickness inhomogeneity. On the 5 u.c.-SRO thin film, the
LAO capping layer was deposited [Fig. 5-4¢]. We varied the growth pressure for LAO
capping layers as a manipulated variable, while all other PLD parameters are controlled.
The surface of the film was sharp regardless of the exitance of the capping layer [Fig. 5-

4b, d]. Note that the growth conditions for the SRO layer are the same for all samples. We
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performed transverse magnetotransport of SRO heterostructures with a 50x50um Hall bar
to obtain pane-H behavior. Intriguingly, the pane-H of SRO films are seriously affected,
nonetheless only the growth pressure of the LAO layer is varied. As shown in Fig. 5-4e-h,

paue-H curves of SRO films were dramatically changed. For comparison, pane-H curves of
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T s K % B af T i T o o= E PN 2 % ¥ B = o T LR T4 LI T L §
" Tf Teg Th T
I (+) AHE I
€ 02F =+
o
¢t N
2 ool I i
g Ak t
g I (-) AHE
02} ) +
@ 10K
-0'4-‘1 1 1 1 I-_l 1 1 1 l—-l 1 1 {1 l-hl 1 1 1 lq
4 2 0 2 4 4 2 0 2 4 4 2 0 2 4 -4 2 0 2 4

HoH (T)
Fig. 5-4 a (¢). Schematic sample structure of 5-unit-cell (u.c.) SrRuOs3 (SRO) films
grown on the SrTiO3(001) (STO) substrate without (with) 10 u.c. of LaAlO; (LAO)
capping layer. b (d). Surface topographic images of a (c), respectively, obtained by
atomic force microscope. e. Anomalous Hall resistivity-magnetic field (paue-H) curves
of 5 and 4 u.c.-SRO films without capping layer measured at 10K. All the linear terms
from the ordinary Hall effect were subtracted. Arrows denote field sweep direction. f-
h. paue-H curves of LAO capped SRO films. The growth condition and thickness of

SRO layers were fixed while the growth pressure of the LAO layer was varied from

SmTorr to 0.5mTorr.
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5 and 4 u.c.-SRO films without capping layers are depicted [Fig. 5-4e]. With SmTorr of
growth pressure for the LAO layer (PLao), the hump structure in the paue-H curve arises
[Fig. 5-4f]. With decreasing the Ppao, the sign of AHE starts to flip [Fig. 5-4g]. The sign
of AHE is totally flipped and the hump structure vanishes with the lowest growth pressure
[Fig. 5-4h]. Notably, the hump signal occurs while the sign of AHE is flipping, implying

that the origin might be two-channel AHE rather than THE.

In order to further examine the possibility of two-channel AHE, we measured the
temperature dependence of magnetization (M-7) of each sample. Fig. 5-5 shows M-T
curves and the first derivatives of them. The T¢ of 5 and 4 u.c.-SRO film without LAO
capping layer was ~115 K and ~90K [Fig. 5-5a, e¢]. Note that we define the T¢ as onset
values, thus they are at the beginning of the peaks in their first derivatives. With the LAO
capping layer [Fig. 5-5b-d, f-h], some SRO films show kinks in their M-T curves and two-
peaks in first derivatives. The existence of distinguishable 7¢ implies the inhomogeneity of
the LAO-capped SRO. At the SmTorr and ImTorr of Prao, ~90K of 7c emerges while it
still shows ~115K Tc at the same time. By lowering the Prao down to 0.5mTorr, the ~115K
of T¢ vanished and ~90K of T¢ only remains. The distinguishable phases can be extracted
by fitting the M-T curves using different 7c. Below is the empirical M-T function used for

the fitting.
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Fig. 5-5 a. Magnetization-temperature (M-T) curves of 5 and 4 u.c.-SRO films without
capping layers. Open circles are experimental data and solid lines are fitting curves. b-
d. M-T curves of LAO capped SRO films. The growth condition and thickness of SRO
layers were fixed while the growth pressure of the LAO layer was varied from SmTorr
to 0.5mTorr. The blue (red) fitting curve of LAO capped SRO film shows Curie
temperature (7¢) of ~115K (~90K), similar to that of 5 (4) u.c.-SRO film without LAO
capping layer. e-h. first derivatives of a-d. Arrows denote T¢. Since the 7c of empirical
fitting function is onset value, there are ~10K of difference between peak position in

first derivatives and 7c.

M(T) = M(0) - (1 — (T/T)%)*

For convenience, let us call different phases with their Tc. The contribution of 90K phases
is kept increasing with lowering the Prao, while the contribution of 115K phase is
decreasing, and completely vanishes at the lowest pressure. Comparing the fitted M-T

curves with Hall curves in Fig. 5-4e-h, we found a striking one-to-one matching tendency.
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Chapter 5. Results and Discussion I11: Capping Layer

If there is a hump in AHE, there is always the co-existence of 90K and 115K phases. If
there is only 115K phase, the AHE shows a negative sign. Similarly, if there is only 90K
phase, the AHE shows a positive sign without any hump signal. Intriguingly, the 115K and
90K curves look similar to those of 5 and 4 u.c.-SRO single-layered samples. Therefore, it
is a high possibility that the hump signal in these heterostructures comes from the hidden
inhomogeneity which gives two-channel AHE, even the thickness of the SRO layer was

precisely fixed as 5 u.c.

Based on the hidden inhomogeneity hypothesis, we compared LAO-capped SRO film

and SRO film without capping layer. To investigate their behaviors, we fitted pane-H curves
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Fig. 5-6 a, b. Fitted pane-H curves of LAO capped SRO samples with growth pressure
for LAO layer of 5 and 1 mTorr. Gray lines are experimental curves and red and blue
curves are negative and positive fitting curves. Green lines are summations of fitting
curves. €. Temperature dependence of normalized pane values extracted from the fitting.
The closed circles come from 4 and 5 u.c. SRO films without the LAO capping layer.
The open symbols are LAO capped SRO. The red (blue) denotes the negative (positive)

component from the fitting.
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with two different empirical curves [Figure 5-6a, b]. The used function was hyperbolic
tangent which has amplitude, broadening, and coercive field as fitting parameters. Since
we measured paue-H with varying the temperature, we could extract the temperature
dependence of each component of paus, saturated at 5T of the external field [Figure 5-6c¢].
To compare each component with bare 4 and 5 u.c. SRO films, we normalized each
component with the value at 10K. At low temperatures, LAO capped SRO samples show
both negative and positive paur components. The positive components (red) keep their sign
until they vanish near 90K. The negative components (blue) become positive as increasing
the temperature and vanish near 115K. Comparing them with bare 4 and 5 u.c. samples, the
positive and negative paue components exhibit similar temperature dependence. Therefore,
the similarity of AHE variation of LAO-capped SRO film and SRO film without capping
layer implies the hidden inhomogeneity of LAO-capped SRO, which induces 4-u.c.-like

behavior.

If so, how does the LAO capping layer induce the inhomogeneity into the SRO films?
First, the oxygen vacancy (Vo) might affect the structure or the polarity of the LAO
layer [20-24]. The lower the oxygen partial pressure, the more Vo might be induced into
the LAO capping layer. In order to examine this hypothesis, we performed a control
experiment with Ar gas. If the Vo formation is a crucial factor, the pane-H of a film should

be affected by only the oxygen partial pressure, not the total pressure (Prow) from the Ar
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Fig. 5-7 A control experiment with total pressure variation during the growth of the
LAO capping layer. a. pane-H curves of LAO/SRO heterostructure grown at relatively
high pressure. The total pressures (Prow) are 100 and 50 mTorr, while the partial
pressures of Ar and O, are varied. b-e. paue-H curves with varying the Prow from 15
mTorr to 0.5 mTorr. The O partial pressure is fixed as 0.5mTorr, while Ar partial
pressure is only varied. Gray lines are experimental curves and red and blue curves are

negative and positive fitting curves. Green lines are summations of fitting curves.
gas. As shown in Fig. 5-7a, we capped the LAO layer with the relatively high-pressure
condition. Even we changed oxygen partial pressure, the AHE of SRO film is not affected
by high-pressure growth conditions. We also varied Prowi With varying the Ar partial
pressure, while O, partial pressure is fixed [Fig. 5-7b-e]. The experimental paue-H curves
are fitted with negative (blue) and positive (red) components. As Prow decreases, the
negative component is decreasing while the positive component is increasing. In other
words, the paue-H of the film only reacts with Prol, regardless of oxygen partial pressure.

Therefore, the Vo formation cannot be an explanation, but the kinetic mechanism seems to

be crucial for these heterostructures.

When we fabricate the heterostructure, the intermixing of cations in each layer should
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be considered [25,26]. Since the growth process of PLD is highly kinetic, the transferred
cation can be mixed easily with the underneath layer [Fig. 5-8]. The kinetic energy of
transferred cation is inverse proportional to the pressure due to velocity loss from the
scattering during the transfer. Therefore, the intermixing should be serious in low-pressure
growth conditions [27-29]. With this aspect, the M-T and AHE dependence of LAO growth
pressure can be well explained. Note that the 5 u.c. and 4 u.c. bare SRO film has a 7¢ of

~120 K and ~90 K, with negative and positive signs of AHE, respectively. The intermixing

High P 40 Low P 40
(Low kinetic) (High kinetic)

‘ LaAIF)a ‘
- !

Fig. 5-8 Schematics of the kinetic process during the growth of the LAO capping layer
on the SRO films. At high-pressure conditions, the kinetic energy of evaporated plume
is suppressed, while low-pressure conditions degraded SRO films with high kinetic
energy. The degraded regions in SRO film exhibit 4 u.c.-like behavior resulting hump

signal in the pane-H curve.
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Chapter 5. Results and Discussion I11: Capping Layer

of Al cation in LAO into Ru cation in the SRO layer can decrease the effective thickness
of SRO film. If this intermixing is not uniform, it could give inhomogeneity of SRO film,

thus it would provide distinguishable 7¢ and the hump in AHE.

5.3 Conclusion

The systematic control of inhomogeneity and associated AHE in SRO thin films is
achieved by using the LAO capping layer. The growth pressure of the LAO capping layer
is a crucial parameter for the phase separation, which affects its AHE mixing. The different
phases can be distinguished by measuring the temperature-dependent magnetization since
each phase has an intrinsic critical temperature of ferromagnetism. The origin of this
inhomogeneity is highly likely to be the intermixing from the LAO capping layer due to its
total pressure dependence. Further analysis with a scanning transmission electron
microscope and magnetic force microscope will clarify the effect of intermixing from the
capping layer. Our findings also provide a proper explanation for hump signal in AHE of

SRO heterostructure and a caution for the capping layer engineering.
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Chapter 6

Summary and Concluding Remarks

The present is theirs, the future, for which I really worked, is mine.
- Nikola Tesla —

In the introduction of this dissertation, we figured the question of “what is important
for the interfacial engineering of perovskite oxides and how to control it”. Three topics
regarding interfacial engineering of perovskite oxides were discussed. The buffer layer,
surface, and capping layer are important factors, which give significant property changes

in the thin film from the bulk.

The buffer layer technique has been used to accommodate the large lattice mismatch
from the substrate and provide a commensurate lattice for strain engineering. However, if
the mismatch is too large, the single-layer buffer cannot accommodate misfit dislocations
resulting in low crystallinity. To grow perovskite oxide such as BaBiOs (a = 4.374 A),
conventional substrates and single buffer layers are improper. With a BaZrOs/BaCeOs
bilayer buffer template, we could realize fully-commensurate epitaxial BaBiO; film for the
first time. Using this system, the fundamental limit of the octahedral breathing distortion
of BaBiO; film was revealed as a 6 u.c. due to the anisotropic suppression of oxygen

expand-shrinking modes.

Surface termination of the film is also known to be an important parameter in the aspect

of the alternating polar nature of some perovskite oxides such as LaNiOs. However, even
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without the alternating polar layers, we found that breaking of the octahedral crystal field
can be induced from the termination conversion. As a prominent example, we convert the
surface termination of SrRuOj; films from SrO to RuQ,. The as-grown SrRuO; films always
exhibit SrO termination, nevertheless, we overcame this nature with a water-leaching
technique. As the surface termination converts from SrO to RuO;, the topmost RuO;
monolayer becomes insulating while the underneath layers remain metallic. The surface
symmetry breaking induces the change of 4d orbital occupancy and results in surface metal-

insulator transition.

The capping layer technique is one of the bases for heterostructure engineering. The
effect from the capping layer should be considered seriously in not only the aspect of
structure and electronic coupling but also the aspect of the source of inhomogeneity. The
SrRuOs/LaAlO; heterostructure was investigated for the capping layer-induced
inhomogeneity. With the high kinetics of the pulsed laser deposition process, the growth
pressure of the LaAlOs capping layer affects non-uniform intermixing. This inhomogeneity
provides the variation of effective thickness and resulting in the mixing of the two-channel
anomalous Hall effect, which mimics the topological Hall effect from the magnetic

Skyrmion.

In sum, all these processes during the growth of oxide heterostructure; selection of
substrate, commensurate buffer layer, ex-situ conditions for surface treatment condition,
and growth Kinetics of capping layer; should be precisely examined to avoid

misunderstanding the measured functionalities of perovskite oxides.
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Appendix

Scientific progress is measured in units of courage, not intelligence.
- Paul Dirac -

Appendix A:

Supplementary information for chapter 3

This part is mainly adapted from H. G. Lee ef al (2016)., and H. G. Lee et al (2018).

I

Appendix A-1. Microscopic analysis of misfit dislocations near the BaZrQs/SrTiO;

interface. a) Atomic-resolution transmission electron microscopy image of BaZrOs first-
buffer layer on the SrTiOs substrate. b) Fourier-filtered images of the (a), using the (100)
location. The white circles indicate the positions of misfit dislocations, and the white lines
indicate the interfaces between layers. The distance between two dislocations (16 unit cell)

is consistent with the lattice mismatch between BaZrOsz and SrTiOs (7.38 %).
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Appendix A-2. Enhancement of crystallinity by using a bilayer buffer template. X-ray
diffraction rocking curve for (002) diffraction of superconducting BaoKo4BiO3 (BKBO)
films on a) the SrTiO; substrate and b) the double-buffer layer template. Red lines are
Voight fitted plots of raw data. Arrows indicate full-width at half maximum values of

rocking curves. The crystal quality of BKBO film was greatly enhanced by utilizing a

double-layer buffer template.
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Appendix A-3. Characterization of the BaBiOs films and associated heterostructures.
a) X-ray diffraction 6-20 scans of BaBiO; (BBO) on BaCeOs/BaZrOs/SrTiOs;
(BCO/BZO/STO) (001) template with varying the thickness of BBO layer. The clear
thickness fringes of BCO layers imply that BCO buffers have sharp and reliable interfaces
with BBO layers. The thickness of the BBO layer is also controllable. b) Surface
topographic image of BBO film measured by atomic force microscope. Step-and-terraced
structure from the substrate exists. The surface roughness of each step is 0.253 nm whose
value is smaller than 1 u.c. thickness of BBO which indicates high-quality heterostructure
is synthesized. c) A line profile along the red line in (b). Averaged step height is consistent

with 1 u.c. thickness of BBO.
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Appendix A-4. Fully strained BBO films on the bilayer buffer template. a) Schematic

diagram of BBO/BCO heterostructures on a (001)-oriented SrTiOs (STO) substrate. A

BaZrO; (BZO) layer is inserted between BCO and STO to compensate for their large lattice

mismatch. In this simple structure, we change the thickness ¢ of BBO from 20 to 4 u.c. b)

The in-plane strain state of BBO films with different thicknesses (20, 12, and 8 u.c.).

Reciprocal space mappings are taken around (103) STO given that this peak is close to

(103) BBO, (103) BCO, and (103) BZO. The same Qo values indicate that all BBO films

studied in this work are fully strained irrespective of thickness variation.
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Appendix B:
Supplementary information for chapter 4

This part is mainly adapted from H. G. Lee ef al (2020).
Nano-compositional imaging of perovskite oxide surface

Nano-compositional variation of the surface can be investigated by various real-space
imaging techniques. The two of the well-established techniques are friction force
microscopy (FFM) and atomically-resolved scanning tunneling microscopy (STM). In this
work, we utilized another method: atomic force microscopy (AFM) phase measurement.
Note that obtaining ex-situ atomically-resolved STM images for oxide films is extremely
challenging. To verify the validity of the AFM phase image in identifying the surface

termination of SrRuQO3, we choose to compare the FFM and AFM phase images.

The surface of the STO(001) substrate is a proper platform to examine nano-
compositional variation. The high-temperature annealing (at 1200 °C for 3 h in ambient)
can cause significant segregation of SrO and TiO, terminations at the STO(001) surface.
As shown in Appendix B-1a-c, the AFM height, AFM phase, and FFM images are captured
in the same region of the STO surface. Both the AFM phase and FFM images show clear
and similar contrasts from the mixed SrO and TiO, terminations. Moreover, according to
the line profiles [Appendix B-1d-f], these contrasts show perfect one-to-one
correspondence with those in height images These results show that AFM phase and FFM
images are, at least, equally suited to characterizing surface termination variation. Notably,

as the AFM phase image is obtained using the tapping mode, it has a higher spatial
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resolution than that of the FFM image (which was obtained using the contact mode). As
indicated by the dotted circles in Appendix B-1b,c, the phase contrast from the tiny SrO-
terminated area is much sharper than the FFM contrast. Therefore, the AFM phase image

is better for imaging small features of surface termination variation.

Finally, we explore the correlations between the AFM height and phase images of SRO
films during water-leaching. The aforementioned STO substrate shows a good one-to-one
correspondence between AFM height and phase images. By contrast, for the water-leached
SRO thin films, the changes in AFM height images are much weaker than the AFM phase

variations.

We suggest that the inhomogeneous SRO film surface after 10 or 20 s leaching is much
more complicated than a simple mixture of SrO and RuQ; terminations. Because of the
highly reactive nature of SrO, the 10 or 20 s-leached surfaces should comprise not only a
mixture of two terminations but also a variety of chemical residues [i.e. amorphous SrOx
and Sr(OH),]. These residues could form nanoscale clusters that can be smaller than the
AFM tip radius (~20 nm). As schematically depicted in Appendix B-2 (top panel), the
topographic contribution from these nanoscale residues could be smeared by the AFM tip,
resulting in a smaller AFM height signal than that produced by terrace-edges. On the
contrary, surface chemical properties of the Sr-based residues and RuO»-terminated surface
are distinct, which can produce a greater AFM phase signal than a terrace-edge [ Appendix
B-2a (bottom panel)]. Therefore, for the water-leached SRO case, the phase-contrast could

be more sensitive to the mixed termination and chemical inhomogeneities.
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This theory was supported by further analyses of the AFM height images during water-
leaching. Although all AFM height images for various #, look similar [Appendix B-2b,c],
the difference can be observed in the line profiles [Appendix B-2d]. The AFM height
profile of the 10 s-leached sample shows nearly double fluctuations than that of the 1000
s-leached sample, which signifies the effect of the Sr-based residues on AFM height signals.
Furthermore, we calculated the root-mean-square (RMS) roughness within each terrace
(excluding the roughness contribution from terrace edges, marked by the open green loops
in Appendix B-2b,c). As shown in Appendix B-2e, The surface roughnesses of the 10 and
20 s-leached samples were twice larger than that of the uniformly terminated samples (i.e.,
samples where #, = 0, 100, and 1000 s). This result further confirms that the AFM height
and phase images during water-leaching are consistent, while the phase-contrast is more

sensitive to the termination conversion process, which can be more clearly identified.

Based on the above results and analyses, we suggest that the AFM phase images are a
reliable technique to characterize the spatial variations of surface termination. Because of
the higher spatial resolution, it is more suitable to characterize the SRO surface evolution
compared to FFM. In the case of nano-scale compositional variation, a small compositional
patch may not provide a large contribution to the AFM height image, while the contrast in

the AFM phase is clear.
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SrTiO;(001) substrate, annealed in ambient at 1200 °C for 3 h
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Appendix B-1. Surface termination analyses on STO(001) substrates. a,b) Atomic
force microscopy (AFM, tapping mode) height (a) and phase (b) images (left panel) and
line profiles (right panel) measured from the STO(001) substrate. ¢) Friction force
microscopy (FFM, contact mode) images measured in the same region as that of the AFM
images. The substrate was annealed at 1200 °C for 3 hours, which gives rise to severe step
bunching and mixed-surface termination. Both the AFM phase and FFM images show a
clear contrast between the SrO and TiO, terminated surface. The phase and friction force
changes from the line profiles show a clear correlation with the topographic changes. Note
that the spatial resolution of the tapping mode-AFM is better than that of contact mode-
FFM. As marked by the dashed circles in (b) and (c¢), the AFM phase image is better for

identifying the small features of nano-compositional variation.
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4 Real topography SrRuO;(5 u.c.)/SrTiO;(001)
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Appendix B-2. Detailed evolutions of AFM height images during water-leaching. a)
Schematic profiles of real topography, AFM height, and phase signal of a 10 s water-
leached SRO surface. b,c) AFM height images of SRO(5.0 u.c.)/STO(001) film after water-
leaching for 10 and 1000 s. d) Topographic height profiles derived along the lines marked
in (a) and (b). e) Water-leaching time (#v)-dependent root-mean-square (RMS) surface
roughness measured from the AFM height images. The RMS roughness value was averaged
over each flat terrace regions (as marked by the green loops) within every single terrace.

The error bars represent the standard deviation from different terraces.

86

U



Appendix

Coaxial impact collision ion scattering spectroscopy
Coaxial impact collision ion scattering spectroscopy (CAICISS) is a low-energy ion
scattering spectroscopy. This spectroscopy measures the time-of-flight (TOF) of injected
ions backscattered by atoms at a surface along the specific crystallographic direction. Inert
gas is typically used as the sauce of injected ions. The atomic masses of Sr (87.62u) and
Ru (101.07u) are close to each other. In order to optimize the resolution of TOF
spectroscopy, we choose Ne* (20.18u) instead of the commonly used He" (4.00u) as an
injected ion. The change of velocity of Ne after scattering is larger than He due to the
following equation.
%= )
Where v; is the initial velocity, vs is the velocity of scattered ion, m (mien) is the mass of the
surface atom (injected ion). In our experimental set-up (Appendix B-3), the Ne* ions are
accelerated by pulse voltage. The Ne* ions fly until they collide with the sample. Before

the collision, they are neutralized to avoid charged scattering. After the collision, they are
backscattered and fly back until they reach the detector.

The theoretical value of TOF can be estimated from the length between source and
sample surface (L1 = 836 mm), sample surface and detector (L, =395 mm), initial velocity
(vi= 169373 m/s), scattered velocity (vs), and pulsed delay time (A=100 ns). The A is the
delay time between accelerating pulse voltage-time and actual Ne* emission time, which is

calibrated by using the Si reference sample. The v; is determined as follows.
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Where Vi is the accelerating pulse voltage and mxe. is the mass of Ne". The calculated TOF
values (tiora1 = L1/vitLo/vst+ A) scattered from Sr and Ru are determined as 8,755 and 8,532
ns, respectively. As shown in Appendix B-4a,b, the experimental TOF peak positions of
the as-grown and water-leached samples are 8736 and 8554 ns, respectively. The
experimental and theoretical values are very close to each other within the experimental
error, implying both the as-grown and water-leached samples should be nearly singly-

terminated.

We subtract the background scattering by the polynomial fitting. However, the
background intensities near the TOF peak are different in the pre-peak region and peak-tail
region due to multiple scattering in the peak-tail region. To avoid artifact in analysis on
peak position and shape due to the background subtraction, we patched the two background
regions with arc-tangent function [Appendix B-4a,b].

After the background subtraction, we fit the peaks with Gaussian functions. The
asymmetric peak feature can be fitted with two Gaussian peaks located at experimental
TOF peak values [Appendix B-4c¢,d]. The coverage of SrO surface termination can be

calculated using the following equation.

Osr _ ASr/er
1- Osr ASr/er + ARu/mRu

Where A is the integrated peak area, and ms; (mru) is the mass of Sr (Ru). The error bars
were derived from the standard error of Gaussian fitting. The coverage of SrO termination

for the as-grown sample is 96.9 £ 3.1% and the coverage of RuO, termination for the water-
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leached sample is 89.7 + 3.0 %. These results further confirmed that both the as-grown and

water-leached SRO films have nearly uniform surface terminations as expected.

Sample Detector

Neutralizer

Ly L
frotal = -+ =+4
1 3

Pulse delay time
(t=A)

Source

Triggered pulse

(#=0)

Appendix B-3. Schematic diagram of the CAICISS experiment. The Ne" ions are

accelerated by triggered pulse voltage at = 0. The Ne" ions fly with the initial velocity (vi)

until they collide with the sample. Before the collision, they are neutralized to avoid

charged scattering. After the collision, they are backscattered with the scattered velocity (vs)

and fly back until they reach the detector. The time difference is measured using the

triggered pulse time and detecting time. There is a delay time (A) of pulsed voltage and

actual emission of Ne" ion. The A is calibrated by using the Si reference sample.
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Appendix B-4. Data processing and analyses of CAICISS-TOF spectra. a,b) Measured
TOF spectra on as-grown (a) and water-leached (b) samples. The background scattering is
fitted with the polynomial function. We divide the background into two regions. The pre-
peak region is defined at < 8300 ns and the peak-tail region is defined at > 8800 ns. The
dashed lines denote the theoretically calculated TOF value for Sr (8,755 ns) and Ru (8,532
ns). ¢,d) Gaussian fits of background-subtracted experimental spectra. The blue (red) peak

is the Gaussian fitting of the backscattering from Sr (Ru).
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Appendix

Density functional theory calculation

SrO-terminated SRO(5.5 u.c.)/STO(001) film

T T T T T
- a \/\ i 15t SRO layer 1

b XJ\ i 2nd SRO layer ]

- C P 3 SRO layer

o\

n
i
i 4t SRO layer

o TV T T

€ | 5% SRO layer

M/\/

| 15t STO layer

-3 -2 -1 3
E-E. (eV)

DOS (state/eV)
T
o

Appendix B-5. Layer-resolved density of states profiles of SrO-terminated
SRO/STO(001) film. a-e) Layer-resolved density of states (DOS) profiles projected along
the five RuO; planes in the SrO-terminated SrRuO3(5.5 u.c.)/SrTiO3(001) film. f) DOS

profile projected along with the first STO layer in the SrO-terminated SrRuQO;(001) film.
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RuO,-terminated SRO(5.0 u.c.)/STO(001) film

Ca

| 15t SRO layer

3 SRO Iayer

WW

DOS (state/eV)

I
i 4" SRO layer

MW

§ 5t SRO layer

/«\J\/\/\/\f\/\—:

i 15t STO layer \/ B

DS

E-E,

Appendix B-6. Layer-resolved density

i
0 3
F (8V)

of states profiles of RuQO,-terminated

SRO/STO(001) film. a-e) Layer-resolved density of states (DOS) profiles projected along

each RuO; plane in the RuO,-terminated SrRuO;3(5.0 u.c.)/SrTiO3(001) film. f), DOS

profile projected along with the first STO layer in the SrO-terminated SrRuQO;(001) film.
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FM-LS FM-HS FM-AF1 FM-AF2 G-AF C-AF A-AF
Energy/Ru 0 -4.8 -81.7 -11.6 -28.3 -79.7 -9.7
Total Moment 20 24 16 12 0 0 4
Surface state Low-spin High-spin High-spin Low-spin High-spin High-spin Low-spin
Conducting Insulating Insulating Conducting Insulating Insulating Conducting
Surface Surface Surface Surface Surface Surface Surface
2.02.0 4.04.0 4.0 -4.0 -2.0 -2.0 4.0 -4.0 4.0 -4.0 2.02.0
2.02.0 2.02.0 2.02.0 2.02.0 -2.02.0 2.0-2.0 -2.0-2.0
Magnetic
2.02.0 2.02.0 2.02.0 2.02.0 2.0-2.0 2.0-2.0 2.02.0
ordering
2.02.0 2.02.0 2.02.0 2.02.0 -2.02.0 2.0-2.0 -2.0-2.0
2.02.0 2.02.0 2.02.0 2.02.0 2.0-2.0 2.0-2.0 2.02.0
STO(001) STO(001) STO(001) STO(001) STO(001) STO(001) STO(001)
Appendix B-7. Density functional theory calculations of various magnetic

configurations in RuO»-terminated SrRuQ;/SrTiO3(001) film. We tested a variety of

ferromagnetic (FM) and antiferromagnetic (AF) orderings with high-spin (HS) or low-spin

configurations. The bulk-like uniform FM ordering with LS configuration (FM-LS) is

selected for the references. Here we only show the calculation results of six energetically

lower solutions: uniform FM with HS surface (FM-HS), FM bulk with G-type HS AF

surface (FM-AF1), FM bulk with A-type LS AF (FM-AF2), uniform G-type AF with HS

surface (G-AF), uniform C-type AF with HS surface (C-AF), and uniform A-type AF with

LS surface (A-AF). From this table, we found the FM-AF1 is the most energetically

favorable spin configuration for the RuO,-terminated SRO/STO(001) films.
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- Isaac Newton -

If I have seen further than others,
it is by standing upon the shoulders of giants.
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