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

 

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

symmetry of the substrate propagates into the film material suppressing the 

octahedral rotation. Adapted from J. M. Rondinelli et al (2012). 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). 

 

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

 

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

Schematic density of state (DOS) diagram of BaBiO3 due to breathing 

distortion. The 2 eV gap opening occurs at the Fermi level (EF). 

 

Fig. 3-2 X-ray diffraction (XRD) rocking curve for (002) diffraction of BaCeO3 

(BCO) layers on a. the SrTiO3 (STO) substrate and d. the BaZrO3 (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 c (f). Adapted 

from H. G. Lee et al (2016). 
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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 al (2016). 

 

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). 

 

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−1 and 1,130 cm−1 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. c. Summary of the evolution of Raman intensity values at 565 

cm−1 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). 
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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 BiO2 slabs is negligible. b. The oxygen 

displacement deviation from the ideal breathing mode. The value 0 represents 

the ideal breathing pattern. c. 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 et al (2018). 

 

Fig. 4-1 Schematics of termination engineering. a. At AO-terminated film, BO6 

octahedral crystal field split the B 4d band into t2g and eg subbands. The 

partially-filled t2g band results in finite density-of-states (DOS) near the 

Fermi level (EF), signifying robust metallicity. b. At the BO2-terminated film 

surface, on the contrary, the loss of apex oxygen breaks the BO6 octahedral 

symmetry. It further splits the t2g and eg bands. Adapted from H. G. Lee et al 

(2020). 

  

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 (tw). 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). 
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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) (ρxx-T and M-T) curves of the SrO- (blue curves) and RuO2- (red curves) 

terminated SRO films with various NRu. The M-T curves are measured with 

an out-of-plane magnetic field (H) of 100 Oe. i-l. H-dependent anomalous 

Hall resistivity (ρAHE – H) curves measured at 10 K from the SrO- and RuO2-

terminated SRO films with various NRu. 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). 

 

Fig. 4-4 Evolution of electrical transport and magnetic properties with tSRO and 

surface termination. a-d. tSRO-dependent sheet resistivity (ρsheet) (a), sheet 

carrier density (nsheet) (b), magnetization (c), and Curie temperature (TC) (d) 

of the SRO thin films. The ρsheet, nsheet, and M values were measured at 10 K. 

All curves exhibit a step-like feature, signifying that the metallicity and 

magnetism of RuO2- terminated samples consisting of NRu RuO2 layers are 

similar to those of SrO-terminated samples consisting of NRu-1 RuO2 layers. 

e-f. Scanning tunneling spectroscopies of the SrO- (e) and RuO2- (f) 

terminated samples. The solid lines are bias-dependent differential 

conductance (dI/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 RuO2-terminated surfaces, respectively. The electrical 

conductivity of the topmost SRO monolayer with RuO2-termination decays 

significantly. Adapted from H. G. Lee et al (2020). 
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Fig. 4-5 Electronic structure and 4d orbital occupancy in SRO ultrathin film. a. 

Orbital-resolved DOS projected along with the RuO2 layer underneath the 

SrO layer. b. Orbital-resolved DOS projected along with the RuO2-

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 RuO2 layers, respectively. c. X-ray linear dichroism (XLD) at the Ru 

L2 edge measured from the SrO- and RuO2-terminated SRO films (NRu = 5). 

𝐼∥  and 𝐼⊥  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 dx
2
-y

2 (top) and d3z
2

-r
2 (bottom) orbitals couple 

with the incident linear-polarized X-ray. The light-color (deep-color) 

indicates the unoccupied (occupied) orbitals. Adapted from H. G. Lee et al 

(2020). 

 

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. c. Band shift with respect to the Fermi level 

 

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. 
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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. c. The 

resultant AHE curve with the hump structure comes from either a or b. 

Adapted from L. Wang et al (2020). 

  

Fig. 5-4 a (c). Schematic sample structure of 5-unit-cell (u.c.) SrRuO3 (SRO) films 

grown on the SrTiO3(001) (STO) substrate without (with) 10 u.c. of LaAlO3 

(LAO) capping layer. b (d). Surface topographic images of a (c), respectively, 

obtained by atomic force microscope. e. Anomalous Hall resistivity-magnetic 

field (ρAHE-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. ρAHE-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 5mTorr to 

0.5mTorr.  

  

Fig. 5-5 a. Magnetization-temperature (M-T) curves of 5 and 4 u.c.-SRO films 

without capping layer. 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 5mTorr to 0.5mTorr. The blue (red) fitting 

curve of LAO capped SRO film shows Curie temperature (TC) 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 TC. Since the TC of empirical fitting 

function is onset value, there are ~10K of difference between peak position 

in first derivatives and TC. 
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Fig. 5-6 a, b. Fitted ρAHE-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. c. Temperature dependence of normalized ρAHE 

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. 

  

Fig. 5-7 A control experiment with total pressure variation during the growth of the 

LAO capping layer. a. ρAHE-H curves of LAO/SRO heterostructure grown at 

relatively high pressure. The total pressures (PTotal) are 100 and 50 mTorr, 

while the partial pressures of Ar and O2 are varied. b-e. ρAHE-H curves with 

varying the PTotal from 15 mTorr to 0.5 mTorr. The O2 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. 

  

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 ρAHE-H curve. 
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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 

BO6 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; BaBiO3 (a = 4.374 Å), which is a charge-density-wave 

insulator from its intrinsic octahedral breathing distortion. Using a BaZrO3/BaCeO3 bilayer 

buffer template, we overcame the misfit dislocation accumulation problem and realized a 

fully commensurate epitaxial BaBiO3 film for the first time. Most of the misfit dislocations 

are accommodates in the BaZrO3 arbitrating layer while the BaCeO3 layer provides a clean 

interface for growing BaBiO3 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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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 SrRuO3 films from SrO to RuO2. With this 

method, the surface-metal insulator transition of SrRuO3 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 LaAlO3 capping layer on the SrRuO3 films. The 

anomalous Hall effect of SrRuO3 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 SrRuO3 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, BaBiO3, SrRuO3, 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 (ABO3; A = alkali and rare-earth, B = transition metal, O = oxygen). The 

strong bonding between B-site cation and oxygens forms corner-sharing BO6 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, eg and t2g degenerated 

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

 

Fig. 1-1 Schematic diagram of octahedral crystal field splitting of perovskite oxides. 
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the further splitting of degeneracy. Besides, the shape, size, and rotation of BO6 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 SrRuO3) 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 
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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 

 

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

symmetry of the substrate propagates into the film material suppressing the octahedral 

rotation. Adapted from J. M. Rondinelli et al (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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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 

BaBiO3 films and associated suppression of breathing distortion is discussed. 

BaZrO3/BaCeO3 bilayer buffer template is designed to overcome the large lattice mismatch 
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between the substrate and the BaBiO3 film. Using this template, we found the fundamental 

critical thickness of octahedral breathing distortion in BaBiO3 film. 

 In the surface chapter, the water-leaching method to convert surface termination of 

SrRuO3 films and associated surface metal-insulator transition is investigated. Using the 

different solubility of atomic layers, we converted the surface termination of the SrRuO3 

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 SrRuO3 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. 
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As shown in Fig. 2-1, The PLD system used for this research consists of a KrF excimer 

laser (COHERENT, USA; λ = 248 nm) and a vacuum chamber (PASCAL co., Japan; Base 

pressure < 10-8 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.  

 

Fig. 2-1 Schematic illustration of the pulsed laser deposition technique. 
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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-α X-ray (λ = 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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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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Chapter 3 

Results and Discussion Ⅰ: Buffer Layer 

What we observe is not nature itself, but nature exposed to our method of questioning. 

- Werner Heisenberg - 

3.1 Introduction: BaBiO3 

BaBiO3 (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 BiO6 octahedra have alternating sizes: one expanding and the other 

shrinking. This alternating size variation does not break the cubic point symmetry, (i.e., A1g 

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]. 

 

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

Schematic density of state (DOS) diagram of BaBiO3 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 A1g symmetry, it activates the characteristic Raman shift at 

565 cm-1  [6]. If there is breaking of OBD, the strong Raman response of 565 cm-1 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 Å, which is much larger than commercially available 

perovskite oxide. For example, the widely used SrTiO3 (STO) substrate has a lattice 

constant of 3.905 Å. 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 Al2O3 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 BaCeO3 (BCO, a = 8.777 Å, b = 6.236 Å, 

and c = 6.216 Å; 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 BaZrO3 (BZO, a = 4.192 Å; 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. 3-2c 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 

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 al (2016). 

Fig. 3-2 X-ray diffraction (XRD) rocking curve for (002) diffraction of BaCeO3 (BCO) 

layers on a. the SrTiO3 (STO) substrate and d. the BaZrO3 (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 c (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. 3-3c 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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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 

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 al (2016) [12]. 
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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.  

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 eV). A strong Raman response at 565 cm−1 and its second harmonic at 1,130 

cm−1 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−1 was gradually suppressed. Below 6 

u.c., the Raman signature at 565 cm−1 becomes completely vanished, resulting in Raman 

spectra similar to that of the BCO/BZO/STO sample. It indicates that the A1g symmetric 

phonon mode related to OBD should become suppressed at 6 unit cell (u.c.). Above this 

critical thickness, the OBD-related A1g 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 σ1(ω), 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 A1g Raman mode and the CDW absorption peak 

was displayed in Fig. 3-5c. Raman intensities at 565 cm−1, the characteristic Raman shift 
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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 σ1(ω) peak shows a small trace of spectral weight at 6 u.c. The difference between 

Raman and σ1(ω) 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 

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−1 and 1,130 cm−1 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. c. Summary of the evolution of Raman 

intensity values at 565 cm−1 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]. 
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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 × 8 × 1 k-point mesh was used 

for a √2 × √2 slab. We determined the magnitude of oxygen displacement in each mode 

by comparing the atomic positions with those calculated for the 1 × 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 BiO2 slabs is negligible. b. The oxygen displacement deviation from the ideal 

breathing mode. The value 0 represents the ideal breathing pattern. c. 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 et al 

(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 A1g 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 BiO2 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 BiO2 

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 3-5c. In contrast, the Raman 
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response should be vanished immediately, since anisotropic suppression of OBD breaks 

A1g 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 BiO2 layer; thus, a new type of 

octahedral distortion emerges at the heterointerface, which breaks A1g 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 Å). 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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Chapter 4  

Results and Discussion Ⅱ: Surface 

God made the bulk; the surface was invented by the devil. 

- Wolfgang Pauli - 

4.1 Introduction: SrRuO3 

4.1.1 Physical properties of SrRuO3 

SrRuO3 (SRO) is an itinerant ferromagnetic metal with a Curie temperature (TC) 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 

https://www.azquotes.com/quote/712162
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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 SrRuO3 thin film 

(001)-oriented epitaxial ABO3 perovskite film consists of AO and BO2 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 BO2) starts to play a crucial 

role in determining the physical properties such as ferroelectric stability, spontaneous-

Fig. 4-1 Schematics of termination engineering. a. At AO-terminated film, BO6 

octahedral crystal field split the B 4d band into t2g and eg subbands. The partially-filled 

t2g band results in finite density-of-states (DOS) near the Fermi level (EF), signifying 

robust metallicity. b. At the BO2-terminated film surface, on the contrary, the loss of 

apex oxygen breaks the BO6 octahedral symmetry. It further splits the t2g and eg 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 LaAlO3 and LaNiO3 [19,22]. In these 

materials, the AO and BO2 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 

BO6 octahedron split d band into t2g and eg subbands [23]. For metallic systems, one of the 

subbands should be partially filled (Fig. 4-1a). By contrast, at the BO2-terminated (001) 

surface, the loss of apex oxygen may further split the t2g and eg 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 RuO2 surface 

termination [24,25]. The RuO2 surface layer is highly volatile at the optimal growth 

temperature (~700℃). Hence, the as-grown SRO film surface always exhibits a uniform 

SrO termination. Therefore, a novel method should be developed to realize RuO2-

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

The water solubility of AO and BO2 surface layers in many ABO3 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 RuO2 atomic layers are distinct at the surface: SrO can react with H2O 

molecular to produce water-soluble Sr(OH)2, whereas RuO2 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 

RuO2 [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 tw, 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 tw = 10 and 30 s become highly inhomogeneous [Figs. 4-
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2g,h]. The local phase difference exceeds 2o, signifying considerable variations in the 

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 (tw). 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.4-2l, 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 (RuO2) film surfaces. In other words, the RuO2-

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 RuO2 layers in the SRO film as NRu. 

The SrO-terminated SRO films grown on TiO2-terminated STO(001) substrate consist of 

NRu+1 SrO layers, while the RuO2-terminated films consist of NRu 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 

(ρxx-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 NRu = 6 (tSRO = 6.5 u.c., SrO-terminated), the 

Fig. 4-3 Electrical transport and magnetic characterizations of SRO ultrathin films. a-

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

and M-T) curves of the SrO- (blue curves) and RuO2- (red curves) terminated SRO films 

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

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

10 K from the SrO- and RuO2-terminated SRO films with various NRu. 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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ρxx-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 NRu (tSRO) decreases, ρxx of the as-grown samples increases gradually. The ρxx-T curve 

for the NRu = 3 case even shows an insulating upturn at ~47 K. The TC and M in the 

ferromagnetic phase also decreases systematically with NRu. The observed decays in 

metallicity and ferromagnetism of the as-grown films are consistent with previous 

studies  [10–13]. Interestingly, after water-leaching, the RuO2-terminated samples show a 

clear increment in ρxx and reduction in M. Such a termination conversion-induced decays 

in both metallicity and ferromagnetism become more prominent as NRu decreases. 

Similar to the longitudinal transport, the transverse magnetotransport properties of SRO 

ultrathin films are also strongly dependent on surface terminations. The ρxy-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 NRu = 6 (tSRO = 6.5 u.c., SrO-terminated), ρxy-H curves exhibit 

bulk-like AHE with negative RS. As NRu decreases to 4, the sign of RS changes from 

negative to positive. This sign reversal originates from a Fermi level (EF) 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 NRu decreases to 3, ρxy 

increases, and the coercive field decreases dramatically, implying further decay in electrical 

conductivity and ferromagnetism. After water-leaching, the RS sign change occurs at NRu = 

5.  
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Interestingly, the ρxx-T, M-T, and ρxy-H curves of the NRu = 3, 4, and 5 water-leached 

samples look surprisingly similar to their as-grown counterparts with NRu = 2, 3 and 4 

respectively. In other words, the physical properties of the NRu layered Water-leached 

samples are similar to NRu-1 as-grown samples. To clarify the termination conversion-

induced intriguing modulations in physical properties, we further investigated the 

evolutions of sheet resistivity (ρsheet), sheet carrier density (nsheet), M (at 10 K), and Tc with 

tSRO. As previously defined, for SrO-terminated (RuO2-terminated) samples, the nominal 

tSRO = 3.5 ~ 6.5 (3.0 ~ 6.0) u.c. As shown in Figs. 4-4a-d, tSRO-dependent ρsheet, nsheet, M, 

and Tc curves consistently exhibit a step-like feature. It is worth noting that both the 

metallicity and ferromagnetism of SRO are dominated by the RuO2 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 (NRu ≥ 5), the RuO2-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 RuO2-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 dI/dV signal is proportional to the local density of states (DOS) at the 

 

Fig. 4-4 Evolution of electrical transport and magnetic properties with tSRO and surface 

termination. a-d. tSRO-dependent sheet resistivity (ρsheet) (a), sheet carrier density (nsheet) 

(b), magnetization (c), and Curie temperature (TC) (d) of the SRO thin films. The ρsheet, 

nsheet, and M values were measured at 10 K. All curves exhibit a step-like feature, 

signifying that the metallicity and magnetism of RuO2- terminated samples consisting 

of NRu RuO2 layers are similar to those of SrO-terminated samples consisting of NRu-1 

RuO2 layers. e-f. Scanning tunneling spectroscopies of the SrO- (e) and RuO2- (f) 

terminated samples. The solid lines are bias-dependent differential conductance (dI/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 RuO2-terminated surfaces, 

respectively. The electrical conductivity of the topmost SRO monolayer with RuO2-

termination decays significantly. Adapted from H. G. Lee et al (2020) [27]. 
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surface [18]. The dI/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 dI/dV-V curves of the RuO2-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 RuO2-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 (RuO2-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 Ru4+ cations inside the bulk SRO are under an octahedral crystal field. This crystal 

field splits Ru 4d orbitals into triple degenerate t2g (dxy, dyz, and dxz ) orbitals and double 

degenerate eg (dx
2

-y
2 and d3z

2
-r

2) orbitals. The calculated orbital-resolved DOS profiles 

projected along with a RuO2 layer underneath the SrO layers are shown in Fig. 4-5a. 

Because of the high energy difference between the t2g and eg orbitals, the four Ru 4d 

electrons occupy t2g 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 RuO2 layers underneath the surface layer and 

the ones in SrO-terminated SRO film. 
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In contrast, the Ru4+ cations at the RuO2-terminated surface layer are under a unique 

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

the t2g and eg orbitals. The orbital-resolved DOS profiles projected along the RuO2 surface 

Fig. 4-5 Electronic structure and 4d orbital occupancy in SRO ultrathin film. a. Orbital-

resolved DOS projected along with the RuO2 layer underneath the SrO layer. b. Orbital-

resolved DOS projected along with the RuO2-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 RuO2 layers, respectively. c. X-ray linear dichroism (XLD) at 

the Ru L2 edge measured from the SrO- and RuO2-terminated SRO films (NRu = 5). 𝐼∥ 

and 𝐼⊥  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 dx
2

-y
2 (top) and d3z

2
-r

2 (bottom) orbitals couple with the incident linear-polarized 

X-ray. The light-color (deep-color) indicates the unoccupied (occupied) orbitals. 

Adapted from H. G. Lee et al (2020) [27]. 
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layer are shown in Fig. 4-5b. The d3z
2

-r
2 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 t2g orbitals as well 

as one eg (d3z
2
-r

2) orbital in the spin majority channel, leading to a high spin configuration. 

We also tested several possible magnetic orderings in the RuO2-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 RuO2-terminated SRO films (NRu = 5) 

at the Ru L2-edge with the linear light polarization perpendicular (𝐸⊥) and parallel (𝐸∥) to 

the film surface. The corresponding XAS intensities 𝐼⊥  and 𝐼∥  are dominated by the 

unoccupied d3z
2
-r

2 and dx
2

-y
2 orbitals, respectively [36,37]. The XLD is calculated as the 

normalized XAS intensity difference (𝐼⊥ − 𝐼∥)/(𝐼⊥ + 𝐼∥) . As shown in Fig. 4-5c, the 

RuO2-terminated SRO film shows a positive XLD peak, signifying a preferential electron 

occupation in the d3z
2
-r

2 orbital. By contrast, the SrO-terminated SRO films show a much 

weaker XLD peak. Since both eg orbitals are unoccupied, this weak XLD signal may come 

from compressive strain induce slight preferential electron occupancies in dxz and dyz 

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 

RuO2 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 RuO2, 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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Chapter 5  

Results and Discussion Ⅲ: Capping Layer 

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 SrRuO3 

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. 

𝜌𝑥𝑦 =  𝑅0𝐻 +  𝑅𝐴𝐻𝐸𝑀. 

H and M are the external field and the magnetization of the sample, respectively. R0 is 

the ordinary Hall coefficient inverse proportional to the carrier density. RAHE is the 

anomalous Hall coefficient, thus the second term describes AHE as below. 
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𝜌𝐴𝐻𝐸 =  𝜌𝑥𝑦 − 𝑅0𝐻 =  𝑅𝐴𝐻𝐸𝑀. 

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. 

𝒗𝑔𝑟𝑜𝑢𝑝 =
1

ħ

𝜕𝑬

𝜕𝑲
+  

𝑒

ħ
𝑬 × 𝜴𝑛 . 

In the second term, 𝜴𝑛  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 × 𝜴𝑛 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 SrRuO3 

The intrinsic Berry curvature-related picture has been adopted to explain the AHE of 

SrRuO3 (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 𝑅𝐴𝐻𝐸𝑀 picture. Hence the intrinsic 𝑬 × 𝜴𝑛 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 

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. c. 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 

DMI. If we wrap the unit sphere with the individual spin of Skyrmion, the solid angle from 

the spins can be defined as below. 

𝛺𝑠  =  ∯ 𝒏 ∙ (𝜕𝑥𝒏 × 𝜕𝑦𝒏)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. 

𝑩𝑧  =  ∇ × 𝑨 =
ħ𝑐

2𝑒
∙ (𝜕𝑥𝒏 × 𝜕𝑦𝒏) 

https://www.google.com/search?newwindow=1&rlz=1C1OKWM_koKR872KR872&q=Dzialoszynski+moriya&spell=1&sa=X&ved=2ahUKEwjMkdX23cXtAhUUyosBHXtMA6oQkeECKAB6BAgFEC8
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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 

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. 
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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 

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. c. The resultant AHE curve with the 

hump structure comes from either a or b. Adapted from L. Wang et al (2020) [19].  
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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 

LaAlO3 (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. 5-4c]. 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 



 

 

 

 

 

Chapter 5. Results and Discussion Ⅲ: Capping Layer 

55 

 

 

 

 

 

performed transverse magnetotransport of SRO heterostructures with a 50×50μm Hall bar 

to obtain ρAHE-H behavior. Intriguingly, the ρAHE-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, 

ρAHE-H curves of SRO films were dramatically changed. For comparison, ρAHE-H curves of 

 

Fig. 5-4 a (c). Schematic sample structure of 5-unit-cell (u.c.) SrRuO3 (SRO) films 

grown on the SrTiO3(001) (STO) substrate without (with) 10 u.c. of LaAlO3 (LAO) 

capping layer. b (d). Surface topographic images of a (c), respectively, obtained by 

atomic force microscope. e. Anomalous Hall resistivity-magnetic field (ρAHE-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. ρAHE-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 

5mTorr to 0.5mTorr. 
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5 and 4 u.c.-SRO films without capping layers are depicted [Fig. 5-4e]. With 5mTorr of 

growth pressure for the LAO layer (PLAO), the hump structure in the ρAHE-H curve arises 

[Fig. 5-4f]. With decreasing the PLAO, 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-T) of each sample. Fig. 5-5 shows M-T 

curves and the first derivatives of them. The TC 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 TC 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 TC implies the inhomogeneity of 

the LAO-capped SRO. At the 5mTorr and 1mTorr of PLAO, ~90K of TC emerges while it 

still shows ~115K TC at the same time. By lowering the PLAO down to 0.5mTorr, the ~115K 

of TC vanished and ~90K of TC only remains. The distinguishable phases can be extracted 

by fitting the M-T curves using different TC. Below is the empirical M-T function used for 

the fitting. 
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𝑀(𝑇) = 𝑀(0) ∙ (1 − (𝑇/𝑇𝑐)𝛼)𝛽 

For convenience, let us call different phases with their TC. The contribution of 90K phases 

is kept increasing with lowering the PLAO, 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. 

 

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 5mTorr 

to 0.5mTorr. The blue (red) fitting curve of LAO capped SRO film shows Curie 

temperature (TC) 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 TC. Since the TC of empirical 

fitting function is onset value, there are ~10K of difference between peak position in 

first derivatives and TC. 
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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 ρAHE-H curves 

 

Fig. 5-6 a, b. Fitted ρAHE-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. c. Temperature dependence of normalized ρAHE 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 ρAHE-H with varying the temperature, we could extract the temperature 

dependence of each component of ρAHE, 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 ρAHE 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 ρAHE 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 ρAHE-H of a film should 

be affected by only the oxygen partial pressure, not the total pressure (PTotal) from the Ar 
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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 PTotal with varying the Ar partial 

pressure, while O2 partial pressure is fixed [Fig. 5-7b-e]. The experimental ρAHE-H curves 

are fitted with negative (blue) and positive (red) components. As PTotal decreases, the 

negative component is decreasing while the positive component is increasing. In other 

words, the ρAHE-H of the film only reacts with PTotal, 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 

 

Fig. 5-7 A control experiment with total pressure variation during the growth of the 

LAO capping layer. a. ρAHE-H curves of LAO/SRO heterostructure grown at relatively 

high pressure. The total pressures (PTotal) are 100 and 50 mTorr, while the partial 

pressures of Ar and O2 are varied. b-e. ρAHE-H curves with varying the PTotal from 15 

mTorr to 0.5 mTorr. The O2 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. 
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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 TC of 

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

 

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 ρAHE-H curve. 
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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 TC 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 BaBiO3 (a = 4.374 Å), 

conventional substrates and single buffer layers are improper. With a BaZrO3/BaCeO3 

bilayer buffer template, we could realize fully-commensurate epitaxial BaBiO3 film for the 

first time. Using this system, the fundamental limit of the octahedral breathing distortion 

of BaBiO3 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 LaNiO3. 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 SrRuO3 films from SrO to RuO2. The as-grown SrRuO3 films always 

exhibit SrO termination, nevertheless, we overcame this nature with a water-leaching 

technique. As the surface termination converts from SrO to RuO2, the topmost RuO2 

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 

SrRuO3/LaAlO3 heterostructure was investigated for the capping layer-induced 

inhomogeneity. With the high kinetics of the pulsed laser deposition process, the growth 

pressure of the LaAlO3 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 et al (2016)., and H. G. Lee et al (2018). 

 

Appendix A-1. Microscopic analysis of misfit dislocations near the BaZrO3/SrTiO3 

interface. a) Atomic-resolution transmission electron microscopy image of BaZrO3 first-

buffer layer on the SrTiO3 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 BaZrO3 and SrTiO3 (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 Ba0.6K0.4BiO3 (BKBO) 

films on a) the SrTiO3 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 BaBiO3 films and associated heterostructures. 

a) X-ray diffraction θ-2θ scans of BaBiO3 (BBO) on BaCeO3/BaZrO3/SrTiO3 

(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 SrTiO3 (STO) substrate. A 

BaZrO3 (BZO) layer is inserted between BCO and STO to compensate for their large lattice 

mismatch. In this simple structure, we change the thickness t 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 Q100 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 et 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 SrRuO3, 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 ℃ for 3 h in ambient) 

can cause significant segregation of SrO and TiO2 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 TiO2 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 RuO2 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)2]. 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 RuO2-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 tw 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 tw = 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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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. c) Friction force 

microscopy (FFM, contact mode) images measured in the same region as that of the AFM 

images. The substrate was annealed at 1200 ℃ 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 TiO2 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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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 (tw)-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. 
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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. 

𝑣s = (
𝑚 −𝑚ion

𝑚 +𝑚ion
) ∙ 𝑣i 

Where vi is the initial velocity, vs is the velocity of scattered ion, m (mion) 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 (L2 = 395 mm), initial velocity 

(vi = 169373 m/s), scattered velocity (vs), and pulsed delay time (Δ=100 ns). The Δ is the 

delay time between accelerating pulse voltage-time and actual Ne+ emission time, which is 

calibrated by using the Si reference sample. The vi is determined as follows. 

𝑣i = (
2𝑒𝑉acc
𝑚Ne

)
1
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Where Vacc is the accelerating pulse voltage and mNe is the mass of Ne+. The calculated TOF 

values (ttotal = L1/vi+L2/vs+ Δ) 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.  

𝜎Sr
1 − 𝜎Sr

= (
𝐴Sr/𝑚Sr

𝐴Sr/𝑚Sr + 𝐴Ru/𝑚Ru
) 

Where A is the integrated peak area, and mSr (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 RuO2 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.  

 

 

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

accelerated by triggered pulse voltage at t = 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 (Δ) of pulsed voltage and 

actual emission of Ne+ ion. The Δ 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). c,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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Density functional theory calculation 

 

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 RuO2 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 SrRuO3(001) film.  
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Appendix B-6. Layer-resolved density of states profiles of RuO2-terminated 

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

each RuO2 plane in the RuO2-terminated SrRuO3(5.0 u.c.)/SrTiO3(001) film. f), DOS 

profile projected along with the first STO layer in the SrO-terminated SrRuO3(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 

Conducting 

High-spin 

Insulating 

High-spin 

Insulating 

Low-spin 

Conducting 

High-spin 

Insulating 

High-spin 

Insulating 

Low-spin 

Conducting 

Magnetic 

ordering 

Surface 

2.0 2.0 

2.0 2.0 

2.0 2.0 

2.0 2.0 

2.0 2.0 

STO(001) 

Surface 

4.0 4.0 

2.0 2.0 

2.0 2.0 

2.0 2.0 

2.0 2.0 

STO(001) 

Surface 

4.0 -4.0 

2.0 2.0 

2.0 2.0 

2.0 2.0 

2.0 2.0 

STO(001) 

Surface 

-2.0 -2.0 

2.0 2.0 

2.0 2.0 

2.0 2.0 

2.0 2.0 

STO(001) 

Surface 

4.0 -4.0 

-2.0 2.0 

2.0 -2.0 

-2.0 2.0 

2.0 -2.0 

STO(001) 

Surface 

4.0 -4.0 

2.0 -2.0 

2.0 -2.0 

2.0 -2.0 

2.0 -2.0 

STO(001) 

Surface 

2.0 2.0 

-2.0 -2.0 

2.0 2.0 

-2.0 -2.0 

2.0 2.0 

STO(001) 

Appendix B-7. Density functional theory calculations of various magnetic 

configurations in RuO2-terminated SrRuO3/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 RuO2-terminated SRO/STO(001) films. 
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국문 초록 (Korean Abstract) 

 

페로브스카이트 산화물은 강유전성, 자성, 금속-비금속 전이, 초전도와 같은 

유용한 성질을 가진다. 이러한 성질은 해당 물질의 독특한 산소 팔면체 

구조로부터 기인한다. 산소 팔면체의 크기, 모양, 회전은 중심부의 양이온과 

산소간의 상호작용을 결정한다. 이를 조절하는 효과적인 방법 중 하나는 박막 

제작을 통한 계면 제어이다. 본 학위 논문에서는 박막의 계면 제어에서 

중요한 점이 무엇인지, 그리고 그들을 어떻게 다룰 수 있는지에 대해 

논하고자 한다. 

 

첫번째로, 해당 논문에서는 BaBiO3와 같은 격자 상수가 큰 물질의 

격자맞춤-에피성장(commensurate epitaxy)을 위한 완충층(buffer layer)에 대해 

탐구하였다. BaBiO3는 breathing 변형이라는 독특한 산소 팔면체 구조로 인해 

비금속성을 지니는 물질이다. 기판과 해당 물질 사이의 큰 격자상수 극복을 

위해 본 연구에서는 BaZrO3/BaCeO3 로 이루어진 이중 완충층 기법을 

사용하였다. 이를 통해 대부분의 격자 빗맞음(misfit dislocation)을 BaZrO3 층에 

상쇄시킬 수 있었고, 최초로 BaBiO3의 격자맞춤-박막성장에 성공하였다. 이를 

이용하여 대칭성 깨짐을 통한 breathing 변형의 한계 두께를 명확하게 구할 수 

있게 되었다.  

 

두번째로, 해당 논문에서는 박막의 표면층(surface layer)이 물성에 미치는 
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영향에 대해 탐구하였다. 초박막의 표면층이 표면의 분극에 영향을 미친다는 

점은 잘 알려져 있다. 본 연구에서는, 더 나아가 표면의 분극이 크지 않은 

경우에도 팔면체 대칭성 깨짐을 통해 표면층이 물성에 큰 영향을 미칠 수 

있다는 점을 규명하였다. 이를 위해 본인은 새로운 물-식각 방식을 개발하여 

SrRuO3 물질의 표면층을 SrO로부터 RuO2로 변환하는데 성공하였다. 이러한 

표면층 변화는 금속-비금속 전이를 유발하였다. 이 점은 산소 팔면체의 

표면층의 구조가 결정장(crystal field) 변형을 통한 오비탈 채움과 전자구조에 

큰 영향을 미칠 수 있다는 점을 시사한다. 

 

마지막으로, 해당 논문에서는 LaAlO3 덮음층(capping layer)이 SrRuO3 박막에 

미치는 영향에 대해 연구하였다. SrRuO3에서 나타나는 비정상 홀 효과는 

다양한 물리적 변화에 민감하다는 점이 잘 알려져 있다. 최근에는 해당 

물질의 비정상 홀 효과 섞임과 관련해 많은 논의가 진행되어 왔다. 본 

연구에서는 이러한 비정상 홀 효과 섞임을 체계적으로 제어하기 위해 

덮음층을 이용하였다. 이를 통해 덮음층 형성 과정에서의 큰 운동에너지가 

SrRuO3 박막의 비균질성에 영향을 미치고 비정상 홀 효과 섞임에 기여할 수 

있음을 규명하였다. 

 

주요어: 페로브스카이트 산화물, 박막, 계면 제어, 완충층, 표면층, 덮음층, 

BaBiO3, SrRuO3, 산소 팔면체 변형, 금속-비금속 전이, 비정상 홀 효과 
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이끌어준 주변의 많은 도움이 모여 이루어진 것이라 생각합니다. 짧은 글로 
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교수님, 때때로 교수님의 가르침이 무섭기도 했지만, 후배를 아끼고 걱정하는 

마음에 주신 많은 조언이 있었기에 학문에 대한 초심을 잃지 않을 수 

있었습니다. 논문 작업을 도와주신 이신범 교수님, 교수님과 글을 쓰면서 

많은 것들을 즐겁게 배울 수 있었습니다. 그리고 주말에도 멀리까지 오셔서 
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준비, 글쓰기를 박사님과 함께했던 것은 6년간 대학원 생활의 튼튼한 기초가 

되었습니다. 24살 무렵, 어렸던 제가 조금 더 성숙한 제자이지 못했던 점만이 

아쉬울 뿐입니다. 김봉주 박사님, 여러 국제 학회와 해외 협업 등 저의 많은 

경험은 박사님이 없었다면 가질 수 없었을 것입니다. 박사님과 함께였기에 

연구 내외적으로 즐거웠던 기억들이 많습니다. Dear Dr. Lingfei, I learned how 

to survive in this cutthroat academia from you. It was great experience to 

me that I had a chance to work with you. Dear Dr. Olecksandr, and Dr. Saikat, 

I appreciate your help when I was ‘a literally freshman’. 조명래 박사님, 

박병철 박사님, Wei 박사님께도 깊은 감사의 말을 전합니다. 

저는 연구실 선배분들에게도 많은 도움을 받았습니다. 벌써 늠름한 

교수님이 된 창희형, 아직 저의 연구실이 정해지지 않았던 시절, 다른 

연구실을 방문해보면 항상 무거운 공기가 가득해 걱정을 많이 했었는데, 

이곳을 오니 형 덕분에 다들 친근하고 따뜻한 분위기였던 기억이 납니다. 

현주누나, 많이 얘기를 나누진 못했지만, 항상 제 기억 속 첫 방장님으로 

감사한 마음 가지고 있습니다. 무서워 보이지만 사실 친근한 영재형, 형의 큰 

존재감 덕분에 많은 추억이 생겼던 것 같습니다. 준비하시는 일이 잘 풀려 
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한국에서도 뵙고 싶습니다. 신입생 시절 옆자리 수빈형, 당시 너무나도 

어려워 보이는 (사실 지금 봐도 잘 모르겠는) ARPES 연구를 묵묵하게 

해내시는 모습이 대단했습니다. 그 누구보다 후배들을 아끼는 (하지만 티 

내면 부끄러워하시는) 척척박사 지섭형, 공부하다 모르는 게 있으면 항상 

형에게 달려가 물어봤던 기억이 납니다. 혹여나 캘리포니아에서 만나게 

된다면 함께 순댓국에 소주 한잔하면 좋을 것 같습니다. 다방면으로 멋진 

민철형, 타지에서도 멋지게 연구 생활해나가실 거라 믿습니다. 형의 모범적인 

태도를 볼 수 있었기에 저 역시 긴 방장 생활 무탈하게 할 수 있었습니다. 

서버에 올려주신 박사졸업 공략집(?)도 정말 큰 도움이 되었습니다. 다정한 

옆집 아저씨 같은 우진형, 어려운 연구 주제에도 따뜻한 가슴 잃지 않고 

나아가는 모습에서 많은 힘을 얻었습니다. 저는 아재력으로는 동년배 

누구에게도 지지 않을 거로 생각했는데 형에게 한 수 배울 수 있어 

영광이었습니다. 차분하면서도 내공이 느껴지는 인호형, 많은 것들이 힘에 

부치던 순간, 형의 진중한 모습이 큰 도움이 되었습니다. 함께 연구할 기회가 

없어 아쉬웠습니다. 인간미와 똑부러짐을 동시에 갖춘 소연누나, 열심히 할 

일을 하다가도 점심과 커피타임은 꼭 챙겨주신 덕분에 한숨 돌리며 뒤를 

돌아볼 수 있게 되었습니다. 공동연구는 하지 못했지만, 공동장난(?)도 

주고받으며 즐거운 연구실 생활 할 수 있었습니다. 연구단 최고의 승부사, 

게임이라면 누구에게도 지지 않는 (하지만 스타는 나한테 진) 성민형, 형이 

없었다면 (없을 때도 많았지만?) 연구 생활이 많이 심심했을 것 같습니다. 

논문 검색하는 것부터 주차하는 법까지 형에게 다방면으로 많은 것들을 

배웠습니다. 저의 첫 사수였던 듬직한 기덕형, 처음으로 형에게 PLD를 

배우던 날부터 함께 첫 박막을 기르고 측정하던 순간의 기억이 아직도 

생생합니다. 형의 매섭지만 디테일한 가르침은 실험하는 사람에게 하나하나 

소중한 자산이 되었습니다. 감수성 풍부한 호동형, 같은 팀의 박사님과 

선배분들이 연구실을 떠나고, 저년차 학생들만 남아 고생하던 시절이 

떠오릅니다. 어디에서든 행복하시면 좋겠습니다. 인턴이자 선배 같았던 

동갑내기 지현, 잠깐이었지만 같이 연구할 수 있어 즐거웠습니다. 
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긴 시간을 동고동락했던 동기들이 없었다면 학위과정을 끝까지 해나가지 

못했을 것입니다. 함께한 추억들을 적자면 밤을 새워도 모자랄 정래, 하루가 

멀다고 시답잖은 소리만 해대는 저를 그래도 동기라고 하나하나 가르쳐주느라 

고생이 많았습니다. 실험실에서 박막을 기르고, 코르시카섬에서 텝스 점수를 

확인하고, 교토 강변에서 맥주를 마시고 (온라인에서는 아제로스를 지키고), 

모두가 퇴근한 밤 앞이 안 보이게 내리던 눈에 밤을 지새우며 연구실에 

갇혀있던 모든 기억이 ‘그땐 그랬지’ 하며 함께 술 한잔 기울일 날이 오면 

좋겠습니다. 서로 다른 연구실에 있었지만 언제 친해졌는지도 모르게 정말 

친해져 버린 병민, 항상 즐겁게 담소를 나눌 수 있어 좋았습니다. 결혼 

축하하고 미국에서도 건승하길 바랍니다. 한국에 있을 얼마 남지 않은 시간 

동안 더 자주 상호작용합시다 (김정래 박사도 끼면 3-body problem). 대학원 

입학 동기이자 학부 선배인 재석형, 형과 함께 대학원 양자역학 과제들을 

끙끙대며 풀던 게 엊그제 같은데, 아니 학부 신입생 새터 버스 옆자리에 

앉았던 게 벌써 10년이 흘렀습니다. 얼마 남지 않은 졸업 무탈히 잘 이루시길 

바랍니다.  

연구실의 후배들 역시 저에게 큰 힘이 되어줬고, 덕분에 많은 것들을 

배우기도 했습니다. 열정과 흥이 넘치는 진권, 호동형 졸업 후 지도해줄 

박사님도 없이 같은 팀의 선배라곤 1년 차이 밖에 안 나는 (똑같이 아무것도 

모르는) 저밖에 없던 시절, 함께 고생하고 부딪혀 가며, 때로는 스스로 

헤쳐나가는 모습에 감명받았습니다. 무엇을 하든 잘할 것이라 기대됩니다. 

가장 많이 장난을 쳤지만 언제나 아껴 주고 싶은 범주, 기존에 하던 것이 

아닌 새로운 분야에 도전하는 일은 어려울 수밖에 없습니다. 초조할 수도 

있겠지만 지금처럼 꾸준히 노력하다 보면 곧 좋은 결과가 있을 것으로 

생각합니다. 항상 연구실 막내일 것 같던 모습에서 어느새 믿음직스러운 

연구자로 성장한 은교, 열심히 하다 보면 지칠 때도 있을 텐데, 티 없이 잘 

견디고 있는 것 같습니다. 할 일도 꼼꼼하게 잘하면서 (그 와중에 철없는 

선배도 챙기고) 밝은 태도를 잃지 않는 모습에 힘을 얻었습니다. 함께 
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연구하느라 수고가 많았고 좋은 논문으로 잘 마무리해봅시다. 물리 공부도, 

실험도 (물리력도) 꾸준히 단련하는 정근, 어려운 주제를 맡은 와중 도와줄 

만한 박사님과 선배도 떠난 상황에서 고생이 많습니다. 한 우물을 끝까지 

파서 물을 얻어내는 모습도 멋지지만, 깊은 우물을 파다 지치면 때론 물을 

사서 마셔야 다시 계속해서 일할 수 있습니다. 적당한 생수를 잘 찾아 품에 

숨겨두면 좋을 것 같습니다. 마찬가지로 연구를 묵묵하게 잘 진행 중인 지환, 

항상 늦게까지 실험에 몰두하는 모습이 대견합니다. 연구 생활과 여가 생활의 

경계를 좀 더 확실하게 정해둔다면 고된 실험 후 자신을 추스를 여유를 가질 

수 있을 것입니다. 자신 있는 모습이 보기 좋은 홍준, 열심히 잘하고 

있습니다. 실험과 코스웍, 논문 공부와 작성을 병행하는 것은 힘든 

일이겠지만 잘 해낼 수 있을 것입니다. 그리고 제 마지막 후배가 된 민수, 

여러 핑계로 잘 챙겨주지 못해 미안합니다. 그럼에도 연구 주제에 대해 

고민하고 실험들을 잘해나가고 있어 훌륭합니다. 앞으로 함께 남은 시간 동안 

좋은 결과를 얻어 원하는 바를 이룰 수 있길 바랍니다. 

연구단의 다른 식구들에게도 감사의 말을 드리고 싶습니다. 진공 장비에 

문제가 생길 때마다 챙겨주신 박원구 박사님, 광학분석을 도와주신 강태동 

박사님, 첫 독일 출장을 책임져 주신 이인호 선생님, 소모품과 수많은 장비를 

관리해주신 김금채 선생님, 송인경 박사님, 장성진 박사님, 권오성 선생님, 

이나현 선생님, 조수진 선생님, 신중열 박사님, 박태영 선생님, 클린룸 사용을 

지도해주신 배현이 선생님 모두가 곁에서 도와주셨기에 항상 든든한 마음으로 

연구에 몰두할 수 있었습니다. 또한, 복잡한 행정업무를 척척 해결해주시는 

행정실의 전지현 실장님, 김정란 선생님 주양희 선생님, 박주영 선생님, 

지정은 선생님, 손주희 선생님, 앨리카 선생님, 김서경 선생님, 김민선 선생님, 

한나 선생님, 이민희 선생님, 아직은 일하는 것이 어설프기만 한 학생을 

도와주셔 많이 배울 수 있었습니다. 항상 감사한 마음을 가지고 있습니다. 

슬픈 일도 즐거운 일도 함께한 우리 자랑스러운 대동인들, 창우, 현석, 승언, 

상영, 태욱, 경민, 세현, 형욱, 성현, 석오, 서로 살아가는 큰 힘이 돼주었고 
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앞으로도 계속 함께했으면 좋겠습니다. 과학교육계열 11 노답(no doubt) 태원, 

상범, 창현, 희호, 의준, 현수, 정훈, 도연, 동영, 정안, 오랜 캠퍼스 생활을 

버티게 해주는 활력소였고 함께여서 즐거웠습니다. 록 밴드 파문의 재훈형, 

민환형, 경훈형, 나영 (철학자의 길 안 까먹음), 서진, 혜승, 민선, 덕분에 잠깐 

숨돌리며 다채로운 경험을 가질 수 있었습니다. 화장품 걱정 없이 연구만 

하게 도와준 성민, 차가운 동생을 따뜻하게 챙겨준 민준형도 고마웠습니다. 

마지막으로 여기 그 누구보다 저를 걱정해주시고 아껴 주시는 부모님, 저는 

부모님께 무심하면서도 까탈스러운, 어려운 아들이었던 것 같습니다. 물리 

공부를 하겠다고 혼자 서울에 올라온 지 어느덧 10년이 지나고, 철부지 같던 

아들은 지금도 여전히 철이 덜 들었고 갈 길이 멀어 보이지만, 그럼에도 

사회로의 작은 발걸음을 내디뎌 보고자 합니다. 앞을 보며 걷고 있는 저 

자신도 앞으로의 길이 복잡하고 어려운데, 멀리서 전해 듣기만 하는 부모님의 

마음은 어떠할지 많은 걱정을 끼쳐드린 것 같아 죄송합니다. 무얼 하든 항상 

하시는 말씀처럼 스스로 행복을 느끼며 살아갈 수 있도록 노력하는 아들이 

되겠습니다. 그리고 어린 시절 저를 친자식처럼 길러주신 큰부모님, 저는 

남들 보다 챙겨야 할 분이 두 배로 계시기에 두 배로 더 성공하고자 합니다. 

다들 항상 건강하셨으면 좋겠습니다. 

제가 부족한 탓에 미처 떠올리지 못한 분들에게도, 짧은 순간 스쳐 

지나갔지만 많은 것들을 받았던 인연들에도, 감사의 마음이 닿길 바라며…. 

 

눈이 소복하게 쌓인 관악의 열 번째 겨울 속에서, 

2021년 2월 5일 

이 한 결  
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