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The rotation of oxygen octahedron is a fundamental structural distortion in a 

group of materials called perovskite oxides. The oxygen octahedral rotation (OOR) 

allows the perovskite oxides to accommodate a variety of transition metal ions, 

generating a rich spectrum of correlated electronic phases. In these correlated electron 

systems, the strong interplay between charge, spin, orbital, and lattice degrees of freedom 

makes the OOR a decisive factor when investigating the associated physics. Moreover, it 

implies that the controlled manipulation of the OOR leads to the highly tunable physical 

properties of the transition metal oxides (TMOs). This dissertation experimentally 

demonstrates the manipulation of the OOR and the associated physical properties in 

epitaxial perovskite oxide heterostructures.  

Artificial heterostructures composed of perovskite oxide have brought about a 

wide range of emergent phenomena and functionalities. This versatile platform largely 

originates from the high integrability of the ABO3 perovskite structure which can form a 

well-defined interface with the other. Since the OOR is a collective motion of three-

dimensionally connected octahedron, substantial octahedral connectivity is expected at 

the oxide interfaces. Here, we exploit the interfacial octahedral connectivity to control the 

OOR, thus realizing novel ferroelectricity and tunable electronic structures. 



 

 

 

 

 

Abstract 

There can be 23 possible patterns of the OORs, but only a few OOR patterns are 

predominantly present as bulk crystals. This has restricted the range of possible properties 

and functions of perovskite oxides, necessitating the utilization of nonequilibrium OOR 

patterns. we demonstrate that a designed metastable OOR pattern leads to robust room-

temperature ferroelectricity in CaTiO3, which is otherwise paraelectric in equilibrium. 

Based on density functional theory, we surveyed 10 possible nonequilibrium OOR pattern 

of CaTiO3 and found a metastable OOR pattern which is cooperative with ferroelectricity. 

We stabilized the target OOR pattern of CaTiO3 using the geometric design of epitaxial 

heterostructures. Atomic-scale imaging combined with deep neural network analysis 

confirms a close correlation between the metastable OOR pattern and electric polarization. 

The attained electric polarization was switchable and stable at room-temperature, 

demonstrating that manipulation of OOR pattern can create unconventional ferroelectric 

materials. 

Despite the tremendous interest on the electronic structures at the oxide 

interfaces, no direct experimental probe has been made. To manifest how the oxide 

interfaces modify the electronic structure, we necessitate a proper experimental platform 

to explore the phenomena. Conceiving that such interfacial effect would has limited 

length scale, we first search for an atomically thin and electronic TMO heterostructure.  

In the experimental reports so far, the TMO thin films have become insulating 

when confined to a single-atomic-layer thickness. This is not only because the electronic 

phases are intrinsically insulating, but also because of the experimental difficulties of 

maintaining the metallic phases down to monolayer limit. Combining atomic-scale 
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control of epitaxy and angle-resolved photoemission spectroscopy, we discovered that the 

monolayer SrRuO3 is a strongly correlated metal. Our systematic investigation reveals a 

close correlation between the electronic phase and magnetism. 

After clarifying the electronic structures of the SrRuO3 films down to monolayer, 

we experimentally demonstrate the interface control of electronic structure at the TMO 

heterostructures. We employed insulating buffer layers of BaTiO3, SrTiO3, and CaTiO3 

which impose different structural symmetries to the SrRuO3 layers. Above two monolayer 

thickness, no significant change has been observed in the electronic structures of SrRuO3 

films. However, at the two and one monolayer thickness, substantial modification of the 

electronic structure has been made. In the monolayer limit, the two-dimensional 

electronic structures have crossover between Fermi-liquid, Hund’s metal, and 

antiferromagnetic Mott insulators.  

 

Keywords: perovskite oxide, oxygen octahedral rotation, correlated electron system, 

oxide heterostructure, pulsed laser deposition, ferroelectricity, electronic structure 
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Chapter 1  

Introduction 

 

 

 

 

1.1 Octahedral rotation in perovskite oxides 

 

Perovskite oxide has a chemical formula of ABO3 whose structure is cubic or 

pseudo-cubic. The basic building block of the perovskite oxide is the corner-sharing BO6 

octahedra, where the B-site cations are usually transition-metal ions. By distorting the BO6 

octahedra, the perovskite oxides can accommodate a variety of A- and B-site cations with 

different ionic radius, becoming one of the most abundant structural family of materials. 

The wide range of physical properties and functionalities has attracted considerable 

attention in contemporary condensed matter physics and materials science.  

The oxygen octahedral rotation (OOR) is a fundamental structural distortion in 

the perovskite oxides [1]. Tolerance factor t is a value given by the ratio of bond lengths as 

formula below, and it represents structural instabilities in the perovskite oxides [2]. 

 

t = rA–O / √2 rB–O   

(rX–O : X–O bond length) 
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When t = 1, all constituting ions barely touch each other and form ideal cubic 

perovskite structure. The t < 1 ( > 1) indicates that A-site (B-site) cation is too small, or B-

site (A-site) cation is too big. The t < 1 structural instability can be mediated by the OOR 

which reduce the A-O bond length [3]. In fact, most bulk perovskite oxides have relatively 

small A-site cation and, as a result, the OOR [4]. 

 

 

Figure 1.1. Structure stabilization by oxygen octahedral rotation in perovskite oxide.  

 

1.2 Oxygen octahedral rotation in correlated electron systems 

 

The transition metal oxides are classified as correlated electron systems in which 

their behavior cannot be described in terms of non-interacting particles. In the correlated 

electron systems, the strong interplay between charge, spin, orbital, and lattice degrees of 
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freedom is present [5-7]. Being one of lattice degrees of freedom, the angle and pattern of 

the OOR often played an important role in the correlated electron systems. A finite OOR 

angle reduce the B-O-B bond angle from the 180° of cubic perovskites. It subsequently 

reduces the overlap between B d-orbitals and O 2p-orbitals, weakening the nearest neighbor 

interactions. The OOR pattern are often related to the ordering of charge, spin, orbital, and 

lattice. We discuss several such cases.  

 

 

Figure 1.2. Schematic description of interplay between charge, spin, orbital and lattice 

degrees of freedom in correlated electron system. 
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The OORs of bulk perovskite oxides were often controlled through isovalent 

substitution of the A-site cations and application of hydrostatic pressure. In perovskite 

nickelates RNiO3 (R = rare earth metal), the angle of OOR was systematically varied [8]. 

The increase of OOR angle reduces the Ni-O-Ni bond angle and consequently the electron 

hopping. As a result, the RNiO3 undergoes a bandwidth-controlled metal-insulator 

transition as the OOR angle increases. It was shown that the insulating phases of RNiO3 

have bond disproportionation and G-type charge ordering of d8L2 and d8L0 NiO6 octahedra 

[9]. 

The OOR can generate exotic magnetic states in some magnetic perovskite oxides. 

When two neighboring magnetic spins interact through oxygen, they usually align 

(anti-)parallel through magnetic exchange mechanism. When the two spins interact anti-

symmetrically, the Dzyaloshinskii-Moriya interaction induces a spin canting [10]. The 

tilted B-O-B bonding in the presence of the OOR suffices the anti-symmetric exchange 

condition, becoming a source of weak ferromagnetism in antiferromagnets. For example, 

Perovskite manganese oxides AMnO3 (A = Alkaline earth metal) have anti-ferromagnetic 

insulating phases. SrMnO3 has undistorted cubic perovskite structure. As the Sr is 

substituted by Ca (Sr1-xCaxMnO3), the OOR gradually evolves and the weak ferromagnetic 

moments correspondingly emerges [11]. 

Certain symmetry allowed by a OOR pattern can determines the ordering of 

physical degrees of freedom. In particular, the type of orbital ordering in perovskite 

vanadates RVO3 (R = rare earth metal) is largely dependent on the OOR, whose symmetry 

is orthorhombic [12]. The RVO3 has 3d2 electronic configuration with low-temperature 
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ordering of dzx and dyz orbitals. Depending on the rare earth ion, the RVO3 has a ground 

state orbital ordering of either G-type or C-type. This is due to a strong structural coupling 

between C-type ordering and the orthorhombic OOR pattern, so enhancing the OOR 

induces the transition from G-type to C-type orbital ordering [13]. 

The perovskite oxides possess various structural distortions such as the OOR, 

ferroelectricity, breathing distortion, Jahn-Teller distortion, and so on. Being a structural 

distortion, the OOR also interacts with the other structural distortions, in either cooperative 

or competitive way. For instance, the described charge and orbital orderings occur together 

with the breathing and Jahn-Teller distortion, respectively. The OOR is intimately related 

to the ferroelectric distortion as well, which will be discussed in chapter 3. 
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Figure 1.3. Control of oxygen octahedral rotation and associated charge, spin and orbital 

degrees of freedom. (a) Schematic description of bulk isovalent substitution of A-site cation. 

(b) Electronic phase diagram of RNiO3 (R = rare earth) depending on temperature and rare 

earth ion. (c) Doping-dependent magnetization of Sr1-xCaxMnO3. (d) Phase diagram of 

orbital ordering in RVO3 (R = rare earth) depending on temperature and rare earth ion. 

Adapted from [8,11,12]. 
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1.3 Heteroepitaxial manipulation of oxygen octahedral rotation  

 

The deterministic role of the OOR in the subtle interplay between charge, spin, 

orbital, and lattice degrees of freedom signifies that engineering the OORs are highly likely 

to realize novel phases of materials. However, conventional ways for controlling the OOR 

is limited by the choice of atoms and range of applicable pressure. In addition, some OOR 

patterns might be inaccessible at the given valence states of A- and B-site cations [14]. 

Much attention is being paid to developing effective means for the OOR engineering. 

Another unique feature of the ABO3 perovskite oxide is the three-dimensionally 

connected BO6 octahedra. The simple structures, strong connectivity, and broad range of 

physical properties give rise to a remarkably useful platform for constructing artificial 

heterostructures [15]. Here, if two materials with different OOR structures form a 

heterojunction, the continuity condition at the interface will enforce the modulation of the 

OOR [16]. Using this interfacial octahedral connectivity, both angles and patterns of the 

OOR have been successfully modulated in various interfaces including LaAlO3/SrTiO3, 

SrRuO3/SrTiO3, BiFeO3/La0.7Sr0.3MnO3, and NdNiO3/LaAlO3 interfaces.  

In this dissertation, we aim to explore novel phases of perovskite oxides by 

heteroepitaxially manipulating the OOR. We fabricate a high-quality epitaxial oxide 

heterostructures with atomically abrupt interfaces using pulsed laser deposition technique. 

Through engineering the angle and pattern of OOR, we can realize a novel room-

temperature ferroelectricity out of bulk nonpolar CaTiO3 and interfacial control of 

electronic phases in atomically thin SrRuO3 films. 
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Figure 1.4 Schematic description of perovskite oxide heterostructures and structural 

control. (a) Strain engineering by lattice-mismatched substrate. (b) Control of octahedral 

rotation by interfacial octahedral connectivity. Adapted from [15,16].
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Chapter 2 

Fabrication of epitaxial oxide heterostructures  

 

 

 

 

2.1 Preparation of perovskite oxide substrates 

 

2.1.1 Atomically flat and singly terminated substrates for 

constructing epitaxial oxide heterosturctures 

 

A variety of intriguing physics and highly tunable functionalities were 

discovered at the interfaces of perovskite oxide heterostructures during the last two 

decades [1, 2]. In these active research fields based on complex oxide heterostructures, 

precise control of interfacial structure on an atomic level is of great importance. 

Specifically, by artificially manipulating atomic termination sequence, we can stabilize 

and tune interfacial structure and associated physical phenomena which do not exist in 

bulk compounds. Fascinating examples include two-dimensional electron gas at a 

LaAlO3/SrTiO3 heterointerface [3], surface-termination-dependent electronic properties 

of LaNiO3 ultrathin films [4], interfacial control of ferroelectricity and tunneling 

conductance in ultrathin ferroelectric films [5-7], and interface dipole engineering of 

Schottky barrier [8].  



 

 

 

 

 

Chapter 2 

11 

 

Oxide heterostructures are usually grown epitaxially on single crystal substrates. 

Hence, an atomically flat, singly terminated substrate surface is indispensable for 

realizing sharp heterointerfaces. Such surfaces were first realized on SrTiO3 (001) 

substrates. SrTiO3 has a cubic perovskite structure with nominally non-polar SrO and 

TiO2 layers alternating along the [001] crystallographic direction. Thanks to the distinct 

solubility of SrO and TiO2 layers in acid, a uniformly TiO2-terminated surface can be 

prepared via etching the SrTiO3 substrate in buffered hydrofluoric acid [9, 10]. 

Subsequent thermal annealing forms a simple step-terrace structure with atomic-level 

roughness [11]. Therefore, atomically flat SrTiO3 substrates have been widely used to 

fabricate various complex oxide heterostructures. 

 

 

Figure 2.1 Surface structure of perovskite oxide single crystal substrate. (a) Rough, 

chemically inhomogeneous surface of as-received substrate. (b) Atomically flat, singly 

terminated surface of a well-prepared substrate. Adapted from [10]. 



 

 

 

 

 

Chapter 2 

12 

 

In this chapter, using LaAlO3 (001) as an example, we describe a method to 

prepare atomically flat and singly terminated oxide substrates. LaAlO3 (LAO) single 

crystal is another commonly used perovskite substrate for oxide thin film growth. LAO 

has a smaller pseudo-cubic lattice constant (3.789 Å ) than most of the perovskite-

structured transition metal oxides. This feature makes LAO an ideal template for strain 

engineering [12]. For instance, tetragonal-phase BiFeO3 can be epitaxially stabilized on 

an LAO(001) substrate with a compressive strain. [13]. The huge compressive strain 

between the film and the substrate (~ -4.5 %) gives rise to the large tetragonality and 

enhanced ferroelectric polarization. In addition, unlike SrTiO3 (001), the LAO(001) 

substrate has polar surfaces of LaO+ or AlO2
-. The polar surface can serve as a new 

electrostatic boundary condition and tune the electronic properties of epitaxial films [14, 

15].  

Despite such diverse use in oxide heterostructures, it is quite challenging to 

prepare an atomically flat and singly terminated LAO(001) surface. LAO can be 

conceptually viewed as a stack of alternating LaO+ and AlO2
- layers along the pseudo-

cubic [001] direction. The polar nature of these layers makes the structure unstable due to 

the diverging Coulomb energy cost. Ideal LAO(001) surface therefore can easily 

reconstruct either structurally or electronically in high temperature. It has already been 

demonstrated experimentally that the conventional methods of post-annealing a 

chemically treated LAO(001) substrate can easily result in a mixed LaO and AlO2 

termination [16]. During the high-temperature (> 930 ˚C) annealing process, a  

La4O5 surface reconstruction can also occur, which impedes the formation of singly AlO2-



 

 

 

 

 

Chapter 2 

13 

 

terminated LAO(001) surfaces [16, 17].  

The preparation of atomically flat and singly terminated LAO(001) substrates 

consists of high-temperature thermal annealing and subsequent deionized water leaching 

processes. The evolutions of the surface morphology with respect to the annealing 

conditions and leaching times were visualized using atomic force microscopy (AFM). We 

found that the LaO component at the LAO(001) surface can be gradually dissolved in 

water. Using co-axial impact-collision ion scattering spectroscopy (CAICISS), we 

confirmed that the final LAO(001) surface is uniformly terminated with an AlO2 layer. 

The AlO2-terminated surface is highly stable, even at high temperature up to 700 °C. 

Using its robust surface stability, we demonstrate that we can epitaxially grow other 

complex oxide films with an atomically sharp heterointerface. 

 

2.1.2 Experimental methods. 

 

We used commercial LAO(001) single crystal substrates (Crystec GmbH) with a 

miscut angle of less than 0.1. We prepared the atomically flat LAO(001) surface by 

thermal annealing and deionized water leaching. During the thermal annealing, LAO 

substrates were kept in a tube furnace under flowing oxygen at a flow rate of 0.5 L/min. 

The annealing was performed at 1,000, 1,100, or 1,200 °C for 3 hours. The annealed LAO 

substrates were then soaked in deionized water and sonicated for a particular time 

duration (tw). We characterized the prepared LAO(001) surfaces using AFM (Cypher, 

Asylum Research) in ambient conditions. The spring constant, resonance frequency, and 
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tip radius of used AFM probes are ~ 40 N/m, ~ 300 kHz, and < 10 nm, respectively 

(Tap300Al-G , Budget Sensors). 

We carried out CAICISS measurements on the treated LAO(001) substrates at 

room temperature in an ultrahigh vacuum chamber equipped with a CAICISS (TALIS-

9700, Shimadzu) analyzer and a 2 keV He ion source. The background gas pressure was 

kept at ~ 10-9 Torr. The ion scattering spectra were taken along the LAO [111] direction to 

identify the terminating layer of the crystals. The [111] direction of the crystals were 

identified by taking in-plane azimuth and out-of-plane polar angle scans of the He 

backscattering intensity and finding the symmetry point [18]. For an ideal perovskite 

structure, this would occur at an azimuth angle of 45° (along the in-plane [110] azimuth) 

and a polar angle of 35° from the crystal surface plane. 

We grew SrRuO3 (SRO) epitaxial film on atomically flat LAO(001) substrates 

using pulsed laser deposition (PLD). A polycrystalline SRO target was ablated with a KrF 

excimer laser at an energy density of 1.5 J/cm2 and a repetition rate of 3 Hz. During film 

growth, the LAO substrate temperature and oxygen pressure were maintained at 700 °C 

and 100 mTorr, respectively. The interfacial atomic structures of the SRO/LAO(001) film 

was characterized by scanning transmission electron microscope (STEM, JEM-ARM200F, 

JEOL). The cross-sectional high-angle annular dark-field scanning transmission electron 

microscope (HAADF-STEM) image was taken along the LAO [100] zone axis. 
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2.1.3 Thermal annealing 

 

First, we investigated the LAO(001) surface evolution under various thermal 

annealing conditions. We used AFM in tapping mode for the surface topography studies. 

Figure 2.3 shows the AFM topography of an as-received LAO(001) crystal surface. Note 

that the surface of the as-received LAO(001) substrate is rough and we cannot see step-

terrace structures. Figures 2.3(b)-(d) show that systematic changes occur during the 

thermal treatment process. Here, the as-received LAO(001) substrates were annealed at 

1,000 °C, 1,100 °C, and 1,200 °C for 3 hours in oxygen flow. As the substrate annealing 

temperature increases, the surface atoms rearrange through diffusion, leading to the 

formation of sharp step edges over time. In general, the surface smoothness improved, 

and eventually a well-ordered step-terrace structure formed at 1,200 °C. These 

experiments show that high-temperature thermal annealing is useful for forming an 

atomically flat step-terrace structure on an LAO(001) surface. 

To examine the detailed surface termination state in the annealed LAO(001) 

substrates, we performed AFM phase-imaging analysis. Figures 2.3(e)-(h) show the AFM 

phase images, which were taken simultaneously with the AFM topography images in the 

same substrate area. In the AFM phase images, a subtle change in the phase angle can 

arise from variation in the chemical composition on the surface of the specimen [19]. 

Using the phase contrast, we can observe spatial differences in the surface termination of 

an LAO(001) substrate [20, 21]. For the as-received LAO(001) substrate surface with a 

mixed termination (i.e., LaO and AlO2 layers), the spatial distribution of the phase 
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contrast is highly inhomogeneous. The step-edge and terrace regions exhibit different 

colors of bright and dark brown in the phase image, respectively. After annealing at 

1,000 °C, the phase contrast decreases significantly, and the AFM phase image becomes 

more uniform, with little color contrast. On the other hand, after annealing at 1,100 °C or 

higher temperature, the AFM phase images show a distinct contrast.  

 

 

 

 

Figure 2.2 Schematic description of tapping mode atomic force microscopy with a 

constant amplitude. In addition to the height (h), phase-shift signal (Φ) is obtained. The 

phase-shift depends on the dissipated energy on the sample surface, and can be used to 

detect local compositional change. Adapted from [19]. 
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Line profiles of AFM images provide further insight into the evolution of surface 

termination with annealing temperature. Figure 2.3(i) shows both topographic and phase 

line profiles of LAO after thermal annealing at 1,000 °C. Note that there is a peak-to-

valley height variation of about 0.4 nm (the blue line) and only slight phase variations 

(the red line). This indicates that the 1,000 °C-annealed LAO(001) has a singly 

terminated surface within the resolution of AFM imaging. This result is consistent with 

earlier reports of AlO2-terminated LAO(001) substrate surfaces via thermal annealing [22, 

23]. However, as shown in Fig. 2.3(b), there is strong meandering along the step edges 

and many holes in the terraces probably due to the low surface diffusion rate. This 

indicates that an atomically flat LAO(001) surface with straight step edges cannot be 

obtained after 1,000 °C annealing.  

Moreover, we cannot obtain a singly terminated surface of the LAO(001) 

substrate by increasing the annealing temperature to 1,200 °C. Figure 2.3(j) shows the 

topographic [phase] profiles for the 1,200 °C-annealed sample along the lines marked in 

Fig. 2.3(d) [Fig. 2.3(h)]. Although well-arranged step-terrace-like features are visible in 

Fig. 2.3(d), both the height and phase signals are spatially inhomogeneous within each 

terrace. Note that the peak-to-valley height difference corresponds to half a unit cell. The 

LaO and AlO2 sub-layers are alternately stacked in LAO(001) and the presence of half-

unit-cell height differences demonstrates that the surface termination in the bright and 

dark regions must be different. It is probable that surface reconstruction, cation 

segregation, or the intermixing of La and Al atoms near the surface occur, driven by the 

entropy [16, 24]. This would lead to a non-uniform surface termination. Unlike the as-
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received substrate, the segregation of the two different surface terminations is in the scale 

of several hundred nanometers. This surface evolution after high-temperature annealing 

was constantly observed irrespective of the pretreatment method (e.g., acid etching), 

which is consistent with the earlier study [16]. Hence, using thermal treatment as the final 

procedure is not sufficient for obtaining an atomically flat and singly terminated 

LAO(001) surface. 
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Figure 2.3 Surface topography evolution of single crystal LaAlO3 (001) [LAO(001)] 

under various thermal annealing conditions. Atomic Force Microscopy (AFM) height 

[phase] images measured from (a) [(e)] as-received LAO(001), LAO(001) after annealing 

at (b) [(f)] 1,000 ℃, (c) [(g)] 1,100 ℃, (d) [(h)] 1,200 ℃ for 3 h in oxygen flow. The 

white scale bars in (a)-(h) are 250 nm long. All images have dimensions 1 m × 1 m. 

(i)-(l) Line profiles of the height and phase along, respectively, the blue and red lines in 

(a)-(d) and (e)-(h).  
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2.1.4 Chemical etching 

 

In order to achieve an ideal LAO(001) surface for film growth, we developed a 

new substrate preparation method. We reversed the conventional substrate preparation 

method consisting of chemical treatment and following post-annealing. Namely, we start 

with pre-annealing LAO(001) at 1,200 °C to construct a step-terrace structure on an 

LAO(001) substrate surface. We then use a deionized water leaching process to obtain a 

single surface termination. Deionized water leaching has already been shown to be 

effective in controlling the surface termination of perovskite oxides such as SrTiO3 (001) 

[25] and BaSnO3 (001) [26]. During the water leaching process, water-soluble La(OH)3 

may be created on the LAO(001) surface [27]. It is possible that the deionized water only 

acts as an etchant for the La(OH)3.  

The tw-dependent evolution of the surface morphology during the water leaching 

process was found to be rather complicated. Figure 2.4 shows the AFM images taken 

after the water leaching process for each tw. Note that all topography images display a 

well-defined step-terrace structure produced by the pre-annealing process. The annealed 

LAO(001) substrate (tw = 0 min) in the AFM topography image in Fig. 2.4(a) exhibits a 

step-terrace structure, but a color contrast emerges in its phase image [inset of Fig. 2.4(a)]. 

The line profiles of the height and phase responses [Fig. 2.4(e)] clearly show a half-unit-

cell height difference and non-zero phase differences, respectively, as discussed earlier. 

Surprisingly, as shown in Figs. 2.4(b) and 2.4(f), a short treatment (tw = 1 min) with 

deionized water produces an atomically flat surface with a step-terrace structure. 
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However, as shown later, this surface is not suitable for practical film growth due to the 

poor stability in high temperature and moisture. As shown in Fig. 2.4(i), further deionized 

water treatment (tw > 1 min) makes the surface rougher at first but smoother at the end (tw 

> 120 min). For example, Figs. 2.4(c) and 2(g) show that after water leaching for 60 

minutes, the LAO(001) surface is very rough with a mixed termination. When tw is longer 

than 120 minutes, we can obtain a very smooth LAO(001) substrate again. As shown in 

Fig. 2.4(d), the step-terrace morphology of the water-leached LAO(001) substrate (tw = 

120 min) is very sharp and there is no phase contrast [inset of Fig. 2.4(d)]. In the 

corresponding height and phase profiles [Fig. 2.4(h)], steps are one-unit-cell high and the 

phase signals show no contrast. For even longer tw > 120 min, the surface termination and 

roughness do not show notable changes. The tw-dependent evolution in Fig. 2.4 implies 

that we can obtain a stable and singly terminated LAO(001) surface with pre-annealing at 

1,200 °C and following deionized water treatments for longer than 2 hours.  
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Figure 2.4 Surface topography evolution of annealed LAO(001) surfaces during 

deionized water leaching. (a)–(d) AFM height images of annealed (1,200 ℃ for 3 h in 

oxygen flow) LAO(001) single crystal after ultrasonic agitation in deionized water for 

leaching times (tw) = 0, 1, 60, and 120 min. The white scale bars in (a)  is 250 nm long. 

All images have dimensions 1 m × 1 m. The inset in (a)–(d) shows the corresponding 

phase images. (e)–(h) Line profile of height and phase along the blue lines in (a)-(d). (i) 

tw-dependent surface roughness of LAO(001) surfaces. 
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2.1.5 Surface termination analysis by ion scattering spectroscopy 

 

We performed CAICISS analysis to determine quantitatively the chemical 

compositions of the terminating layers in the water-leached LAO(001) surfaces [29]. As 

shown in Fig. 2.5(a), when the He ion beam is aligned along the [111] direction of the 

LAO(001) substrate, only the cations of the topmost atomic layer can cause 

backscattering [30]. All the other cations in deeper layers are hidden due to the shadowing 

effect. Figure 2.5(b) shows the time-of-flight (TOF) spectra of scattered He ions, taken 

along the [111] crystal direction. The TOF spectra contain distinct scattering peaks for He 

collisions from La, Al, O, and C atoms at the LAO(001) surface. In addition to the signals 

from the directly backscattered He, there is a broad background associated with multiple 

scattering events. The backscattering peak intensities were obtained by Gaussian profile 

fitting (shown in blue, cyan) combined with a smoothly varying polynomial fitted to 

multiple scattering & background (shown in gray). The scattering peaks of lighter atoms 

tend to spread to longer flight times. We used two Gaussians (shown in red) for the 

oxygen peak fitting to account for the asymmetric peak shape. Since we focus on cations 

(La, Al), this oxygen peak fitting doesn’t influence our analysis. The peak area was 

normalized by the theoretical scattering cross-section for each element, which is 

approximately proportional to the square of the scattered atomic mass. The surface 

termination can then be analyzed by looking at La : Al scattering intensity ratio. 

As shown in Fig. 2.5(b), the CAICISS peak intensities exhibit dramatic changes 

with tw. In the case of the high-temperature-annealed but non-leached substrate (tw = 0 
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min), the plot in Fig. 2.5(b) appears to show a large La scattering peak seemingly with a 

La : Al = 7 : 1 peak area ratio. Since the peak areas need to be normalized by scattering 

cross sections, normalized La : Al ratio is 1 : 4. Assuming a perfect perovskite structure, 

about 20 % of the surface appears to be terminated by the LaO layer and the rest area is 

terminated by AlO2 layer. Note that this ratio may have some uncertainty due to the small 

intensity of Al peak. Still, it does qualitatively confirm that a considerate amount of La is 

present on the surface. The La intensity dramatically decreases after the deionized water 

leaching process, while the Al peak intensity nearly triples for the tw = 120 min sample. 

Normalized La : Al ratio is approximately 1 : 26 for tw = 1 min and 1 : 105 for the tw = 

120 min samples. We can thus conclude that the area of LaO-terminated regions 

significantly decreases during the water leaching, and the tw = 120 min sample has a 

singly terminated AlO2 surface. This result is consistent with the rapid dissolution of LaO 

species in water.  
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Figure 2.5 Co-axial impact collision ion scattering spectroscopy (CAICISS) analysis on 

LAO(001) surfaces. (a) Schematic illustration of CAICISS setup. (b) CAICISS spectrum 

of LAO(001) surfaces with tw = 0, 1, and 120 with the fitted peaks of La, Al, O, and C. 
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2.1.6 Possible surface structures of LaAlO3 (001) substrates after 

water leaching 

 

The nearly ideal AlO2 surface termination achieved in this study might be 

serendipitous. Note that a polar AlO2
- surface without charge screening should be 

energetically unstable due to a polar catastrophe arising from the surface potential. A 

mixed termination state would, therefore, be energetically preferred on the LAO(001) 

surface and is indeed observed in the cases of the crystals annealed at high temperature. 

Recently, it was theoretically predicted that the negative polarity of the surface AlO2
- 

layer can be compensated for by hydration or the formation of oxygen vacancies, which 

can stabilize uniform AlO2 termination on LAO(001) surfaces [31]. Considering the fact 

that hydrated Al(OH)3 is slightly soluble in water [32], an AlO2-terminated LAO(001) 

surface would not be sustainable in the water leaching process. Hence, it is more 

plausible that the AlO2 surface termination layer in the LAO(001) substrate might be 

oxygen-deficient, that is, AlO2- . However, determination of the oxygen vacancy density 

in the surface layer is quite difficult for any oxide material. Further investigations are 

highly desirable to determine the actual stoichiometry of the topmost atomic layer. 

It is notable that a seemingly singly terminated surface appears in the 

intermediate stage of the water leaching process (tw = 1 min). The AFM topography and 

phase images [Fig. 2.4(b)] suggests that the intriguing surface might be atomically flat 

with one-unit-cell high steps. Namely, it is actually similar to the single homogeneous 

layer case with a nearly zero phase contrast. However, this surface morphology is not 
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stable during the further water leaching. We also tested the surface stability of the tw = 1 

min sample during further reannealing and compared it with the case of the tw = 120 min 

sample. The samples were annealed again at 700 °C in a high vacuum (an oxygen partial 

pressure of 10-6 Torr) for 1 hour. We found that the tw = 1 min sample surface cannot 

remain atomically flat and singly terminated, while the tw = 120 min sample surface 

remains intact [28]. Furthermore, as shown in Fig. 2.4(c), the uniform termination of the 

tw = 1 min surface degrades over several tens of minutes of continuous water leaching 

treatments. Some regions with height differences of half a unit cell reappear, leading to a 

mixed termination state on the LAO(001) surface. Therefore, the tw = 1 min LAO(001) 

substrate is not suitable for the practical growth of complex oxide films and 

heterostructures.  

The CAICISS experiments also indicated that the tw = 1 min LAO(001) surface 

has incomprehensive stoichiometry. They showed that the La : Al ratio is about 1 : 26, 

which means that the surface is Al-rich. Based on the polar-angle-dependent CAICISS 

measurements discussed in the Supplemental Material, the crystallinity of the topmost 

unit cell layer appears to be low [28]. Possible mechanisms that can explain the AFM and 

CAICISS results include the presence of a particular surface reconstruction or, more 

likely, a layer with either La vacancy defects or La-Al antisite substitutions [24]. Further 

studies are required to understand the atomic-scale origin of this intermediate surface. 

The incomprehensive stoichiometry also makes it difficult to use the tw = 1 min 

LAO(001) substrate for practical oxide thin film growth. 
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2.1.7 Fabrication of an abrupt oxide heterointerface on LaAlO3 

(001) surfaces 

 

The real impetus of our studies is to secure a method to grow atomically sharp 

heterointerfaces with the AlO2-terminated LAO(001). We corroborated the availability of 

the AlO2-terminated LAO(001) substrate for the growth of oxide thin films. Here we 

grew a prototypical SRO film via PLD on the AlO2-terminated LAO(001) substrate 

prepared by water leaching. We investigated the atomic termination sequence of the 

SRO/LAO(001) heterointerface with the STEM. As shown in Fig. 2.6(a), the HAADF 

image confirmed the atomically sharp SRO/LAO interface. To determine the stacking 

sequence at the interface, we plotted the intensity profile integrated along the yellow 

dashed box. The peak intensities of atoms (Sr, Ru, La, and Al) are determined by the 

atomic number. As shown in Fig. 2.6(b), the profile signifies an interfacial stacking 

sequence of RuO2-SrO-AlO2-LaO. This demonstrates that the AlO2-terminated LAO(001) 

prepared by water leaching is highly stable even in the usual deposition environment of 

complex oxide thin films. The physical adsorbates (e.g., water molecules, carbonates) that 

may occur during the water leaching process appear to be effectively removed by the 

high-temperature deposition environment. Therefore, this substrate preparation method 

can be applicable for realizing atomically sharp heterointerfaces on LAO(001) substrates. 



 

 

 

 

 

Chapter 2 

29 

 

 

Figure 2.6 Cross-sectional scanning transmission electron microscopy (STEM) analysis 

on SrRuO3/LaAlO3 (001) interfaces. (a) High angle annular dark field (HAADF) STEM 

image with the zone axis along the [100]-orientation of LaAlO3. (a) HAADF-STEM 

analysis on the yellow box in (a). (c) Line profiles of STEM intensity along the yellow 

dashed boxes in (b). 
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2.1.8 Other substrates 

 

In this thesis, we used a variety of perovskite oxide substrates to fabricate 

complex oxide heterostructures. As in the case of the LaAlO (001), the preparation 

methods consist of surface crystallization by thermal annealing, and selective chemical 

etching if necessary. As examples, the atomically flat and singly terminated surfaces of 

LaAlO3 (001), SrTiO3 (001), LSAT (001), and GdScO3 (110) is shown in Fig. 2.7.  

 

 

Figure 2.7 Atomically flat and singly terminated surfaces of LaAlO3 (001), LSAT (001), 

SrTiO3 (001), and GdScO3 (110).  
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2.2 Pulsed laser deposition of epitaxial oxide heterostructures 

 

2.2.1 Pulsed laser deposition     

 

Pulsed laser deposition (PLD) is a physical vapor deposition technique for thin 

film growth [33,34]. The PLD of thin film is schematically shown in Fig. 2.8. It is 

conducted inside ultra-high vacuum chamber with appropriate gas environments (O2, O3, 

Ar, H2, and so on). In the process, a high-energy pulsed laser is focused on a target of the 

material that is to be deposited. The focused laser ablates the target, creates a plasma 

plume, and finally transfers the materials to a substrate. Proper control of the substrate 

temperature and background gas allows the growth of the thin film.  

 

 

Figure 2.8 Schematic description of pulsed laser deposition and atomic-scale control of 

epitaxy. Adapted from [http://www.pascal-co-ltd.co.jp]. 
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The growth process of the PLD can be monitored and controlled through 

reflection high-energy electron diffraction (RHEED) technique [35]. In RHEED, a high-

energy (10 – 30 keV) electron beam is focused onto the surfaces of the substrate/film with 

a small incidence angle (0.1 – 5°). Due to the small incidence angle, the RHEED can 

interacts with only the few topmost layers, and do not disturb the ablated plasma plume. 

The incident electrons diffract from atoms at the surface of the substrate/film and form a 

diffraction pattern, which can be detected in photo-luminescent screen installed at the 

opposite side of the PLD chamber. The RHEED pattern provides information of crystal 

structure and morphology of the surfaces. Monitoring the RHEED intensity allows the 

real-time control of the growth in unit-cell scale. Figure 2.8 illustrates the RHEED 

monitoring process. During the growth of a film, the RHEED intensity reflects the 

completeness of the layer being deposited, as it depends on the kinds of atoms and 

surface roughness. In layer-by-layer growth, the RHEED intensity shows oscillatory 

behavior, and one oscillation corresponds to the growth of monolayer. Equipped with the 

RHEED, the PLD can carries out atomic-scale control of epitaxy. 

From many perspectives, the PLD is particularly useful technique for 

constructing complex oxide heterostructures and superlattices. A KrF excimer laser with a 

wavelength of 248 nm (5 eV) is commonly used for the PLD and can ablates most oxides 

whose band gap is usually lower than the photon energy. The highly kinetic plume can 

reach the substrate even at the high background gas pressure of up to 1 Torr. By using the 

wide range of background oxygen partial pressure, the PLD can effectively control the 

oxygen stoichiometry of the deposited oxide films. The nearly stoichiometric transfer of 
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the target materials to the substrate makes the PLD suitable for growing multi-component 

complex oxides. In addition, thin films can be deposited with only the preparation of 

additional targets, providing excellent accessibility to the growth of various materials. 

Combining these features, the PLD offers a fast and versatile fabrication of epitaxial 

oxide heterostructures in which a wide range of properties are integrated with atomic-

scale precision.    

  

 

Figure 2.9 Pulsed laser deposition systems in use. 
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2.2.2 Parameters of pulsed laser deposition      

 

The most important factor in the optimization of ABO3 perovskite oxide thin 

films is the stoichiometry (A : B : O = 1 : 1 : 3). In general, the oxygen stoichiometry is 

controlled by the background gas pressure, and A/B ratio is optimized by adjusting a 

variety of the PLD parameters such as substrate temperature, background gas pressure, 

laser fluence, laser repetition rate, laser spot size, target-to-substrate distance, 

composition of target, and so on. In this chapter, the first three major PLD parameters are 

discussed.  

The substrate temperature determines the cation stoichiometry, thermodynamic 

stability, crystallinity, and growth mode. First, when the constituting A or B cation is 

volatile, as in case of SrRuO3 and SrIrO3, increasing the substrate temperature evaporates 

the volatile species [36,37]. If the substrate temperature is properly optimized, a self-

regulated growth can be realized, which is not possible if both A and B cations are non-

volatile. Second, the higher the substrate temperature, the faster the film transits to the 

most stable state. For the given composition of the film, the high substrate temperature 

results in a ground state of the film and the enhanced crystallinity. Rather than the 

conventional layer-by-layer growth mode, step-flow growth (stable surface) and three-

dimensional growth (unstable surface) is preferred at the high temperature. 

The background gas pressure determines the cation stoichiometry, oxidation 

state. First, A and B cations have different masses and ionic radius, and accordingly 

different scattering cross-section with the background gas molecules. Background gas 
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pressure often selectively scatter the cation and induces non-stoichiometry during the 

PLD process. Second, the oxidation states of film are most directly dependent on the 

background gas pressure. Multiple oxidation states are unique and functional properties 

of the transition metal oxides. Precise control of the background gas pressure can stabilize 

the target oxidation states. In extreme cases, the abnormal Co4+ and Mo4+ states have been 

stabilized as perovskite oxide films using the ozone (O3) and hydrogen (Ar + H2) 

atmospheres, respectively [38,39]. 

The laser fluence determines the cation stoichiometry and formation of defects. 

First, although the detailed mechanism is not clear, the cation stoichiometry is highly 

dependent on the laser fluence in almost all known PLDs of ABO3 film [40]. Second, the 

high laser fluence increases the kinetic energy of the plasma plume and the defect density 

of the resulting films [41]. The defect formation can also be mediated by increasing the 

background gas pressure. The increased scattering of the background gas can reduce the 

kinetic energy of the plume. The laser fluence is particularly important in the sense that it 

allows selective control of the aforementioned factors without altering thermodynamic 

property and oxidation state of the film.  

 

2.2.3 Optimization of high-quality perovskite oxide thin films 

 

A complicated growth mechanism of the PLD require careful control of each 

growth parameters. Each of the parameter can seriously affect the stoichiometry of films 

and their physical properties. Lattice parameter is a good indicator for the stoichiometry 
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and the quality of the thin films. Stoichiometric films usually have a locally extremum of 

the lattice parameter. The growth optimization of perovskite titanates is shown in Fig. 

2.10. At fixed substrate temperature and background gas pressure, we systematically 

varied the laser fluence to grow several CaTiO3/LSAT (001), SrTiO3/SrTiO3 (001), and 

BaTiO3 /GdScO3 (110) thin films. The stoichiometric CaTiO3 and SrTiO3 tends to have 

minimum c-axis lattice constants, while the stoichiometric BaTiO3 has the maximum. 

Similar trends have been reproduced by molecular beam epitaxy of perovskite titanates 

films [42-44]. 

 

 

Figure 2.10 Optimization of the PLD of perovskite titanates by varying laser fluence 
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2.3 Summary 

 

In summary, we realized atomically flat, singly terminated surfaces of perovskite 

oxide substrates via thermal annealing and chemical etching. On the well-defined 

substrate surfaces, we grow epitaxial oxide thin films using pulsed laser deposition. The 

cation stoichiometry of the films was carefully optimized by varying the PLD parameters. 

The methods described in this chapter would realize high-quality epitaxial oxide 

heterostructures and facilitates the exploration of exotic phenomena at complex oxide 

heterointerfaces. Throughout this dissertation, we prepare epitaxial oxide heterostructures 

using the methods.  
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Chapter 3 

Stabilizing hidden room-temperature ferroelectricity via a 

metastable atomic distortion pattern 

 

 

 

 

Nonequilibrium atomic structures can host exotic and technologically relevant 

properties in otherwise conventional materials. Oxygen octahedral rotation (OOR) forms a 

fundamental atomic distortion in perovskite oxides, but only a few OOR patterns are 

predominantly present at equilibrium. This has restricted the range of possible properties 

and functions of perovskite oxides, necessitating the utilization of nonequilibrium OOR 

patterns. Here, we report that a designed metastable OOR pattern leads to robust room-

temperature ferroelectricity in CaTiO3, which is otherwise nonpolar down to 0 K. Guided 

by density functional theory, we selectively stabilize the metastable OOR pattern, distinct 

from the equilibrium pattern and exceptionally cooperative with ferroelectricity, in 

heteroepitaxial films of CaTiO3. Atomic-scale imaging combined with deep neural network 

analysis confirms a close correlation between the metastable OOR pattern and 

ferroelectricity. This work reveals a hidden but functional OOR pattern and opens new 

avenues for designing novel multifunctional materials. 
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3.1 Background 

 

3.1.1 Pattern of oxygen octahedral rotation 

 

The octahedra can rotate along each of the three Cartesian axes. For each axis, the 

OOR can be in-phase or out-of-phase with respect to the neighboring plane of octahedra. 

The patterns of the OOR have been classified using the Glazer notation [1]. The Glazer 

notation refers to the OOR along a particular Cartesian axis as a+ (–) in which a indicates 

amount of rotation and + (–) indicates in-phase (out-of-phase) rotations. For the case of no 

rotation, a0 is used. Figure 3.1 depicts the Glazer notation of the 23 possible OOR pattern. 

 

 

Figure 3.1 (a) Schematic description of in-phase and out-of-phase octahedral rotation. (b) 

List of possible octahedral rotation pattern. Adapted from [1,2]. 
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Despite the various patterns of the OOR, there has been a serious imbalance in the 

reported OOR pattern of known materials (Fig. 3.2) [2]. Only 15 OOR patterns have been 

reported, and they can be divided into three groups listed in Fig. 3.2(b). High-symmetry 

OOR patterns in group A are found from the perovskites composed of a single A-site cation. 

When there are multiple A-site cations, the OOR patterns in group B appears. The low-

symmetry OOR patterns in group C are observed as intermediates in a phase transition 

between two of the higher symmetry patterns. It is notable that most perovskite bulks adopt 

the orthorhombic (Pnma) structure, corresponding to the a–b+a– OOR pattern in Glazer 

notation. Such predominance of the a–b+a– OOR pattern has prevented full structural 

exploitation of perovskites. 

 

 

Figure 3.2 (a) Distribution of tilt systems among known perovskites with a single 

octahedral cation. (b) The 15 tilt systems, space groups of observed structures reported for 

simple perovskites. Adapted from [2]. 
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3.1.2 Ferroelectricity 

 

Ferroelectricity is a property of materials that have a spontaneous electric 

polarization that can be reversed by the application of an external electric field [3]. Because 

of the unique feature, the polarization is dependent on not only the current electric field but 

also its history, producing a hysteresis loop. It can be used as a non-volatile memory, where 

up and down polarization may correspond to “0” and “1”. Among perovskite oxides, the 

first ferroelectricity was discovered in BaTiO3. In the BaTiO3, the polarization emerged 

through the displacements of cations relative to the centrosymmetric position (Fig. 3.3). 

Then, the discovery of various ferroelectric perovskite oxides including PbTiO3, KNbO3, 

LiNbO3, and BiFeO3 followed, and perovskite oxides becomes the most important class of 

materials in the research on ferroelectricity.  

 

 

Figure 3.3 Schematic description of ferroelectricity in ABO3 perovskite oxides. The 

displacements of cation produce spontaneous and switchable electric polarization.
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3.1.3 Structural coupling between OOR and ferroelectricity 

 

The most common a–b+a– OOR pattern has been shown to compete with an 

important functional property, namely ferroelectricity [4]. The a–b+a– OOR pattern induces 

A-site antipolar displacements, and it plays a crucial role in suppressing the ferroelectric 

distortion. As a result, most Pnma perovskites remain paraelectric, even down to 0 K, 

whereas their cubic phases could have instability for both ferroelectric and OOR distortions. 

This has motivated recent attempts to utilize nonequilibrium OOR, e.g., via artificial 

heteroepitaxy [5-7]. Despite extensive works [8-11], however, there is still a lack of studies 

on engineering the pattern itself of OOR and then generating novel functionalities. Thus, it 

will be of great interest to design and stabilize a nonequilibrium OOR pattern, distinct from 

the original a–b+a– pattern and compatible with ferroelectricity.  

 

 

Figure 3.4 Schematic description of competitive coupling between ferroelectricity and 

OOR in a–b+a– OOR pattern. 
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In this chapter, we designed a means to stabilize a nonequilibrium OOR pattern 

of CaTiO3 in oxide heterostructures. Unlike the original a–b+a– pattern, the metastable OOR 

pattern appears to be compatible with ferroelectricity, leading to the emergence of room-

temperature ferroelectricity. Moreover, we combined transmission electron microscopy 

techniques with deep neural network analysis and revealed the strong coupling between the 

metastable OOR pattern and ferroelectricity. Our work suggests that engineering the 

nonequilibrium OOR pattern unveils the hidden functionalities of materials. 

 

3.2 Experimental methods 

 

3.2.1 Growth and characterization of thin films 

 

Commercially available LaAlO3 single crystal substrates (Crystec GmbH, 

Germany) were used. Prior to the growth, LaAlO3 (111) and (001) substrates were dipped 

in deionized water and sonicated for 2 hours. Then, the substrates were annealed in the 

growth chamber in-situ. The annealing temperature, background gas pressure, and 

annealing time were 1,000 °C, <1.0×10–7 mTorr of pure oxygen, and 1 hour, respectively. 

Using this procedure for preparing substrates, we realized clean (111)-oriented 

heterointerfaces despite the high surface polarity. We observed no structural defects or 

interfacial disorder over a large area.  

CaTiO3 and LaNiO3 thin films were grown using PLD. For the growth of thin 

films, the substrate temperature and background oxygen partial pressure were kept at 
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600 °C and 10 mTorr, respectively. Polycrystalline Ca1.1TiO3.1 and LaNiO3 targets were 

ablated with a KrF excimer laser (LPXpro, Coherent, USA). The in-situ RHEED intensity 

monitoring shown in Fig. 3.5(a) indicates layer-by-layer growth of CaTiO3 on the LaAlO3 

(111) substrate. The grown films had smooth surfaces with step and terrace structures [Fig. 

3.5(b)].  

X-ray diffraction (XRD; AXS D8 with a Vantec line-detector, Bruker, USA) was 

used for structural analysis of thin films. All films were epitaxially grown on the LaAlO3 

(111) substrates and clear Kiessig fringes are seen [Fig. 3.5(c)]. For ultrathin films with a 

thickness of several nanometers, we used Huber six-circle diffractometers at Sector 3A of 

the Pohang Light Source. 

 

 

Figure 3.5 Characterization of CaTiO3/LaAlO3 (111) thin films. (a) RHEED intensity 

monitoring showing layer-by-layer growth of CaTiO3 thin film on LaAlO3 (111) substrate. 

(b) AFM height image of 2.5 nm-thick CaTiO3/LaAlO3 (111) thin film. (c) X-ray diffraction 

(XRD) data on CaTiO3/LaAlO3 (111) thin films, measured around LaAlO3 (111) diffraction 

peaks. CaTiO3 are epitaxially grown on LaAlO3 (111) substrates. 

0.8 0.9 1.0 1.1 1.2

X
R

D
 i
n

te
n

s
it
y
 (

a
rb

. 
u

n
it
s
)

L (111)

10.5 nm

5.2 nm

2.6 nm

ba c

50 100 150

R
H

E
E

D
 i
n
te

n
s
it
y
 (

a
rb

. 
u

n
it
s
)

time (sec)
Height (pm) 120–120

L
a

A
lO

3

C
a

T
iO

3



 

 

 

Chapter 3 

 

48 

 

3.2.2 Piezoresponse force microscopy (PFM) 

 

Switchable ferroelectric polarization was confirmed using scanning probe 

microscopy (Cypher, Asylum Research, UK) with conductive probes (PPP-EFM, 

Nanosensors). Dual AC resonance tracking PFM was used to read/write bi-polar domain 

patterns and obtain d33 values as a function of the applied voltage. To exclude the 

contribution of electrostatic force to PFM signals, PFM was performed at higher-harmonic 

resonance frequency near 900 kHz. 

 

3.2.3 Density functional theory calculation 

 

We performed first-principles DFT calculations within the local density 

approximation (LDA) using the Vienna ab-initio simulation package (VASP). The projector 

augmented wave method was used with an energy cut-off of 500 eV. The Brillouin zone 

was sampled with an 8 × 8 × 8 k-point grid for the 5-atom unit cell of rhombohedral CaTiO3 

and a 4 × 4 × 4 k-point grid is used for a 2 × 2 × 2 supercell with 40 atoms to accommodate 

the relevant octahedral rotations and polar distortions. Convergence was reached if the 

consecutive energy difference is less than 10–6 eV. The structural relaxation was conducted 

with a force threshold of 0.001 eV Å–1. The polarization was calculated using the Berry-

phase method as implemented in VASP. The phonon dispersion was calculated using the 

density functional perturbation theory implemented in the VASP and phonopy with an 

increased energy cut-off (600 eV) and convergence threshold (10–8 eV). 
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3.2.4 Second harmonic generation (SHG) 

 

The symmetry of CaTiO3 thin films grown on (001) and (111) LaAlO3 substrate 

was characterized by SHG. Figure 3.6 displays the experimental set-up for the SHG. The 

800-nm femtosecond wave, with an 80-MHz repetition rate and 30-fs duration, was 

irradiated on the thin films with an incidence angle of 45° as a fundamental wave (Vitara-

T, Coherent). We focused the beam spot size into 1–30 μm. The polarization states of a 

fundamental and generated second harmonic wave were controlled to be p- or s-

polarization by a half-wave plate and polarizer, respectively. To avoid the detection of the 

fundamental wave, we isolated the second harmonic wave using the short pass and 

bandpass filters. We monitored the intensity of the second harmonic response using a 

photomultiplier tube at the end of the optical path. 

 

 

Figure 3.6 Experimental set-up for reflection second harmonic generation. 800-nm 

femtosecond wave is irradiated on the sample with an incidence angle of 45 degrees. “p” 

(“s”) indicates parallel (perpendicular) polarization with respect to the plane of incidence. 
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3.2.5 Scanning transmission electron microscopy (STEM) 

 

Cross-sectional specimens oriented along the [11̅0] direction of both samples were 

prepared by conventional mechanical flat polishing with less than 10 μm thickness. 

Mechanically polished samples were further milled using a 3 keV Ar ion beam for 

CaTiO3/LaAlO3 (001) and 2 keV for CaTiO3/LaAlO3 (111) and using a 0.1 keV Ar ion beam 

for removing surface damage from both samples (PIPS II, Gatan, USA). ABF-STEM 

images for light elements, i.e., oxygen, were acquired using STEM (ARM 200F, JEOL, 

USA) at 200 kV with a spherical aberration corrector (ASCOR, CEOS GmbH, Germany) 

for each of the CaTiO3/LaAlO3 (001) and (111) samples with a convergence angle of 27 

mrad. Additionally, to minimize the electron beam-induced phase transition of the 

metastable CaTiO3/LaAlO3 (111) sample, imaging was also conducted at an 80-kV 

accelerating voltage with a convergence angle of 27 mrad. 

 

3.3 Results and Discussion 

 

3.3.1 Theoretical survey on nonequilibrium octahedral rotation 

pattern 

 

Taking CaTiO3—the first discovered perovskite compound—as a model system, 

we explore the feasibility of achieving ferroelectricity via its nonequilibrium OOR patterns. 

Bulk CaTiO3 has the Pnma space group symmetry and the a–b+a– OOR pattern below 1512 
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K [12] and exhibits a stable nonpolar, paraelectric phase down to 0 K; bulk CaTiO3 exhibits 

antipolar Ca displacements. It is notable that CaTiO3 is an incipient ferroelectric material 

with a negative Curie–Weiss temperature [13-15], so that it has potential to be engineered 

into a ferroelectric phase. Of the 23 possible OOR patterns, we focus on 10 patterns, since 

the other patterns rarely occur in a single ABO3 compound [2]. According to our density 

functional theory (DFT) calculations [Fig. 3.7(c)], the nonpolar Pnma with the a–b+a– OOR 

pattern has the lowest energy, consistent with the bulk crystal structure of CaTiO3. The 

highest energy is seen in the cubic Pm3m  without OOR (i.e., a0a0a0), which is highly 

unstable due to the small size of the A-site Ca ion [16]. The other eight OOR patterns are 

located in between and, to the best of our knowledge, have not been reported in bulk CaTiO3. 

Our theory predicts that among the eight OOR patterns, a–a–a– and a+a+c– allow for polar 

structures with the space groups R3c and P42/mc, respectively. Given their moderate energy 

cost (as small as 100 meV f.u.−1), our DFT calculations indicate the possibility to 

thermodynamically stabilize the nonequilibrium a–a–a– or a+a+c– pattern and then achieve 

ferroelectricity in CaTiO3. 

Here, we take a–a–a– [Fig. 3.8] as the target OOR pattern of CaTiO3 due to its 

experimental accessibility, which is discussed later. Our first-principles calculation finds 

no unstable phonon mode in the polar R3c with the a–a–a– OOR pattern, indicating its 

metastability [Fig. 3.7(f)]. The calculated polarization value, P, of the R3c CaTiO3 is 44 μC 

cm−2, and the energy barrier, ΔE, for polarization switching is 16 meV f.u.−1. These values 

are comparable to those of archetypal ferroelectric perovskites [17], such as BaTiO3 (P = 

20 μC cm−2, ΔE = 11.6 meV f.u.−1) and PbTiO3 (P = 78 μC cm−2, ΔE = 32.6 meV f.u.−1), 
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whose ferroelectric transition temperatures are 393 and 760 K, respectively. Therefore, 

artificial stabilization of the metastable a–a–a– OOR pattern may result in robust room-

temperature ferroelectricity—hitherto hidden at equilibrium—in CaTiO3. 

 

 

Figure 3.7 (a) Atomic structure of ABO3 perovskite with an a–b+a– OOR pattern (Pnma). 

(b) a–b+a– OOR pattern, showing out-of-phase rotation along the a- and c-axes and in-phase 

rotation along the b-axis. (c) DFT calculation of the energy landscape for various OOR 

patterns of CaTiO3. The total energy for Pnma is set to zero. Five structures (R3c, P42/mc, 

P4mm, Amm2, and R3m) are predicted to be polar. (d) Atomic structure of ABO3 perovskite 

with an a–a–a– OOR pattern. (e) a–a–a– OOR pattern, showing out-of-phase rotation along 

all the axes. (f) Energy barrier between the Pnma and metastable R3c phases of CaTiO3.  
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Figure 3.8 (a-c) DFT calculation of CaTiO3 with Pnma (a), R3c (b), and R3c (c) structures.  

 

3.3.2 Heteroepitaxial stabilization of metastable octahedral 

rotation pattern 

 

While the R3c CaTiO3 is metastable in bulk, with a calculated energy barrier of 

10 meV f.u.−1 [Fig. 3.7(f)], heteroepitaxial growth could make it more stable. Through 

simply modulating OOR angles [18], it might be difficult to covert the OOR pattern itself 

from a–b+a– (i.e., corresponding to Pnma) to a–a–a– (i.e., corresponding to R3c). To 

overcome this, we constrain CaTiO3 to the pseudo-cubic (111)pc plane of the LaAlO3 

substrate, which has the a–a–a– OOR pattern (note that we use a pseudo-cubic unit cell 

throughout and omit the pc subscript hereafter). Figures 3.9(a,b) emphasize that on the (111) 

plane, a–b+a– and a–a–a– OORs lead to disparate lattice symmetries; among the 10 possible 

OOR patterns, only the a–a–a– pattern allows for a regular hexagon network of A-site ions. 

Furthermore, the (111) interface maximizes the octahedral connectivity through three 
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metal-oxygen-metal bonding, so that the OOR pattern of CaTiO3 could more likely follow 

that of LaAlO3. Accordingly, coherent, epitaxial growth of CaTiO3 films on a LaAlO3 (111) 

substrate could effectively stabilize the a–a–a– OOR pattern [Fig. 3.8(c)] in CaTiO3. 

We fabricate high-quality CaTiO3 films on a LaAlO3 (111) substrate using a pulsed 

laser deposition (PLD) technique. As a nonequilibrium growth method [19], PLD could 

assist in achieving the metastable a–a–a– OOR pattern in CaTiO3 films. Atomic force 

microscopy and X-ray diffraction confirm that the films have smooth surfaces and high 

crystallinity. Previous works have reported experimental difficulties in achieving sharp, 

(111)-oriented heterointerfaces of perovskite oxides due to their high surface polarity [20]. 

In this work, we utilize in-situ annealing of a LaAlO3 substrate in ultra-high vacuum to 

achieve an atomically sharp CaTiO3/LaAlO3 (111) interface [21]. Given this sharp interface, 

the OOR pattern in CaTiO3 (111) films could follow that (i.e., the a–a–a– pattern) of the 

underlying LaAlO3 substrate. 

Using optical second harmonic generation (SHG) polarimetry, we identify the 

macroscopic polar point-group symmetry of CaTiO3 (111) films. Figure 3.9(d) shows a 

clear SHG signal in CaTiO3 (111) films, which best fits with the polar point group of 3m. 

This is consistent with our prediction that the CaTiO3/LaAlO3 (111) heteroepitaxy could 

stabilize the polar R3c phase with an a–a–a– OOR pattern in CaTiO3, belonging to the polar 

point group of 3m. Furthermore, the SHG studies show a typical thickness dependence of 

ultrathin ferroelectric films. While we observe a persistent SHG signal in films thicker than 

2.6 nm (i.e., 12 unit cells), the SHG signal disappears in films thinner than 1.3 nm (6 unit 

cells) [Fig. 3.10]. This size effect is an intrinsic characteristic in ultrathin ferroelectrics [22], 
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wherein ferroelectricity disappears at a finite critical thickness, e.g., due to depolarization 

field. Therefore, the observed SHG signal should arise solely from the bulk of CaTiO3 (111) 

films, rather than from their surfaces and interfaces. 

 

 

Figure 3.9 Heteroepitaxial stabilization of the a–a–a– OOR pattern in CaTiO3. (a) Structural 

mismatch between the a–b+a– and a–a–a– OOR patterns in the (111) plane. (b) Disparate in-

plane lattice symmetries of the a–b+a– and a–a–a– OOR patterns in the (111) plane. (c) 

Schematic diagram of OOR pattern engineering in the (111)-oriented heterointerface 

between a–b+a– and a–a–a– structures. (d) Optical second harmonic generation (SHG) 

signals from 2.6 nm-thick CaTiO3 (111) film (red) and LaAlO3 substrate (blue). “p” (“s”) 

indicates parallel (perpendicular) polarization of light with respect to the plane of incidence.  
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Figure 3.10 Critical thickness for ferroelectricity in CaTiO3/LaAlO3 (111) thin films. (a,b) 

Optical second harmonic generation (SHG) signals from 2.6 nm- (a) and 1.3 nm-thick (b) 

CaTiO3/LaAlO3 (111) thin films. “p” (“s”) indicates parallel (perpendicular) polarization 

with respect to the plane of incidence. 

 

3.3.3 Atomic-scale visualization of oxygen octahedral rotation 

 

Scanning transmission electron microscopy (STEM) can provide atomic-scale 

information on the OOR pattern, as well as ferroelectricity, of the films. In particular, 

annular bright field STEM (ABF-STEM) images are sensitive to light atoms (e.g., oxygen) 

[23], making them an effective tool for visualizing OOR patterns. Because OOR generally 

causes elongation of oxygen peaks in ABF-STEM images, qualitative analysis of such 
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elongated oxygen peaks can provide the means to identify the OOR pattern in the films 

[24]. Indeed, our ABF-STEM simulations, based on the calculated atomic structures in Fig. 

3.7(c), indicate that each OOR pattern has its unique oxygen peak feature in the [11̅ 0] 

projection: the a–a–a– OOR pattern has the elongated oxygen peaks aligned in one 

crystalline direction [Fig. 3.11(a)] and the a–b+a– pattern has the elongated oxygen peaks 

arranged in a zigzag-like pattern [Fig. 3.11(b)]. Importantly, this unique feature of the 

oxygen peak shapes allows the OOR pattern of the CaTiO3 films to be identified.  

Furthermore, we employ a deep neural network approach to identify the OOR 

patterns from the measured ABF-STEM images [25,26]. Identification of OOR patterns 

could be ambiguous, e.g., due to nontrivial experimental noise, difficulty in the 

quantification of shape information, or infinitesimal differences among OOR shapes. The 

deep neural network approach, however, can help us to identify OOR patterns beyond 

human cognition. Figure 3.11(c) displays the measured ABF-STEM image of CaTiO3 (111) 

films with a zone axis of [11̅0], exhibiting oxygen peaks elongated along the same direction. 

This is consistent with the simulated ABF-STEM image for the a–a–a– OOR pattern [Fig. 

3.11(a)]. Our deep neural network analysis indeed identifies the a–a–a– OOR pattern from 

the measured ABF-STEM image of CaTiO3 (111) films [Fig. 3.11(d)]. The ABF-STEM 

image also confirms that such an a–a–a– OOR pattern coexists with electric polarization in 

CaTiO3 (111) films [Fig. 3.11(e)], which is in good agreement with our theoretical 

prediction and SHG results. Figure 3.11(e) shows rather suppressed electric polarization 

near the bottom interface, which might originate from interface dipoles. In stark contrast, 

CaTiO3 (001) films, which differ from CaTiO3 (111) films only in their crystalline 
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orientation, show the a–b+a– OOR pattern and no electric polarization [Fig. 3.12]. This is 

consistent with the nonpolar Pnma phase of bulk CaTiO3. These results thus firmly validate 

our heteroepitaxial design principle for stabilizing the nonequilibrium OOR pattern and 

achieving polar CaTiO3 at room temperature. 

 

 

Figure 3.11 Atomic-scale analysis of the OOR pattern and polarity in CaTiO3 films. (a,b) 

Simulated annular bright-field scanning transmission electron microscopy (ABF-STEM) 

images along the zone axis of [11̅0] for a–a–a– (a) and [101] for a–b+a– (b) OOR patterns. 

(c–i) c and g show ABF-STEM images of 2.6 nm-thick CaTiO3 (111) film along the zone 
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axis of [11̅0], measured using 80-keV (c) and 200-keV (g) electron kinetic energy. d and h 

display the maps of OOR patterns, identified by deep neural network analysis, in the same 

regions as in c and g, respectively. Color indicates the probability of each OOR pattern. e 

and i present polarization vectors for each unit cell of the same regions as in c and g, 

respectively. Arrows denote the polarization direction; the stronger the polarization, the 

darker the arrow color. Strength of polarization is also expressed as a color map, ranging 

from white (weak) to red (strong). f illustrates a schematic free energy landscape, showing 

the relaxation of R3c state (a–a–a–) into Pnma state (a–b+a–).  
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Figure 3.12 Atomic-scale analysis of the OOR pattern and polarity of the whole 

CaTiO3/LaAlO3 heterostructure series. (a,e) ABF-STEM image of CaTiO3/LaAlO3 (111) 

heterostructure along zone axis [11̅0] under electron acceleration voltages of 80 kV (a) and 

200 kV (e). (b) Magnified and rotated image of the red dashed box (left) in a, with the 
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simulated ABF-STEM image of the a–a–a– OOR pattern shown below. (c) A magnified 

image of the red solid box (right) in a and corresponding OOR pattern of each 1 × 2 unit 

cell, obtained using a convolutional neural network (CNN). Color indicates the probability 

(similarity) of each OOR pattern. (d) Polarization map of each unit cell in the same region 

as c. Arrows denote the polarization direction and intensity; the stronger the polarization, 

the darker the arrow. Intensity of polarization is also expressed as a color map, ranging 

from white (week) to red (strong). (f) Magnified and rotated image of the blue dashed box 

(left) in e, with the simulated ABF-STEM image of a–b+a– OOR pattern shown below. (g) 

Magnified image of the blue solid box (right) in e and corresponding OOR map of the CNN. 

(h) Polarization map of the same region shown in g. (i) ABF-STEM image of 

CaTiO3/LaAlO3 (001) heterostructure along zone axis [11̅0] under an electron acceleration 

voltage of 200 kV. (j) A magnified image of the green dashed box (left) in i, with the 

simulated ABF-STEM image of the a–b+a– OOR pattern shown below. (k) Magnified image 

of the green solid box (right) in i and corresponding OOR map of the CNN. (l) Polarization 

map of the same region shown in k. 

 

3.3.4 Switchable and stable polarization at room-temperature 

 

Then, using piezoresponse force microscopy (PFM), we examine whether the 

electric polarization is switchable and stable—the signature of ferroelectricity—at room 

temperature. To apply an electric field, we prepare CaTiO3 films on a LaAlO3 substrate 

buffered with LaNiO3 films as the bottom electrode. Given that LaNiO3 has the R3c 
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structure with an a–a–a– OOR pattern, the same heteroepitaxy control of the OOR patterns 

in CaTiO3 [Fig. 3.9(c)] would work. Our PFM measurement reveals clear hysteretic 

behaviour [Fig. 3.13(a,b)], with a phase difference of around 180º in CaTiO3 (111) films, 

consistent with the typical ferroelectric responses under PFM. In contrast, CaTiO3 (001) 

films show almost no change in the PFM phase, and a negligible PFM amplitude [Fig. 

3.13(e,f)]. Accordingly, we exclude extrinsic electrochemical effects [27] as the origin of 

the PFM response in (111) films. Figure 3.13 verifies that the [111]-directed film growth is 

essential in stabilizing the ferroelectric state, as it not only guarantees the unique geometric 

constraint [Fig. 3.9], but also maximizes octahedral connectivity. Bipolar domain patterns 

[Fig. 3.13(c,d)] were writable and stable on CaTiO3 (111) films. The pristine domain 

structure of CaTiO3 (111) films was difficult to define. It could be due to the ferroelectric 

domain structure which can become mono-domain upon electrical poling [Fig. 3.13(c,d)]. 

We examined the stability of the written domains by monitoring the PFM signal 

as a function of time [Fig. 3.14]. The PFM signal gradually decays, following a power-law 

with a decay exponent of 0.145. Although comparable decay exponents have been reported 

in the relaxor ferroelectric phase of perovskite titanates, a similar relaxation has also been 

observed in prototypical ferroelectric films in ultrathin limit [28]. Based on our 

comprehensive DFT and STEM study, we attribute the relaxation behavior of the 

ferroelectric R3c-CaTiO3 to the huge depolarization field in ultrathin ferroelectric films. 

Taken together, our theoretical and experimental results consistently demonstrate that 

artificial stabilization of the nonequilibrium OOR pattern leads to robust room-temperature 

ferroelectricity in otherwise nonpolar CaTiO3 films. 
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Figure 3.13 Switchable and stable polarization in CaTiO3 (111) films. (a,b) Switching 

behavior of the piezoelectric phase (a) and amplitude (b) in 2.6 nm-thick CaTiO3 (111) film. 

(c,d) Bipolar domain patterns, written on the same CaTiO3 (111) film. Piezoelectric phase 

(c) and amplitude (d) show two stable ferroelectric domains. (e,f) Non-ferroelectric 

behavior of the piezoelectric phase (e) and amplitude (f) in 3.8 nm-thick CaTiO3 (001) film. 

(g,h) Absence of domain patterns in the same CaTiO3 (001) film. Piezoelectric phase (g) 

and amplitude (h) show absence of ferroelectric domains. 
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Figure 3.14 Stability of ferroelectric domain of R3c-CaTiO3. (a) Bipolar domain of R3c-

CaTiO3 which persists for an hour. (b) Time-dependent PFM amplitude of R3c-CaTiO3 

which follow a power-law with an exponent of 0.145. 

 

3.3.5 Discussion 

 

Our results highlight that we achieve both selective stabilization and atomic-scale 

imaging of the ferroelectrically active, nonequilibrium a–a–a– OOR pattern. Importantly, 

because nonequilibrium states inherently involve complex structural instabilities, it has 

been difficult to selectively stabilize them and resolve their atomic structures [29]. However, 

by using the moderate conditions in the STEM experiments (e.g., electron kinetic energy 

of 80 keV), we successfully resolve the newly stabilized a–a–a– OOR pattern at the atomic 

scale, without structural relaxation to the ground-state (a–b+a– pattern). This implies that 
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STEM imaging with higher electron energy would cause greater perturbation of the system, 

possibly resulting in structural relaxation from the a–a–a– to the a–b+a– OOR pattern [Fig. 

3.11(f)]. Indeed, when imaged with a higher electron kinetic energy (200 keV), the atomic 

structure relaxes to that of the a–b+a– OOR pattern, identified via deep neural network 

analysis [Fig. 3.11(g,h)]. Importantly, this relaxation of the OOR pattern coincides with the 

disappearance of electric polarization [Fig. 3.11(i)]. Furthermore, even after the OOR 

pattern is relaxed to a–b+a–, CaTiO3 still remains fully strained to the underlying LaAlO3 

substrate. This emphasizes that the epitaxial strain itself cannot stabilize the a–a–a– OOR 

pattern and resulting ferroelectricity in CaTiO3/LaAlO3 heterostructures, consistent with 

our DFT calculations. Thus, these results not only confirm a close correlation between the 

metastable a–a–a– OOR pattern and ferroelectricity, but also exclude the epitaxial strain as 

a primary origin for the ferroelectricity in CaTiO3 (111) films.  

 

3.4 Summary 

 

Interest in understanding and utilizing metastable or hidden states, which would 

allow for exotic phenomena and functions, has been growing [29-33]. While optical 

pumping has been mainly used to explore nonequilibrium transient states [32], we stabilize 

a nonequilibrium OOR pattern and then achieve robust ferroelectricity. Our approach to 

utilize metastable OOR patterns for functional perovskite oxides is distinct from 

conventional chemical substitution [34] or strain [35] / dimensional [28] engineering. 

Moreover, our theory suggests that the metastable OOR pattern may facilitate the 



 

 

 

Chapter 3 

 

66 

 

development of novel functionalities: our results indicate that in the metastable a–a–a– OOR 

pattern, an increase in rotation angle could enhance the electric polarization [Fig. 3.15], in 

stark contrast to the conventional a–b+a– pattern (which is competitive with ferroelectricity). 

Such cooperation between the OOR and polar distortion could constitute a generic principle 

for polarizing various material systems, including not only dielectrics but also conductors. 

Thus, OOR pattern engineering is expected to be widely used to design novel 

multifunctional perovskites oxides, in which the broken inversion symmetry is combined 

with electron conduction, magnetism, and topological phases. 

 

 

Figure 3.15 Cooperative coupling between ferroelectricity and OOR in R3c-CaTiO3. (a) 

Definition of OOR angle Φ[111] of R3c-CaTiO3. (b) Φ[111]- and strain-dependent ferroelectric 

polarization in R3c-CaTiO3. The polarization value increases with the OOR angle, showing 

cooperative coupling between ferroelectricity and OOR. 
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Chapter 4 

Demonstration of controllable electronic structures at 

oxide heterointerfaces 

 

 

 

 

Despite huge interest on emergent phenomena at oxide interfaces, direct 

observation of the interfacial electronic phases has been challenging due to experimental 

limitations. We combined atomic-scale epitaxy of artificial oxide heterostructures and in 

situ angle-resolved photoemission spectroscopy (ARPES) to experimentally demonstrate 

the ‘interface control of electronic structures’ at oxide interfaces. We attribute the limited 

length scale of the interface effect as the origin for the experimental difficulties so far. In 

this work, we selected untrathin SrRuO3 epitaxial films which has metallic property down 

to the single-atomic-layer limit and therefore becomes an ideal platform to realize the 

controllable electronic structures. We fabricated heterointerfaces between atomically thin 

SrRuO3 and a variety of perovskite titanate (CaTiO3, SrTiO3, BaTiO3). Those titanates 

impose various structural distortions into the atomically thin SrRuO3 layers such as oxygen 

octahedral rotation and ferroelectricity. The structural distortion effectively controlled the 

electronic structures of the atomically thin SrRuO3 and realize a crossover between Mott 

insulator, incoherent metal, and Fermi liquid. 
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4.1 Background 

 

4.1.1 Emergent phenomena at oxide interfaces 

 

Complex transition metal oxides have a wide range of physical properties and high 

integrity in heterostructures. Thanks to the recent advancement of thin film deposition 

technique, atomically controlled oxide interfaces now offer a variety of novel physics 

including a two-dimensional electron gas at LaAlO3/SrTiO3 heterointerface, interfacial 

ferromagnetism, and orbital reconstruction [1-3].  

 

 

Figure 4.1 (a) Symmetries and degrees of freedom of correlated electrons at oxide 

interfaces. (b) Interaction of the physical degrees of freedom through symmetry breaking, 

charge transfer, electrostatic coupling, strain, and frustration. Adapted from [2,3]. 
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At the oxide interfaces, charge, spin, orbital, and lattice degrees of freedom in the 

correlated electron systems interacts through numerous interface effect such as local 

symmetry breaking, charge transfer, electrostatic coupling, strain, and frustration [Fig. 4.1]. 

As a result, the interface physics of the oxide heterostructures is very complicated, and the 

control of the interfacial electronic phases and direct experimental characterization should 

be of great interests. However, the characterization of the interfacial electronic structures 

has been largely limited by the short length scale of the interfacial phenomena.  

 

4.1.2 Metal-insulator transition in ultrathin oxide films 

 

In the atomically-thin limit of the films, the reduced dimension can impose a 

different boundary condition to the film materials and possibly change the electronic 

structure. In case of the transition metal oxide thin films, known materials have shown 

metal-insulator transition in the ultrathin limit [4-6, Fig. 4.2]. Localization, quantum 

confinement, and enhanced coulomb interactions in the low dimension have been proposed 

as the origin of the metal-insulator transition. Indeed, this monotonous insulating behavior 

of the ultrathin transition metal oxide thin films also restricts the exploration of the 

interfacial electronic structures. The reason is that the interface effects is usually in the 

range of several atomic layers from the interface. If a low-dimensional electronic oxide can 

be realized, direct experimental observation of the interfacial electronic structures will be 

possible based on the enhanced interfacial coupling. 
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Figure 4.2 (a-c) Metal-insulator transition in ultrathin films of LaNiO3 (a), SrIrO3 (b), and 

La0.7Sr0.3MnO3 (c). Adapted from [4-6]. 

 

4.1.3 Motivation 

 

In this chapter, we aim to demonstrate the interface control of electronic structure 

using a metallic single-atomic-layer oxide. To discover the metallic single-atomic-layer 

oxide and probe the controllable electronic structure, we employed angle-resolved 

photoemission spectroscopy (ARPES) [Fig. 4.3(a)]. We established in situ PLD-ARPES 

system where the PLD-grown films can be transferred to the ARPES system without 

breaking the vacuum [Fig. 4.3(b)]. In the ultrathin limit, increased scattering from the 

surface and interface gives additional extrinsic factors in the conventional transport 

measurement. Directly detecting the electronic states in the periodic lattices, the ARPES 

would resolve the intrinsic properties of the ultrathin oxide films and become an ideal 

experimental tool for our study.  
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Figure 4.3 (a) Schematic description of angle-resolved photoemission spectroscopy 

(ARPES). (b) Schematic description of in situ PLD-ARPES system. 

 

4.2 Observation of a metallic single-atomic-layer oxide 

 

Two-dimensional (2D) materials and their electronic phases have been a core of 

condensed matter physics in the past decade. Associated devices [7], heterostructures [8], 

and Moiré superlattice [9,10] have created unique physics and substantial functionalities. 

However, oxide has been out of scope in the study of 2D materials due to technical 

difficulties in the preparation and characterization of such systems. The strong electronic 
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correlation characteristic of transition metal oxides causes additional complexity in 

resolving the electronic structures of the 2D oxide. The strong correlation, though, is also 

the source of a wide variety of emergent phenomena, such as high-temperature 

superconductivity, Mott transitions, ferromagnetism, and so on [11–13]. Thus, the 

realization of the 2D oxide electronic system will enable the integration of the strongly 

correlated electron into the field of 2D materials.  

Since most oxides have strong ionic or covalent bonds, mechanical exfoliation 

techniques as in the case of van der Waals materials are limited in most oxides. Accordingly, 

epitaxial thin film growth must be implemented to construct 2D oxides. Numerous 

experiments have been carried out on epitaxial oxide thin films with varying thickness. Yet, 

to the best of our knowledge, all these reports have shown metal-insulator transition in the 

reduced thickness [4–6], and strong-correlation-induced Mott insulating phases have often 

been discussed. Such monotonous behavior limits the functional spectrum of 2D oxides, 

hence a metallic 2D oxide should be demonstrated to extend the range of properties and 

possible applications. 

To search for the metallic 2D oxide, we first require an effective means to detect 

the electronic phases of 2D oxides. It should be noted that thin films usually suffer from 

deterioration in quality. For example, mechanically exfoliated graphene has the highest 

quality, whereas epitaxial graphene thin films prepared by the chemical vapor deposition 

method show lower mobility and higher density of defects [14]. As the 2D oxides are 

limited to thin films, the high density of defects must be seriously considered in 
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characterizing the material properties. In that sense, conventional transport measurement is 

not a proper tool for 2D oxides, since weak or strong localization can occur in disordered 

electronic systems [15]. Such extrinsic effects tend to be more pronounced in the reduced 

thickness due to increased scattering from interfaces and surfaces [16]. Here, we adapted 

angle-resolved photoemission spectroscopy (ARPES) to investigate the electronic phases 

of 2D oxides. As a direct method to obtain electronic band structures, ARPES might 

minimize any extrinsic contributions from the disorders and become the most effective 

approach to unveil the hidden phases of 2D oxides.  

There have been several ARPES studies on ultrathin epitaxial transition metal 

oxide films [17–21]. For the case of SrIrO3 and LaNiO3, the study has even reached the 

monolayer limit, where insulating electronic structures have been observed. We noticed a 

similarity between the monolayer oxide films and their quasi-two-dimensional counterparts; 

Both Sr2IrO4 [22] and NdSrNiO4 [23] are antiferromagnetic insulators. Based on this 

analogy, we selected a single-atomic-layer-thick SrRuO3 (SRO) film [Fig. 4.4(a)], a two-

dimensional analogue of a metallic layered perovskite Sr2RuO4 [24].  
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4.2.1 Design of charging-free ultrathin SrRuO3 heterostructures  

 

We fabricated high-quality and charging-free ultrathin SRO heterostructures with 

varying thickness. Figure 4.4(b) shows the schematic of the SRO heterostructure which 

consists of 4 unit cell (uc) SRO layer, 10 uc SrTiO3 (STO) buffer layer, and n uc ultrathin 

SRO layer, sequentially grown on STO (001) substrate. In our ARPES measurement, 

escaping photoelectrons left a charging effect on a sample and distorted measured spectra 

[Fig. 4.5]. By introducing the conducting layer of 4 uc SRO layer, we successfully removed 

the charging effect in the ultrathin SRO [Fig. 4.4(c)]. The 10 uc STO buffer layer isolates 

the topmost ultrathin SRO film from the conducting layer.  

Scanning transmission electron microscopy (STEM) provides atomic-scale 

visualization of our charging-free ultrathin SRO heterostructures. Figure 4.4(d) displays a 

cross-sectional high-angle annular dark-field STEM (HAADF-STEM) image with STO 

[100] zone axis. To image the monolayer SRO, we deposited an additional 10 uc STO 

capping layer to protect the monolayer SRO. The conducting layer, buffer layer, monolayer 

SRO, and capping layer are well organized in the preferred order. In the plot of HAADF-

STEM intensity across the monolayer SRO and adjacent interfaces [Fig. 4.4(e)], an abrupt 

Ru peak out of the surrounding Ti peaks are evident. The abrupt SRO/STO interfaces are 

further corroborated by energy-dispersive X-ray spectroscopy (EDS) analysis [Fig. 4.4(f)]. 

Taken together, we confirmed that our ultrathin SRO layers possess lateral uniformity and 

atomically sharp interfaces, which will allow for a systematic ARPES study. 
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Figure 4.4 Observation of a metallic single-atomic-layer oxide in charging-free ultrathin 

SrRuO3 (SRO) heterostructures. (a) A schematic of a monolayer SRO grown on a (001)-

oriented SrTiO3 (STO) layer. (b) A schematic of charging-free ultrathin SRO 

heterostructure. The conducting layer prevents charging effect during photoemission 

measurement. The buffer layer isolates the ultrathin SRO layer from the conducting layer. 

(c) Angle-integrated photoemission spectra from charging-free ultrathin SRO 

heterostructures. Energy distribution curves (EDCs) are integrated in a range of −0.6 Å−1 < 

kx < 0.6 Å−1 and ky = 0. n indicates the number of SRO layer. Fermi edge is persistent down 

to the monolayer. The inset shows magnified spectra of the monolayer SRO near Fermi 
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level. (d) Atomic-scale imaging of the charging-free monolayer SRO heterostructure using 

high-angle annular dark-field scanning transmission electronic microscopy (HAADF-

STEM). (e) HAADF-STEM intensity across the monolayer SRO and adjacent interfaces. 

(f) Atomic-scale chemical analysis on the charging-free monolayer SRO heterostructure.  

 

 

 

Figure 4.5 Characterization single layer SRO films. Below the 3 uc thickness, the SRO 

films show insulating transport behavior. When ARPES measurement is carried on the 

insulating sample, no spectra are observed near the Fermi level.  
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4.2.2 Thickness-dependent electronic structures of ultrathin 

SrRuO3 films 

 

Using the charging-free ultrathin SRO heterostructures, we examine an electronic 

ground state of the monolayer SRO. We performed in-situ ARPES on the heterostructures 

with n = 0, 1, 2, 3, and 4 uc. Figure 4.4(c) shows angle-integrated photoemission spectra 

from the heterostructures near Γ. Definite Fermi edges survive down to monolayer, showing 

the persistent density of states (DOSs) at the Fermi level. A pronounced spectral weight is 

observed near the Fermi level of 4 and 3 uc SROs, consistent with the thick SRO film, 

reported previously [25]. As the thickness reduced, the spectral weight shifts toward high-

binding energy, resulting in only a weak Fermi level spectrum in the 1 uc SRO. While the 

underlying mechanism for the peak shift is ambiguous, we clearly observed a metallic 

ground state of the monolayer SRO.  

For fundamental understanding on this metallic monolayer SRO, we look into the 

Fermi surfaces (FSs) of the ultrathin SRO with varying thickness [Fig. 4.6(a)]. Consistent 

with the angle-integrated photoemission results [Fig. 4.4(c)], metallic FSs are resolved 

down to the monolayer as well. Here, we define three bands at the FSs as α, β, and γ, shown 

in Fig. 4.6(b). In the FSs of 4 and 3 uc SRO [Fig. 4.6(a)], sharp α and β bands, but a broad 

γ band are seen. In the 2 and 1 uc, even α and β bands slightly broaden as well, possibly 

due to the small Fermi-level spectral weight. Still, FSs do not show qualitative change with 

varying thickness.  

Density functional theory (DFT) calculation of 2D SRO reproduces the 
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characteristic band structures of experimentally observed FSs [Fig. 4.6(b)]. The van Hove 

singularity (VHS) of the γ band is located at the X point. The broad spectral weight at the 

X point on the ky = 0 line [Fig. 4.6(a)] indicates that the VHS of our ultrathin SRO layers 

lies close to the Fermi level. Note that since the ARPES data are measured with linear 

vertical (LV) polarized He Iα light, the spectral weight can be weakly observed near the X 

point on the kx = 0 line [26].  

We first discuss the thickness-dependent evolution of α and β bands, which are 

mainly composed of out-of-plane orbitals, dxz and dyz. Figure 4.6(c) shows Γ-M high-

symmetry cuts and momentum distribution curves (MDCs) at the Fermi level of each SRO 

layers [Cut 1 in Fig. 4.6(a)]. We detected only two band dispersions in the Γ-M cut of the 

2 and 1 uc SRO, despite the existence of three bands. As we will discuss later, we can 

exclude the gamma band from this cut, and assign two dispersions to α and β bands located 

near the k ║ = 0.6 and 0.8 Å−1, respectively. The α band, marked with an inverted triangle 

in the MDCs, is resolved at Fermi level regardless of the thickness [upper panel, Fig. 4.6(c)]. 

Putting it all together, the characters of the α and β bands are quite independent of the 

thickness, but those gradually become less coherent as the thickness is reduced. 
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Figure 4.6 Fermi surfaces (FSs) of ultrathin SRO films. (a) FSs of ultrathin SRO layers 

with specified thickness. ARPES data were taken at 10 K with He-Iα light (21.2 eV) and 

integrated within EF ± 10 meV. (b) Energy isosurfaces of two-dimensional (2D) SRO 

calculated by density functional theory (DFT) calculation, together with schematic energy 

isosurfaces. (c) Γ-M high-symmetry cuts [Cut 1 in (a)] and momentum distribution curves 

(MDCs) at the Fermi level (EF ). The inverted triangles in MDCs represent peaks of a α 

band. Both α and β bands are resolved in 1 uc. 
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4.2.3 Electronic coherency and magnetism in ultrathin SrRuO3 

films 

 

The FS analysis is not enough to understand the thickness-dependent spectral-

weight transfer in the ultrathin SROs. To clarify the origin, we now turn our attention to the 

γ band whose VHS at the X point seemingly lies close to the Fermi level. The VHS 

possesses high DOS which induces strong electronic correlations [Fig. 4.7(a)]. Thus, it is 

worth to examine the electronic band structures near the VHS. Figure 4.7(b) shows 

background-subtracted E-k dispersions along the kx = 0 line [Cut 2 in Fig. 4.6(a)]. In the 4 

and 3 uc, a coherent heavy γ band, as well as a β band, is clearly observed, whereas the 2 

and 1 uc SROs show only an incoherent γ band. Note that considering the α and β bands 

remain consistently coherent at the FSs [Fig. 4.6(c)], we guess that the spectra of the β band 

are hidden behind the broad γ band.  

The thickness-dependent evolution of the γ band is manifested by analyzing energy 

distribution curves (EDCs) at (kx, ky) = (0, 0.75) [Fig. 4.7(c)]. The coherent peak (inverted 

triangles) appears as a kink in the EDCs, shown in the 4 and 3 uc SRO. However, the 

coherent peak disappears in the 2 and 1 uc SRO and, probably, the spectral weight is 

transferred to the incoherent band. Such behavior is reminiscent of the strongly correlated 

metal such as cuprates [27]. Based on this EDC analysis, it can be deduced that the 

thickness-dependent electronic transition is closely related to the strongly correlated γ band. 

Accordingly, we could refer to the monolayer SRO is an orbital-selectively correlated, 
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incoherent metal.  

While bulk SRO is ferromagnet [28], its quasi-2D analogue, Sr2RuO4, do not show 

ferromagnetism [24]. It implies a possible magnetic transition in the ultrathin SROs. We 

investigated the spin polarization of each ultrathin SROs by performing spin-resolved 

ARPES (SARPES). Figure 4.7(d) shows the spin-resolved EDCs measured at 10 K near Γ. 

We obtained different intensities between majority and minority spins from the 4 and 3 uc 

SRO, showing ferromagnetism. However, the ferromagnetism is not observed in the 2 and 

1 uc SROs, where there is no difference in SARPES data. Note that our result ascertains 

the quantum confinement (QC) effect of ultrathin SRO films [29]. With only a few layers, 

the reduced dimensionality affects the bands with out-of-plane orbital characters, dxz and 

dyz. In the process, Fermi level DOS is reduced and thus ferromagnetism is lost. 
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Figure 4.7 Thickness-driven electronic and magnetic transition in ultrathin SRO layers. (a) 

A DFT-calculated energy versus momentum (E-k) dispersion of 2D SRO along Γ-X high-

symmetry line. (b) Background-subtracted high-symmetry cuts (Γ-X) with specified 

thickness of SRO layers along the ky = 0 line. Coherent β and γ band dispersions are 

observed in 4 and 3 uc, whereas only an incoherent γ is observed in 2 and 1 uc. (c) 

Thickness-dependent energy distribution curves (EDCs) at (kx, ky) = (0, 0.75) marked with 

a red dotted line in (b). Inverted triangles indicate coherent peaks of the γ band. The 

coherent peaks systematically disappear as the thickness reduced. (d) Thickness-dependent 

spin-resolved EDCs measured at 10 K near Γ. The spectra of spin majority and minority 

are different in 4 and 3 uc, whereas the difference goes zero in 2 and 1 uc 



 

 

 

 Chapter 4 

 

85 

 

4.2.4 Interplay between dimensionality, electronic correlation, and 

magnetism 

 

We noticed a remarkable coincidence between the band coherency and magnetism 

in the ultrathin SROs. Both coherent-to-incoherent and ferromagnetic-to-nonmagnetic 

transitions start to occur at the 2 uc thickness, which suggests a strong interplay between 

electronic correlation and magnetism.  

In three-dimensional (3D) cubic SRO, three t2g orbitals, (dxy, dyz, and dxz) 

degenerates. Our DFT calculation [Fig. 4.7(a)] shows that, in SRO grown on STO (001), 

compressive epitaxial strain and oxygen octahedral rotation (OOR) lift the degeneracy and 

VHS of the dxy band lies slightly below the Fermi level [30]. The high DOSs from the VHS 

[Fig. 4.8(b)] can give rise to the strong correlation effect such as Coulomb interaction and 

Hund’s coupling [31]. The VHS at the Fermi level can be avoided as the dxy band splits into 

spin majority and minority bands, as shown in the 4 and 3 uc SRO. In the 1 and 2 uc SRO, 

however, the QC effect on the dyz and dzx bands reduces the DOS, and inhibits the transition 

to the ferromagnetic phase. Meanwhile, the VHS of the dxy band remains near the Fermi 

level. Thus, without the spin splitting, the strong correlation results in the incoherent 

metallic phase of the monolayer SRO [Fig. 4.8(c)]. 
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Figure 4.8 Interplay between dimensionality, electronic correlation and magnetism. (a, b) 

Schematic description of quantum confinement (QC) effect and van Hove singularity 

(VHS). The out-of-plane orbitals, dxz and dyz are mainly involved with the QC effect. The 

in-plane orbital, dxy, is responsible for the high DOS, which is produced by van Hove 

singularity (VHS) near the Fermi level. (c) Schematic description of the electronic density 

of states (DOSs) depending on the orbital and thickness. The VHS of dxy gives rise to the 

strong electronic correlation. In thick films (more than 3 uc), the VHS can be avoided by 

ferromagnetic spin splitting. In monolayer SRO, the spin splitting is inhibited due to the 

QC effect, and quasi-particle coherency is strongly suppressed. When VHS is far from the 

Fermi level, coherent states can be recovered. 

 

4.2.5 Charge modulation of the monolayer SrRuO3 

 

After clarifying the thickness-driven electronic transition, we would like to control 

the electronic phases of the monolayer SRO. The key to the incoherent-metallic phases is 

the VHS. Hence, tuning the chemical potential is likely to break the correlated phases [Fig. 
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4.8(c)]. We carried out in-situ K dosing to dope electrons into the incoherent metal 

monolayer SRO. Figure 4.9(a) shows a FS of the monolayer SRO after K dosing. The kF of 

the β band changes from 0.52 to 0.60 Å−1 along the kx = 0 line, indicating that electrons are 

doped into the monolayer SRO. Note that, compared with the pristine sample [Fig. 4.6(a)], 

the FS is much better resolved. The most distinct change is the γ band, which has never 

been coherently observed in the pristine FS, but now appears [Fig. 4.9(b)]. The Fermi level 

of the electron-doped monolayer SRO seems to be located above the VHS [Fig. 4.6(b)].  

Notably, the electron-doped monolayer SRO has been identified as a Fermi liquid 

phase. Figure 4.9(b) shows background-subtracted E-k band dispersions along the kx = 0.2 

Å−1 line before and after K dosing. The electron doping effectively transfers the spectral 

weight from the incoherent to the coherent peaks. EDCs in Fig. 4.9(c) depict the spectral-

weight transfer and concurrently shows the emergence of the coherent quasi-particle peak 

near the Fermi level.  

Some remarks would be given concerning the electron-doped single-atomic-layer 

SRO. First, we can exclude the possibility of extrinsic disorder as an origin for the 

incoherent metallicity of the monolayer SRO. If the incoherent metallicity were due to 

defects, it would have been persistent after K dosing. The reappearance of coherent peak 

with K dosing supports the intrinsic properties of the observed monolayer SRO. Second, 

the K-dosing highlights both the rich electronic spectrum of the monolayer SRO and its 

giant tunability by charge modulation. The considerable spectral weight and Fermi liquid 

properties implies a good metallicity of the electron-doped monolayer SRO. The 
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incoherent-coherent crossover might be exfoliated to realize novel two-dimensional field-

effect-transistors, which has never been realized in the 2D oxide yet. 

 

 

Figure 4.9 Crossover from incoherent metal to Fermi liquid in monolayer SRO. (a) FS of 

K-dosed monolayer SRO measured at 10 K. (b) Background-subtracted cut of pristine and 

K-dosed monolayer SROs along the kx = 0.2 line [Red dotted line in (a)]. (c) EDCs of 

pristine and K-dosed monolayer SROs at X point [Red square in (a)]. With K dosing, a 

quasi-particle peak appears near the Fermi level marked by an inverted triangle. 
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4.3 Interface control of electronic structures in ultrathin oxide 

heterostructures 

 

4.3.1 Interface control of octahedral distortion 

Based on the metallic single-atomic-layer oxide, monolayer SrRuO3, we attempt 

to control its electronic structure by interface engineering. The minimum unit of the 

materials promises the maximum interfacial tenability in the electronic structures. As we 

discussed in previous chapters, three-dimensionally connected corner-shared octahedra 

gives giant structural coupling at the perovskite oxide heterointerfaces. Here, we controlled 

the octahedral distortion of the atomically thin SRO by changing the underlying buffer 

layer [Fig. 4.4(b)] from STO to other perovskite titanates. The family of perovskite titanates 

ATiO3 (ATO, A = Ca, Sr, and Ba) has OOR, cubic structure, and ferroelectricity, 

respectively, at room-temperature. At the SRO/CTO interface, the CTO induces the 

orthorhombic a–b+a– OOR pattern to the SRO layers and alters magnetic anisotropy [32]. 

At the SRO/STO interface, the ultrathin SRO films ( < 20 uc) adopt the tetragonal a0a0c– 

OOR pattern [33]. At the SRO/BTO interface, a ferroelectric proximity effect occurs. The 

ferroelectric polarization of the BTO layer can penetrate into the several unit cell of the 

SRO layer, controlling the magneto-transport property of the ultrathin SRO films [34]. 

Figure 4.10 schematically displays the expected octahedral configurations of each 

monolayer SRO/ATO heterointerface. Investigation on the three distinct interfaces would 

clarify how each octahedral distortion affects the electronic structures of perovskite oxides. 
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Figure 4.10 Schematic description of the interface control of the octahedral distortion in 

monolayer SrRuO3/ATiO3 (001) heterointerface (A = Ca, Sr, and Ba).  

 

We checked the interfacial structural coupling at the SRO/ATO interface by STEM. 

To compare the SRO/CTO and ARO/STO interface, we carried out Annular bright field-

STEM (ABF-STEM) analysis. Figure 4.11(a) shows the cross-sectional ABF-STEM image 

of the ATO/SRO/ATO interface. We observed an in-plane OOR at the SRO/CTO interface, 

but not in the SRO/STO interface. The result confirmed the expected a–b+a– (a0a0c–) OOR 

pattern of the SRO layers grown on the CTO (STO) buffer layer. 

Not only the ferroelectric polarization, but also the OOR could be modulated at the 

SRO/BTO heterointerface. In the presence of the ferroelectric polarization in the SRO layer 

[Fig. 4.11(b)], the competitive coupling between OOR and FE possibly suppresses the OOR 

distortion. Considering that the BTO has tetragonal symmetry as the STO does, the 

resulting OOR might be the a0a0c– pattern with a small OOR angle. 
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Figure 4.11 STEM analysis of the interface control of the octahedral distortion at 

monolayer SrRuO3/ATiO3 (001) heterointerface (A = Ca, Sr, and Ba). (a) ABF-STEM 

imaging of octahedral rotation. While SRO/CTO has octahedral tilt, SRO/STO do not 

shows it. (b) Ferroelectric proximity effect at the SrRuO3/BaTiO3 interface. Adapted from 

[34]  

 

4.3.2 Crossover between Mott insulator, incoherent metal, and 

Fermi liquid in the monolayer SrRuO3 

 

We investigated the electronic structures of the atomically controlled, charging-

free, and ultrathin SRO heterostructures. By suppressing and enhancing the OOR, we might 

control the bandwidth of the atomically thin SrRuO3 and resulting electronic phases. Figure 

4.12 shows the electronic structures of ultrathin SrRuO3 layers grown on CaTiO3, SrTiO3, 

and BaTiO3 buffer layers, respectively. To discuss the monolayer SRO first, an insulating 

gap opened on CaTiO3 buffer layer, indicating that a bandwidth-controlled metal-insulator 
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transition. On BaTiO3, a strong quasi-particle peak emerged at the X point. This 

demonstrate a crossover from Mott insulator to Fermi liquid in the single-atomic-layer 

SrRuO3. Note that the effect of interface control weakens in the 2 and 3 uc SRO film, 

indicating how difficult it is to interfacially control the electronic structures. Even at the 3 

uc thickness, SRO/STO and SRO/BTO exhibit almost identical Fermi surfaces. 

 

 

Figure 4.12 Crossover between Mott insulator, incoherent metal, and Fermi liquid at 

SrRuO3/ATiO3 (001) heterointerfaces (A = Ca, Sr, and Ba). Insulating gap (SRO/CTO), 

incoherent spectrum (SRO/STO), and quasi-particle peak (SRO/BTO) are shown. 
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4.4 Summary  

 

2D materials and their applications are a rapidly growing field in contemporary 

condensed matter physics and materials science. This trend is becoming predominant not 

only for van der Waals materials but also for oxides. Even in recent years, free-standing 

oxides have been achieved, whose size is wafer-scale, and their crystallinity can be 

maintained down to the monolayer limit [35–37]. By demonstrating a metallic single-

atomic-layer oxide, our work expands the scope of 2D oxides that has been limited to 

insulators so far.  

The strong electronic correlation gives rise to highly tunable correlated electronic 

phases, which will be a distinguishing feature of 2D oxides in future research fields. We 

demonstrated the highly tunable electronic phases through the interface control of the 

electronic structures. We expect other emergent phases of oxides, such as unconventional 

superconductivity [38], to appear in a single-atomic-layer and thus pave the way to the two-

dimensional correlated electronics. 
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Chapter 5  

Conclusion 

 

 

 

 

We manipulated the octahedral rotation of perovskite oxides and their physical 

properties in the high-quality epitaxial heterostructures prepared by pulsed laser 

deposition. Both the angle and pattern of the oxygen octahedral rotation (OOR) were 

substantially effective in engineering the correlated electron systems and realizing exotic 

phases. 

First, we stabilized a hidden-in-bulk ferroelectricity of CaTiO3 using geometric 

constraint at room-temperature. Despite the ferroelectric instability, the bulk CaTiO3 has 

only exhibited a paraelectric phase down to 0 K. It is due to the presence of competitive 

structural coupling between the ferroelectricity and the OOR, in its OOR pattern of a–b+a–. 

We theoretically surveyed nonequilibrium OOR patterns of CaTiO3 and found that the 

metastable a–a–a– pattern can accommodate ferroelectricity with a moderate energy cost. 

We selectively stabilized the a–a–a– OOR pattern of CaTiO3 on the LaAlO3 (111) substrate 

whose equilibrium OOR pattern is a–a–a–. It was possible because of the strong interfacial 

octahedral connectivity with the LaAlO3 and a unique 3-fold symmetry of the (111) 

surface. Scanning transmission electron microscopy combined with deep-neural-network 

analysis provided atomic-scale visualization of the OOR pattern. The analysis revealed a 
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close correlation between the OOR pattern and electric polarization in the 

CaTiO3/LaAlO3 heterostructures. Using piezoresponse force microscopy, we 

demonstrated that the observed electric polarization was switchable and stable at room-

temperature. 

Second, we presented tunable electronic phases of atomically thin SrRuO3 films 

through the interfacial octahedral connectivity. The interfacial modulation of electronic 

structure has been unexplored due to the experimental difficulties. The major challenge 

was the absence of oxide electronic systems which is thin enough to observe the interface 

effect. We designed high-quality charging-free ultrathin SrRuO3/SrTiO3 (001) 

heterostructures to investigate the low-dimensional electronic phases and the interfacial 

modulation of the electronic structures. In the charging-free ultrathin heterostructures, we 

were able to investigate the intrinsic electronic structures via angle-resolved 

photoemission spectroscopy. Bulk SrRuO3 is an itinerant ferromagnet. The electronic 

ground state of the atomically thin SrRuO3 film has been controversial because of the 

experimental difficulties. For the first time, we clarified that SrRuO3 can have a metallic 

electronic structure down to the monolayer limit. We observed the simultaneous 

suppression of quasi-particle peak and itinerant ferromagnetism below the three-unit-cell 

thickness. Systematic spectroscopic and theoretical analysis indicate that the monolayer 

SrRuO3/SrTiO3 (001) is indeed a Hund’s metal where a quasi-particle is disturbed by spin 

fluctuation. Furthermore, using CaTiO3 and BaTiO3 buffer layer, we enhance or suppress 

the OOR of atomically thin SrRuO3 layers. Depending on the buffer layers, remarkable 

changes in the electronic structures were observed, and the effect became more 
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pronounced in the reduced thickness. In the monolayer limit, the interfacial modulation of 

electronic structures was maximized, and the phases of the monolayer SrRuO3 shows a 

crossover between the Fermi liquid, Hund’s metal, and Mott insulator. 

Our work emphasizes that heteroepitaxial engineering is remarkably effective 

for controlling the OOR and the associated physical properties. The nonequilibrium 

OORs give rise to the emergence of intriguing quantum phases in strongly correlated 

electron systems. 
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Abstract 

국문 초록 

 

 

 

 

산소 팔면체의 회전은 페로브스카이트 산화물이라고하는 물질 군 

에서의 근본적인 구조 변형이다. 이 산소 팔면체 회전은 페로브스카이트 

산화물이 다양한 전이 금속 이온을 수용할 수 있도록 하여, 큰 범위의 강상관 

전자 상을 형성한다. 이러한 강상관계 물질에서 전하, 스핀, 궤도 및 격자 

자유도 간의 강력한 상호 작용은 관련 물리학을 연구함에 있어서 산소 팔면체 

회전을 결정적인 요소로 만든다. 더 나아가, 산소 팔면체 회전의 정교한 

조작을 통해 전이금속의 제어가능한 물성을 구현할 수 있음을 암시한다. 이 

학위논문은 에피택시얼 페로브스카이트 산화물 이종구조에서 산소 팔면체 

회전 및 관련 물성의 제어를 실험적으로 보여준다.  

페로브스카이트 산화물로 구성된 인공 이종 구조는 광범위한 

발현현상과 기능성을 가져왔다. 이 다방면으로 유용한 시스템은 다른 물질과 

잘 정의된 계면을 형성할 수 있는 ABO3 페로브스카이트 구조의 높은 

집적도에서 비롯된다. 산소 팔면체 회전은 3차원적으로 연결된 팔면체의 

집합적 움직임이기 때문에 이 산화물 계면에서는 강한 팔면체 연결성이 

예상된다. 우리는 산소 팔면체 회전을 제어하기 위해 이 계면 팔면체 

연결성을 이용하여 새로운 강유전성과 제어 가능한 전자 구조를 실험적으로 

구현하고자 한다. 



 

 

 

 

 

Abstract 

산소 팔면체 회전은 23 가지 가능한 패턴이 있지만 몇 개의 회전 

패턴 만이 덩치 시료에서 존재한다. 이러한 경향은 페로브스카이트 산화물의 

가능한 특성 및 기능의 범위를 제한하고, 이를 극복하기 위해 비평형 산호 

팔면체 회전 패턴의 활용이 필요하다. 이 학위논문에서는 인공적으로 설계된 

준 안정 산소 팔면체 회전 패턴이 CaTiO3에서 강한 실온 강유전성을 

유도한다는 것을 보여준다. 먼저, 밀도범함수 이론을 기반으로 CaTiO3의 10 

가지 가능한 비평형 산소 팔면체 회전 패턴을 조사하고, 그중 강유전성과 

협동하는 준 안정 산소 팔면체 회전 패턴을 발견했다. 우리는 에피택시얼 

이종구조의 기하학적 설계를 사용하여 CaTiO3의 목표 산소 팔면체 회전 

패턴을 안정화했다. 심층 신경망 분석과 결합된 원자 단위 시각화 방법으로 

준 안정 산소 팔면체 회전 패턴과 전기 자발 분극 간의 밀접한 상관 관계를 

확인했다. 이 전기 자발 분극은 상온에서 반전 가능하고 안정적이었으며, 

이는 산소 팔면체 회전 패턴의 제어가 새로운 강유전성 물질을 만들 수 

있음을 보여준다. 

산화물 계면의 전자 구조로의 큰 관심에도 불구하고 직접적인 실험 

규명은 이루어 지지 않았는데, 이를 극복하기 위해선 산화물 계면의 전자 

구조를 연구하기 위한 새로운 실험 방법의 개발이 필요하다. 우리는 이러한 

계면 제어 효과가 공간적으로 제한된 규모를 가질 것이라고 생각하고, 먼저 

수 원자 층 단위 두께의 얇은 전자 전이 금속 산화물 이종 구조를 탐색하였다.  

지금까지의 보고들 에서는 전이 금속 산화물 박막은 단일 원자 층 

두께로 제한될 때 부도체 특성을 보여왔다. 이는 전자 상이 본질적으로 

부도체 이기 때문일 뿐만 아니라 도체 특성을 단일 원자 층 한계까지 
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유지하는 실험적 어려움 때문이기도 하다. 우리는 원자단위 켜쌓기와 각분해 

광 전자 분광법을 결합하여 단일 원자 층 SrRuO3가 강한 상관관계를 가지고 

있는 금속이라는 것을 발견했다. 체계적인 분석을 통해 전자 상과 자성 

사이의 밀접한 상관 관계를 규명하였다. 

SrRuO3 박막의 전자 구조를 단층까지 규명한 후, 우리는 전이 금속 

산화물 이종 구조에서 전자 구조의 계면 제어를 실험적으로 시연한다. 우리는 

SrRuO3 층에 다른 구조 변형을 부여하는 BaTiO3, SrTiO3 및 CaTiO3의 

부도체 완충 층을 사용했다. 두 원자 층 두께 이상에서는 SrRuO3 필름의 

전자 구조에서 큰 변화가 관찰되지 않았지만, 두개와 단일 원자 층 두께에서 

계면에 의한 전자 구조의 변화를 관측했다. 단일 원자 층 한계의 2 차원 전자 

구조에서는 Fermi-liquid, incoherent metal 그리고 Mott insulator 잔자상의 

교차가 이루어 졌다. 

 

주요어: 페로브스카이트 산화물, 산소 팔면체 회전, 강상관계 물질, 산화물 

이종구조, 펄스 레이저 증착법, 강유전성, 전자구조 
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