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Abstract 

Controlling structural distortions that are closely related to functional properties in 

transition-metal oxides is a key not only to exploring novel phenomena but also to developing 

novel oxide-based electronic devices. In this review article, we overview investigations 

revealing that oxygen displacement at the heterointerface is a key parameter characterizing 

structure-property relationships of heterostructures. We further demonstrate the interface 

engineering of the oxygen displacement is useful to control structural and electronic properties 

of strained oxides.  
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1. Introduction 

Complex electronic structures responsible for a wide variety of functional properties seen 

in transition-metal oxides often emerge when slight structural distortions are introduced in the basic 

crystal structures. Exploring the possibility to manipulate structural distortions that underpin 

functional properties has therefore been a central research topic in fundamental materials science and 

in applications of oxides in electronic devices1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19. For perovskite oxides 

ABO3, the lattice of which consists of a three dimensional network of corner-sharing oxygen 

octahedra that each has a transition metal atom at its center, distortions in the octahedral network 

result in changes in the metal-oxygen bonding environment that are associated with extra 

displacements of the oxygen atoms and consequently have an impact on functional properties 

through the metal-oxygen orbital hybridizations. 

Heterostructures and superlattices consisting of different ABO3 oxides provide an exciting 

platform for not only exploring but also controlling the functional properties20,21,22,23,24,25,26,27. Such 

artificial structures are fabricated by coherently growing dissimilar oxides in such a way that the 

in-plane lattice parameters of the film layers are identical to those of the substrate. This introduces 

additional structural distortions as a result of accommodation of elastic strain energy due to 

structural mismatch at the heterointerface. An atomic-scale understanding of how structural 

distortions are introduced to accommodate the structural mismatch at the heterointerface, however, is 

missing because precise measurements of positions of the oxygen atoms are experimentally difficult 

and challenging.  

Recent theoretical works27,28,29 have showed that even in coherently-grown films of which 

in-plane lattice parameters are fixed by substrate lattices, there are still degrees of freedom in the 

oxygen atomic positions, namely octahedral distortions including deformation and tilts (or rotations) 

in the perovskite lattice framework. In fact, there have been reports16,30,31,32,33,34,35,36 that 
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iso-compositional oxide films coherently grown on a substrate can have various structures with 

different octahedral tilt patterns. This raises a possibility that different types of structural phase can 

be stabilized by adjusting the oxygen atomic positions. These highlight an importance to visualize 

oxygen coordination environments that characterize oxygen octahedral distortions accommodated in 

coherently-grown heterostructures. It is also crucial to develop a way to engineer oxygen 

environments in the heterostructures. 

In this review article, we overview recent theoretical and experimental investigations that 

provide atomic-level insights on octahedral distortions in oxide heterostructures. We begin with a 

brief summary of theoretical investigations on oxygen octahedral distortions in oxide 

heterostructures, emphasizing an importance of direct observations of oxygen coordination 

environments. We then overview several experimental techniques that provide information on the 

oxygen octahedral distortions, including high-resolution annular bright-field (ABF) imaging in 

scanning transmission electron microscopy (STEM). This is followed by the discovery that a SrRuO3 

(SRO) layer in the heterostructure has structure-property relationships characterized by the oxygen 

displacement at the heterointerface37,38,39,40,41,42. We also show that the interfacial oxygen 

displacement can be engineered, and thus the SRO phase can be controlled, by inserting a 

one-unit-cell-thick BaTiO3 (BTO) layer into the heterointerface. Based on these experimental results 

and recent investigations regarding octahedral distortions in oxide heterostructures, we discuss the 

importance of the interfacial oxygen displacement, which characterizes octahedral connection at the 

interface, in controlling structural and physical properties of heterostructures. 

 

2. Theoretical insights on oxygen octahedral distortions in oxide heterostructures 

 Theoretical approach based on first-principles density-functional calculations has been 

recognized as a powerful tool for investigating and understanding structure-property relationships of 
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complex transition metal oxides1,43,44,45,46,47,48,49. It has been revealed that distortions of oxygen 

octahedra including deformations and tilts (or rotations) are closely tied with physical properties, 

underscoring an importance of engineering such octahedral distortions. Substrate-induced strain, 

which imposes an in-plane new lattice parameter on a film, is often used to modify octahedral 

distortions and consequently physical properties. Recent theoretical works27,28,29 implied that the 

corner-sharing networks of oxygen octahedra in oxides display flexible responses to the strain. The 

substrate-induced change in in-plane lattice parameter could be accommodated by a change in 

in-plane metal-oxygen bond lengths and/or magnitudes and types of octahedral tilt (or metal-oxygen 

bond angle), which are associated with displacements of the oxygen atoms from the original 

positions. An important consequence of the substrate-induced modifications of octahedral distortions 

is that various structural phases with different oxygen coordination environments are stabilized.  

 It was also theoretically proposed29 that octahedral distortions, especially octahedral tilts in 

the substrate, can be propagated into a film across the heterointerface and that this is a promising 

way to stabilize a structural phase with novel oxygen coordinations not seen in bulk. A theoretical 

calculation29 showed that while bulk SrFeO3 has an ideal cubic perovskite structure with no 

octahedral tilt (a0
a

0
a

0), the a0
a

0
c

- octahedral tilt can be introduced into SrFeO3 by heterostructuring 

it with SrTiO3 that has the ground state of a tetragonal structure with the a0
a

0
c

- TiO6 octahedral tilt. 

An implication of these calculation results is that the oxygen displacement at the interface, which 

characterizes octahedral connections between two oxides with different distortions, is a key in 

controlling and further exploring structural and electronic properties of strained films, underscoring 

the significance of direct observations of oxygen octahedral distortions, namely oxygen coordination 

environments in oxide heterostructures. This also highlights the importance for delineating how 

interface structures including oxygen displacements underpin structure-property relationships of 

strained oxide films.  
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3. Direct observations of oxygen octahedral distortions in oxide heterostructures by 

ABF-STEM  

To evaluate oxygen octahedral distortions in oxide heterostructures, positions of both 

cations and oxygen have to be precisely determined. Such atomic-level information is in principle 

obtained by structural analysis based on either synchrotron x-ray diffractions or (S)TEM 

observations.  

Synchrotron x-ray measurements of multiple crystal truncation rods (CTRs) and their 

analysis50,51,52,53,54,55 allow for constructions of three-dimensional and sub-Ångström-resolution maps 

of the electron density (or the atomic position) in oxide heterostructures, providing insights on 

oxygen octahedral distortions. However, the data analysis is rather complex, which have limited 

wide-spread use of the CTR-based approach. Recently it was proposed56,57 that oxygen octahedral 

tilts in heterostructures can be quantified by reproducing a set of half-order Bragg reflection 

intensities arising from oxygen displacements from the original positions in the ideal cubic lattice. 

This technique was applied to various coherently-grown heterostructures and superlattices56,58,59,60 

consisting of perovskite oxides such as LaNiO3 and SrMnO3.  For LaNiO3
56

 which has a 

rhombohedral structure with an a
-
a

-
a

- octahedral rotation pattern (α = β = γ = 5.2º) in bulk, the 

tensile strain (grown on an SrTiO3 substrates) decreases γ while increasing α and β (α = β = 7.1º and 

γ = 0.3º). The compressive strain (grown on an LaAlO3 substrate), on the other hand, increases γ 

while decreases α and β (α = β = 1.7º and γ = 7.9º). These observations show that octahedral tilt in 

the heterostructure is distinct from the bulk counterpart, highlighting the important role of the 

substrate-induced strain on octahedral tilts56,61,62.  

While the x-ray-diffraction-based approaches reveal important aspects of octahedral 

distortions and atomic structures in heterostructures, precise determination of the octahedral 
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distortions, in particular across heterointerface where influences of the structural mismatch are 

dominant, remains challenging. Each constituent layer in heterostructures is not necessarily uniform 

in the octahedral distortions and local structure analysis like identifications of gradual changes in tilt 

angles across the interface is important. Aberration-corrected (S)TEM based 

approaches16,19,63,64,65,66,67,68,69,70,71 allow for not only qualitative but also quantitative determinations 

of the atomic positions and provide atomic-level views on octahedral distortions in heterostructures. 

Atomic-resolution observations of all constituent atoms including oxygen in heterostructure was 

successfully demonstrated by using negative spherical-aberration (Cs)-corrected TEM65,66,67. For the 

TEM observations, however, the image contrast is very sensitive to defocus value and sample 

thickness. The proper interpretations of the obtained images therefore require intricate image 

simulations. 

Recent development of ABF imaging in Cs-corrected STEM enables simultaneous 

imaging of both light and heavy elements72,73,74. In contrast to the conventional TEM technique, the 

ABF image contrast in STEM is relatively insensitive to the sample thickness72,73, allowing for 

intuitive interpretation of obtained images. ABF imaging combined with high-angle annular 

dark-field (HAADF) imaging in which the contrast strongly depends on atomic number (Z)75,76 

would be therefore appropriate to visualize both cation and oxygen atoms in oxide heterostructures. 

However one drawback with the STEM-based approach is that the image is often distorted due to 

drifts of both a specimen and an incident probe, which makes it difficult to extract atomic positons. 

In order to overcome this problem and obtain high-resolution STEM images with minimized image 

distortion, we employed fast multiple-image acquisition and drift correction techniques using cross 

correlation of the images77. Atomic positions were then determined with sub-Ångström precision 

from the obtained image by using Bragg filtering and cubic interpolation techniques78,79.  

 To obtain atomic-level insight on oxygen octahedral distortions in the heterostructure, we 
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here focus on a heterostructure consisting of SRO80 and GdScO3 (GSO). Both SRO and GSO have 

Pbmn orthorhombic perovskite structures (√2apc × √2apc × 2apc) with in-phase octahedral rotations 

around the [001]ortho axis and out-of-phase rotations around the [110]ortho and [1–10]ortho axis. (The 

subscripts pc and ortho denote for the pseudocubic and orthorhombic perovskite notations, 

respectively). The rotation pattern is described as a
-
a

-
c

+ in the Glazer notation81. Given the large 

difference in the oxygen octahedral tilt angle θtilt (θtilt_SRO = 168°, θtilt_GSO = 156°) as well as the 

lattice parameters (SRO; apc_SRO = 3.92 Å, GSO; apc_GSO = 3.96 Å)82,83, the additional displacements 

of the oxygen atoms would be induced at the SRO/GSO heterointerface to maintain the corner 

connection between the RuO6 and ScO6 octahedra by sharing the oxygen atoms (Fig. 1). Thus, the 

SRO/GSO heterostructure can be considered as a representative model heterostructure to investigate 

how structural distortions are introduced as a result of structural mismatches in the lattice parameter 

and the octahedral tilt angle.  

Shown in Figure 2 are typical high-resolution HAADF- and ABF-STEM images of the 

SRO/GSO heterostructure40. Both images were taken along the [001]ortho direction because the 

oxygen octahedra have in-phase rotations around this direction. The HAADF image (Fig. 2a) of 

which Z-contrasts are in good agreement with the simulated contrasts in the inset, shows that the 

SRO layer is coherently grown on GSO and that there are no misfit dislocations in the 

heterostructure. This is consistent with our previous x-ray structural characterizations40. Based on 

HAADF-intensity profile analysis (Fig. 2b), the termination layer of GSO at the heterointerface is 

identified to be a ScO2 layer84 and the SRO layer begins from the SrO layer. Fig. 2c shows the ABF 

image taken from the same region as the HAADF image (Fig. 2a), where the atomic positions are 

visualized as dark contrast. In the image we can clearly see not only the cation but also oxygen 

atomic columns, providing projected shapes of the octahedra as denoted by the red open squares. 

This is also verified from the simulated images in the inset of Fig. 2c.  
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4. Structure-property relationships of SrRuO3 dictated by oxygen displacements at 

heterointerface 

Having established the technique of obtaining STEM images with minimized image 

distortions, which is suitable for precise determinations of both cation and oxygen atomic positions 

in heterostructures, we investigated the origin of the thickness-dependent monoclinic-tetragonal 

structural transition observed for the SRO layer in the SRO/GSO heterostructure by tracking changes 

in oxygen atomic positions upon the transition. Previous x-ray structural characterizations40 showed 

that upon the structural phase transition taking place at 16 nm in the SRO layer thickness, there was 

no difference in the in-plane lattice spacing, suggesting that the transition is driven by changes in the 

oxygen octahedral tilt in the strained SRO layers. 

Fig. 3 shows variations of the out-of-plane lattice spacing (dout) and oxygen octahedral tilt 

angle (θtilt) in the monoclinic SRO/GSO (m-SRO/GSO) and tetragonal SRO/SGO (t-SRO/GSO) 

heterostructures. The lattice spacing and tilt angle were extracted from the A-site cation positions in 

the HAADF images and the oxygen atomic positions in the ABF images, respectively. The dout of 

the m-SRO layer is slightly larger than that of the t-SRO layer and the out-of-plane and in-plane θtilt 

of the t-SRO layer are smaller than those for the m-SRO layer. This is consistent with the 

thickness-dependent change in dout of the films determined from the x-ray diffraction analysis40. We 

note that the variation of the out-of-plane θtilt exhibits essentially the same trend as that of the 

in-plane θtilt, regardless of the structural phase of the SRO layers (Fig. 3).  

We also found that the observed difference in the octahedral tilt in the SRO layer 

originates from the changes in octahedral connections across the heterointerface between SRO and 

GSO. Fig. 4 plots the in-plane displacement ∆x of the apical oxygen atom, which is directly related 

to the octahedral tilt. The definition of ∆x is shown in the figure. For the m-SRO/GSO 
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heterostructure, the oxygen shared by the RuO6 and ScO6 octahedra at the interface has ∆x of 26 pm, 

which is larger than that for the m-SRO layer region away from the interface, and as a consequence, 

∆x of the m-SRO layer remains almost comparable to the bulk SRO value (21 pm). In contrast, for 

the t-SRO/GSO heterostructure, ∆x at the interface is reduced to 19 pm and ∆x of the t-SRO layer is 

about 9 pm smaller than that of m-SRO. The reduction in ∆x is consistent with the observation of the 

suppression of the octahedral tilt of the t-SRO layer (Fig. 3). 

These observations point to a conclusion that the relaxation of the octahedral tilts induced 

by the substrate is the origin for the (thickness-dependent) monoclinic-tetragonal structural transition 

for the SRO/GSO heterostructure. This is schematically shown in Fig. 4b. When the SRO layer 

thickness is below 16 nm, the oxygen displacement larger than the bulk SRO is maintained at the 

interface, which facilitates the propagation of the octahedral tilt from the substrate and as a result the 

m-SRO layer with the tilted RuO6 octahedra is stabilized, although the monoclinic structure is 

energetically unfavorable. With further increasing the SRO layer thickness, the SRO lattice is no 

longer tolerant for the accumulation of the energy increased by the monoclinic octahedral distortions 

and, consequently the lattice releases the additional energy by relaxing the substrate-induced 

octahedral tilt, leading to the appearance of the t-SRO structure. This is associated with the reduction 

in the in-plane displacement of the oxygen shared between the RuO6 and ScO6 octahedra in such a 

way that the octahedral tilt propagation from the substrate is blocked at the interface. This indicates 

that the oxygen displacement at the interface (highlighted with yellow boxes in Fig. 4b), which 

characterizes the interfacial octahedral connection, is closely related to the structural phase of the 

strained SRO layer. 

Strong influence of the interfacial octahedral connection on film’s structural phase is also 

recently reported85,86,87 for oxide films grown on cubic (LaAlO3)0.3(Sr2AlTaO6)0.7 (LSAT) and 

orthorhombic NdGaO3 (NGO) substrates. For La0.5Sr0.5CoO3
87, a structural phase with CoO6 
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octahedral tilts is favorably stabilized when the films were grown on the NGO substrate. On the 

other hand, a structural phase with suppressed tilts is seen when grown on the LSAT substrate. 

Given that LSAT and NGO have almost the same lattice parameter and differ in the octahedral tilt 

pattern (a0
a

0
a

0 for LSAT and a-
a

-
c

+ for NGO), the observed difference in the film’s structure can be 

attributed to the difference in the interfacial octahedral connections. As discussed below, interfacial 

octahedral connection has also strong influence on physical properties of films. Detailed analysis on 

octahedral connections at La0.7Sr0.3MnO3/SrTiO3 heterointerface88 have shown that the MnO6 

octahedral tilt is largely suppressed at the interface. Considering that SrTiO3 has non-tilted TiO6 

octahedra, this result is possibly another implication that the oxygen displacement plays the 

important role in determining interfacial octahedral connections.  

 Magneto-transport properties of the SRO/GSO heterostructure were further characterized 

to see how the structural change of the SRO layer influences functional properties. Results are 

summarized in Fig. 5 revealing a concomitant change in magnetic anisotropy with the SRO layer 

structure. While both m- and t-SRO layers exhibit metallic conductions down to 10 K with a kink in 

the electrical resistivity vs. temperature (ρxx-T) curve due to the ferromagnetic transition around 

100-130 K40, the anomalous part (ρAHE) of the Hall resistivity (ρxy) is strongly dependent on the SRO 

layer structure as shown in Fig. 5a. For the m-SRO/GSO heterostructure, the square-shaped 

hysteresis due to the field-induced magnetization reversal is seen, confirming the ferromagnetic 

ordering in the m-SRO layer and its magnetic moment having a component along the [110]GSO 

(out-of-plane) direction. On the other hand, ρAHE for the t-SRO/GSO heterostructure exhibits no 

hysteresis, indicating that the magnetic moment in the t-SRO layer aligns along the in-plane 

direction. To determine the direction of the magnetic easy axis (Ea) in the SRO layer, we also 

measured the field angle (θH) dependence of ρxx and ρxy
40,42. For materials with the strong magnetic 

anisotropy, such as SRO89,90,91,92,80, the field-induced reversal of the magnetic moment takes place 
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only when the angle between Ea and the magnetic field exceeds 90°. The occurrence of the magnetic 

moment reversal can be observed as peaks in ρxx and jumps in ρxy. The typical results for the 

m-SRO/GSO and t-SRO/GSO heterostructures are shown in Fig. 5b and c respectively. Both m- and 

t-SRO layers exhibit the clear jumps in ρxy with the hysteresis in the clockwise and 

counter-clockwise field rotations due to the field-induced magnetization reversal. The jump in ρxy is 

observed at every 180° in θH, revealing the uniaxial magnetic anisotropy of the SRO layer. From the 

center position of the hysteresis, the Ea angles α for the m-SRO and t-SRO layers are determined to 

be ~45° and 90° tilted from the [110]ortho direction, respectively. Fig. 5d shows the thickness 

dependence of α of the SRO layer. There is no obvious thickness dependence in α for both m- and 

t-SRO layer. Instead, the Ea direction changes in response to the structural change of the SRO layer. 

The Ea of the m-SRO layer is tilted by ~45° from the [110]ortho direction while for the t-SRO layer 

the Ea is along the [1–10]GSO direction (the in-plane direction). This indicates that the Ea direction of 

SRO is primarily determined by the magnetocrystalline effect. The results indicate the impact of the 

octahedral tilts, namely the oxygen coordination environments on the magneto-transport properties 

of SRO, highlighting the significance of the interfacial oxygen displacement as a determining factor 

for the structure-property relationships. We note that strong influence of the octahedral tilts on 

functional properties including ferroelectric and magnetic properties has been revealed for various 

oxide films16,86,87. These implies that the structure-property relationship can be controlled through 

oxygen coordination environments in oxide heterostructures.  

 

5. Phase control of SrRuO3 through octahedral tilt propagation controlled by the interface 

engineering of the oxygen displacement 

 Having understood that the interfacial oxygen displacement in the SRO/GSO 

heterostructure, which characterizes the propagation of the octahedral tilts and consequently the 
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RuO6 octahedral distortions, is a key for the structure-property relationships of the SRO layer, we 

next think about manipulating the oxygen displacement by engineering the interface structure, not by 

changing the thickness of the SRO layer. For perovskite oxides ABO3, the in-plane displacement of 

the apical oxygen atom can be controlled by adjusting the octahedral tilt angle through the relative 

size mismatch between the A-site and B-site cations93,94. In fact, our high-resolution ABF-STEM 

observations of ATiO3/GSO (A = Ba, Sr, Sr0.7Ca0.3 and Sr0.5Ca0.5) heterostructures39 have revealed 

that the A-site cation size is a controlling parameter for the displacement of the oxygen atom shared 

by the TiO6 and ScO6 octahedra at the heterointerface. When the A-site cation size is relatively large, 

for example A = Ba, the interfacial oxygen displacement is negligibly small, blocking the octahedral 

tilt propagation at the heterointerface. This stabilizes the connections between the TiO6 and ScO6 

octahedra with negligibly small tilts and as a result no octahedral tilts are seen in the ATiO3 (A = Ba) 

layer.  

Based on this, we propose an idea of the phase control of the SRO layer through the 

interface engineering of the oxygen displacement as schematically shown in Fig. 6. The insertion of 

a one-unit-cell-thick BTO layer between the SRO layer and GSO substrate would result in the 

formation of non-tilted RuO6-TiO6 octahedral connections with negligibly small oxygen 

displacement at the interface. This consequently stops the octahedral tilt propagation from the GSO 

substrate to the SRO layer and stabilizes the tetragonal SRO layer, unlike the monoclinic one that is 

seen when the SRO layer (below 16 nm) is directly grown on the GSO substrate.   

 To demonstrate the idea, we fabricated the SRO/BTO/GSO heterostructure whose 

thicknesses of the BTO layer and the SRO layer are 0.4 (corresponding to the thickness of the single 

unit cell) and 10-12 nm (referred to hereafter as SRO/1u.c.BTO/GSO), respectively. During the 

deposition, the thickness of the BTO layer was controlled by monitoring the oscillation of reflection 

high energy electron diffraction (RHEED) spot intensity as shown in Fig. 7a. The recovery of the 
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intensity confirms the two-dimensional growth of the BTO layer. In the bottom of the figure the 

RHEED patterns taken at the deposition temperature (700 ºC) for the GSO substrate and for the 

one-unit-cell-thick BTO layer deposited on the substrate are presented. The (0 1/2)pc spot resulting 

from the ScO6 octahedral tilts in the substrate disappears after the deposition of the 

one-unit-cell-thick BTO layer, implying strong suppression of the octahedral tilts in the BTO layer.  

 Figs. 7b and 7c represent x-ray reciprocal space mappings taken from the m-SRO/GSO 

and SRO/1u.c.BTO/GSO heterostructures, revealing that the inserted BTO layer has the strong 

impact on the SRO layer structure. An important observation is that the SRO (620)ortho and (260)ortho 

reflections for the m-SRO/GSO heterostructure (Fig. 7b), appear at different positions along the 

out-of-plane direction (the vertical axis) while all SRO reflections for the SRO/1u.c.BTO/GSO 

heterostructure are also seen at the same position. This indicates that the insertion of the 

one-unit-cell-thick BTO layer stabilizes the tetragonal SRO layer. We note that the stabilization of 

the tetragonal SRO in the SRO/BTO/GSO heterostructure is independent of the BTO layer 

thickness38 implying the significant roles of the SRO/BTO interface on the stabilization of the SRO 

tetragonal structure.  

To obtain an atomic-level view how the one-unit-cell-thick BTO layer stabilizes the 

tetragonal SRO layer, we carried out cross-sectional HAADF- and ABF-STEM observations of the 

SRO/1u.c.BTO/GSO heterostructure. Figs. 8a and 8b show the HAADF-STEM image and the 

corresponding HAADF intensity (Z-contrast) profiles, respectively. While the Z-contrasts of BTO 

and GSO are similar with each other, the profiles in Fig. 8b show that the SRO/BTO interface is 

chemically sharp and that the termination layer of the BTO layer is a TiO2 layer, indicating that the 

B-site termination is preserved in the entire heterostructure. 

The ABF-STEM image of the SRO/1u.c.BTO/GSO heterostructure is presented in Fig. 9a. 

While the image contrast corresponding to the Gd atomic column right below the topmost ScO2 
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layer is slightly distorted due to the ScO6 octahedral tilts, no such distortion is seen in the contrast 

corresponding to the Ba atomic column in the one-unit-cell-thick BTO layer. This implies the 

formation of the octahedral connection between the non-tilted TiO6 octahedra and the ScO6 one at 

the interface. To qualitatively understand the octahedral connection across the interface, we plot the 

octahedral tilt angle θtilt and the in-plane oxygen displacement ∆x against the atomic rows in the 

heterostructure in Figs. 9b and 9c respectively. We see the sudden decrease in the octahedral tilts in 

the BTO layer and the negligibly small RuO6 octahedral tilts in the SRO layer. This is consistent 

with the fact that the SRO layer has the tetragonal structure. The reduced RuO6 octahedral tilts in the 

SRO layer are attributed to the decrease in the in-plane oxygen displacement at the SRO/BTO 

interface as shown in Fig. 9c. The results indicate that the RuO6-TiO6 octahedral connection with 

negligibly small oxygen displacement at the interface blocks the propagation of the octahedral tilt 

from the GSO substrate, stabilizing the tetragonal SRO layer. It is also interesting to note that the 

only one-unit-cell-thick BTO layer is thick enough to completely block the tilt propagation. 

The magneto-transport properties of the SRO/1u.c.BTO/GSO heterostructure is 

summarized in Fig. 10, revealing that the interface engineering of the oxygen displacement has the 

strong influence on the magnetic anisotropy in the SRO layer. Fig. 10a shows the field-dependence 

of ρxy. The anomalous Hall effect for the SRO/1u.c.BTO/GSO heterostructure is characteristic with 

in-plane magnetic anisotropy in contrast to that observed for the m-SRO/GSO heterostructure. To 

further determine the magnetic Ea direction α in the SRO/1u.c.BTO/GSO, we measured the in-plane 

magnetic field angle θH dependence of ρxx. The result in Fig. 10b shows that ρxx displays the peaks 

resulting from the field-induced magnetization reversal and that the center between the peaks in the 

clockwise and counter-clockwise field rotation is located at θH = ±90º. This indicates that the 

magnetic Ea of the SRO layer in the SRO/1u.c.BTO/GSO heterostructure is parallel to the [1–10]ortho 

direction (the in-plane direction) of the substrate. This is in contrast to the fact that the Ea direction 
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of the m-SRO layer grown directly on the GSO substrate is tilted by ~45º from the [110]ortho 

direction (the out-of-plane direction). The observed magneto-transport properties of the 

SRO/1u.c.BTO/GSO heterostructure are essentially the same as those of the tetragonal SRO layer 

(thicker than 16 nm) grown directly on the GSO substrate (see Fig. 5). The results indicate that the 

one-unit-cell-thick BTO layer between SRO and GSO results in the formation of the interfacial 

octahedral connection with the suppressed in-plane oxygen displacement stabilizing the tetragonal 

SRO. We also note that, as shown in Fig. 10c, the Ea direction in both the m-SRO/GSO and 

SRO/1u.c.BTO/GSO heterostructures is temperature independent. We further show in Fig. 10d that, 

regardless of the BTO layer thickness, the BTO layer insertion stabilizes the in-plane magnetic 

anisotropy in the SRO layer. All the results presented here demonstrate that the interface engineering 

of the oxygen displacement has the strong impact on the structural and magneto-transport properties 

of the SRO layer.  

The importance of the interface structure on the octahedral tilts was also demonstrated for 

BiFeO3/La0.7Sr0.3MnO3 heterostructures16. The FeO6 octahedral tilts in BiFeO3 were found to 

strongly depend on a terminating layer (MnO2 or (La,Sr)O) of La0.7Sr0.3MnO3. While the 

bulk-equivalent octahedral tilt is maintained in the BiFeO3 films on the MnO2-terminated 

La0.7Sr0.3MnO3, strongly suppressed tilts are stabilized in the film on the (La,Sr)O-terminated 

La0.7Sr0.3MnO3. These termination-controlled octahedral tilts consequently allow for stabilizing 

distinct polar order from that seen in BiFeO3 with the bulk-equivalent tilt. The BiFeO3 film on the 

(La,Sr)O-terminated La0.7Sr0.3MnO3 has suppressed polarizations and properties characteristics of 

anti-ferroelectric, unlike ferroelectric for bulk BiFeO3. 

Influence of interfacial modulations of octahedral tilt on magnetic phase transition 

behavior has also recently investigated for isovalent manganite superlattices 

[(La0.7Sr0.3MnO3)n/(Eu0.7Sr0.3MnO3)n]×m95. It has shown that the superlattice period is a key 
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parameter for controlling magnetic behaviors. The superlattices whose period is larger than the 

length scale for the octahedral tilt modulations at the interface have a spatially-modulated 

magnetization. The short-period superlattices, on the other hand, exhibit a more uniform 

magnetization. These magnetic behaviors can be attributed to a systematic change in the Curie 

temperature underpinned by the modulated octahedral tilts in the superlattices. These results indicate 

that interfacially-engineered spatial modulations of octahedral distortions are a promising way to 

tailoring physical properties of oxides.   

The interface engineering of the octahedral tilts can also be used to change the structural 

symmetry of the surface, allowing for controlling domain structures in oxide thin films under a given 

fixed strain. For a rhombohedrally-distorted ferroic BiFeO3
34 that has a total of four energetically 

degenerate structural variants, two-variant domain structures are selectively formed when the film is 

directly grown on (110)-oriented orthorhombic perovskite substrates with octahedral tilts, such as 

DyScO3. Four-variant domain structures are, on the other hand, recovered when the SrTiO3 buffer 

layer with non-tilted TiO6 octahedra, which would block the tilt propagation from the substrate, is 

inserted between the film and the substrate. These results demonstrate the usefulness of the interface 

engineering of octahedral tilts (or oxygen displacement) as a promising route for controlling 

structural and physical properties of oxide thin films.  

 

5. Concluding remarks and future perspectives  

We overview the significance, with regard to structural and functional properties of oxide 

heterostructures, of the oxygen displacement at the interface. For the SRO/GSO heterostructure, the 

interfacial oxygen displacement, which characterizes connection angle between the RuO6 and ScO6 

octahedra at the interface, is closely correlated with the structural and magneto-transport properties 

of the SRO layer. This finding led us to the idea of controlling the phase of the SRO layer by 
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engineering the interfacial oxygen displacement. By inserting the one-unit-cell-thick BTO layer 

between the SRO layer and the GSO substrate, the oxygen displacement is largely suppressed at the 

interface and as a result even an SRO layer with a thickness such that the monoclinic phase is seen 

without the BTO layer is in the tetragonal phase. The observations show that manipulating the 

oxygen displacement at the heterointerface is a good way to control structural and electronic 

properties of strained oxides. 

The results highlighted in this review demonstrate that a variety of oxygen coordination 

environments can be accommodated in heterostructures and that the oxygen environments in entire 

constituent layers can be controlled by adjusting only the interface structure. The idea of the 

interface engineering of the oxygen displacement could be feasibly applied to any other oxide 

materials as well as oxide-based devices such as transistors96 and memory cells97,98,99. While 

visualizing and understanding oxygen coordination environments in heterostructures require 

cutting-edge experimental characterizations based on (S)TEM and synchrotron x-ray diffraction, 

designing and fabricating oxide heterostructures with novel oxygen coordination environments not 

seen in bulk materials are good ways to exploit the full potentials of oxides and further explore 

functionalities useful for electronic devices.  
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Figure Captions 

Fig. 1: Crystal structures of SrRuO3 (SRO, top) and GdScO3 (GSO, bottom). Both oxides have Pbmn 

orthorhombic structures with the octahedral tilts described as a
-
a

-
c

+ in the Glazer notation. In the 

figure, the A-site cations are omitted for clarity. When SRO is epitaxially grown on the GSO 

substrate, the oxygen atoms at the SRO/GSO heterointerface would be additionally displaced so as 

to maintain the corner-connection between the RuO6 and ScO6 octahedra by sharing the oxygen 

atoms (as indicated by the red arrows). The θtilt used in this study corresponds to the value projected 

on the (001)ortho plane. 

 

Fig. 2: HAADF- and ABF-STEM observations for the monoclinic-SRO/GSO (m-SRO/GSO) 

heterostructure. (a) High-resolution HAADF image taken along the [001]ortho direction. Simulated 

HAADF images of bulk SRO and GSO are inserted in the image. (b) HAADF intensity profiles of 

A- (left side) and B-site (right side) cations across the interface. The A- and B-site profiles were 

collected along the red and blue lines in the HAADF image (Fig. 2a), respectively. The orange line 

denotes for the position of the SRO/GSO heterointerface at which the substrate is terminated by the 

ScO2 layer. (c) ABF image taken from the same region as the HAADF image (Fig. 2a). In the ABF 

image, the oxygen atoms are clearly seen, providing information on how the oxygen octahedra are 

connected across the heterostructure as indicated with the red squares.  

 

Fig. 3: Quantitative analysis of octahedral distortions in the SRO/GSO heterostructures. Variations in 

the out-of-plane lattice spacing dout (circle) and out-of-plane octahedral tilt angle θtilt (filled square) 

and in-plane θtilt (open square) in the (a) monoclinic-SRO/GSO and (b) tetragonal-SRO/GSO 

heterostructures. The dout and θtilt values were extracted from the HAADF and ABF images, 

respectively. The bulk counterparts of dout and θtilt for the SRO (apc_SRO = 3.92 Å, θtilt_SRO = 168°)82 
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and GSO (apc_GSO = 3.96 Å, θtilt_GSO = 156°)83 are indicated by black and pink lines, respectively. The 

orange dashed line represents the position of the SRO/GSO interface. The error bars correspond to 

the standard deviation of each determined values. 

 

Fig. 4: Atomic-level structural characterizations at the SRO/GSO heterointerface. (a) Variations of 

in-plane oxygen displacement ∆x in the monoclinic-SRO/GSO (m-SRO/GSO) and 

tetragonal-SRO/GSO (t-SRO/GSO) heterostructures. The oxygen displacement ∆x is defined as the 

distance from the middle position between A-site cations along the in-plane direction and was 

extracted from the ABF images. The oxygen displacements in bulk SRO (∆xSRO = 21 pm) and GSO 

(∆xGSO = 43 pm) are also shown with black and pink lines, respectively. (b) Schematic drawings of 

the oxygen octahedral connections across the m-SRO/GSO and t-SRO/GSO heterointerfaces. 

Whereas the in-plane lattice spacing for both m- and t-SRO layers are identical to that of the GSO 

substrates, the in-plane oxygen displacement ∆x at the SRO/GSO interface depends on the structure 

of the SRO layer as highlighted with the yellow boxes. 

 

Fig. 5: Magneto-transport characterizations of the SRO/GSO heterostructures. (a) Typical magnetic 

field dependence of Hall resistivity ρxy of the m-SRO/GSO and t-SRO/GSO heterostructures. The 

data were taken at 10 K. For the measurements, the current and magnetic field were applied along 

the [001]GSO and [110]GSO directions, respectively. (b and c) Magnetic field angle θH dependence of 

the Hall resistivity ρxy of (b) m-SRO/GSO and (c) t-SRO/GSO heterostructures. (d) Magnetic easy 

axis angle α as a function of the SRO layer thickness. 

 

Fig. 6: Schematic illustration for phase control of SRO layer through the interface engineering of 

oxygen displacement. By inserting the one-unit-cell-thick BaTiO3 (BTO) layer with non-tilted TiO6 
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octahedra, the displacement of the oxygen at the heterointerface is largely suppressed and 

consequently the octahedral tilt propagation from the GSO substrate is blocked at the interface. This 

stabilizes the tetragonal SRO layer, unlike the monoclinic one that is seen when the SRO layer 

(below 16 nm) is directly grown on the GSO substrate. 

 

Fig. 7: Fabrications and structural characterizations of the SRO/BTO/GSO heterostructure. (a) 

Changes in the RHEED spot intensity during the deposition of the one-unit-cell-thick BTO layer on 

the GSO substrate. In the bottom shown are the RHEED patterns for the GSO substrate (boxed in 

pink) and the one-unit-cell-thick BTO layer on the substrate (boxed in cyan). The patterns were 

taken at 700 ºC. (b) X-ray reciprocal space mappings taken for the (b) m-SRO/GSO and (c) 

SRO/1u.c.BTO/GSO heterostructures. The subscripts pc and o denote for the pseudocubic and 

orthorhombic perovskite notations, respectively.  

 

Fig. 8: HAADF-STEM characterizations for the SRO/1u.c.BTO/GSO heterostructure. (a) 

HAADF-STEM image of the SRO/1u.c.BTO/GSO heterostructure. The image was taken along the 

[001]ortho direction. (b) HAADF intensity profiles of the A- and B-site cations in the heterostructure. 

The intensities of the A- and B-site cations were collected along the red and blue dashed lines in (a), 

respectively. 

 

Fig. 9: ABF-STEM characterizations for the SRO/1u.c.BTO/GSO heterostructure. (a) ABF-STEM 

image of the SRO/1u.c.BTO/GSO heterostructure. (b and c) Changes in (b) the octahedral tilt angle 

θtilt and (c) in-plane oxygen displacement ∆x across the heterostructure. In (b) and (c), the lines in 

black and purple corresponds to the parameters of the SRO (θtilt_SRO_bulk = 168º and ∆x = 21 pm) 

and GSO (θtilt_GSO_bulk = 156º and ∆x = 43 pm) in bulk, respectively. The error bars in the figures 
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represent the standard deviation for each determined value. 

 

Fig. 10: Magneto-transport characterizations of the SRO/BTO/GSO heterostructures. (a) Magnetic 

field dependence of Hall resistivity ρxy of the SRO/1u.c.BTO/GSO heterostructure at 10 K. For 

comparison, the magnetic field dependence of ρxy for the m-SRO/GSO heterostructure is also plotted. 

For the measurements, the current and magnetic field were applied along the [001]GSO and [110]GSO 

directions, respectively. (b) In-plane magnetic field angle dependence of ρxx for the 

SRO/1u.c.BTO/GSO heterostructure at 10 K. The 0.4-Tesla magnetic field was rotated in the 

(110)ortho plane, and the currents were applied along the [1–10]ortho direction of the substrate. The 

definition of the field angle θH is given in the figure. (c) Temperature dependence of the magnetic 

easy axis (Ea) direction α of the SRO layer in the m-SRO/GSO and SRO/1u.c.BTO/GSO 

heterostructures. For the m-SRO/GSO heterostructure, the magnetic Ea direction was determined 

from the magnetic field angle dependence of ρxy under the magnetic field in the (001)ortho plane as 

shown in Fig. 5b. (d) Ea direction α of the SRO layer as a function of the BTO layer thickness 

between SRO and GSO.  
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We overview investigations highlighting the significance of interface engineering of 

oxygen displacement as a tool for phase control of strained oxides. 
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