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A quasi-two-dimensional electron gas (2DEG) evolved at the LaAlO3

(LAO)/SrTiO3 (STO) interface has attracted significant attention,

because the insertion of perovskite titanates can tune the 2DEG con-

ductivity. However, this depends on the Ti–O–Ti bonding angle and

structural symmetry. In this study, we controlled the octahedral tilt of

the LAO/CaTiO3 (CTO) interface by heterostructuring it with CTO

grown on STO substrates of various thicknesses. The 2DEG was main-

tained when the thickness of CTO was below the critical thickness of

5 unit cells (uc); however, it was suppressed when the CTO thickness

was above the critical thickness. High-angle annular dark-field

(HAADF) scanning transmission electron microscopy (STEM) combined

with integrated differential phase contrast (iDPC) STEM imaging was

used to visualize the TiO6 octahedral tilt propagation and symmetry

of the 5 uc and 24 uc CTO films. The symmetry of the 5 uc CTO film

resembled that of the STO substrate, whereas the octahedral tilt pro-

pagated in the 24 uc CTO film due to the structural relaxation. These

results show that the interface engineering of the octahedral tilt can

enable or suppress the formation of the 2DEG in perovskite oxides.

ABO3 perovskite oxides have various crystal structures, namely
cubic, orthorhombic, tetragonal, and monoclinic, which are
determined by the tolerance factor, t, as shown in eqn (1).

t ¼ ðRA þ ROÞffiffiffi
2

p ðRB þ ROÞ
ð1Þ

where RA, RB, and RO denote the radii of A, B, and O ions in
the ABO3 perovskite. When t is less than 1, an octahedral tilt

occurs in the ABO3 perovskite oxide because the B–O–B
bonding angle is less than 180°. The BO6 octahedral tilt of the
perovskite oxide is closely related to its electrical and/or mag-
netic properties.1–6 This is because the degree of octahedral
tilt is linked to the overlapping of the d orbitals, and hence the
localization of the charge carriers.

The atomic structure of the perovskites, even in the same
compound, can be controlled by depositing perovskite oxide
thin films of various thicknesses onto substrates. The epitaxial
strain arising from the lattice mismatch and oxygen octahedral
coupling (OOC) has been used to design various hetero-
structures. However, the symmetry and interplay between the
strain and OOC of the ABO3 film depend on the film thick-
ness.7 When the perovskite film is thin enough, the symmetry
of the film resembles that of the substrate since both the OOC
at the interface and the epitaxial strain are dominant factors
that determine the film structure. In contrast, when the film
thickness is above the critical thickness at which structural
transition occurs, strain relaxation occurs and the OOC ceases
to be the dominant factor. Thus, the interplay between the
OOC and strain determines the atomic and electronic struc-
tures of the ABO3 perovskite thin film through controlling the
parameters, thickness, and composition of the substrate.4–7

Recent studies have demonstrated that (pseudo) sub-
strates can be used to control the electronic properties of thin
films and oxide heterointerfaces.9–13 Moon et al. controlled
the conductivity of a heterostructure by tuning its pseudo-
substrate.11 The conductivity of the LAO/SrxCa1−xTiO3 (SCTO,
x = 0, 0.5, 0.75, 0.88, and 1.0) oxide heterointerface, which is
known as the 2DEG14–21 candidate, was controlled by chan-
ging the Sr and Ca contents in the SCTO films epitaxially
grown on STO substrates. As the Ca content increased, the
TiO6 octahedral tilt also increased and the carriers at the
interfaces became localized, leading to a decrease in the
interfacial conductivity.11 However, the quantitative relation-
ship between the degree of octahedral tilt and 2DEG conduc-
tivity is still unclear because the oxygen coordination of the
LAO/SrxCa1−xTiO3/STO structure is not fully understood at
atomic resolution.

†Electronic supplementary information (ESI) available: Atomic models of 5 uc
and 24 uc CTO films with magnified iDPC STEM images (Fig. S1), atomic raw
position at which Ti–O–Ti bonding angles are measured (Fig. S2). See DOI:
10.1039/d0nr07545k
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To investigate the oxygen coordination in perovskite oxide
heterostructures, atomic-scale studies using spherical aberra-
tion (Cs)-corrected scanning transmission electron microscopy
(STEM) are carried out. The light elements, such as oxygen, are
observed using annular bright-field (ABF)-STEM imaging,
whereas high-angle annular dark-field (HAADF)-STEM imaging
is used to detect heavy elements only. This is because the
intensity of the HAADF-STEM image is proportional to Z1.7,
where Z denotes the atomic number, hence the oxygen atomic
columns cannot be detected. However, ABF-STEM imaging
requires narrow specimen conditions, such as near-perfect
crystalline, ultrathin, and chemically stable specimens. In the
case of the CTO film, simultaneous HAADF and ABF imaging
is challenging because the optimized optical conditions for
HAADF- and ABF-STEM imaging for the CTO film are different
and the CTO film could suffer from severe electron beam-
induced damage. Thus, the exposure time during acquisition
of the STEM image had to be short and the electron dose was
kept low.

Recently, integrated differential phase contrast (iDPC)
imaging in Cs-corrected STEM has been used to identify the
exact position of light elements.8 Therefore, the oxygen atom
and corner-connected TiO6 (BO6) octahedra in perovskite
oxides can be directly visualized. In addition, iDPC-STEM
imaging is less destructive than HAADF- and ABF-STEM
imaging and provides clear-contrasted images even if a thick
TEM specimen is examined. However, since iDPC imaging
observes the electric field of the specimen, the iDPC image
alone cannot distinguish the kind of element. To compensate
for this disadvantage, HAADF- and iDPC-STEM images are
simultaneously acquired and the exact atomic position is
measured.

Herein, we demonstrate the relationship between the
degree of TiO6 octahedral tilt in the CTO films and interfacial
conductivity by modifying the A-site cation in the perovskite
oxide and modulating the thickness of the CTO pseudo-sub-
strate. The LAO and CTO films (5 nm for LAO and 1–100 uc for
CTO) were deposited onto the STO substrates. The conductivity
of the LAO/CTO interface and TiO6 octahedral symmetry were
controlled by adjusting the thickness of the CTO interlayer. A
metal-to-insulator transition was observed at the LAO/CTO
interface when the thickness of the CTO film exceeded the

critical value. The observations by Cs-corrected STEM also
revealed that the octahedral tilt angle decreased abruptly with
respect to the number of CTO layers. The structure of the 24 uc
CTO film resembles that of the bulk, whereas the 5 uc CTO
film was nearly cubic. The conductivity tuning using the TiO6

octahedral tilting and distortion observed in this research pro-
vides further understanding that facilitates the development of
applications utilizing the oxide heterostructure.

STO had a cubic unit cell with a Pm3̄m symmetry.
Meanwhile, the oxygen octahedra were perfectly parallel, exhi-
biting a Ti–O–Ti angle of 180°. In contrast, CTO exhibited a
Pbnm orthorhombic symmetry, which can be represented by
the a− a− c+ Glazer notation.3 The oxygen octahedra rotated in
antiphase around the [100]p and [010]p axes at an equal magni-
tude and in phase around the [001]p axis. There are two
reasons why CTO films are deposited as the pseudo-substrate.
First, the lattice parameter of CTO (3.82 Å) is between STO
(3.91 Å) and LAO (3.78 Å) so that a small lattice mismatch does
not affect during deposition of the films. Second, CTO is the
only compound to visualize the octahedral tilt in titanate-
based perovskites.

The LAO/CTO/STO heterostructures were constructed using
the pulsed laser deposition method, as shown in Fig. 1a. The
atomic force microscopy image of the surface of the LAO/5 uc
CTO/STO heterostructure is shown in Fig. 1b and c. A particle-
free surface was observed with a terrace width of 200 nm, which
indicates that the film was grown epitaxially. The I–V curves of
the LAO/CTO/STO heterostructures as a function of the thick-
ness of the CTO films are shown in Fig. 2a and b. For hetero-
structures with a CTO interlayer of 0–5 uc, the I–V curves were
linear as shown in Fig. S1a.† This indicates that ohmic contacts
have been formed for I–V measurements. However, nonlinear I–
V curves were observed when the thickness of the CTO interlayer
is over 5 uc, as shown in Fig. S1b and c,† because the hetero-
structures with 7–100 uc CTO layers were quite insulating.
When the thickness of the CTO interlayer was less than 5 uc,
the I–V curves resemble those of LAO/STO. Therefore, the LAO/
CTO (5 uc) interface was metallic. In contrast, when the thick-
ness of the CTO interlayer was more than 5 uc, the conductivity
dropped abruptly, indicating that the metal-to-insulator tran-
sition occurred at the LAO/CTO interfaces. The current
measured at an external bias of 5 V is shown in Fig. 2b. This

Fig. 1 (a) Schematic illustration of the pulsed laser deposition. (b) Surface atomic force microscopy (AFM) image of the LAO/CTO/STO hetero-
structure. (c) Surface AFM image of the STO substrate.
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shows that the current could be tuned to over 5 orders of magni-
tude as the thickness of the CTO interlayer increased. However,
the current at 5 V dropped abruptly at a critical thickness of 5
uc. The changes in the I–V curves are in line with those of a pre-
vious work.11 Next, we carried out the Hall conductivity
measurement at low temperature using the van der Pauw
method.22 The dependence of the sheet carrier density on the
CTO thickness exhibited the same behavior as that shown by
the I–V curves, as shown in Fig. 2c. When the CTO thickness
was above the critical thickness of 5 uc, the sheet carrier density
abruptly dropped, resulting in the metal-to-insulator transition.
Therefore, the electrical conductivity of the heterointerfaces
could be tuned by changing the A-site composition of the ABO3

perovskite pseudo-substrate and modulating the thickness of
the interlayer using the octahedral-tilted perovskite pseudo-
substrate.

To verify whether the thickness-dependent metal-to-insula-
tor transition was due to the reduction in the carrier density or
localization of the carriers, the monochromated core loss
spectra of the Ti ions in the CTO film were determined at an
interval of 1 nm. The recorded spots are marked in Fig. 3a.
The EELS spectra showed that there was a negligible specimen
drift. The Ti L2,3 and oxygen K edges were simultaneously
recorded at an energy resolution of ∼0.3 eV. Fig. 3b shows the
Ti L edge spectra of the CTO film from the CTO/STO interface
to the LAO/CTO interface. The shape of the Ti L edge at the
LAO/CTO interface was different from that near the CTO/STO
interface. The oxidation state of the Ti ion at the LAO/CTO
interface was a mixture of +3 and +4.

To visualize and quantify the difference in the Ti ion
valence between the LAO/CTO interface and the inside of the
CTO film, we decomposed the Ti L edge spectrum into a linear

Fig. 2 (a) I–V curves of the LAO/CTO/STO heterostructures at different CTO interlayer thicknesses, 1–100 uc. (b) Dependence of the current at 5 V
on the number of unit cells of the CTO film. (c) Sheet carrier density data of the LAO/CTO/STO heterostructure at low temperature.

Fig. 3 (a) HAADF-STEM image of the LAO/CTO (20 uc)/STO heterostructure in the [110] zone axis. (b) Electron energy loss spectroscopy (EELS) Ti L
edge spectra of the LAO/CTO/STO heterostructure acquired at 1 nm intervals as marked in (a). (c) Quantification of the Ti valence state at the LAO/
CTO interface. The solid green line represents the reference Ti3+, while the blue line represents Ti4+. The black squares are experimental measure-
ments at the LAO/CTO interface, while the red line is the weighted linear combination of Ti3+ and Ti4+ reference spectra used to derive the fractional
contribution (30%) of the Ti3+ state at the interface.
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combination of Ti3+ and Ti4+. We obtained the reference
spectra of Ti4+ and Ti3+ from STO and Ti2O3, respectively, and
applied the chi-squared method. As shown in Fig. 3c, the pres-
ence of 30% of the Ti3+ ions at the LAO/CTO interface suggests
that substantial carriers were injected.9,11 The changes in the
Ti ion at the LAO/CTO interface indicate that increasing the
amount of charge is not the main cause of the thickness-
dependent metal-to-insulator transition. Instead, the localiz-
ation of the carriers induced by the structural transition of the
CTO film could be the cause of the metal-to-insulator
transition.

In ABO3 perovskite oxides, the carriers are localized by
the tilting of the corner-connected BO6 octahedra, even when
they are heavily doped.14 When the degree of octahedral tilt
is increased, the orbitals overlap less, thereby blocking the
conducting path. Therefore, ABO3 perovskite oxides with a
large degree of octahedral tilt become insulators regardless
of the amount of charge carriers or electrical dopants. From
this point of view, the dependence of the LAO/CTO inter-
facial conductivity on the thickness of the CTO layer indi-
cates that the degree of octahedral tilt at the LAO/CTO inter-
face varies with the CTO layer thickness. The dependency of
the tunable oxygen coordination in the perovskite and, con-
sequently, the overall electrical properties of the oxide
heterostructures on the thickness of the inserted layer has
been reported by Kan et al.13 However, the exact position of
the oxygen atomic columns should be identified using
microscopic analysis at atomic resolution as demonstrated
by a previous study.13,23,24

Next, we observed the atomic structure of the LAO/CTO het-
erointerface using Cs-corrected STEM with a probe corrector to

investigate the relationship between the atomic structure and
electrical properties of the LAO/CTO interface. As shown in
Fig. 4a, cation diffusion occurred at the LAO/CTO (5 uc) inter-
face, while there was negligible cation intermixing at the LAO/
CTO (24 uc) interface, as shown in Fig. 4b. The iDPC-STEM
images of the LAO/CTO interface shown in Fig. 4c and d show
that there was a large difference in the degree of TiO6 octa-
hedral tilt in the 5 uc and 24 uc samples. The CTO film had
straight Ti–O–Ti atomic arrangements in the 5 uc sample,
which is close to that of the STO substrate. In contrast, the
CTO film had zigzag Ti–O–Ti atomic arrangements in the 24
uc sample, indicating that the TiO6 octahedral tilt occurred
and the structure of the 24 uc CTO film was close to that of
CTO in the bulk state. The magnified iDPC STEM images are
visualized in Fig. S2a and c, and schematic atomic arrange-
ments of the 5 uc and 24 uc CTO films are shown in Fig. S2b
and d.† The symmetry of the 5 uc film resembles that of the
STO substrate because of the strong interfacial coupling,
whereas the structure of the 24 uc CTO film resembles that of
bulk CTO. The thickness-dependent transition of the atomic
structure of the CTO film can be explained by the interplay
between the interfacial coupling and epitaxial strain. When
the CTO film thickness is below the critical thickness at which
the structural transition occurs, the symmetry of the CTO film
resembles the cubic symmetry of the STO substrate. In con-
trast, when the CTO film thickness is above the critical thick-
ness of 5 uc, the interfacial coupling cannot be imposed on
the upper side of the CTO film, and hence the epitaxial strain
relaxes. The strain relaxation occurred in the 24 uc sample,
which indicates that the structure of the CTO film in the 24 uc
sample resembled that of bulk CTO.

Fig. 4 HAADF-STEM images of the (a) LAO/CTO (5 uc)/STO and (b) LAO/CTO (20 uc)/STO heterostructures in the [100]p zone axis with magnified
insets. iDPC-STEM images of the (c) LAO/CTO (5 uc)/STO and (d) LAO/CTO (20 uc)/STO heterostructures in the [100]p zone axis. The insets of (c)
and (d) show the difference in the degree of the octahedral rotation.
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The magnified insets indicate that the oxygen atomic
column could be observed using the iDPC-STEM imaging tech-
nique, (the oxygen position is marked by an arrow in the mag-
nified insets of Fig. 4c and d). Meanwhile, the HAADF-STEM
imaging technique can only detect heavy atoms, as shown in
the magnified insets of Fig. 4a and b. To quantify the degree
of TiO6 octahedral tilt in the CTO film, we measured and
plotted the changes in the Ti–O–Ti bonding angle. The atomic
row in which the Ti–O–Ti bonding angles were measured is
marked in Fig. S3a and b.† It is notable that the Ti–O–Ti angle
in the STO substrate near the CTO/STO interface was not
exactly 180°, as shown in Fig. 5a and b. This difference arises
from the interdiffusion at the interface, vacancy-induced struc-
tural deformation, strain from the CTO film, etc. Since the
measured Ti–O–Ti bonding angles had an average value of
approximately 180° with a small standard deviation, these
measurements were acceptable.

The overall lattice structure of the CTO pseudo-substrate
depends on its thickness. The Ti–O–Ti bonding angle and
crystal symmetry of the CTO film resembled that of STO in
the 5 uc sample, as shown in Fig. 5a. This indicates that
although bulk CTO has an orthorhombic crystal structure,
the orthorhombicity of the CTO film is suppressed when the
thickness of the CTO film is below 5 uc. Therefore, the OOC
between CTO and STO is dominant at the LAO/CTO interface.
Since the interdiffusion and defects were observed in the
HAADF-STEM image as shown in Fig. 4a, the structural trans-
formation of the CTO (5 uc) film could not be explained by
the interplay between the strain and interfacial coupling only.
The variation of the Ti–O–Ti bonding angle of the CTO film
had different aspects for the 24 uc CTO film, as shown in
Fig. 5b. At the CTO/STO interface, the bonding angle was
higher than that of bulk CTO, whereas the degree of octa-
hedral tilt resembled that of bulk CTO (marked with a yellow
dashed line) far from the CTO/STO interface. This can be

explained by the competition between the strain and inter-
facial coupling, and strain relaxation. However, the specimen
drift was significant to accurately identify the exact atomic
position, especially in the LAO/CTO (24 uc)/STO sample.
When the layer was far from the CTO/STO interface because
the tensile strain rather than the OOC was dominant, the Ti–
O–Ti bonding angles were saturated near 165°. The
iDPC-STEM images show that when the thickness of the de-
posited CTO is less than the critical thickness (5 uc), the
interfacial coupling between CTO and STO becomes domi-
nant in all the CTO films. Consequently, the degree of octa-
hedral tilt was not large, hence the LAO/CTO interface was
metallic.23,24 Meanwhile, when the thickness of the CTO
interlayer was above 5 uc, the degree of octahedral tilt follows
that of bulk CTO; hence the metal-to-insulator transition
occurred at the LAO/CTO interface.

Ab initio calculations were performed to determine the criti-
cal thickness at which the structural transition of the CTO film
and metal-to-insulator transition at the LAO/CTO interface
occur. As shown in Fig. 6a, the top layer of the CTO film has a
fully relaxed orthorhombic structure with the Ti–O–Ti angle of
151° even when the CTO film is 5 uc thick. It can be deduced
that the LAO/CTO (5 uc)/STO system shows an insulating inter-
face theoretically.3,9 Density functional theory (DFT) calcu-
lations in our previous work showed that the interface was
quite insulating when the Ti–O–Ti angle is below 161°.9

However, CTO had a nearly cubic structure in our atomic-level
observation. This discrepancy arises from the intermixing,
temperature effect, and oxygen vacancy. However, when the
thickness of the CTO film was 2 uc, the symmetry and atomic
structure resembled those of STO, as shown in Fig. 6b. The
results of the DFT study show that the critical thickness of the
CTO film at which the metal-to-insulator transition and struc-
tural transition occur was 2 uc, which is less than half of the
experimental value of 5 uc. According to the strain relaxation

Fig. 5 Quantitative analysis of the TiO6 octahedral rotations across the CTO/STO heterointerface. (a) Variation of the Ti–O–Ti bonding angle of the
5 uc sample extracted from the iDPC image. The Ti–O–Ti bonding angle in the [010]p direction was determined by averaging angles, with the error
bars showing the standard deviation. (b) Variation of the Ti–O–Ti bonding angle of the 24 uc sample extracted from the iDPC image. The red dashed
line indicates the Ti–O–Ti bonding angle of bulk STO, while the yellow dashed line indicates that of bulk CTO in the [100]p projection. The yellow
and blue dashed lines indicate the bonding angle of Ti–O–Ti of STO and CTO in the [100]p projection.
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theory,25,26 the critical thickness, tc, at which strain relaxation
occurs is represented as eqn (2).

tc ¼ b
2πf

ð1� ν cos2 αÞ
1þ νð Þ cos λ

ln
tc
b
þ 1

� �
: ð2Þ

Considering the lattice constant of CTO and STO, the
theoretical critical thickness at which the strain was relaxed
was approximately 2 uc, which is in line with our ab initio
study results. As shown in Fig. 6c, the calculated density of
states (DOS) of the LAO/CTO (2 uc)/STO structure shows that
when the thickness of the CTO film is small enough, the 3d–
3d electron correlation is reduced, contributing to the for-
mation of a quasi-2DEG at the LAO/CTO interface.

From this study, we proved that the interface engineering of
the octahedral tilt can enable or suppress the formation of the
2DEG in perovskite oxides. The thickness-dependent inter-
facial coupling of perovskite oxide thin films is demonstrated
not only in 2DEG systems but also in perovskite oxide-based
thin-film ferroelectrics.27,28

Conclusions

In this communication, we have demonstrated the formation
of epitaxial LAO/CTO heterostructures on STO substrates with

various thicknesses of the CTO interlayer. We investigated the
atomic and electronic structures of the LAO/CTO/STO hetero-
structures using Cs-corrected STEM and monochromated
EELS. Then, we proved that through using the interplay
between the OOC and strain, the LAO/CTO interfacial conduc-
tivity can be controlled. This was achieved by changing the
thickness of the CTO pseudo-substrate through tuning the
octahedral tilt of the CTO interlayer. The rotation of the TiO6

octahedra affected the conductivity of the LAO/CTO interface.
The ab initio study results showed that the thickness-depen-
dent metal-to-insulator transition at the LAO/CTO interface ori-
ginated from the decrease in the orbital overlap, resulting
from the structural transition of the CTO film. We anticipate
that the engineering of the octahedral distortion by modulat-
ing the thickness on perovskite oxide heterointerfaces will
provide a pathway for designing oxide heterostructures with
multiple functions.

Experimental section
LAO/CTO film deposition and conductivity measurement

The CTO target was prepared by the conventional solid-state
solution method using CaCO3 and TiO2 powders. A LAO (001)
single crystal was used as the LAO target. Thin films were de-
posited on a single crystalline STO (001) substrate using the
pulsed laser deposition method. The CTO and LAO films were
grown in sequence at a growth temperature, target to substrate
distance, laser energy density, oxygen pressure, and repetition
rate of 600 °C, 5 cm, 2 J cm−2, 100 mTorr, and 2 Hz, respect-
ively. The interfacial conductivity at room temperature was
evaluated using current–voltage (I–V) measurements which
had been carried out using indium ohmic contacts on the
diagonal corners of 5 mm × 5 mm samples. The sheet resis-
tance and carrier concentration were measured with a Hall
measurement system using the van der Pauw configuration in
the temperature range from 300 K down to 10 K.22

TEM sample preparation

The cross-sectional specimens of the required areas were pre-
pared for TEM and STEM examination using focused ion
beam (FIB) milling in an FEI Helios 650 dual-beam system.
Two FIB lamellae were cut and polished using 900 eV and 500
eV Ar ion beams (Fischione Nanomill, Model 1040) to remove
the damaged layers introduced by FIB milling.

TEM analysis

BF and high-resolution TEM imaging were carried out using a
JEOL JEM-2100F transmission electron microscope to assess
the quality of the TEM specimen. The microstructure was
determined using a JEOL ARM 200F STEM with a probe Cs cor-
rector, utilizing atomically resolved HAADF imaging (collection
angles of 115–276 mrad) and ABF imaging (collection angles
of 11–23 mrad). This enabled the direct imaging of the oxygen
atoms in real space and projection of the oxygen octahedral
network. These imaging experiments were performed at an

Fig. 6 Atomic structure of (a) CTO (5 uc)/STO (10 uc, fixed) and (b) LAO
(6 uc)/CTO (2 uc)/STO (8 uc, fixed) for the ab initio calculation. (c) The
calculated density of states (DOS) of the LAO (6 uc)/CTO (2 uc)/STO (8
uc, fixed) layer by layer.
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acceleration voltage of 200 kV, at a convergence semi-angle of
21 mrad and a typical spatial resolution of 70 pm. To diminish
the sample drift effect, the electron beam was blocked for at
least 5 min before starting the image acquisition. The typical
scanning step for atom-resolution images was 0.06 Å per pixel
at a dwell time of 16 μs per pixel in a scanning direction per-
pendicular to the interfaces. The corresponding interfacial
chemical distribution was studied by monochromated EELS at
a convergence semi-angle and a collection semi-angle of
19.0 mrad and 39.6 mrad, respectively. EELS with a monochro-
mator has an energy resolution of 0.3 eV, enabling the split of
the t2g and eg orbitals of the Ti L edge.

Theoretical calculation

All structural relaxations and DOS calculations were carried
out using the Vienna ab initio simulation package (VASP)27,28

based on DFT.29,30 For replacing the core electrons, a projector
augmented wave (PAW)31,32 scheme was implemented. The
exchange–correlation energy was described by the generalized
gradient approximation using the Perdew–Burke–Ernzerhof
functional.33 The kinetic cutoff for the plane-wave basis was
400 eV. A Brillouin zone of 3 × 3 × 1 k-point sampling was con-
structed with a gamma-centered grid. Meanwhile, an elec-
tronic self-consistency and force tolerance criteria of 10–5 eV
and 0.01 eV A−1 were applied. We used the lateral lattice con-
stant of the STO substrate obtained from PBE + U (3.905 Å),
CTO (3.84 Å), and LAO (3.79 Å).
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