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ABSTRACT: The last three decades have seen a growing trend e Growth
. . . . . Charge Ti (at%) direction

toward studying the interfacial phenomena in complex oxide density o 50 100

heterostructures. Of particular concern is the charge distribu- . K

tion at interfaces, which is a crucial factor in controlling the B 3 .

interface transport behavior. However, the study of the charge
distribution is very challenging due to its small length scale and
the intricate structure and chemistry at interfaces. Furthermore,
the underlying origin of the interfacial charge distribution has
been rarely studied in-depth and is still poorly understood.
Here, by a combination of aberration-corrected scanning 0
transmission electron microscopy (STEM) and spectroscopy

techniques, we identify the charge accumulation in the SrMnO;

(SMO) side of SrMnO;/SrTiO; heterointerfaces and find that

the charge density attains the maximum of 0.13 + 0.07 e /unit cell (uc) at the first SMO monolayer. Based on quantitative
atomic-scale STEM analyses and first-principle calculations, we explore the origin of interfacial charge accumulation in terms
of epitaxial strain-favored oxygen vacancies, cationic interdiffusion, interfacial charge transfer, and space-charge effects. This
study, therefore, provides a comprehensive description of the charge distribution and related mechanisms at the SMO/STO
heterointerfaces, which is beneficial for the functionality manipulation via charge engineering at interfaces.
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materials. However, this task is still technically challenging, (i)
because the characteristic scale for oxide interfaces is at the

eterointerfaces in complex metal oxides promote
emergent physical phenomena that are not found in

their bulk constituents due to the often-cited
interplay of charge, spin, orbital, and lattice degrees of
freedom.' ™ One of the cornerstone mechanisms is the charge
distribution at a heterointerface.”®” Previous researchers have
demonstrated that the concentration and distribution of charge
can produce intriguing phenomena, e.g, enhanced ionic
conductivity,® metallicity,” two-dimensional electron gases
(2DEGs),'”"" and ferromagnetism.'> For example, the
provoked charge transfer has been found to trigger a transition
of the SrMnOj; heterostructure from a G-type antiferromag-
netic state to a ferromagnetic state.">™"° Therefore, a
comprehensive understanding of the charge distribution and
their formation mechanisms at the interface is necessary for
engineering the functionalities of complex oxide heterostruc-
tures.
To date, many efforts have been devoted to figuring out the
interfacial charge state and its impact on the properties of
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nanometer level, which makes direct observation of interface
effects demanding, and (ii) because structural rearrangements
and chemical environments at oxide interfaces are very
complex. Therefore, it is difficult to extract the interfacial
charge conditions by bulk-based characterization techniques.'®
With the advancement of methodologies and instrumentation,
analytical STEM has become a highly suitable method to study
the distribution of charges at the interface, because it can reveal
the charge density and ordering at the atomic scale by electron
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Figure 1. Microstructure of an epitaxial SMO thin film grown on an STO substrate. (a) Z-contrast HAADF-STEM image of an SMO/STO
sample in cross-sectional orientation, projected along the [100] zone axis. The thickness of the SMO thin film is about 10 nm. The yellow
dotted line marks the interface between SMO and STO. Horizontal arrows denote the location of cracks. The yellow box region is magnified
and presented in the inset, where the upper part is a HAADF and the bottom part is an ABF image. The red square zone will be used for the
strain analysis presented in Figure 3. (b) Schematic structure model of the SMO/STO interface. (c) Lateral intensity profile of the dotted
box region in the inset of image (a), with the interfacial Sr column and the closest Mn and Ti columns marked according to the HAADF

intensity variation.

electron hologra-
728

energy-loss spectroscopy (EELS),"”~*'
phy,22‘23 electron diffraction,”*™2° and other methods.
Among them, atomically resolved STEM-EELS has been a
popular method since it enables the charge distribution and
chemical environments to be measured simultaneously.
Numerous studies have attempted to explore the charge
distribution at the interface of manganite heterostructures with
the STEM-EELS technique. However, most works were mainly
focused on observations of the charge profiles and the induced
properties. The formation mechanism and its association with
the local structure and chemistry have been rarely explained or
only referred to marginally. In a recent study, using core-loss
EELS analysis, Cheng et al. identified a type of charge ordering
at an interfacial MnO layer and the induced polarization of
thin films, while the origin of charge ordering is only discussed
from the perspective of interfacial reconstruction.”” Likewise,
Garcia-Barriocanal and co-workers examined the charge
density at a manganite/titanate (LMO/STO) interface and
reported a char%e—leakage process controlled by the relative
thickness ratio.® However, the detailed mechanism for the
charge distribution was not explained. Therefore, it is essential
to gain more insights into the detailed mechanism of interfacial
charge distribution, which is vital for both fundamental
understanding and application research.

In this work, epitaxial SMO thin films were grown on TiO,-
terminated (001)-oriented SrTiO; (STO) substrates by pulsed
laser deposition (PLD). By using aberration-corrected STEM,
we studied the structure and chemistry of the SMO films at the
atomic scale and found charge accumulation at the SMO side
of the interface between SMO and STO. Using STEM-based
observations and first-principle calculations, we qualitatively

discuss the underlying formation mechanism of charge
accumulation considering the oxygen vacancies, charge trans-
fer, and interfacial space-charge effects. Our results advance the
understanding of the charge distribution at manganite
interfaces, which is instructive for the fabrication of nano-
devices by interfacial charge engineering.

RESULTS AND DISCUSSION

Figure 1 presents the microstructure of the epitaxial SMO/
STO thin film. Two horizontal arrows in Figure la denote the
cracks appearing in the SMO thin film. A HAADF-STEM
image at lower magnification shows several nearly equidistant
cracks in the SMO thin film (see Figure Slc, which are
confirmed by AFM investigations (see Figure Slab). The
cracks are caused by the relief of epitaxial strain which occurs
during or after the cooling the samples after their growth.”"
AFM measurements performed directly after growth show a
flat surface of the epitaxial SMO thin film devoid of cracks (see
Figure S1d). The areas between two cracks display a precise
layer-by-layer stacking in the SMO thin film, as shown in the
high-angle annular dark-field (HAADF) and annular bright-
field (ABF) images simultaneously acquired at higher
magnification, where the SMO/STO heterointerface appears
coherent (Figure la). All atomic columns, including the
oxygen ones, are resolved. The corresponding structural model
of the SMO/STO interface region is displayed in Figure 1b.
Based on this model, we simulated the corresponding HAADF
and ABF images (see Figure S2). The simulated images show
indistinguishable contrast between SMO and STO when
observing with the naked eye, which is in good agreement with
the experimental results. The vertically integrated HAADF
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Figure 2. EELS fine structure at the heterointerface. (a) Z-contrast HAADF image of the interface region. Numbers 1 to 9 indicate the Mn
(Ti)—O atomic columns across the interface, where EELS spectra were extracted. The vertical arrows mark the interface between SMO and
STO. (b) O-K edge spectra for locations 1 to 9 (shown in (a)) across the interface compared with O-K edge spectra from bulk STO and
SMO (black dotted lines). The dotted vertical lines mark the positions of the peak a and peak c of the O-K edge of the SMO close to the
interface (red) and in the bulk state (black). (c) Mn-L, ; white lines for positions S to 9. The dotted spectra in the background represent the
raw data. The backgrounds of the O-K and Mn-L,; spectra have been subtracted using a power law. For removing the noise from the
spectrum profiles, the raw data are fitted using a Savitzky-Golay filter with a window size of three channels and a second-order polynomial
fit. (d) Mn L,/L, intensity ratio (solid black circles) and the corresponding valence state (red open circles) as a function of Mn (Ti)
positions (S to 9 shown in (a)). The shaded region denotes the error bars for Mn L;/L, intensity ratios, which are calculated with the
standard error of the Gaussian fitting of the L; and L, edges. The errors of valence states are evaluated with the corresponding errors of
intensity ratios, according to the formula of Mn valence determination.

signal within the dotted yellow box in the inset of Figure la is (dotted line) when approaching the interface from column 9 to
presented in Figure lc. Since the signal intensity (I) of a column S. Furthermore, we observe a gradual decrease of the
HAADF image is proportional to the atomic number Z with I energy difference between peak a and peak ¢ while approaching
= 7'7,’** the nominal interface between SMO and STO can the interface from spectrum 9 to spectrum S. These
be identified accordingly and is marked in Figure 1 by vertical observations imply a gradual reduction of the Mn valence
arrows.

due to an increase of the oxygen deficiency near the
The electronic structure of the interface was explored by

investigating the O-K and Mn-L,; energy-loss near-edge
structure (ELNES) of 9 unit cells across the heterointerface
(Figure 2). Measured positions are marked in Figure 2a.
Spectra 1—4 were acquired from the STO substrate and
spectra 5—9 from the SMO thin film (Figure 2b). The main
maxima of the O-K edge are assigned to peaks g, b, and c. Both
Ti and Mn are surrounded by 6 O atoms in octahedral ; 39
symmetry. Peak a of the O-K ELNES (Figure 2b) originates than the nominal value 2 for Mn**.”” The valence states for Mn
from the excitation of O 1s core electrons into unoccupied O p are calculated according to the Mn L;/L, white-line intensity

interface,”*™** which presumably results from an increased
number of Mn 3d electrons due to a changed structure and
local chemistry around the SMO/STO interface.

Intensity ratios of Ly and L, peaks of the Mn-L,; ELNES
(Figure 2c and Figure S3a) were calculated and are plotted in
Figure 2d. From columns S to 9, the intensity ratios
progressively decrease from ~2.42 to ~2.08, which are larger

orbitals hybridized with Ti(Mn) 3d orbitals, which is sensitive ratios™*~"” and plotted as the red profile in F igure 2d. It shows
to the 3d band occupancy.3l’32 Peaks b and ¢ (Figure 2b) that the mean Mn valence state gradually decreases when
correspond to the hybridization of unoccupied O 2p orbitals approaching the SMO/STO interface. The valence state of Ti
with Sr 4d and Mn/Ti 4sp orbitals.”**> Here, the intensity of in STO near the interface remains nearly unchanged (see
prepeak a becomes weaker than the one of the bulk SMO Figure S3b,c). Therefore, these results demonstrate that the
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Figure 3. Strain states of the SrMnOj thin film. (a) HAADF image of a region between two cracks. The heterointerface is marked with a
yellow dotted line. The box region is taken as the reference for the corresponding strain analysis. The in-plane and out-of-plane directions
are defined in the inset. (b) Out-of-plane and (c) in-plane lattice mismatch for (a) with a spatial resolution of about 1.2 nm. The color bars
for (b) and (c) are shown on the right side of (d). (d) Lateral intensity profile of the maps (b) and (c) with a precision of 107>.

electronic charges accumulate on the SMO side of the interface
with the maximum electronic charge density in column S.

The misfit strain can dramatically change the charge
distribution at the interface and, thus, facilitate the emergence
of exotic phenomena.*' To study the strain field around the
SMO/STO interface, we apply the geometric phase analysis
(GPA)™ to the atomically resolved HAADF image presented
in Figure 3a. Figure 3b,c shows the 2D strain map along the
out-of-plane and in-plane directions, respectively. All strain
maps are produced using the g, = (011) and g, = (011) Fourier
components (see Figure S4). In the out-of-plane direction
(Figure 3b), the apparent color contrast between the STO
substrate and SMO thin film indicates a quick lattice relaxation
owing to the free deformation along the growth direction. In
contrast, the in-plane strain map in Figure 3¢ shows a gradual
strain variation. By plotting the vertical-averaged intensity
profiles of the 2D strain maps in Figure 3d, we see that the in-
plane strain of the SMO thin film is progressively relaxed with
increasing distance from the interface (about 1.7%) toward the
SMO surface. However, due to the lateral resolution limit of
the GPA-based strain analysis (about 1.2 nm in this work),*
the exact strain state of unit cells close to the interface is not
discriminable anymore.

To obtain information on the strain at the interface with
atomic resolution, we fitted the atomic columns on high-
resolution STEM images by a 2D Gaussian algorithm and
measured the distances between atomic columns.** Figure 4a

shows an experimental ABF-STEM image of the interface
region. The corresponding coordinates of the B atom (Mn/Ti)
columns were determined by 2D Gaussian fitting and were
subsequently used for calculating lattice distances along the
out-of-plane (&,,) and in-plane directions (Syy). Figure 4b
displays the in-plane and out-of-plane lattice distances at the
interfacial region, showing that the in-plane lattice distances of
SMO are similar to that of the STO substrate in the first 3 unit
cells close to the interface but shrink further away from the
interface. The SMO lattice is still fully tensile-strained (+1.7%)
along the in-plane biaxial direction in the first 3 unit cells and
then gradually relaxes (+0.6% at unit cell 9). The out-of-plane
lattice remains almost unchanged in SMO. According to the
Poisson effect, the interfacial SMO lattice in the out-of-plane
direction should be compressed due to the intense stretching
of the in-plane lattice.*> However, the corresponding change is
absent in Figure 4b, which may be attributed to the presence of
ions with a large radius, due to the Mn reduction or/and the
elemental mixing between Mn and Ti. Additionally, the
thickness of the observed TEM specimen is about 20 nm, and
thus the thin foil relaxation effects become prominent.**™**
The induced lattice relaxation along the beam direction
together with the crack-induced lateral relaxation form a 3-
dimensional relaxation, which may account for the absence of
out-of-plane compression of the SMO lattice around the
heterointerface.
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column in the SMO thin film at the interface. Note that these maps do not provide the absolute chemical contributions but merely the

relative concentration.

First-principles calculations on the formation energy of
oxygen vacancies in the SMO lattice under different strain
strength were performed by using a 2 X 2 X 2 SMO supercell
(ie, SrgMngO,,). Given the fact that we investigate an
interface between oxides with the same perovskite structure, it
is reasonable to use bulk calculations with adjusted lattice
parameters as a first approximation for the situation at a

strained interface; see, e.g., refs 49—53. The formation energy
of one oxygen vacancy in these strained supercells was
evaluated. Figure 4c shows the results calculated for various
in-plane biaxial strains, with a = 3.84 A (the relaxed in-plane
lattice parameter at the SMO surface) as the zero-strain state.
The oxygen-vacancy formation energy changes approximately
linearly as a function of the strain. It decreases from about 3.3
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L,; edge (green) and the Mn-L,; edge (red) as a function of sample thickness. (c) Lowest and average formation energy of an oxygen

vacancy obtained by first-principles calculations.

eV for a compressive strain of 4% to ca. 2.8 eV for a tensile
strain of 4%. The decreasing rate shown by the Figure 4c
values on average is around —0.0625 eV per 1% strain. These
results indicate an enhanced formation of oxygen vacancies in
the SMO film with an increase of the in-plane biaxial tensile
strain.

The chemical distribution around the interface was studied
by 2D STEM-EELS elemental mapping (Figure 5). A
structural model of the SMO/STO interface (Figure Sa)
shows the ideal atomic stacking on both sides of the interface.
An experimental ADF-STEM image (Figure Sb) with
corresponding elemental maps using the Ti-L,3 (c), Mn-L, 3
(d), and Sr-L, ; (e) edges and the composite image in Figure 5f
display the elemental distribution near the interface at the
atomic scale.

Figure Sg shows the normalized intensity profiles between
Mn and Ti, indicating that the interface is not atomically
abrupt, accompanying an asymmetric cation intermixing on
both sides of the interface. The diffusion length for Mn inside
the STO substrate is about 1 unit cell, while it is about 4 unit
cells for Ti inside the SMO thin film. Nevertheless, the
observed signal spreading shown by STEM-EELS observations
does not necessarily originate from the cationic intermixing in
the material. The signals may result from thermal diffuse
scattering, multiple scattering, and dechanneling effects of
electrons, which may cause a deviation of the experimental
results from the real elemental distribution in the material.**
We will discuss these effects now in more detail.

The ratio of the sample thickness (T) and the inelastic mean
free path (4) has the main impact on signal delocalization,”
which explains that delocalization effects in thin samples will
be minimized due to weak multiple inelastic electron
scattering. From the simultaneously acquired low-loss map,
the sample thickness has been determined via the Fourier ratio
method>® to ca. 20 nm throughout the interface region with T/
A = 0.20 (see Figure SS).

To interpret the experimental results and determine the
elemental distributions around the interface more accurately,
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we simulated EELS spectrum images at the SMO/STO
heterointerface for various sample thicknesses with the
USTEM code, using the model for quantum excitations of
phonons.””*® A superstructure with 11 X 6 X 64 unit cells
corresponding to the same sample thickness as we studied
experimentally was employed for the calculation. The interface
was considered to be atomically abrupt. The spectra image
obtained from the simulation is presented in Figure 6a. The
plot shows the intensity profiles of the Ti-L,; and Mn-L,;
signals across the interface, demonstrating a weak beam
spreading of about 1 unit cell on both sides of the interface.
Figure 6b displays the spreading of the signal as a function of
the sample thickness, indicating an approximately linear
relationship. There exists no prominent difference for the
signal spreading between Mn and Ti due to their small
difference in the atomic numbers.

Based on the experimental observations (Figure Sg) and the
simulation (Figure 6b), we substantiate an asymmetric cationic
distribution around the interface and verify strong elemental
intermixing in the interface region. A previous study suggested
that the cation intermixing induces an off-stoichiometry at the
interface between the manganite and titanate.”” Here we used
first-principles calculations to evaluate the influence of cation
intermixing on the formation of oxygen vacancies. As a
simplified model, we take a 2 X 2 X 2 SMO supercell (ie.,
SrgMng0O,,) and replace Mn atoms consecutively by the Ti
atoms (see Figure S6). The lattice parameters are taken as a =
3.905 A and ¢ = 3.84 A, which are the experimentally measured
values for the SMO lattice close to the interface. The calculated
formation energies for one oxygen vacancy at different oxygen
sites are obtained (see Figure S7), revealing that the magnitude
of the energy is closely linked to the Ti content, usually
differing between inequivalent positions. From the lowest
formation energy of oxygen vacancy in Figure 6¢, we find that a
concentration of 12.5% Ti in SMO slightly increases the
oxygen vacancy formation energy by 0.05 eV. Only when Ti
substitutes more than 50% of Mn, the formation energy of
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Figure 7. Electronic charge density as a function of atomic position near the interface. The horizontal dotted arrows mark the interface
between SMO and STO. The error bars are determined according to the calculated error bars of the valence states.

oxygen vacancies increases sufficiently to exceed that of the
pure SMO by much.

Charge Distribution and Interpretation. Based on
energy-loss near-edge fine structure analysis of the Mn-L,;
and O-K edges (Figure 2b,c), we verified the previously
observed charge accumulation at the SMO side of the
interface, where the charge density attains the maximum
(0.13 & 0.07 e”/uc) in the first SMO monolayer and becomes
smaller farther from the interface (Figure 7). The charge
distribution at the heterointerface is caused by a complex
mechanism, which may be attributed to multiple effects such as
epitaxial strain, charge transfer, interfacial space-charge layer,
and cation diffusion. These differences are also strongly
intertwined.

Tensile-Strain-Favored Oxygen Vacancies. Owing to
the lattice mismatch between SMO (3.84 A) and STO (3.905
A), the epitaxial SMO film is tensile-strained. In this work, due
to the appearance of cracks, tensile strain fields are partially
relaxed, yielding a strain maximum in the SMO lattice close to
the interface. To stabilize the SMO lattice, the electron
configurations and chemical composition could be altered in
the presence of strain.*”® In this work, on the one hand, since
the ionic radius of Mn®* (low spin: 0.58 A, high spin: 0.65 A)
is larger than that of Mn*" (high spin: 0.53 A) ,°! the Mn ions
tend to be reduced from +4 to +3 to compensate the tensile
strain imposed by the STO substrate. This valence decrease
may result from the appearance of oxygen vacancies, which
were reported to be enhanced by applying tensile strain fields
and reduced by applying compressive strain.”> On the other
hand, the magnitude of the epitaxial strain was reported to be
tunable by changing the concentration of oxygen vacancies in
the SMO thin film.* Our first-principles calculations show that
the in-plane tensile strain lowers the formation energy of
oxygen vacancies in SMO (Figure 4c). This finding is
consistent with previous experimental and theoretical stud-
es,””*¥%%* that rationally attribute the charge accumulation at
the interface to the formation of oxygen vacancies.

Interfacial Cationic Interdiffusion. Combining STEM-
EELS observations and gSTEM calculations, we unambigu-
ously verified that Mn and Ti intermix in the last 1 STO
monolayer and the first 3 SMO monolayers close to the
interface. In this work, the intermixing between Mn and Ti at

the interface partially offsets the above-mentioned tensile strain
effects on the charge accumulation, because the radius of Ti*
(0.60 A) exceeds that of Mn*(0.53 A).°" Meanwhile, the
calculation results show that the interdiffusion between Mn
and Ti changes the formation energy of the oxygen vacancies
(Figure 6c). Interestingly, the cationic intermixing at the
interface plays an obstructing role in the charge accumulation
on the SMO side of the interface, because the substitution of
Mn by Ti in the SMO enhances the formation energy of
oxygen vacancies, especially for a large number of Ti
substitutions. Nevertheless, as indicated by the calculation
results as well, the interdiffusion between Mn and Ti could
significantly favor the appearance of oxygen vacancies on the
STO side of the interface (Figure 6¢), making STO more
conductive than naively expected.

Electron Transfer from the STO Substrate. Charge
transfer occurs at the interface when the Fermi levels of the
separate materials differ. For the case of the STO—-SMO
interface, this is relevant, because STO tends to be n-type
conducting under the reducing conditions of PLD. This
implies that the Fermi level of STO is close to the conduction
band. The conduction band of STO is higher than that of
SMO">%%% (see also Figure S8), and therefore electrons in the
conduction band of STO can move to the SMO side of the
interface. In this work, we measured an electronic charge
density of about 0.13 e™/uc in the first SMO monolayer, which
corresponds to 0.85 X 10'* e”/cm™. According to the crystal
growth conditions, the STO substrate is usually treated as an
insulator, which implies that the charge density is supposed to
be smaller than 1 X 10'® cm™.%” If one assumes that the charge
accumulation originates from the charge transfer from the STO
substrate, the accumulation layer needs to collect all charges of
the top 0.85 pm of the substrate, indicating that the effect of
charge transfer, in this case, can be ignored. However, previous
works put forward that the PLD process is eflicient for
removing oxygen from the material, especially at a low oxygen
pressure, making the STO substrate more conductive than
expected.**® Therefore, the effect of an electron transfer on
the observed charge accumulation cannot be ruled out. This
illustrates the need to consider the effect of the PLD
deposition parameters when studying the charge distribution
at the interface.
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Space-Charge Effects at the Interface. Whenever the
symmetry of an infinite solid ionic system is broken by
introducing interfaces, space charges are a necessary
consequence of the chemical difference of anions and cations
reflected by different local partial free energies.”””" In ionic
materials, the respective transfer of charged ionic defects such
as oxygen vacancies can lead to perceptible excess charge
densities despite a large band gap (see, e.g, data for grain
boundaries in SrTiOj in ref 72). Compared to this, electronic
interfacial states are of minor importance and are not further
considered here. Even though we do not observe the sign of
oxygen vacancies in the STO substrate from the ELNES of the
O-K edge, oxygen vacancies with a density below the detection
limit of EELS may exist. If we treat the interface zone as a
space charge region, effective negative charges should appear in
SMO to compensate for the positive charges resulting from the
oxygen vacancies in STO. However, if the transition from
Mn*" to Mn*" is fully compensated by the formation of oxygen
vacancies in SMO, both sides of the interface are neutral and
no space-charge effect appears.

CONCLUSIONS

By using spherical-aberration-corrected analytical scanning
transmission electron microscopy, this study confirms the
electronic charge accumulation on the SMO side of STO/
SMO interfaces. The charge density reaches a maximum (0.13
+ 0.07 e /uc) at the first SMO monolayer. Through detailed
experimental and theoretical investigations, this work provides
a comprehensive description of the underlying mechanisms of
the charge accumulation, including strain-related effects,
cationic intermixing, interfacial charge transfer, and space
charge effects. Taken together, our results suggest that the
observed charge accumulation at the interface has multiple
origins, which need to be interpreted from a comprehensive
perspective. While this study focuses on one specific interface,
the interface between SMO and STO, its results are of broader
relevance. The data evince that the charge distribution at
interfaces may well be controlled by a multitude of
mechanisms, such as strain fields, local chemistry, charge
transfer, and defect formation, which act on different length
scales.

METHODS

SrMnO; Thin Film Preparation. The epitaxial StMnO; thin films
were grown on TiO,-terminated (001)-oriented SrTiO; substrates
(Shinkosha) by PLD using a stoichiometric, polycrystalline target
(Lesker). For making the single terminated TiO, surface of STO
substrates, the STO substrates were prepared by ultrasonification in
water and then treated by a combination of etching with a buffered
HF solution and ex situ annealing at 1050 °C.”> The growth
temperature was 800 °C, the oxygen pressure was 0.05 mbar, the laser
fluency was 2 J cm™?, the laser frequency was 1 Hz, and the growth
rate was 0.04 monolayer per pulse. The wavelength of the KrF laser
was 248 nm. The growth mode is a layer-by-layer growth as evidenced
by the observation of reflection high-energy electron diffraction
(RHEED) oscillations. The surface morphology was investigated by a
Cypher atomic force microscope (Asylum Research, Santa Barbara,
CA, USA.).

Sample Preparation and STEM Investigations. TEM speci-
mens were prepared by mechanical wedge polishing followed by Ar
ion-beam milling at liquid-N, temperature.

SMO thin films were studied using a spherical aberration-corrected
STEM (JEM-ARM200F, JEOL Co. Ltd.) equipped with a cold field
emission gun and a DCOR probe Cgcorrector (CEOS GmbH)
operated at 200 kV. The STEM images were obtained by JEOL ADF

and BF detectors with a probe size of 0.8 A (corresponding to the
spot size 8C in the experimental setting), a convergent semiangle of
20.4 mrad, and a camera length of 6 cm. The corresponding collection
semiangles for HAADF imaging were 70—300 mrad and for ABF
imaging 11—22 mrad. To improve the signal-to-noise ratio (SNR)
and to minimize the image distortion of HAADF and ABF images, 10
serial frames were acquired with a short dwell time (2 us/pixel),
aligned and added afterward.”” EELS acquisition was performed by a
Gatan GIF Quantum ERS imaging filter with dual-EELS acquisition
capability with a convergent semiangle of 20.4 mrad and a probe size
of 1 A (5C), which is larger than that of STEM imaging. While the
spatial resolution becomes worse as the probe size increases, the
probe current rises, allowing for enhanced EELS analysis with a higher
signal-to-noise ratio. With the 1.5 ¢m camera length and 5 mm
entrance aperture of the image filter, a collection semiangle of 111
mrad was used for EELS acquisition. Dual EELS spectrum imaging
was performed with a dispersion of 1 eV/channel and 510 eV drift
tube energy with a 2048 pixel wide detector for the simultaneous
acquisition of the Sr, Ti, and Mn spectrum image. The SI survey
image was simultaneously acquired using the Gatan ADF detector at
an inner collection semiangle of 111 mrad. The raw spectrum image
data were first denoised by applying PCA with a multivariate statistical
analysis (MSA) plugin (HREM Research Inc.) in Gatan Digital-
Micrograph and then smoothed using a spatial filter in Gatan
DigitalMicrograph. The PCA process may introduce some artifacts to
the maps, making the atomic columns sharper than expected.”* The
elemental maps were extracted using a standard multiple linear least-
squares fitting method. The integration windows for the Sr, Mn, and
Ti maps are (1871—2093) eV, (629—654) eV, and (443—478) eV,
respectively. Energy-loss near-edge structure analysis was carried out
with a dispersion of 0.1 eV/channel, where the energy resolution is
0.7 eV measured as the full-width at half-maximum of the zero-loss
peak. Strain analysis was carried out using Geometry Phase Analysis
(GPA) developed by Martin Hytch through a commercial GPA
plugin (HREM Research Inc.) in Gatan DigitalMicrograph.

STEM-Image and STEM-EELS Spectrum-Image Simulations.
STEM images of the heterointerface were simulated using a multislice
method implemented in QSTEM image simulation software”®
applying the experimental parameters during STEM imaging. The
QSTEM Model Builder was employed to build the interfacial
structure model to match atomic columns in the experimental
STEM image. Since the interface structure model was not fully relaxed
by ab initio methods due to a too large number of atoms, the
simulated images merely provide a good sanity check rather than a
quantitative explanation. To examine the complex electron-scattering
effects at the heterointerface, we have performed multislice STEM-
EELS simulations using the uSTEM code.”® The parameters for the
spectrum-image simulations were set according to the experimental
STEM-EELS conditions.

First-Principles Calculations. The formation energy of an
oxygen vacancy in the SMO system was calculated using VASP
(Vienna Ab initio Simulation Package). The generalized gradient
approximation (GGA) was employed with the exchange-correlation
functional of Perdew—Burke—Ernzerhof (PBE). The cutoff energy
was set to S00 eV. The projector augmented wave (PAW) method
was used to describe electron—core interactions with Sr(4s%4p®5s?),
Mn(3s%3p%3d%4s?), Ti(3s%3p%3d%4s*), and O(2s%2p*) shells
treated as valence electrons. For the relaxation calculation,
convergence criteria for the maximum force on each atom and the
total energy were 0.01 eV/A and 5 X 107° eV, respectively. During the
relaxation calculations in the case of in-plane strained SMO, the in-
plane lattice parameters (a4 and b) are fixed, while the lattice
parameter ¢ and internal coordinates of all atoms are fully relaxed. In
the relaxation calculations of SrgTiMng_,O,, (x = 0, 1, .., 8) (as
shown in Figure S6), the experimentally measured lattice parameters a
=7.81 A and ¢ = 7.68 A are fixed, and the internal coordinates of all
atoms are fully relaxed. In the self-consistent calculations of the total
energy, an energy convergence criterion of 107 eV was used. A
Coulomb interaction of U = 2.7 €V and on-site exchange interaction
of ] = 1.0 eV were used to treat the Mn d electrons.’’ For Ti d
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electrons, we used U = 3.2 ¢V, ] = 0.9 eV.”® All calculations were
performed using 2 X 2 X 2 supercells constructed from an
orthorhombic unit cell with five atoms.”’ The convergence test
indicated that the 5 X 5 X 5 I'-centered k mesh was sufficient. The
oxygen vacancy formation energy Eg,., was computed by E¢, .. = E" +
E° — E™"°, in which E"°, E°, and E™"° denote the total energy of
supercell with one oxygen vacancy, an oxygen atom, and supercell
without oxygen vacancy, respectively. Since we used a simplified
structural model to mimic the interfacial structure, the calculated
formation energy of the oxygen vacancy may be higher than in a real
interface structure. Nevertheless, the trends for the formation energy
in the case of strain and elemental intermixing are, in principle, the
same.
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