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Abstract

A line defect with metallic characteristics has been discovered in optically transparent
BaSnOs perovskite thin films. The distinct atomic structure of the defect core, comprised of
Sn and O atoms, was visualized by atomic-resolution scanning transmission electron
microscopy (STEM). When doped with La, dopants that replace Ba atoms preferentially
segregate to specific crystallographic sites adjacent to the line defect. The electronic
structure of the line defect probed in STEM with electron energy loss spectroscopy (EELS)
was supported by ab initio theory, which indicates the presence of Fermi-level-crossing
electronic bands that originate from defect core atoms. These metallic line defects also act

as electron sinks attracting additional negative charges in these wide-bandgap BaSnOs3 film.

One Sentence Summary

A metallic line defect is found in wide-bandgap perovskite oxide thin films.
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Introduction

In crystals, imperfections exist as various forms of defects covering a full dimensionality
spectrum ranging from zero-dimensional (0D) point defects, such as vacancies and dopants;
to more extended defects, such as one-dimensional (1D) dislocations and disclinations; two-
dimensional (2D) grain boundaries and stacking faults; and finally, three-dimensional (3D)
voids and inclusions. Of particular interest for new technologies are extended 1D and 2D
defects since they run across the macroscopic crystal in certain directions and are atomically
small in others. Thus, they can provide nanoscale and, in some cases, atomic-scale tunability
of material properties without altering the overall structure of the crystal (/). Perovskite
crystals (ABX3) have been shown to be suitable hosts for various conventional and non-
conventional 1D and 2D defects with unexpected properties. A large diversity of elements
can be incorporated at each of three A, B, and X sites of perovskites, engendering with a
wide range of phases and functionalities (2-4). Since the structure of perovskites, especially
perovskite oxides, are highly flexible, it accommodates various types of distortions
including octahedral BOs tilt (5,6), uniaxial and biaxial strains (7), orbital ordering (§,9),
and cation ordering (10). The structural flexibility of perovskites allows formation of unique
extended defects such as intrusion of related phases, e.g. Ruddlesden-Popper faults and
phases (11,12) or Aurivillius phase (13), nanorods, and line defects (/4-16). Analytical
atomic-resolution scanning transmission electron microscopes (STEM) equipped with
various spectrometers (/7-19) are uniquely suitable for discovery of new extended 1D and
2D defects and characterization of their atomic structure, composition, and electronic
properties (15,20-22). Here, using STEM imaging, energy dispersive X-ray (EDX), and
electron energy-loss spectroscopy (EELS), in combination with ab initio calculations, we

report on the identification of a new kind 1D line defect with metallic characteristics in
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otherwise transparent, wide-bandgap perovskite BaSnOs3 thin films. While only a few non-
conventional (not dislocation or disclination type) line defects have been reported, e.g. a
semiconducting line defect in insulating NdTiOs (15), the field of non-conventional line

defects in perovskites is still largely unexplored, but hugely promising.

Perovskite BaSnOs is one of the Alkaline-carth stannates (ASnO3, A=Ca, Sr, and
Ba) that has high optical transparency due to its wide bandgap of 3.0 + 0.2 eV (23,24). It
also has high room temperature carrier mobility, reaching 320 cm?V-!s"! in a doped BaSnO3
bulk crystal (25,26) and 183 cm?V-!s™! in a doped BaSnOs thin film (27,28) despite the
presence of a considerable amount of crystalline defects. Typical extended defects such as
threading and misfit dislocations (28-30), grain boundaries (30), and Ruddlesden-Popper

faults (29), are common in these perovskite BaSnOs3 films regardless of growth methods.

Results and Discussion

The findings discussed here come from STEM-based experiments conducted on La-doped
BaSnOs (La:BaSnQO3) films. Films grown with two different techniques, high pressure
oxygen sputtering and hybrid molecular beam epitaxy (MBE), were studied and almost all
of them had the same metallic line defect in them. The low-magnification cross-sectional
high-angle annular dark-field (HAADF)-STEM image of one of the La:BaSnOs; films,
grown on a LaAlO3 substrate, shows the overall structure of the BaSnOs film (Fig. 1A). The
contrast variations due to grain boundaries and dislocations can be seen throughout its
thickness. At high-resolution, due to considerable differences in atomic numbers between
cations Ba (Zgs = 56), Sn (Zs» = 50) and anion O (Zo = 8), HAADF-STEM images only
show the atomic columns with cations in them, as seen in Fig. 1B. Since perovskite BaSnO3
has a cubic crystal structure, projected HAADF-STEM images recorded along all three
major axes ([001], [010], and [100]) show the same atomic column arrangement, if the film

is fully relaxed.
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In the high-resolution HAADF-STEM images of these BaSnOs3 films obtained in
plan-view, one of which is presented in Fig. 1C, the new line defects can be easily spotted
because of their unique atomic configuration with a characteristic pair of atomic columns at
the center. Interestingly, these line defects are observed only when viewed in the plan-view
direction regardless of film growth technique, which indicates that they form preferentially
along the growth direction suggesting possibilities for manipulations and control of the

defects.

Atomic-resolution STEM-EDX elemental maps (Fig. 1D) reveal the compositional
details of the defect core and its surrounding (for details, see SM Fig. S1). The two atomic
columns at the center—the main visible feature of this defect—are Sn atomic columns (for
additional examples of images and EDX maps of the line defects in sputtered and MBE
grown films, see SM Fig. S2). To form the defect core, it appears two Ba columns should
be absent and two Sn columns are ‘rotated’ 90 degrees along the [001] axis from their
original (host) positions. Slight displacements of the four closest Ba columns toward the
defect core to relax the strain in the structure are also observed (for details, see SM Fig. S3).
Interestingly, high concentrations of La dopants are detected at the specific Ba sites adjacent
to the line defect. As can be seen from La EDX map in Fig. 1D, La dopants are primarily
substituting Ba atoms in the Ba columns just next to the core Sn-Sn pair, at the type (1)
sites; and less frequently, in Ba columns next to those, at the type (2) sites (for more
examples, see SM Fig. S2). When defect core Sn-Sn pair distance was measured and
compared to that in the host BaSnO3, which is the same as the lattice constant ao, it was

found to be only about 0.61<ao and had a range from 0.45xao to 0.75xao (Fig. 1E).

An illustration of these line defects inside a BaSnOs film formed along the film
growth direction (c-axis) is shown in Fig. 2A. It should be noted that not all line defects

necessarily propagate from a substrate to the film surface (see SM Fig. S4). Based on the
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STEM observations, a one-unit-cell-thick model for a basic atomic structure of the line
defect was constructed. Then, the model was relaxed to its lowest energy configuration by
employing ab initio calculations (for details, see Materials and Methods). For better insight
into the structure of this line defect, several models with slight structural and compositional
variations were considered, relaxed, and evaluated: (i) without La dopants; (ii) with La
dopants at sites (1), (2) and others; (iii) with and without oxygen in-between Sn-Sn pair in
the core (for details, see SM Figs. S5,6). The final relaxed structure of the simplest and the
most representative model for the line defect is shown in Fig. 2B viewed in three main
projections. In this simplified model, La dopants are substituting all Ba atoms at the sites
type (1) and the sites type (2) are free of La. Interestingly, after the structural relaxation, the
two core Sn atomic columns are shifted a half-unit cell along the line defect direction
([001]), which is visible when viewed from [100] and [010] directions. The distance
between core Sn-Sn atomic columns is also reduced and four adjacent Ba columns are
moved inward, both of which are consistent with the experimental observations (see also
SM Fig. S3). The agreement between this model and STEM measurements appears to be
fairly good including a close match of the core Sn-Sn distance in the relaxed structure

(0.72xao) to experimentally observed values.

Using this simple model for atomic structure, the electronic band structure of the
line defect was calculated using density functional theory (DFT) and, interestingly, defect-
induced electronic bands crossing the Fermi level, Er, were observed, as illustrated in Fig.
2C. The resulting band structure along with total and atom-projected density of states (DOS)
are shown in Fig. 2D. A few defect-induced electronic bands (highlighted in red) are
partially filled as they cross the Fermi level, Er = 0, which implies the presence of metallic
electronic states in the line defect. In addition to these bands, there are also other unfilled,

defect-induced, distinct bands spanning from 0.2 eV to 1.3 eV that are not present in bulk
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BaSnOs3 (31). While atom-projected DOS reveals that the metallic states are originated from
O and Sn atoms in the structure (Fig. 2D), site-projected DOS of individual Sn and O atoms
in the structure helps to identify the sites responsible for metallic bands. As shown in Fig.
2E, the metallic bands that are crossing the Fermi level are, indeed, originated primarily
from Sn and O atoms in the defect core: Sn-1, O-1, O-2, and O-3. These results appear to
be the direct consequence of considerable differences between the coordination and bond
angles for the core O and Sn atoms than those in the host perovskite BaSnOs3 (e.g. Sn-O-Sn
angle is 74° and 58° in core and 180° in host). Electronic structure calculations conducted
for the line defect without La dopants (see SM Fig. S7) and for the line defect with an O
vacancy (see SM Fig. S8) also showed a metallic defect core with similar results for band
structure and DOS, suggesting that being metallic is most likely an intrinsic property of

these line defects in BaSnO:s.

Since these metallic line defects are imbedded inside an n-type doped insulating
BaSnOs host (32) (each La dopant provides one extra electron when it substitutes Ba atom),
some changes in atomic and electronic structures are expected when an extra negative
charge is introduced into the system. A set of calculations for structure optimization with
different amounts of added negative charge (number of electrons) was performed. It
revealed that an increase of additional negative charge decreases the Sn-Sn distance at the
core, bringing the structure even closer to the ones observed in experiments (Fig. 3A). A
reduction of core Sn-Sn distance was observed for both line defects with and without La
dopants. Since the line defects in the different films have different amounts of surrounding
dopants and additional negative charges in them, that would explain the experimentally-

observed variation of Sn-Sn distances in the core discussed earlier (Fig. 1E).

The electron density distributions of these negatively-charged line defects were

calculated and compared with those of the original line defect to visualize the sites where
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the additional charge accumulates. The electron density maps for La-doped line defects with
and without two added electrons were calculated using relaxed atomic structures with
additional electrons; then an electron density difference map (EDDM) was constructed. The
EDDMs for the two crystalline planes (BaO and SnO2 planes) perpendicular to the defect
line are shown in Fig. 3B. They indicate that the additional electrons are filling the available
states in the Sn and O atoms at the defect core, which is consistent with their metallic
characteristics — having localized electronic states that are crossing the Fermi level. These
line defects appear to act as electron sinks attracting additional negative charges in the film.
The EDDMs also provide a real-space visualization of the changes in the electronic orbitals
of the atoms that are contributing to the band structure. The characteristic lobes of filled O
2p orbitals are clearly visible in EDDM of the SnOz2 plane (Fig. 3B), where the effects of
the orbital hybridization due to bonding are minimal. The EDDMs calculated for the line
defect without La dopants, which is also metallic, show similar defect-core-concentrated

distribution of the additional electrons (see SM Fig. S9).

EELS core-loss edges are directly related to the local DOS above the Fermi energy
of the material and can be acquired in STEM at atomic-resolution in parallel with imaging
(33,34), therefore, it is an excellent method for experimental investigation of the local
electronic structure of extended 1D and 2D defects. To determine the applicability of the
core-level EELS for this new line defect, the spectral shapes of O K edge, the most sensitive
EELS edge in BaSnOs3, were simulated for different oxygen atoms in the line defect
structure. The calculations were based on electronic band structure and DOS (Figs. 2D,E)
with incorporation of the core-hole effect. The results, presented in Fig. 4A, indicate that
the K edge fine structures of the oxygen atoms at the defect sites are drastically different. In
particular, three oxygen atoms at the defect core (sites O-1, O-2, and O-3 in Fig. 4A) exhibit

a peak at the edge onset, which is due to metallic states in the band structure crossing the
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Fermi energy, as discussed earlier. This and other visible changes in K edge fine structures
of oxygen atoms in the defect core suggest that experimental EELS should be applicable
here. However, due to STEM probe channeling and broadening (35) during its propagation
through the sample (Fig. 4B), some intermixing of these simulated O K edges is expected

in measured EELS data.

EELS O K edges were acquired across the line defects along two perpendicular
directions: vertical (i) and parallel (ii) to the characteristic core Sn-Sn pair (Fig. 4C). The
changes in the O K edge fine structures are localized within a few unit cells from the defect.
For O K edges acquired along direction i, the changes in the fine structure at the defect core
(region 10) relative to that of host BaSnOs (bulk, b) are readily observed. They are more
pronounced in the difference spectrum (Fig. 4C). For comparison, the difference spectrum
between the O K edges from the region i3, a three-unit-cell away from the core, and bulk
shows only noise signals. At the defect core, the intensity near the onset (shaded 530-533.5
eV range) is enhanced, which is consistent with the presence of metallic states at the defect
and with simulated edge predictions. In addition, peaks at 538.6 eV, 539.9 eV, 542.5 eV,
and 545.0 eV present in the host crystal are dampened at the defect core, which is also
consistent with simulated O K edges (Fig. 4A). EELS data acquired along the direction ii
show similar results due to beam broadening and the intermixing of O K edges. The only
difference here is in the region iil, where the presence of La dopants causes formation of
new electronic states around 5 eV above the Fermi level at neighboring oxygen atoms (sites

0O-4 and O-5, in Fig. 4A).

When the difference spectrum from measured and simulated O K edges are
compared (Fig. 4C), a good agreement is observed. The simulated O K edges used here for
direct comparison with measured edges include effects of intermixing due to beam

channeling and broadening (for details, see SM Fig. S10). It should be noted that an even
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better match with experimental data might be achieved if simulated O K edges not only were
based on the simple model of the line defect with two La dopants (Fig. 2B), but also include
what was observed in actual films, that is, some portion of the defect does not have dopants
at all and some La dopants are on other sites (Fig. 1D); and extra electrons can be
accumulated at the defect core. Again, the simple model of the line defect appears to be

sufficient to describe the essential properties of this metallic line defect.

The discovery of oxide metallic line defects in otherwise wide-bandgap transparent
perovskite BaSnOs; films demonstrates that extended 1D defects can accommodate
remarkable properties and provide unique means for engineering material properties at sub-
nm length scale. Controlling the distribution, and orientations of such line defects offers
exciting new opportunities for developing superior crystalline materials with extraordinary
properties, including unidirectional metallic conductivity with simultaneous insulating
character in orthogonal directions. Exploration of extended 1D defects beyond dislocations
in perovskites is a mostly uncharted field where unexpected defect properties and new

physical phenomena at atomic dimensions are waiting to be discovered.

Materials and Methods

STEM characterization

La:BaSnOs3 films were grown on a LaAlO3(001)pc substrate by using high pressure oxygen
sputter deposition (36) and on LaAlO3(001)pc and SrTiO3(001) substrates by hybrid
molecular beam epitaxy (37). La:BaSnO3 films were grown on pseudo-cubic LaAlO3
(001)pc and SrTiO3(001) substrates. Plan-view STEM samples were prepared by mechanical
polishing (using Multiprep™ Allied High Tech, Inc.) followed by colloidal polishing with
alumina abrasives to thin the foil and to reduce damaged layers on the surfaces. The
thickness of the area for STEM experiments was 40—90 nm and ~40 nm for plan-view and

cross-sectional view samples, respectively. Cross-sectional TEM samples were prepared by
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the focus ion-beam (FIB) lift-out method using 30 kV Ga ion beam followed by ion shower
at 2 kV Ga ion beam.

STEM experiments were performed using aberration-corrected FEI Titan G2 60-300
(S)TEM equipped with a CEOS DCOR probe corrector, a Schottky extreme field emission
gun (X-FEG), a monochromator, a super-X energy dispersive X-ray detector, and a Gatan
Enfinium ER spectrometer. The microscope was operated at 200 keV and screen current of
25-30 pA. STEM images and EDX elemental map were acquired using the probe semi-
convergent angle of 17.3 mrad and ADF detector inner angles of 55 and 11 mrad for
HAADF- and annular bright-field (ABF)-STEM images, respectively. STEM-EELS
analysis was conducted using a monochromated probe allowing the energy resolution of
0.13 eV at the energy dispersion of 0.01 eV. The core-loss O K edges were acquired using
the energy dispersion of 0.1 eV. Probe semi-convergent angle was 19 mrad and EELS
collection angle was 29 mrad. Dual EELS mode was used to acquire the low-loss energy
region with zero-loss peak (ZLP) and the high-loss energy region simultaneously, which
allows energy drift correction using the ZLP alignment. The thicknesses of samples were
determined from measured low-loss EELS spectra employing the log-ratio method with the

mean free paths of plasmon excitation: Ap = 81 nm for BaSnOs3 (38).

DFT simulations

The defect structure was obtained by fully relaxing the atomic coordinates and the lattice
vectors, using the variable cell (vec-relax) option implemented in the Quantum-Espresso
program package (39). Initial line defect structure was constructed using the supercell of
5%4x1 u.c., where two Ba atoms were removed and two Sn atoms were displaced by 90°
rotation along the [001] axis at the center of the supercell. Ultrasoft pseudopotentials (40)

and a generalized gradient approximation (GGA) using Perdew-Burke-Ernzenhof (PBE)
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parameterization for an exchange-correlation functional were employed (47). Kinetic
energy cutoff for wavefunctions and for charge density were 50 Ry and 200 Ry,
respectively. Relaxation was achieved by converging the forces on all atoms to less than
1x10* a.u. A k-points grid of 2x2x6 was used. Atomic structure visualization in figures
were performed using VESTA software (42).

Electronic structures and EELS simulations for the relaxed structures were carried
out using the WIEN2K code (43-45). GGA-PBE parameterization was adopted for the
electronic exchange-correlation functional (47). The Brillouin zone was sampled using a
4x4x16 shifted k-point grid. Rmr (Muffin-tin radii) that was automatically set by the code
was used, which were 2.45 A (the structure without La dopant) and 2.5 A (the structure with
La dopant) for Ba, 2.04 A for Sn, 1.75 A for O, and 2.49 A for La. The basis set cut-off
wave vector, kmax, was determined by the criterion Rminkmax = 7. Ground state electronic
structures for charged line defects were calculated by adding electrons and adding
corresponding background charge. Spin-orbit interactions were also included. EELS O K
edge simulations were performed by using the TELNES3 module in WIEN2K with
parameters identical to the experimental setup. To include the core-hole effects (46,47), the
bigger supercell structure for the line defect was generated by doubling the relaxed line
structures in the [001] direction, which is compatible to the size of 5x4x2 u.c., and then,
core-hole was incorporated in an absorbing oxygen atom. O K edge for the host BaSnOs3
(bulk) was computed using the BaSnO3 supercell with a size of 5x4x2 u.c. The natural
energy broadening of the core edges, caused by the life time of the electrons in the initial

and final states of excitation, was incorporated as well (38,48,49).

STEM simulations
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STEM image and STEM probe propagation simulations were performed using the TEMSIM
code based on the Multislice method (50-52). To simulate the HAADF- and ABF-STEM
images of the line defect, the relaxed line defect structure with two La dopants was used,
which has the supercell size of a =21.01 A, 5=16.53 A, and ¢ =4.11 A. The STEM probe
parameters were set to be: beam energy of 200 keV, a convergence angle of 17.3 mrad
(STEM image) and 19 mrad (electron beam propagation), Cs = 0, and slice thickness of
2.055 A. Thermal diffuse scattering was included using frozen-phonon approximation for
T=300K (51). Root-mean square thermal displacements were set as 0.095 A for Ba, 0.1 A
for Sn, 0.089 A for O, and 0.041 A for La (53). Inner/outer detector angles for the HAADF-
and ABF- STEM images were 50/200 mrad and 10/40 mrad. The computed STEM images
were convoluted with a Gaussian function with the full-width-at-half-maximum of 0.8 A to

incorporate the source size (54).
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Fig. 1. HAADF-STEM images and EDX elemental maps of the line defect in perovskite
BaSnOs. (A) Cross-sectional HAADF-STEM image of a BaSnO3 film grown on LaAlOs3 substrate.
The scale bar is 100 nm. (B) Experimental and simulated atomic-resolution HAADF-STEM image
of cubic BaSnOs3 viewed in the [001] direction. The overlaid polyhedral model shows the locations
of the atoms in this projection. The scale bar is 0.5 nm. (C) Plan-view HAADF-STEM image of
the BaSnO3 film with two new line defects (in the yellow boxes) and one edge dislocation (indicated
by a dislocation symbol). The scale bar is 4 nm. (D) High-magnification HAADF-STEM image
and EDX elemental maps superimposed on the HAADF-STEM image. Here, the sum of eight cross-
correlated elemental maps is shown. The scale bars are 0.5 nm. (E) A close-up image of the defect
core and histogram of the core Sn-Sn column distances relative to the lattice constant (ao) of the
host BaSnOs. The histogram is compiled from individual line defects across many samples.

Precision of individual Sn-Sn distance measurement is + 0.04ao.
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539  Fig. 2. Computed atomic and electronic structures of the line defect. (A) An illustration of line
540  defects in BaSnOs3 thin film forming along the film growth direction. (B) Calculated atomic
541  structure of the line defect viewed along the three major axes. Here La atoms acting as substitutional
542 dopants are shown in yellow occupying Ba sites neighboring the defect core. The Sn atoms in the
543 defect core are shifted a half unit cell along the defect line direction. The calculations also predict
544  minor changes in the atomic structure of the BaSnOs structure outside defect core (e.g., an
545  octahedral tilt in the four surrounding four SnO¢ octahedras when viewed in the c-direction). (C)
546  Schematic band diagrams of BaSnOs illustrating the band from the line defect crossing Er. (D)
547  Electronic band structures and DOS of the line defect calculated using atomic structure in (B).
548  Metallic bands, the bands that are crossing Fermi energy (Er = 0), are highlighted in red. Atom-
549  projected DOS indicate that the metallic bands are predominantly from O and Sn atoms. (E) Site-
550  projected DOS for Sn and O atoms in the line defect structure. The DOS of selected atoms, locations
551  of which are indicated in the schematics on the top, show the O and Sn atoms of defect core are the
552 ones with metallic characteristics.

553
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Fig. 3. The effect of additional negative charge on the line defect. (A) Calculated core Sn-Sn
distance of the line defect as a function of negative charge added to the structure. Both cases,
undoped (0 La) and La substitutional doped (2 La), are considered. In doped case, the structure
already has 2e” charge because each La (Z1. = 57) introduces one extra electron when it substitutes
Ba (Zss = 56). (B) The atomic arrangements (on the left) and corresponding electron density
difference maps (EDDM) between the additionally-charged (with 2e°) and original line defects for
both atomic planes perpendicular to the defect line direction (on the right). Magnified EDDMs of
the defect core with overlaid atom positions show that most of the additional charge is concentrated
at the core O and Sn atoms. The structure used for calculating these EDDMs is indicated by the

arrow in (A).
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Fig. 4. EELS core-loss O K edges of the line defect. (A) Calculated O K edges for different O
atoms in the line defect structure. The locations of these O atoms in the structure are indicated on
the top panel. Peaks originated from metallic electronic states just above Fermi energy are
highlighted with shading. (B) A schematic showing that when the STEM probe is located on an
individual atomic column, by the time the beam propagates and exits the sample, it broadens and,
therefore, measured EELS data should contain excitations from neighboring atomic columns. (C)
Measured and simulated O K edges across the line defect in two perpendicular directions (i and ii).
EELS acquisition areas are indicated in the right. The solid lines and dashed lines represent
experimental data and simulations, respectively. Label ‘b’ indicates bulk. Enhanced peak due to
bonding with La is marked with an asterisk. Simulated edges contain intermixing from neighboring
oxygen atoms. Difference spectra between local and bulk O K edge spectra are shown in the bottom.
Features corresponding to metallic electronic states just above Fermi energy are highlighted with

shading.
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Fig. S1. Image processing of EDX elemental maps. (A) The steps showing how several EDX elemental
maps acquired from a line defect were first cross-correlated and then Gaussian-filtered using full-width half
maximum (FWHM) of 0.6 A, which is below the spatial resolution of the STEM. The intensity line profiles
extracted from the maps, presented below each map, show reduction of the noise in the maps. The locations
of extracted line profiles are indicated by white lines and arrows on the maps. (B) Final EDX maps of Sn
with Ba and La overlaid with a corresponding HAADF-STEM image. Scale bars are 0.5 nm. These final
maps are the maps shown in main text, Fig. 1(D).
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Fig. S2. ADF-STEM images and EDX elemental maps of the line defect. (A) Low-magnification plan-
view HAADF- and LAADF-STEM images of La:BaSnO; thin films grown by high oxygen pressure
sputtering and hybrid MBE techniques. LAADF-STEM images show presence of many strong spot-like
contrast (highlighted in yellow boxes) in all BaSnOs films. HAADF-STEM images reveal that the contrast
originates from either threading dislocations or these line defects. The density of the line defect appears to
be dependent on the growth techniques or the strain in the film: about 3x10? defect/um? for sputtering-
grown La:BaSnO; films with high strain distribution, and about 30 defect/um? for hybrid MBE-grown
La:BaSnOs films with low strain distribution, based on LAADF image analysis. (B) Examples of atomic-
resolution HAADF-STEM images and corresponding EDX elemental maps of line defects found in
sputtering- and hybrid MBE- grown films, where Sn signal at the core and La signal at nearby atomic sites
are visible in all cases.
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Fig. S3. Displacements of four neighboring Ba columns toward the defect core. (A, B) Experimental
HAADF-STEM image and simulated atomic structures of the line defect showing inward displacement of
the four neighboring Ba columns. Dash-lines connecting Ba atoms away from the defect core are drawn to
visualize the displacement of four neighboring Ba columns relative to their bulk lattice sites. In the
magnified images, displacements are indicated by red arrows. Inward displacements of the Ba columns in
x- and y-directions were 6% and 15% (experiment) and 5% and 6% (simulation). (C) Intensity line profiles
from the experimental HAADF-STEM images in Fig. 1(D) and SM Fig. S2(B) taken across core Sn-Sn
pairs of a line defect as shown by a dashed line on the top image. These intensity profiles show variations
in intensities in center O atom location as well as in core Sn locations suggesting variations in position and
composition of these atomic columns.
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Fig. S4. Full and partial line defects. (A) Illustration of full and partial line defects. (B) HAADF-STEM
images of full and partial line defects. HAADF-STEM image of the partial line defect shows superimposed
contrast of the line defect and bulk BaSnOs. Scale bars are 0.5 nm.
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Fig. SS5. The structure of the line defect with La dopant at different locations. (A) The relaxed atomic
structure of the line defect with 1 La dopant (first row) and with 2 La dopants (second row). As La dopants
substitute Ba atoms at the position Ba(1), the core Sn-Sn distance reduces. (B) The relative total energy of
each configuration. When comparing one La substitution at Ba(1) and Ba(1* sites, substitution at Ba(1)
site results in lower energy, which indicates the stabilizing effect of La dopants on the line defect when
they are close. With only one La dopant, the total energy is lower when La is at sites Ba(2) or Ba(3).
However, they lead to asymmetric configurations and dangling oxygen atoms. With 2 La dopants, the defect
core is energetically favorable when dopants are at the site Ba(1), which is also closer to the experimental
observations. When 2 La dopants are located symmetrically at position Ba(2) or Ba(3), as shown in (A),
the structure is distorted, but does not introduce dangling oxygen atoms. Based on total energies of the 2
La-doped line defect structures, La will be preferably be located in the order of: Ba(1), Ba(2), and Ba(3)
sites, which is consistent with the experimental observations.
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Fig. S6. The structure of line defect with and without oxygen in-between the Sn-Sn pair in the core.
(A) The atomic structures of line defects after structural relaxation of the models with @ and without (b)
central oxygen atom, viewed along three major axes. The core Sn-Sn distance of the relaxed structures was
0.724a0 and 0.734a, for @ and ® cases, respectively. (B) Simulated HAADF- and annular bright-field
(ABF)-STEM images of two line defect structures shown in (A). Multislice algorithm was used for these
simulations. Intensity line profiles were extracted from the bulk BaSnOs region (i) and the line defect region
(i1), as indicated by yellow dotted lines, and plotted on the right panels. While simulated HAADF-STEM
images of the two models do not show obvious difference, ABF-STEM images show visible contrast
difference at the defect core due to darker contrast generated from the central oxygen. (C) Experimental
ABF-STEM image of the line defect. The intensity line profile across the line defect core shows lower
intensity at the center, which indicates that the structure likely contains oxygen atoms at the center.
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Fig. S7. Computed atomic and electronic structures of the line defect with no dopants. (A) Calculated
atomic structure of the line defect viewed along three major axes. The Sn atoms in the defect core are shifted
half unit cell along the defect line direction. The calculations also predict minor changes in the atomic
structure of the BaSnOs structure outside defect core (e.g. an octahedral tilt in the surrounding four SnOg
when viewed in the c-axis). (B) Electronic band structures and DOS of the line defect calculated using
atomic structure in (A). Metallic bands, the bands that are crossing Fermi energy (E£r = 0) are highlighted
in red. Atom-projected DOS indicate that the metallic bands are predominantly from O and Sn atoms. (C)
Site-projected DOS for Sn and O atoms in the line defect structure. DOS of selected atoms, locations of
which are indicated in the schematics on the top, show that the O and Sn atoms of defect core are the ones
with metallic characteristics.
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Fig. S8. Computed electronic structures of the line defect with O vacancy at the center. (A) Electronic
band structure (left) and DOS (right) of the line defect with missing center oxygen. The atomic model is
shown in the inset in the DOS plot. (B) Magnified band structure showing Eg-crossing bands. Metallic
bands, the bands that are crossing Fermi energy (Er = 0) are highlighted in red. (C) Site-projected DOS for
core Sn and O atoms. DOS of selected atoms, locations of which are indicated in the schematics on the top,
show that the O and Sn atoms of defect core are the ones with metallic characteristics.
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Fig. S9. The effect of additional negative charge on the line defect with no dopants. The atomic
arrangements (on the left) and corresponding EDDMs between the additionally charged, with 2¢", 4e’, and
original line defects without La dopants (on the right) for both atomic planes (BaO and SnO; planes)
perpendicular to defect line direction. Magnified EDDMs of the defect core overlaid with atom model show
that most of the additional charge is concentrated at the core O and Sn atoms. Undoped line defect with
additional 4¢” is similar to 2-La-doped line defect with additional 2¢”, shown in the main text, Fig. 3(B).
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Fig. S10. Evaluation of O K edge intermixing in STEM-EELS spectra. Using Multislice algorithm,
STEM beam propagation in the line defect structure was evaluated and contributions of core-electron
excitation from individual oxygen atoms were determined. (A) The electron beam intensity distribution at
each depth was computed, as shown schematically for a probe located at the center of the line defect. Slice
thickness of Az = 2.055 A, which is a half of the unit-cell, was used in these simulations and the total
thickness of the structure was set to be 40 nm. Beam intensity at each oxygen atom was evaluated by
integrating the intensity within the radius of oxygen atom (ro = 0.73 A). (B) The atomic structure of the
line defect with highlighted oxygen atoms used for the integration (left) and the oxygen atom-projected
beam intensity map for the probe located at the center (right). On the map, fractions of the beam intensity
at each O atomic column (in %) are indicated. In this case of a STEM probe located at the center, final O
K edge is determined by a weighted average of O K edges from the all O atoms on this map with fractions
used as weighting coefficients. O K edges used for such calculations are shown in Fig. 4(A). For O atoms
outside the displayed region, bulk O K edge was used. (C) To account for the scanning probe in each area
used for EELS acquisition, the acquisition areas (i0, il, ii0, and iil) were meshed to generate evenly
distributed probe positions (with step size of 0.5 A). The oxygen atom-projected beam intensity maps were
calculated for each probe position and averaged for each region. (D) The final oxygen atom-projected beam
intensity maps for each EELS acquisition areas: 10, il, ii0, and iil. Fractions of the beam intensity (in %)
are indicated at O atomic columns on each map. By calculating a weighted average of O K edges based on
the fractions, the O K edge spectra for the areas i0, i1, ii0, and iil were determined and used in main text,
Fig. 4(C).
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