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Misfit dislocations at a heteroepitaxial interface produce huge strain and, thus, have a
significant impact on the properties of the interface. Here, we use scanning transmis-
sion electron microscopy to demonstrate a quantitative unit-cell-by-unit-cell mapping
of the lattice parameters and octahedral rotations around misfit dislocations at the
BiFeO,/SrRuO; interface. We find that huge strain field is achieved near dislocations,
i.e., above 5% within the first three unit cells of the core, which is typically larger than
that achieved from the regular epitaxy thin-film approach, thus significantly altering
the magnitude and direction of the local ferroelectric dipole in BiFeO; and magnetic
moments in StRuO); near the interface. The strain field and, thus, the structural dis-
tortion can be further tuned by the dislocation type. Our atomic-scale study helps
us to understand the effects of dislocations in this ferroelectricity/ferromagnetism
heterostructure. Such defect engineering allows us to tune the local ferroelectric and
ferromagnetic order parameters and the interface electromagnetic coupling, providing
new opportunities to design nanosized electronic and spintronic devices.

misfit dislocations | ferroelectric | magnetic moments | atomic resolution | defect

Perovskite oxide heterostructures, exhibiting exotic physical properties, such as the topo-
logical Hall effect (1), superconductivity (2, 3), and a two-dimensional electron gas (4),
are attracting increasing attention due to the interfacial coupling involving lattice, charge,
spin, and orbital order parameters. For multiferroic oxide heterojunctions in particular,
the interactions between multiple ferroic orders at the interface make them promising
candidates for high-performance electronic and spintronic devices (5). To tailor the prop-
erties of these oxide heterostructure, strain engineering, i.e., the use of epitaxy substrates
with different lattice constant/symmetry to impose a strain to the thin film, is a very
effective strategy. The underlying mechanism is that the lattice constant and oxygen octa-
hedron distortion, which usually represents the electronic and magnetic properties of
perovskite, are sensitive to the strain state. Thus, the properties can be dramatically tuned
under different strain states. Although the state-of-the-art epitaxy growth has already
achieved an order of magnitude higher than the critical strain value of crack in bulk, the
typical level of imposed strain is limited at about +3% (6), above which the films usually
tend to be relaxed with the formation of dislocation arrays at the interface, making a
higher strain state still challenging to achieve.

In fact, dislocations in functional oxides are not always harmful; instead, they sometimes
generate local fascinating properties that are unavailable in the bulk matrix. The reason is
that they change the local atomic arrangement and introduce huge strain fields and gra-
dients (7, 8) and even a different phase/composition, making the surrounding material
exhibit unique properties that are different from the rest of the bulk. For example, in
antiferromagnetic NiO crystals, the Ni deficiency at dislocation cores produces local
ferromagnetic properties (9); in ferroelectric thin films, the strain field around dislocations
can propagate in long distance, thus tuning the ferroelectric polarization (10, 11); in
paraelectric SrTiO; (STO), the large strain gradients around dislocations generate ferro-
electricity due to the flexoelectric effect (12). For prototype perovskite STO, a strain of
up to 10% can be achieved within the first two unit cells of the dislocation core (12) and
stays ~5%, extending over several nanometers (13, 14), which is typically larger than the
value of regular epitaxy. Therefore, the misfit dislocations at the interface with huge strain
and strain gradient can likely induce some exotic properties that are unavailable from ideal
epitaxy growth.

In this work, we study the effects of misfit dislocation at the BiFeO,/SrRuO; (BFO/SRO)
interface with the aim of obtaining new strategies to tune the interfacial electronic and
magnetic properties. Recent studies reveal some exotic phenomena in the BFO/SRO mul-
tiferroic heterojunctions, such as the topological Hall effect that is induced by the
Dzyaloshinskii-Moriya interaction (DMI) through magnetoelectric coupling at the interface
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Significance

In ferroelectric/ferromagnetic
systems, misfit dislocations at the
heteroepitaxial interface can
significantly alter the local
properties through strain-field-
induced structural distortion.

In this work, we use scanning
transmission electron
microscopy to unit-cell-by-unit-
cell map the lattice parameters
and octahedral rotations around
misfit dislocations at the BiFeO,/
SrRuO; interface, and, thus,
reveal the distinct effects of
structural distortion on the

local ferroelectricity and
ferromagnetism properties.

The results have important
implications for interface
engineering and device
fabrication based on
heteroepitaxial technology.
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(15). The properties of both BFO and SRO are sensitive to the strain
state; thus, a variety of parameters can have a significant impact on
the electronic structure and magnetic properties and further affect
the coupling between BFO and SRO at the interface, including
epitaxial strain (16-19), film thickness variation (20-22), reversal
of ferroelectric polarization (23, 24), and variation of the rotation
angle of the oxygen octahedron (25-27).

We use advanced scanning transmission electron microscopy
(STEM) imaging and spectroscopy to reveal a direct, quanti-
tative unit-cell-by-unit-cell mapping of lattice parameters and
oxygen octahedral rotation around the misfit dislocation at the
epitaxial BEO/SRO interface, allowing us to directly correlate
the atomic structure and chemistry of the misfit dislocation
core with its surrounding strain field, the polarization of BFO,
and the ferromagnetism of SRO on the atomic level. We find
that interfacial dislocation induces a huge local strain field of
more than 5%, but the impact on BFO and SRO is different,
i.e., BFO is subjected to tensile strain, resulting in a main
change in the lattice distortion for about 8 unit cell., while
SRO is subjected to compressive strain, resulting in a significant
decrease in the oxygen octahedron rotation for about 8 u.c. As
a result, near the dislocation, both the ferroelectric polarization
in BFO and magnetic moments in SRO are changed at the
interface, which further alters the magnetoelectric coupling
behavior at the interface. These atomic-scale findings provide
insights into understanding the effects of dislocations in such
a ferroelectricity and ferromagnetism heterostructure system.
Furthermore, the dislocation enables a locally huge strain field
that is unavailable from regular substrate strain engineering,
suggesting a new strategy to design electronic, ferroelectric,
magnetic, and magnetoelectric functions via proper defect
engineering.

Results

Atomic Structure of Misfit Dislocation Core. Fig. 14 is a high-
angle annular dark-field (HAADF)-STEM image, acquired along
the [001] zone-axis for multiferroic BFO grown on an STO (110),
substrate, with a ferromagnetic SRO buffer layer. Due to the
large lattice mismatch of STO and BFO in the in-plane direction
(parallel to the interface), misfit dislocation arrays with burgers
vector b = \/Ea[l 10] (in Fig. 14 and enlarged view in Fig. 1B)
appear at the SRO/BFO interface. The atomic number—sensitive
HAADF image and atomically resolved EDS maps in Fig. 1 C—H
show that Bi atoms diffuse into the dislocation core in a triangular
shape. The elemental changes are quantitively plotted in Fig. 1/
and SI Appendix, Fig. S1, showing an enrichment of Bi and a
deficiency of Sr at the dislocation core when compared with the
normal interface. The excess Bi atoms seem to not only occupy
the A site but also the B site in the dislocation core, forming a tiny
Bi,Oj; cluster between a pair of partial dislocations (87 Appendix,
Fig. S2), which has also been observed in BFO thin films (7, 28,
29). In our case, the relatively large atomic radius of the enriched Bi
element accumulating at the dislocation core would be helpful for
the strain accommodation (8). As shown in Fig. 1/, the Fe-L; edge
at the misfit dislocation core is slightly shifted to lower energies,
and the intensity of the Z, edge at the dislocation core is slightly
higher than that of the bulk, which qualitatively confirms a drop in
the Fe valence state around the misfit dislocation core (30, 31). The
intensity of O peaks at the dislocation core is obviously reduced, as
shown in Fig. 1K, implying the existence of oxygen vacancies (32),
which may be able to stabilize the electrical neutrality condition
and accommodate the strain through the chemical expansion (33).

To explore the effect of strain on the BEO/SRO interface, we
measured the lattice constant and oxygen octahedral distortion
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Fig. 1. Atomic structure of the misfit dislocation core. (4) A HAADF-STEM image showing two misfit dislocations at the interface, as shown in the white dotted

box. (B) High-magnification HAADF image showing the atomic structure of the misfit dislocation core and Burgers vector:

\/Ea[1 10]. Atomically resolved EDS

mapping determining the cationic configuration in the misfit dislocation core corresponding to B: (C) Sr, (D) Ru, (E) Sr + Ru, (F) Bi, (G) Fe, (H) Bi+Fe. (/) Differences
between Sr and Bi elements with line profiles across the dislocation core and defect-free interface. (/) Fe-L edges and (K) O-K edges from the misfit dislocation

core (black) and bulk (red). The Inset of J is a local enlarged view of the Fe-L; peak.
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around the misfit dislocation. Based on the position of Bi and Fe
atoms from the HAADF image (Fig. 2A4), as illustrated in Fig. 2B,
we define d,, and d, to represent the lattice constants in the [010]
and [100] directions, respectively. €, is the angle between d,; and
the horizontal direction, which is used to reflect the rotation of
the entire unit cell. The unit-cell-wise d,4/d;, mapping in Fig. 2C
shows a significant variation along the interface, where d,,/d;,
increases substantially in the upper region of the dislocation
(change up to ~13%, red line profile I in Fig. 2F corresponding
to the red rectangle region in Fig. 2C) and decreases in the bottom
region (change up to ~8%, blue line profile II corresponding to
the blue rectangle region in Fig. 2C). Notably, lattice distortion
away from the dislocation is insignificant (black line profile III).
The inset of Fig. 2E schematically displays the lattice distortion
in different regions, supported by the individual changes of d,,
and d,4 shown in S7 Appendix, Fig. S3. Another effect of misfit
dislocation on the distortion of the surrounding lattice is the var-
iation of 6, (change over ~6%, Fig. 2D and the corresponding

line profiles in Fig. 2F). As schematically shown in Fig. 2F, the
direction of the lattice rotation on the upper and lower sides of
the dislocation is opposite. However, the bond angle between d 4
and d,, is weakly affected by the dislocation (S/Appendix,
Fig. S3D). It is also worth noting that the lattice distortion in
BFO, including changes in the lattice constant and lattice rotation
angle, is more significant than that of SRO.

To investigate the effect of misfit dislocations on the oxygen
octahedron rotation angle, we performed integrated differential
phase contrast (iDPC) imaging (SI Appendix, Fig. S44 and an
enlarged view in Fig. 2G), which enables the simultaneous imaging
of both cations and oxygen (34). Consistent with previous reports
(18), here, we use the rotation angle a = (90° - €)/2 to reflect the
change of the rotation angle of the oxygen octahedron, where Q
is the angle among three oxygen ions between two corner-shared
oxygen octahedra in the x—y plane, as shown in Fig. 2G. It is worth
noting that the four nearest neighbors at the same position as Q
shown in Fig. 2G are the bond angles of the oxygen octahedron.
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Fig. 2. Dislocation-induced structural distortion. (A) HAADF image of the interface (highlighted by the white line). (B) Digitally magnified HAADF image from the
BFO region showing atomic and angle definitions. (C and D) Distribution of C lattice constant ratios (d,,/d,,, as defined in B) and D lattice rotation (0,, as defined
in B) corresponding to the HAADF image in A. The black dotted lines mark the interface. Black spots are missing values due to huge structure changes at the
dislocation core. (E) Horizontal lattice constant ratios line profiles corresponding to C. Line profiles |, Il, and Ill correspond to the distribution of d,,/d,, along the
red, blue, and black rectangle regions in C, respectively. The schematic depicts the change in the lattice constant in both directions. (F) Horizontal lattice rotation
line profiles corresponding to D. Line profiles |, Il, and Il correspond to the distribution of 6,(°) along the red, blue, and black rectangle regions in D, respectively.
The schematic displays the rotation direction of the lattice in the vicinity of the misfit dislocation. (G) Digitally magnified iDPC image of SRO (from the blue box in
Sl Appendix, Fig. S3A); Sr, Ru, and O are visible at the same time and the white dotted outlines mark the oxygen octahedrons. (H) Variation of the rotation angle
(o, a = (90° - Q)/2) of the oxygen octahedron. (/) Line profiles of oxygen octahedron rotation angles corresponding to the red (IV) and blue (V) lines in H. Error
bars (shade color) are the SDs calculated used three sets of data (pixels) in the vicinity of the line.
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The unit-cell-scale mapping of a in Fig. 2H and the distribution
of a along the red (IV) and blue (V) line profiles in Fig. 27 show
that the presence of the misfit dislocation significantly reduces the
oxygen octahedron rotation angle of the nearby SRO. As for BFO,
the rotation direction of the oxygen octahedron is opposite along
this observation direction, so the corresponding behavior of the
oxygen octahedron cannot be analyzed well (S Appendix, Fig. S4B).
In particular, even though the rotation angles of RuO oxygen
octahedra decrease from ~5° in bulk to ~0.5° near the dislocation,
as shown in Fig. 27, their bond angles exhibit no obvious change
(SI Appendix, Fig. S4C), i.c., the effect of compressive strain on
SRO is mainly reflected in the change of oxygen octahedral rotation
rather than the change of the whole unit cell.

These structural modifications significantly affect the local prop-
erties. Considering that the spontaneous polarization in BFO has
a linear relationship with the displacement of cations relative to
the surrounding cation centers (SI Appendix, S5) (35-37), the
magnitude of polar atomic displacement vector —Dyy is used to
represent the polarization magnitude. The influence of the misfit
dislocation on the surrounding polar atomic displacement is shown
in Fig. 34, where the presence of the misfit dislocation leads to a
decrease in the polarization magnitude and a rotation of the polar-
ization direction near the defect. Fig. 3B shows the full-area dis-
placement magnitude distribution corresponding to Fig. 24; the
black dotted line shows the location of the interface in the HAADF
image. The polar atomic displacement of BFO is reduced at the
interface and such a reduction is more significant around the dis-
location core, while the displacement also appears on the SRO side
near the interface. The slight fluctuations in the displacement
between different regions (e.g., the top part and bottom in Fig. 3B)
may be caused by the tiny mistilt of bending specimen (38). This
can also be reflected in the horizontal distribution of the displace-
ment magnitude along the red frame (I), blue frame (II), and black
frame (III) in Fig. 3B, as shown in Fig. 3C. For the position away
from the dislocation (III, approximate bulk), the existence of the
interface affects the out-of-plane displacement in the range of ~3
u.c. in BFO and ~1 u.c. in SRO due to the screening mechanism.
However, at the interface with dislocation, such an effect is dra-
matically changed. For the periphery of the defect (I and II), the

40
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displacement in BFO is changed (suppressed D, along out-of-plane
and enhanced D, along in-plane) within ~9 u.c. away near the
interface (87 Appendix, Fig. S6), while in SRO, the change of dis-
placement occurs at a distance of 4 u.c. within the interface. This
demonstrates a reduction (increase) in the polarization of BFO
(SRO) spanning a range of about 6 (4) u.c. in the out-of-plane
direction (perpendicular to the interface) and about 30 u.c. in the
in-plane direction (along the interface direction). This is in good
agreement with the range of lattice distortions shown in Fig. 2.
Moreover, Fig. 3D shows the atomic structure of the misfit dislo-
cation core viewed from the [110] axis (the locally enlarged view
corresponding to the white box in ST Appendix, Fig. S7). The seg-
regation and enrichment of Bi element also exist at the dislocation
core, which can be reflected from the Z-contrast HAADF image.
The middle Fe atoms around the dislocation core seem to have a
large offset relative to the center of Bi atoms, which is further
confirmed by the displacement mapping (red region in Fig. 3E)
and the horizontal distribution of the red frame (I), blue frame
(II), and black frame (III) in Fig. 3F. It is noteworthy that the
displacement is only enhanced above the dislocation core (pro-
motes the transition from the R phase to the T-like phase), while
there is no significant change along the interface.

Furthermore, the electronic structure and magnetic properties of
SRO, which can be easily affected by the hybridization between
Ru-d orbitals and O-p orbitals through manipulating the rotations
of octahedra (26, 39, 40), also become different near the dislocation.
In order to evaluate the effect of the suppressed rotation of the
oxygen octahedrons at SRO around dislocations, we performed
first-principles calculations. Fig. 44 shows the optimized atomic
structure of bulk SRO and the reduced rotation angle SRO, respec-
tively. Consistent with experimental observations, the rotation angle
of the oxygen octahedron is reduced to ~0.5° in the modeling. The
reference value in the bulk is ~5°. From Fig. 4B, the electron pocket
above the Fermi level reduces its energy and even passes through
the Fermi level as the rotation angle of the oxygen octahedron
decreases, modifying the density of states (DOS) near the Fermi
level, which may alter the electronic and transportation properties
of SRO. Regarding magnetic properties, the calculated Ru magnetic
moment for bulk SRO is 1.36 pg/Ru, which is in good agreement
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Fig. 3. Influences of structural distortion on BFO ferroelectric polarization. (A) Enlarged view of the HAADF image in Fig. 2A overlaid with polar vectors (the
magnitude is proportional to the cation displacement, and the direction is opposite to the cation displacement) showing the variation of BFO polarization near
the misfit dislocation core. White arrows denote the polarization direction of BFO. Due to the presence of misfit dislocations, the direction and magnitude of the
surrounding polarization change. (B) Polar atomic displacement magnitude mapping of the central cation relative to the four surrounding cations corresponding
to the image in Fig. 24, showing the decrease in polarization around the misfit dislocation. The black dotted lines mark the interface. Black spots are missing
values due to huge structure changes at the dislocation core. (C) Horizontal distribution of polar atomic displacement magnitude along the red frame (1), blue
frame (Il), and black frame (1) in B, showing the decrease in polarization magnitude induced by the misfit dislocation. (D) HAADF image of the misfit dislocation
core viewed from the [110] axis. (F) Mapping of the displacement of the central cation relative to the centers of the two cations above and below it. The white
box corresponds to the region shown in D. (F) Displacement magnitude line profiles extracted from the region above (red), below (blue), and ~8 u.c. away from
the dislocation (black), showing the increase in polarization above the misfit dislocation and decrease beside the misfit dislocation.
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Influences of structural distortion on SRO electronic structure and magnetism. (A) Optimized atomic structure of bulk SRO (Left) and reduced rotation

angle SRO (Right). (B) Band structures of bulk and SRO with reduced rotation angle. Ru-site-projected partial DOS of (C) bulk SRO and (D) SRO with reduced
rotation angle. Orbital-resolved DOS of Ru atoms for (E) bulk and (F) reduced rotation angle SRO.

with previous results (26, 41). The decrease in the rotation angle of
the oxygen octahedron reduces the magnetic moment to 1.21 pg/
Ru. Considering the magnetism of SRO mainly originates from the
contribution of Ru atoms, Fig. 4 Cand D show the projected DOS
of the two spin channels corresponding to a Ru atom in bulk and
in the reduced rotation model, respectively. With the suppression
of the rotation angle, the DOS of two spin channels becomes more
symmetrical, indicating the reduction of magnetic moments. The
orbital-resolved DOS on the Ru atom in Fig. 4 £'and F shows that
the oxygen octahedron rotation suppression induces the redistribu-
tion of the 4 orbital near the Fermi level. Changes in the number
of electron occupancies for the two spin states of each orbital below
the Fermi level were also calculated, as shown in ST Appendix,
Table S1. Comparing Fig. 4 E and F, the most obvious change in
electronic states is that the projected DOS of 4,2 and d,,, orbitals
prefers to fill the lower part of the energy region above 3’/16 Fermi
level. The reduction in magnetic moment, mainly attributed to the
change of d,,, d,, and d,_, results from the decreased rotation
angle, as detailed in S7 Appendix, Table S1. This result suggests that
the orbital reconstruction caused by structural distortions will affect
the electrical and magnetic properties of the SRO. In addition, the
DOS at the Fermi level changes with the reduction of the tilt angle,
indicating the change of 7, values (22), and the variation in orbitals
will also induce the change in magnetic anisotropy (42, 43).

Discussion

Interfacial dislocation—induced strain has different impacts on the
BFO and SRO, as identified in the above atomic-scale analysis.
The multiferroic BFO is subjected to tensile strain, mainly result-
ing in the change of lattice constants and lattice rotation, accom-
panied by nearby symmetry breaking and ferroelectric polarization
suppression and rotation. Ferromagnetic SRO, on the other hand,
subjected to compressive strain, results in a decrease in the tilt angle
of the oxygen octahedron. It is worth noting that the influence of

PNAS 2023 Vol.120 No.13 2213650120

misfit dislocations on the BFO side decays very quickly in the
direction perpendicular to the interface (~6 u.c.) but propagates
far along the interface (~30 u.c.). This difference likely depends
on the Burgers vectors of misfic dislocations. As shown in
SI Appendix, Fig. S8, the effect of two adjacent half-dislocations
on lattice distortion is quite different from that of full dislocations
introduced above, that is, the influence of two adjacent half-dis-
locations on the lattice distortion is no longer along the interface
direction, but mainly concentrated in the out-of-plane direction.
The strain field induced by interfacial misfit dislocations is con-
centrated along specific directions relative to the Burgers vector
rather than a radial distribution, which is inconsistent with previ-
ous reports (8). Therefore, by controlling the type and Burgers
vectors of misfit dislocations via defect engineering, the local strain
field distribution can be controlled, and the related properties of
functional materials can be tuned at the atomic scale.
Furthermore, the dislocation at BFO/SRO interface should
change the electrical activity and the ferroelectric-magnetic cou-
pling, which help us to understand its effects in devices and may
further guide us to tune the properties of electronic, ferroelectric,
and spintronic devices. For the electronic and ferroelectric devices,
aggregation of oxygen vacancies and Bi segregation at the core of
the interfacial misfit dislocation array lead to the change of elec-
trical activity (44), the polarization homogeneity (Fig. 3 Band E),
screening mechanism for ferroelectric polarization, and ferroelec-
tric switching kinetics (e.g., due to the changed nucleation barrier
and dislocation pinning to domain wall motion). Cooperating
with the polarization bound charge, Schottky barrier height at the
interface and thus depletion layer also change. For example, in
the case of downward polarization in this work, the larger Schottky
barrier—induced wider depletion layer should enhance the photo-
voltaic effect (45), change the leakage current (46), and affect the
electrical transport properties in many ways. For the ferroelectric—
magnetic coupling, due to the ferroelectric proximity effect, the
space inversion symmetry in the SRO near the interface is broken
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(the Ru atoms deviate from the Sr atom center to generate the
atomic displacement, as shown in Figs. 3 Band C), triggering the
sizeable interface DMI (47-49), which is further expected to make
the magnetic skyrmions appear in SRO. The presence of disloca-
tions likely alters the interface DMI based on its Hamiltonian
(Hpymr =Dy, - (8 X 8,)) (47), where Dy, is the DMI vector.
Since the displacement of SRO is more significant near the dislo-
cation cores in Fig. 3 B and C, the Dy, should be enhanced. So,
although both ferroelectricity of BFO and ferromagnetism of SRO
are suppressed around the dislocation core, the total DMI doesn’t
have to be reduced due to the enhancement of Dy,. Note that the
dislocation density at the interface can be tuned through substrate
strain engineering, enabling the tunable distribution of strain field
at the interface, which further tunes the skyrmions (47-49) such
as size and ordering.

Nevertheless, we would like not to emphasize the “enhancement”
of property in this work. Instead, our intention is to emphasize the
“tunable” properties with the presence of dislocations. For example,
besides those properties related with electrical activity mentioned
above, the atomic-size dislocation can cause nanoscale inhomoge-
neous ferroelectric-magnetic coupling, which is expected to change
the local property such as magnetic skyrmions. Considering the
one-dimensional dislocation “tubes” are arrays aligned along the
interface, of which the presence is expected to generate considerable
effects to the global interface properties. Furthermore, such dislo-
cation effects depend on the dislocation type (i.e., dislocations with
Burgers vectors #[010] have different influences on the lattice struc-
ture as shown in ST Appendix, Fig. S8). Also note that the interface
dislocations such as their density can be controlled by the substrate
strain in some degree. All of these suggest that both of the local and
global interface properties can be tuned by introducing the dislo-
cations, which provide us new opportunities to design new types
of electronic, ferroelectric, and spintronic devices.

Conclusion

We combined atomic-scale quantitative measurements and first-prin-
ciples calculations to investigate the effect of the misfit dislocation
at the BFO/SRO multiferroic heterojunction interface on the local
structure and properties. At the core of the misfit dislocation, the
segregation of Bi elements (Bi substitution in the Fe sites), the gen-
eration of oxygen vacancies, and the reduction of Fe valence accom-
modate large local strain. Around the dislocations, the lattice
constants of the surrounding BFO significantly change (lattice con-
stant ratio changes up to 10% and lattice rotation angle changes over
6%), leading to the suppression and rotation of the ferroelectric
dipoles near the interface. Meanwhile, the tilt angle of the oxygen
octahedron of SRO decreases from ~5° to ~0.5°, which affects the
spin-orbital coupling and, thus, reduces the magnetic moment. Such
a change will inevitably alter the magnetoelectric coupling at the
interface of the multiferroic heterojunction and, thus, the perfor-
mance of the electronic device composed of it. This work provides
atomic-scale insights into understanding the effects of dislocations
on ferroelectric and ferromagnetic properties in complex oxides and
also a new strategy of defect engineering to achieve wide-range tuning
of magnetoelectric functions in oxide heterostructures.

Materials and Methods

Film Deposition Details. BFO film was deposited on a (110)-STO substrate
with an SRO-buffered layer in a pulsed laser deposition system (PVD-5000)
equipped with a KrF excimer laser (A = 248 nm). Ceramic targets of SRO
and BFO (1 mol% Bi-enriched) were used for SRO and BFO layer deposition.
SRO was first grown at 690 °C and 80-mTorr oxygen pressure, and then, the
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oxygen pressure was raised to 100-mTorr for the deposition of the BFO film. By
controlling the growth time, the thicknesses of the SRO and BFO layers were
~18 nm and ~86 nm, respectively. Inmediately after growth, the BFO/SRO
heterostructure films were annealed at 690 °C for 10 min and then cooled
down to room temperature.

Preparation of TEM Samples. The TEM specimens were first thinned by mechan-
ical polishing and then subjected to argon ion milling. The ion-milling process was
carried out using a Precision lon Polishing System (PIPS)™ (Model 695, Gatan,
Inc.)with an accelerating voltage of 3.0 kV until a hole was observed. Low-voltage
milling was performed with an accelerating voltage of 0.5 kV to remove the sur-
face amorphous layer and minimize the irradiation-damaged layers.

Electron Microscopy Characterization and Image Analysis. HAADF and iDPC
images were recorded at 300 kV using aberration-corrected JEOLARM 300F and
FEI Titan Themis G2 microscopes. The convergence semiangle for imaging was
30 mrad, and the collection semiangle snap range was 4 to 21 mrad for iDPC
imaging and 50 to 200 mrad for HAADF imaging. To obtain a sufficient signal-
to-noise ratio for quantitative analysis, the iDPC image was acquired at 4,096 x
4,096 pixels, with a dwell time of 500 ms/pixel and a beam current of 20 pAto
avoid beam damage. STEM-EELS spectra were recorded using a Nion HERMES 200
microscope. To reduce beam damage, EELS experiments were performed at 60
kV.The probe convergence semiangle was 35 mrad, and the collection semiangle
was in the range of 24.9 mrad.

Polarization Mapping. The position of each atom in the HAADF and iDPCimages
was determined by simultaneously fitting with a 2D Gaussian peak to an a priori
perovskite unit cell using a MATLAB code. The polarization distribution was then
obtained.

First-Principles Calculations. The first-principles calculations were performed
within Quantum ESPRESSO using the projector augmented wave pseudopotential
Perdew-Burke-Enzerhof exchange-correlation functional. The atomic positions
of SRO were optimized under an orthorhombic symmetry (with optimized cell
parameters a = 5.591 A, b = 5.573 &, ¢ = 7.885 A). For self-consistent field
calculations, the charge cutoff energy was 600 eV and the wavefunction cutoff
was 60 eV. The DOS was calculated by interpolating the dynamic matrix on an
8 x 8 x 8 momentum mesh.

Data, Materials, and Software Availability. All data, materials, and exper-
imental procedures that support the findings of this study are available in the
text, Methods, and S/ Appendix. The raw data of the TEM images involved in this
article have been deposited at https://osf.io/qz5ak/ (50).
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