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ABSTRACT

Complex oxide thin films exhibit intriguing phenomena due to the coupling between multiple degrees of freedom through
interfacial structural engineering. Atomic tailoring of structural parameters determines unique band structure and phonon modes,
regulating emergent magnetic and electrical properties of oxide films. However, the construction of different strained and oriented
domains in one intact oxide thin film is impossible using conventional means. Here we report the fabrication and quantitative
structural analysis of Lag 7Srq sMnO3; (LSMO) homostructures assisted by atomic-flat freestanding membranes. Pristine substrates
and suspended membranes regulate the epitaxial strain and orientation of subsequently grown films. Our results demonstrate an
ultrathin transition layer (~ 4 atomic layers) between freestanding membranes and LSMO films is formed due to the strain
relaxation. This work offers a simple and scalable methodology for fabricating unprecedented innovative functional oxide

homostructures through artificially controlled synthesis routes.
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1 Introduction

As stated by Nobel Prize Laureate Herbert Kroemer, ‘Often, it
may be said that the interface is the device.’” Interface breaks the
translational symmetry and generates unique electron system
[1-7]. Well-defined interfaces between complex oxide thin films
have intriguing physics and fascinating tunable physical properties
and are exploited to design transistor, photodetector, solid oxide
fuel cells, etc. [8-13]. As a typical perovskite oxide, La,,Sr,;MnQO;
(LSMO) is a strongly correlated half-metal and classical colossal
magnetoresistive material [14,15]. Furthermore, the physical
properties of LSMO strongly depend on oxygen vacancy, film
thickness, strain, etc. [8, 9, 15, 16]. For instance, D. A. Muller and
coworkers found that the atomic intermixing at the interfaces, and
the cation defects in the LSMO degrade the magnetic and
transport properties of La,,Sr,;MnQO,/SrTiO; heterostructure [17].
After these extrinsic defects were eliminated, the room-
temperature ferromagnetism was stabilized in five-unit-cell-thick
manganite layers. When constructing oxide film heterostructures,
the substrates determine the crystallographic orientation,
symmetry, and misfit strain of epitaxial thin films grown
subsequently. Hence, distinct physical properties of LSMO can be
tuned by controlling the interface properties, resulting in
tremendous opportunity in magnetic storage applications,
magneto-optic, optoelectronic devices, etc. [18-20]. M. Kawasaki
and coworkers utilized interface strain and magnetic fields to tune
the photocurrent in a p-n junction based on LSMO combined

with semiconducting Nb-doped SrTiO; (STO) substrates [21]. By
controlling the epitaxial strain, the photocurrent was enhanced
threefold under applied magnetic fields.

The precise construction of desired structure in oxide thin films
has vital importance in both fundamental research and practical
applications. High-quality epitaxial growth provides atomically
sharp interfaces. Modified substrate regulates the crystallographic
orientation and misfit strain of LSMO thin films. For example,
Binghui Ge and coworkers controlled the lattice strain of LSMO
thin films through substrate and in-situ investigated the strain-
dependent topotactic structural transition [12]. Furthermore, in-
plane spatial modulations are also one of the most important
aspects for fabricating novel oxide interfaces [22,23]. However,
the fabrication of oxide interfaces with variable crystallographic
orientations and strain states integrated along a film plane is
extremely challenging by conventional layer-by-layer stacking or
self-assembling. One possible solution is to artificially modify the
single-crystalline substrate [24]. Previously, Wu et al. reported the
growth of twisted multiferroic oxides with lateral homostructures
[25]. Using acid-soluble manganite layers, they are able to
fabricate freestanding membranes and cover the single crystalline
substrates. Therefore, the functional oxide films can be rotated in
the film plane and stacked with designed twisted angles. Our
group had further developed an alternative approach by applying
water-soluble sacrificial layers to fabricate ultrathin STO
membranes with different orientations [26]. The ferromagnetic
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cobaltite films were epitaxially grown on both membranes and
substrates  strictly ~ following the respective  regularity
independently, resulting in structural domains with distinct strain
states and orientations laterally. Atomically sharp grain boundaries
were formed between different structural domains.

Here, we apply the modified substrates to introduce
homostructure domains with different strain states into a LSMO
single layer. We applied a chemical free and environmental-
friendly strategy, in which only the de-ionized water is required to
synthesize =~ 8-unit-cell-thick freestanding single-crystalline
membranes. These membranes were transferred onto the
substrate’s surface firmly. LSMO thin films were epitaxially grown
on both freestanding membranes and substrates, which strictly
regulate the strain and orientation of LSMO films. Atomic
structures and strain distributions of LSMO thin films were
quantitatively analyzed by Cg-corrected Titan G2 transmission
electron microscope (TEM) operated at 300 kV. These results
demonstrate the successfully construction of structural domians
laterlly with different strain states and orientations in a single film
without breaking the crystallographic symmetry.

2 Results and discussion

The synthesis process of LSMO homostructures was described in
Figs. 1(a)-1(e). Sr;AL,O4 layer (= 30 nm) is a kind of water-soluble
material. In order to acquire an ultrathin STO layer (~ 3 nm), they
were grown on a (001)-oriented (LaAlOs)y;—(Sr,AlTaOy),,
(LSAT) single-crystalline substrate by wusing pulsed laser
deposition (PLD) technique (Fig. 1(a)). Then, the STO layer was
attached to a thermal-release tape and delaminated from LSAT
substrates after dissolving the sacrificial layer in deionized water
(Fig. 1(b)) [27-29]. The freestanding- (FS-) STO membranes
maintained their shape and high crystallinity in millimeter size.
We paste this small FS-STO membrane on LaAlO; (LAO)
substrates to be a template for subsequent LSMO layer growth
(Figs. 1(c) and 1(d)). This allows the subsequent thin LSMO layers
to be epitaxially grown on both regions simultaneously. The
thickness of LSMO layer grown on these modified substrates is
about 40 nm (Fig. 1(e)).

The macroscopic structural characterizations were further
performed on LSMO homostructures using conventional X-ray
diffraction (XRD). Only (00)) reflections from LSMO films and
substrates are observed, demonstrating the high-quality single
crystalline film growth, as shown in Fig. 1(f). The pseudo cubic
lattice constant of LSMO is 0.386 nm [30], while the lattice
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constant of LAO is 0.379 nm. Thus, the LSMO films suffer an in-
plane compressive strain of —1.81% from LAO substrates, yielding
to an out-of-plane lattice constant of 0.393 nm. The FS-STO
membranes serve a different template for LSMO film growth.
When released from original substrates, the FS-STO membranes
release the misfit strain from the original LSAT substrates. The
LSMO films grown on FS-STO membranes exhibit a different
strain state compared to LSMO films grown on LAO substrates.
Apparently, the LSMO peaks from entire LSMO homostructures
shift to a large diffraction angle, indicating a smaller lattice spacing
of LSMO films.

In order to precisely characterize the strain distribution in
LSMO homostructures, we performed the reciprocal space
mapping (RSM) around substrate’s (002) reflection. As shown in
Fig. 1(g), there are three main reflections in RSM. The strongest
reflection is the (002) lattice plane of LAO substrate. The other
two reflections are (002) planes of LSMO grown on LAO and FS-
STO, respectively. The peak intensity of (002) planes of LSMO
grown on LAO is larger than that of LSMO grown on FS-STO
due to the larger portion of LSMO films on LAO directly.
Simultaneously, we plot the line profiles of RSM in both
LSMO/LAO (cut 1) and LSMO/FS-STO/LAO (cut 2) regions. Cut
2 illustrates two peaks at 45.7° and 47.0°, corresponding to the
(002) reflections of LSMO films grow on both LAO and FS-STO,
respectively. A tiny misalignment of FS-STO membranes during
sample transferring was inevitable. Therefore, the diffraction peaks
from LSMO/LAO and LSMO/STO are not perfectly aligned at the
same ¢g,. The LSMO grown on FS-STO has a smaller out-of-plane
lattice constant (~ 0.386 nm), whereas the LSMO grown on LAO
has a relatively larger out-of-plane lattice constant (~ 0.393 nm).
These results clearly suggest that the LSMO films exhibit
completely different strain states when they are grown on LAO
substrate and STO membrane separately.

We further investigate the atomic structures of LSMO
homostructures using C-corrected TEM. Figure 2(a) is a high-
angle annular dark field (HAADF) image of as-prepared LSMO
film grown at the terrace of FS-STO. Since the atomic number (Z)
of Al is smaller than Sr and Mn, darker contrast at the bottom of
the image comes from the LAO substrate and brighter contrast at
the upper part of the image is LSMO. At the interface between
LAO and LSMO, additional contrast comes from FS-STO. Then,
we used energy dispersive spectroscopy (EDS) to analyse the
elemental distribution in the black frame. Figure 2(b) shows the
corresponding EDS results of the representative region. The
signals of Sr and Mn elements indicate the position of LSMO
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Figure1 Synthesis of LSMO homostructures. (a)-(e) Schematic of preparation of LSMO homostructures. (f) XRD 6-26 scans of LSMO homostructures. Black line is
the XRD spectrum collected from LSMO/LAO region, whereas the red line is XRD spectrum collected form LSMO/FS-STO/LAO region. (g) RSM of a LSMO
homostructure grown on LAO around substrates’ (002) reflection. The (002) reflections of LSMO homostructures split owing to the different strain domains. Inset

shows the line profile of cut 1 (blue dashed line) and cut 2 (red dashed line) in RSM.
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Figure 2 Microscopic structural characterizations of LSMO homostructures. (a) Low-magnified HAADF image of as prepared LSMO homostructures on LAO
substrates. Insets show the sample structures and their corresponding atomic models. (b) EDS results from a black frame region in (f). (c) and (d) High-resolution
TEM images of a LSMO/LAO heterostructure and a LSMO/FS-STO/LAO heterostructure, respectively. Inset shows the corresponding diffraction patterns. The
enlarged diffraction patterns are shown on their right side. (¢) TEM image from the domain boundary region. The black frame in the inset indicates the position of the
image plane in the sample. Dislocations and structural defects are pointed by white arrows. The red arrow represents the void region. (f) Atomic model of LSMO
homostructure grown on FS-STO modified LAO substrates. To simplify the structural model, only 2-unit-cells of FS-STO were illustrated.

layers. Also, we could identify the LAO and FS-STO from EDS
signals of Al and Ti, respectively. The bright and uniform contrast
from HAADF image and EDS results indicates that the structures
of LSMO films grown on FS-STO and LAO are continuous and
uniform, and no apparent defects were found in LSMO
homostructures. The interfaces between LSMO films and LAO
substrates are atomically sharp. However, these interfaces are
discontinuous. The right part illustrates that the LSMO layers are
grown directly on LAO, while the left part indicates the FS-STO
membranes are inserted between LSMO and LAO. The TEM
results visualize the presence of FS-STO between LSMO and LAO,
demonstrating  the  successful construction of LSMO
homostructures using atomic-flat membranes without breaking its
symmetry.

High-resolution TEM (HRTEM) investigations were carried
out to provide quantitative analysis of strain distribution within
LSMO homostructures. Figure 2(c) shows a representative
HRTEM image of LSMO grown on LAO. The HRTEM image is
pseudo-coloring, yellow contrast is LSMO, and blue contrast is
LAO. We observe an atomically sharp interface between LSMO
and LAO. The LSMO layers are coherently grown on LAO,
confirming the good epitaxial growth relationship between LSMO
and LAO. The contrast of LSMO is bright and uniform, indicating
the excellent crystallinity of LSMO. Inset shows the selected area
electron diffraction (SAED) pattern of a LSMO/LAO
heterostructure. There is only one set of distinct diffraction can be
observed, which shows cubic symmetry. Inset with blue frame is
enlarged from a representative LAO (040) diffraction spot. Only
one distinct diffraction spot is observed, implying that the in-plane
lattice constant of LSMO is identical with that of LAO, along with
the in-plane direction (LSMO [0k0] // LAO [0kO], LSMO (h00) //

LAO (h00)). LSMO thin film has perfect epitaxial relationship
with LAO substrate. Inset with yellow frame shows an enlarged
view of LAO (004) diffraction spot. The LAO (004) and LSMO
(004) diffraction spots are clearly distinguished. According to the
diffraction pattern, the spacing of LSMO (004) is ~ 0.098 nm, a bit
(~ 1.6%) larger than the theoretical value of LSMO bulk.
Pseudo-coloring  HRTEM image of LSMO/FS-STO/LAO
heterostructure is shown in Fig.2(d). The dark red contrast
represents the FS-STO. The interface between LSMO and FS-STO
is atomically sharp. The contrast of LSMO is bright and uniform,
indicating that the LSMO film grown on STO membrane also has
excellent crystallinity. Inset shows a SAED pattern of the
LSMO/FS-STO/LAO heterostructure. The diffraction pattern
demonstrates a cubic symmetry. Inset with blue frame is enlarged
from SAED pattern. We observe two diffraction spots: One is FS-
STO (030) lattice plane (spacing 0.129 nm), and another is LAO
(030) lattice plane (spacing 0.126 nm). The diffraction spot of
LSMO (030) lattice is not present, indicating a perfect epitaxial
relationship along the in-plane direction. In the enlarged SAED
pattern (yellow frame), three distinct diffraction spots,
corresponding to the lattice spacing of 0.129, 0.127, and 0.125 nm,
are attributed to FS-STO, LSMO, and LAO, respectively. Analysis
on HRTEM and SAED patterns demonstrates that LSMO films
grown on LAO suffer an in-plane compression, whereas the
LSMO films grown on FS-STO elongate along the in-plane
direction. Figure 2(e) shows HRTEM image from the domain
boundary region. A void between LSMO, STO, and LAO at the
grain boundary, as indicated by a red arrow, is clearly visible. The
LSMO layers close to the void are slightly tilted. At the grain
boundary of LSMO, some dislocations and structural defects with
apparent color contrast are observed, as indicated by white arrows.
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According to the HRTEM image, the atomic model of the
LSMO/STO/LAO heterostructure was constructed (Fig. 2(f)). The
atomic model illustrates the atomic arrangement on the cross
section of the heterostructure along [010];gyo orientation. We
further confirm that the LSMO grown on FS-STO is shrank, and
the LSMO grown on LAO is expanded along the out-of-plane
direction. There are ~ 3% misfit strain formed at the grain
boundary of LSMO. The strain relaxation at the grain boundary is
the main cause of observed defect formation.

Quantitative analysis on the atomic arrangement of LSMO was
employed to reveal the accurate strain distribution. Figure 3(a) is
an atomic-resolved HRTEM image of LSMO films grown on
LAO. According to the HRTEM simulation (in white frames), the
bright spots in HRTEM image are La/Sr atoms in LSMO and
LAO, and the dark spots are Mn atom in LSMO and Al atom in
LAO. Atomic arrangement and lattice relaxation of the
nanocrystal were analyzed quantitatively by StatSTEM [31]. Using
the pinpoint positions of atom columns by fitting the model
function to the intensity maxima of the C; corrected HRTEM
images, a precision of several picometers for the atomic structural
details can be achieved [32-34]. The LSMO atomic layers, in
parallel to the interface, were labelled as layers 1, 2, etc., from the
interface to the surface. The average atomic distance in layer n was
labeled as d,. The average atomic d spacing (d,) of LSMO films
was quantitatively analyzed (Fig.3(b)). The atomic distance in
LSMO films were found to be ~ 379 pm, which is identical to the
theoretical lattice constant of LAO, in agreement with our XRD
and SAED results. Layer-resolved structural relaxation of LSMO
films along the out-of-plane direction was analyzed. The d
spacings between atomic layers n and #n + 1 were labeled as D,
The layer-resolved D spacing (D,) of LSMO films were plotted in
Fig. 3(c). Consistent with XRD and SAED analysis results, an
obvious tensile strain along the out-of-plane direction was found
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in LSMO thin films. However, the line chart of layer spacing
indicates that the strain was not uniformly distributed along the
out-of-plane direction. The layer spacing D,-D; is close to
theoretical value, and the spacing of D, and subsequent layers is
significantly higher than the theoretical value. Without regarding
to D,-D;, the average atomic layer spacing is 388 pm, only ~ 0.5%
larger than the theoretical value. According to the quantitative
analysis of in-plane atomic distance and out-of-plane layer
spacing, the unit-cell volume of LSMO film grown on LAO
substrate is ~ 0.0560 nm’, ~ 97.4% of the theoretical value. The
good agreement of unit-cell volume between our model and the
theoretical one suggests the rationality of our structural model.
Structure relaxation of LSMO thin film grown on FS-STO
membranes was further investigated. Atomic-resolved HRTEM
image of LSMO film grown on FS-STO is illustrated in Fig. 3(d).
The contrast of atomic columns is slightly elliptic, indicating an
unperfect imaging condition. After a series of HRTEM image
simulation at different imaging conditions, including C,, de-focus,
sample thickness and tilt, beam tilt, etc., the HRTEM simulation
image that matches well with the experimental results, is shown in
the inset of Fig. 3(d), under the imaging condition of C; ~ 3 um,
de-focus ~ 3.8 nm, sample thickness ~ 30 nm, sample tilt 0°
around x axis and —1° around y axis, and beam tilt 0° around x
axis and —0.11° around y axis. As shown in HRTEM simulation
(Fig. 3(d)), the bright and dark spots are Mn and La/Sr atoms,
respectively. The dashed line marks out the interface between
LSMO and FS-STO. We find that the interfaces are as sharp as
those between the LSMO and LAO. Figure 3(e) shows the average
atomic d spacing of the LSMO thin film grown on FS-STO. The
HRTEM simulation proves that the sample is slightly tilted along y
axis, and the atomic columns in the HRTEM image is slightly
elongated along x axis, hence, the error bar of d, in Fig. 3(e) is
larger than that in other line charts. The average atomic d spacings
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of LSMO films grown on FS-STO were found to be close to that of
FS-STO, indicating that LSMO films are uniformly tensile-
strained. The average of d, is 392 pm, ~ 1.5% larger than the
theoretical value. The layer resolved D spacing of the LSMO films
on FS-STO is shown in Fig. 3(f). The layer spacing D,-D; is close
to the theoretical value of LSMO lattice constant. Since D,, layer
spacing shifts aways from the dashed line. Without considering
D,-D;, the average layer spacing is ~ 384 pm, only ~ 0.5% smaller
than the theoretical value. According to the average d, and average
D,, the unit-cell volume of a relaxed LSMO film is ~ 0.0587 nn’, ~
102.5% of the theoretical value. The quantitative analysis indicates
the different lattice strain states present in LSMO films grown on
LAO and FS-STO. Furthermore, we note that there is a clear
transition layer with a thickness of ~ 4 atomic layers within LSMO
films away from the interfaces. The out-of-plane compressive
strain reduces to zero after the structural transition. The sharp
strain relaxation is surprising because the LSMO is a rather soft
material with a tolerant Young’s modulus. The volume of relaxed
unit-cell for both LSMO films grown on LAO and FS-STO differs
from the theoretical value by no more than 3%. The good
agreement of unit-cell volume between our model and the
theoretical one suggests rationality of our model. These results
confirm that out-of-plane lattice distortion is induced by in-plane
strain in order to maintain its unit-cell volume.

7833

Previous analysis has proven that the high-quality LSMO thin
films can be successfully grown on different substrates. Structural
domains with distinct strain states in LSMO thin films form
without breaking its symmetry. Actually, the substrate
modification present in this work can also be applied to construct
homostructures with  hybrid crystallographic  orientations.
Similarly, we tuned the crystallographic orientations of LSMO thin
films using identical methodology to study the effect of
crystallographic orientation on strain distribution in LSMO thin
film. Figure 4(a) shows the schematic diagram of as prepared
LSMO hybrid structure. The (001)-oriented FS-STO membrane
was attached to the (011)-oriented STO substrate. The area of
(001)-STO membranes is designed to be smaller than the (011)-
STO substrates to allow subsequent thin LSMO layers to be
epitaxially grown on both regions simultaneously. Hence, the
LSMO thin film grown on the modified substrate became hybrid
structure with two crystallographic orientations. Then, we
quantitively analyzed the lattice parameter of (011)-LSMO films.
Figure 4(b) shows XRD 6-26 scans of LSMO hybrid structures.
Black line is the XRD 6-26 scans collected from (011)-LSMO
single layer grown on (011)-STO substrates, while the red line is
XRD spectrum collected from the entire hybrid structure. Both
(000) and (0ll) reflections of LSMO films can be observed from
direction patterns. XRD results confirm the excellent epitaxial
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Figure4 LSMO hybrid structure with different crystallographic orientations. (a) Schematic diagram of sample structure. (b) HAADF image of LSMO grown on (011)-
STO substrates and its corresponding EDS mappings. (c) XRD 6-20 scans of a LSMO hybrid structure and a LSMO (011) single layer. (d) High-resolution TEM image
from the (011)-LSMO/(011)-STO region. Inset shows the corresponding electron diffraction pattern. (e) and (f) Line charts of atomic spacing along the out-of-plane

and in-plane direction, respectively.
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growth relationship between LSMO films and modified substrates.
HAADF image of LSMO film grown on (011)-STO and
corresponding EDS mapping are present in Fig. 4(c). The darker
contrast represents FS-STO and the brighter contrast represents
LSMO. The distribution of Mn signal is identical with the bright
contrast region. The uniformed color contrast indicates the
excellent crystallinity of LSMO films in both regions. We further
show the pseudo-coloring HRTEM image of the (011)-
LSMO/(011)-STO region from a hybrid structure in Fig. 4(d). The
interface between STO and LSMO is atomically sharp and
perfectly coherent. The inset shows the SAED of the (011)-
LSMO/(011)-STO region. Only one set of distinct diffraction spots
can be easily distinguished, suggesting the perfect epitaxial growth
relationship between (011)-LSMO and (011)-STO.

After confirming the high-quality epitaxial growth and
crystallinity of (011)-LSMO, quantitative analysis was performed
to characterize the strain distribution in (011)-LSMO films. Figure
4(e) is the average atomic d spacing of the LSMO thin film grown
on [011] STO substrate. Atomic distances of atomic layers in
LSMO films are identical to the theoretical value of STO. Similar
to the previous results, there is obvious in-plane strain in (011)-
LSMO films. The strained in-plane atomic distance is found to be
identical with the (011)-STO substrate, and the average d, is ~ 553
pm, ~ 101.3% of the theoretical value of LSMO. The distribution
of in-plane atomic distance illustrates the uniform in-plane tensile
in the LSMO film. Figure 4(e) is the atomic layer spacing of the
LSMO thin film grown on (011)-STO substrates. The value of
D-D; is obviously larger than the theoretical value. The
numerical reduction from D, to D; is linear. Since D,, the atomic
layer spacing starts to fluctuate around the theoretical value. In
despite of D,-D;, the average layer spacing D, is ~ 271 pm, which
is slightly smaller than the theoretical value (273 pm, as shown by
dashed line), indicating an out-of-plane compressive strain. In
consideration of the relaxed in-plane atomic distance and the out-
of-plane layer spacing, the unit-cell volume of the (011) LSMO
film is ~ 0.0586 nm’, ~ 101.9% of the theoretical value. These
results indicate that the crystallographic orientation and interface
lattice mismatch do not affect the strain distribution significantly.
In both (001)-LSMO and (011)-LSMO, the strain along in-plane
direction is uniformly distributed. A similar structural transition
layer with a thickness of ~ 4 atomic layers is observed, indicating
the universal out-of-plane strain relaxation process in LSMO films.

3 Conclusions

In summary, we have constructed LSMO homostructures with
different strained and crystallographic orientated structural
domains. The LSMO homostructures exhibit excellent crystallinity
and atomically sharp interface between substrates/membranes
underneath. We find that the coherently grown LSMO films are
tensile or compressively strained by FS-STO membranes and LAO
substrates, respectively. Surprisingly, we observe a clear transition
layer with a thickness of ~ 4 atomic layers in both LSMO
homostructures, suggesting a rather sharp strain relaxation. These
results confirm that the type, density, and location of strain
domains are highly controllable using single-crystalline membrane
modified substrates. Through accurate strain control, the crystal
structure and electron system of LSMO thin film can be delicate-
tuned, and this method can be applied in construction of other
oxide thin film. Our work provides a practical guide and a possible
solution for precise construction of oxide homostructures.

4 Experimental section

4.1 Synthesis of LSMO thin film
The water-soluble Sr;ALOg (SAO) and STO layers were grown
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subsequently on  (001)-oriented  (LaAlOs),;—(Sr,AlTaOy),,
substrates (Hefei Kejing Mater. Tech. Co., Ltd.) by PLD technique.
A focused XeCl excimer laser with duration of = 25 ns, fixed
wavelength of 308 nm, and energy density of ~ 1.5 J-cm™ was used
as the ablation source. The bilayers were deposited at the substrate
temperature of 800 °C and oxygen partial pressure of 50 mTorr.
The thicknesses of SAO and STO layers were ~ 30 and ~ 3 nm (~
8-unit-cells), respectively. On the completion of epitaxy, the
STO/SAOQ bilayers were cooled down to room temperature at the
growth  pressure. A thermal-release tape (or a
polydimethylsiloxane (PDMS), PF-40-X4, Gel-Pak) was pressed
firmly on the as-grown sample and then immersed into deionized
water at room temperature. After the water-soluble SAO layer was
fully dissolved, the ultrathin STO membrane was adhered on the
thermal-release tape (or a PDMS). Afterward, the tape-supported
STO membranes were transferred on the target substrates, for
instance, LaAlO; (LAO) substrates, followed by peeling off the
thermal-release tape by heating at ~ 90 °C for 10 min. After that,
the ultrathin STO membranes remained on the target substrates
after detaching the supports. Subsequently, the La,,Sr,;MnO; thin
films with a thickness of ~ 40 nm were fabricated on the prepared
substrates by PLD. The thickness of LSMO films was carefully
selected by keeping them coherently grown on different target
substrates. The LSMO films exhibit distinct physical properties
depending on the crystallographic orientation and misfit strain.
During the growth of LSMO layers, the substrate temperature was
kept at 750 °C and oxygen partial pressure was maintained at 200
mTorr. After the deposition, the samples were cooled down under
the oxygen pressure of 100 Torr. The post-oxygen annealing
process prevented the formation of oxygen vacancies in the LSMO
films, which are well-known to affect their intrinsic physical
properties.

4.2 TEM sample preparation

The TEM sample is prepared by focused ion beam (FIB). A slice
was cut out from the LSMO/STO/LAO heterostructure along the
direction parallel to the out-of-plane direction ((001)-LAO, and
(001)-membrane  STO  for  LSMO/(001)-STO/(011)-STO
heterostructure) and edge of the film ((010)-LAO, and (010)-
membrane STO for LSMO/(001)-STO/(011)-STO
heterostructure). In other words, the slices are perpendicular to
the [100]-LSMO orientation ([100]-membrane STO for
LSMO/(001)-STO/(011)-STO heterostructure). During the TEM
observation, the direction of electron beam is the in-plane
direction ([100]-LSMO orientation for LSMO/STO/LAO
heterostructure, and [100]-membrane STO for LSMO/(001)-
STO/(011)-STO heterostructure) of the film.

4.3 Atomic position characterizations

HAADF and HRTEM images of the LSMO thin film were
obtained on a Titan G2 system operated at 300 kV. The aberration
corrector was used to set the coefficient of spherical aberration to a
minimum of C; ~ 3 pm. TEM images were recorded on a Gatan
camera. EDS data were collected on an Oxford Max 80T energy
dispersive spectroscopy. A fit of 2D Gaussians to the intensity
distribution of the atomic columns was used to determine the
atomic position from HRTEM images for subsequent analysis
[32]. After the determination of atomic coordinate, the atomic
distance of each pair of adjacent atoms can be calculated and
hence the average atomic distance in each atomic layer can be
obtained. Then, linear fitting of each atomic layer based on the
atomic coordinate was applied to calculate the slope of these
atomic layers. The average slope of these atomic layers reflects the
tilt of the HRTEM image. Then, the HRTEM image was tilted to
aclinic based on the average slope. After the tilt, the atomic layers
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in the HRTEM image can be considered as aclinic. At this case,
the average y coordinate of atoms in atomic layer n (y,) in the
tilted image was calculated. Then, the layer spacing between
atomic layer n and atomic layer n + 1 can be calculated as Eq. (1)

[V = Y| 1)
The error bar is calculated as Eq. (2)
SD,

where SE is standard error, SD,, is the standard deviation of each
atomic layer #, and x is the number of atoms in atomic layer .
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