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1. Introduction

Advanced thin-film deposition techniques 
enable scientists to fabricate high-quality 
oxide interfaces exhibiting emergent 
phenomena not found in bulk constitu-
ents.[1–3] Interfaces naturally break spa-
tial inversion symmetry, resulting in the 
reconstruction of electronic degrees of 
freedom at the nanoscale.[4,5] These fea-
tures typically improve the effects of elec-
tron correlations such as the reduction of 
bandwidths and dispersion, changes in 
crystal fields and shifts of Madelung ener-
gies,[6] significantly impacting macroscopic 
physical properties. Therefore, interfaces 
have several intriguing and potentially 
useful effects, including high-tempera-
ture ferromagnetism, high-TC supercon-
ductivity, electronic phase transitions  

Interfaces formed by correlated oxides offer a critical avenue for discovering 
emergent phenomena and quantum states. 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. Here, the creation of morphotropic 
grain boundaries (GBs) in laterally interconnected cobaltite homostruc-
tures is reported. Single-crystalline substrates and suspended ultrathin 
freestanding membranes provide independent templates for coherent 
epitaxy and constraint on the growth orientation, resulting in seamless and 
atomically sharp GBs. Electronic states and magnetic behavior in hybrid 
structures are laterally modulated and isolated by GBs, enabling artificially 
engineered functionalities in the planar matrix. This work offers a simple 
and scalable method for fabricating unprecedented innovative interfaces 
through controlled synthesis routes as well as providing a platform for 
exploring potential applications in neuromorphics, solid-state batteries, and 
catalysis.
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and multiferroicity.[7–10] Although a broad range of oxide inter-
faces have been synthesized and maturely investigated over 
decades, the conventional epitaxy focuses primarily on func-
tional multilayers and superlattices stacked vertically layer-by-
layer.[11–13] High-quality epitaxial growth occurs only between 
dissimilar materials with similar crystal structures and close 
lattice constants. Beyond certain thresholds, an increasing 
number of defects and dislocations will form at interfaces, 
severely degrading their functionalities. In such cases, under-
lying substrates determine the crystallographic orientation, 
symmetry, and misfit strain of epitaxial layers grown on the 
surface. Another type of interface is aligned vertically in self-
assembled arrayed nanostructures.[14] Intrinsic similarities in 
the crystal chemistry, for example, oxygen coordination and 
electronegativity, allow the tantalizing possibility of epitaxy in 
three dimensions. Nanoscale clusters of ferro-/ferrimagnetic 
materials embedded in a ferroelectric matrix exhibit strong 
mechanical coupling between two ferroic order parameters, 
piquing a growing interest in developing multiferroic devices 
based on composite heterostructures.[15] Success in these 
endeavors unquestionably promote the comprehensive under-
standing of correlated electron materials as well as their incor-
poration into practical applications.

Developing feasible strategies for fabricating innovative oxide 
interfaces provides many opportunities in both fundamental 
research and evolutionary devices. Lateral homostructures 
exhibit in-plane spatial modulations of the structural and phys-
ical properties of an identical single crystal in contrast to well-
defined longitudinal heterostructures. One famous example is 
the formation of a morphotropic phase boundary in bismuth 
ferrite (BiFeO3) films through an epitaxial constraint.[16] Both 
tetragonal- and rhombohedral-like phases coexist within a 
single film and can be reversibly switched by an electric field 
and mechanical force.[16,17] The boundary between two dis-
tinct phases significantly modulates surface morphology and 
exhibits an enhanced domain wall conductance in topologically 
confined nanoislands, implying great potential in non-volatile 
memory and actuator applications.[18] In-plane spatially pat-
terned electronic textures can also be achieved in ferromagnetic 
manganite and cobaltite single films by combining surface 
miscut steps and domain patterns via striped strain modula-
tion.[19,20] Furthermore, modification to the lattice symmetry in 
the film plane has been established in oxide films through low 
energy helium implantation post growth.[21,22] This non-destruc-
tive strain doping approach is readily applied locally down to the 
micrometer scale to the same sample, effectively altering the 
crystal's total anisotropy energy and magnetic properties. From 
the traditional thin-film epitaxy perspective, the growth of lat-
eral phase boundaries in homostructures composed of various 
crystallographic orientations and in-plane strain states remains 
a significant challenge. To remove the constraint regularity 
from single crystal substrates, a strategy that bypasses these 
restrictions in thin-film epitaxy is highly required. We noticed 
that a recent work by Wu et al. reported the growth of twisted 
multiferroic oxide lateral homostructures using freestanding 
membranes.[23] The functional oxide layers can be rotated and 
stacked with designed twisting angles, adding another degree 
of freedom to design thin film properties. However, the fabrica-
tion method involves the hydrochloric acid as etching materials. 

The unavoidable chemical residual and relatively large surface 
roughness of transferred membranes result in a great chal-
lenge in fabricating atomic-thin spatial gap between membrane 
and substrate. These factors inevitably influence the flatness, 
crystallinity and adhesiveness of subsequent grown layers, as 
well as the sharpness of morphotropic grain boundaries (GBs). 
Recent progresses in the synthesis of atomically thin mem-
branes using water-soluble sacrificial layers allow us to develop 
ultrathin freestanding membranes with ultrasharp interfaces 
without using highly corrosive acid.

Here, we applied chemical free and environmentally friendly 
strategy in which only the deionized water is required to syn-
thesize ≈8-unit-cell thick freestanding single crystal mem-
branes. These high-quality membranes attached firmly onto 
the substrates maintain a minimum spatial gap down to ≈1 nm 
without forming chemical bonds, allowing these membranes 
to maintain their original structural geometries. Ferromagnetic 
oxide films epitaxially grown on both membranes and sub-
strates strictly follow the respective regularity independently. 
Atomically sharp interfaces are formed at morphotropic GBs 
between homogenetic layers with different orientations and 
strain states. The atomic-thin GBs naturally isolate the distinct 
regions with strikingly different electronic states and magnetic 
behavior in hybrid structures, enabling artificially engineered 
functionalities in the planar matrix. The ability to fine-tune 
lateral structure-driven functional properties demonstrates a 
practical path toward the rational design of magnetoelectric 
and spintronic logic devices, as well as microscopic surface 
catalysis.

2. Results

The water-soluble sacrificial strontium aluminate (Sr3Al2O6) 
layer (≈30  nm) and a subsequent ultrathin SrTiO3 (STO) 
layer (≈3  nm) were grown on a (001)-oriented (LaAlO3)0.3–
(Sr2AlTaO6)0.7 (LSAT) single-crystalline substrate using the 
pulsed laser deposition (PLD) technique. Then, the STO layer 
was attached to a thermal-release tape and delaminated from 
LSAT substrates after dissolving the sacrificial layer in deion-
ized water.[24–26] The released single-crystalline STO mem-
branes with step-and-terrace morphology were transferred onto 
the target substrates (see Experimental Section and Figure S1, 
Supporting Information). The STO membranes maintain their 
shape and crystalline quality in millimeter size. We did not 
cover the entire surface of the substrates with the STO mem-
branes to allow subsequent thin layers to be epitaxially grown 
on both regions simultaneously. The area ratio between STO 
membranes and substrates was 1:3. We chose La0.8Sr0.2CoO3 
(LSCO) as a model system because its specific Sr composition 
is close to the phase boundary, where small structural pertur-
bations significantly change its physical properties.[27] LSCO 
layers with a thickness of ≈30  nm were grown on the modi-
fied substrates. A representative hybrid structure composed of 
(001)- and (110)-oriented LSCO layers on (110)-STO substrates 
is displayed in Figure  1a. X-ray diffraction (XRD) measure-
ments confirm the epitaxial growth of LSCO layers with both 
(00l) and (ll0) reflections (Figure 1b and Figure S2, Supporting 
Information). The crystalline structure of the (001)-STO mem-
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branes is preserved, and these membranes act as a template 
for subsequent LSCO layer growth. Conversely, the ultrathin 
STO membranes render them responsive to compressive strain 
from the top LSCO layers. The out-of-plane lattice constant 
of the (001)-LSCO layer (≈3.81 Å) grown on STO membranes 

is larger than that of a coherently strained (001)-LSCO single 
film (≈3.77 Å), implying that the lattice structure of the LSCO 
layer is slightly relaxed. The atomic-scale structural coherency 
of LSCO hybrid structures grown on (110)-oriented STO sub-
strates was examined by cross-sectional high-angle annular 

Adv. Mater. 2022, 2206961

Figure 1.  Structural characterization of a LSCO hybrid structure with morphotropic grain boundaries. a) Schematic of a lateral homogenetic LSCO hybrid 
structure. The LSCO layers grown on (110)-oriented STO substrates maintain the substrate's orientation, whereas the LSCO layers follow the orientation 
of (001)-oriented freestanding (FS)-STO membranes underneath. b) Reciprocal space map (RSM) of a LSCO hybrid structure and a (001)-oriented LSCO 
single layer around the substrates’ (110) reflection. Both (00l) reflections from FS-STO and LSCO layers are observed besides the typical (110) reflections 
from the LSCO film and substrates. c) Cross-sectional high-angle annular dark-field (HAADF) STEM images of a LSCO hybrid structure. d) A high-mag-
nification STEM image around morphotropic grain boundary. The atomic arrangements at two representative regions are present for clarification. e) An 
atomic-resolved STEM image around grain boundary between (001)- and (110)-oriented LSCO layers, demonstrating the atomically sharp interfaces with 
minimal dislocations and cation defects. f) Intensity profiles obtained from line scans averaged across the respective regions in (d).
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dark-field (HAADF) imaging via scanning transmission elec-
tron microscopy (STEM) (Figure 1c and Figure S3, Supporting 
Information). The ultrathin STO membranes with a thickness 
of ≈8 unit cells are continuous, atomically smooth and free 
from chemically intermixing or defect formation after release, 
transfer and post-synthesis (Figure S4, Supporting Informa-
tion). The extremely narrow gap (≈1  nm on average) between 
the STO membranes and substrates is naturally formed (Figure 
S5, Supporting Information). Most STO membranes are chemi-
cally unbonded with substrates because of the crystallographic 
orientation mismatch and polar interface. Atomic-resolution 
STEM images of an LSCO hybrid structure in different regions 
(Figure  1d and Figure S6, Supporting Information) show that 
LSCO layers strictly follow the orientations of STO membranes 
and substrates. The schematic of the atomic structure shown in 
Figure 1d manifest the epitaxial relationship across the distinct 
LSCO/STO interfaces. Figure 1e shows a HAADF-STEM image 
of the GB between homogenetic LSCO layers with different 
orientations. Notably, the GB has an atomically sharp interface 
with a highly periodic configuration of atoms due to energy 
minimization to misfit strain and different crystallographic 
facets. Figure  1f shows the averaged atomic intensities in the 
HAADF-STEM image at different interface regions (Figure 1e). 
This qualitative analysis enables the precise realization of out-
of-plane lattice constants of each layer. We also performed a 
geometric phase analysis (GPA) of HAADF-STEM images 
across the LSCO/STO interfaces (Figure S7, Supporting Infor-
mation). Similar to the coherently epitaxial growth of (110)-
LSCO layers on STO substrates, the (001)-LSCO layers have 
an identical in-plane lattice constant but a smaller out-of-plane 
lattice constant than those of STO membranes. The top LSCO 
layer compresses the STO membranes along the in-plane direc-
tion, increasing the out-of-plane lattice constant, compared 
with the STO bulk. The STEM results confirm the structural 
relaxation of (001)-LSCO layers on STO membranes, which is 
consistent with XRD measurements. Furthermore, following 
the same protocol, we successfully constructed a similar hybrid 
structure consisting of (001)- and (111)-oriented LSCO layers on 
(111)-STO substrates (Figure S8, Supporting Information), con-
firming that our methodology for fabricating homostructures 
with lateral GBs is universal and highly reproducible.

In addition to the detailed analysis of structural evolution 
and GBs, we investigated the transport and magnetic proper-
ties of LSCO hybrid structures using (110)-STO substrates. For 
a (001)-LSCO/STO freestanding (FS) membrane attached to 
PDMS support, the in-plane saturation magnetization (MS) is 
≈200 emu cm−3 and the coercive field (HC) is ≈5 kOe at 10 K 
(Figure 2a). MS reduces to 85 emu cm−3 and HC increases to 
≈8 kOe when an LSCO single film is grown on (110)-STO sub-
strates (Figure 2b). A strong reduction in the ordered magnetic 
moment with increasing tensile strain is consistent with earlier 
work.[28] The decrease in MS is irrelevant to the change in Co 
covalence and spin state because the tensile strain increases the 
magnetic moment in undoped cobaltite films.[29] We observed a 
two-step switching in the magnetic hysteresis loop of an LSCO 
hybrid structure grown on (110)-STO substrates (Figure  2c), 
implying that the (001)-STO and (110)-STO layers respond dif-
ferently to the applied fields. Figure  1d shows temperature-
dependent resistivity (ρ) in a (001)-FS-LSCO, a (110)-LSCO 

single layer, and an LSCO hybrid structure. (001)-FS-LSCO is 
highly insulating, with its ρ exceeding the measurement limit 
at room temperature (ρ300K  > 100 Ω cm). The ρ of an LSCO 
hybrid structure is smaller than that of a (110)-LSCO single 
film, exhibiting a typical resistivity property of the parallel-con-
nected circuit. The temperature-dependent magnetization (M) 
at an in-plane field of 1 kOe exhibits nearly identical TC ≈ 195 K  
for all three samples (Figure  1e). The M of an LSCO hybrid 
structure is larger than that of a (110)-LSCO single layer but 
smaller than that of a (001)-FS-LSCO. Figure  2f,g shows the 
field-dependent magnetoresistance  [(ρH − ρ0)/ρ0] and M of an 
LSCO hybrid structure at various temperatures. (ρH  − ρ0)/ρ0 
and the magnetic field at peak positions (corresponding to HC) 
reduce progressively with increasing temperature, revealing a 
typical ferromagnetic characteristic. The double hysteresis loop 
in LSCO hybrid structures disappears when T exceeds 100 K. 
This fact suggests that, at high temperatures, the magnetic 
contribution from (110)-STO layers is negligible, and (001)-FS-
LSCO layers dominate the total magnetization of an LSCO 
hybrid structure. In addition, similar field-dependent magneti-
zation was observed in LSCO hybrid structures on (111)-STO 
substrates (Figure S9, Supporting Information). These findings 
show that LSCO layers with different orientations embedded in 
a single hybrid structure have unique physical properties and 
regions separated by lateral GB responses that are independent 
of external fields.

To verify that our method can be universally used to create 
GBs between oxide layers with different strain states, we grew 
LSCO hybrid structures on STO-membrane-covered LaAlO3 
(LAO) and KTaO3 (KTO) substrates with a (001) orientation, 
respectively. The in-plane strain of LSCO layers varies from 
compressive (approximately −1.25% on LAO) to tensile (≈1.7% 
on STO and −4% on KTO) depending on substrates. We first 
verified that a compressively strained LSCO single film on 
LAO undergoes an insulator-to-metal transition at ≈175 K (con-
firmed by the first derivation of ρ–T curve), whereas the ten-
sile-strained LSCO films on STO and KTO exhibit insulating 
behavior at all temperatures (Figure S10, Supporting Informa-
tion). MS at 10 K under a magnetic field of 7 T decreases sig-
nificantly with increasing in-plane lattice parameters. Through 
polarized neutron reflectometry, we also confirm that the mag-
netization of an LSCO single film is uniform across the entire 
sample and only a small variation (less than 5%) exists at the 
surface and interface (Figure S11, Supporting Information) due 
to the different boundary conditions.[30] Therefore, LSCO is an 
excellent candidate for manipulating strain-driven electronic 
and magnetic properties across GBs. Figure 3a shows a high-
resolution HAADF-STEM image across interfaces between 
LSCO layers, FS-STO membranes, and LAO substrates. The 
[010] orientation of FS-STO membranes is twisted ≈16° with 
respect to the [010]pc orientation of LAO substrates (Figure S12, 
Supporting Information), which is confirmed by the atomic-
resolution STEM image from top LSCO/STO layers, but well-
aligned atomic planes at LAO substrates. From geometric 
phase analysis (GPA) and line profiles across heterointerfaces, 
the lattice constants of LSCO layers can be accurately obtained 
(Figure  3b,c and Figure S13, Supporting Information). Both 
LSCO layers are coherently grown on both LAO substrates and 
STO membranes. The LSCO layers undergo compressive strain 

Adv. Mater. 2022, 2206961
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caused by LAO, whereas they are slightly tensile-strained by 
STO membranes. The STO membranes are conversely in-plane 
compressed by LSCO top layers, resulting in a slightly higher 
out-of-plane lattice constant (≈3.92 Å) than its bulk value.

Distinct strain states of LSCO layers in different regions 
would induce significant lateral modulation in the orbital 
occupancy of valence electrons. We performed elemental-spe-
cific X-ray absorption spectroscopy (XAS) at Co L-edges on an 
LSCO hybrid structure. XAS measurements were conducted at 
77 K under a zero magnetic field, ensuring that XAS reflects 
the genuine electronic occupancy of Co d orbitals. Figure  3d 
shows the experiment configuration for XAS measurements 
at the edge (LSCO/LAO) and center (LSCO/STO) regions of 
an LSCO hybrid structure. By detecting the absorption of lin-
early polarized X-rays with different incident angles ( �0I  and 

�60I ), we could probe the respective energies and unoccupied 
states, that is, holes, in the Co −d 2 2x y  and −d3 2 2z r  orbitals (Figure 
S14, Supporting Information). X-ray linear dichroism (XLD) 
spectra were quantified by calculating the difference between 
�0I  and �60I , directly reflecting the orbital polarization in different 

regions of an LSCO hybrid structure. As shown in Figure  3e, 

XLD spectra from edge and center regions of an LSCO hybrid 
structure on LAO exhibit an obvious sign reversal. Compres-
sive strain-induced orbital splitting results in low energy and 
highly occupied −d3 2 2z r  orbitals, whereas tensile strain has the 
opposite effect. Furthermore, the XLD of an LSCO hybrid struc-
ture on KTO confirms that electrons preferentially occupy the 

−d 2 2x y  orbitals when LSCO layers are tensile-strained by STO 
membranes or KTO substrates (Figure S14, Supporting Infor-
mation). The XLD results are consistent with those obtained for 
LSCO single films grown on the respective substrates (Figure 
S15, Supporting Information), showing that strain-driven 
orbital occupancy switching is robust.[31] These observations 
provide strong evidence that lateral strain modulation induces 
significant in-plane anisotropy in the electronic configuration, 
affecting both band splitting and orbital polarization in Co d 
bands.

The effects of lateral strain modulation and GBs on the elec-
tric and magnetic properties of LSCO hybrid structures were 
further investigated by DC transport measurements. Magne-
toresistance  and Hall conductivity were measured at the edge 
(Figure 4a) and center (Figure  4b) regions of an LSCO hybrid 

Adv. Mater. 2022, 2206961

Figure 2.  Magnetometry and transport measurements on LSCO hybrid structures. a–c) Field-dependent magnetization of a (001)-oriented FS-LSCO 
membrane (a), a (110)-oriented LSCO single film (b), and a LSCO hybrid structure grown (c) on (110)-STO substrates. The magnetic field was applied 
along the in-plane direction. The M–H loops were measured at 10 K. Apparently, the M–H loop of a LSCO hybrid structure is the superposition of those 
from a (001)-oriented FS-LSCO membrane and a (110)-oriented LSCO single layer. d,e) Temperature-dependent resistivities (ρ) (d) and magnetization 
(e) of a (110)-oriented LSCO single film and a LSCO hybrid structure on (110)-STO substrates. ρ–T curves were measured at 0 and 7 T. M versus T 
scans were collected during sample warming after field-cooling at 1 kOe. f,g) Field-dependent magnetoresistance [(ρH − ρ0)/ρ0] (f) and magnetization 
(g) of a LSCO hybrid structure at various temperatures ranging from 10 to 200 K.
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structure independently (Figures S16 and S17, Supporting 
Information). Temperature-dependent ρ of LSCO hybrid struc-
tures exhibit a semimetallic behavior with a local maximum at 
≈170 K, corresponding to the magnetic phase transition tem-
perature. Comparing this behavior with an LSCO single film on 
LAO, we observe quantitatively similar temperature-dependent 
resistivity that is roughly an order of magnitude larger than 
LSCO hybrid structures. This is due to the highly insulating 
state in tensile-strained LSCO layers on STO membranes, 
leading to finite electrical conductivity. The Hall measurements 
of LSCO hybrid structures led to an unprecedented observa-
tion. Above TC, the Hall response is approximately linear with 
a positive slope, indicating p-type carriers. At low temperatures, 
a nonlinear anomalous Hall effect (AHE) appears, opening a 
large hysteresis loop with a shape and coercive field practically 
identical to M–H sweeps. When T is below 30 K, the anoma-
lous Hall effect (AHE) disappears. Figure  4c,d shows direct 
comparisons of anomalous Hall resistivity (ρxy  − R0H) in dif-
ferent regions as a function of magnetic field and temperature, 

respectively. At 50 K, ρxy − R0H (edge region) has a square-like 
loop, whereas ρxy − R0H (center region) has negligible values. 
ρxy − R0H reaches a maximum (minimum) value at 100 K when 
measured at edge (center) regions; however, the numerical sign 
of ρxy  − R0H is the opposite. In addition, the magnetoresist-
ance of LSCO hybrid structures at both edge and center regions 
has negligible values at high temperatures. A negative response 
starts to appear near and below the TC and increases system-
atically in magnitude with decreasing temperature. When T is 
below 100 K, the butterfly hysteresis loop appears in the small 
field that is coupled with HC. Figure 4e,f plots field- and tem-
perature-dependent magnetoresistance  recorded in different 
regions, respectively. They show a distinct response to the 
applied field below TC, indicating that the onset of magnetiza-
tion in LSCO hybrid structures is laterally different.

The direct evidence of the magnetic contrast across the GB 
is provided by nanodiamond (ND) nitrogen vacancy (NV) mag-
netometry measurements at the edge and center regions of an 
LSCO hybrid structure on LAO substrates. NV magnetometry 

Adv. Mater. 2022, 2206961

Figure 3.  Strain-mediated orbital polarization in LSCO hybrid structures. a) Schematic and HAADF-STEM image of a LSCO hybrid structure grown on 
(001)-oriented LAO substrates. b) In-plane and c) out-of-plane strain distributions within the LSCO hybrid structures performed by geometric phase 
analysis (GPA). d) Schematic of the scattering geometry for XAS measurements with X-ray beam aligned parallel (0°) or with an angle of 60° with respect 
to the surface normal. X-ray linear dichroism (XLD) spectra were quantified by calculating the difference between �0I  and �60I . e) XLD of LSCO hybrids 
on LAO substrates, respectively. XLD spectra from the edge and center regions of LSCO hybrids show the distinct differences, indicating that the hole 
occupancy in the 3d orbitals from these regions are in sharp contrast. The degree of orbital polarization exhibits a clear anisotropic orbital occupancy 
depending on the strain states of LSCO hybrids. All spectra were collected around Co L-edges at 77 K in TEY mode.
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was performed in zero magnetic fields and at fixed temperatures 
ranging from 50 to 250 K. By recording optically detected mag-
netic resonance (ODMR) spectra of NV centers, we could cal-
culate the projection of the magnetic stray field that originated 
from LSCO layers along the NV axis because Ms = ±1 sublevels 
undergo energy splitting (2γB) in the presence of weak mag-
netic perturbation (B) (Figure  4g). Figure  4h and Figure S18,  

Supporting Information, depict ODMR spectra of a single ND 
dispersed on the surface of edge and center regions at various 
temperatures. At 50 K, the splitting between two resonant 
peaks is significant, indicating the existence of measurable 
remnant magnetization in LSCO layers. The splitting becomes 
narrow and reaches a saturated minimum value as temperature 
increases. We calculated 2γB by subtracting two resonant peak 

Adv. Mater. 2022, 2206961

Figure 4.  Distinct ground states across grain boundary in LSCO hybrid structures. (a) and (b) schematic setups for transport measurements at the 
LSCO (edge) and LSCO (center) regions, respectively. c,e) Field-dependent anomalous Hall resistivity (ρxy − R0H) (c) and magnetoresistance [(ρH − 
ρ0)/ρ0] (e) measured at the LSCO (edge) and LSCO (center) regions at 50 K. R0H represents the ordinary Hall term that is subtracted from ρxy by linearly 
fitting the data at high magnetic field region. d,f) Temperature dependent ρxy R0H (d) and (ρH − ρ0)/ρ0 (f) measured at the LSCO (edge) and LSCO 
(center) regions when µ0H = 7 T. g) Schematic of diamond NV-based magnetometry performed at different regions of LSCO hybrid structures grown 
on LAO substrates. h) Zero-field optically detected magnetic resonance (ODMR) spectra of NV centers dispersed randomly on the surface of LSCO 
hybrid structures. The ODMR spectra were collected at different temperatures (extended data Figure S18, Supporting Information). i) Temperature 
dependence of 2γB for LSCO (edge) and LSCO (center) regions, which exhibit different magnetic phase transition temperatures.
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frequencies after Gaussian fitting to ODMR spectra. Figure  4i 
shows temperature-dependent 2γB measured at the edge and 
center regions of LSCO hybrid structures. The magnitude 
of 2γB depends on multiple factors, including the number of 
NVs in a single ND, proximity distance and magnetic homoge-
neity. Thus, the quantitative comparison of 2γB obtained from 
different regions is challenging. However, the magnetic phase 
transition temperatures of LSCO layers at edge and center 
regions are significantly different. LSCO (edge) layers on LAO 
substrates have a lower TC than LSCO (center) layers on STO 
membranes. These measurements were repeated randomly 
using different NDs in each region. The trend in magnetization 
obtained from NV magnetometry correlates with M–T curves 
from macroscopic magnetometry results on LSCO single films 
and LSCO/STO membranes (Figure 2e and Figures S9 and S10,  
Supporting Information), corroborating the lateral magnetic 
anisotropy of LSCO hybrid structures with different strain 
states isolated by GBs.

3. Discussion and Conclusions

So far, we have demonstrated the creating of lateral GBs in 
ferromagnetic LSCO hybrid structures with different crystallo-
graphic orientations and strain states. By designing and artifi-
cially engineering GBs in a controlled way, this work may also 
open all kinds of interesting fundamental and applied research 
out of quantum materials. The results are highly reproducible, 
and most importantly, the growth sequence can be reversed 
(Figure S19, Supporting Information). For instance, we fabri-
cated (110)- and (111)-oriented STO membranes and attached 
them to (001)-STO substrates. Hence, LSCO hybrid structures 
were formed on (001)-STO substrates, which exhibit similar 
magnetic contrast laterally. In principle, the freestanding 
membranes (not limited to STO used in this study) can be 
transferred onto arbitrary substrates, such as metals, semi-
conductors, as well as amorphous glass, which is crucial for 
fabricating complex laterally hybrid structures with emergent 
physical properties (Figure S19, Supporting Information). 
Furthermore, we also show the successful control of mem-
brane's orientation with respect to the substrate (Figure S20, 
Supporting Information). The LSCO layers strictly follow the 
orientation of freestanding membrane/substrate, allowing the 
possible design of GB with arbitrary orientations and types. 
This work can be applied to a broad range of applications. 
First, the size of membranes can be reduced to a nanometer 
scale using a sacrificed nanoporous anodic alumina template 
or through UV lithography post-synthesis.[32] The arrayed nano-
dots enable on-demand manipulation of topological nanorip-
ples, spin-textured domains, or multiferroic vortices. Second, 
the creation of GBs composed of unique periodic arrangements 
of structural units in any single-crystalline oxide is achievable 
and accurately adjustable by a function-driven design. The 
type, density, and location of GBs are highly controllable. Tun-
ability via GB engineering with broken inversion symmetry 
may open vistas in nanoelectronics and nanoelectromechanical 
systems.[33] Last but not the least, the proposed technique ena-
bles the stacking of correlated oxide membranes with precisely 
controlled twisted angles with respect to subsequent-grown 

layers, mimicking twistronics in 2D materials.[34] This method 
advances our ability to minutely engineer functional proper-
ties by lateral homoepitaxy of strongly correlated materials that 
drive many intriguing behaviors, such as superconductivity, 
multiferroicity and magnetic textures, across multiple length 
scales, and is readily applied to the imperative fields of neuro-
morphics, solid-state batteries, catalysis, etc.

4. Experimental Section
Synthesis of LSCO Hybrid Structures: The water-soluble Sr3Al2O6 (SAO) 

and SrTiO3 (STO) layers were grown subsequently on (001)-oriented 
(LaAlO3)0.3–(Sr2AlTaO6)0.7 (LSAT) 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−2  
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, u.c.), respectively. On the completion of epitaxy, the STO/
SAO bilayers were cooled down to room temperature at the growth 
pressure. The morphology of as-grown STO/SAO bilayer was checked 
by AFM, demonstrating a step-and-terrace structure. A thermal-release 
tape (or a PDMS, PF-40-X4, Gel-Pak) was pressed firmly on the as-grown 
sample and then immersed into deionized water at room temperature 
(Figure S1, Supporting Information). 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 the 
(110)- and (111)-oriented STO, LaAlO3 (LAO), KTaO3 (KTO) and SiO2/Si 
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 La0.8Sr0.2CoO3 (LSCO) thin films with a thickness of ≈30  nm were 
fabricated on the prepared substrates by PLD. The thickness of LSCO 
films was carefully selected by keeping them coherently grown on 
different target substrates. The LSCO films exhibit distinct physical 
properties depending on the crystallographic orientation and misfit 
strain. During the growth of LSCO 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 LSCO films, which are well-known 
to affect their intrinsic physical properties.[35,36]

Structural Characterizations: Crystallographic analysis, that is, X-ray 
diffraction 2θ–ω, X-ray reflectivity (XRR), and reciprocal space mapping 
(RSM), were carried out using a Panalytical X'Pert3 MRD diffractometer 
with Cu Kα1 radiation equipped with a 3D pixel detector. The thicknesses 
of layers were obtained by fitting XRR curves using GenX software.[34] 
The growth rate of each layer was calculated and controlled precisely by 
counting the number of laser pulses. Cross-sectional TEM specimens of 
LSCO hybrid structures with different crystallographic and strain states 
were prepared using Ga+ ion milling after the mechanical thinning. 
The HAADF and ABF imaging were performed in the scanning mode 
using JEM ARM 200CF microscopy at the Institute of Physics (IOP), 
Chinese Academy of Sciences (CAS). For some cases, the [100] zone 
axis of STO(001) membranes was not well aligned with [110] or [112] 
zone axis of STO(011) or STO (111) substrates, respectively. The LSCO 
hybrid specimens need to rotate by a few degrees along the in-plane 
direction in order to obtain the atomic-precision images from different 
regions. The atomic positions of cations were determined by fitting the 
intensity peaks with Gaussian function. The obtained values were used 
to calculate the lattice parameters of each layer. The error bars were 
extracted by calculating the standard deviation value. The elemental 
specific electron energy loss spectra (EELS) mappings were performed 
by integrating the signals from a selected region after subtracting the 

Adv. Mater. 2022, 2206961
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exponent background using power law. All data were analyzed using 
Gatan Micrograph software.

Electrical Transport and Magnetization Measurements: The macroscopic 
magnetizations of LSCO hybrid structures were measured by a 7 T−
MPMS magnetometer. All measurements were performed by applying 
magnetic fields up to ±7 T. The M–T curves were recorded during 
the sample warm-up process after field-cooled at 1 kOe. The M–H 
hysteresis loops up to ±7 T were recorded at different temperatures. 
The M–H loops were obtained by subtracting the diamagnetic signals 
from the STO membranes and substrates. The magnetization of LSCO 
hybrid structures were normalized to the thickness of LSCO layers. The 
electrical transport measurements were conducted by a 7 T−PPMS. The 
resistivities and Hall conductivities were measured using the standard 
van der Paw method.

Spectroscopic Characterizations: Elemental specific XAS measurements 
were performed on the LSCO hybrid structures grown on LAO and KTO 
substrates at the MCD beamline of National Synchrotron Radiation 
Laboratory (NSRL) in Hefei, China. All spectra at the Co L-edges were 
collected at 77 K in total electron yield (TEY) mode. Although the 
LSCO films stay in the insulating states, the resistivities of LSCO stay 
in the order of kiloohm range. Meanwhile, our samples were properly 
electrically connected to the sample holder using silver glue. The 
conductivities of measured layers allow the steady measurements with 
photocurrent in tens of picoamperes. A severe charge effect during 
the measurement was not observed. The XLD measurements were 
performed by changing the incident angle of the linearly polarized X-ray 
beam. The X-ray scattering plane was rotated by 0° and 60° with respect 
to the incoming photons. The XAS signals were normalized to the values 
at the pre- and post-edges. When the X-ray beam was perpendicular 
to the surface plane (0°), XAS signal directly reflects the d –2 2x y  orbital 
occupancy. While the angle between the X-ray beam and surface plane 
was 60°, the XAS signal contains orbital information from both d –2 2x y  
and d3 –2 2z r  orbitals. For simplifying the discussions, the XLD signals 
of LSCO hybrid structures were calculated by � �0 60I I− . The XLD signal 
directly reflects the orbital polarization of a sample under different strain 
states.[35]

Diamond NV-Based Magnetometry: The diamond nitrogen vacancy 
(NV)-based magnetometry measurements were performed at zero 
magnetic field using a home-built ODMR system.[36] Nanodiamonds 
(NDs) with a nominal diameter of ≈100  nm and typically ≈500 NV 
centers per crystal were used (Adámas Nanotechnologies) as spin 
sensors. The NDs on the surface of LSCO hybrid structures were 
dispersed randomly with a low density so that the individual NDs 
could be addressed and probed with the confocal microscope. The 
ODMR spectra were taken by sweeping the microwave frequency 
through resonance and recording the photon excitations from the NDs. 
The ground states of NV center were spin-1 and there was only one 
resonant dip at 2870 MHz at zero magnetic field (mS = ±1 states were 
degenerated) and room temperature. If a stray field was generated by 
the LSCO hybrids, the ODMR spectrum of an NV center splits into two 
dips due to the Zeeman effect. The amplitude of spectral splitting was in 
proportion to the strength of the stray field. Thus, the local field strength 
was extracted from the width of single-peak Lorentz fitting. Please note 
that there were hundreds of NV centers in a single ND and the stray field 
might have a gradient at the 100 nm scale, thus the ODMR spectra of 
NDs from our LSCO hybrids were broadened as compared to that of a 
single NV center. The samples were pasted on a cooling stage attached 
to a closure He-recycling refrigerator. The temperature of the samples 
was controlled between 10 to 300 K and monitored using a conventional 
thermometer attached on the sample stage. The cooling stage could be 
moved precisely at the micrometer scale, so that the ODMR spectra and 
their temperature dependencies from different regions of a LSCO hybrid 
structure could be obtained separately.

Nanoscale Magnetization Profiling Using PNR: The PNR experiment 
on a LSCO single film grown on the LAO substrate was performed at 
the Multipurpose Reflectometer (MR) of Chinese Spallation Neutron 
Source, Dongguan, China. The sample was measured at 10 K under an 
in-plane magnetic field of 1 T. PNR measurements were conducted in the 

specular reflection geometry with wave vector transfer (q) perpendicular 
to the surface plane. q is calculated by 4πsin(αi)/λ, where αi is the 
neutron incident angle and λ is the wavelength of neutron beam. The 
neutron reflectivities from spin-up (R+) and spin down (R−) neutrons 
were recorded separately. The spin asymmetry (SA) was calculated 
using (R+ − R−)/(R++ R−). By fitting the PNR data, the magnetization and 
nuclear scattering length density profiles of LSCO layers was obtained 
simultaneously. The standard deviations of the magnetization values 
form the uncertainties of the Ms.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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