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Designing Optimal Distorted-Octahedra Superlattices for

Strong Topological Hall Effect

Yiyan Fan, Qinghua Zhang, Jingdi Lu, Chuanrui Huo, Tianyang Wang, Qiao Jin, Ting Cui,
Qianying Wang, Dongke Rong, Shiging Deng, Lingfei Wang, Kuijuan Jin,* Jun Chen,*

and Er-Jia Guo*

Topologically protected spin states hold great promise for applications in next
generation of memory circuits and spintronic devices. These intriguing textures
typically emerge in bulk materials or heterostructures with broken inversion
symmetry, accompanied by an enhanced Dzyaloshinskii-Moriya interaction
(DMI). In this study, the topological Hall effect (THE) in atomically designed
(DyScO;),,/(SrRuO;), (D,S,) superlattices over a significant range of temper-
atures (10-120 K) and thicknesses (16—40 nm) is successfully induced. Using
magnetic force microscopy (MFM), the formation and stability of magnetic do-
mains, such as topological skyrmions is observed. By precisely controlling the
interlayer thickness (n) and biaxial strain, the mechanisms underlying the mod-
ulation and induction of magnetic topological states is elucidated. Supporting
evidence is provided by scanning transmission electron microscopy (STEM)
and X-ray absorption spectroscopy (XAS), thereby lending further credence to
this conclusions. These heterostructures offer a universal method for exploring

high-density, low-power, high-speed mag-
netic memories and logic circuits due
to their high stability, minimal driv-
ing current and small dimensions.!?!
Theoretically, non-collinear spin tex-
tures, such as magnetic skyrmions,
can be stabilized through dipole-dipole
interactions,!®! Dzyaloshinskii-Moriya
interactions (DMI),*] and frustrated
exchange interactions.®’] Among these
mechanisms, DMI, which originates from
asymmetric exchange interaction, is par-
ticularly effective in inducing orthogonal
adjacent spin configurations in materials
with strong spin—orbit coupling (SOC) and
broken inversion symmetry.®] The topo-
logical Hall effect (THE), which is closely

topological phenomena driven by distorted octahedra, while enhancing the
integrability and addressability of topologically protected functional devices.

1. Introduction

Topological spin textures in magnetic oxides are considered
highly promising candidates for the development of future
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related to these non-collinear spin config-
urations, generates a Berry phase in real
space, thereby contributing an additional
term to the Hall resistance.”!% Given the
significant challenges in directly observing
nanoscale topological domain structures in real space, the THE
has emerged as a classic hallmark indicative of the presence of
topological spin textures.['1-14]

In 1994, Bogdanov and Hubert predicted the existence of
topological spin textures in non-centrosymmetric magnetic crys-
tals with bulk DMI or in asymmetric magnetic multilayers with
interfacial DMLI"] SrRuO; (SRO), a 3d transition metal ox-
ide with strong spin-orbit coupling, serves as an ideal plat-
form for studying magnetic topological structures. Previous stud-
ies by Lu and Wang et al. demonstrated the induction of the
THE in single-layer SRO through size effects and the introduc-
tion of oxygen defects, leading to asymmetric center structures
within the bulk material.l'®!7] Matsuno et al. induced a pro-
nounced THE in SrRuO,/SrIrO, heterostructures by incorpo-
rating 5d transition metal oxides with stronger SOC.!'8] Addi-
tionally, researchers have constructed heterostructures of SRO
with functional oxides such as ferroelectrics (BaTiO,/PbTiO;),
ferromagnetics (LaSrMnO;), and multiferroics (BiFeO;), all of
which exhibited emergent THE.['71%-23] These studies attribute
the emergent THE to enhanced interfacial DMI, which origi-
nates from atomic displacement, the interplay of magnetic crystal
anisotropy, and exchange coupling. Besides above methods, octa-
hedral tilting, a traditional lattice degree of freedom, can precisely
tailor the lattice structure and symmetry in SRO.[2*l Specifically,
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Figure 1. Structural characterizations of the (DSO),,/(SRO),, superlattices (D,S,), where n represents the number of unit cells of DSO and SRO layers.
a) Schematic of RuOg octahedral structure dependent on substrate and thickness. b) Strongly distorted RuOg octahedron induced by DyScOj; crystal
and epitaxial compressive strain in the artificial superlattice. ) X-ray diffraction 6-20 scans of D, S, superlattices grown on STO substrate. The inset
shows a reciprocal space map near the STO (103) reflection for the DsSs sample. d) Cross-sectional HAADF-STEM image of a representative DsSg SL
along the [100],. zone axis. The average intensity of A-site atomic columns in the STEM image, where the yellow and green areas represent Dy and Sr
atoms, respectively. The alternating DSO and SRO layers indicate the good periodicity of the superlattice.

the geometry of the Ru-O bonds significantly influences SRO’s
performances, including metal-insulator transitions, supercon-
ductivity, electrocatalysis and novel electrical transport.2>-27] A
thorough exploration of the universal principles and the influ-
ence of octahedral tilt and distortion on triggering the THE in
SRO is essential and pressing, given that this aspect remains un-
examined.

Theoretical studies have shown that the orthorhombic (with
octahedral tilting) and tetragonal (without octahedral tilting)
structures of SRO are nearly degenerate in energy. This ener-
getic proximity allows for facile manipulation of the octahedral
structure within a unit cell via external fields such as temper-
ature, strain and magnetic fields.?®] As shown in Figure 1a, in
addition to the mismatch strain between the film and substrate,
the symmetrical structure of the substrate can impose additional
geometric constraints. Unlike the cubic symmetry of the SrTiO,
substrate, which suppresses octahedral rotation, the oxygen oc-
tahedra in SRO can replicate the tilting characteristics of the
DyScO, (DSO) substrate, one of the orthorhombic scandate ma-
terials with the largest octahedral tilting angle.[?>3% In this work,
we selected the DSO interlayer to induce octahedral distortion in
SRO and constructed superlattices through repeated stacking to
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enhance interfacial DMI. Consequently, additional THE and dis-
continuous magnetic topological domains were observed in Hall
and magnetic force microscopy (MFM) measurements. High-
resolution scanning transmission electron microscopy (STEM)
and X-ray absorption spectroscopy (XAS) further confirmed that
these phenomena primarily originated from the octahedral dis-
tortion propagated through the heterointerface. Lastly, the THE
completely disappears when the biaxial tensile strain is applied,
even though the DSO interlayer still exists. This work provides a
specific and reproducible guideline for inducing distorted octahe-
dra and THE in multilayer heterostructures from the perspective
of intercalation material and substrate template selection.

2. Results and Discussion

Figure 1b illustrates the principal designed concept, in which the
continuous periodicity at the atomic scale in the superlattice film
disrupts the lattice symmetry of bulk SRO and enhances the in-
terfacial DMI. To explore the optimal effective depth of octahedral
tuning near the interface, we grew a series of (DSO),/(SRO),
(D, S,) superlattice (SLs) samples with varying interlayer thick-
nesses, where n represents the number of unit cells. We keep the
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Figure 2. Transport properties and topological Hall effects in the DS, superlattices. a) Temperature-dependent resistance and b) magnetic field-
dependent Hall resistivity (p,,—RoH) loops obtained from DS, SLs with various SRO thicknesses (n) at different temperatures. The red and green
lines represent opposite sweep directions of the magnetic field. The linear contribution of the ordinary Hall resistivity has been subtracted from all
loops. ¢) Contribution from anomalous Hall effect (AHE) and Topological Hall effect (THE) in D,S, sample at T= 10 K. The pay¢ part is derived from
the normalized M—H loop. d) Hall coefficient (R, top panel) and calculated skyrmion density (ng,, bottom panel) for various SRO thickness at T= 10 K
until topological Hall peak disappears. €) Phase diagram of topological Hall resistivity in D,,S,, superlattices at different temperatures.

thicknesses of DSO and SRO are the same. Figure 1c presents
the X-ray diffraction #-26 scans of D, S, SLs grown on STO sub-
strates, featuring the high-quality epitaxial single-crystal peaks
and coherent superlattice diffraction peaks. As the interlayer
thickness increases, the positive-order diffraction peaks contin-
uously shift to higher angles. This observation is consistent with
the formula for the thickness as a function of the diffraction peak
position: d = (m;-m,) 4/2(sind,,,-sinb, ), where m is the order
of the superlattice peak, 4 is the wavelength of the X-ray beam,
0 is position of diffraction peak, and d is the repeated thickness.
The reciprocal space mapping (RSM) in the inset indicates that
the DsSy samples are fully strained on the substrate due to the
repeated clamping from the two materials. RSMs on other sam-
ples were shown in Figure S2 (Supporting Information). And
then we measured the X-ray reflectivity (XRR), where the width of
the oscillation peaks is inversely proportional to the thickness of
the sample. For instance, following a specific fitting procedure,
the DsSs superlattice exhibits periodic density with a repeating
unit of ~4 nm and a periodicity of 10 times (Figure S1, Sup-
porting Information). Moreover, Figure 1d shows cross-sectional
high-angle annular dark field scanning transmission electron mi-
croscopy (HDAAF-STEM) of the representative D;Ss along the
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[010],,. zone axis. Since the atomic intensity is approximately pro-
portional to Z'7 (where Z is the atomic number), this image re-
veals the periodic structure of alternating SRO and DSO at the
atomic scale. For better contrast, we presented the average inten-
sity mapping of the A-site atoms (Ru and Dy) from Figure 1d in
Figure le. All the evidence demonstrates that we have obtained
high-quality, continuously strained superlattices as expected.

To investigate the electrical characteristics of the superlattices
regulated by structure, we measured the temperature-dependent
resistance using DC transport measurements, as illustrated in
Figure 2a. Bulk DSO exhibits excessively high resistance, mak-
ing it unmeasurable resistance (over 1 MQ) at room tempera-
ture, whereas bulk SRO displays metallic behavior. For n > 4,
the metallic characteristics are predominantly attributed to the
SRO layers, due to the minimal charge transfer in this regime.
In contrast, for n < 4, the samples exhibit semi-metallic behavior
with a metal-insulator transition temperature ranging from 20 to
40 K. Considering that single SRO and DSO layers are insulating
at these equivalent ultrathin thicknesses, the enhanced metallic-
ity is likely due to the removal of electrical dead layer in SLs.*"]
Additionally, the resistance increase below the transition temper-
ature can be attributed to the size effect or interface localization,
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while the shift in transition temperature with decreasing thick-
ness is determined by the competition between localization and
delocalization mechanisms.3>3%] Notably, all curves display an in-
flection point strongly correlated with the ferromagnetic Curie
temperature.l**3°] The derivative curves of resistance with respect
to temperature indicate that the transition temperature decreases
from 130 to 100 K as the superlattice changes from D, S, to D, S,
(Figure S3, Supporting Information). These findings suggest that
the magnetic transport properties of the superlattice samples are
predominantly influenced by SRO and precisely controlled by the
interlayer thickness.

As anticipated, the THE exhibits a pronounced dependence
on the repeated unit of the superlattices. Theoretically, the to-
tal Hall effect can be decomposed as p,; = popg + Pane + Prue
where poyp, papgr and pryyp correspond to the ordinary Hall re-
sistivity, anomalous Hall resistivity, and topological Hall resistiv-
ity, respectively. These components can be expressed as poyp =
RyH, payr = RM, where R;. Rs. H and M represent the or-
dinary Hall coefficient, anomalous Hall coefficient, out-of-plane
magnetic field, and magnetization, respectively.’*8] As shown
in Figure 2D, the Hall resistivity, (p,,-R,H)-H, for samples with
varying thickness at different temperatures have been corrected
by subtracting the contribution from the ordinary Hall effect
through fitting the linear slope. For samples with n <5, the (p,-
R H)-H curves exhibit a bimodal feature near the coercive field,
indicating the presence of THE. Conversely, for samples with n
> 5, the bimodal feature vanishes, resembling the contribution
from the anomalous Hall effect.

Subsequently, we utilized the out-of-plane M-H curves to fit
the contributions of the anomalous Hall effect (AHE) and pre-
cisely estimate the THE.['®39] Ag depicted by the green line in
Figure 2c, the pure topological Hall resistivity as a function of
magnetic field (ppz—H) was obtained. When the magnetic field
increased from —5 T to —2 T, the curve was dominated by the
ferromagnetic state with negative magnetization, characterized
by finite anomalous Hall conductivity and negligible topological
Hall conductivity. As the magnetic field further increased from
—2 T to 5 T, the topological Hall resistivity abruptly increased at
1.6 T and gradually decreased to zero at 3.5 T, coinciding with the
saturation field of the M—H curve. These observations suggest
that specific chiral spin structures are induced as the ferromag-
netic spins begin to reverse under the influence of the magnetic
field. The coexistence of magnetic hysteresis and THE suggests
indicates the presence of both the ferromagnetic phase and non-
collinear spin configurations.

Next, we applied the same procedure to quantify the THE in
samples with n <5 at T'= 10 K by calculating the density of mag-
netic topological domains. Under strong exchange coupling be-
tween charge carriers and topological spin textures, pry: can be
formulated as ppy; = P,Rynyh/e, where P, ny, hand e denote the
spin polarization of the charge carriers, the density of magnetic
topological domains, the quantum of flux, and the elementary
charge, respectively.***?] For SRO, Psis typically —9.5 + 5%./18:43]
Based on this, we summarized the evolution of R, and ny with
interlayer thickness. The rapid decay of ny with increasing n
mirrors the trend of the topological Hall resistivity (Figure 2d).
The reasons for these phenomena will be detailly explained later.
Figure 2e presents a summary phase diagram of the topological
Hall resistivity as a function of interlayer thickness and tempera-
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ture. It is evident that a strong THE exists in the region where n
is 2-5 unit cells and can be maintained over a broad temperature
range of T = 10-100 K. This temperature range is broader than
the reports of the existing SRO.[17:18]

Magnetic force microscopy (MFM) is a widely used technique
for observing various magnetic structures in real space.l**]
Given that the out-of-plane magnetization and the magnitude
of the topological Hall resistivity are within detective limits of
the equipment, we obtained MFM images of the D,S, sample
over a magnetic field range of 0-5 T (Figure S4, Supporting
Information). However, the poor contrast in the MFM images,
due to the mixture of morphology, stray fields, and domain sig-
nals, makes it challenging to observe magnetic topological sig-
nals in the static mode at ultra-low temperatures.[*] To address
this issue, we performed pixel-by-pixel subtraction on the im-
ages within the magnetic field range near the Hall peaks (1.5-1.7
T), following previously established methods.['”*] The processed
MFM image, which shows clear contrast between the magnetic
domain structure (yellow) and the background (blue). Based on
the equivalent diameter of the various configurations, we classi-
fied the magnetic domains in the MFM images into three cate-
gories: Type I, Type 11, and Type III. Type I consists of uniformly
sized, quasi-circular domains with dimensions ranging from 20
to 80 nm,['”] resembling magnetic skyrmions and accounting for
45.5% of all observed textures, (see the statistical histogram in
Figure S4f, Supporting information). Type II includes irregular
skyrmion clusters or bubble domains with dimensions between
80 and 200 nm,*’] representing ~36.4% of the structures. Fur-
thermore, Type III comprises larger, chain-like domains with di-
mensions from 200 to 400 nm, which may correspond to bubble
domains formed by adjacent skyrmions or traditional continu-
ous domains driven by the magnetic field, accounting for 18.1%
of the structures. This analysis confirms the presence and variety
of topological textures in the D, S, sample, thereby substantiating
the genuine origin of the THE, as opposed to the superposition
of multi-channel anomalous Hall effects.[*?]

Using HADDF and ABF-STEM with atomic resolution, we un-
covered the microscopic mechanisms underlying the induction
of stable THE within the multilayer heterostructures. Consistent
with the initial design concept, exploring the propagation of tilt-
ing and distorted octahedra in the repeated stacking heterojunc-
tions is crucial. In Figure 3a, along the [110],. zone axis, we ob-
tained the HADDF-STEM images of the D,S, sample with the
highest n . The color contrast in the images clearly distinguishes
the duplicate layers composed of DSO and SRO, each with a
repeated thickness of 2-unit cells. Subsequently, we further ac-
quired ABF-STEM images of the same region to determine the
precise positions of the oxygen atoms within the oxygen octahe-
dra. Compared to the [100],. zone axis, STEM images along the
[110],. zone axis facilitate intuitive quantification of the tilt and
distortion of the BO, octahedra (B = Ru, Sc). Ideally, when a 2-
unit cell layer of SRO is sandwiched between the upper and lower
layers of DSO, the RuO, octahedron should align with the charac-
teristics of ScOy. In our work, we calculated the actual rigid tilting
angles of the oxygen octahedra based on the geometric relation-
ships between atoms, as illustrated in the schematic in Figure 3c.
The exact positions of Sc, Ru, and O atoms, determined by Gaus-
sian fitting of atomic columns, are labeled in the ABF-STEM im-
ages. Figure 3c shows the variation of the octahedral tilting angle
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Figure 3. Quantitative analysis of the octahedral behavior in the D,;S,, superlattices. a) Cross-sectional HAADF- and b) ABF-STEM images of the D,S,
superlattice taken along the [110],. zone axis. The yellow and green dots represent Dy and Ru atoms, respectively. c) Layer position-dependent mean
octahedral tilt angle (0) and d) distorted angle between O-B-O (Bp.5.0), calculated from the position of all the atomic columns in (b), in which B
represents Sc or Ru atom. The inserted sketches clearly denote the geometric relationships between the atoms in all octahedrons. ) The changing
tendency of c-axis lattice parameters and oxygen octahedron in the D,,S,, superlattices with the increase of n.

with atomic layer position, with the dashed line denotes the the-
oretical value for the bulk RuO,. Apparently, the RuO, octahedra
in the D, S, samples exhibit a larger tilting angle (6.9°-8.2°) than
that in the tetragonal bulk, which is 1.34 times the theoretical
value.[®! In addition to the rigid tilting described above, we ob-
served inner distortions accompanied by vertical shifts of the cen-
tral B-position atoms. Based on precise atomic positions and geo-
metric relationships, the bond angles between O-B-O, which de-
pend on the atomic layer positions, are summarized in Figure 3d.
The maximum distorted angle is 168°, significantly less than the
theoretical value of 180°. Furthermore, the HAADF- and ABF-
STEM images of the DS and D, S,, superlattices were obtained
for comparison (Figures S5 and S6, Supporting Information). A
different tilting pattern from that of D, S, was revealed by quanti-
tative analysis of its oxygen octahedral distortion behavior. In the
SRO layer near the interface, the tilting angle of the RuO; octa-
hedron is close to or even larger than the intrinsic angle observed
in bulk SRO. In contrast, in the intermediate layer away from the
interface, the tilt angle of RuOy is significantly reduced. This is
closely related to interfacial effects as well as the relaxation phe-
nomenon of compressive strain. Correspondingly, in the DSO
layer away from the interface, the tilting behavior of the ScO,
octahedra gradually recovers and is no longer suppressed by the
proximity of the SRO layer. These results indicate that both rigid
tilting and inner distortions are present in the designed samples,
which are the primary reasons for the introduction of broken
symmetry, enhanced DMI, and the strong THE.

The transport results in Figure 2 show that the THE is highly
dependent on the interlayer thickness of the superlattice. Specif-
ically, the THE disappears when n > 5. We attribute this to
two main factors. First, studies on related heterostructures have
demonstrated that structural symmetry propagation is primarily
confined within 2—4 unit cells near the interface.l*% When n <
5, all SRO unit cells are influenced by the DSO material from the
adjacent layer, leading to enhanced tilting and distortion of the
RuO, octahedra, which in turn increases the DMI and induces
the THE. However, when n > 7, only the unit cells near the inter-
face inherit the structural symmetry from DSO, while the mid-
dle layers retain bulk characteristics. The superposition of these
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two effects is not conducive to induce THE, which also explains
why the intensity of the topological Hall peaks decreases with in-
creasing n in the range of n < 5. Second, as n increases, the total
thickness of SLs rises from 16 to 80 nm, leading to strain relax-
ation exerted from the substrates. In this scenario, the SRO layers
near the surface primarily withstands the tensile strain from the
neighboring DSO layer, which has been reported to suppress the
tilting and distortion of the octahedra.l?*! Figure 3e illustrates the
variation of the out-of-plane lattice parameter as a function of in-
terlayer thickness. As n increases, the macroscopic lattice param-
eters decrease and gradually approach the c-value of bulk SRO,
indicating that the unit cells far from and close to the substrate
experience different in-plane strains. The broadening of the film
peak in the D, S, sample along the in-plane direction in the RSM
further corroborates this point. Finally, considering the variation
of octahedral tilting and strain with thickness, we constructed
an intuitive model diagram to better illustrate above viewpoints
(Figure S7, Supporting Information).

To avoid the interference of contradictory strain and relaxation
phenomena between the substrate and interlayer, we further de-
posited the D, S, superlattice on KTaO, (KTO) substrates, which
have the largest in-plane parameters compared to bulk SRO and
DSO (see Figure 4a). The structural characterizations of the D, S,
superlattices on KTO and STO substrates (Figure S8, Support-
ing Information), confirming that the high-quality epitaxial films
are fully subjected to biaxial tensile and compressive strains, re-
spectively. Similar to samples on STO substrates with n > 7, the
D, S, samples under tensile strain exhibit only typical anomalous
Hall features, without any contribution from the THE. This is in
sharp contrast to samples of the same thickness under compres-
sive strain. These results indicate that the THE, driven by oxygen
octahedral distortions, can only be induced by precisely co-tuning
the interplay thickness and biaxial strain, consistent with our hy-
pothesis.

Combining synchrotron X-ray absorption spectra, we further
elucidated the electronic structural origin of the THE. The O K-
edge XAS spectra of 4d transition-metal oxides represent transi-
tions from the O 1s states to unoccupied transition-metal 4d and
5s/5p states, as well as to other conduction-band states via the

© 2025 Wiley-VCH GmbH
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Figure 4. Manipulation of electrical transport in the (DSO),,/(SRO),, superlattices via epitaxial strain. a) Schematic of RuOg and ScOg¢ octahedral distor-
tion under compressive and tensile strain. b) Magnetic field-dependent Hall resistivity (p,,-RoH) loops of D,S, SLs subjected to different strain states.
c) Polarization-dependent XAS at the O K-edge for samples subjected to different strain states. d) X-ray linear dichroism (XLD) calculated from I, —I,
demonstrating the distinct orbital occupation in the SLs with different oxygen coordination.

hybridization with the O 2p states.>3>*] Figure 4c shows the XAS
spectra of the two samples measured at an incident X-ray angle
of 40° relative to the sample surface. The peaks near 529 eV are
attributed to the absorption of the coherent and incoherent parts
of the Ru4d t, , states, while transitions to the Ru 4d e, states oc-
cur within the energy range of 533 eV.>>°% These peak positions
for the Ru-4d state basically coincide with those in bulk SRO,
with differences not exceeding 0.5 eV, indicating that Ru ions in
the superlattices mainly exist in the +4-valence state with neg-
ligible charge transfer at interfaces. Given the rich information
contained in the hybrid peaks between Ru 4d and O 2p, such as
ferromagnetic origin and structural distortion, we conducted de-
tailed analysis of the charge distribution and transfer within the
Ru 4d orbitals. Compared to the sample under £ = +1.5%, when
e = —0.7%, the intensity of the hybrid peak between O 2p and Ru
4dt, , increases, while that between O 2p and Ru 4d ¢, decreases.
This corresponds to an increase in the number of empty states
in the Ru4dt,, orbitals and a decrease in the number of empty
states in the Ru 4d ¢, orbitals. Concurrently, the reduction of the
crystal field splitting energy (AC;) facilitates electron migration
from the Ru 4d t, , orbital to the ¢, orbital, resulting in a high
spin state in the SRO. The measured magnetization of 4 p;/Ru
on the STO substrate also corroborates the electron states of the
Ru 4d orbitals discussed above (Figure S9, Supporting Informa-
tion). In contrast, the saturation magnetization of 2 pz/Ru in
the tensile strain sample is consistent with the low or medium
spin states produced by weak octahedral distortion in tetragonal
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or orthorhombic structures.l?! Figure S10 (Supporting Informa-
tion) provides a detailed schematic of the electronic structure in
the Ru 4d orbitals for both distorted and bulk octahedra.

Figure 4d shows the X-ray linear dichroism spectra calculated
from I, — I, where I, and I_ directly reflect the unoccupied
electron states in the in-plane and out-of-plane orbitals, respec-
tively. The difference between them directly indicates the dom-
inance of electrons in either the in-plane or out-of-plane orbital
components.l”’] According to the electronic structure of the Ru
4d orbital, electrons primarily occupy the lower energy orbitals
of d, and d, at e = +1.5%, while the occupancy of the d, orbital
increases with electron transfer when the & = —0.7%. These sce-
narios are reflected in the XAS spectra, near 529 eV, the inten-
sity of I,—I. is significantly higher in the tensile strain sample
than that in the compressive strain sample.[*®! Additionally, near
533 eV, a larger I, -I. intensity corresponds to an increase in the
occupancy of the d,,? ? orbitals under compressive strain. These
results demonstrate that the biaxial compressive strain facilitates
the propagation of distorted octahedra in SRO without thickness
relaxation, which is the origin of high spin states and strong THE.

3. Conclusion

In summary, we observed a pronounced THE by designing super-
lattices of repeated DSO/SRO at the atomic scale. Within these
multilayer heterostructures, we explored the modulated rules of
octahedral behavior on the electrical transport performance and

© 2025 Wiley-VCH GmbH
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magnetic spin states in transition metal oxides. By selectively
manipulating two variables, interlayer thickness and the biaxial
strain, we have established a universal design principle: high-
density, stable, and non-volatile magnetic topological structures
can be realized when multilayer heterostructures are subjected
to fully compressive strain and the interlayer thickness is con-
trolled to 2-5-unit cells. This result, leveraging the propagation
of structural symmetry, provides a precedent for precisely con-
trolling magnetic topological configurations driven by distorted
octahedra in non-chiral magnets. This is crucial for the multi-
dimensional research into future topological electronics. More-
over, this all-oxide skyrmion system can be flexibly and epitaxi-
ally grown with other functional oxide heterostructures, offering
a fertile playground for exploring emergent properties applicable
to the fields of memory devices, sensors, and spintronic devices.

4. Experimental Section

PLD Synthesis of Superlatttices: It was fabricated D,Sn superlattices
with various thicknesses on (100)-oriented STO substrates using pulsed
laser deposition. Sintered SRO and DSO ceramics served as ablation tar-
gets to produce thin films with precise chemical stoichiometry. To facili-
tate the alternating growth of the two materials during superlattice fabri-
cation, the growth conditions to be identical parameters for both materials
while maintaining their individual high quality and single-crystallinity was
optimized. During fabrication, the laser fluence was set at 1.5-2 | cm?,
the repetition rate was 2 Hz, and the oxygen pressure was maintained at
0.1 Torr. All films were grown at 750 °C and subsequently cooled to room
temperature at a rate of —10 °C min~! after laser irradiation. The thick-
ness of individual layers was precisely controlled by counting the number
of laser pulses, with average growth rates of 110 pulses/u.c. for DSO and
50 pulses/u.c. for SRO.

Structural Characterizations and Physical Property Measurement:  X-ray
diffraction 6-26 scans and reflectivity measurements for D, S, superlat-
tices were performed using a PANalytical X’Pert3 MRD diffractometer. Re-
ciprocal space mappings were conducted at the TW1A beamline of Bei-
jing Synchrotron Radiation Facility (BSRF). Longitudinal (p,,) and Hall (p,,)
resistivity hysteresis loops were measured using a Quantum Design 9-
T Physical properties measurement system(PPMS) with magnetic fields
were applied normal to the sample surfaces. The measurements were
conducted using the standard van der Pauw geometry with wire-bonding
techniques. M-H hysteresis loops up to 5 T were measured using a Quan-
tum Design superconducting quantum interference device (SQUID) mag-
netometer at T = 10 K with fields applied perpendicular to the sample
surface.

STEM Measurement and Analysis: Cross-sectional STEM images of
DnSn superlattices were obtained along the pseudo-cubic[100]/[110] zone
axis using an aberration-corrected FEI Titan Themis G2 microscope. While
HADDF-STEM excel in visualizing the periodicity of heterogeneous struc-
tures, ABF-STEM facilitate the direct observation of oxygen atoms, which
was crucial for analyzing oxygen octahedral tilt. The precise positions of
Ru, Sc and O ions were determined by fitting the intensity peaks with a
Gaussian function. The tilting and distortion angles were calculated us-
ing the bond lengths (Ru-O/Sc-O) and trigonometric function in the ABF-
STEM. Each data point represents the average tilting and distortion angles
from over 20-unit cells at the same layer, with error bars derived from the
standard deviation (SD) value.

Magnetic Force Microscopy: MFM measurements performed using a
commercially available scanning probe microscope (Attocube system)
equipped with a 9-T superconducting magnet and a Helium refrigeration
system. Commercial magnetic probes (Nanosensor, PPP-MFMR) were
used for all MFM measurements, scanning at a constant height. The
magnetic-field dependent MFM measurements were conducted with the
external magnetic field applied perpendicularly to the film surface.
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XAS and XLD Measurements: Elemental-specific XAS measurements
were performed in the total electron yield (TEY) mode for the O K-edges
at the 4B9B beamline of the Beijing Synchrotron Radiation Facility (BSRF).
The sample’s scattering plane was oriented at 40° and 90° relative to the
incident X-ray beam, with the difference was calculated by /;, — Io4,. When
the x-ray beam was perpendicular to the surface plane, the XAS signal re-
flects the occupied states in the in-plane orbitals. At a 40° angle between
the X-ray beam and the surface plane, the XAS signal captures informa-
tion from both in-plane and out-of-plane orbitals. For simplified analy-
sis, the unoccupied in-plane orbital states are proportional to i = Igge,
while the unoccupied out-of-plane orbital states were derived from I,,, =
(lgge—1400-5in?40°) [cos?30°.

Supporting Information

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