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Abstract

Chirality in solid-state materials has sparked significant interest due to potential
applications of topologically-protected chiral states in next-generation information
technology. The electrical magneto-chiral effect (¢eMChE), arising from relativistic spin-
orbit interactions, shows great promise for developing chiral materials and devices for
electronic integration. Here we demonstrate an angle-resolved eMChE in an A-B-C-C type
atomic-layer superlattice lacking time and space inversion symmetry. We observe non-
superimposable enantiomers of left-handed and right-handed tilted uniaxial magnetic
anisotropy as the sample rotates under static fields, with the tilting angle reaching a striking
45°. Magnetic force microscopy and atomistic simulations correlate the tilt to the
emergence and evolution of chiral spin textures. The Dzyaloshinskii-Moriya interaction
‘lock’ effect in competition with Zeeman effect is demonstrated to be responsible for the
angle-resolved eMChE. Our findings open up a new horizon for engineering angle-resolved
magneto-chiral anisotropy, shedding light on the development of novel angle-resolved

sensing or writing techniques in chiral spintronics.

Introduction

Chirality is a widespread phenomenon in nature, where two non-superimposable
enantiomers exist with one being the mirror image of the other. The interplay between
chirality and magnetism has recently drawn intensive interests in non-centrosymmetric

magnetic materials absent of both spatial and time inversion symmetries.!* Among various
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chiral magnetic effects, the electrical manifestation of magneto-chiral effect is crucial for
both fundamental science and electronic applications.*® The eMChE has recently been
intensively studied in topological semimetals, where the non-reciprocal resistance
depending on the inner product of the magnetic field (B) and the current (Z) is observed.””
In non-centrosymmetric magnets, chiral magnetic interaction known as Dzyaloshinskii-
Moriya interaction (DMI) exists due to the relativistic spin-orbit coupling (SOC) effect.
Depending on the spin winding direction from site i to site j, the sign of the DMI energy

term Dy; - (S; X S;) manifests the chirality. DMI has been central to the magnetoelectric

coupling in polar oxides'®!>. However, most naturally existing magnets are
centrosymmetric where DMI is absent, or being insulators, consequently making the
eMChE a rare phenomenon. Therefore it is important to explore eMChE in artificially-
structured chiral magnets where the centrosymmetry is deliberately removed, especially
atomic layer-by-layer grown thin films where the inversion symmetry can be removed at

the single atomic level.

In order to realize the eMChE, a chirality-dependent and electrically-measurable property
of a material or a device is necessary. In analogous to DMI, the magnetic anisotropy (MA)

1415 which is of central

also originates from SOC but with higher-order dependence
importance to magnetic device applications.!® In centrosymmetric magnets, MA mainly
originates from the magneto-crystalline anisotropy which determines the preferred and
non-preferred spin orientations, i.e. the magnetic easy and hard axes. Different from DMI,

MA is conveniently observable using electrical probes, such as the angular

magnetoresistance (AMR).!” On the other hand, in non-centrosymmetric magnet, DMI
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introduces chiral spin orders, such as spiral, helical, conical and skyrmion states.> The
electrical manifestation of these chiral magnetic orders is very challenging. MA is known
to significantly influence the formation, period and shape of chiral states. In turn, MA is
affected by the formation, evolution and transition of these chiral states.'® In non-
centrosymmetric magnets, the contribution to MA is not limited to symmetric terms
(e.g. [Vm|?) from magneto-crystalline anisotropy, but also from anisotropic terms
(e.g. |V x m|?) from chiral exchange.'* Therefore, MA is expected to depend on the
chiral magnetic order. Indeed, neutron diffraction experiments on single-crystals have
revealed magnetic easy axis reorientations in the conical phase regime of Cu20SeOs and
the skyrmion lattice reorientation in MnSi.'4!8-20 Thus it is promising to find the chiral
entity of MA, as a new type of eMChE, in artificially structured magnets absent of

centrosymmetry.

Non-centrosymmetric heterostructures of SrRuOs; (SRO) stands as a model system for
probing eMChE since the Ru element is one of the heaviest transition metals that exhibit
magnetism, thus providing a strong source of SOC.?! Compressively strained SRO thin
films exhibit perpendicular MA (PMA) which is an important property for spintronic
applications.?? The SRO heterostructure remains an active playground for engineering MA
and fundamental studies of novel MA related phenomena'’->3-23. Nevertheless, the chiral

style of MA in non-centrosymmetric SRO heterostructures has not been studied.

Here we demonstrate an angle-resolved eMChE in an inversion-symmetry-broken A-B-C-

C atomic layer superlattice, with A, B, C being single atomic layer of SrRu;«xTixO3, SRO
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and SrTiOs; (STO) respectively. The eMChE is demonstrated by AMR measurements,
which show chiral tilts of the uniaxial magnetic easy axis depending on the sample rotation
handedness. Magnetic force microscopy (MFM) experiments show characteristic
transitions of chiral magnetism from stripe domains to magnetic bubbles, corresponding
well to the development of angle-resolved MChE from a low tilting range of 2°-30° to a
high tilting angle of 45°. Atomistic simulations reveal that the high tilting angle is related
to the magnetic bubble formation. We explain the angle-resolved MChE by the competition
between the ‘DMI-locked’ chiral spin textures and Zeeman effect, depending on the
strength of the magnetic field. Our study demonstrates a state-of-the-art control of the
magneto-chiral anisotropy, which paves the road for developing angle-resolved writing or

detecting spintronic devices.

Results

Non-centrosymmetric atomic layer superlattice

The non-centrosymmetric superlattice with an A-B-C-C atomic-layer stacking order,

where the inversion symmetry is absent at any point in space, was grown using reflection

high energy electron diffraction assisted pulsed laser deposition. Details of the growth are

described in Supporting Information (SI). The superlattice is coherently strained to the (001)
STO substrate. Synchrotron X-ray diffraction (XRD) reveals a nearly tetragonal structure

with the RuOg octahedrons mainly rotating around the ¢ axis (y = 14.5°), while rotations

around a, b axes are significantly suppressed (a=p ~1.8°) (see SI Section S1). Furthermore,
we perform the cross-sectional scanning transmission electron microscopy (STEM)

measurement and the energy-dispersive X-ray spectroscopy (EDS) imaging to demonstrate
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the element-resolved atomic structure of the superlattice. Figure 1a shows the high-angle
annular dark field (HAADF) image of the sample probed along the [110] zone axis, and
Figure 1b,c show the EDS elemental maps with the single-atomic-column resolution. The
A layer, with the Ru sites (purple) partially substituted by Ti ions (green), is defined as
SrRu;., TiO3 (SRTO). The B layer with negligible Ti substitution of Ru is approximated
as SRO. To identify the elemental distributions quantitatively, both the Cliff-Lorimer
method?® and the Gaussian fitting method were applied (SI Section S1), which reveal that
the A layer has about x=10~20% Ti substitution of the Ru ions (Figure 1d). Therefore, the
A-B-C-C type SRTO-SRO-STO-STO atomic layer superlattice has been deliberately

engineered in order to eliminate the inversion symmetry at the single-atomic level.

The angle-resolved magneto-chiral anisotropy

In order to probe the eMChE of the non-centrosymmetric superlattice with symmetry-
allowed chiral DMI, we investigate MA under a series of static magnetic fields (H) through
AMR. It is expected that the competition between the collinear Zeeman interaction (H-S)
and the non-collinear DMI (D;; - (S; X S;)) leads to systematically varied MA. The
experimental set-up is schematically shown in Figure le. The superlattice sample is
fabricated into a Hall bar which is rotated under the static magnetic field in both right-
handed (RH) and left-handed (LH) manners. The handedness of the rotation is used to

stimulate the chiral response of MA.

Indeed, we observe the chiral response of MA under all applied magnetic fields, ranging

from 9 T to nearly O T. Polar plots of AMR data measured under three characteristic fields,
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woH =5,3,and 2 T at 2 K, with sample rotated in both RH and LH manners, are shown in
Figure 1f. The AMR is defined as (pyx(0) — P/ p¥, with pi2% as the maximal
resistance measured during the entire rotation. The AMR data measured at all the above
fields do not present the PMA owned by the bulk SRO film. Instead, a systematically
rotated uniaxial-MA (UMA) is observed, with the easy and hard axes rotating in the same
handedness following the sample rotation handedness. Moreover, the magnitude of the
UMA tilt depends on the strength of the field. For example, the 5 T field leads to a smaller
UMA tilt, while the 2 T and 3 T fields induce larger UMA tilts. In addition, AMR
measurements are also performed at 25 K and 50 K and similar results are observed (Figure
S4-S5). Thus the sample rotation handedness and the strength of the external magnetic field
together induce the angle and rotation-sense dependent UMA manipulation. These findings
are all beyond the current understanding of conventional achiral magnetic materials where

the magneto-crystalline anisotropy determines a fixed MA.

We study the systematic dependence of the UMA tilt on the magnetic field strength.
Figure 2a shows the UMA revolution under sequentially tuned field from 5 T, 4 T, 3 T,
etc., all the way to —9 T using the RH sample rotation. It is observed that the UMA tilting
handedness is independent on the field direction, i.e., the positive and negative field induce
the identical UMA tilting handedness. Only the sample rotation handedness matters. In
Figure S6, The corresponding data of the LH rotation are shown and the same conclusion
holds. The UMA tilting size is non-monotonically dependent on the field, with a maximum
observed at |uoH| =2 T. Moreover, under |uyH| = 2 T, the UMA is significantly distorted

and there appear two non-overlapping directions of easy axes, with one near 30°/210° and
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the other at 225°/45° for 2/—2 T. These observations demonstrate the systematic, yet very

sensitive, angular responses of the chiral UMA tuned by the external magnetic field.

To summarize the above observations, we show the revolution of the angle-resolved chiral
UMA in Figure 2b,c. The AMR data is decomposed into three parts, as schematically
shown in Figure 2b. The orange curve of ‘8’ shape is a typical UMA behavior, which
indicates the existence of reversible spins as the sample rotates from the positive to the
negative direction of the easy axis. The green curve of the ‘heart’ shape originates from the
non-reversible but rotatable spins, also from the UMA. The combination of the two
explains most of the data in Figure 2a except those near |uoH| =2 T. These two parts
exhibit the same tilting angle of the chiral UMA, named as 6,,. Under the characteristic
field of 2 T, the half ‘8 lobe of the reversible UMA rotates to a larger angle 0, indicated
by the purple half ‘8’ lobe, when the sample rotates to the negative direction of the easy
axis. In Figure 2c, the values of ¢, -180° and ¢, -180° are shown as functions of the
external field. 6, peaks around |uoH| =2 T, while 6, is only observable at this field.

Figure S7 shows nice fittings of the AMR data based on the above model. The field

dependence of ¢, underlines the strong competition between the Zeeman energy and the
chiral DMI energy, while the emergence of , at 2 T indicates a transition to an additional

chiral state.

We perform the Hall measurement at the identical temperature of 2 K as the above AMR
experiments. The result is shown in Figure 2d where the linear Hall contribution has been

subtracted. We observe a strong non-linear peak feature as large as 1.7 uQ-cm at the
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characteristic field of |ugH| = 2 T. The peak is gigantic as compared to the saturation part
of 0.2 nQ-cm. Evidently, the non-linear Hall data deviate from the typical anomalous Hall
resistivity of an achiral magnet, which is expected to exhibit the same shape as the
hysteresis loop (M vs H). However, the coercive field is observed to be about 1 T, which
agrees well to the transition from the reversible spin dominated AMR above 1 T to the non-

reversible spin dominated AMR below 1 T.

MFM experiments

In order to understand the above eMChE, we perform MFM measurements to probe the
magnetic texture in real space. The superlattice was first magnetized at a perpendicular
field of =7 T and then the field was gradually ramped to 0 T. A persistent stripe-domain
contrast was observed from —7 T to —0 T, which corresponds to two-fold FFT peaks at

+qo = [1.6 pm™, 2 pm™*

, 0] (Figure 3a-d). The observed robust stripe domains at fields
as large as 7 T provide the existing ground of chiral spin textures near the domain walls,

which is in line with the chiral tilt of UMA under the giant field of 9 T.

As the field reverses the sign and further increases from +0 T to +5 T, the domain contrast
experiences dramatic changes (Figure 3d-i). At 0.5 T, the amplitude of the MFM domain
contrast, which can be represented by the standard deviation of the MFM signals (8f)yms>
reaches a maximum indicating the strongest contrast between spin up and down regions,
(Figure 3m), corresponding to the coercive field Hc. Note the slight difference to the 1 T
coercive field in Figure 2 is due to the temperature difference, i.e. 2 K for AMR versus 5

K for MFM . From 0 T to 1.4 T, the FFT peak intensity at q, representing the stiffness of
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the stripe phase slightly decreases (Figure 31). From 1.4 T to 1.8 T, the bright stripes break
into small bubbles and the FFT peak intensity is drastically reduced. The smallest visible
bubbles as being pointed out in Figure 3g have the sizes of ~100 nm, reaching the MFM
lateral resolution. From 1.8 T to 2.4 T, the stripe phase is recovered, indicating the
completed spin flipping. Simultaneously, the domain contrast drops dramatically (Figure
3m). The superlattice ultimately saturates at Hs (2.4 T). Therefore, the revolution of the
spin texture from stripe phase (=7 T to +1.4 T), to bubble phase (+1.4 T to +2.4 T), and
back to stripe phase (+2.4 T to +5 T), strikingly coincides well to the AMR, which
correlates the field-controlled spin textures characterized by MFM to the eMChE revealed

by AMR. The stiff stripe phase corresponds to the robust €,, while the bubble phase

corresponds to the emergence of 6, at the same critical field. Similar results are also found

at 12 K (SI Section S4).

Figure 3j.k show p,l(VyL and p,, measured at the same temperature with sample initially
saturated in a large negative field. The saturation field of 2.4 T is confirmed by the
saturation of pgj shown in Figure 3j. While the coercive field of 0.5 T is confirmed by the
Pxx Maximum shown in Figure 3k. The peak of pf(v}f“ is found to exist exactly at the critical

field of 1.8 T (H*), where the stripe phase completely disappears, the FFT peak intensity
at q, is maximally suppressed and the inhomogeneous bubble phase emerges. Thus all the

electrical measurements reflect well the spin texture transition.

Atomistic simulation of rotating samples under external field
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We further perform atomistic simulations to study the magnetic structure evolution when
the sample rotates under external field. The details of the simulation are shown in SI
Section S5. In order to observe skyrmion bubble phase in the simulation, we obtained the

required external field H with systematically varied DMI energy D (Figure S12).

The simulations were performed with the sample rotating in the RH manner, using a

combination of uygH = 3.5 T and D = 2.3x1072?2J. The results at an interval of 30° are

shown in Figure 4a. Before the rotation, the spins are set to be fully polarized and the field

is parallel to the sample normal (6 = 0°). Due to the large vertical component of H (H),

the magnetization remains saturated when 6 = 30° and 60°. It then develops into chiral Néel
domain walls (see Figure S13-S14) when the Zeeman term H,-S is less or comparable to
D, e.g., 0=90° and 120°. At larger angles of # = 180° and 210°, these chiral domain walls
transform into skyrmion bubbles, which vary in the number and size during the sample
rotation. When 6 increases to 240°, bubbles become elongated along the in-plane field
direction. When @ further increases from 270° to 330°, bubbles collapse into chiral domain
walls and the magnetization becomes nearly saturated. Figure 4b summarizes the skyrmion
bubble existing regime, which occupies an angular range significantly off-centered from
180°. The center of the range defined as Osi,. Similar simulations are performed at other
field values. A slightly larger but also off-centered skyrmion existing regime is found for
uoH =4 T (Figure 4c). The size of fsk as a function of pyH is summarized in Figure 4d.
At small (£3 T) or large H (=5 T) regime, no skyrmion exists in the sample. In the

intermediate region from 3.5 T to 4 T where skyrmions exist, fsk slightly varies as a
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function of H. These findings explain the emergence of the large UMA tilting angle 64

observed in the intermediate field regime.

The regime of the stripe phase is relatively harder to be defined. Nevertheless, Figure 4a
indicates that the stripe phase appears mainly in 90°-150° and 270°-330° regimes, which
are also off-centered from the symmetric angles of 90°/270°. Such observation holds true
for smaller-field simulations absent of skyrmions (see Figure S13a for the uyoH =3 T
simulation). In comparison, when the external field is strong enough that the Zeeman term
H,'S dominates over D, the stripe phase is only observed at § = 90° and 270° (see Figure
S13b for the uyH = 8 T simulation). There are none € off-centered (0°, 90°, 180°, 270°)
magnetic textures at all, which corresponds to a typical achiral magnet with PMA. In
addition to the simulation, we also performed density functional theory calculations, which
reveal the robust ferromagnetic ground state with slight in-plane spin canting forming a

non-coplanar spin texture (see SI Section S6).

Discussion

We propose that DMI governs the chiral UMA tilt, termed the ‘DMI lock’ effect. As
schematically illustrated in top and bottom panels of Figure Sa,b, the DMI ‘locks’ chiral
spin textures with D pointing out of the paper. In Figure 5a, when the sample rotates RH
from 6 = 0° toward 90°, the chiral spin texture shown in the top panel dominates over the
one in the bottom panel, and becomes elongated in the spin right-pointing part (purple) and
shortened in the left-pointing part (gray) due to the Zeeman energy gain. The overall

magnetic moment is schematically shown in the top-right of Figure 5a middle panel, with
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Ms pointing up and Mu pointing right. When 6 increases across 90°, a vertical-field
inversed Ms with a My remained right-pointing by the parallel field, is not favored due to
the increased DMI energy, as indicated by the dashed Ms and My at the bottom-right of
Figure 5a middle panel. When 6 increases across 180°, the Ms and My inversions are both
favored by DMI and Zeeman energy terms, as shown in the bottom-left of Figure Sa middle
panel. The bottom panel of Figure 5a shows the dominating DMI ‘locked’ spin texture for
180° < 8§ <270°. When 8 increases from 270° to 360°, similar conclusions hold as 90° < 4
< 180°. Figure 5b shows the corresponding ‘DMI lock’ effect when the sample rotates left-
handedly. Therefore, the chiral UMA tilts, as indicated by the light blue shades in Figure
5a,b middle panels, are schematically explained by the ‘DMI lock’ effect. The tilt angle
depends on the Ms/Mpy ratio, which is controlled by the chiral spin texture (Néel stripe,

skyrmion, etc.) revolution.

In comparison, Figure S5c shows the DMI ‘unlocked’ out-of-plane and in-plane
magnetization components when an achiral magnet rotates under a static field. The top and
bottom panels show the coexisting spin textures with opposite signs of helicity, due to the
zero DMI. When the sample rotates, e.g. RH in the middle panel of Figure Sc, 4-fold
symmetry of the Ms + My is allowed due to the dominance of magnetocrystalline
anisotropy (here presented as PMA) and the Zeeman energy. Therefore a chiral tilt of MA

is not realizable in an achiral magnet.

Conclusion

Page 13 of 25



In conclusion, we demonstrate an angle-resolved MChE in a non-centrosymmetric A-B-C-
C (SRTO-SRO-STO-STO) atomic layer superlattice. The superlattice exhibits a chiral
UMA tilt, depending on the sample rotation handedness. The tilt angle is systematically
controlled by the static field uoH, ranging from 2° to 45° in the entire measured field range
from 0 T to 9 T. Both MFM experiments and atomistic simulations reveal that chiral spin
textures are closely correlated to the chiral tilts of UMA. The ‘DMl lock’ effect is employed
to explain the angle-resolved MChE, which reflects the cooperation and competition
between the Zeeman interaction and the DMI, with their delicate balance tipped by the
rotation handedness and the field strength. Our finding of the angle-resolved MChE opens
up a new horizon of employing atomic-level chiral spin interactions to manipulate spin
orientations on the macroscopic scale, which shines light on developing novel angular-

resolved sensing or writing types of chiral spintronic devices.

References

1. Mihlbauer, S.; Binz, B.; Jonietz, F.; Pfleiderer, C.; Rosch, A.; Neubauer, A.;
Georgii, R.; Boni, P. Skyrmion Lattice in a Chiral Magnet. Science 2009, 323, 915. DOI:

10.1126/science. 1166767

2. Bode, M.; Heide, M.; von Bergmann, K.; Ferriani, P.; Heinze, S.; Bihlmayer, G.;
Kubetzka, A.; Pietzsch, O.; Bliigel, S.; Wiesendanger, R. Chiral Magnetic Order at
Surfaces Driven by Inversion Asymmetry. Nature 2007, 447 (7141), 190— 193. DOL:

10.1038/nature05802

Page 14 of 25



3. Tokura, Y.; Kanazawa, N. Magnetic Skyrmion Materials. Chem. Rev. 2021, 121,

2857-2897. DOI: 10.1021/acs.chemrev.0c00297

4. Rikken, G. L.; Folling, J.; Wyder, P. Electrical Magnetochiral Anisotropy. Phys.

Rev. Lett. 2001, 87, 236602. DOI: 10.1103/PhysRevLett.87.236602

5. Yokouchi, T.; Kanazawa, N.; Kikkawa, A.; Morikawa, D.; Shibata, K.; Arima, T.;
Taguchi, Y.; Kagawa, F.; Tokura, Y. Electrical magnetochiral effect induced by chiral spin

fluctuations. Nat. Commun. 2017, 8, 866. DOI: 10.1038/s41467-017-01094-2

6. Atzori, M.; Train, C.; Hillard, E. A.; Avarvari, N.; Rikken, G. L. J. A. Magneto-
chiral Anisotropy: From Fundamentals to Perspectives. Chirality 2021, 33, 844—857. DOI:

10.1002/chir.23361

7. Li, Q.; Kharzeev, D. E.; Zhang, C.; Huang, Y.; Pletikosi¢, I.; Fedorov, A.; Zhong,
R.; Schneeloch, J.; Gu, G.; Valla, T. Chiral magnetic effect in ZrTe5. Nat. Phys. 2016, 12

(6), 550 554. DOI: 10.1038/nphys3648

8. Yokouchi, T.; Ikeda, Y.; Morimoto, T.; Shiomi, Y. Giant Magnetochiral
Anisotropy in Weyl Semimetal WTe; Induced by Diverging Berry Curvature. Phys. Rev.

Lett. 2023, 130, 136301. DOI: 10.1103/PhysRevLett.130.136301

9. Legg, H. F.; RoBler, M.; Miinning, F.; Fan, D.; Breunig, O.; Bliesener, A.; Lippertz,
G.; Uday, A.; Taskin, A. A.; Loss, D.; Klinovaja, J.; Ando, Y. Giant magnetochiral
anisotropy from quantum-confined surface states of topological insulator nanowires. Nat.

Nanotechnol. 2022, 17, 696— 700. DOI: 10.1038/s41565-022-01124-1

Page 15 of 25



10. Sergienko, I. A.; Dagotto, E. Role of the Dzyaloshinskii-Moriya interaction in
multiferroic ~ perovskites.  Phys. Rev. B 2006, 73, 094434. DOL

10.1103/PhysRevB.73.094434

11. Lee, S.; Pirogov, A.; Kang, M.; Jang, K. H.; Yonemura, M.; Kamiyama, T.; Cheong,
S. W.; Gozzo, F.; Shin, N.; Kimura, H.; Noda, Y.; Park, J. G. Giant Magneto-Elastic
Coupling in Multiferroic Hexagonal Manganites. Nature 2008, 451, 805— 808. DOI:

10.1038/nature06507

12. Ederer, C.; Spaldin, N. A. Weak ferromagnetism and magnetoelectric coupling in

bismuth ferrite. Phys. Rev. B 2005, 71, 060401. DOI: 10.1103/PhysRevB.71.060401

13. Heron, J. T.; Bosse, J. L.; He, Q.; Gao, Y.; Trassin, M.; Ye, L.; Clarkson, J. D.;
Wang, C.; Liu, J.; Salahuddin, S.; Ralph, D. C.; Schlom, D. G.; iﬁiguez, J.; Huey, B. D.;
Ramesh, R. Deterministic Switching of Ferromagnetism at Room Temperature Using an

Electric Field. Nature 2014, 516 (7531), 370— 373. DOI: 10.1038/nature14004

14. Qian, F.; Bannenberg, L. J.; Wilhelm, H.; Chaboussant, G.; Debeer-Schmitt, L. M.;
Schmidt, M. P.; Ageel, A.; Palstra, T. T. M.; Briick, E.; Lefering, A. J. E.; Pappas, C.;
Mostovoy, M.; Leonov, A. O. New magnetic phase of the chiral skyrmion material

Cu08e0s. Sci. Adv. 2018, 4, eaat7323. DOI: 10.1126/sciadv.aat7323

15. Moriya, T. Anisotropic superexchange interaction and weak ferromagnetism. Phys.

Rev. 1960, 120, 91. DOI: 10.1103/PhysRev.120.91

16. Yi, D.; Flint, C. L.; Balakrishnan, P. P.; Mahalingam, K.; Urwin, B.; Vailionis, A.;

Shafer, P.; Arenholz, E.; Choi, Y.; Stone, K. H. Tuning Perpendicular Magnetic Anisotropy

Page 16 of 25



by Oxygen Octahedral Rotations in (La1xSrxMnQO3)/(SrIrOs) Superlattices. Phys. Rev. Lett.

2017, 119, 077201. DOI: 10.1103/PhysRevLett.119.077201

17. Cui, Z.; Grutter, A. J.; Zhou, H.; Cao, H.; Dong, Y.; Gilbert, D. A.; Wang, J.; Liu,
Y.-S.; Ma, J.; Hu, Z.; Guo, J.; Xia, J.; Kirby, B. J.; Shafer, P.; Arenholz, E.; Chen, H.; Zhai,
X.; Lu, Y. Correlation-Driven Eightfold Magnetic Anisotropy in a Two-Dimensional

Oxide Monolayer. Sci. Adv. 2020, 6, eaay0114. DOI: 10.1126/sciadv.aay0114

18. Adams, T.; Garst, M.; Bauer, A.; Georgii, R.; Pfleiderer, C. Response of the
Skyrmion Lattice in MnSi to Cubic Magnetocrystalline Anisotropies. Phys. Rev. Lett. 2018,

121, 187205. DOI: 10.1103/PhysRevLett.121.187205

19. Chacon, A.; Heinen, L.; Halder, M.; Bauer, A.; Simeth, W.; Miihlbauer, S.; Berger,
H.; Garst, M.; Rosch, A.; Pfleiderer, C. Observation of two independent skyrmion phases

in a chiral magnetic material. Nat. Phys. 2018, 14, 936. DOI: 10.1038/s41567-018-0184-y

20. Leonov, A.O.; Pappas, C. Reorientation processes of tilted skyrmion and spiral
states in a bulk cubic helimagnet Cu>OSeOs. Front. Phys. 2023, 11, 1105784. DOI:

10.3389/fphy.2023.1105784

21. Shanavas, K. V.; Popovi¢, Z. S.; Satpathy, S. Theoretical model for Rashba spin-
orbit interaction in d electrons. Phys. Rev. B 2014, 90, 165108. DOI:

10.1103/PhysRevB.90.165108

22. Koster, G.; Klein, L.; Siemons, W.; Rijnders, G.; Dodge, J. S.; Eom, C.-B.; Blank,
D. H. A.; Beasley, M. R. Structure, physical properties, and applications of SrRuQs thin

films. Rev. Mod. Phys. 2012, 84, 253—298, DOI: 10.1103/RevModPhys.84.253

Page 17 of 25



23. Kan, D.; Aso, R.; Sato, R.; Haruta, M.; Kurata, H.; Shimakawa, Y. Tuning
Magnetic Anisotropy by Interfacially Engineering the Oxygen Coordination Environment

in a Transition Metal Oxide. Nat. Mater. 2016, 15, 432—437. DOI: 10.1038/nmat4580

24. Wang, H.; Laskin, G.; He, W.; Boschker, H.; Yi, M.; Mannhart, J.; van Aken, P. A.
Tunable Magnetic Anisotropy in Patterned SrRuO; Quantum Structures: Competition
between Lattice Anisotropy and Oxygen Octahedral Rotation. Adv. Funct. Mater. 2022, 32,

2108475. DOI: 10.1002/adfm.202108475

25. Ko, E. K.; Mun, J.; Lee, H. G.; Kim, J.; Song, J.; Chang, S. H.; Kim, T. H.; Chung,
S. B.; Kim, M.; Wang, L.; Noh, T. W. Oxygen Vacancy Engineering for Highly Tunable
Ferromagnetic Properties: A Case of SrRuOj3 Ultrathin Film with a SrTiO3 Capping Layer.

Adv. Funct. Mater. 2020, 30, 2001486. DOI: 10.1002/adfm.202001486

26. Clift, G.; Lorimer, G. W. The Quantitative Analysis of Thin Specimens. J. Microsc.

1975, 103 (2), 203—207. DOI: 10.1111/5.1365-2818.1975.tb03895 .x.

27. Zhu, Z.; Cai, K.; Deng, J.; Miriyala, V. P. K.; Yang, H.; Fong, X.; Liang, G. C.
Electrical Generation and Detection of Terahertz Signal Based on Spin-Wave Emission
from  Ferrimagnets.  Phys.  Rev.  Appl. 2020, 13,  034040. DOI:

10.1103/PhysRevApplied.13.034040

28. Zhang, X.; Cai, B.; Ren, J.; Yuan, Z.; Xu, Z.; Yang, Y.; Liang, G.; Zhu, Z. Spatially
nonuniform oscillations in ferrimagnets based on an atomistic model. Phys. Rev. B 2022,

106, 184419. DOI: 10.1103/PhysRevB.106.184419

Acknowledgements

Page 18 of 25



The authors thank Fuchun Zhang, Jiandi Zhang and Shilei Zhang for helpful discussions
and Lingling Wang for helping EDS analysis. The work was financially supported by
National Key R&D Program of China (Nos. 2022YFA1403000, 2022YFA1403300), the
National Science Foundation of China (Nos. 52072244, 12104305, 12074080, 12274088,
11874054, 12104301), the Science and Technology Commission of Shanghai Municipality
(Nos. 21JC1405000, 21PJ410800), Double First-Class Initiative Fund of ShanghaiTech
University, the Startup Funds from the University of South Carolina and ShanghaiTech.
The research used resources from Analytical Instrumentation Center (#SPST-
AIC10112914) and CAZEM (EM02161943) in ShanghaiTech University, the Research
Computing program under the Division of Information Technology at the University of
South Carolina, and the Advanced Photon Source, a U.S. Department of Energy (DOE)
Office of Science user facility at Argonne National Laboratory based on research supported
by the U.S. DOE Office of Science-Basic Energy Sciences, under Contract No. DE-ACO02-

06CH11357.

Contributions

X.F.Z. designed the project and supervised the project with L.C., Z.Z., S M. and W.W.
Sample fabrication and the transport study were performed by J.Z., M.B. and L.C., with
contributions from D.Q., J.L., F.Y., H.L. and G.C. The STEM-EDS study were done by
Q.Y., L.C.,J.-M.Z. Atomistic simulations were done by X.Z. and Z.Z. MFM measurements
were performed by W.W., Q.L., X.D.Z., J.S. and W.W. analyzed the data. S.M. conducted
the DFT calculations. H.C., H.Z. performed the synchrotron XRD study, with assistance

from G.L. and Q.W. All authors contributed to the manuscript writing.

Page 19 of 25



Competing interests: The authors declare that they have no competing interests.

Data and materials availability: All data needed to evaluate the conclusions in the paper
are present in the paper and/or the Supplementary Materials. Additional data related to this

paper may be requested from the authors.

Page 20 of 25



a e -
~ i
| SR (1] S e
= 9H
‘ S8l
| 2 8l
3 | Q6= E
i | < 51
—_ | | @D o4ty
) ] 0O gfes
(=X %‘# Sl
. 20 § . ! :
1 2.0 nm IMG1(framel) | i i
[110] Intensity (a.u.)
e

-~ “ I
LH PP +J100]
RN

Figures

ot ,

\\ 9/' "
A 'g

1//[010]

270 270
RH LH

Figure 1. STEM, EDS, AMR measurements and atomistic simulations. (a) The cross-
sectional STEM image. EDS mappings of (b) Ru and (c) Ti. (d) The Ru and Ti composition
in each layer deduced from EDS. The direction of distance is indicated by the blue dash
line in (a). (¢) The geometry of the AMR measurements. The sample rotates around the
current-flowing [010] direction. € is the angle between the magnetic field and the surface
normal direction. (f) Polar plots of the AMR measured under 5, 3, and 2 T at 2 K with the

sample rotating in the RH and LH manners.
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Figure 2. AMR and Hall measurements. (a) Polar plots of AMR measured continuously
from 5 T to =9 T at 2 K with the RH sample rotation. (b) Schematic demonstration of the
UMA (spin reversible), UMAMR (spin non-reversible) and UMA* components to the AMR.
The orange dash line indicates the chiral rotation of the original UMA easy axis, and the
purple dash line indicates the chiral rotation of the emergent UMA* easy axis. (c) Chiral
rotation angles of the UMA easy axis (6,) and the UMA* easy axis (6g). (d) Non-linear

Hall and the hysteresis loop (M vs H) measurement performed at 2 K.
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Figure 3. MFM performed at 5 K under sequentially increasing magnetic fields. (a-i) MFM
images measured at magnetic fields from -7 T to 5 T. The insets show the FFT maps of the
MFM images. Two-fold q, = [1.6 pm™1,2 um™1, 0] FFT peaks in (a) were highlighted by
yellow dashed circles. The magnetic bubbles are indicated by the red dashed circles in (g)

and the size is estimated to be ~100 nm. (j-m) The p%}“, Pxx> the FFT peak at g, and

standard deviation of MFM signals (6f),ms. The dashed lines indicate the three critical

fields, H., H*, and H.
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Figure 5. Illustrations of the chiral UMA tilts under DMI Lock with the sample rotating
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