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The Dzyaloshinskii-Moriya antisymmetric exchange interaction (DMI) stabi-
lises topological spin textures with promising future spintronics applications.
According to crystal symmetry, the DMI can be categorized as four different
types that favour different chiral textures. Unlike the other three extensively-
investigated types, out-of-plane DMI, as the last type that favours in-plane
chirality, remained missing so far. Here we apply point-group-dependent DMI
matrix analysis to show that out-of-plane DMI exists under reduced crystal
symmetry. Through strain and structure engineering, we show how Cs sym-
metry is realized in ultrathin magnets and observe the out-of-plane DMI sta-
bilised in-plane chirality using spin-polarized electron microscopy. Our results
show that extremely low out-of-plane DMI strengths at peV/atom are sufficient
to stabilise topological spin textures, including merons and bimerons. We also
demonstrate field-induced reversible control of the in-plane chirality and
merons. Our findings open up untapped paths on topological magnetic tex-
tures and their potential applications.

Magnetic chirality, a preferred rotation sense in spin structures,
enables a variety of fascinating chiral magnetic structures, including
chiral spin-spirals'?, skyrmions®>, and chiral domain walls (DW)®’,
which have promising spintronics applications with potentially
reduced energy consumption in data storage, logic and neuromorphic
devices®™°. These spin textures give rise to intriguing topological
effects such as the topological Hall effect”, skyrmion Hall effect'>,
and topological protection'”, as a result of the topological charge
associated with their spin textures. More recently, the observation
of new types of chiral spin textures, e.g., antiskyrmions®”,
merons'®, fractional skyrmions', and hopfions®, has led to fascinating
physics™.

Typically, magnetic chirality is stabilised by an antisymmetric
exchange interaction, the Dzyaloshinskii-Moriya interaction (DMI)*>*,
which arises from the inversion symmetry breaking of the system. Its
energy term —Dj; - (S; x S)), implies that the location and orientation of
the DMI vector D;; with respect to atomic spins S; and S; determines
the chiral rotation mode. Earlier DMI studies often focused on two
types of systems, one in which the D; vector in bulk materials that
lacks centrosymmetry is parallel to the atomic distance vector Ry,
thereby stabilising Bloch-type chirality**; or another where the D; at
interfaces is perpendicular to R;**, prompting Néel-type chirality*>’.
More recently, various new chiral modes have been observed that arise
from novel DMI vectors. For instance, chiral bobbers can be stabilised
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in B20 systems by the D;; being located between two vertically adja-
cent atoms®; the observation of antiskyrmions as a result of the ani-
sotropic D;; in bulk materials with specific symmetries””**; and the in-
plane/out-of-plane vertical chiral coupling in multilayers was attrib-
uted to an interlayer DMI”~** where the Dj; is parallel to the interface
but located at R; between two vertical layers.

These various types of DMl/chiral systems, described by the
location and the orientation of Dj; that follow the Moriya rule” and
the Fert-Levy model**?°, can be linked to crystal symmetries with
distinct point groups®*?, where a 3 x 3 matrix is sufficient to describe
all known DMI cases in non-centrosymmetric systems, using
D atrix = (Dmn)1<m<3,1n<3» Where m corresponds to the orientations
of the DMl vector, e.g., the DMI vector of D,,,, inrows 1,2,3 (m=1, 2, 3)
points to x,y,z, respectively; n stands for the location of the DMI
vector, e.g., the DMI vector of D,,,,, in column 1,2,3 (n=1, 2, 3) located
at R; sites aligns along x,y,z, respectively (Fig. 1a). In this matrix
picture, interfacial-like DMI (conventional Néel-type) elements are
located at D;, and D,;, bulk-like DMI (Bloch-type) elements are loca-
ted at Dy;, D,,, and Dj;, anisotropic DMI (Anti-skyrmion type) ele-
ments are located at Dy;, D,,, Dy, and Dy, and interlayer elements are
located at Dy and D,3, respectively (Fig. 1b). The last DMI type in this
framework, with matrix elements located at D5; and Dj,, i.e. out-of-
plane (OOP) D; located between planar R;; sites, remains experi-
mentally elusive. Despite theoretical discussions of the intriguing
chiral structures favoured by such OOP-DMI, e.g., in-plane chiral
rotation [(+ — |) or in-plane skyrmions (also called bimerons)®, in
contrast to typical Bloch-type (® * ®)' or Néel-type (© ~> ®)* rota-
tions, the OOP-DMI is not experimentally discovered yet. This is
partially due to the fact that the OOP-DMI isn't expected in the
commonly available systems with relatively high symmetry®*, such
as Cpy, O, T point groups, etc.

In this paper, we report the observation of in-plane magnetic
chirality in Co/Pd ultrathin films grown on a W(110) substrate using
spin-polarized low-energy electron microscopy (SPLEEM)*, where the
OOP-DMI is attributed to the lowered crystal symmetry, from Cs, of
unstrained (111) oriented Pd layers, to C, of strained-(111)-like Pd layers
on the W(110) surface. The proposed DMI origin is supported by cal-
culations based on the three-site Fert-Levy model*°, micromagnetic
simulations®, and DMI matrix analysis®*%. Remarkably, the DMI
strength required to stabilise in-plane chirality is found to be several
orders of magnitude lower than conventional DMI cases®, due to the
fact that the dipole energy also favours the in-plane magnetic config-
uration. The OOP-DMI is found to stabilise merons/bimerons. The

b

DMI matrix

reversible control of in-plane chirality and magnetic meron writing/
deleting are demonstrated experimentally. Micromagnetic simula-
tions reveal a similar role of the OOP-DMI on antiferromagnetic
materials.

Results

First we discuss DMI within the framework of crystal symmetry*. Here,
the DMI energy for a given atom with six nearest cubic-neighbouring
R; sites could be written as a 3x 3 matriX Dyeix = (D)1 < me3 1cn<3-
Such a 3x3 DMI matrix conveniently highlights various DMI types,
where each DMI type is colourized differently, followed by the repre-
sentative magnetic structures favoured by each type (Fig. 1b), includ-
ing Néel-skyrmion (interfacial-like DMI)°, Bloch-skyrmion (bulk-like
DMI)**, the vertical chirality in interlayer exchange coupling systems
(interlayer-DMI)”* and meron/bimeron (OOP-DMI), respectively.
Note that the recently observed antiskyrmion'” and chiral bobbers® are
stabilised as a result of opposite signs of D;;, D,,, and non-zero Ds;,
respectively.

Further linking the DMI matrix to all types of non-
centrosymmetric point groups reveals that the distribution of the
DMI elements in the matrix is restricted by the type of point groups®"**
(Fig. 1c), e.g., the interfacial-like DMI (the matrix elements highlighted
in purple) belongs to C,y (12346 Point groups; the bulk-like DMI
(highlighted in blue) belongs to 7, 0%, or D, (1-23,4,6) Point groups;
and the anisotropic DMI stabilising antiskyrmions belongs to D,4" or
S4°° groups. Note that the C; point group with all non-zero D,,,,, is not
shown, and D,,,,, is commonly thought to be zero in centrosymmetric
systems. The point group dependent DMI matrix suggests that the
elusive OOP-DMI that we are searching for here is located at D5; or D3,
(highlighted in orange in Fig. 1b) and its favoured in-plane chirality may
exist in the G, or Cs point groups (Fig. 1c), where the C, point group
contains axial symmetry under a 180° rotation, and the C; point group
exhibits planar symmetry across a mirror plane. Comparing to the
typical DMI point groups such as C,,,, O, T point groups, both C, and C;
point groups have less symmetry operations, which is consistent with
the expectation that the OOP-DMI cannot exist in systems with rela-
tively high symmetry”*'. For the C point group discussed in this
paper, the D5; element appears when there is only one mirror plane o
along the y-direction, and D5, would appear with a mirror plane o
along the x-direction (see Methods).

Next, this DMI matrix picture is tested experimentally in in-plane
magnetized ultrathin films. We first chose Co/W(110) system, where
the Co/W interface is C,,-like**, therefore only D;, and D,, are expected
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Fig. 1| Matrix representation of DMI types. a Mathematical matrix and cartoon
pattern representation of the DMI, with DMI vector configurations of all

DMI eliemient;, and their favoured spin textures. The solid/striped areas represent
the DMI vector with the same/different DMI strength. The area with the negative

sign means that the sign of the DMI vector is opposite to the one with the same
colour. ¢ The DMI cartoon patterns corresponding to all non-centrosymmetric
point groups (except C;) are shown. The definition of colours is the same as in
panel b.
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Fig. 2 | Real-space observation of the in-plane chirality. a Compound SPLEEM
image of 3 ML Co/W(110). The inset colour wheel indicates in-plane magnetization
orientation, and white/black correspond to up/down magnetization. Scale bar,

2 um. b Pixel-by-pixel vector array of the black box in panel a. ¢ Histogram of xy

derived from panel a. x is the angle between the [1-10] direction and DW magne-
tization m (inset of Fig. 2f). d Compound SPLEEM image of 3 ML Co/ 3 ML Pd/
W(110). Scale bar, 2 um. e Pixel-by-pixel vector map of the black box in panel d.
f Histogram of x derived from panel d.

without the OOP-DMI elements D5; or D5, (Fig. 1c), which also agrees
with the Moriya rule that the D; at Co/W interface must lie in the
plane®. A compound SPLEEM image of magnetic textures in a three
monolayer (ML) Co film on W(110) shows two in-plane magnetized
domains (highlighted by orange and blue) separated by 180° DWs
(Fig. 2a), where the rotation sense of DWs appears as (<-1—) in green
DWs or («|—) in magenta DWs. For clarity, a part of this data is
represented as a magnetization vector array (Fig. 2b), which highlights
the magnetization textures in the black box in Fig. 2a. The statistical
representation of in-plane chirality is shown in the y histogram
(Fig. 2c), where the two similar peaks at -90° and +90° indicate that the
planar spin rotation is not chiral. Here the role of the OOP-DMI can be
derived by measuring the planar spin rotations, i.e., planar spin rota-
tion sense within domain walls, because the OOP-DMI lifts the DMI
energy degeneracy for different in-plane chiralities (Supplementary
Fig. S1), but the conventional interfacial DMI doesn’t. Therefore, the
achiral nature of DWs in Co/W(110) indicates the absence of OOP-DMI.

By contrast, when a 3 ML Pd layer is inserted in between Co and
W(110), in-plane chirality emerges in the compound SPLEEM image
(Fig. 2d), e.g., from left to right spins always rotate as (— | <1—), or
orange-magenta-blue-green-orange (see an example of the arrow-
based vector plot in Fig. 2e). Note that the magnetic chirality observed
here remains in a 2D-plane parallel to the film, this 2D-nature is similar
to the Néel-type chirality in thin films®>*”, and differ from the 3D-chiral
rotation in bulk-DMI systems"**. The smaller average size of the
magnetic domain observed in Fig. 2d than in Fig. 2a is possibly due to
the smaller in-plane uniaxial magnetic anisotropy in Co/Pd/W(110). A
statistical survey of x in Fig. 2f shows a single peak at -90°, which is
defined as left-handed in-plane chirality (Supplementary Fig. S1). This
robust in-plane magnetic homo-chirality can be reliably reproduced
(Supplementary Fig. S2), serving as direct evidence for the existence of
OOP-DMI in the Co/Pd/W(110) system.

To understand the physical origin of this OOP-DMI, the crystal
structure of the layer adjacent to the Co film is monitored by low-

energy electron diffraction (LEED) (Supplementary Fig. S3), showing
that the 3 ML Pd film is fcc(111)-like, in contrast to the bec(110) surface
of W(110). This affects the stacking position of heavy atoms under-
neath the Co film when the Dy lies entirely in-plane at the (110) inter-
face (Supplementary Fig. S4). At the (111) interface the D actually
cants and contains out-of-plane components®® (Fig. 3a), according to
the three-site Fert-Levy model® (see Methods), although these OOP-
DMI components are commonly neglected”. Interestingly, observa-
tions have shown that in-plane magnetized textures for a fcc(111)-type
DMl system are achiral®, indicating that the OOP-DMI components at a
fce(111) interface do not stabilise chirality. This is because fcc(111)-type
DMI for a given magnetic atom has six nearest-neighbour D;;, where
the OOP components of three are pointing up and the other three
pointing down (Fig. 3a), so the net OOP-DMI adds up to zero, just as the
absence of OOP-DMI elements in the matrixized Cs, case results from
the vanishing sum of the OOP D; components. The planar achiral
magnetic rotation is reproduced with the same fcc(111)-DMI using
micromagnetic simulations (see Fig. 3b and Methods).

In the case of Co/Pd/W(110), however, significant uniaxial strain
appears in the Pd film grown on W(110)*° (Supplementary Fig. S3),
which destroys the three-fold axial symmetry of the Cs, interface, and
lowers the symmetry of the Co/Pd interface from the G, (a three-fold
rotation axis and three mirror planes) to the C; (only a mirror plane)
point group. From the Fert-Levy model point of view, this also affects
the orientation of the D;; vectors, such that two D along the strain
direction vary more significantly compared to the other four Dy
(highlighted in Fig. 3c). The strain-induced non-zero effective OOP-
DML is further supported by D;; calculations based on the Fert-Levy
model (Fig. 3g, h), which is consistent with the DMI matrix picture.
Micromagnetic simulations show that such non-zero OOP-DMI can
indeed stabilise in-plane chiral structures (Fig. 3d), similar to the
structures observed experimentally. In contrast to the conventional D;;
where the DMI sign is element-dependent, we found that the sign of
the effective OOP-DMI, i.e., the sum of six OOP-DMI vectors (Fig. 3g), is
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Fig. 3 | The in-plane magnetic chirality induced by strain. a Top-view and side-
view of the DMI vectors (orange arrows) at Cs, interface. White and black balls
correspond to the FM and heavy metal atoms, respectively. The blue triangle
highlights the three-sites relevant to the adjacent DMI vector. The length of the DMI
vector indicates the strength of DMI. b Micromagnetic simulation with C5,-type
DMI and the histogram of angle y. The colour wheel shows in-plane magnetization
direction, and white/black indicates up/down magnetization direction. c, e Shifted
atom and DMI configurations in the presence of compressive strain (panel

¢, highlighted in red) or tensile strain (panel e, highlighted in green). The dashed
circles outline the atom positions in panel a. d, f The micromagnetic simulation
results of the strained system in panels ¢ and e, respectively. The dashed black
rectangle highlights the in-plane chiral structure. g Sketch of three OOP-DMI vector
pairs under strain (marked by the blue arrows). h Dependence of OOP-DMI vector
changes (AD,;, AD,,, AD,;) and effective OOP-DMI on strain calculated using the
Fert-Levy model.

additionally strain-type dependent (D in Fig. 3h), e.g., the sign of the
effective OOP-DMI is opposite in case of compressive strain (Fig. 3c)
versus tensile strain (Fig. 3e), because the strain-induced variation of
two OOP-DMI vectors (AD,; in Fig. 3h, appeared as blue vectors in
Fig. 3g) along the strain direction is greater than the changes of the
other four OOP-DMI vectors (AD,; and AD,, in Fig. 3h). The strain-
dependent sign change of the effective OOP-DMl s further reproduced
in micromagnetic simulations (Fig. 3¢, d vs e, f). Note that this strain-
dependent effective DMI sign dependence is different from the con-
ventional strain-induced DMI*. The picture of the DMI matrix perfectly
agrees with micromagnetic simulations, e.g., zero effective OOP-DMI
in the G5, point group, but finite OOP-DMI in the C; point group. In
addition, we simulated the role of D33 (parallel to the vertically aligned
atoms) in systems with relatively high symmetry, such as in the T point
group?, which favours helical spirals with propagation direction along
the z-direction, and we found that Ds; doesn’t affect in-plane chirality
(Supplementary Fig. S5).

Next, we discuss a few factors that determine the sign and
strength of the OOP-DMIL. Firstly, the OOP-DMI is the out-of-plane
component of the canted interfacial DMI; therefore, the OOP-DMI
scales with the sign and strength of the interfacial DMI. Secondly, the
OOP-DMI is strain dependent, i.e., compressive and tensile strains
induce opposite signs of the OOP-DMI, and the DMI strength is pro-
portional to the strain (Fig. 3h). Thirdly, the nature of the in-plane
chirality suggests that the chirality doesn’t remain the same upon a
180° rotation along the z-direction, meaning the C, symmetry of the
magnetic structure along the z-direction is broken. Compared to the
case of the interfacial DMI, where the magnetic C, symmetry along the
in-plane direction is broken because of the interface, the case of the in-
plane chirality also requires a morphological structure factor that

breaks the C, symmetry along the z-direction, which is attributed to
the asymmetric fractional area of the structural stacking domain
(Supplementary Fig. S7). The asymmetry of the stacking domain, in
turn, affects the sign and the strength of the OOP-DMI (See Supple-
mentary Note S1). Now, the strength of the effective OOP-DMI could be
estimated by considering all three factors,

DM?)f(f)P = DMlnterfaciaI x 'annting X Nstrain % A (1)
where DM eifacial iS the conventional interfacial DMI strength®; 7,4ing
stands for the G;,-like canting factor; i, represents the strain factor
at the Pd/W(110) interface; and A is the asymmetry of the two types of
stacking domains (Supplementary Fig. S8). The DM ieifacial in the
3 ML Pd/ W(110) system is ~0.41 meV/atom*, and Ncuneing, Mstrains A are
~0.4, 1.25%, 16.8%, respectively, resulting in the estimate of DM(e)f(f)P in
Co/Pd/W(110) as ~0.35peV/atom (see estimate details in Supplemen-
tary Note S2).

The estimated strength of the OOP-DMI is about three orders of
magnitude lower than some typical cases of interfacial DMI*, yet it can
stabilise in-plane chirality. This differs from out-of-plane magnetized
systems, where an achiral Bloch wall has lower energy with insufficient
interfacial DMI’. This substantial difference is attributed to how the
various energy contributions balance in the out-of-plane and in-plane
chirality cases. In the out-of-plane case’, the strength of the interfacial
DMI (favouring chiral Néel type, Fig. 4a) must exceed the strength of
the dipole interaction (favouring achiral Bloch type, Fig. 4b) for Néel-
chirality to be stabilised. In contrast, in planar magnetism such as
observed here in the Co/Pd/W(110) system, both the OOP-DMI and the
dipole interaction favour planar rotation (Fig. 4c). Thus the dipole
energy costs for two in-plane chiralities are degenerate, which explains
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how ultra-small OOP-DMI is sufficient to stabilise in-plane chirality.
This picture is further corroborated by micromagnetic simulations
(see Methods): in the out-of-plane magnetized case, the interfacial-
DMI-dominated chiral Néel-type textures (Fig. 4d) gradually evolve to
dipole-dominated achiral Bloch-type (Fig. 4e) as the ratio of interfacial
DMI and dipole interaction decreases (Fig. 4d), which matches per-
fectly with experimental observations’; in the OOP-DMI case, the in-
plane chirality remains stable for OOP-DMI-dominated (Fig. 4g) and
dipole-dominated (Fig. 4h) cases, showing its greater chiral stability
with ultra-small DMI (Fig. 4i). The stability of the in-plane chirality is
also supported by our experiments. Previous results in out-of-plane
magnetized [Ni/Co], films on Pd/W(110) show a film thickness
dependent chiral-to-achiral transition (Fig. 41)**, which shares the same
trend with the simulated chirality evolution in Fig. 4f. However, the in-
plane chirality remains the same with increasing Co thickness (Fig. 41),
which is in good agreement with the micromagnetic simula-
tions (Fig. 4i).

The new chirality often opens up new functionalities?. For OOP-
DMI, we demonstrate a reversible control of the in-plane chirality via a
magnetic field. In-plane chirality can also be observed in a 3 ML Co/
3 ML Au/W(110) structure (Fig. 5a). This chiral state can be overwritten
to an achiral state (Fig. 5b) by applying an in-situ magnetic field of the
order of a few Oe roughly along the +W[0O01] direction (green domain
wall direction) (methods), which overcomes the DMI-like field on the
domain wall*’; and the chiral state is recovered upon the removal of the
magnetic field (Fig. 5¢), demonstrating the magnetic-field-dependent
reversible control of the in-plane chirality (Fig. 5d). In-plane chirality
also enables the writing/deleting of magnetic merons, which have spin
structures corresponding to half-skyrmions®. In in-plane magnetized
systems, merons could form at the joint locations of two neighbouring
in-plane Néel walls****, i.e., where the magnetization along the domain
wall boundary flips by 180° (see an example in Fig. 5Se). We note that the
detailed spin structure of a meron could be affected by variations in
magnetic interactions, particularly magnetic anisotropies and the sign
and strength of the DMP**. Here the SPLEEM spatial resolution is
insufficient to resolve the out-of-plane component of the meron core,
therefore only the in-plane curling magnetization is highlighted in

Fig. 5. An in-situ magnetic field can be applied to delete the meron
(Fig. 5f), similarly as Fig. 5b; and the DM-driven meron reappears at the
same location once the field is removed (Fig. 5g), which highlights the
reversible writing and deleting of magnetic merons (Fig. 5h). Note the
mode of meron writing through OOP-DMI is fundamentally different
from that utilizing changes of magnetic anisotropy'®*.

Because the in-plane chirality defines the merons’ location, two
merons can be naturally locked between (|) spin and (1) spin along the
wall boundary in an in-plane magnetized bubble-like domain (Fig. 5i,
also see in Figs. 2g and 3d), which could potentially form a bimeron
with topological charge +1%. Determination of the total topological
charge requires the detection of the out-of-plane component around
the meron centre, for this the spatial resolution of the SPLEEM used in
this work is insufficient. Therefore, micromagnetic simulations are
carried out to understand the polarity of the meron (Fig. 5j), which is
further visualized in a colourized vector plot (Fig. 5k). Here, the
polarity of two merons in the black box results in variations of the total
topological charge Q (Fig. 51), and a bimeron can be realized when two
merons’ polarity is opposite®.

Discussion
The observed in-plane chirality in the novel OOP-DMI system exists in
DMI systems with C; symmetry. One approach to realize OOP-DMI is
the strain-induced symmetry change as shown in the Co/Pd/W(110)
(Fig. 2g) or Co/Au/W(110) (Fig. 5a) systems. OOP-DMI may exist in
other strained systems with fcc(111) or bee(111) textures. Note that
OOP-DMI can also exist in systems with C, symmetry. Some molecules
belong to the C, point group, e.g., hydrogen peroxide molecules and
hydrazine molecules. It is also possible to apply strain or other
symmetry-breaking operations in materials to reduce the crystal
symmetry to C, or Cs point groups*®. For example, by reducing the
crystal symmetry, C4, Cg, D5, D3, Dy, Dg, and S, could be transformed
into the G, point group; C,,, Csy, C3, point groups could be converted
to the Cs point group.

In addition, we expect that the OOP-DMI can stabilise in-plane
chirality in antiferromagnetic systems, as shown in micromagnetic
simulations (Fig. 5m, n); and the OOP-DMI could allow control of the
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Fig. 5 | Tailoring merons through OOP-DMI and magnetic field. a-c Magnetic
field dependent compound SPLEEM images of in-plane chiral Néel domain wall in
the same locations on 3 ML Co/ 3 ML Au/ W(110). Scale bar is 1 um. d Evolution of the
chirality as a function of magnetic field. e-g Magnetic field dependent compound
SPLEEM images of a meron in the same locations on 3 ML Co/ 3 ML Au/ W(110).
Scale bar is 400 nm. h Evolution of the meron number as the function of a magnetic
field. i Compound SPLEEM image of a meron bubble in 3 ML Co/3 ML Pd/ W(110).
The colour wheel shows in-plane magnetization. “1” and “2” denote the merons.
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Scale bar is 500 nm. j Micromagnetic simulation of a meron bubble which is
equivalent to a bimeron in the OOP-DMI system. The colour wheel shows in-plane
magnetization, and white/black indicates up/down magnetization. k Sketch of spin
blocks similar to panel j. I Dependence of topological number Q on various com-
binations of the two merons’ core polarities. m Micromagnetic simulation of the in-
plane chiral antiferromagnetic spin-spiral considering OOP-DMI. n Pixel-by-pixel
vector map of the black box region in m.

position of antiferromagnetic merons, as well as to facilitate the for-
mation of antiferromagnetic bimeron bubbles (Supplementary
Fig. S9). The OOP-DMI could also induce some interesting chiral spin
configurations in nano-structures (Details in Supplementary Note S3).
The OOP-DMI elements located at D3; and D3, are the only ones that
favour in-plane chirality propagating in the xy plane, promising to
unravel intriguing aspects in three-dimensional nanomagnetics?**"*%,
as the chirality stabilised by other DMI elements involves magnetiza-
tion variation in the z-direction. Lastly, the DMI matrix for all the point
groups with broken inversion symmetries interestingly shares the
same mathematical representation as spin-orbit torque*’, which may
help the design of novel spin-orbitronic devices by jointly considering
novel DMI and spin-orbit torques. The DMI in centrosymmetric
materials has been commonly neglected in the past™. It’s worth noting
afew exceptions: one is the theoretical prediction of the hidden DMl in
the spin sublattice of systems BaCoS, (D}, point group) or Ni,Sr,Br,0¢
(D4p, point group)®®, while the other is the Mn3;Sn compound (D, point
group) with Kagome lattice®, where Mn;Sn contains out-of-plane D;
that helps to stabilise non-collinear magnetic order; however, this
case is distinguished from the in-plane ferromagnetic chirality
reported here.

In summary, we have observed the missing type of the DMI, the
OOP-DMI that stabilises in-plane magnetic chirality in thin films. We
revealed its C;-symmetry-related physical origin through the combina-
tion of Fert-Levy model calculations, micromagnetic simulations, and
DMI matrix analysis. The required OOP-DMI for stabilising chirality can
be afew orders of magnitude lower than the conventional interfacial DMI
due to the different energy landscapes where both OOP-DMI and dipole
energy favour planar magnetic configuration with DMI lifting the chiral
degeneracy. We also demonstrate the reversible control of in-plane
chirality and writing/deleting magnetic merons via a magnetic field.
We expect such OOP-DMI to exist in many strained systems with
(111) textures, and that it will play a similar role in antiferromagnetic
systems.

Methods

Sample preparation

The experiments were performed on ElImitec SPLEEM Il at the National
Laboratory of Solid State Microstructures and the Department of
Physics at Nanjing University. The W(110) substrate was cleaned by
cycles of flashing to 1850 °C in 3.0 x 108 Torr oxygen until the surface
was free of carbon, confirmed in the low-energy electron microscopy
(LEEM) and low-energy electron diffraction (LEED). Then, an additional
flashing at a higher temperature removes the surface oxygen. Co, Pd,
and Au layers were deposited by molecular beam epitaxy in the
SPLEEM chamber under ultra-high vacuum, with a base pressure of ~
4.0 x10™ Torr. The film thicknesses of the metal layers were detected
via oscillations of the LEEM intensity. The spin-polarized source was
obtained by photoemission from GaAs(001) activated by Cs and oxy-
gen adsorption. The in-plane magnetic field applied to the sample
surface is controlled by varying the distance between the sample and
the objective lens with the field compensation coil turned off.

Magnetic imaging and chirality analysis

Real-space magnetic images were measured using the EImitec SPLEEM
Il instrument. The contrast in SPLEEM images represents the asym-
metry of the spin-dependent reflection between spin-polarized beams
with opposite polarization (up and down), which s
A=(l, —1))/U,+1)). A is proportional to P-M where P is the spin
polarization of the incident electrons and M is the surface magneti-
zation of the sample. The Cartesian components M,, M,, and M, of the
magnetization M were imaged with the illumination beam spin polar-
ization aligned along the W[1-10], W[0O01], and W[110] directions. All
SPLEEM images were measured on the samples held at room tem-
perature. The energy of the incident electron beam was set at 2~4 eV
to optimize the magnetic contrast. The magnetization vector is
represented in hue saturation lightness (HSL) colour space, where the
in-plane magnetization direction is mapped on the hue and the out-of-
plane component is mapped on the brightness. We defined the
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strength of Néel chirality y;p in the in-plane system as the asymmetry of
the angle X™: ¥jp = (Niefc — Nright)/(Nief + Nright) (Vief; is the number of
domain wall centre-line pixels with x between —-180° and 0° and Nigh
is the number of domain wall centre-line pixels with x between 0° and
180°). In the out-of-plane system, we defined a as the angle between
magnetization vector and domain wall normal vector measured in
domain wall centre-line pixels, so that the strength of Néel chirality
Yoop is defined as the asymmetry of the angle a: yoop =k X (N —
Nright)/ (Niete + Nrighe) (Vyefe is the number of a between -180° and 0°
and Ny, is the number of a between 0° and 180°). Here x denotes the
proportion of the Néel component. The out-of-plane chirality value in
Fig. 41 has been normalized due to the difference of the noise levels in
the experiments.

Calculating the DMI in the three-site Fert-Levy model
D; = Zﬂ: Dy )

sin [kF (}Rm\ + ‘Rj"

(‘Rin‘

+ ’Rij

jn— — V1

)* i624]
i (

Rin : Rjn) (Rin X Rjﬂ) (3)

R;

R;,

_1B/mA?
V= =5 E_ﬁkﬁ sm(ﬁzd) 4)

In the three-site Fert-Levy model®, V, is a parameter defined by
the specific material. A4 is the strength of the spin-orbit coupling and I
is the interaction parameter between the localized spin and conduc-
tion electrons. £y and ki are the Fermi energy and Fermi wavevector,
respectively. Z is the number of d electrons. R;,(R;,) is the vector
joining the magnetic site i(j) to the NM site n. According to the three-
site Fert-Levy model, D, is perpendicular to the plane of the triangle
ijn (Fig. 3a). Here we used Az =2nm and Z 4 = 9.4 for calculating the DMI
under strain and only considered the nearest-neighbour (n. n.) atoms’
contributions (Fig. 3h). We set the n.n. atoms’ distance as a=0.25nm
and set the layer spacing as z = 0.18nm. In the C;, interface, one atom
has six n. n. atoms on the surface. The FM atoms’ positions are:

i=(0,0,0),=(3a,%a,0).j= (~1a,44,0),j3=(-a,0,0),
Ja= (—%a, _JTga'())'js: (%a, —@a, 0),j6=(a,0,0)

and the heavy metal atoms’ positions are:

(V31 (V3
-z |,ny= ?a,—ia,—z ,n3= —7a,0,—z

The heavy metal atoms’ positions in another twinned G, interface

~—a,z=aq,

_(V3 1
m=\e%2

are:
n,= @ao —z\l,n,= 7§a 71a —z|,n= 7§a la -z
1 3 &Y 1y 6 & 7% , N3 6 424

Micromagnetic realization (continuum model) of DMI
We will discuss in the framework of micromagnetism (continuum
model), where an atom has only six nearest-neighbour atoms for cubic

symmetry. The DMI energy density can then be written as

H=Dy (mya,(mZ - m,axmy) +Dyy (myaymz - mzaymy) +Dy3 (myazmz - mzazmy)
+DZI (mzaxmx - mxaxmz) +DZZ (mzaymx - mxaymz) +DZ3 (mzazmx - mxazmz)
Yy

+Dy, (mxaxmy - mybxmx) +Ds, (mxa m, — mybymx>

+Dy3 (mxazmy - myazmx)
©)

Utilizing the Liftshitz invariants Ef.j’.‘) =m;0;m; — m;0,m;, the DMI
can be simplified as

Hom =Dy L3 + Dp L) + D3 £
+Dy L) + Dy L) +Dy3 L) (6)

+ D31/~'%;) + Dszﬁg) + D33£§§)

Furthermore, we can use a matrix to present the DMI:

Dy Dy, Dy
D=1Dy Dy Dy (7)
D3 D3 Dy

Here, we discuss the reduction of the DMI matrix under the Cs point
group as an example. For the axial tensor D, D= det(R)RDR! is satis-
fied for all symmetry operations R. We chose the symmetric operator
element in the C point group to be the mirror operation along the y-z
plane, which is the same situation as Fig. 3c, e.

-1 00
R=002)=| 0 1 0 (8)
0O 01
Substituting R into D= det(RRDR™' we find that
Dy =Dy, = Dy3 = D3, = D33 = 0. The DMI matrix in the C; point group can
be written as:

0 D12 Dl3
D=|Dy, 0 O )
Dy 0 O

Thus, the OOP-DMI is oriented along the x-direction (direction
along the strain), which is consistent with the micromagnetic simula-
tion results.

Hoop—pom =D31L5y) =Dy (mxaxmy - myaxmx) (10)

Micromagnetic simulation

The micromagnetic simulations were carried out based on a two-
dimensional model®, where exchange interaction, dipolar interaction,
in-plane uniaxial magnetic anisotropy, as well as OOP-DMI are con-
sidered. The Hamiltonian is written as:

3S; - (r,» — rj>
H=~J) 8-S~ Dap
(i.j) ij

- Ku 251211 - HOOP—DMI
i

an

where S; and S; are spin moments located on atomic sites i and j in a
two-dimensional plane, r; and r; are the position vectors of the spin
blocks in sites i and j. J, D4, and K, correspond to exchange
interaction, dipole interaction and uniaxial anisotropy, respectively. In
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a G,y interface, each spin is surrounded by six neighbouring spins. The
Hamiltonian of the OOP-DMI can be written as:

Hoop—omi =Dz - Z (Si x S,-ngp%;( —-§;x S,-M;w%k)

l
LD MCLUTC L

1
+D,37 ) (S; %S5 — 8 %S 5)
7

The dimensionless parameters /, D, K, D1, D, and D,; are used
for simulating domain wall spin structures. For the simulation results
summarized in Fig. 3 and Supplementary Fig. Séf, g, the values /=1,
Dgi, =0.1, K, =K, = 0.075 were assumed. Domain configurations shown
in Fig. 4 are simulated using 500 x 300 spin block arrays with periodic
boundary conditions applied for both directions. The initial state is set to
arandom state, followed by annealing to an energetically stabilised state.
The system temperature is represented by allowing spins to fluctuate
according to Boltzmann statistics®. The OOP-DMI D,;=D,,=D,;=0.2
was used for simulating the un-strained situation (Fig. 3b).
D, =D,,=0.2,D,;=0.3 was used in the compressive strain situation
(Figs. 3d, 5j and Supplementary Fig. Séf). D,;=D,,=0.2,D,;= — 0.3
was used in another twinned situation (Supplementary Fig. S6g).
D, =D,,=0.2,D,;=0.1 was used in the tensile strain situation (Fig. 3f).
In Fig. 4d, e, f, the perpendicular magnetic anisotropy was obtained by
setting K, =K, = 0.8. In the antiferromagnetic conditions, we utilized a
square lattice. The values of /= —1, Dy, =0, D,3=0.3 were applied in
Fig. 4m and the values of /= — 1, Dy, =0, K, =K,=0.1, D,;=0.1 were
used in Supplementary Fig. S9. Micromagnetic simulations of OOP-DMI
in nano-structures in Supplementary Fig. S10 were performed using
Mumax3 software*.

Data availability
The data that support the findings of this study are available from the
corresponding authors upon reasonable request.
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