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Magnetic skyrmionic structures, including magnetic skyrmions and anti-
skyrmions, are characterized by swirling spin textures with non-trivial topolo-
gies. They are featured with specific topological charges, Q, which are of crucial
importance in determining their topological properties. Owing to the invar-
iance of the chiral nature, it is generally believed that Q is conserved in a given
magnetic skyrmionic structure and is hard to alter. Here, we experimentally
realize the control of Q of magnetic skyrmionic structures at room temperature
in a Dzyaloshinskii-Moriya interaction (DMI) platform with spatially alternating
signs. Depending on how many times it crosses the interfaces between DMI
regions with opposite signs, the magnetic skyrmionic structures possess dif-
ferent Q. Modifying the DMI energy landscape through chemisorbed oxygen, a
magnetic topological transition is realized. This creation and manipulation of
magnetic skyrmionic structures with controllable Q, in particular the DMI-
stabilized thin-film antiskyrmions and high-Q skyrmionic structures, enables a
new degree of freedom to control their dynamics via a novel DMI confinement
effect. Our findings open up an unexplored avenue on various topological
magnetic skyrmionic structures and their potential applications.

Magnetic skyrmionic structures, e.g., magnetic skyrmions, carry spe-
cific topological charges due to their unique spin textures' >, where the
spins of a magnetic skyrmionic structure wrap around the surface of a
sphere, resulting in an integer topological charge, Q'. In the case of
magnetic skyrmion, Q is either +1 or -1 as spins wrap once around the
sphere’. The topological charge on magnetic skyrmions gives rise to
fascinating topological properties, such as the topological Hall effect®,
skyrmion Hall effect’®, or finite topological protections’'. Their size
can be extremely small, down to a few nm, and they can behave as

quasiparticles, which may allow magnetic skyrmions to propagate
while dodging defects without significant pinning under external
stimuli™’. Owing to these unique properties, magnetic skyrmions are
considered to be application-relevant and promising for future spin-
tronics applications'>”,

Exploring magnetic textures with different topological charges is
of great interest because of their rich topology-governed properties™.
These chiral textures are typically stabilized by the Dzyaloshinskii-
Moriya interaction (DMI)">*¢, which arises from the inversion symmetry
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breaking of the system. Magnetic textures that carry different topo-
logical charges have been found in various systems; for example,
antiskyrmions have been found in anisotropic DMI systems''®, which
exhibit |Q| =1, but Q is opposite to the skyrmion case with the same
polarity. Topological charge |Q| can also be different than 1, e.g.,
magnetic meron structures with |Q| = 0.5", fractional skyrmion lattice
in anisotropy-tuned systems”**, Skyrmion-lattice-like structures with
high-Q in frustrated systems?, target skyrmions®, or skyrmion bag
structures where multiple skyrmions are captured in ring-like
domains™.

Controlling the topological charge of an individual skyrmion is
fundamentally interesting and application-relevant. In general, the
DMI can set the chirality in skyrmions*?*. The stabilization of anti-
skyrmions in thin-film DMI systems, however, remains unattainable
since the crystal symmetries, such as S4 and D,q, that support aniso-
tropic DMI are exclusive to bulk materials. Moreover, stabilizing |Q| > 1
in individual magnetic skyrmionic structures is mathematically for-
bidden in homogenous DMI systems”, as the DMI energy cannot
change its sign more than four times along one circle, limited by the
symmetry of the DMI energy term (see details in Fig. 1). It's worth
noting a few exceptions: kink-skyrmions can emerge in a DMI system
possessing high-Q, where its Q is determined by the number of
kinks?*%, In dipole-dominated systems without DMI, perpendicularly
magnetized bubble-like domains may carry various Q numbers®?.,
However, the Q numbers of these skyrmionic structures are essentially
uncontrolled, due to the achiral nature of the dipole interaction®.

In this article, we report the realization of well-controlled topo-
logical charges in individual magnetic skyrmionic structures via
interfacial DMI engineering in a [Ni/Co],/Pd/W(110) system. A key
feature of this system is that it provides the possibility to create a
landscape of two types of regions with opposite signs of the DMI. As a
result, the chirality along the boundary of an individual magnetic

skyrmionic structure can vary its handedness back and forth when
passing through boundaries between DMI regions with opposite signs.
In these experiments, we determine the detailed inner structures of the
magnetic skyrmionic structures by 3D magnetization vector imaging
using spin-polarized low-energy electron microscopy (SPLEEM)**. In
particular, we find that DMI-stabilized antiskyrmions can be realized
when skyrmionic structures cross the boundaries between DMI
regions with alternating sign twice, and high-Q skyrmionic structures
are observed when such crossing occurs more than two times. We also
experimentally demonstrate the switching of Q in an individual mag-
netic skyrmionic structure by adjusting the DMI energy landscape.
Further, we use micromagnetic simulations to demonstrate how such
systems with spatially alternating DMI sign open new degrees of
freedom for spin dynamics in the current-driven dynamics of magnetic
skyrmionic structures.

Results

First, we discuss the possible spin structures of individual magnetic
skyrmionic structures that have topological charge Q, where Q is
mathematically defined as Q= L. [fm - (%—'}(’ x 9m) q”p *5, where m is the
spatially dependent magnetization. In this article, we focus on per-
pendicularly magnetized systems with thicknesses well below the
formation of closure domains®, and one can assume that the spins
along the z-direction are uniform; therefore, the determination of Q of
magnetic skyrmionic structures can be simplified into mapping the in-
plane spin components at the boundaries of magnetic skyrmionic
structures*’, e.g., obtaining Q via counting the accumulative magne-
tization rotation angle in two dimensions’.

Unity charge Q = |+1] requires a 21t accumulative rotation of the in-
plane magnetization. It often results in skyrmions observed in systems
featuring the various DMI types, e.g., Bloch-type chirality governed by
the bulk-DMI (Fig. 1a, d)"**, Néel-type chirality governed by the
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Fig. 1| DMI energies of various magnetic skyrmionic structures in systems with
different types of DMI. a-c Sketch of the bulk, interfacial, and anisotropic DMI,
respectively. The arrows present the direction of the local DMI vector.

d-g Magnetic moment vector representation of Bloch-type skyrmion, Néel-type
skyrmion, Antiskyrmion, and High-Q skyrmionic structure, respectively. h-k Top

view of the Néel- and Bloch-component of the DMI energy distribution within
magnetic skyrmionic structures. I-o Azimuthal-angle-dependent DMI energy den-
sity of the corresponding spin textures in (d-g) in the case of bulk-, interfacial, and
anisotropic DMI.
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interfacial-DMI (Fig. 1b, e€)**, and anisotropic chirality induced by
anisotropic-DMI (Fig. 1c, )'"*%, In these systems, the DMI vectors align
differently with respect to the distance vectors between pairs of
nearest-neighbor atoms, because of the distinct crystalline symme-
tries. For example, the bulk-DMI-vectors are parallel to the distance
vectors with the same sign (Fig. 1a)*?, the interfacial-DMI-vectors are
perpendicular to the distance vectors with the same sign (Fig. 1b)>*,
anisotropic-DMI-vectors could be either parallel or perpendicular to
the distance vectors but with opposite signs (Fig. 1c and Methods)".

In the following, we show how magnetic skyrmions carrying Q = +1
can be shaped by the DMI types mentioned above, and we discuss why
magnetic skyrmions with |Q| >1 cannot be stabilized in a homogenous
DMI system based on DMI energies. The spin textures of Bloch-
skyrmion?®, Néel-skyrmion®, antiskyrmion” and a high-Q skyrmionic
structure™ are illustrated by magnetic moment vector plots (Fig. 1d-g),
where the corresponding Q of +1, +1, -1 and -2 are marked above the
sketches, and the maps of their decomposed Bloch-/Néel-components
are highlighted in Fig. 1h-k. For each type, the azimuthal angle-
dependent variations of the DMI energies are presented in Fig. 1I-o,
i.e., the DMl variation for the Bloch-type skyrmion shows that the bulk-
DMI remains the lowest energy type among all (Fig. 1I). One can also
note that the angle-dependent energy costs for interfacial-DMI/aniso-
tropic-DMI remain the lowest for the Néel-skyrmion/antiskyrmion
(Fig. Im, n), respectively. However, for a high-Q skyrmionic structure
(Fig. 1g), the azimuthal angular dependence of the DMI energies
oscillates around 0 in all three DMI types (Fig. 10), because of the three-
fold symmetry of the alternating Bloch-/Néel-chiralities (Fig. 1k). Thus,
none of DMI type can stabilize a high-Q skyrmionic structure with
Q> 1L

One way to break the fundamental limit of the DMI stabilized
magnetic skyrmionic structures with a high Q number is to chop the
magnetic chirality and reassemble them with alternating DMI sign
(Fig. 2a). In multilayer films, the sign and the strength of the DMI can be
tailored by adjusting the thickness of the heavy metal layer*®, which
allows one to control the DMI sign with various film thicknesses locally.
We chose the [Ni/Col,/Pd-multilayers grown on W(110) through
molecular beam epitaxy (MBE) because it features a Pd-thickness-
dependent DMI sign transition, and because the growth of Pd at ele-
vated temperature results in large areas of homogeneous thickness®.
The latter enables the preparation of surfaces with separated DMI
regions, where the thicker (thinner) Pd region favors the left (right)-
handed chirality®. In the experiments, these regions of different Pd
thickness, e.g., 1 monolayer (ML) or O ML, are identified by their sig-
nificant difference in LEEM image brightness® (Fig. 2b and Methods),
and the lateral sizes of these regions could be well controlled by
changing the growth temperature of Pd (Fig. S2 and Methods). Addi-
tional Pd with an effective thickness of 1.9 ML is grown at room tem-
perature, transforming the surface from the regions with 1 ML Pd and
0 ML Pd to the regions with 2.9 ML Pd and 1.9 ML Pd. Note that room-
temperature-grown non-integer monolayers form islands that are
unresolvable within the lateral resolution of LEEM (-7 nm) and are also
much smaller than the spin structures observed here. Therefore, the
role of non-integer Pd thickness in domain structures can be con-
sidered as an averaging effect on the magnetic parameters. When [Ni
(2.1ML)/Co (1 ML)]; films are grown on such Pd/W(110) surfaces, then
perpendicularly magnetized domains form where magnetic domain
boundaries may go across regions with alternating Pd thicknesses,
resulting in non-homo-chiral-like features within the domain wall’s
magnetization (Fig. 2¢). The thickness of [Ni/Col, multilayers is opti-
mized to acquire the uniform perpendicular magnetized domains. To
visualize the role of the DMI region with alternating sign, the Néel-
components of the domain walls are derived (Methods) and repre-
sented in a color scale, which is superimposed on the LEEM image
highlighting various Pd thickness regions (Fig. 2d). It shows a clear
modulation of the chirality sign synchronized with the Pd thicknesses

variation, where the chirality/DMI signs change and Pd thickness
regions match perfectly. This effect is further verified by Monte-Carlo
simulations (Methods), with the pre-defined DMI regions following the
Pd morphology of the LEEM data in Fig. 2b, successfully reproducing
the experimental observation (Fig. 2e).

We notice that such a DMI modulation effect is dependent on the
total length of the domain wall (DW) within a region of the same DMI
sign (Fig. S3a-h), e.g., while the modulation of the Néel-component
works when the length of DW in the same sign DMI region (corre-
sponding to Lpw) is above ~100 nm (the dashed line in Fig. 2f). The
Néel-components might not flip its chirality when the length of DW in
the same sign DMI region is down to tens of nm or less (Fig. S3). This is
attributed to the interplay between the exchange interaction and the
DM, i.e., the spins at the boundary between two Néel-components
with opposite chirality need to rotate by 180°, lifting the energy cost of
the exchange interaction, which may prevent the chirality flipping on a
given area if DW’s length is too short within a uniform DMI region. We
define the angle a as the deviation angle of measured magnetization in
DW from magnetization in expected Néel DW. We experimentally
count the dependence of & on Lpyy (Fig. 2f). The results indicate that as
the length of DW in uniform DMI region shortens, the deviation angle
increases. The difference between the two DMI regions is relevant to
the Pd-thickness-dependent DMI variation in the Co/Pd/W(110)
system®, where 1MLPd thickness difference  induces
ADMI ~ 0.41+£0.17 meV/atom. To flip the chirality of a DW in a
shorter length, one would need a substantially stronger DMI differ-
ence. To simplify the model and simulation, we set the DMI-reversal
line crossings always to be perpendicular to the DW, which means that
the width of uniform DMI region wpyy is equal to the length of DW Lpw
in it (Fig. S3i). This relation is quantitatively simulated in the Lpy, — Dy,
phase diagram (Fig. 2g). Furthermore, we developed an analytical
model of the spin configurations in domain wall structures with
alternating DMI (Fig. S4 and Note S1). In it, we define a critical length of
DW in the same sign DMI region Ly, . where the transition between
the alternating Néel domain wall and the uniform Bloch domain wall
occurs, and estimate it to be,

/1Dip
Lpw,c ~ m 1/ AkApm 1)

where the Ap;p, A, and Apy represent the length scale of dipole inter-
action, magnetic anisotropy, and interfacial DMI, respectively (Details
in Note S1). The result of the analytical model is denoted by an orange
dashed line in Fig. 2g, which agrees well with the results of the Monte-
Carlo simulations.

Next, the role of the DMI modulation on skyrmions’ spin textures
is explored using Monte-Carlo simulation, and the parameters are
chosen to enable Néel-chirality to be successfully flipped (Methods).
We define n as the number of DMI-reversal line crossings (number of
DMI reversals). When n =0, namely in a uniform DMI system, a Néel
skyrmion with Q=1 (Fig. 3a, b) is formed due to the interfacial DMI. In
the case of n=1, as compared to the n= 0 case (Fig. 3a), it adds a DMI
area with the opposite sign on the right (Fig. 3c). Consequently, it cuts
the ring-like domain wall into two segments with opposite chirality.
Note that Bloch components also form at locations where the
opposite-chirality segments meet. Thus, the spins in the domain walls
point in the same direction (Fig. 3d), forming a topological-trivial
bubble with Q= 0. In the n =2 case, there is another DMI area with the
opposite sign added on the right. This creates a new cut on the domain
wall, and it breaks into four pieces with alternating Néel-chirality
(Fig. 3e). Thus, an antiskyrmion with Q =-1 is stabilized (Fig. 3f). Simi-
larly when n increases to 3, the domain wall of the bubble has six pieces
with alternating Néel-chirality (Fig. 3g) and a magnetic skyrmionic
structure with Q=-2 forms (Fig. 3h). We performed simulations with
further increasing n and find magnetic skyrmionic structures with
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Fig. 2| DMI modulation on the engineered surfaces. a Sketch of the local chirality
control via an inhomogeneous surface. b LEEM image of the morphology of Pd
stripes grown on W(110) surface; 1ML and O ML Pd regions are shown in red and
blue, respectively (imaging condition: 1.5 eV). ¢ Compound SPLEEM image of per-
pendicularly magnetized domain structures of [Ni(2.1 ML)/Co(1 ML)], grown on the
Pd stripes with alternating thickness of 1.9 ML and 2.9 ML on W(110) substrate
(Method), where the black arrows and the color wheel highlight the spin inside the
domain walls. d Derived Néel-chirality within the domain walls is highlighted by the
thin, colourized lines, which are superimposed onto the LEEM image of Pd film
thickness in (b). L.N., B., and R.N. stand for the left-handed Néel, Bloch, and right-
handed Néel, respectively. e Simulated domain walls’ Néel-chirality on surfaces with
DMI regions with opposite signs, input by b. Positive DMI corresponds to left-
handed chirality. f Experimental statistics on the dependence of a on Lpw. The inset
is a schematic diagram defining a. m is the measured magnetization unit vector.
My is the expected magnetization unit vector in Néel DW controlled by
engineered-DMIL. Lpy is the length of DW within the DMI region of the same sign.
g Monte-Carlo simulated phase diagramin Lp,, — Dy space, where wp,y is the width
of the domain wall, / is the strength of symmetric exchange interaction, and Dj; is
the strength of the DMLI. The strength of the Bloch/Néel component is defined by
the color bar. The orange dashed line represents the result of the analytical model
of the boundary between alternating Néel domain walls and uniform Bloch
domain walls.

Q=1-ncan be stabilized, e.g., Q =-3, -4, -5 (Fig. S5). The relationship
between Q and n follows Q=1- n (Fig. 3i), indicating that the topolo-
gical charge of the magnetic skyrmionic structures could be well-tuned
through DMI engineering (Details in Note S2). In addition, the sign of Q
depends on the polarity of the core of the bubble (Q=n-1 in the
opposite polarity case). To ensure that the DMI is always able to con-
trol the Néel chirality on the bubble boundary, the length of DW in the
DMI region of the same sign cannot be too short (as discussed above),
which makes the size of the stabilized skyrmionic structure of higher
topological charge necessarily larger®. However, the size of skyrmionic
structures cannot be too large. This is due to the fact that the energy
difference between different Q states with the same n is dependent on
their size. When the skyrmionic structure is too large, the spin inside
the Bloch line (BL) will rotate completely randomly, thus failing to
modulate Q. The energy difference between clockwise and counter-
clockwise rotational spin configurations in BL can be estimated as:

A
~ K 2
AEg ~J @

where the J and R represent the strength of exchange interaction and
the radius of skyrmionic structures, respectively (Details in Note S3).

Further, we experimentally demonstrated that alternating DMI
could modulate the topological charge of magnetic skyrmionic
structures. Here we only count the effective DMI-reversal line crossings
(the length of DW in the DMI regions of the same sign is well above
100 nm). The topological charges of experimentally observed mag-
netic skyrmionic structures are determined through accumulative
magnetization rotation around the object’s boundary, as described in
ref. 39 (Fig. S8). A left-handed Néel skyrmion is captured on the
thinner-Pd region (Fig. 3j, k). When half of the bubble lands on the Pd
stripe (n=1), it forms a topological-trivial bubble (Fig. 3I, m). The
derived Néel-component image superimposed on the LEEM image
with different Pd thickness regions shows that DMI modulates the
chirality sign of bubble wall (Fig. 31). When the entire Pd stripe crosses a
single bubble, resulting in n=2 crossings, the Néel-chiralities parallel
and perpendicular to the Pd-stripe are opposite, resulting an anti-
skyrmion which is clearly observed by SPLEEM (Fig. 3n, o). More Pd
stripes going through the bubble lead to a higher topology charge
(n=3, resulting in Q=-2 in Fig. 3p, q). To the best of our knowledge,
this is the first experimental observation of antiskyrmions and high-Q
skyrmionic structures in an interfacial DMI system. The more explicit
criteria for counting crossing events in the experiments are shown in
Fig. S9. The Néel-components do not flip their chirality when the
length of DW in the same DMI sign region is too short, as discussed
above. We've statistically counted the effective DMI-reversal line
crossing events, and the experimental dependence of Q on neg is
summarized in Fig. 3r. The topological charge Q deviates from theo-
retical expectations in large skyrmionic structure cases. We attribute
such deviation to the skyrmionic structures’ size-dependent Q expec-
tation (discussed in Note S3), as well as the irregular shape of the
skyrmionic structures.

The transformation between magnetic skyrmionic structures with
different topological charges is appealing from the topological mag-
netism point of view'**°. In future spintronic devices, encoding data
using the topological degree of skyrmionic structures can increase
storage density to achieve multiple-valued memory*. Being able to
alter the topological charges of skyrmionic structures extends the
freedom of the racetrack memory or computing devices*. There are
currently several ways to trigger topological transitions: external
magnetic field can be applied to forcibly switch the in-plane compo-
nent in magnetic skyrmions*>** and merons®, thereby realizing meta-
stable topological transitions. Magnetic topological transitions can
also be achieved by using electrical current*, ultrafast laser
excitation®, and chemical-pressure-controlled method*®.
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Simulation

Experiment

Fig. 3 | Tailoring topological charge of magnetic skyrmionic structures via DMI
engineering. a-h Monte-Carlo simulations of skyrmionic structures with topolo-
gical charge equals +1, 0, -1, -2 through DMI-reversal line crossing 0, 1, 2, 3 times,
correspondingly. The DMI’s sign settings in the simulation are indicated by the light
and dark in the derived Néel-chirality image. i Dependence of Q on the DMI-reversal
line crossing n in Monte-Carlo simulations. j-q Derived Néel-chirality images
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overlapped with the morphology LEEM images and corresponding compound
SPLEEM images of skyrmion (j, k), trivial bubble (I, m), antiskyrmion (n, 0), and
high-Q skyrmionic structure (p, q) in [2 ML Ni/1 ML Co],/2 ML & 3 ML Pd/W(110).
r Experimental statistics on the dependence of Q on the effective DMI-reversal line
crossing ne. The numbers on the scatters indicate the number of events observed
in the experiment for each case.

In the following, we demonstrate how topology transitions
between stable magnetic skyrmionic structures can be induced by
experimentally altering the DMI landscape. Utilizing the oxygen-
coverage-dependent DMI transition at the oxygen/Ni interface
described in ref. 36 (Methods), we flipped the areas with left-handed
DMI in the [Ni/Co],/Pd/W(110) system to right-handed DMI in the O/
[Ni/Col,/Pd/W(110) system, thereby transforming the alternating-DMI
system into a homogeneous DMI system. As a result, the transforma-
tions of a trivial bubble and an antiskyrmion into skyrmions are
experimentally realized, respectively (Fig. 4a-d, e-h). This topological
transition triggered by flipping the DMI energy landscape is further
examined through Monte-Carlo simulations (Methods), where we find
that a trivial bubble is transformed into a skyrmion (Fig. 4i-), and an
antiskyrmion is converted to a skyrmion (Fig. 4m-p), which agrees well
with experiments. The ability to alter the topological charge of mag-
netic skyrmionic structures through altering the DMI could be further
extended to magneto-ionic devices*”**, where electrical signals permit
tuning of the DMI at solid interfaces.

Various magnetic skyrmionic structures, e.g., antiskyrmions”,
skyrmion bags*, chiral bobbers*, etc., are considered potential
information carriers for next-generation magnetic memories, and their
current-driven dynamics on the racetrack are of intense interest™*. We
have carried out micromagnetic simulations to study the dynamics of
skyrmions, antiskyrmions, and high-Q skyrmionic structures on
alternating-DMI racetracks in which the sign of DMI at the central

region is opposite to that in the two side regions (Methods). First, a
left-handed Néel skyrmion (supported by positive-DMI) is trapped by
two negative-DMI regions (Fig. 5a). The skyrmion, driven by spin-
transfer-torque, moves along the racetrack with suppressed skyrmion
Hall effect (Supplementary Video 1). The DMI regions of the opposite
sign at the two sides exert a repulsive effect on the skyrmion, thus
restricting the skyrmion to always be near the central position of the
racetrack. A similar repulsive effect on skyrmions between DMI and
zero-DMI regions has also been reported in ref. 50.

Then, an antiskyrmion is introduced on the racetrack. Due to the
twofold symmetry of chirality of the antiskyrmion (Fig. 1g), it is riding
on the positive-DMI stripe while keeping the other two sides located on
the negative-DMI region (Fig. 5b). This property allows one-
dimensional motion of antiskyrmion when driven by current (Sup-
plementary Video 2). Furthermore, skyrmion and antiskyrmion chains
could be driven on the same racetrack with an alternating-DMI land-
scape (Supplementary Video 3). With racetracks partitioned into more
regions of alternating DMI (Fig. 5c), high-Q skyrmionic structures can
also be driven along the racetrack, with suppressed skyrmion Hall
effect (Supplementary Video 4). More intriguingly, skyrmions, anti-
skyrmions, and high-Q skyrmionic structures can all be encoded into
one racetrack and driven by current simultaneously with essentially
the same speed v (Supplementary Video 5), casting a strong potential
in multi-state racetrack memory application. We studied v of sky-
rmionic structures with different Q driven by different current

Nature Communications | (2025)16:3453


www.nature.com/naturecommunications

Article https://doi.org/10.1038/s41467-025-58529-4

Q=0 Oxygen on Q= +1 Q=—1 Oxygen on Q= +1

Experiment
Experiment

Simulation
Simulation

Fig. 4 | Topological transitions of magnetic skyrmionic structures induced by e-h Compound SPLEEM image and Néel-chirality image overlayered with mor-
gas adsorption. a Compound SPLEEM image of a trivial bubble in the alternating-  phology image of antiskyrmion transformed into skyrmion. i-1, m-p Monte-Carlo

DMI system [Ni/Co],,/Pd/W(110). b The corresponding Néel-chirality image over- simulations of topological transition of trivial bubble and antiskyrmion to sky-
layered with the morphology image. ¢, d compound SPLEEM image and derived rmions, respectively. The DMI’s initial sign settings in the simulation are adapted
Néel-chirality image at the same location after ~0.2 ML oxygen chemisorption. from experimental LEEM images, indicated by the light and dark in (j, n).
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Fig. 5 | Current-driven motion of various magnetic skyrmionic structures on the magnetic skyrmionic structures. d Various skyrmionic structures’ velocity vas a
the racetrack without the skyrmion Hall effect. a-c Spin-transfer-torque drives  function of electrical current density j. The empty symbols mean that the sky-
the skyrmion (a), antiskyrmion (b), and high-Q skyrmionic structure (c) to move rmionic structures will annihilate at the present current density.

along the DMI-engineered racetrack. The dotted line marks the initial position of
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densities j as summarized in Fig. 5d. For skyrmions, the critical current
density of the annihilation, when pushed to the DMI boundary, is larger
compared to when being pushed to the physical boundary (Blue and
orange circles in Fig. 5d). Notably, the antiskyrmion on the engineered-
DMI-racetrack can move at speeds up to 370 m/s (Purple squares
in Fig. 5d).

Discussion

The number of the topological charge Q s typically 1 for skyrmions or
antiskyrmions. As discussed earlier, |Q| within a single magnetic sky-
rmion cannot be greater than 1 in a system with homogeneous DMI.
The high-Q (|Ql > 1) skyrmionic structure opens up new opportunities
for topological magnetism as there is rich physics related to the
topological charge, such as skyrmion Hall effect’”**', or topological Hall
effect®. Note that engineering laterally varying DMI structures is not
limited to the [Ni/Col,/Pd/W(110) system, but can be realized in other
metal multilayers, with either thickness-dependent competing DMI®,
local modification of the DMI at the interface®™*?, electric field tuned
DMI?, strain manipulated DMI** and band-filling control of DMI in
weakly ferromagnetic insulators®™. As shown in Figs. 2f and S3, the
chirality may not flip as designed in an engineered-DMI system. It is
due to the short DW length in the narrow DMI region of the same sign
or some pinning defects caused by inhomogeneous Pd layers®. Fur-
ther enhancing the strength of engineered-DMI can achieve better
control of chirality according to Fig. 2g. Advanced patterning of the
DMI energy landscape and precise control over the size of the sky-
rmionic structures will enable more accurate regulation of Q.

In our simulation, the skyrmions (Q =1), antiskyrmions (Q=-1),
and high-Q skyrmionic structures (Q = -2) are driven by spin transfer
torque along the DMI-engineered racetrack. The role of spin-orbit-
torque (SOT) on antiskyrmions and high-Q skyrmionic structures is
usually not considered due to the presence of opposite chirality in
their structures®™’. We simulate SOT-dynamics on a racetrack in
which DMI and spin Hall angle (SHA) are simultaneously altered and
find skyrmions, antiskyrmions, and high-Q skyrmionic structures
moving along the racetrack with suppressed skyrmion Hall effect
(Fig. S10 and Methods). The DMI- and SHA-engineered racetrack can
be realized in bilayer systems such as Pd (positive DMI, positive
SHA)/W (negative DMI, negative SHA) and Ir (negative DMI, positive
SHA)/Ta (positive DMI, negative SHA)*. Besides the potential mem-
ory application, stabilizing magnetic skyrmionic structures with
controllable Q also provides a platform for exploring Q-relevant
topological properties, e.g., topological stability®'°. It indicates the
possible potential for the Q-based quantum computation®. More-
over, a magnetic skyrmion of an even azimuthal winding number
placed in proximity to an s-wave superconductor can induce a zero-
energy Majorana-bound state in its core theoretically®’. Related to
that, isolated nano-skyrmions were observed in the Co/Ru(0001)
system. Ru turns superconductive below 0.5K®, and we anticipate
that utilizing the Co/Pd/Ru(0001) system will enable tuning the
topological charge of magnetic skyrmionic structures to an even
number, which may induce a zero-energy Majorana-bound state in
the core of such even-Q skyrmionic structures.

In summary, we have successfully controlled the Néel-chirality of
domain walls and the topological charge of magnetic skyrmionic
structures through DMI engineering in the [Ni/Col,/Pd/W(110) system.
The results have been verified by LEEM/SPLEEM imaging and Monte-
Carlo simulations. By changing the DMI energy landscape of the whole
system, transitions from trivial bubbles and antiskyrmions to sky-
rmions are demonstrated. Using micromagnetic simulations, the
current-driven motion of various magnetic skyrmionic structures on
the DMI-engineered racetrack with suppression of the skyrmion Hall
effect is achieved. Our findings of tunable topological charge of
magnetic skyrmionic structures based on the DMI engineering further
open up new vistas for topology in magnetism.

Methods
Anisotropic DMI matrix transformation
The anisotropic DMI matrix in 2D system can be written as:

D= b0 3
(5 ) G

The operation matrix of rotating 0 angle along the z-axis in 2D
system can be written as:

cos 6
sin@

RZ(O):< —sinB) @)

cos 6

Under the operation of rotating 45° along the z-axis the aniso-
tropic DMI matrix is transformed to

D'= det(R, (45") )R.(45") DR, (45") e <g g > )

Sample preparation

The experiments were performed on Elmitec SPLEEM IlI at the National
Laboratory of Solid State Microstructures and the Department of
Physics at Nanjing University. To clean the W(110) substrate, cycles of
flashing to 1850 °C were done in an oxygen background at 3 x 108 Torr
until the surface was free of carbon, confirmed by Auger electron
spectroscopy (AES), low-energy electron diffraction (LEED), and low-
energy electron microscopy (LEEM). Additional flashing removes the
adsorbed oxygen from the surface. Pd, Co, and Ni layers were depos-
ited by molecular beam epitaxy (MBE) in the SPLEEM chamber under
ultra-high vacuum (UHV) with a base pressure of -4 x10™ Torr. The
pressure was around -5x107° Torr at the time of growth. The film
thicknesses were calibrated via oscillations of the LEEM intensity (grow
Co, Ni, Pd at room temperature with ~1.5 eV imaging electron energy)
and via directly visible step-flow growth in-situ LEEM at elevated
temperature (Co, Ni growth at 400 °C and Pd at 700 °C on W(110) with
~5 eV imaging electron energy).

To prepare the DMI-engineered surfaces, we first grow Pd on
W(10) in the range of 0.3-0.7 ML at 700 °C. This leaves 30-70% of the
surface area covered with 1ML Pd, and the rest of the surface area is
bare W(110) substrate. After cooling the sample back to room tem-
perature, we continued to grow an additional -1.9 MLPd, so that
thicknesses of the resulting Pd film regions straddle the zero-DMI point
of the [Ni/Co],,/Pd/W(110) system when the Pd thickness is ~2.4 ML*, At
this point, 30-70% of the surface area is covered with ~1.9 ML Pd
(negative-DMI, right-handed chirality), and the rest of the surface area
is covered with ~2.9 ML Pd (positive-DMI, left-handed chirality). [Ni/
Co], multilayers were deposited onto these inhomogeneous Pd-
thickness surfaces at room temperature. The thickness of Ni and Co
was tuned to provide perpendicular magnetic anisotropy (PMA), and
the in-plane uniaxial anisotropy induced by W(110) is balanced by the
opposite magnetoelastic coefficients of Ni and Co. Oxygen adsorption
was done by controlled leaking of high-purity oxygen (99.999%) at a
pressure 1x107 Torr. The total amount of oxygen introduced in the
chamber is one Langmuir, and its coverage is calibrated by LEEM-IV
measurements of the changes in the work function of Ni surface®*?,
which corresponds to -0.2 ML chemisorbed oxygen layer for the data
in Fig. 4 %

Magnetic imaging, chirality analysis, and image registration

Real-space magnetic images were observed using the Elmitec SPLEEM
IIl. The spin-polarized electron beam was generated by photoemission
from GaAs(001) activated to negative electron affinity by cycles of Cs
and oxygen deposition in a “yo-yo” treatment. The magnetic contrast
in SPLEEM images represents the asymmetry of the spin-dependent
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reflection, which is A=(LEEM,,, — LEEMyo,,)/(LEEM,, + LEEM4q,,,). A
is proportional to P - M where P is the spin polarization of the incident
electrons (-27% in the instrument), and M is the surface magnetization
of the sample. To optimize the magnetic contrast, the incident elec-
tron energy was set to 2 eV, and all SPLEEM images were measured at
room temperature. The M,, M, and M, components of the magneti-
zation M were imaged by aligning the spin polarization of the electron
beam along W[1-10], W[0O01], and WI[110] directions, respectively. To
get the colourized compound SPLEEM image, M, and M,, components
were mapped on the hue and the M, was mapped on the lightness in
the hue-saturation-lightness (HSL) color space. The magnetic domains
and domain walls are mapped separately to maintain low noise levels.

The analysis of Néel-chirality/Bloch-chirality from SPLEEM images
or simulated images was done in the following steps. First, the angles
between the domain wall normal direction vector n or tangential
direction vector ¢ located at the center line of the domain wall and the
unit direction vector e, (pointing from spin-down to spin-up domains)
were calculated pixel-by-pixel:

_1({OM, /0y
— 1 z
n-e =tan (0M2/6x> (6)
_1(OM,/0x
— 1 z
t-e,=tan (aMz/ay> )

Then, the angle between in-plane magnetization direction m and
the unit direction vector e, was determined pixel-by-pixel through:
m-e. =tan™! (My/MX> 8)
Néel-chirality or Bloch-chirality was defined from the angle
between the magnetization direction m being parallel to the geometric
normal to the domain wall direction n, or parallel to the domain wall
direction ¢, respectively. To better characterize the global chirality of
in-plane magnetic domain walls in the PMA system, we multiply the
angle by a factor that additionally describes the proportion of in-plane
components. Finally, we calculated the strength of Néel-chirality N and
Bloch-chirality B for every pixel on the SPLEEM images or the simulated
images through:

/2 — tan! (|Mz|/ M2 +Mj)
m/2

N=(m—n)-e, ©)

/2 — tan! (|Mz|/ M2 +M§>
m/2

B=(m—t)-e, (10)

For low-noise SPLEEM images, average images were formed from
stacks of SPLEEM images acquired sequentially, after possible drift
within the sequences of SPLEEM images was corrected using Matlab
software based on the normxcorr2 function. The registration between
LEEM images of Pd-stripes and SPLEEM images of magnetic domains/
domain walls was all based on step bunches of the W(110) substrate,
which were clearly resolved at all stages of sample preparation,
including after Pd layer and [Ni/Co],, multilayer deposition. The sta-
tistics in Fig. 2f, analysis in Figs. S8 and S9 were obtained by extracting
the boundary in LEEM and Néel-chirality images using Matlab software
based on the bwtraceboundary function.

Monte-Carlo simulations

The Monte-Carlo simulations were carried out using a two-dimensional
model®®, where exchange interaction, dipolar interaction, perpendi-
cular magnetic anisotropy (PMA), and DMI are considered. The

Hamiltonian can be written as:

rj> S;-

3s, - (ri -
M=~ S8 —Dapy_
(i) Lj

—K. Y S = Dy (SixS))
i (&)

an

where §; and §; are spins located on atomic sites i and j in the two-
dimensional plane, r; and r; are the position vectors of the spin blocks
in sites i and j. The dimensionless parameters /, Dgip, K, and D;; are used
in simulations corresponding to exchange interaction, dipole interac-
tion, PMA, and DMI, respectively. The engineered DMI and initial
magnetic domain configuration in the simulations were loaded from
the extracted Pd-stripe in LEEM images and the out-of-plane magnetic
domain in SPLEEM images, respectively. The initial spins inside the
domain walls were set to point up or down to break the in-plane
symmetry, followed by annealing to an energetically stabilized state.
The temperature in the simulations is represented by allowing spins to
fluctuate according to Boltzmann statistics®. For the simulation results
summarized in Figs. 2e, g S3d, h, i and 3a-h, the values
J=1,D4;,=0.1,K,=0.65 were assumed. D;=0.20 for the simulation
results in Figs. 2e and S3d, h, i. D;=0.15 for simulated results of
magnetic skyrmionic structures in Figs. 3a-h and S5. To simulate the
Lpy — Dy phase diagram in Fig. 2g, the step size for the width of
uniform DMl is set to 2 grids, and the step size for the strength of DMI
is set to 0.01. In order to simulate the role of flipping the DMI sign by
introducing oxygen in the experiment, the ground state of the
alternating-DMI case is re-input as the initial state of the
homogeneous-DMI case, as summarized in Fig. 4i-p. To simulate the
ground state of the magnetic skyrmionic structures, the iteration times
are set to 100,000 or more (Fig. S7).

Micromagnetic simulations

To study the dynamics of various magnetic skyrmionic structures on
the DMI-engineered racetrack, the micromagnetic simulations were
performed using MuMax3°, The magnetization dynamics are descri-
bed by the Landau-Lifshitz-Gilbert (LLG) eq.:

om _ y

ot 1+a? 12

[mxH g +amx (mxH )]

where m is the reduced magnetization, y is the gyromagnetic ratio, a is
the dimensionless damping parameter, Hg is the effective field. The
Zhang-Li spin transfer torque takes the form:

1+pa —-a
TSTT=%mX(mX(u'V)m)+f+aZ

mxu-V)m (13)

HgP

u= 2epM. (1 N ﬁz>-l (14)

Where g is the non-adiabaticity of spin-transfer-torque, y; is the Bohr
magneton, P is electrical current polarization, j is electrical current
density.

The spin-orbit torque takes the form:
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b =Eaq, 17)

p=sign(ay)jxn 18)

a; and b, correspond to the damping:-like (Slonczewski-Berger)
term and field-like term. # is reduced Planck constant. ay, is spin Hall
angle of heavy metal.

For the racetrack investigations, a 512 x (64,80,110 in Figs. 5a, b, ¢
and SI10 a, b, c, respectively) x1 grid was used with cell sizes of
1x1x1nm. The other simulation parameters are as follows: saturation
magnetization M;=0.58 MA/m, exchange stiffness A=15pJ/m, per-
pendicular magnetic anisotropy K,=220KJ/m?, interfacial DMI
D;=05~3 mJ/m?2, damping constant a=0.1, non-adiabaticity of
spin-transfer-torque f=0.2, electrical current polarization P=0.4,
electrical current density j=01~ 6x102A/m? in spin-transfer-
torque simulation, and j=0.1~ 4x10"A/m? in spin-orbit-torque
simulation. Spin Hall angle a;, =0.15. The ratio of field-like term to
damping-like term &= —2. The electrical current density
J=1x102A/m? was used in Fig. 5a, b, ¢ and j=5%x10"" A/m? in
Fig. S10a, b, c.

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