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ABSTRACT: Skyrmion Hall effect (SKHE) remains an obstacle for the application of
magnetic skyrmions. While methods have been established to cancel or compensate
SKHE in artificial antiferromagnets and ferrimagnets, eliminating intrinsic SKHE in
ferromagnets is still a big challenge. Here, we propose a strategy to eliminate SKHE by
intercalating nonmagnetic elements into van der Waals bilayer ferromagnets featuring
in-plane ferromagnetism. The in-plane magnetism, along with a delicate balance
among exchange interactions, Dzyaloshinskii—Moriya interactions (DMI), and
magnetocrystalline anisotropy, creates interlayer bimerons/quadmerons, whose
polarity can be controlled by DMI. Opposite DMI in the upper and lower layers results in opposite polarity and topological
charge number Q-locking of topological spin texture, therefore, eliminating the SKHE. By intercalating Sr (Ba) in bilayer VSe,, we
identify ten topological magnetic structures with zero topological charge number. Furthermore, we present a phase diagram
illustrating diverse magnetic configurations achievable within the bimagnetic atomic layer, offering valuable guidance for future
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investigations.
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M agnetic skyrmions, characterized by a particle-like
magnetic whirl with nontrivial topology,' > have been
intensively studied”*™'% due to their intriguing fundamental
physics, and promising applications in advanced spintronics,
e.g, the state-of-the-art racetrack memory.* " A key aspect of
their role in racetrack memory involves the efficient control of
creation, motion, and detection of skyrmions. Numerous
approaches have been proposed to generate diverse types of
skyrmions, including Bloch skyrmion,'"'* Néel skyrmion," "
meron,”*~!” bimeron,"¥™*! antiskyrmion,zz’23 and so on.
Despite notable progress, the practical implementation of
skyrmions in spintronic devices remains elusive due to many
challenéges, such as its lateral motion driven by Magnus
force,”°™*® which is known as the skyrmion Hall effect
(SkHE).29’3O

The Magnus force is proportional to the topological charge
number Q, and its direction is determined by sign of Q.1 #3132

Q is defined as Q = i/m(r)-[arg—ir) X arg—)(;)] &r (m(r) is

the magnetization density), which can be obtained by counting
the number of times that magnetization vector field m wraps
the Bloch sphere.” From this perspective, skyrmions emerging
in ferromagnetic materials, such as Bloch skyrmion, Néel
skyrmion, meron, and bimeron with integer or half-integer Q,
would laterally drift to the edge and consequently be
destroyed. Until now, strategies to eliminate the SKHE on
artificial antiferromagnetic system and ferrimagnetic systems
are well-known,'”?7283%3>  while eliminating SKHE in
ferromagnetic systems is still a big challenge. Recently, two
strategies in experiments to eliminate SKHE in ferromagnetic

24,25

© XXXX American Chemical Society

7 ACS Publications

systems were reported, including electric field manipulation®®

and helical stripe domain modulation.”” The generation of
intrinsic SKHE-free ferromagnetic skyrmion, however, remains
unclear.

In this paper, based on a double-magnetic-atomic-layer
interaction model, we propose a novel mechanism to eliminate
the SKHE in in-plane ferromagnetic systems characterized by a
reversal Dzyaloshinskii-Moriya interaction (DMI) within the
neighboring two ferromagnetic layers. The in-plane ferromag-
netism accompanying with appropriate D/ \/]? (J is the
intralayer magnetic exchange coupling, K is the magneto-
crystalline anisotropy) give birth to meron or bimeron, while
the interlayer symmetry (S) insures the reversal D (rD) within
the two magnetic layers, thus generating opposite Q within the
two magnetic layers, resulting in a zero Q (Q) of the locked
interlayer bimeron (or interlayer quadmeron) and the absence
of SkHE. We name such a mechanism SrDQ. The SrDQ
mechanism is verified by two intercalated structures MV,Se,
(M = Sr, Ba), and 10 new topological magnetic structures (S
types) with zero Q are obtained. In addition, the evolution of
topological spin textures and Q under an external magnetic
field and the variation of magnetic interaction parameters are
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mapped out. Micromagnetic simulations verify the elimination
of SKHE under a current density lower than 5500 X 10" A/m?.
The topological magnetic structure can be solely determined
by three distinct numbers (m, p, y), where m, p, and y are
vorticity, polarity, and helicity, respectively.”*”** The magnetic
density of a topological spin texture can be expressed as

(x y . )[ﬂ]
m(r) = || = cosy — m= siny | sin| —r |,
r r

o

(x . : ) - [ﬂ ] [ﬂ ]
—siny + m= cos y | sin| —r |, p cos| —r
r r 1, 1,

where r, is the radius.** The topological charge number Q is
jointly determined by vorticity m and polarity p, and can be
expressed by Q = m - p (see details in SI section 1.1), where

p= —% cos 9(r)|$°: o and m = i(l)((ﬁ) éﬂ'-: o+ The Mag-

nus force F is proportional to Q, F = Gz X j, where G = 4zQ,
the zero net Q results in canceled F. Therefore, the topological
spin texture moves without transverse motion, that is, the
canceled SKHE. Despite the discovery of magnetic skyrmions
in various 2D ferromagnetic monolayers, they typically exhibit
nonzero Q, we then turn to the double-magnetic-atomic-layer
systems. The opposite Q occurring in top and bottom
magnetic layers indicates that one of their polarities and
vorticities is the same, while the other is opposite. For the
interlayer Bloch and Neéel type biskyrmions under interlayer
ferromagnetic coupling, their polarity and vorticity in each
layer are fixed by the same outermost spin orientation,
resulting in the same Q in both layers (as shown in Figure S3);
thus, they cannot harbor FM-coupled interlayer biskyrmion
with zero Q. However, for Merons and bimerons, their polarity
cannot be fixed by the outermost spin orientation, thereby
offering a potential platform to achieve zero Q.

Figure 1 depicts two strategies to design interlayer bimeron
with zero Q, which is vertically stacked by two merons. The
noncollinear spin textures of a material is often attributed by
DMI,*** the Hamiltonian form of DMI is given by
H= —Zw. Di}--(Si X S’.). In magnetic monolayers and bulk

materials, the broken central inversion is a necessary condition
for the appearance of D, which arises from spin—orbit
coupling.’” In a double-magnetic atomic-layer system with
central inversion (case 1), there may be a net D hidden within
each layer, which can be explained by symmetry operation.
Given a symmetry operator A = {Alt}€ space group G
performing on the DM vector D, where A is the rotational part,
A € SO(3) and t is the translational part, D turns into D’, there
is the transformation formula: D’ = det[A]AD, as derived from
SI section 2.2. We obtain

T
Dyy = ~Dyy = =D = (=D, ~D,, ~D) 0

i.e,, the top and bottom magnetic layers have opposite DMI
values. Such a result is easy to understand since the system
with inversion symmetry does not contain net DMI. However,
symmetry breaking exists in each magnetic layer, leading to the
generation of DMI in each layer. Therefore, the DMI values in
the upper and lower layers has opposite signs, while for the
mirror symmetry (case 2, see details in SI section 2.3)

T
D, =(-D, -D, D,) )
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Figure 1. Design strategy of SrDQ to eliminate SKHE in double-
magnetic-atomic-layer ferromagnets. (a) Schematics of designed
systems containing two ferromagnetic layers connected by inversion
symmetry or mirror symmetry. The j and k atoms in the top layer
correspond to the j' and k' atoms in the bottom layer due to the
inversion or mirror symmetry. The ferromagnetic upper and lower
layers have reversal DM coefficients (D, Dy) and (=D, —Dy),
respectively. (b) Schematic shows the relationship between the sign of
D, and the chirality along the x direction. Reversal of D results in
reversal of chirality. ACW and CW represent the anticlockwise and
clockwise chirality, respectively. (c) Example of Q = 0 locked
interlayer Néel bimerons. In case of the same m and opposite chirality,
the opposite polarities in the ferromagnetic double layers are more
energy favorable, resulting in the opposite Q within the two layers and
zero of the whole system. (d) Schematics of the canceled skyrmion
Hall effect of the SrDQ system. Q determines direction of Magnus
force (labeled by pink arrows). Driven by the horizontal current j,
(labeled by purple arrow), a single meron drifts to the boundary and
finally disappears (labeled by black arrow). However, the zero Q in
the interlayer bimeron leads to a complete cancellation of the Magnus
forces, resulting in the movement of skyrmion along the current
without transverse motion.

It has similar explanations as following. The mirror symmetry
connected homostructure does not contain net in-plane DMI;
however, in-plane DMI exists in each magnetic layer.
Therefore, the in-plane DMI in the upper and lower layers
have opposite signs.

The in-plane D dominates the chirality of the 2D topological
magnetic materials. A reversal D locking of bilayer magnetic
layers leads to the same vorticity and opposite chirality*'~**
locking, as shown in Figure 1b. The topological magnetic
structures with opposite chirality and the same vorticity (m)
locking in the upper and lower layers, when mapped onto the
two degrees of freedom of the topological magnetic structure,
can be divided into two scenarios: Case 1, py, = —Ppottom Yiop =
Ybottomy Tesulting in zero Q of the interlayer bimeron; Case 2,
Ptop = Phottoms Ytop = ~Vbottom OF Yiop = 7V bottom resulting in a
reduplicated Q. Taking Néel-type merons as an example, as
shown in Figure Ic, if the top layer’'s Néel meron is
characterized as (1, —1/2, x), due to the reversal D locking,
the possible merons occurring in the bottom layers are locked
as (1, 1/2, =) and (1, —1/2, 0); see details in Figure S4.

The Hamiltonian for nearest neighbor interlayer interaction
of the systems can be expressed as

Hy, = Z Sbil']bt'sti
ii (3)
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Figure 2. Structures and topological spin textures of MV,Se, monolayers (M = Sr, Ba). (a) and (b) Top and side views of SrV,Se, and BaV,Se,,
respectively. The light green area indicates a unit cell. (c)—(f) Monte Carlo simulations of magnetic configurations of MV,Se, without external
field. (c) and (e) The zoom-in spin textures of SrV,Se, on interlayer bimeron and interlayer quadmeron, respectively. (d) and (f) The zoom-in spin
textures of BaV,Se, on interlayer bimeron and interlayer quadmeron, respectively. The gray spins represent in-plane ferromagnetic backgrounds,
while colors are assigned for the positive (red) or negative (blue) out-of-plane components of spins. (g) Five types of spin texture forms with SrDQ
in MV,Se,, as can be distinguished by (m, p, 7). The black line segment inserted in all panels indicates a scale bar of S nm.

where ti represents the top atom at i site, and bi’ represents the
bottom atom at i’ site, and ], is the interlayer coupling
between the upper and lower layers. Assuming that m radial
lines emit from the core center of meron, according to the
derivation in SI section3.1, the energy of interlayer coupling of
topological structures can be expressed as

(m — 1)-]“-82, case1: Q=0

Ey, = )
—(m —1)-],-S% case 2: Q = —1

m>1méeEN (4)

The ferromagnetic coupling between the upper and lower
layers prefers opposite p locking. Finally, the (1, —1/2, x)
meron of the top layer is locked with the (1, 1/2, 7) meron of
the bottom layer, as shown in Figure 1(c), thus Q = 0, while
antiferromagnetic coupling favors the same p locking, thus Q =
—1 (see Figure S6). The above mechanism is universal to all
topological magnetic structures whose polarity is not fixed by
the ferromagnetic background, such as interlayer quadmeron.
The zero Q case, results in the elimination of SKHE, as
illustrated in Figure 1d.

In order to identify promising candidates, we focus on
materials with in-plane magnetism and substantial interlayer
interaction. The in-plane ferromagnetism is conducive to

hosting half-integer-Q skyrmions,45’46 while substantial inter-

layer interaction serves to stabilize interlayer bimeron (and
interlayer quadmeron). The intercalated structures’ ~*’
consist of bilayer magnetic materials and an intercalated
atomic layer have potential to fulfill these two requirements.
We take the experimental realized two-dimensional (2D)
magnetic material 1T-VSe,”’™> as an example to identify
potential candidates, some atom intercalated structures have
been synthesized recently.”* High throughput calculations are
performed to screen ideal intercalated element sandwiched
with two VSe, layers and find that the intercalated alkaline
earth metals Sr or Ba would result in an intrinsic in-plane
ferromagnetism and a substantial interlayer coupling. Eight
stacking modes are considered to identify the ground state
structure (SI sections 4.1 and 4.2). The ground state structures
of SrV,Se, and BaV,Se, are shown in Figure 2a,b, which have
central-inversional and mirror symmetry, respectively. These
structures are thermodynamically, dynamically, and thermally
stable as shown in Table S3, Figures S9 and S10. Both
structures have C;, symmetry, and in-plane ferromagnetism
with magnetic moment of 2 uB per V atom (Figures S11—S13
and S14). According to Moriya rules, C; symmetry ensures
that the average contribution of the out-of-plane D component
is zero for each layer, while the in-plane component remains
nonzero. The in-plane DMI of MV,Se, (M = Mg, Ca, Sr, Ba)

https://doi.org/10.1021/acs.nanolett.4c02060
Nano Lett. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c02060/suppl_file/nl4c02060_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c02060/suppl_file/nl4c02060_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c02060/suppl_file/nl4c02060_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c02060/suppl_file/nl4c02060_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c02060/suppl_file/nl4c02060_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c02060/suppl_file/nl4c02060_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c02060?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c02060?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c02060?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c02060?fig=fig2&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.4c02060?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

B, (T)

-A-Neel meron-b -’-bimeron-t

V¥ Neel meron-t -4 bimeron-b
] e A AAAAAAAAA S
101 S0P G000

-0.4 -0.2 0.0 0.2 0.4
B, /B, (T)

Figure 3. Evolution of S¥rDQ systems under external magnetic field. (a) and (b) The evolution of type III and V topological magnetic structures
under magnetic field along the z direction, respectively. (c) and (d) The evolution of topological charge number Q values under external magnetic

field along the z and «x/y directions, respectively.

in one magnetic layer is shown in Figure S15(a). Mg and Ca
exhibit a much weaker SOC effect than Sr and Ba, resulting in
much smaller in-plane DMI of MgV,Se, and CaV,Se,
compared to those of SrV,Se, and BaV,Se, and cannot
generate interlayer bimeron. In Sr and Ba intercalated
structures, Sr and Ba primary contributions to AEgyc in
SrV,Se, and BaV,Se, (Figure S15(b)). The relatively heavy
nonmagnetic Sr/Ba atoms act as effective sites for spin—orbit
coupling scattering, which is an indication of Fert-Levy
mechanism and crucial for DMI generation.

The generalized quadratic Heisenber% spin Hamiltonian
model®™ and the four-state method®®®’ are employed to
calculate the magnetic coupling parameters for both intra- and
interlayer interactions, listed in Tables S4 and SS. Monte Carlo
(MC) simulations are then performed to determine low-energy
spin textures, as shown in Figure 2c—f. Due to the reversal of D
locking, m and y of the meron or bimeron at top and bottom
layers are the same, while Q and p are opposite. Distinguished
by m, p, and y, 10 topological magnetic structures with SrDQ
are obtained (as illustrated in Figure 2g); according to its
different in-plane magnetization, i.e, m and y, they can be
divided into five groups: interlayer Néel bimeron (type I),
interlayer Bloch bimeron (type II), interlayer anti bimeron
(type 1II), interlayer anti-Neel quadmeron (type IV), and
interlayer anti-Bloch quadmeron (type V), respectively.
Without an external field, the sizes of Types I-III are about
4.8 nm, while those of Types IV and V are about 4.8 X 7.2
nm? The cores of two merons in each intralayer bimeron are
separated by a distance of around 8a (a is the lateral lattice
constant), aligning with the lowest energetic configuration for a
bimeron reported in ref 58. From Figure S17 we can see that
the topological magnetic structure of SrV,Se, is robust under
15 K. Since the transition temperature is mainly determined by
the magnitude of the exchange interaction strength (Figure
S18), increasing the exchange interaction strength will increase

the stability of the topological magnetic structure. As reported
in previous literature,'” TL,NO, with AA’ stacking possesses an
exchange interaction value up to 30 meV, higher than that of
SrV,Se, (7 meV). Our MC simulation indicates that the
interlayer bimeron/quadmeron generated in TI,NO, with AA’
stacking can be stable up to 160 K.

Figure 3 illustrates the evolution of topological spin textures
of the interlayer bimeron and interlayer quadmeron under a
magnetic field. The topological spin textures remain
undestroyed under external magnetic field 2.0 T. As shown
in Figure 3a, if the sign of polarity and magnetic field B, is the
same, a single meron expands and would finally disappears
with increasing of B,. While the sign of polarity and magnetic
field is the opposite, a single Meron contracts and would also
finally disappear with an increase of B,. Due to the opposite
polarity in our studied interlayer bimeron, one meron expands,
while the other contracts under nonzero B,. In an interlayer
quadmeron, the variation of each single meron under a
magnetic field is similar, as illustrated in Figure 3b. The Q of
the interlayer bimeron evolves with B, is shown in Figure 3c.
As can be seen, the absolute Q increases from 0.5 to around 0.7
as the single meron expands, while it decreases from 0.5 to 0.3
as the single meron contracts, resulting in a nonzero overall Q
under the external field B, smaller than 2.0 T. For interlayer
quadmeron under the external field B,, the Q remains zero.
Such phenomena can be explained as following. The mapping
of a two-dimensional meron to a three-dimensional space
corresponds to a hemisphere. When B, is applied on a meron,
all spins of a meron add a polar angle ', by adding the angle
integral over the corresponding hemisphere, Q is changed by a
value of sin &, resulting in the continuously changed Q for
interlayer bimeron. One bimeron consists of two merons with
opposite polarity and vorticity. A broad expression for one
bimeron of interlayer quadmeron (type IV and V) is

(1, i%, y)/(—l, ?%, y’), the other can be expressed as
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Figure 4. Phase diagram of the ferromagnetic bilayer with different reversal D. (a) The phase diagram of spin textures with different D and
magnetocrystalline anisotropy K, where the intralayer exchange coupling parameter ] = 7.5 meV. (b) The zoom-in spin textures labeled by color

boxes in (a). (c) Linear scaling relation between D and \/]—K of Néel-SkX/Meron and Néel-SkX/trivial boundary.

(1, 1%, }/)/(—1, i%, }/’). The applied magnetic field along z

direction result in an additional inclination @’ near the z axis to
the overall topological spin texture. The core spin does not
change its direction along the z axis, the vorticity m does not
vary with the applied magnetic field, from eq $2.1.2,

’ 1 00 1 -
p—op = _E[COS 012, = E[COS 9]272”—0/

. 1 .
letda =sinf, a < > there is
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under the external magnetic field B,. The character of a

bimeron ( » £ y)/ ( ,+ y) turns into a new form

(1, i% - a, y)/(—l, 1; - a, )/); hence, the Q value
remains unchanged, as illustrated in Figure 3c. By extension,
among multiple meron states, those with an integer Q are more
stable than those with a half-integer Q under the external field
B, the former Q keep unchanged. The Q values of interlayer

bimerons and quadmerons in MV,Se, are both robust under
the in-plane magnetic field smaller than 0.5 T. as shown in
Figure 3d.

The impact of different magnetic interactions on the
magnetic structure of double-ferromagnetic-atomic-layer sys-
tems is further investigated. We summarize in Figure 4a the
phase diagram of spin textures as a function of D and K in the
ferromagnetic bilayer systems with reversal D. K > 0 favors the
in-plane ferromagnetism, while K < 0 favors the out-of-plane
ferromagnetism. When K > 0, the meron state occurs at
relatively small D values; as D increases, the meron phase
moves toward a higher K, and bimeron/multiple-Meron states
appear; With a further increase of D, the bimeron/multiple-
Meron phase moves toward a higher K, and the domain walls
and skyrmion states appear. The curve formed by the dash line
is the dividing line between isolated meron state and bimeron/
multiple-Meron state. The dashed and dotted curve is the
dividing line between the bimeron/multiple meron state and
the skyrmion state. When K < 0, the skyrmion state occurs at
relatively small K values and large D values; as the magnitude
of K increases, the skyrmion phase moves toward a higher D.
The curve formed by the solid line is the dividing line between
the skyrmion state and the trivial magnetic domain wall.

To facilitate the rational design of topological magnetic
structures, a universal descriptor based on the magnetic
parameters D, ] and K can be established. We perform a linear
fitting of the relationship between D and \/IJTI, as
demonstrated in Figure 4c, corresponding to the dashed and
dotted curve and solid curve in Figure 4a. Prior studies on out-
of-plane ferromagnetic monolayer systems with K < 0
indicated the emergence of the Néel-SkX phase require an

appropriate D/ \/lj?l slope ranging between 0.1 and 0.2.%°%%
In the ferromagnetic bilayer system with out-of-plane
ferromagnetism, the slope is 0.37. The interlayer ferromagnetic
coupling in the Hamiltonian can be effectively considered as a
finite built-in magnetic field. Consistent with previous
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Figure S. Current-driven motion of FM-coupled interlayer bimeron and AFM-coupled interlayer biskyrmion. (a) and (b) The velocities of
interlayer bimerons and interlayer biskyrmions as functions of low and high driven current densities j,, respectively. (c) The critical coupling
current density j, (black line) and the meron diameter d (unit: lattice constant) (red line) as a function of the interlayer FM exchange stiffness A,
For the current density above the black curve, the interlayer bimerons will decouple. (d) and (e) Top views of the trajectories of an FM-coupled
interlayer bimeron in the top and bottom FM layers at j; = 100 X 10'° A/m? and ja= 5500 X 10'° A/m?, respectively. The size of the FM-coupled
bilayer nanotrack is 512 X 128 nm? D = 3 mJ/m” and the interlayer exchange stiffness |A;,/ = 6 pJ/m, the Gilbert damping, and coefficient a = 0.3

are used in the simulations.

research,” a stronger magnetic field correlates with a steeper
slope, suggesting that multimagnetic-atomic-layer systems need

a larger ratio of D and /IJK| to stabilize the skyrmion phase. In

the ferromagnetic bilayer system with in-plane ferromagnetism
(K > 0), the criterion for the generation of Néel-SkX and
meron/multimeron is derived as 0.52. D/ \/ﬁ slightly smaller
than 0.52 is required to harbor meron.

Micromagnetic simulations are performed to investigate the
dynamics and stability of interlayer bimerons at different
driven current densities j;. As shown in Figure Sa, FM-coupled
interlayer bimeron exhibits a critical driven current density
threshold of ~0.01 X 10'® A/m?, an order of magnitude lower
than that of the AFM-coupled interlayer biskyrmion,”’
suggesting lower energy consumption. At current densities
exceeding 1000 X 10'® A/m? the velocities of FM interlayer
bimerons reach the same magnitude as those of the AFM-
coupled interlayer biskyrmion (Figure S(b)).

When the driven current density j; is too large (>5500 X
10" A/m?), the Magnus force goes beyond the interlayer
coupling strength, resulting in SKHE, ie., decoupling of the
merons in the upper and lower layers. The commonly used
STT-driven current density range for skyrmions in experiments
is 0.1-100 X 10'® A/m?%*”°"* fal entirely within the range of
0.01—5500 A/m” for eliminating the SKHE. Figure 5(d) shows
the straight motion of interlayer bimeron at a driven current
density of 100 X 10'® A/m? while Figure 5(e) shows the
decoupling motion of the interlayer bimeron at a j; = 5500 X
10'° A/m’. Considering the presence of local defects, when an
interlayer bimeron approaches the defect (<5 nm), its speed

decreases and can be pinned by the local defect, as shown in
Figure S19. However, a large applied current can depin the
interlayer bimeron, restoring the previous dynamic behavior.

In order to design promising materials and devices based on
the interlayer bimeron in the future, several key steps must be
taken. First, the system should meet symmetry conditions to
generate interlayer bimeron, which can be achieved by stacking
two homogeneous magnetic atomic layers or intercalating
atoms in the middle of homogeneous magnetic bilayer, thereby
ensuring the entire system possesses an inversion center i or
mirror plane mﬂy; then, large exchange interaction J and D can
be achieved by materials selection to enhance the critical
temperature of a stable interlayer bimeron. High Curie
temperature 2D magnetic materials with in-plane ferromag-
netism (large J) should be selected. Large D can be achieved
by selecting 2D materials with heavy anions or heavy
intercalated atoms.”® Finally, a schematic diagram illustrating
how to generate, manipulate, read, and delete information in a
racetrack memory device based on the interlayer bimeron is
shown in Figure S20.

In this work, we have proposed a new design principle to
achieve a coupled topological magnetic structure with Q = 0,
ie, the SrDQ mechanism. Based on symmetry analysis,
relationships are elaborately discussed between intra- and
interlayer symmetry and D. In the MV,Se, (M = Sr, Ba)
systems, 5 types comprising ten Q = 0 topological magnetic
structures were discovered. The topologically proctected spin
textures remain stable under finite external magnetic fields. For
FM-coupled bilayer magnetic topological structures coupled
with reversal D, we provided a general criterion for their
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relationships with interlayer coupling and magnetocrystalline
anisotropy K, also presented a phase diagram. In the current-
driven spin dynamics, the elimination of SKHE of the interlayer
bimeron is verified under a current density lower than 5500 X
10'° A/m? and the FM-coupled interlayer bimeron exhibits a
driven current density threshold of 0.01 X 10'® A/m? an order
of magnitude lower than the AFM-coupled interlayer
biskyrmions. Beyond our studied MV,Se, monolayer system,
there remain many other unexplored SrDQ systems based on
our symmetric design await further exploration, e.g., homo-
junction,é4 sandwich-like heterostructure,”>®> sandwich-like
multiple atomic layered monolayer,”® and so forth. Our design
strategy can enrich the SKHE-free skyrmions family can enrich
the design strategy and explain relationships between the
spatial symmetry and topological magnetic structures over
broad compositional spaces.
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