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Paradoxical Topological Soliton Lattice in Anisotropic
Frustrated Chiral Magnets

Sayan Banik, Nikolai S. Kiselev,* and Ashis K. Nandy*

2D chiral magnets are known to host a variety of skyrmions, characterized by
an integer topological charge (Q ∈ ℤ). However, these systems typically favor
uniform lattices as thermodynamically stable phases composed of either
skyrmions (Q = −1) or antiskyrmions (Q = 1). In isotropic chiral magnets,
skyrmion-antiskyrmion coexistence is typically transient due to mutual
annihilation, making the observation of a stable, long-range, ordered lattice a
significant challenge. Here, this challenge is addressed by demonstrating a
skyrmion-antiskyrmion lattice as a magnetic field-induced topological ground
state in chiral magnets with competing anisotropic interactions, specifically
Dzyaloshinskii-Moriya and frustrated exchange interactions. This unique
lattice exhibits a net-zero global topological charge due to the balanced
populations of skyrmions and antiskyrmions. Furthermore, density functional
theory and spin-lattice simulations identify 2Fe/InSb(110) as an ideal
candidate material for realizing this phase. This finding reveals new
possibilities for manipulating magnetic solitons and establishes anisotropic
frustrated chiral magnets as a promising material class for future spintronic
applications.

1. Introduction

Topological magnetic solitons[1] are magnetization field configu-
rations that maintain stable shapes and sizes over time and can-
not be continuously transformed into trivial configurations, such
as a saturated ferromagnet (FM). They can alsomove and interact
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with each other like ordinary particles. Chi-
ral magnets are the most prominent ex-
ample of a magnetic system exhibiting
a wide diversity of topological magnetic
solitons.[2–14] We commonly refer to these
solitons as chiral magnetic skyrmions.
In these systems, magnetic skyrmions
are stabilized by the competition between
Heisenberg exchange interaction and chi-
ral Dzyaloshinskii-Moriya[15,16] interaction
(DMI). The existence of statically stable chi-
ral magnetic skyrmions was first predicted
theoretically[17] and later confirmed exper-
imentally through both direct[18–25] and
indirect[26] observations of their hexagonal
lattice arrangement in various compounds.
The diversity of magnetic skyrmions

can be classified using the homotopy
group concept. In the case of 2D, the
classifying group is the second homo-
topy group with respect to the 𝕊2 sphere,
which is known to be isomorphic to the
group of integers, 𝜋2(𝕊2) = ℤ. The lat-
ter means that each topological soliton

can be associated with a specific integer called the skyrmion topo-
logical charge:

Q = 1
4𝜋 ∫Ω

m ⋅
[
𝜕xm × 𝜕ym

]
dx dy (1)

where m(x, y) =M/|M| is the unit vector field of magnetization,
and Ω is the skyrmion localization area chosen such that at its
boundary ∂Ω, the magnetization field points in one direction,
m(∂Ω) = m0. Following the standard convention for sign defi-
niteness in Equation (1), we assume a right-handed Cartesian co-
ordinate system and that magnetization at the boundary satisfies
the criterion,m0 · ez > 0. For details, see Refs. [2, 27].
The solitons of opposite topological charges are typically called

skyrmions (Q = −1) and antiskyrmions (Q = 1). In isotropic
systems, depending on the crystallographic symmetry, only one
type of particle, either skyrmion or antiskyrmion, is energetically
most favorable. These particles form periodic lattices with long-
range order in a specific range of the external magnetic field.
Such lattices, composed of one sort of particle, either skyrmions,
or antiskyrmions, have been experimentally observed in various
compounds.[18–26,28]

In this work, we report the paradoxical phenomenon of a
stable regular lattice composed of both skyrmions and anti-
skyrmions. The paradox stems from the fact that, under nor-
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mal conditions, skyrmion, and antiskyrmion act as particle-
antiparticle pairs, exhibiting mutual annihilation or sponta-
neous generation phenomena,[27,29] much like an electron and a
positron. We demonstrate that in systems with anisotropic inter-
actions, including DMI and frustrated exchange, the skyrmion-
antiskyrmion lattice (S-AL) carrying net-zero topological charge
has an equilibrium period and becomes the lowest energy state
within a specific range of externalmagnetic fields. Our claims are
supported by an anisotropic micromagnetic model, followed by
density functional theory (DFT) calculations for a realistic system
and corresponding spin lattice model analyses. In particular, we
demonstrate a prototype 2D chiralmagnet inwhich the discussed
phenomenon occurs. This discovery represents a vital element of
the general theory of topological solitons in chiral magnetic sys-
tems and beyond.
The paper is organized as follows. First, we introduce the min-

imal micromagnetic model that predicts the S-AL phase as the
ground state in 2Dmagnetic systems–a class of magnets we term
anisotropic frustrated chiral magnets. We discuss the connec-
tion between our model and other systems previously studied
in the literature, highlighting the role of specific model parame-
ters in stabilizing the S-AL. Additionally, we report the formation
of stable clusters composed of equal and unequal numbers of
skyrmions and antiskyrmions, demonstrating that annihilation
is not a necessary outcome. Following this, we present a realis-
tic heterostructure–a Fe double layer on an InSb(110) semicon-
ductor substrate–where our DFT calculations and analysis of the
corresponding spin lattice model predict the S-AL phase as the
energetically favorable lowest energy state in a wide range of ap-
plied magnetic field.

2. 2D Magnet with Anisotropic Interactions

We consider the model of 2D magnets, which is composed of
Zeeman energy term, frustrated exchange interaction, and DMI.
The micromagnetic energy functional can be written as follows:

E = ∫ {z(m) + e(m) + d(m)}t dx dy (2)

where magnetization field m ≡ m(x, y) is assumed to be homo-
geneous along the slab thickness t. In the Zeeman energy term,
z = −|M|m ⋅ Bext, the external field is always assumed to be per-
pendicular to the slab. e and d stand for the energy density of
Heisenberg exchange interaction and DMI, respectively.
It is important to note that considering only anisotropic DMI is

often insufficient for accurately describing real systems. A com-
prehensive and consistent model should account for both ex-
change and DMI being anisotropic, reflecting the system’s inher-
ent symmetry breaking, as shown in Figure 1c,e. Because of that,
in our model, the Heisenberg exchange interaction energy with
second-order and fourth-order terms is represented by

e=x

(
𝜕m
𝜕x

)2
+y

(
𝜕m
𝜕y

)2
+ x

(
𝜕2m
𝜕x2

)2
+ y

(
𝜕2m
𝜕y2

)2
(3)

This energy term represents one of the limiting cases of a more
general model,[30] describing frustrated magnets. In terms of the

atomistic spin-lattice model, the exchange energy term can be
approximated by the Heisenberg exchange between the nearest
and the next after-nearest neighbors, as depicted in Figure 1b,c.
The correspondingmicromagnetic terms can be obtained by Tay-
lor expansion of the spin-lattice Hamiltonian with respect to the
lattice parameter.[30] The micromagnetic terms and spin-lattice
coupling constants in a square lattice are related as follows:
 = (J1∕2 + 2J2)∕a and  = −(J1∕96 + J2∕6)a, where a is the lat-
tice constant. More details can be found in Note S1 (Supporting
Information).[31]

In the isotropic case, where x = y =  > 0 and x = y = > 0, the minimum energy of the term Equation (3) corre-
sponds to a collinear FM state. In the case of frustrated exchange
interaction, when  < 0 and  > 0, the ground state of the sys-
tem is a spin spiral (SS) that is degenerate with respect to the
rotation of magnetization m about any arbitrary axis. The equi-
librium period of such a flat SS is defined by the ratio between ex-
change coupling constants, LH = 4𝜋

√∕||. Under the external
magnetic field, its degeneracy with respect to arbitrary rotational
axis is broken. In a range of external magnetic fields, 0 ⩽ Bext <

Bc, the conical SS (cone-SS) is the lowest energy state. So, there
exists a critical field, Bc = 2∕(4Ms), above which the cone-SS
phase continuously converges to a saturated FM state. Notably,
the period LH of the cone-SS does not depend on the strength
of the applied magnetic field. The exchange term Equation (3)
can also be seen as a limiting case of the interaction studied in
Refs. [32, 33]. In these seminal works, the stability of magnetic
skyrmions, driven by higher-order exchange interactions–what is
now often referred to as exchange frustration–was first predicted.
Over the years, the concept of skyrmions stabilized by exchange
frustration has evolved gradually.[29,34–38] However, this type of
skyrmions has not garnered as much attention as DMI-stabilized
skyrmions in pure chiral magnets.
In the model Equation (2), we consider the interfacial type

DMI, which, in the micromagnetic limit, can be written as

d = xΛ
(x)
xz +yΛ

(y)
yz (4)

where Lifshitz invariants are defined as follows,

Λ(k)
ij = mi

𝜕mj

𝜕k
−mj

𝜕mi

𝜕k
(5)

In the atomistic spin-lattice model, it corresponds to the case
where the DMI vector,D, is perpendicular to the r-vector between
the interacting spins, as depicted in Figure 1d,e. Such orienta-
tions of the DMI vectors are common in all 2D systems with Cnv
symmetry. The micromagnetic DMI constants in the case of a
square lattice can be expressed in terms of the spin-lattice model
parameters as follows: x = aDx and y = aDy. The full range
of systems described by model Equation (2) is illustrated in the
diagram shown in Figure 1a. Here, this diagram visually distin-
guishes between three distinctmagnetic regimes: pure frustrated
magnets (blue), pure chiralmagnets (red), and systemswith com-
peting exchange frustration and DMI (magenta).
Our model, incorporating interfacial-type DMI and exchange

frustration, supports two distinct types of SSs. When DMI dom-
inates, the system stabilizes into a cycloidal-SS, as shown in
Figure 1f. In the presence of a nonzero magnetic field and dom-
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Figure 1. Diversity of systems with frustrated exchange and chiral interactions. a) The diagram illustrates the diversity of systems with frustrated Heisen-
berg exchange interactions and DMI, including both isotropic and anisotropic cases. The case studied in the present work corresponds to the system
with anisotropic interaction parameters, i.e., the anisotropic frustrated chiral magnet. b) The schematic representation of the minimal model for the
2D magnet with isotropic frustrated exchange interactions on a square lattice where nearest and the next after-nearest neighbor exchange constants
have opposite sign, J1 > 0 (ferromagnetic) and J2 < 0 (antiferromagnetic), see the spin-lattice Hamiltonian Equation (7) in Experimental Section. c) The
schematic representation of a rectangular lattice with anisotropic frustrated exchange interactions, characterized by unequal exchange coupling con-
stants along the x- and y-directions. d) The DMI vectors between the nearest neighbors on a square lattice for the interfacial type DMI. For an isotropic
system, the absolute values of the DMI vectors in both x and y directions are identical. e) The system with anisotropic DMI on a rectangular lattice,
where the magnitude of the DMI differs along the x- and y-directions. f) A cycloidal spin spiral, often resulting from interfacial DMI in chiral magnets,
characterized by a varying polar angle Θ with respect to the z-axis along the propagation direction. g) A cone spin spiral, characterized by a fixed polar
angle Θ and a varying azimuthal angle along the propagation direction.

inating exchange frustration, the cone-SS depicted in Figure 1g
emerges as the lowest energy state. These SSs can be character-
ized by two fundamental properties: chirality, defined as ∼q · (∇
×m), and polarity, given by ∼|q × (∇ ×m)|, where q denotes the
SS wave vector. The cycloidal-SS in Figure 1f exhibits zero chi-
rality but nonzero polarity. In contrast, the cone-SS in Figure 1g
shows both nonzero chirality and polarity. For reference, helical
SSs, characteristic of systems with bulk-type DMI and not shown
here, display nonzero chirality but zero polarity.
The key parameters of our model define the anisotropy in

the exchange interaction and DMI. The parameter 𝛼 = y∕x =y∕x defines the anisotropy in exchange interaction. In a more

general approach, one could consider the case when
y

x
≠ y

x
,

but here we ignore this option for simplicity of the model. The
anisotropy in DMI is defined by parameter 𝛽 = y∕x. Note that
𝛽 depends only on the absolute values of the DMI vectors, while
their directions are fixed by the lattice symmetry [see Figure 1d
and e]. In the following, we show that anisotropic DMI, 𝛽 < 1,
is the key ingredient for stabilization of the S-AL depicted in
Figure 2b.
The parameters 𝛼 and 𝛽 can be freely adjusted within the range

0 ⩽ 𝛼 ⩽ ∞ and 0 ⩽ 𝛽 ⩽ ∞. However, for definiteness, here,

we assume that 𝛼 ∈ [0, 1] and 𝛽 ∈ [0, 1]. Therefore, the cou-
pling strengths along the y-axis are always weaker than those
along the x-axis. Hereafter, the inherent anisotropy, with the x-
axis as the strong axis and the y-axis as the weak axis, gives rise
to a distinct class of chiral magnets, specifically designated as
anisotropic frustrated chiral magnets. The elongated shapes of
skyrmions and antiskyrmions, clearly visible in Figure 2c, are a
direct consequence of the anisotropic properties of the exchange
interaction and DMI in our model.
In the isotropic case with 𝛼 = 1, 𝛽 = 1, and positive ex-

change coupling constants ( > 0 and  ≥ 0), model (2) sim-
plifies to the extensively studied model of isotropic chiral
magnets.[2–8,11,17,39–41] To date, only systems with isotropic frus-
trated exchange and isotropic DMI (𝛼 = 𝛽 = 1) have been explored
in the literature.[42–51] These systems are represented by the dark
magenta region in Figure 1a. Most of the parameter space within
the isotropic regime can be attributed to known limiting cases of
model Equation (2), which we systematically examine in Note S2
(Supporting Information).[31]

In contrast, anisotropic systems have been primarily studied in
the context of DMI only.[52–55] This includes the limiting case of
strongly anisotropic systems corresponding to so-called monoax-
ial chiral magnets.[54–56] The models featuring both anisotropic
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Figure 2. Achieving S-AL ground states within model Equation (2) using anisotropic parameters: Through micromagnetic simulations utilizing direct
energy minimization of our model, we obtain optimized unit cells (white rectangular boxes) for both SL and S-AL phases, as presented in (a) and (b),
respectively. The optimization scheme is detailed in Figure S9 (Supporting Information).[31] The magnetization vector field is visualized by standard
color code. Here,QUC = 0 signifies the rectangular unit cell which represents the net-zero topological charge lattice. c) Left and right spin textures depict
individual skyrmion and antiskyrmion, respectively, obtained from the optimized S-AL configuration in (b). d) Energy profiles for the SL and S-AL phases
as a function of 𝛽. The S-AL phase is energetically favored over the SL phase for 𝛽 < 𝛽c˜(≈ 0.55). The energy curves of the SL and S-AL phases intersect
at the critical value 𝛽c. The significant energy gain observed in the S-AL phase through shape optimization (𝜃 optimization) is the primary reason for
the high value of 𝛽c. All calculations are performed under a constant external magnetic field of h = 0.35. e) Energies for all competing non-collinear
states–cycloidal-SS, cone-SS, SL, and S-AL–as well as saturated FM state are plotted as a function of h for anisotropic frustrated chiral magnets. Here,
we fix both 𝛼 and 𝛽 to 0.1. The S-AL phase is identified as the ground state within the red-shaded regions, corresponding to the lowest energy states for
specific ranges of h. For a comparison of the system’s behavior at higher anisotropy, 𝛽 > 𝛽c, see Figure S10 (Supporting Information).[31]

DMI and anisotropic exchange, as considered in this work with
terms Equations (3) and (4), remain largely unexplored. Finally, it
is important to emphasize that our model does not include mag-
netocrystalline anisotropy or any other form of spin orientation
anisotropy, as they are not essential for the phenomena discussed
here. However, to ensure a comprehensive analysis, we examine
the role of magnetocrystalline anisotropy in stabilizing the S-AL
phase, including a 2D material example: the 2Fe/InSb(110) het-
erostructure.

3. Model Parameters

Below, we consider the solutions of the model Equation (2) with
(x)y < 0 and x(y) > 0, assuming for definiteness that x(y) > 0.
To facilitate further analysis, we introduce two parameters, LD
and LH, representing the equilibrium period of the spiral state
in two limiting cases. When  → 0, the equilibrium period of

chiral spiral state is LD = 2𝜋 3
√
16x∕x, and when  → 0, the

exchange frustration driven spiral has period LH = 4𝜋
√x∕|x|

(see Note S1, Supporting Information[31]). In the first approxima-
tion, the ratio between LH and LD characterizes the relative contri-
butions of the frustrated exchange and DMI terms to the stability
of SS and other noncollinear phases. Frustrated exchange domi-
nates DMI when LH < LD and vice versa. The reduced magnetic
field, h = Bext/Bc, is provided in units relative to the critical field,
Bc = 2

x∕(4Msx).
Following the standard approach, we perform energy mini-

mization of the functional Equation (2) for various spin configu-
rations with optimized parameters across different values of the
external magnetic field. For example, the SS state is optimized
with respect to its period and propagation direction. In contrast,
various lattices of magnetic skyrmions are optimized in terms of
the shape and size of their unit cells. We then compare the en-
ergy densities of all phases to determine the lowest energy state
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as a function of external magnetic fields. The energy minimiza-
tion was performed using the mumax code[57] (see Experimental
Section), and the corresponding script is provided in the Support-
ing Information.

4. Results and Discussion

4.1. Micromagnetic Model for S-AL in Frustrated Chiral Magnets

To begin, we illustrate the results of the energy minimization
for the case of isotropic exchange, 𝛼 = 1, but anisotropic DMI,
𝛽 < 1. In these calculations we keep fixed value of x = y =
−10−17 Jm−1, while other parameters (x, y, x, y) are de-
fined by parameter 𝛽 and fixed values of LH = 50 nm, and
LD = 100 nm (LH/LD = 0.5), see also Note S1 (Supporting
Information).[31] Figure 2a,b depict the equilibrium SL and S-AL
configurations, respectively. As detailed in Figure S9 (Support-
ing Information),[31] the equilibrium lattice phase corresponds
to the energy minimum in the parameter space defined by the
dimensions of the rectangular unit cell in both directions. The
equilibrium SL and S-AL configurations shown in Figure 2a,b
correspond to a magnetic field of h = 0.35 applied along the neg-
ative z-axis. The S-AL phase exhibits a balanced population of Q
= ±1 topological charges, forming a lattice with net-zero topolog-
ical charge (QUC = 0) per unit cell. In this phase, skyrmions and
antiskyrmions elongate (Figure 2c), causing noticeable distortion
from the ideal hexagonal lattice. In contrast, the skyrmion elonga-
tion in the SL phase at 𝛽 = 0.1 isminimal, and the resulting lattice
distortion is not noticeable. Moreover, the equilibriumunit cell of
S-AL is slightly larger than that of SL. As illustrated in Figure 2d,
when both the SL and the S-AL phases are constrained to a regu-
lar hexagonal symmetry and optimized solely with respect to the
scaling parameter, the energy of the S-AL phase increases sig-
nificantly. The scaling parameter refers to the uniform scaling
of the rectangular unit cell in both directions. This emphasizes
the necessity of optimizing both lattice parameters to achieve the
lowest-energy lattice shape.
Most importantly, Figure 2d shows that with varying

anisotropy in the DMI, the energy of S-AL can become lower
than that of SL. In this case, the critical value of the anisotropy
parameter at which the energies of SL and S-AL are equal is
around 𝛽c ≈ 0.55, while, strictly speaking, 𝛽c is a function of h.
This is detailed in Figure S11d (Supporting Information).[31] We
conclude that anisotropic DMI can reverse the energy balance
between SL and S-AL. Anisotropic DMI alone does not make the
S-AL phase ground state. In the case of isotropic exchange (𝛼 =
1), both SL and S-AL remain metastable, meaning their energies
are higher than those of other phases. Thus, while anisotropic
DMI is necessary in our model, it is not sufficient to make S-AL
the lowest energy state within a specific field range.
In the case of anisotropic interactions, the energy dependen-

cies of the phases differ. For simplicity, but without loss of gen-
erality, we consider the case of 𝛼 = 𝛽. In Figure 2e, we present
the energies of the various magnetic phases as a function of
applied magnetic field, calculated for the anisotropic frustrated
chiral magnets with 𝛼 = 𝛽 = 0.1. At low field strengths, the
cycloidal-SS phase is the ground state, and it undergoes a first-
order phase transition to the S-AL phase at a critical field of h
≈ 0.3. A subsequent first-order phase transition occurs at h ≈

0.37, beyond which the cone-SS phase emerges as the ground
state. Consequently, the S-AL phase is stabilized within a well-
defined range of magnetic fields, emphasizing the crucial role
of anisotropic interactions in determining the ground state. No-
ticeably, the ordinary SL remains a metastable state through-
out the entire field range, with its energy curve nearly parallel
to that of the S-AL phase. As the magnetic field is further in-
creased, a second-order phase transition takes place at approxi-
mately h ≈ 0.6, leading to a transition from the cone-SS to the
saturated FM state (as indicated by the vertical line in the right-
most panel of Figure 2e.) To gain deeper insights into the influ-
ence of anisotropic exchange interactions on the stability of the
S-AL phase, we present additional analyses in Figures S10 and
S11 (Supporting Information).[31] As in Figure S12 (Supporting
Information),[31] spin texture elongation within the S-AL phase
is a direct consequence of the system seeking the lowest energy
state. Within the constraints of our chosen DMI configuration,
elongation along the y-direction is energetically most favorable
with a deformed hexagonal lattice.
We conclude that the S-AL phase emerges as the lowest energy

state within a specific magnetic field range only when 𝛽 < 𝛽c,
and the anisotropy parameter 𝛼 is below a critical value. In the
case of Figure 2e, for 𝛽 = 0.1, the critical value of anisotropy in
exchange interactions 𝛼 is found to be ≈0.26. Reducing 𝛼 below
this critical value favors the S-AL phase as the ground state in a
broader window of applied fields.
It is worth noting that, in general, 𝛽c is a function of

the model parameters. As shown in Figure S11c (Supporting
Information),[31] the dependence of the critical anisotropy param-
eter 𝛽c on the LH/LD ratio for different values of 𝛼, with h held
constant at 0.35. Notably, for any given value of 𝛼, there exists a
finite range of LH/LD where 0 < 𝛽c < 1.
In addition to the anisotropy parameters 𝛼 and 𝛽, a key param-

eter in the model is the ratio LH/LD. The emergence of the S-
AL as the lowest energy phase within a specific range of applied
magnetic fields requires particular values of all three parame-
ters. This is illustrated by the magnetic phase diagrams shown in
Figure 3.
First, let us consider the isotropic case (𝛼 = 𝛽 = 1) where

S-AL phase does not emerge as a stable phase, Figure 3a. For
low values of LH/LD, the system exhibits typical behavior of 2D
exchange-frustrated magnets.[36] In particular, as LH/LD → 0, the
cone-SS phase becomes the lowest energy state across the entire
field range, from zero up to saturation at h = 1. With increasing
DMI contributions (increasing LH/LD), the conical phase starts
to compete with the cycloidal-SS. For LH/LD ≳ 0.7, the stabil-
ity range of the cycloidal-SS phase extends beyond the satura-
tion field of the cone-SS, h > 1, effectively eliminating the con-
ical phase. As the ratio increases further to LH/LD > 0.85, in the
applied field, the system exhibits a first-order phase transition
from a cycloidal-SS to a hexagonal SL, followed by another first-
order transition to a saturated FM state. This behavior is typical
of isotropic chiral magnets, where DMI competes with exchange
frustration.[45] Notably, the transition from the SL phase to the
saturated state in such frustrated chiral magnets represents a
first-order phase transition. In systems with dominating DMI,
isolated antiskyrmions remain stable only in a narrow range of
fields.[4] In these conditions, the S-AL phase obviously cannot
be stable.

Adv. Sci. 2026, 13, e14568 e14568 (5 of 11) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 3. The phase diagrams in the LH/LD-h plane. a) The phase diagram for the isotropic magnets. The parameter space is clearly divided into
two regions: one dominated by exchange frustration and the other by DMI. Decreasing the ratio LH/LD (enhancing exchange frustration) stabilizes the
cycloidal-SS phase in the absence of external magnetic field h. Further, under an external field h, a cone-SS phase appears, with SL and S-AL as metastable
states. In this region, the system exhibits three energetically favored phases: cycloidal-SS, cone-SS, and FM. The dashed line between cone-SS and FM
denotes the second-order phase transition between them. Dominant DMI interactions are evidenced by the expansion of the cycloidal-SS ground state
region at higher LH/LD ratios. Typically, the cone-SS phase disappears under an external field in the strong DMI limit, while the cycloidal-SS phase
undergoes a first-order phase transition to the SL phase. b) The phase diagram for the anisotropic frustrated chiral magnet. At LH/LD ≈ 0.56, the SL and
S-AL phases exhibit equal energy across a range of h, defining a boundary between these two distinct lattice phases. The SL phase becomes energetically
favorable compared to the S-AL phase upon increasing further LH/LD ratios. This can be attributed to the fact that the critical value of 𝛽c remains below
0.1 in this regime.

Figure 3b shows the phase diagram for the case of anisotropic
exchange interactions and DMI, with 𝛼 = 𝛽 = 0.1. In this sce-
nario, the S-AL phase appears within the intermediate range of
0.24 ⩽ LH/LD ⩽ 0.56. Similar to the isotropic model discussed
above, the lower and upper bounds of this range can be at-
tributed to the effective transition of the system to the models
of anisotropic exchange-frustrated magnet and anisotropic chiral
magnet,[52,55] respectively. In the pure model of a chiral magnet–
without exchange-frustration–even at relatively weak anisotropy
in DMI, 𝛽 ≲ 0.7, the SL becomes unstable.[58] In our model, for
LH/LD ≳ 0.56, the SL remains stable even for 𝛽 = 0.1 exclusively
due to the presence of exchange frustration.
The emergence of the S-AL phase as the lowest energy state

can be explained by its distinct magnetization properties. The S-
AL phase is characterized bymagnetizationmodulations with the
opposite helicity angle,

𝛾 = arctan2(m ⋅ 𝜑̂, m ⋅ 𝜌̂) (6)

where 𝜌̂ and 𝜑̂ denote the radial and azimuthal unit vectors
in the film plane, respectively, along orthogonal directions (see
Figure 2c). When the DMI coupling strength is reduced along
the weak axis (y-direction), the total DMI energy contribution re-
mains nearly unchanged. This occurs because along the y-axis,
the helisity angle of cycloidal modulations in the skyrmion chain
is 𝛾 = 0 while along the chain of antiskyrmions 𝛾 = 𝜋. These
chains of skyrmion and antiskyrmions are well seen in Figure 2b.
As a result, the DMI contribution to the energy of the S-AL phase
tends to be independent of the DMI strength along the y-axis and
is thus independent of 𝛽. In contrast, the DMI contribution to the
energy of the SL phase is highly sensitive to DMI anisotropy. As
𝛽 decreases, the energy of the SL phase rises, while the energy of

the S-AL phase remains unaffected. It is important to note that
this mechanism is feasible only in the presence of sufficiently
strong exchange frustration. In systems where DMI dominates,
the S-AL phase is inherently unstable. Conversely, in systems
where exchange frustration dominates, the stable phases below
the saturation field are limited to cone-SS and cycloidal-SS. Our
analysis shows that the energy balance can shift in favor of the
S-AL phase by introducing anisotropy (𝛼) into the exchange en-
ergy terms.
In conclusion, the stability of the S-AL phase relies on three

critical factors: I) DMI and exchange frustration must contribute
comparably to the energy of SS (LH and LD are of the same or-
der). II) The exchange interaction must exhibit anisotropy 𝛼 ≠ 1.
III) The DMI must also be anisotropic 𝛽 ≠ 1. Notably, our anal-
ysis also indicates that the stability of the S-AL phase requires
correlated anisotropy in exchange and DMI, ensuring that the
hard exchange axis coincides with the hard DMI axis (𝛼 < 1 and
𝛽 < 1). This alignment reflects the natural behavior of magnetic
systems with broken symmetry, confirming that the micromag-
netic model presented here corresponds to a realistic physical
system.
To gain a deeper understanding of the factors stabilizing the S-

AL phase, we extended our 2Dmodel to include themagnetocrys-
talline anisotropy energy term (see Experimental Section for de-
tails). As shown in Figure S13 (Supporting Information),[31] the
easy-axis uniaxial anisotropy significantly favors the cone-SS and
FM phases over the lattice phase. Consequently, the critical field
for the S-AL to cone-SS phase transition decreases with increas-
ing uniaxial anisotropy, narrowing the magnetic field window for
the S-AL phase.
While skyrmion-antiskyrmion pairs generally exhibit a strong

tendency towards annihilation, the anisotropic model can sta-
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bilize metastable clusters of both even and odd numbers of
skyrmions and antiskyrmions under finite magnetic fields. The
attractive interaction between skyrmions and antiskyrmions
in these clusters is evident from the snapshots provided in
Figure S14 (Supporting Information).[31] It also demonstrates
their stability over a wide range of applied magnetic fields.
More importantly, the skyrmions and antiskyrmions are found
to form stable configurations without annihilation. At low mag-
netic fields (h = 0.5), the cone-SS phase represents the global
energy minimum, and all clusters in Figure S14a,d (Supporting
Information),[31] regardless of their composition, remain stable
within the conical backgroundmagnetization. In the pure model
of a frustrated magnet, similar clusters embedded in the cone-
SS, but consisting of a single type of particle, were previously
discussed in Ref. [38]. As the magnetic field increases beyond the
critical field for the second-order phase transition to FM state (h
> 0.7), the background magnetization becomes homogeneous,
but all clusters remain intact (see Figure S14e–h, Supporting In-
formation[31]).
The above analysis of the micromagnetic model indicates that

the criterion for the emergence of S-AL as the lowest energy state
is met over a broad range of model parameters. Therefore, it is
reasonable to expect the stable S-AL phase to appear in real sys-
tems. As a proof of concept, in the following section, we present a
2D chiral magnet, identified through DFT calculations and spin-
lattice simulations, as a promising candidate for the experimental
observation of the phenomena described above.

5. Potential Real 2D Magnet: DFT and Atomistic
Spin-Lattice Simulations

To demonstrate S-AL stability in real material, we present a two-
atomic-layer-thick Fe film on an InSb(110) substrate, as depicted
in Figure 4a,b. It is worth noting that we initially studied the
2Fe/InSb(110) system to explore magnetically ordered 2D struc-
tures on semiconducting substrates. Simulations based on DFT-
derived parameters revealed the S-AL state as the lowest-energy
configuration. This unexpected result prompted the development
of a micromagnetic model that explains the stabilization mecha-
nism and generalizes the findings beyond this specific material.
The zincblende InSb is a semiconductor that has a notably strong
spin-orbit coupling[59] and a well-characterized (110) surface.[60]

The surface unit cell is rectangular, and each layer is character-
ized by a distinct arrangement of In and Sb atoms. The deposition
of Fe films on InSb(110) surfaces can induce a significant interfa-
cial DMI among magnetic Fe atoms. This DMI, stemming from
SOC and broken inversion symmetry at the interface (Figure 4a),
is essential for stabilizing chiral magnetic states, especially in
systems where frustrated exchange interactions primarily govern
the SS state.
In contrast to traditional 2D chiral magnets, which often uti-

lize heavy-metal substrates,[22,42,45,61,62] our 2D slab geometry inte-
grates a binary semiconductor, leading to a distinctive interfacial
configuration. This design is inspired by the well-characterized
2Fe/GaAs(110) interface,[63–65] which provides a compelling ra-
tionale for our choice of a similar interface. Furthermore, the
(110) binary semiconductor surface, with its characteristic C1v
symmetry,[66] is essential for providing the anisotropic interac-
tion parameter space as established in ourmicromagneticmodel.

In the magnetic unit cell, each of the two magnetic layers (the
surface and subsurface layers), consists of four Fe atoms. Each
layer in the substrate, however, contains only two atoms, In and
Sb. This arrangement yields inequivalent magnetic sites, strik-
ingly different from the standard single-atom-per-layer ultrathin
2D magnets.
We have employed ab initio electronic structure calculations

to characterize the relaxed interface of the 2Fe/InSb(110) slab ge-
ometry. As shown in Table S1 (Supporting Information), themag-
netic moments of the Fe atoms in the 2Fe/InSb(110) sample are
consistent with values previously reported for the 2Fe/GaAs(110)
system.[64] The relaxed magnetic slab is then used to calculate all
material-specific atomistic interaction parameters, including ex-
change, DMI, and magnetocrystalline anisotropy. For exchange
and DMI, calculations extend beyond nearest neighbors to in-
clude several neighboring shells around each magnetic atom.
This approach allows the parameters in the magnetic layers to
capture both intra- and interlayer spin-spin interactions. Im-
portantly, these atomistic parameters exhibit long-range behav-
ior and display competing signs for each Fe atom. Our first-
principles simulation methodology is detailed in the Methods
section, and DFT-based calculations of magnetic interaction pa-
rameters are presented in Note S3 (Supporting Information).[31]

The magnetic ground state is computed through full parame-
terization of the spin-lattice Hamiltonian Equation (7), followed
by atomistic spin dynamics simulations performed using the
SPIRIT code.[67] For computational simplicity, we assume that all
Fe atoms possess an identical average magnetic moment of μs =
2.71˜μB, a reasonable approximation. Considering only Heisen-
berg exchange interactions, the exchange frustration drivenmag-
netic solution is a SS state with a period of approximately 2.9 nm.
This is detailed in Note 3 (Supporting Information).[31]

Upon inclusion of all interaction parameters, our atomistic
simulations reveal a left-handed cycloidal-SS ground state with
a period of 2.3 nm, as shown in Figure 4d. Notably, such atomic-
scale SS states are often observed in ultrathin magnetic films
grown on heavy-metal substrates.[20,45,62] In these systems, the
interplay of exchange frustration and DMI typically governs the
atomic-scale magnetic texture, with DMI dictating the specific
axis of rotation. The presence of DMI often results in a slightly
shorter period for the SS compared to that induced by exchange
frustration alone. To gain further insights into the system’s be-
havior, we subject it to an external magnetic field, Bext, oriented
perpendicular to the magnetic film. This is modeled by adding a
Zeeman energy term, −

∑
i 𝜇sBext ⋅ m̂i, to our Hamiltonian Equa-

tion (7).
Consistent with our micromagnetic model, we observed mag-

netic field-induced phase transitions, as presented in Figure 4c.
The cycloidal-SS state is the lowest energy magnetic configu-
ration below the critical field, Bext ≈ 0.35 Tesla. Upon exceed-
ing the critical field, a first-order phase transition results into
a S-AL phase, as shown in Figure 4e. A subsequent first-order
phase transition transforms the S-AL phase into a cone-SS phase
(see Figure 4f) at a higher critical field, ≈ 0.65 Tesla. A critical
external magnetic field of approximately five Tesla results in a
second-order phase transition to the saturated state. Beyond this
point, the energy lines corresponding to the cone-SS and satu-
rated FM phases coalesce, as shown in the rightmost panel of
Figure 4c. Remarkably, the 2Fe/InSb(110) system exhibits the

Adv. Sci. 2026, 13, e14568 e14568 (7 of 11) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

 21983844, 2026, 5, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/advs.202514568 by Forschungszentrum

 Jülich G
m

bH
 R

esearch C
enter, W

iley O
nline L

ibrary on [18/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

same sequence of phase transitions as predicted by our micro-
magnetic model. It is also noteworthy that in agreement with the
micromagnetic simulations, both skyrmions and antiskyrmions
exhibit an elongated shape. These results collectively show that
utilizing a semiconductor substrate to lower the symmetry is the
crucial factor. This approach not only elucidates the stabilization
mechanism but also proves its broad applicability to other mate-
rial systems.[66]

Consistent with the micromagnetic model, the ordinary SL
phase is also stable in our spin-lattice model. As illustrated in
Figure 4c, this phase exhibits a higher energy compared to the S-
AL phase. The remarkable congruence between Figure 2g (micro-
magnetic simulations) and Figure 4c (atomistic spin-lattice sim-
ulations), both unequivocally depicting the S-AL as the ground
state, emphasizes the distinctive nature of chiral magnets with
anisotropic interactions.

6. Conclusion

In conclusion, we have demonstrated a paradoxical phenomenon
that has not been reported earlier. Specifically, we have demon-
strated that an S-AL, composed of an equal number of skyrmions
and antiskyrmions, becomes the lowest-energy state of 2D mag-
nets under specific conditions. This phase is characterized by a
net-zero magnetic topological charge. Since skyrmions and anti-
skyrmions possess opposite topological charges, one would ex-
pect them to annihilate. However, we demonstrate that the S-
AL stabilizes by the interplay of frustrated exchange and DMI
in systems with interaction axes of both weak and strong charac-
ter. This defines a distinct class of materials we term anisotropic
frustrated chiral magnet. Additionally, our findings indicate that
while uniaxialmagnetocrystalline anisotropy is not a prerequisite
for stabilizing the S-AL phase, it does favor the cone-SS and FM
phases and consequently reduces the stability range of the S-AL
phase. Moreover, by combining DFT calculations with atomistic
spin dynamics simulations, we propose 2Fe/InSb(110) as a real-
istic heterostructure for the experimental observation of this phe-
nomenon. Our findings show that the S-AL in 2Fe/InSb(110) re-
mains stable down to the atomic scale. Our micromagnetic sim-
ulations reveal a specific mechanism that stabilizes these mag-
netic phases in low-symmetry interfacial systems. This mecha-
nism operates particularly well in a geometry like the (110) sur-
face of semiconductors, due to its C1v symmetry. This work not
only presents the discovery of a newmagnetic phase but also posi-
tions 2D chiral magnets with anisotropic interactions as promis-
ing materials for both fundamental research and practical appli-
cations.

7. Method Section

Micormagnetic Simulations: Themicromagnetic model Equa-
tion (2) was investigated using Mumax code.[57] Direct energy
minimization starting with different initial spin configurations
was used to find the equilibrium configurations.
To investigate the role of magnetocrystalline anisotropy, the

following energy term was added in Equation (2): a = −Kn2z,
where K is the anisotropy constant, and the reduced anisotropy
parameter is u defined by u = K/(MsBc).

[68] The sign of u defines

the easy-axis (u > 0) or easy-plane (u < 0) anisotropy, respectively.
Figure S13a,b (Supporting Information)[31] illustrate the effect of
magnetocrystalline anisotropy on the energy balance in the stud-
ied system.
Equilibrium State Calculation:: In this micromagnetic calcu-

lations, the size of the simulated domain is Lx × Ly × 1 nm3,
along the x, y, and z axes, respectively. To estimate the equilib-
rium energy density of different phases, direct energy minimiza-
tion was utilized. To implement the higher-order exchange en-
ergy terms Equation (3), a custom effective field function built
was used into Mumax. This approach had been used earlier in
Refs. [6, 8]. All calculations had been performed under periodic
boundary conditions (PBC).
First, it was determined that the equilibrium propagation di-

rection of the SS aligns with the (ex, ey, 0) vector. To identify the
equilibrium period of the SS state, the dimensions of the square
domain, Lx = Ly were systematically varied, which consisted of a
128 × 128 × 1 cuboids. The initial configurations were approx-
imated by a homogeneous cycloidal-SS, with its period P cho-
sen to be commensurate with the domain diagonal, satisfying

the condition 2P =
√
L2x + L2y . For detailed insights into the ini-

tial implementation of the SS state, the reader was referred to the
Mumax Script I.
The equilibrium SL and S-AL phases were determined by en-

ergy minimization of a rectangular unit cell, where skyrmion
cores were strategically positioned at its center and four cor-
ners, as illustrated in the inset of Figure S9a,b (Supporting
Information).[31] This unit cell was embedded within a rectan-
gular simulated domain, whose dimensions Lx and Ly could be
tuned to control two key parameters: the core-to-core distance
d = (L2x + L2y )

1∕2 along the diagonal and the angle 𝜃 = tan−1(Ly/Lx)
between the diagonal and the domain side. The latter parameter
determines the shape of the lattices, specifying the degree of dis-
tortion from ideal hexagonal geometry with 𝜃 = 60°.
The equilibrium period of the exchange-frustrated SS was de-

termined by the ratio of the second-order () and fourth-order
() Heisenberg exchange terms, expressed as: LH = 4𝜋

√∕||.
This parameter played a central role in the optimization scheme.
The domain dimensions, Lx and Ly, were directly related to LH
through a scaling factor. For instance, the equilibrium unit cells
of the SL and S-AL correspond to domains with mesh sizes of 71
× 128 × 1 and 56 × 128 × 1 cuboids, respectively. These meshes
were chosen to maintain the ratio Ny/Nx ≈ Ly/Lx, where Nx and
Ny were the number of cuboids along the x- and y-direction.
This choice ensured that the cuboids were approximately square-
shaped and that the numbers of cuboids per unit length along the
x and y axes were nearly identical. Accordingly, the optimal do-
main dimensions for SL were approximately Lx ≈ 1.41LH and Ly
≈ 2.54LH, while for S-AL they are Lx ≈ 1.3LH and Ly ≈ 3LH. In the
simulations, with LH = 50 nm, the domain volumes representing
the equilibrium SL and S-AL unit cells were approximately 70.5
× 122.1 × 1 nm3 and 65 × 150 × 1 nm3, respectively.
Micromagnetic simulations were carried out with the follow-

ing parameters: exchange stiffness along the x-axis,x = −10−17
Jm−1, and saturation magnetization, Ms = 400 kAm−1. The re-
maining interaction parameters in Equations (3) and (4) can be
determined using the parameters 𝛼, 𝛽, LH, and LD. For details,
the reader were referred to the Mumax Scripts.
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Figure 4. 2Fe/InSb(110), a prototypical 2D magnetic heterostructure: a) The slab geometry: a two-atomic-layer-thick Fe film grown on an InSb(110)
substrate, forming a magnet/semiconductor heterostructure. b) The thin magnetic layer on the surface of a semiconductor adopts a lattice structure
with 2D crystallographic axes, [1′00] and [01′0]. c) Within atomistic lattice model Equation (7), energy lines representing all competing phases are plotted
against the external magnetic field Bext, applied perpendicular to the heterostructure. The S-AL phase, highlighted by the red region, is the ground state
within a specific range of Bext. The first-order phase transitions occur at the boundaries of this range: from the cycloidal-SS to the S-AL at low fields,
and from the S-AL to the cone-SS at higher fields. The rightmost panel further confirms the second-order phase transition between the cone-SS and FM
phases, as evidenced by the merging of energy lines beyond the vertical line. d) Spin configuration of the zero-field cycloidal-SS ground state, obtained
within spin-lattice simulations. e) The S-AL phase at Bext = 0.5 Tesla. In this materials, the S-AL is also a charge (topological) neutral state due to equal
number Q = ±1 topological charges. Similar to the micromagnetic model, the representing unit cell carries net-zero topological charge i.e., QUC = 0. f0
Cone-SS phase at Bext = 0.9 Tesla. To improve visibility, the identical magnetic states in both Fe layers are spatially separated.

First-Principles Calculations: Using ab initio spin-polarized
density functional theory (DFT) calculations within the Vienna
Ab initio Simulation Package (VASP),[69–71] the electronic and
magnetic properties of the magnet/semiconductor heterostruc-
ture were investigated. In particular, this code was employed to
determine the relaxed geometry of our slab construction. The
asymmetric 2Fe/InSb(110) slab geometry, consisting of a bi-
layer Fe film on a nine-layer thick InSb(110) substrate, was con-
structed using the experimental lattice constant of bulk InSb,
6.479 Å. A vacuum spacing of approximately 12 Å was main-
tained above and below the slab. Projector-augmented wave
(PAW) pseudopotentials[72,73] were used in conjunction with the
Vosko-Wilk-Nusair (VWN) functional within the local spin den-
sity approximation (LSDA)[74] for exchange-correlation interac-
tions. A 16 × 16 × 1 Γ-centered k-point mesh was considered for
momentum-space integration over the 2D Brillouin zone (2D-
BZ). A plane-wave basis set with a cutoff energy of 500 eV was
used for the expansion. The atomic positions within the slab were
relaxed until the forces on all atoms in the magnetic Fe layers
(surface and subsurface) and the first three substrate layers ad-
jacent to the Fe/InSb interface converge to a value below 0.001
eVÅ−1.
Calculation ofMagnetic parameters: Following geometry relax-

ation, all magnetic parameters were extracted within the DFT
code JuKKR,[75] which utilized the full-potential Korringa-Kohn-

Rostoker (KKR) Green’s function method.[76,77] This method of-
fers an exact description of the atomic cell shape.[78,79] The slab
consisted of 15 atomic layers (with 3 vacuum + 2 Fe layers +
7 InSb layers + 3 vacuum). This arrangement yields a vacuum
spacing of approximately 7 Å on both the top and bottom surfaces
of the slab. The momentum expansion of the Green’s function
had been truncated at lmax = 3. The same exchange-correlation
functional[74] within the LSDAhad been used. The self-consistent
calculations were performed using a 2D k-points grid of 40 ×
40 × 1, with a contour integration involving 38 complex energy
points in the upper half-plane, including five Matsubara poles.
Self-consistent spin-polarized calculations, both with and with-
out spin-orbit coupling, were performed to converge the unit cell
potential. With the converged potential, the pairwise Heisenberg
exchange interactions and the DMI vectors were extracted using
the infinitesimal rotation method[80,81] with a k-mesh of a 200
× 200 × 1. Exchange and DMI interactions were truncated at
a cutoff radius of approximately 10 Å, encompassing a total of
14 shells (seven intra-layer and seven inter-layer shells) for each
Fe atom.
Atomistic Spin-Lattice Simulations: To elucidate the magnetic

configuration of the system, the computed material parameters:
the Heisenberg exchange interactions (ij), the DMI vector (Dij),
and the single-ion magnetocrystalline anisotropy () were em-
ployed, as elaborated in Note S3 (Supporting Information).[31]
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These parameters serve as input for the extended Heisenberg
model Hamiltonian, which takes the following form:

 =−
∑
i>j

[ijm̂i ⋅m̂j +Dij ⋅(m̂i×m̂j)
]
−∑

i

(m̂i ⋅ẑ)
2 (7)

where i and j index the atomic sites within the domain, and m̂
denotes a unit vector along the magnetic moment direction. As
the model indicated, negative (positive) values of  correspond
to antiferromagnetic (ferromagnetic) coupling, and their compe-
tition was crucial in determining the underlying ground state. It
was important to note that the large magnetic unit cell, compris-
ing eight Fe atoms and their long-range interactions, necessitates
a comprehensive exploration of the parameter space.
Now, the magnetic state of the system was determined by nu-

merically minimizing Equation (7) using the Monte Carlo (MC)
method as implemented in SPIRIT,[67] a GPU-accelerated atom-
istic code. To simulate the system with two magnetic layers, 2D
domains composed of (80 × 80) × 2 magnetic atoms along x
and y directions were constructed, with periodic boundary condi-
tions imposed inmost cases. To incorporate the effect of an exter-
nal field, Bext, applied perpendicularly to the magnetic domain, a
Zeeman term, −𝜇s

∑
i Bext ⋅ m̂i, was included in the model Equa-

tion (7). To determine the zero-temperature ground state in the
absence of Bext, MC simulations were utilized by initializing the
system with a random spin configuration at a high temperature
of 100 K and then subsequently cooling it down to 0 K (10−5 in
the code). These calculations were performed under open bound-
ary conditions (OBC) to promote the formation of a cycloidal-SS
state. To further probe the equilibrium period, an SS state was
imposed with varying periods within a finite domain, followed by
cooling the system from high temperatures. The SS ground state
served as the initial configuration for subsequent finite magnetic
field simulations. This state was heated to a temperature of T =
50 K under an applied magnetic field and subsequently cooled
down in 2 K steps. Importantly, regardless of the initial config-
uration, whether random or SS, the system invariably nucleates
skyrmions and antiskyrmions at arbitrary positions within the
domain under high temperature and magnetic field conditions.
For each temperature step, 105 MC steps were used for ther-
malization, followed by additional 105 steps to calculate physical
quantities such asmagnetization, energy, and topological charge.
Particular attention was paid to the lattice phases (SL and S-AL),
which were carefully relaxed in 0.5 K steps below 30 K. Addition-
ally, the SL and S-AL phases were subjected to multiple heating
and cooling cycles within a 20 K temperature range under both
OBC and PBC conditions, allowing to accurately determine their
zero-temperature energies.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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Locatelli, T. Menteş, P. Kumar, A. Finco, V. Jacques, G. Gaudin, O.
Boulle, Science 2024, 384, 307.

[15] I. Dzyaloshinsky, J. Phys. Chem. Solids 1958, 4, 241.

Adv. Sci. 2026, 13, e14568 e14568 (10 of 11) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

 21983844, 2026, 5, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/advs.202514568 by Forschungszentrum

 Jülich G
m

bH
 R

esearch C
enter, W

iley O
nline L

ibrary on [18/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

[16] T. Moriya, Phys. Rev. 1960, 120, 91.
[17] A. N. Bogdanov, D. A. Yablonskii, Sov. Phys. JETP 1989, 68, 101.
[18] X. Z. Yu, Y. Onose, N. Kanazawa, J. H. Park, J. H. Han, Y. Matsui, N.

Nagaosa, Y. Tokura, Nature 2010, 465, 901.
[19] X. Z. Yu, N. Kanazawa, Y. Onose, K. Kimoto, W. Z. Zhang, S. Ishiwata,

Y. Matsui, Y. Tokura, Nat. Mater. 2011, 10, 106.
[20] S. Heinze, K. von Bergmann, M. Menzel, J. Brede, A. Kubetzka, R.

Wiesendanger, G. Bihlmayer, S. Blg̎el, Nat. Phys. 2011, 7, 713.
[21] S. Seki, X. Yu, S. Ishiwata, Y. Tokura, Science 2012, 336, 198.
[22] N. Romming, C. Hanneken, M. Menzel, J. E. Bickel, B. Wolter, K.

von Bergmann, A. Kubetzka, R. Wiesendanger, Science 2013, 341,
636.

[23] I. Kézsmárki, S. Bordács, P. Milde, E. Neuber, L. M. Eng, J. S. White,
H. M. Rønnow, C. D. Dewhurst, M. Mochizuki, K. Yanai, et al., Nat.
Mater. 2015, 14, 1116.

[24] A. K. Nayak, V. Kumar, T.Ma, P.Werner, E. Pippel, R. Sahoo, F. Damay,
U. K. Rößler, C. Felser, S. S. P. Parkin, Nature 2017, 548, 561.

[25] J. Grenz, A. Köhler, A. Schwarz, R. Wiesendanger, Phys. Rev. Lett.
2017, 119, 047205.

[26] S.Mühlbauer, B. Binz, F. Jonietz, C. Pfleiderer, A. Rosch, A. Neubauer,
R. Georgii, P. Böni, Science 2009, 323, 915.

[27] F. Zheng, N. S. Kiselev, L. Yang, V. M. Kuchkin, F. N. Rybakov, S.
Blügel, R. E. Dunin-Borkowski, Nat. Phys. 2022, 18, 863.

[28] J. Jena, B. Göbel, V. Kumar, I. Mertig, C. Felser, S. Parkin, Sci. Adv.
2020, 6, eabc0723.

[29] U. Ritzmann, S. vonMalottki, J.-V. Kim, S. Heinze, J. Sinova, B. Dupé,
Nat. Electron. 2018, 1, 451.

[30] F. N. Rybakov, N. S. Kiselev, A. B. Borisov, L. Döring, C. Melcher, S.
Blügel, APL Mater. 2022, 10, 111113.

[31] See the supplementary materials.
[32] I. B. A, S. V. A, Sov. J. Exp. Theor. Phys. 1986, 64, 376.
[33] B. Ivanov, V. Stephanovich, A. Zhmudskii, J. Magn. Magn. Mater.

1990, 88, 116.
[34] A. Abanov, V. L. Pokrovsky, Phys. Rev. B 1998, 58, R8889.
[35] A. Kirakosyan, V. Pokrovsky, J. Magn. Magn. Mater. 2006, 305, 413.
[36] A. O. Leonov, M. Mostovoy, Nat. Commun. 2015, 6, 8275.
[37] X. Zhang, J. Xia, Y. Zhou, X. Liu, H. Zhang, M. Ezawa, Nat. Commun.

2017, 8, 1.
[38] M. Speight, T. Winyard, Phys. Rev. B 2020, 101, 134420.
[39] A. Bogdanov, A. Hubert, J. Magn. Magn. Mater. 1999, 195, 182.
[40] A. Bogdanov, A. Hubert, phys. status solidi (b) 1994, 186, 527.
[41] A. Bogdanov, A. Hubert, J. Magn. Magn. Mater. 1994, 138, 255.
[42] B. Dupé, M. Hoffmann, C. Paillard, S. Heinze, Nat. Commun. 2014,

5, 4030.
[43] B. Dupé, G. Bihlmayer, M. Böttcher, S. Blügel, S. Heinze, Nat. Com-

mun. 2016, 7, 1.
[44] L. Rózsa, A. Deák, E. Simon, R. Yanes, L. Udvardi, L. Szunyogh, U.

Nowak, Phys. Rev. Lett. 2016, 117, 157205.
[45] A. K. Nandy, N. S. Kiselev, S. Blügel, Phys. Rev. Lett. 2016, 116,

177202.
[46] H. Yuan, O. Gomonay, M. Kläui, Phys. Rev. B 2017, 96, 134415.
[47] L. Rózsa, K. Palotás, A. Deák, E. Simon, R. Yanes, L. Udvardi, L.

Szunyogh, U. Nowak, Phys. Rev. B 2017, 95, 094423.
[48] S. von Malottki, B. Dupe, P. Bessarab, A. Delin, S. Heinze, Sci. Rep.

2017, 7, 12299.
[49] X. Zhang, J. Xia, L. Shen, M. Ezawa, O. A. Tretiakov, G. Zhao, X. Liu,

Y. Zhou, Phys. Rev. B 2020, 101, 144435.

[50] M. A. Goerzen, S. von Malottki, S. Meyer, P. F. Bessarab, S. Heinze,
npj Quantum Mater. 2023, 8, 54.

[51] P. Chatterjee, S. Banik, S. Bera, A. K. Ghosh, S. Pradhan, A. Saha, A.
K. Nandy, Phys. Rev. B 2024, 109, L121301.

[52] M. Hoffmann, B. Zimmermann, G. P. Müller, D. Schürhoff, N. S.
Kiselev, C. Melcher, S. Blügel, Nat. Commun. 2017, 8, 1.

[53] G. W. Paterson, T. Koyama, M. Shinozaki, Y. Masaki, F. J. Goncalves,
Y. Shimamoto, T. Sogo, M. Nord, Y. Kousaka, Y. Kato, et al., Phys. Rev.
B 2019, 99, 224429.

[54] L. Li, D. Song, W. Wang, F. Zheng, A. Kovács, M. Tian, R. E. Dunin-
Borkowski, H. Du, Adv. Mater. 2023, 35, 2209798.

[55] V. M. Kuchkin, N. S. Kiselev, Phys. Rev. B 2023, 108, 054426.
[56] Y. Togawa, T. Koyama, K. Takayanagi, S. Mori, Y. Kousaka, J. Akimitsu,

S. Nishihara, K. Inoue, A. Ovchinnikov, J.-i. Kishine, Phys. Rev. Lett.
2012, 108, 107202.

[57] A. Vansteenkiste, J. Leliaert, M. Dvornik, M. Helsen, F. Garcia-
Sanchez, B. Van Waeyenberge, AIP Adv. 2014, 4, 107133.

[58] S. Liscak, A. Haller, A. Michels, T. L. Schmidt, V. M. Kuchkin, arXiv
2025, 250316020v2.

[59] E. A. de Andrada e Silva, G. C. La Rocca, F. Bassani, Phys. Rev. B 1997,
55, 16293.

[60] J. Klijn, L. Sacharow, C. Meyer, S. Blügel, M. Morgenstern, R.
Wiesendanger, Phys. Rev. B 2003, 68, 205327.

[61] P. Ferriani, K. von Bergmann, E. Y. Vedmedenko, S. Heinze, M. Bode,
M. Heide, G. Bihlmayer, S. Blügel, R. Wiesendanger, Phys. Rev. Lett.
2008, 101, 027201.

[62] M. Bode, M. Heide, K. von Bergmann, P. Ferriani, S. Heinze, G.
Bihlmayer, A. Kubetzka, O. Pietzsch, S. Blügel, R. Wiesendanger,Na-
ture 2007, 447, 190.

[63] L. Winking, M. Wenderoth, J. Homoth, S. Siewers, R. Ulbrich, Appl.
Phys. Lett. 2008, 92, 193102.

[64] A. Grünebohm, H. C. Herper, P. Entel, Phys. Rev. B 2009, 80, 064417.
[65] T. Iffländer, S. Rolf-Pissarczyk, L. Winking, R. G. Ulbrich, A. Al-Zubi,

S. Blügel, M. Wenderoth, Phys. Rev. Lett. 2015, 114, 146804.
[66] S. Banik, A. K. Nandy, Phys. Rev. B 2025, 112, L140404.
[67] G. P. Müller, M. Hoffmann, C. Dißelkamp, D. Schürhoff, S. Mavros,

M. Sallermann, N. S. Kiselev, H. Jónsson, S. Blügel, Phys. Rev. B 2019,
99, 224414.

[68] F. N. Rybakov, N. S. Kiselev, Phys. Rev. B 2019, 99, 064437.
[69] J. Hafner, J. Comput. Chem. 2008, 29, 2044.
[70] G. Kresse, J. Furthmüller, Comput. Mater. Sci. 1996, 6, 15.
[71] G. Kresse, J. Furthmüller, Phys. Rev. B 1996, 54, 11169.
[72] G. Kresse, D. Joubert, Phys. Rev. B 1999, 59, 1758.
[73] P. E. Blöchl, Phys. Rev. B 1994, 50, 17953.
[74] S. H. Vosko, L. Wilk, M. Nusair, Can. J. Phys. 1980, 58, 1200.
[75] https://jukkr.fz-juelich.de.
[76] N. Papanikolaou, R. Zeller, P. H. Dederichs, J. Phys.: Condens. Matter

2002, 14, 2799.
[77] D. S. G. Bauer, Development of a relativistic full-potential first-

principlesmultiple scattering green functionmethod applied to com-
plex magnetic textures of nano structures at surfaces, Ph.D. Thesis,
RWTH Aachen (2013).

[78] N. Stefanou,H. Akai, R. Zeller,Comput. Phys. Commun. 1990, 60, 231.
[79] N. Stefanou, R. Zeller, J. Phys.: Condens. Matter 1991, 3, 7599.
[80] A. Liechtenstein, M. Katsnelson, V. Antropov, V. Gubanov, J. Magn.

Magn. Mater. 1987, 67, 65.
[81] H. Ebert, S. Mankovsky, Phys. Rev. B 2009, 79, 045209.

Adv. Sci. 2026, 13, e14568 e14568 (11 of 11) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

 21983844, 2026, 5, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/advs.202514568 by Forschungszentrum

 Jülich G
m

bH
 R

esearch C
enter, W

iley O
nline L

ibrary on [18/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advancedscience.com
https://jukkr.fz-juelich.de

	Paradoxical Topological Soliton Lattice in Anisotropic Frustrated Chiral Magnets
	1. Introduction
	2. 2D Magnet with Anisotropic Interactions
	3. Model Parameters
	4. Results and Discussion
	4.1. Micromagnetic Model for S-AL in Frustrated Chiral Magnets

	5. Potential Real 2D Magnet: DFT and Atomistic Spin-Lattice Simulations
	6. Conclusion
	7. Method Section
	Supporting Information
	Acknowledgements
	Conflict of Interest
	Data Availability Statement

	Keywords


