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Topological magnetism with strong robustness, nanoscale dimensions and ultralow driving current density (~
10% A/m?) is promising for applications in information sensing, storage, and processing, and thus sparking widespread
research interest. Exploring candidate material systems with nanoscale size and easily tunable properties is a key for re-
alizing practical topological magnetism-based spintronic devices. Here, we propose a class of ultrathin heterostructures,
Fe/Bi;0,X (X =S, Se, Te) by deposing metal Fe on quasi-two-dimensional (2D) bismuth oxychalcogenides Bi;O,X
(X =S, Se, Te) with excellent ferroelectric/ferroelastic properties. Large Dzyaloshinskii-Moriya interaction (DMI) and
topological magnetism can be realized. Our atomistic spin dynamics simulations demonstrate that field-free vortex—
antivortex loops and sub-10 nm skyrmions exist in Fe/Bi;O,S and Fe/Bi;O;Se interfaces, respectively. These results
provide a possible strategy to tailor topological magnetism in ultrathin magnets/2D materials interfaces, which is extremely

vital for spintronics applications.

Keywords: Dzyaloshinskii-Moriya interaction, field-free, topological magnetism
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Dzyaloshinskii-Moriya interaction (DMI)[?! is an anti-
symmetric exchange coupling interaction that occurs in sys-
tems with broken inversion symmetry?! and spin—orbit cou-
pling (SOC). Unlike the Heisenberg exchange coupling which
aligns spins in a collinear manner, DMI drives spins to be
noncollinear mutually. DMI plays a crucial role in the for-
mation of topological magnetism, such as skyrmions,*"]
bimerons!® and chiral domain walls (DWs).[”-81 And DMI can
also induce topologically nontrivial magnon excitations. %10l
The topological magnetic structures possess rich proper-
ties like topological protection, topological Hall effect,!!!!?]
ultra-low driving current density (~ 10% A/m?)!!3-131 and
have broad application prospects in spintronic devices, thus
arousing extensive research interest. Especially, skyrmions

can serve as information carriers in racetrack memories, 0]

[17-19]

spintronic logic devices, as well as artificial synapses

used in neuromorphic computing.?”! At present, skyrmions
and chiral domain walls have been successfully demon-

21221 Many

strated experimentally for memory applications. !
researches have clarified that DMI can be induced at the
ferromagnet (FM)/oxide!?*! and FM/ferroelectric (FE)!?4%]
interfaces, in heavy metal (HM)/FM multilayers,[?*! 2D
Janus magnets,>’-! intrinsic multiferroics, 3> curvature-

§[36-38

induced 2D structure I and Morié pattern.>**9) Enhanc-
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ing DMI intensity is critical for the generation and stabiliza-
tion of topological magnetism.*!1 Strategies to achieve this
include altering the thickness of FM 28421 or HM[2643] Jay-
ers, employing strain engineering,*4-#61 or applying an exter-
nal electric field.[*’! At present, exploring more novel material
systems capable of achieving large DMI is still urgent for de-
veloping skyrmions-based ultralow-power spintronic devices.

Bi;O2X (X =S, Se, Te) are a family of layered quasi-
2D materials and structurally formed by alternating stacking
of positively charged [Bi»O,]** layers and negatively charged
X%~ layers. Due to the weak interlayer interactions, they
are easier to miniaturize and regulate compared to bulk ma-
terials. And they possess excellent ferroelectric/ferroelastic
properties, strong SOC and high electron mobility, #8331 of
which the polarization states can be switched by applying
strain! or electric field.>® Therein, Bi,O,Se exhibits room-
temperature ferroelectricity and can maintain the ferroelectric
order in 2 nm ultrathin film." However, there is no intrinsic
DMI due to the absence of magnetism in BipO,X. There is
an extremely lack of research on Bi,O,X-based heterostruc-
tures currently. As mentioned above, DMI has been observed
in many FM/FE systems, such as Co/VSes,?”] Co/PbTiO3 %8
and Fe3GeTe,/InySes.[>*! This type of metal/ferroic het-
erostructure can be fabricated in experiment, like the prepa-
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ration of Co/VSe; in Ref. [57]. Due to the ultrathin metal
layer, the applied external electric field can penetrate the inter-

face and act on the FE substrate. >

| Furthermore, the power
consumption of FM/FE stacks is limited due to the low ferro-
electric reverse voltage, which can be used in low-power spin-
tronic devices.

In this paper, we clarify that the DMI and topologi-
cal quasiparticles can be realized in Fe/Bi,O,X ultrathin het-
erostructures. The magnetic properties of their undistorted and
distorted states are studied and large DMI originating from the
interfacial heavy Bi element is discovered in Fe/BiyO,S(Se)
systems which decreases with an increase in the number
of Fe atomic layers. Our atomistic spin dynamics simula-
tions demonstrate that the zero-field spin textures of vortex—
antivortex loops and sub-10 nm skyrmions are realized in
Fe/Bi,0,S(Se). These topological quasiparticles closely re-
lated to DMI can be modulated by structural distortions caused
by strain engineering due to the inherent FE/ferroelastic effect
of the Bi,O,X substrate.

We perform the first-principles calculations by using the
Vienna Ab initio Simulation Package (VASP)[%%-921 within the
framework of density functional theory (DFT). The gener-
alized gradient approximation (GGA)!®3! of Perdew—Burke—
Ernzerhof (PBE) forms is used to describe the exchange—
correlation effect. And to handle the interaction between core
electrons and valence electrons, the projector augmented plane
wave (PAW) method®* is employed. We set the cutoff en-
ergy of the plane wave basis to 450 eV and use a I"-centered
12 x 12 x 1 k-point grid in the Brillouin zone for heterostruc-
Meanwhile, the DFT-D3 scheme!® is
taken into account to simulate van der Waals interactions.

tural optimization.

The bottom-site X atoms are passivated with hydrogen atoms
to balance the non-stoichiometry.[%%71 All the structures are
fully relaxed until the Hellmann—Feynman force on each atom
becomes less than 0.001 eV/A and the convergence crite-

rion for the total energy of ion relaxation process is less than
1 x 1077 eV. Besides, we adopt a I'-centered 20 x 20 x 1 k-
point grid for the calculation of Heisenberg exchange coupling
and magnetic anisotropy, and an 8 x 16 x 1 k-point mesh for
21/2 x /2 x 1 supercell in the calculation of DMI [see supple-
mental materials (SM) for details].

Figure 1(a) is the schematic diagram of the atomic struc-
ture of the heterostructure we study, which is composed of
one layer of Fe atoms and two layers of Bi,O,X (X =S, Se,
Te). The thickness of vacuum zone is set to be larger than
15 A along z direction to avoid the interaction of periodic im-
ages. We have tested different stacking configurations of the
heterostructures as shown in Figs. S1(a) and S1(b), where the
most stable configuration displays that the interfacial Fe atoms
prefer to be in the middle of the nearest-neighbor (NN) X
atoms in the top view. The structure seen in Fig. 1(a) is undis-
torted, where the atoms are located at equilibrium positions
and the space group is I4/mmm. And Fe/Bi;0,X (X =S, Se,
Te) also have distorted states in different cases as demonstrated
in Fig. S2. All heterostructures release energy during their for-
mation, indicating their thermodynamic stability (see Fig. S3).
It is worth noting that for Fe/Bi,O,S and Fe/Bi;O,Se, two
distorted structures are equivalent. For Fe/BiO,S(Se), the
distorted-II structure is equivalent to rotating the distorted-I
structure around the z-axis by 90° (180°). Therefore, in the
following text, we only focus on the distorted-I structure of
them. We fix the in-plane lattice constants of the undistorted
heterostructures as a = b = 3.849 A for Fe/Bi,0,S; a = b =
3.906 A for Fe/Bi,0,Se; a = b = 4.010 A for Fe/BirO,Te,
which are well consistent with Ref. [49]. The structural trans-
formation between the undistorted states and the distorted
states can be accomplished by applying a strain, which is dis-
cussed in SM. The presence of Fe atoms at the interface breaks
the inversion symmetry of the systems, which is necessary for
harboring DM interaction.
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Fig. 1. (a) The atomic structure of Fe/Bi,0,X (X =S, Se, Te) ultrathin heterostructure. (b), (c) Clockwise and (d), (e) anti-clockwise spin

configurations of 2v/2 x v/2 x 1 supercell used to calculate the DMI.
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Upon all these undistorted and distorted states, we sys-
tematically study the magnetic parameters, including Heisen-
berg exchange coupling, magnetic anisotropy energy (MAE)
and DMI through first-principles calculations. We bring in the
following spin Hamiltonian:

H=-]Y S 8;i—KY (5~ ) dij(SixS)), (D
(i.j) i (i.J)
in which S; is the unit spin vector of Fe atom at site i, J rep-
resents the NN exchange coupling constant, K indicates the
magnetic anisotropy constant, and d;; means DMI between
the NN Fe atom pairs.

Based on the relaxed structures, we adopt the spin-spiral
calculations in real space/?®%®! to obtain the DMI strength,
dior. Figures 1(b), 1(c) and 1(d), 1(e) respectively show clock-
wise (CW) and anti-clockwise (ACW) spin configurations of
21/2 x 4/2 x 1 supercell. By comparing the energy difference
of CW and ACW chiral spin configurations, we get the DMI
value diot = (Ecw — Eacw)/16. All the detailed derivations
of J, K and di, can be found in SM. We demonstrate that
the Heisenberg exchange coupling of Fe/Bi;O,X is isotropic
(see Table S3). The histograms of calculated J, K, and d
changing with structures are exhibited in Fig. 2, and the spe-
cific values are listed in Table S1. Here J > 0/J < 0 denotes
the FM/ antiferromagnetic coupling; K > 0/K < 0 represents
the perpendicular/in-plane magnetic anisotropy (PMA/IMA);
diot < 0 (dyor > 0) indicates the CW (ACW) chirality.

It can be seen in Fig. 2(a) that all the stacks are FM cou-
pling, and the Heisenberg exchange coupling interactions are
strong (> 30 meV). The distortions can’t change the sign of
J and the J values are further increased under distorted con-
ditions. Now we focus on the varieties of MAE and DMI in
Figs. 2(b) and 2(c). In Fe/Bi,O,S and Fe/Bi, O, Se stacks, dis-
tortions reduce their DMI strength and change them from IMA
to PMA. And for Fe/Bi,O,Te, distortion-I enhances its DMI
strength and transforms it from IMA to PMA, while distortion-
IT has almost no effect due to its negligible structural dif-
ferences. In spite of this, the DMI value of Fe/Bi,O,Te is
still smaller than others. We have analyzed the atomic-layer-
resolved SOC energy related to MAE, AEYo®, in all stacks to
identify the reasons for such changes in MAE (see Figs. S8 and
S9). For undistorted Fe/Bi,O,X (X =S, Se, Te) in Figs. S8(a),
S8(b) and S9(a), atoms Bi; near the interface make significant
contributions, while the interfacial Fe and X elements produce
collaborative contributions, leading to the IMA. In detail, the
interfacial S/Se atom almost has no contribution while the in-
terfacial Te atom contributes a lot, and Bi; contributes more
in Fe/BiyO,Se(Te) systems than in Fe/Bi;O,S. So the MAE
amplitude of undistorted Fe/BiO,Se(Te) is larger. However,
for distorted cases in Figs. S8(c), S8(d) and S9(b), element Fe
makes reverse contribution and the contribution of atom Bi;
becomes smaller or even opposite, while that of atom Bij is
enhanced, causing their transition from IMA to PMA.

M Undistorted Distorted-I Distorted-IT
0.5 0
50 b c
(a) FM (b) PMA (c)
40 -1
— - 0
% 30 3 3
E g E 2
~ 20 X 0.5 IMA é Ccw
10 -3
0 —1.0 _ . d .
S Se Te S Se Te 4 S Se Te

Fig. 2. Calculated (a) the nearest neighbor exchange coupling constants J, (b) magnetic anisotropy constant K, and (c) DMI strength di; for

undistorted and distorted Fe/Bi,O,X stacks.

To explore the origin of DMI, the schematic diagram of
atomic-layer-resolved SOC energy associated with the DMI of
Fe/Biy0,X, AE 'sjgg, is plotted through comparing the SOC en-
ergy of the opposite chiral spin configurations. Figure 3 shows
the extracted AESSE of Fe/Bi;0,S(Se), and the DMI mainly
originates from the heavy metal atom Bi; relatively close to
the interface, rather than the atom S{/Se; that is the closest to
the interface, which conforms to the Fert-Lévy mechanism of
DML 310! In undistorted Fe/Bi0»S(Se), the contribution of
S1/Se; is opposite to that of Bij, and the SOC contribution
generated by S; is smaller and almost negligible compared
with Se;, so the DMI of Fe/Bi;0,S is a little stronger than
that of Fe/Bi,O,Se. When the structure is distorted, even if the
contribution from atom S;/Se; is reversed, the most important

contribution from Bi; becomes too small, resulting in a weaker
DMI. Furthermore, the contributions of S; and Bi; in distorted
Fe/BiyO,S are smaller than those of Se; and Bi; in distorted
Fe/Biy O, Se, resulting in a slightly stronger DMI of the latter.
However, for Fe/Bi,O,Te (see Fig. S10), the competing con-
tribution generated by the interfacial heavy atom Te; increases
greatly and even exceeds that of heavy atom Biy, leading to the
overall DMI decreasing. In its distorted-I structure, the bene-
ficial contribution from element Fe is significantly enhanced,
while the competing contribution from atom Te; is weakened,
so the DMI strength increases. The distribution of SOC contri-
butions in the distorted-1I structure only differs slightly from
the undistorted case, arising from the minor difference in their
structures.
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Fig. 3. Atomic-layer-resolved SOC energy associated with DMI of (a) undistorted, (c) distorted Bi;O,S/Fe and (b) undistorted, (d) distorted

BizOzSC/FC.

Significantly, there are quite sizable DMI amplitudes of
3.872 (3.850) meV/atom in undistorted Fe/Bi»O,S(Se) stacks,
stronger than the DMI in traditional systems, like Co/Pt bilayer
(3.05 meV/atom),*1%1 Janus MnSTe (2.86 meV/atom)28l
and Fe/Ir(111) (1.7 meV/atom).[”® Such large DMI ampli-
tudes also result in the large |diot/J|, 0.113 (0.088) for undis-
torted Fe/Bi,0,S(Se), which are quite close to the typical
range of 0.10-0.20 for the topological magnetic structures
formation.!'®! However, the topological magnetic structures
are synergistically determined by di, K, and J. di favors
the generation of non-collinear spin spirals, but J and K tend
to align the spins collinearly. The effect of MAE is ignored
when evaluating spin textures using |dio/J|, which may cause

deviation. So, we introduce another dimensionless parame-

2
ter k= |(4) uE
spin textures, which is listed in Table S1. The calculated x
of the Fe/Bir0,S(Se) is moderate (1 < k < 7) with |diot/J|

greater than 0.04, which may lead to the generation of iso-

)[7'] to jointly evaluate the generation of

lated skyrmions, but the k of the Fe/BiO,Te may be too large
(> 30) to generate them.!”'=73] In addition, the large values
of J and d,o are beneficial for preventing the annihilation of
topological magnetism.!’#!

After the magnetic parameters J, K, and di; of spin
Hamiltonian H are obtained, the formations of spin textures
are verified by carrying out atomistic spin dynamics simula-
tions with the SPIRIT software package.!”>! The spin dynamic
evolution process can be described by the Landau-Lifshitz—
Gilbert (LLG) equation:

dS; . Y
ot 1+ a2

i

[Si X Beff+ aSi X (Sl X Béff)]a

T l+a? @

in which ¥ is the gyromagnetic ratio, o indicates the damping
constant and is set to 0.2, and B, éff represents the effective field

of site i,
i1 oH
eff — Us 35’, .
A 40 nmx40 nm supercell with 150x 150 atoms under

3

in-plane periodic boundary conditions is constructed to obtain
complete spin textures. In the simulations, at the temperature
of 0 K, random magnetic states are used as the initial states
and the number of iteration steps is set to 2 x 10° to acquire
the stable ground states without applying external magnetic
field.
loops (VALs) appear [see Fig. 4(a)], arising from the rela-
tively giant values of the CW chiral DMI (3.872 meV/atom)
and IMA (1.768 meV/f.u.).3776771 And there are Néel-type
skyrmions (Sk) with the diameters of 8 nm—10 nm as well as

In undistorted Fe/Bi;O,S system, vortex—antivortex

skyrmionium [see Fig. 4(c)] in undistorted Fe/Bi;O,Se sys-
tem, attributing to the similar DMI (3.850 meV/atom) and
even smaller IMA (0.302 meV/f.u.) compared to those of
Fe/Bi»0,S. Once the structures are distorted, the VALSs in
Fe/Bi,0,S are changed to skyrmions with the diameter of
6 nm and large size magnetic domains with Néel-type DWs
[see Fig. 4(b)]. Meanwhile, the complex case in Fe/Bi;O,Se
becomes a simple skyrmion lattice with a larger diameter of
14 nm [see Fig. 4(d)]. These are attributed to the reduction of
DMI, the out-of-plane transformation of magnetic anisotropy
and the enhancement of exchange coupling. However, be-
cause of the weak DMI and strong FM exchange coupling,
only uniform FM single domain (see Fig. S11) is obtained
in Fe/Bi,O,Te system, consistent with its large k. We also
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test the effect of the next-nearest neighbor (NNN) exchange
coupling on topological spin textures, as shown in Fig. S6.
The results indicate that the fundamental magnetic phases of
Fe/Bi,O,S(Se) remain unchanged.

7 (b)

Fig. 4. The relaxed atomistic spin dynamics simulations of (a)

undistorted, (b) distorted BioO,S/Fe and (c¢) undistorted, (d) distorted
Bi, O, Se/Fe in real space without applying external magnetic field.

Notably, under the influence of such an IMA
(0.302 meV/f.u.) in undistorted Fe/Bi;O,Se, the skyrmions
emerge [see Fig. 4(c)], which are typically produced un-

der the background of collinear out-of-plane magnetic
ordering.!>>77-78 In order to explore the reasons for this sit-

J =40 meV

uation, we separately test the effects of dio; and J on its spin
textures while keeping everything else constant, as shown in
Fig. 5. One can see that J mainly influences the size and
density of spin spirals, but cannot change their types [see
Figs. 5(a)-5(d)]. The initial J equals 43.739 meV in Fig. 4(c),
with a corresponding x value of 1.445, very close to the typ-
ical range 0 < Kk < 1 for the formation of spin spirals.3*7!]
Since k is directly proportional to J, when J decreases, k
also decreases, dropping to 0.330 in Fig. 5(d), which matches
more within the range of 0—1. This leads to the formation of
DW and skyrmions, ultimately forming labyrinth domains.”°!
In contrast, dyy determines the transition from skyrmions to
bimerons [see Figs. 5(e)-5(h)]. Due to the large DMI strength,
the in-plane background magnetic order is pulled to the out-
of-plane direction, but as the DMI strength decreases, it is
restored to the in-plane direction dominated by IMA. In gen-
eral, the formation of skyrmions in Fig. 4(c) is mainly because
of the influence of large DMI. Compared to the large J and
dior values, the IMA is too weak to stabilize the background
magnetic order along the in-plane direction.®’! Subsequently,
when an in-plane magnetic field is applied to undistorted
Fe/Bi,0,S along +x direction (By), By and IMA synergis-
tically transform the VALs into a bimeron chain which is ar-
ranged along the direction of magnetic field (see Fig. S12). Es-
pecially with large enough B, (> 0.3 T), the chain of bimerons
is finally separated into isolated bimerons with a diameter as
low as 5 nm in Figs. S12(c) and S12(d).

Fig. 5. The evolution of spin textures with (a)—(d) J varying from 40 meV to 10 meV and (e)—(h) di; varying from —3 meV to —1 meV in

undistorted Fe/Bi; O, Se.

We summarize some materials that host topological spin
textures with sizes smaller than 100 nm based on experimen-
tal (Exp.) measurements or theoretical simulations (Sim.) in
Table 1. One can see that spin textures found in bulk mate-
rials and multilayer films typically exhibit larger sizes of tens

of nanometers. [31-841 Additionally, several theoretical studies
have successfully induced small-sized (10-23 nm) topological
magnetic structures in 2D magnetic thin films.?>71:33! In com-
parison, the sub-10 nm VALs and Néel skyrmions that we find
in Fe/Bi;O,X (X = S, Se) heterostructures are competitive.
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Table 1. List of materials hosting skyrmions or other topological spin textures.

Material Method Spin texture Size of spin texture (nm) Reference
MnSi Exp. bloch Sk 18 [81]
Cu,0Se03 Exp. bloch Sk 62 [83]
(Ir/Co/Pt)19 Exp. Néel Sk 30-90 [84]
LaCl/In;Ses Sim. bimerons 23 [25]
VO, monolayer Sim. anti-Sk 10 [71]
CrlnX3 (X = Te, Se) Sim. Néel Sk ~ 10 [85]
[Ir/Fe/Co/Pt]3/W/CoFeB/MgO Exp. Néel Sk ~ 100 [82]
Fe/Bi,0,X (X =S, Se) Sim. VALs, Néel Sk ~ 10 this paper

On this basis, we further investigate the variation of DMI 2022YFA1403601, 2020AAA0109005, and 2023YFB4502100),

in undistorted Fe(n ML)/Bi;O,S(Se) stacks with the increas-
ing number of Fe monolayers (ML), denoted as n. As shown in
Fig. 6, with n varying from 1 to 5, the DMI strength generally
tends to decrease. This indicates that this type of DMI is an
interfacial effect, the thicker the Fe atomic layers, the weaker
the interfacial effect. It is consistent with the change of Co/Pt
heterostructure in Ref. [26], in which DMI decreases with the
increase of Co atomic layers.

@, oon O/
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8% - |
o, < . s
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Fig. 6. (a) The side view of Fe (n ML)/Bi,O,X (X =S, Se) heterostruc-
ture. (b) The total DMI dy as functions of X and n in (a).

In conclusion, we have explored the DMI and topolog-
ical magnetic structures in Fe/Bi,O,X (X = S, Se, Te) het-
erostructures. It is shown that the presence of Fe atoms can
change the system’s symmetry, induce gaint DMI and real-
ize topological magnetic structures without external magnetic
field. The distortions caused by strain can effectively modu-
late the DMI of the heterostructures, and lead to the varieties
of VALs or skyrmions. And the DMI is gradually weakened
with the increase in the thickness of Fe atoms. Such field-
free stabilized sub-10 nm spin textures can be employed for
information encoding and storage, while also playing a sig-
nificant role in advancing the development of next-generation
energy-efficient nanoscale spintronic devices based on topo-
logical quasi-particles. Therefore, this work enriches the ma-
terial systems of skyrmions and lays the foundation for the
application of skyrmions in spintronics.
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