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Generation of magnetic skyrmions in two-dimensional magnets via interfacial proximity
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Two-dimensional (2D) magnetic van der Waals materials provide a fertile platform for the design and control
of topological spin textures such as skyrmions. However, despite studies reporting skyrmions in many 2D
magnetic systems, the hosting van der Waals materials are still limited. Here, via first-principles calculations
and Monte Carlo simulations, we propose a series of 2D magnetic heterostructures as a different materi-
als’ family hosting skyrmions. Unlike previously studied van der Waals heterostructures, a strong interface
coupling generates here a significant inversion symmetry breaking, which then results in an inherently large
Dzyaloshinskii-Moriya interaction (DMI). Furthermore, upon applying a moderate magnetic field, isolated
skyrmions and skyrmions lattices emerge in various types of these heterostructures, and are robust within a
relatively wide temperature range. Our work thus suggests a general method to induce DMI and paves the way
toward topological magnetism in 2D materials through interfacial engineering.
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I. INTRODUCTION

Magnetic skyrmions, which are topologically protected
spin textures, have recently attracted rising attention for
their potential applications to the next—generation information
storage and processing device, such as racetrack memory
[1-4]. One typical requirement towards the formation of
skyrmions is the antisymmetric exchange interaction, known
as Dzyaloshinskii-Moriya interaction (DMI), which originates
from the spin-orbit coupling (SOC). DMI only exists in sys-
tems having no local inversion symmetry [5,6], such as single
crystals [1,7-10] and several thin-film systems [11-15]. The
latter one as well as the magnetic multilayered systems with
asymmetric interfaces have gained great interest as a skyrmion
host, due to their natural inversion symmetry breaking and
tunable magnetic parameters by varying the thickness of the
layers and the composition at the interface.

Furthermore, the recent discovery of long-range magnetic
order in two-dimensional (2D) materials, represented by Crls
and CrGeTe; /CrSiTes, provides a promising platform for ex-
ploring exotic magnetic phenomena down to the 2D limit
[16-19]. Due to the large SOC of the ligand atom I/Te,
these compounds exhibit sizable magnetic anisotropy energy
(MAE), which is responsible for the long-range 2D mag-
netism. One may now wonder if pronounced DMI can be
induced in these 2D magnets once the inversion symmetry
is broken. Recent reports have demonstrated several strategies
to break inversion symmetry of 2D magnets: Janus structures
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[20-24], perpendicular electric field [25], and heterostruc-
tures [26-31]. Among these, like the magnetic multilayered
systems, 2D van der Waals (vdW) magnetic heterostructures
with intrinsic inversion asymmetry have received particular
attention. For example, bimerons have been discovered in
the LaCl/In,Se; heterostructure and can be manipulated by
ferroelectric polarization in In;Ses [27]. Li et al. have also
shown the existence of the skyrmion in a Cr,Ge,Teg/In,Ses
heterostructure [29]. However, the interfacial induced DMI
is relatively small (|D/J]| is 0.05 for WTe,/CrCl; [28], 0.04
for Cr,Ge,Teg/InySes [29], 0.055 for CrTe, /WTe, [30], and
0.045 for strained Fe;GeTe,/germanene [31]) in the weak
vdW heterostructures, which is out of the typical |D/J| range
0.1-0.2 known to generate skyrmionic phases as ground state
[32]. Thus, a strong interfacial interaction in 2D magnetic
heterostructures is highly desired to obtain a large interfacial
DMI. Here, we propose a general effective way to induce
large DMI in 2D magnets via strong interfacial coupling in
a series of heterostructures that consist of a ferromagnetic
(FM) CrXTes; monolayer (X = Si, Ge, and Sn) and a buck-
led Y (Y = germanene and silicene) monolayer, as shown in
Fig. 1. As we will show, due to strong interfacial interac-
tion, these Y-CrX Te; heterostructures do exhibit large DMIs.
Moreover, upon applying a moderate magnetic field, isolated
skyrmions and skyrmions lattices can be obtained in several of
these heterostructures, which is revealed to be robust within
a relatively wide temperature range. Our results therefore
provide an efficient strategy to induce large DMI in 2D mag-
nets via strong interfacial coupling other than constructing
typical vdW heterostructures. Such a strategy should be help-
ful to design novel 2D skyrmion-based logic and memory
devices.

©2023 American Physical Society
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FIG. 1. Top and side views of Y -CrX Te; heterostructures. Bonds
A and B denote the Cr-Te bond close to and away from the interface,
respectively.

The rest of the paper is organized as follows. In Sec. II,
we describe the computational methods presently employed.
In Sec. III, we report and discuss our results, including the
structural model used in the calculations (Sec. I A); the
magnetic exchange parameters for all heterostructures, with
a particular emphasis on the impact of the interface coupling
on the DMI (Sec. III B); the extracted magnetic parameters,
Curie temperatures, and ground states determined via Monte
Carlo (MC) simulations (Sec. III C); the effects of magnetic
field on topological spin textures (Sec. III D); and the mag-
netic field-versus-temperature phase diagram (B-T), as well
as a discussion about thermal fluctuation effects on topology
(Sec. IITE). Section IV briefly summarizes our work.

II. COMPUTATIONAL METHODS

We have performed first-principles calculations based on
the density-functional theory (DFT) implemented in the Vi-
enna ab initio simulation package (VASP) [33,34]. The energy
cutoff for the plane wave basis expansion is set to be 350 eV.
A 15-A layer is used to avoid interaction between adjacent
layers. The Perdew-Burke-Ernzerhof (PBE) approximation
was used to describe the exchange and correlation functional
[35]. To better describe the Cr 3d electrons, the generalized
gradient approximation (GGA) + U method is employed, in
which an effective Hubbard U, is set to 3.0 eV. We also
calculated the difference in energy between ferromagnetic
and antiferromagnetic states, AE = Ep, — E,my, of the eight
heterostructures indicated in Table SI of the Supplemental
Material [43], by varying Ue. As indicated in this Table
S1, we find that the ferromagnetism in all heterostructures
is robust to U values. Therefore, we choose a moderate
value of U = 3.0 eV. The 12 x 12 x 1 gamma-centered k-
point mesh was used to sample the Brillouin zone of the unit
cell for structural optimization and 30 x 30 x 1 k-point mesh
was employed for calculating the magnetic anisotropic energy
and the energy difference between the ferromagnetic and anti-
ferromagnetic states. The vdW correction with the Grimme
(DFT-D2) method is included in the structural calculations
[36]. For geometry optimization, all the internal coordinates

are fully relaxed until the Hellmann-Feynman forces on each
atom are less than 0.01 eV /A. The four-state energy mapping
method is applied to obtain the symmetric exchange parame-
ter (J) and the antisymmetric DM interaction parameter (D)
[37]. To ensure accuracy, we choose a 3 x 3 x 1 supercell
for the four-state method calculations, which is proven to
be large enough to prevent the coupling between some sites
present in the supercell and periodically repeated sites [38].
See Refs. [39,40] for more details.

Based on calculated magnetic parameters, the parallel tem-
pering Monte Carlo (MC) simulations are carried out to
explore the spin textures and estimate Curie temperature (7¢)
with the Material Simulation and Property Calculation Pack-
age (MSPCP) [41,42]. The details of MC simulations are given
in the Supplemental Material [43].

III. RESULTS AND DISCUSSION

A. Geometric properties and structural stability

Figure 1 shows the studied Y-CrXTe; heterostructure,
which is comprised of a +/3 x +/3 ¥ monolayer on top of
which a 1 x 1 CrXTe; monolayer is added. To neglect the
influence of strain on magnetic properties of CrX Te;, we use
here the experimental in-plane lattice constants of CrXTes
[44,45] for both the CrX Te; and ¥ monolayers—implying that
the Y monolayer is slightly strained. We consider six high-
symmetry stacking configurations (denoted as I-VI) for all
heterostructures, and the most stable configurations (as shown
in Fig. 1 and Fig. S1 [43]) are determined to be V and III
for Y-Crl; and Y-CrXTes, respectively. These configurations
are those employed in subsequent calculations. The inversion
symmetry is naturally broken in the heterostructures and thus
one can expect a finite DMI between the Cr ions to arise.

B. Spin model and magnetic parameters

To investigate the salient features of magnetism in our
systems, we adopt the following spin Hamiltonian:

1 1
HZEZ]US,SJ—FEZDU(S,XSJ)

<i,j> <i,j>

+ ) K27, M

where J;; denotes the Heisenberg exchange coupling and Dj;
is the vector characterizing the DMI interaction, both of them
running over all first nearest-neighbor (NN) Cr pairs. The third
term represents the magnetocrystalline anisotropy (MAE) that
runs over all Cr sites. The coefficients of Eq. (1) are listed in
Table I and are extracted from DFT calculations and the four-
state energy mapping method (see the Supplemental Material
(SM) for details [43]). For comparison, we also calculated
the magnetic parameters for Y-Crl;. As one can see from
Table 1, the Heisenberg exchange coupling J’'s are always
ferromagnetic for all heterostructures. We also find that all
the heterostructures, except for Si-CrSiTe; and Si-CrGeTes,
favor out-of-plane anisotropy, as a consequence of an in-
terplay between the single ion anisotropy and exchange
anisotropy [46] [note that K in Eq. (1) quantifies the total
anisotropy, which is the sum of single ion and exchange
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TABLE I. Magnetic parameters of the eight studied heterostruc-
tures. J, D, K, K., and K represent the coefficient of exchange
interaction, DMI, total MAE, single ion anisotropy, and exchange
anisotropy, respectively. The negative (positive) K represents the
easy-axis (easy-plane) anisotropy. Note that S = 3/2 is used when
extracting the magnetic parameters. The units of energy are meV.

J D D/ K Ko Kexen
Ge-Crl3 —-5.794 0.454 0.078 —0.863 0.349 —1.558
Ge-CrSiTe; —8.583 0.797 0.093 —0.031 0.441 —-0.920
Ge-CrGeTe; —8.681 0.857 0.098 —0.204 0.492 -1.191
Ge-CrSnTe; —7.964 1.442 0.181 —-0.542 0.788 —2.135
Si-Crl; —5.653 0462 0.082 —-0.766 0.288 —1.338
Si-CrSiTes —8.348 0973 0.117 0.091 0.536 —0.973
Si-CrGeTe; —8.580 1.165 0.136 0.389 0.743 —1.096
Si-CrSnTe;  —8.521 1.632 0.192 —-0.820 0.455 —1.735

anisotropy]-which is an important factor that can affect the
formation of magnetic topological states.

We then turn to the DMI. As we mentioned above, DMI
requires two ingredients: (i) SOC, and (ii) symmetry breaking.
The first aspect is easily satisfied in our system due to the
large SOC of ligand atom I/Te, which is responsible for DMI
of 2D magnets [20-24,47,48]. However, although structural
asymmetry exists in all heterostructures, Y -Crls exhibits the
smallest DMI compared to others, as shown in Table 1. This
is due to the weak vdW coupling between Crl; and ger-
manenef/silicene (the layer spacing of 3.22/3.33 A reveals a
typical vdW equilibrium space). Consequently, the structure
of Crl; is barely changed (for instance, the bond length dif-
ference A between the Cr-I bond close to and away from
the interface is 0.018/0.015 A for Y -Crl;, while the A of the
pristine Crlj is 0, as listed in Table II). Therefore, the weak
extent of broken inversion symmetry leads to small DMI.
For the Y-CrXTe; series, the covalent Y-X and Y-Te bonding
nature is apparent, as shown in Fig. 2. Such strong interfa-
cial coupling greatly distorts the structure of CrXTes; with a
relatively large A for the Cr-Te bond of 0.055-0.063 A (note
that the A of the pristine CrX Tes is also 0) as compared with
the aforementioned one of Y-Crl;. Furthermore, the charge
redistribution in Y-CrX Tes can induce a built-in electric field,
which points from the Te atom close to the interface to the
one away from the interface, as illustrated in Fig. 2. In con-

TABLE II. The bond length (A) of bonds A and B as depicted in
Fig. 1, the bond length difference A (A) of bonds A and B, and charge
transfer A p. Note that the positive value of Ap means a charge flow
from silicene/germanene to CrX Te; /Crls.

Bond A Bond B A Ap
Ge-Crl; 2.747 2.765 0.018 0.115
Ge-CrSiTe; 2.758 2.701 0.057 0.173
Ge-CrGeTe; 2.761 2.703 0.058 0.229
Ge-CrSnTe; 2.782 2.726 0.056 0.170
Si-Crl; 2.748 2.763 0.015 0.125
Si-CrSiTe; 2.756 2.701 0.055 0.325
Si-CrGeTe; 2.758 2.703 0.055 0.328
Si-CrSnTe; 2.720 2.783 0.063 0.197

trast, Y-Crl; has a negligible built-in electric field, even if
there is charge transfer between Crlz and Y layer (as listed
in Table II). Thus, the strong extent of broken inversion sym-
metry in Y-CrXTe; causes large DMIs. For the Y-CrXTes
series, the observed trend of Dcysite; < DerGete; < DcrsnTes
correlates well with the increasing order of SOC of the X
atom [Si(~1073) < Ge(~1072) < Sn(~107")] [49,50]. We
also note that the DMI coefficient of the Si-CrXTes series
is larger than that of the Ge-CrXTe; series, which could be
explained from the larger charge transfer between CrX Tes
and Si layer than between CrXTe; and Ge layer (as listed
in Table II). Notably, the significant DMI/exchange ratios
|D/J| of Y-CrXTe; demonstrate that the strong coupling het-
erostructure is an effective way to induce considerable DMI
and is thus promising to create magnetic skyrmions.

C. Curie temperature and ground state
without external magnetic field

After we obtained all the parameters in the spin Hamil-
tonian of Eq. (1), parallel tempering Monte Carlo (PTMC)
simulations are then performed over a 60 x 60 x 1 supercell
to determine low-energy phases (see the SM for details). The
initial spin textures are obtained from a full relaxation of
the paramagnetic (random) state. We first extract the Curie
temperature T¢ of all the heterostructures by looking at the
specific heat versus temperature. The 7¢ is 45 K for pris-
tine monolayer Crl3, 43 K for CrSiTe;, 60 K for CrGeTes,
and 70 K for CrSnTe; [51]. As compared with free-standing
single-layer Crl; and CrXTes;, all the heterostructures have
increased Tc, as shown in Fig. 3, which is consistent with
previous studies [52,53]. To guarantee the converged spin
structures to be the ground state at the temperature of 0 K,
the conjugate gradient (CG) method is further implemented
to relax the spin textures obtained by PTMC simulations.
Coupled with the large easy-axis anisotropy, the ground states
of Y-Crl; are determined to be out-of-plane FM. There is
also no sign of any chiral spin textures even with external
magnetic field. These findings are consistent with the fact that
the |D/J| ratios of Y-Crl; are found here to be 0.078 and
0.082, which falls outside the typical range 0.1-0.2 for the
formation of skyrmions. We thus focus on the six Y-CrXTes
heterostructures in the following discussions.

Next, we first discuss the ground state of Y-CrXTe; het-
erostructures at 0 K without external magnetic field. As
shown in Fig. 4, the Y-CrXTes; heterostructures with differ-
ent |D/J| exhibit a distinct ground state. For Ge-CrSiTes,
Ge-CrGeTes, and Si-CrSiTes, parallel stripes phases are ob-
served [see Figs. 4(a), 4(b), and 4(d)], which is a consequence
of a similar |D/J| ratio 0.093-0.117. Specifically, the rela-
tively larger |D/J| of Si-CrSiTes results in narrower width
stripes (~20.2nm), compared with that of Ge-CrSiTe; and
Ge-CrGeTe; (~35.2 and ~29.0nm)—as is consistent with
Ref. [54]. On the other hand and due to a larger |D/J]|, the
ground states of Ge-CrSnTes, Si-CrGeTes, and Si-CrSnTes
all present labyrinth domain morphology but manifest dif-
ferent specific characteristics [as shown in Figs. 4(c), 4(e),
and 4(f)]. For Si-CrGeTes, the ground state consists of a
connected labyrinth, which is in line with a lower |D/J| of
0.136 than that of Ge-CrSnTe; and Si-CrSnTes, while for
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FIG. 2. Electrostatic potential and charge difference of (a) Ge-Crl;, (b) Ge-CrSiTes, (c) Ge-CrGeTes, (d) Ge-CrSnTes, (e) Si-Crls, (f)

Si-CrSiTe;s, (g) Si-CrGeTes, (h) Si-CrSnTes, respectively.

Ge-CrSnTes, that has a |D/J| of 0.181, the ground state is
made of disconnected labyrinths. Interestingly, an isolated
skyrmion emerges on the background of the labyrinth domain
in Si-CrSnTes, which possesses the even higher |D/J| of
0.192.

D. Effects of magnetic field on topological spin textures

Let us now look into the effects of magnetic field on
topological spin structures of Y-CrXTe; heterostructures at
0 K. To this end, we have derived from our simulations the
field dependence of topological charge Q per supercell (see
the SM for details, and Fig. 5). In conjunction with the real-
space images of Fig. 4, the values of Q can help us identify

the different phases. For examples, Q = 0 can correspond to
stripes, labyrinths, or the FM state, while finite values of Q
indicate the emergence of skyrmions. The external magnetic
field is oriented outward from the Y layer. For the case of
Ge-CrSiTe; and Ge-CrGeTes, a phase, to be denoted as phase
II and consisting of isolated skyrmions, begins to appear at
about 0.1 T, as indicated in Figs. 5(a) and 5(b). The diameter
of skyrmions decreases when the magnetic field increases.
Above 0.5 T, the Ge-CrSiTe; adopts a uniform FM state,
to be coined as phase VIII. Because of the relatively large
easy-axis anisotropy, the Ge-CrGeTes transforms into phase
VIII above 0.4 T [55]. In contrast, for Si-CrSiTes3, we find a
tendency evolving from parallel stripes (phase I) at low field,
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FIG. 3. The calculated specific heat of (a) Ge-Crl;, (b) Ge-CrSiTes, (c) Ge-CrGeTes, (d) Ge-CrSnTes, (e) Si-Crl;, (f) Si-CrSiTes, (g)

Si-CrGeTes, (h) Si-CrSnTes as a function of temperature.
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FIG. 4. Representative spin texture of (a) Ge-CrSiTes;, (b) Ge-CrGeTes, (c) Ge-CrSnTe;, (d) Si-CrSiTe;, (e) Si-CrGeTe;, and (f)
Si-CrSnTe; with and without applying magnetic field (B) at 0 K. The skyrmion embedded in labyrinth domains for Si-CrSnTe; is highlighted

with a red circle.

to a triangular skyrmion lattice (phase V) in the magnetic field
range 0.1-1.0 T, as depicted in Fig. 5(d). One can attribute
the emergence of the skyrmion lattice under field to the small
value of the easy-plane MAE of Si-CrSiTes, even though its

ID/J| is of 0.117, which is close to the lower limit of the
skyrmion existence range [32,55]. When the magnetic field
further increases from 1.0 to 1.2 T, the size of skyrmion also
decreases, along with the skyrmion density. Similarly, due
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FIG. 5. The topological charge |Q| for (a) Ge-CrSiTes, (b) Ge-CrGeTes, (c) Ge-CrSnTes, (d) Si-CrSiTes, (e) Si-CrGeTes, (f) Si-CrSnTe;
as a function of B at 0 K. The eight phases found are as follows: parallel stripes (I), discrete skyrmion (II), disconnected labyrinths (III),
fragmented (“wormlike”) labyrinth domains and skyrmion mixed phase (IV), skyrmion lattice (V), connected labyrinth (VI), disconnected
labyrinths and skyrmion mixed phase (VII), and saturated ferromagnetic state (VIII), respectively.
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FIG. 6. The topological charge Q per supercell of (a) Ge-CrSiTes, (b) Ge-CrGeTe;, (¢) Ge-CrSnTes, (d) Si-CrSiTes;, (e) Si-CrGeTes,
(f) Si-CrSnTe; as a function of temperature and external magnetic field B.

to the same reason of easy-plane anisotropy, we also find a
robust skyrmion lattice phase in the magnetic range 0.2-2.0 T
for Si-CrGeTes, as displayed in Fig. 5(e). For the case of
Ge-CrSnTes, the magnetic field (0.2-0.5 T) first tends to
break the disconnected labyrinth domain (phase III) into frag-
mental domains mixed with skyrmions [phase IV, as depicted
in Fig. 5(c) and Fig. S2(c) of the SM [43]]. Further increments
of magnetic field (0.5-2.2 T) totally wipe out the labyrinth
states and the skyrmions now organize themselves into a
triangular lattice which is representative of phase V. With
respect to that of Ge-CrSnTes, the skyrmion lattice phase of
Si-CrSnTe; can be preserved in a relatively narrow magnetic
field range 0.2-1.6 T [Fig. 5(f)] owing to the large easy-axis
anisotropy. Moreover, Si-CrSnTe; is easier to magnetize and
to transform into the FM state than Ge-CrSnTes (the critical
fields leading to FM are 1.8 and 2.5 T in these two compounds,
respectively).

E. Phase diagram (B-T') and thermal fluctuation
effects on topology

Finally, we establish a magnetic field versus tempera-
ture phase diagram (B-T) for the topological charge Q per
supercell, in order to gain more insight into the thermal
destabilization of skyrmions. One can clearly see from Fig. 6
that, approximately below 70 K and in the same magnetic
field range as that in Fig. 5, skyrmions or skyrmion lattice
of Y-CrXTes heterostructures can be well preserved. For a
given B, the topological charge does not change much as
the temperature is progressively increased up to 70 K. One
should note that the image of the skyrmions begins to be
blurred above about 70 K, as shown in Fig. 7(a). However,
we notice that the value of Q is still significant along a ridge
extending to the high temperature and large magnetic field

region, where no skyrmions are expected. As already dis-
cussed in a previous study [56], this emergence of such
topological charge originates from thermal fluctuation. To
illustrate the thermal fluctuation effects on topology, we take
Si-CrSnTe; at B=0.6T as a typical example. As discussed
above, the topological charge is Q = —6. At the same field,
if the temperature is elevated to point A (about 65 K), the
snapshot in Fig. 7(a) presents blurred skyrmions with slightly
decreased topological charge of —5.88, which originates from
thermal activation effects. Although the topological charge
(—3.64) at point B (about 102 K) remains finite, the image
shown in Fig. 7(b) is completely random. When we move
to the high-field and high-temperature point C (2.0 T, 102
K), where no skyrmion is expected, the topological charge
(—8.48) is however still significant. The image shown in

0 20 40 60 80 100120 140 160 180 200
T(K)

FIG. 7. The phase diagram of topological for

charges
Si-CrSnTe; with the magnetic field and temperature dependence.
Star symbols labeled A to C correspond to the snapshots in panels

(a)—(c).

024402-6



GENERATION OF MAGNETIC SKYRMIONS IN TWO- ...

PHYSICAL REVIEW B 107, 024402 (2023)

Fig. 7(c) again depicts uniform randomness and the absence
of any spin ordering at this point.

IV. SUMMARY

In summary, using first-principle calculations and MC
simulations, we discovered that Y-CrXTe; heterostructures
represent a different materials’ family hosting skyrmions.
Such latter topological defects result from interfacial
engineering, which is known to induce DMI and stabilize
novel spin textures in other compounds [26-30]. Moreover,
recent experimental studies have shown that ger-
manene/silicene can be grown on the MoS, substrate [57-59],
suggesting that a similar epitaxial growth scheme might be
extended to other 2D magnetic insulating substrates such
as CrSiTes or CrGeTes;. The required SOC and inversion
asymmetry are both intrinsic properties of our heterostructure
system, thus leading to inherent large DMI, which can be
roughly measured by the extent of inversion symmetry
breaking. We also find that skyrmions (skyrmion lattices)
can be stabilized over a relatively wide range of magnetic
fields and temperatures. Therefore, we hope that our work has

important implications to, e.g., design 2D skyrmion-based
logic and memory devices.
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