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Editors’ Suggestion

Magnetoelectric imprint of skyrmions in van der Waals bilayers
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As topological solitons in real space, magnetic (M)/electric (E) skyrmions have attracted enduring attention
due to their significant roles in both fundamental science and potential information-related applications. How-
ever, it remains challenging to effectively track/manipulate M skyrmions via energy-saving routes. Besides,
the stability of E skyrmions usually require harsher conditions than their M counterparts. Here, a strategy
so-called magnetoelectric imprint is proposed to overcome these obstacles. Through proximate interactions,
an isoperiodic bijection is established between the local dipoles and spin moments. Thus, M skyrmions can
be mapped into E skyrmions, which provides an alternative strategy to detect/manipulate M skyrmions by
recognizing/controlling their E fingerprints. More interestingly, these magnetism induced E skyrmions come
from the distortions of electron clouds instead of lattice, which provides an inborn superior for ultra-high-speed
dynamics. Our work goes beyond the conventional separating territories of M/E skyrmions by demonstrating an
emerging quasiparticle, i.e., the ME skyrmions, thus opens one more route to realize magnetoelectric functions

in low-dimensional materials.
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I. INTRODUCTION

Magnetic (M) skyrmions are vortexlike spin textures with
integral topological numbers, which open a promising direc-
tion for spintronics [1,2]. Since the experimental observations
of M skyrmions in reciprocal space [3] and real space [4], the
physical mechanisms of their creation and manipulation have
been extensively studied, and more and more materials with M
skyrmions have been predicted/found [5—-11]. Up to now, M
skyrmions can be directly visualized by Lorentz transmission
electron microscopy [4] and spin-polarized scanning tunnel-
ing microscopy [12,13], which sets a high technical threshold
for experimental direct characterizations. Thus, other easier
experimental routes are urgently needed to track and manipu-
late M skyrmions directly. Although the electrical readout of
M skyrmions was attempted, such as spin-mixing magnetore-
sistance (XMR) [14,15] and chiral XMR (C-XMR) [16] based
on current signals, and the dielectric/ferroelectric responses
of M skyrmion based on electric field signals. The Joule
heat is inevitable in magnetoresistance measurements while
the dielectric/ferroelectric responses only works in insulators
[17-21].

The electric (E) skyrmions, with similar topological
textures of electric dipoles, were also proposed and experi-
mentally realized in PbTiO3/SrTiO3 superlattices [22]. Later,
the concept of E skyrmions/vortex has been generalized to
more systems [23-28]. Novel physics, e.g., large second har-
monic generation (SHG), negative capacitance, and emergent
chirality, have been reported for E skyrmions [25,29,30].
Different from the M skyrmions, the E skyrmions can be
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directly regulated by electric field, which is much easier
and more energy-efficient. However, current E skyrmions are
mostly limited in titanates and their superlattices [23-27].
Usually, the complex interplay among elastic, electrostatic,
and gradient energy is required to stabilize the E skyrmions
[31], namely the origin of E skyrmions is mostly related
to the electric-mechanical coupling. It is as expected since
in these systems the electric dipoles are from structural
distortions.

In some new kinds of ferroelectrics, the distortion of elec-
tron clouds can also contribute a lot to the local dipoles and
macroscopic polarizations. For example, in the type-II mul-
tiferroic o-HoMnO3; and Hf,VC,F,, the magnetism-induced
polarizations can be mostly from the distortion of electron
clouds, instead of the structural distortions [32,33]. Another
case is the sliding ferroelectrics in van der Waals (vdW) ma-
terials [34,35], in which the polarization originates from the
bias of electron clouds due to the interlayer interaction [36].
Comparing with those conventional dipoles from structural
distortions, these electronic-originated dipoles are naturally
advantageous for ultra-high-speed switching since the dynam-
ics of electrons are much faster than ions. Thus, it will be
highly interesting and vital to pursue E skyrmions with dipoles
from electron clouds distortion.

In this paper, we propose a mechanism to generate
E skyrmions by rubbing M skyrmions to adjacent ferromag-
netic layer, which is coined as magnetoelectric imprint (MEI).
Microscopically, the dipoles come from the electron clouds
distortion, which is spin-orientation dependent. Based on this
METI effect, M skyrmions can be read/manipulated using pure
electrical field methods. Our work is mainly based on first-
principles density of functional theory (DFT) calculations and
atomistic simulation of the spin lattice model, and more de-
tails can be found in the Methods section.
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II. METHODS

A. First-principles calculations

The first-principles density functional theory (DFT) calcu-
lations are performed using the Vienna ab initio simulation
package (VASP) [37]. The generalized gradient approxima-
tion (GGA) of Perdew-Burke-Ernzerhof (PBE) is used for
the exchange-correlation functional [38]. The energy cutoff
for plane-wave basis is set as 500 eV. The lattice constants
and ionic positions are fully optimized with high conver-
gent criteria for energy (1078 eV) and the Hellman-Feynman
forces (10~ eV/A). The first Brillouin-zone integration is
carried out by usinga 9 x 9 x 1 I'-centered k-point mesh. For
the calculation of single-ion magnetocrystalline anisotropy, a
more intensive k-point mesh of 17 x 17 x 1 is used with the
convergent criteria for energy being 10~ eV. To consider the
on-site Coulomb interaction of Cr’s 3d electrons, an effective
Hubbard term U of 1.5 eV is applied [39,40]. A vacuum
spacing more than 20 A is adopted along the z axis to avoid
the interaction between two neighboring slices.

To confirm the dynamic stability of CrTel bilayer,
the phonon band structures are calculated by using the
PHONOPY code [41,42], with a 4 x 4 x 1 supercell. The
ferroelectric polarization is calculated using the Berry phase
method [43,44]. The visualization of crystal structures and
differential electron density are realized by VESTA [45].

B. Model simulation

The atomistic simulations are carried out based on the spin
lattice model, which is solved via the Landau-Lifshitz-Gilbert
(LLG) equation [46,47] as implemented in the SPIRIT pack-
age [48]. The Hamiltonian can be expressed as

H =JIZSi~Sj+JzzSi'Sk +J32Si‘sl
(i, J) (i,k) (i)

+ Y D (S xS +K D (59
(i, ) i

Here, S; j x; is the normalized spin at site i, j, k, [. J;/J,/J5 are
the first/second/third-nearest-neighbor Heisenberg-type ex-
change. The magnetic anisotropy and Dzyaloshinskii-Moriya
interaction are characterized by K and D;;. The dipole-dipole
interaction is not included because it doesn’t play any dom-
inant role for the simulation results, as shown in Fig. S15 in
the Supplemental Material (SM) [49]. In these simulations,
a large supercell containing 23 200 magnetic sites is adopted
with periodic boundary conditions, and bilayer Cr sublattice is
used with the initial spin configuration being a random state.

III. RESULTS AND DISCUSSION
A. Sliding magnetic bilayers

Our model system is CrTel bilayer, as shown in Fig. 1(a). In
each monolayer, the magnetic Cr cation is sandwiched by two
sheets of nonmagnetic anions (I and Te), forming a hexagonal
lattice with a point group Cs,. We chose CrTel for the fol-
lowing reasons. First, the Janus monolayer naturally breaks
the spatial inversion symmetry along the off-plane direction,
which provides an inborn Dzyaloshinskii-Moriya interaction
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FIG. 1. Physical properties of CrTel bilayer. (a) The off-plane
ferroelectric polarization (green dots) and switching energy barrier
(purple dots) along possible switching path, with A-type antiferro-
magnetic order. Open symbols: the polarization and barrier obtained
with ferromagnetic order. Insets: the side views of ferroelectric and
paraelectric states. (b) Electronic structure. Left: band structure;
Right: element-projected density of states (DOS). (c) Left: the top
view of CrTel. Right: the energy map for sliding.

(DMI), a key driving force for M skyrmions [50,51]. Second,
the heavy elements (Te and I) are advantageous to obtain
strong spin-orbit coupling (SOC), guaranteeing a large DMI in
this Janus monolayer. Last, for practical consideration, similar
Janus structure, e.g., MoSSe [52,53], has been synthesized
experimentally.

Considering the asymmetric upper/lower surfaces of Janus
structure, there are at least three kinds of stacking sequences
for CrTel bilayer: (i) Te-I—Te-I, (ii) Te-I—I-Te, and (iii)
[-Te—Te-1. As compared in Fig. S1 in the SM [49], the I-Te—
Te-I stacking sequence owns the lowest energy, which will
be studied in the following. Then the most stable structures,
i.e., the P, states in Fig. 1(a), are obtained by relaxing
the structure from different initial structures (Fig. S2 in the
SM [49]). And the dynamic stability of the £P, structures is
confirmed by the phonon dispersion spectrum [Fig. S2(m) in
the SM [49]].
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As demonstrated in Fig. S3 in the SM [49], the interlayer
magnetic coupling is found to be antiferromagnetic, while the
intralayer coupling is ferromagnetic. Thus, the ground state
is the A-type antiferromagnetism. The magnetocrystalline
anisotropy is also calculated, which supports a magnetic easy
axis along the off-plane direction.

Then the electronic structure is calculated based on the
GGA+U method (Usr = 1.5 eV for Cr’s 3d orbitals) with
SOC, for the A-type antiferromagnetic state. An indirect band
gap is obtained, as shown in Fig. 1(b). It is well known
that DFT systematically underestimates band gaps. Addition-
ally, the Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional
[54,55] was also tested, which leads to a larger band gap
0.8 eV [Fig. S3(d) in the SM] [49].

Although the I-Te—Te-I stacking sequence seems to be
centrosymmetric, off-plane polarizations (£P,) can emerge
from the interlayer sliding, i.e., the sliding ferroelectricity. As
shown in Fig. 1(a), the bistable +P, and —P, states can be
switched via sliding. The amplitude of P. reaches 1.51 pC/m,
which is almost an order of magnitude larger than that of
T;-WTe, (0.2 pC/m) [56,57], and comparable to those of
heterobilayer MoS, /WS, (1.45 pC/m) [58] and bilayer #-BN
(1.88 pC/m) [59,60]. This sliding-dependent P, is mostly
SOC independent. And the switching barrier is moderate
38.8 meV /u.c., close to the case of Zrl, [36]. According to the
energy landscape [Fig. 1(c)], this interlayer sliding direction is
along the projection direction of I-Te bonds.

The above results are obtained with the A-type antiferro-
magnetic condition. By using the ferromagnetic conditions,
the above conclusion of sliding ferroelectricity and its
switching barrier remain robust, although the amplutide of
polarization will be changed accordingly [open symbols in
Fig. 1(a)]. In other words, the interlayer magnetic order
can quantitatively tune the sliding ferroelectric polariza-
tion in CrTel bilayer, implying a direct magnetoelectricity.
Similar behavior was also found in Crl;/MnSe, vdW
heterostructure [61].

B. Magnetoelectric imprint

Above direct magnetoelectricity is based on collinear mag-
netic orders, which can be extended to more general cases, i.e.,
interlayer noncollinear configurations. To study this effect, all
spins in the bottom layer are fixed ferromagnetically along
the off-plane +z direction if not noted explicitly, denoted as
the frozen layer. Then the orientation of spins in the top layer
is rotated as a whole (denoted as the free layer), characterized
by its polar angle 8 and azimuthal angle ¢.

First, by keeping & = 90° in the free layer, the evolution
of polarization is calculated as a function of ¢. As shown in
Fig. 2(a), the z component of polarization (P,) is almost a
constant, while the in-plane components (P, and P,) change
significantly and periodically, namely the vector P,, syn-
chronously rotates following the spins in the free layer, i.e.,
P,,||S,,. Coincidentally, the amplitudes of spin-induced P,
and the sliding-induced P, are almost identical: ~1.4 pC/m.
Thus, the vector of total ferroelectric polarization P forms a
conical trajectory with solid angle ~45°.

Second, this spin-dependent P,, originates from SOC,
which is zero without SOC [open symbols in Fig. 2(a)]. If
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FIG. 2. Spin-dependent polarization (P,, P,, P,) in CrTel bilayer.
Here 0 and ¢ are the polar and azimuthal angles of the free-layer
spins S, while the frozen-layer spins are fixed along +z [or —z in (b)].
(a) & = 90°. The evolution of (P, P,) follows (S, S,) synchronously.
For comparison, (P,, P,) disappears when SOC is switched off (open
symbols). (b) The same as (a) but the frozen-layer spins are fixed
along —z. (¢) ¢ = 0°.(d) 6 = 45°.

the spins in the frozen layer are fixed to —z, the induced P,
becomes antiparallel to the spins’ orientation in the free layer,
i.e., =Py [|Syy, as shown in Fig. 2(b).

Third, the polar angle 6 is tuned with fixed ¢ = 0°, which
leads to a moderate change of P, (AP, ~ 0.4 pC/m ~1/3P,).
Meanwhile, P, changes significantly within one period and P,
is zero, as shown in Fig. 2(c). Noting that P,(0) is asymmetric
with respect to 6 = 90°, due to the broken mirror symmetry
caused by interlayer sliding and the spins of the frozen layer.
Further, AP. becomes opposite once the fixed spins in the
bottom layer is reversed to —z (not shown here). Different
from P,,, AP, is not SOC originated [see open symbols in
Fig. 2(c) for the non-SOC results]. For completeness, more
evolutions of #-dependent P for other fixed ¢’s are shown in
Fig. S4 in the SM [49].

Fourth, the ¢-dependent P, /P, /P, component for § = 45°
are shown in Fig. 2(d), which is qualitatively identical to the
6 = 90° case.

According to aforementioned results, the vector P can be
phenomenologically expressed as

P = Pz + (Sf - 2)(aScx + aS,y + bS2), €))

where S (S¢) is the normalized spin vector of the free (frozen)
layer and P, is the base line of sliding polarization. The signs
of coefficients a/b are determined by the frozen layer spins, as
an indication of interlayer coupling and requested by the time-
reversal symmetry of P. Most importantly, there is a bijection
between P and S, i.e., one-to-one correspondence, coined as
the MEI here. In the microscopic level, such bijection relies
on the hybrid mechanisms of exchange strictions [62] and the
KNB model [63] (Fig. S5 in the SM [49]).

Then it is interesting to ask whether the MEI function can
persist when there is no sliding between CrTel bilayers. As
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FIG. 3. Visualization of magnetoelectric imprint. (a) Image of differential electron density (DED) of the frozen layer as a function of
uniform spin orientation of the free layer. Here 6 = 90° without loss of generality. The DED is defined as §p(r) = ps(r) — po(r), where ps(r)
is the electron density at position r for giving S of the top layer and py(r) is the ground state one. Black arrows: Local dipoles of Cr-Te bonds
defined as d = —e fV dp(r)dr, where e is the elementary charge and V is the volume of each bond (pink rhombus). Blue arrows: the net
polarization. (b) The M skyrmion in the free layer used in DFT calculation. (c) The E skyrmion generated in the frozen layer, derived via the
bijection relation. (d) The corresponding DED of the frozen layer obtained from DFT, which shows the evidence of an E skyrmion.

shown in Fig. S6 in the SM [49], for the nonpolar stacking
bilayer (space group P6m2), the in-plane component P,, can
still follow S of the top layer, with reduced amplitude (~50%
of P,,). However, the P, component becomes negligible, de-
spite the orientation of S. In other words, the breaking reversal
symmetry along the z axis is a precondition to the full MEI
function.

The magnetism induced P can be visualized using the
differential electron density (DED) of the frozen layer. As
shown in Fig. 3(a), the three Cr-Te bonds are no longer equiv-
alent when S, is nonzero, breaking the in-plane C;3 rotational
symmetry (See Fig. S7 for more details). Then a local electric
dipole can be generated for each bond. These bond dipoles
are shown as black arrows in Fig. 3(a) and the macroscopic
P,, (blue arrow) is the superposition of these dipoles.

This MEI effect can be further extended to nonuniform spin
textures, e.g., M skyrmions. According to the aforementioned
MEI rule, i.e., the isoperiodic bijection between P and S, the
generated dipoles should also be non-uniform, which form
an E-skyrmions, as shown in Figs. 3(b) and 3(c). To verify
this expectation, the DFT calculation is performed using a
supercell (containing 112 Cr ions) with an M skyrmion in the
free layer. Then the E skyrmion of (P, P,, AP.) can be clearly
evidenced in the ferromagnetic frozen layer via the DED
image, as shown in Fig. 3(d). In this sense, the M skyrmions
in one layer can be detected (and even manipulated) in its
proximate layer via pure electrical methods.

C. Conditions for magnetoelectric skyrmions

Then the next question is how to stabilize a M skyrmion in
one layer while the rest layer keeps ferromagnetic, since the
bilayer are “identical” in the chemical component. Luckily,
the off-plane polarization from sliding breaks the symmetry
between these two layers, opening a route to pursue hetero-
magnetism in such a bilayer. So far, the twofold role of sliding
ferroelectricity is clear: (i) break the reversal symmetry along
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FIG. 4. Layer-resolved magnetic coefficients under biaxial com-
pressive strain and M/E skyrmions. (a) The Heisenberg-type
exchange coefficients J; (i: the first/second/third-nearest-neighbor
index). (b) The nearest-neighboring DMI. The signs of DMI of
top/bottom layers are opposite, which prefer opposite chirality
(clockwise vs counterclockwise). (c¢) The single-ion magnetocrys-
talline anisotropy. (d) The interlayer distance L and exchange
coefficient (J;). “TL”/“BL” represents the top/bottom layer, respec-
tively. According to the model simulation, isolated skyrmions can
appear in the strained regions [magenta in (d)]. (e), (f) The model
simulated spin/dipole textures under —4% strain for —P, and +P,
states, respectively.
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the z axis, which is a precondition to the full MEI function.
(ii) create ideal conditions for pursuing hetero-magnetism in
homostructures (e.g., CrTel bilayer).

To demonstrate this effect, the layer-resolved magnetic
interactions are calculated as functions of in-plane biaxial
strain, as shown in Fig. 4 (see Figs. S8 and S9 in the SM
for more details [49]). With increasing compressive strain,
the nearest-neighboring ferromagnetic exchange J; is signifi-
cantly suppressed (e.g., ~50% upon —5% strain) but the DMI
(D) is only moderately suppressed (e.g., ~25% upon —5%
strain). Meanwhile, the magnetocrystalline anisotropy K is
insensitive to the strain. In this sense, the |D/J; | ratio becomes
larger under compressive strain, which is advantageous to
stabilize M skyrmions.

Furthermore, the exchanges are indeed different between
two layers, as shown in Fig. 4(a). For the — P, case, comparing
with the bottom layer, J; is weaker for ~8 — 15% in the
top layer. Meanwhile, the amplitude of D in the top layer
is even smaller for ~11 — 19% [Fig. 4(b)]. Thus, the larger
|D/Jp| ratio in the bottom layer is in favor of M skyrmions.
In addition, the compressive strain enlarges the vdW gap (L)
from 3.03 A to 3.18 A, which seriously reduces the interlayer
exchange J, by 80% [Fig. 4(d)], which is also advantageous
to decouple the magnetic textures between two layers.

By using these coefficients, an atomistic simulation is per-
formed on a spin lattice model [49]. An isolated M skyrmion
with diameter ~4 nm can be indeed obtained in the bottom
layer when the compressive strain reaches —4% [Fig. 4(e)].
Meanwhile, an E skyrmion is induced in the ferromagnetic
top layer, as a consequence of the aforementioned MEI effect.
More interestingly, by sliding one layer to switch to the 4P,
state, the roles of top and bottom layers are reversed (see
Fig. S10 for J and DMI). Then the M skyrmion can appear in
the top layer while the corresponding E skyrmion is generated

in the bottom layer [Fig. 4(f)]. The MEI of skyrmion at —4%
strain is also confirmed by direct DFT calculations (Fig. S11
in the SM) [49].

More importantly, such MEI effect is robust and gen-
eral in other vdW (homo)heterostructures as demonstrated in
Figs. S12 and S13, and potential challenges related to the
stability and practicality are discussed in the SM [49].

IV. CONCLUSION

In summary, a general strategy called magnetoelectric im-
print has been proposed, which can map M skyrmions to
E skyrmions in the proximate layer via interlayer magnetic
couplings and spin-orbit coupling. This kind of E skyrmion
is generated via electronic cloud distortion instead of lattice
distortions. Furthermore, such a pair of M skyrmion and E
skyrmion can be viewed as an emerging quasiparticle (i.e.,
ME skyrmion), which provides the opportunity for full elec-
trical field characterization of magnetic topological textures.
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