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Multiferroic materials based on transition-metal dichalcogenides: Potential platform for reversible
control of Dzyaloshinskii-Moriya interaction and skyrmion via electric field
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Exploring novel two-dimensional multiferroic materials that can realize electric-field control of two-
dimensional magnetism has become an emerging topic in spintronics. Using first-principles calculations, we
demonstrate that nonmetallic bilayer transition-metal dichalcogenides can be an ideal platform for building
multiferroics by intercalated magnetic atoms. Moreover, we unveil that with Co intercalated bilayer MoS,,
Co(MoS,),, two energetically degenerate states with opposite chirality of Dzyaloshinskii-Moriya interaction
are the ground states, indicating electric-field control of the chirality of topological magnetic objects such
as skyrmions can be realized in this type of materials by reversing the electric polarization. These findings
pave the way for electric-field control of topological magnetism in two-dimensional multiferroics with intrinsic

magnetoelectric coupling.
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I. INTRODUCTION

The manipulation of spin is the base of spintronic devices
with new capabilities and potentially superior performance
[1]. Electric control of magnetism is considered to be an effi-
cient approach for applications with low energy consumption
and high-speed magnetic switching. Chiral magnetic struc-
tures such as chiral domain walls [2,3], helical structures
[4,5], and magnetic skyrmions [6—8] which generally orig-
inate from Dzyaloshinskii-Moriya interactions (DMIs) are
highly promising for next generation spintronic devices and
are required to be electrically controllable for integration into
modern electronic technology [9-11]. It has been reported
that electric control of skyrmions can been realized by spin-
polarized current based on spin-transfer torque or spin-orbit
torque effects [12—16]. However, for industrial applications,
ultralow electric current threshold to move domain walls and
skyrmions is demanded to reduce energy consumption [17].
It was suggested that the coupling between magnetism and
electric polarization (ME) allows the manipulation of magne-
tization through an electric field with low power consumption
[18-23]. Two-dimensional (2D) ferromagnetic materials with
broken inversion symmetry may provide a promising oppor-
tunity to control their DMI [24-27]. Due to ME coupling, the
DMI and topological magnetic structure switching mediated
by an electric field is found in multiferroic VOI, monolayer
[28] and Ca3zFeOsO7 bilayer [29], but no skyrmions are ob-
tained in these systems. Recently, the transformation between
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four states of skyrmions controlled by an out-of-plane electric
field was demonstrated in CrN monolayer theoretically [24],
guiding towards realization of the electric-field manipulation
of the topological chirality and promoting further explorations
of novel multiferroic materials allowing electric control of
skyrmions [30].

A class of covalently bonded self-intercalated bilayer
transition-metal dichalcogenides (TMDs) are successfully
synthesized recently using both molecular beam epitaxy
(MBE) and chemical vapor deposition methods [31]. The
term ic-2D crystals has been coined for structures such as
TaS,-Ta-TaS, grown by MBE [31]. By varying the coverage
of the intercalated metal from low concentration to complete
intercalation with the intercalated atoms occupying the oc-
tahedral vacancies between the two S layers, the magnetic
properties can be tuned. In addition, experimental results have
shown that CoMoS, presents ferromagnetic properties with
out-of-plane magnetization and Curie temperature 7, around
100 K [32].

Herein, we propose that the bilayer TMDs can serve as an
efficient platform for forming 2D multiferroic systems with
intrinsic ME coupling, such as Co intercalated bilayer MoS,.
The intercalated Co atoms not only introduce the magnetism
but also induce ferroelectricity via the formation of polar
structure. Therefore, an external electric field can alter the
magnetic properties when reversing the electric polarization.
The first-principles calculations suggest two equivalent mul-
tiferroic phases of Co(MoS;), (denoted as FE1 and FE2)
with opposite chirality of DMI. Moreover, the chirality of
skyrmions can be controlled by a vertically applied electric
field in Co(MoS,),.
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FIG. 1. The top (left) and side (right) views of the (a) FE1 and (b) FE2 phases of Co(MoS,), monolayer. Blue, pink, and yellow balls
represent Co, Mo, and S atoms, respectively. (c) The ferroelectric switching pathway of Co(MoS,), by the NEB method with the top and side
views of the transition structure during the ferroelectric switching. The red arrows depicted the orientation of atomic movement.

II. COMPUTATIONAL METHODS

The first-principles calculations are performed in the
framework of density-functional theory (DFT) [33] as imple-
mented in the Vienna ab initio Simulation Package (VASP)
[34]. The electron-ion interaction is described through the
projected augmented wave method [35—37], and the electronic
exchange-correlation functional is treated by the general-
ized gradient approximation (GGA) parametrized by Perdew,
Burke, and Ernzerhof (PBE) [38]. In order to well describe the
3d electrons, we employ the GGA+U method [39] with an
effective Upgr = 3 eV for 3d orbitals of Co atoms [40,41]. The
plane-wave cutoff energy is set to 500 eV. The first Brillouin
zone is sampled by a I'-centered 25 x 25 x 1 k-point mesh.
Structural relaxations are performed until the forces become
smaller than 0.001 eV /A per atom. The phonon dispersion is
calculated using density-functional perturbation theory [42],
as implemented in the PHONOPY code [43,44]. The magnetic
anisotropy energy K can be obtained by calculating the en-
ergy difference between in-plane [100] and out-of-plane [001]
magnetization orientations taking into account spin-orbit in-
teraction. Heisenberg exchange coupling J is calculated by
comparing the energies between ferromagnetic and antifer-
romagnetic states [25]. We employ the chirality-dependent
total energy difference approach to calculate the DMI con-
stant d. This method has been successfully applied on Co/Pt
film [45,46], Co/MgO [46,47], Co/graphene [48], and 2D
magnetic materials such as MnXY, CrXY with XY rep-
resenting chalchogen atoms, as well as CrN [24-26]. The
details are shown in the Supplemental Material [49]. A T'-
centered 6 xX 6 x 1k-point mesh is adopted in the calculations
of DMI. A positive d indicates the anticlockwise (ACW)
spin configurations while a negative d is a clockwise (CW)
one.

III. RESULTS AND DISCUSSION

We first systematically investigate all the possible atomic
configurations [Fig. S1(a) of the Supplemental Material [49]]
of Co(MoS;), using DFT calculations. The geometry of
Co(MoS,), structures can be seen as two MoS, layers in-
tercalated by one layer of Co atoms. From the calculated
total energy dependence as a function of lattice constant for
each structure [Fig. S1(b) of the Supplemental Material [49]],
we find that the energetically degenerate ferroelectric phases
FE1 and FE2 are the ground states. The dynamical stabil-
ity is confirmed through phonon calculation and ab initio
molecular dynamic simulation [Fig. S2 of the Supplemental
Material [49]]. The structures of the FE1 and FE2 phases are
depicted in Figs. 1(a) and 1(b) with optimized lattice constant
3.224 A. Each Co atom is tetra-coordinate and occupies the
trigonal-pyramidal vacancies between two stacking MoS; lay-
ers. The electron localization functions (ELFs) (Fig. S3 of the
Supplemental Material [49]) indicate the mixture of covalent
and ionic interactions between Co and the adjacent S. This
tetra-coordinate environment causes different vertical dis-
tances between Co atoms and two adjacent MoS, monolayers,
which induces the electric polarization. The electric dipoles
of the stable ferroelectric states FE1 and FE2 are calculated
to be 0.029¢ A/f.u. and —0.029¢ A /f.u., respectively. The
reversion of the electric polarization can be realized via the
displacement of the Co atom [54]. The ferroelectric switching
pathways are investigated by using the nudged elastic band
(NEB) method [55]. Here, we adopt a two-step switching path
with a metastable phase being the transition state. In many
theoretical studies, this kind of multistep switching path can
efficiently reduce the energy of barriers [56]. As shown in
Fig. 1(c), the FEI phase first converts into the transition phase
via shifting the top four atomic layers along a diagonal as
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5.0 : illustrated by the red arrows. Then the top MoS, monolayer
L (@) Co | of the transition phase moves back to the original position to
25| — Mo i realize the transformation from the transition phase to the FE2
—S phase. The overall switching barrier is calculated to be 0.484

eV/f.u. [Fig. 1(c)].

The partial electronic density of states (PDOS in Fig. 2)
provides two important pieces of information of Co(MoS,);
monolayer. First, the existence of electronic density at
the Fermi level indicates a metallic characteristic for

DOS (states/(f.u. eV))
0 o
(0] (=]

-5.0 E— —t—— ferroelectric Co(MoS,),. Therefore, the electrons are con-
= 20 fined within the slab and only vertical polarization exists
2 15 [57]. Second, Co(MoS,), is ferromagnetic, which is mainly
= 1.0 induced by intercalated Co atoms. The magnetic moment is
« L .
5 calculated to be about 1.28up per Co atom. The atomic-
{;f 0.5 projected electronic density of states [Fig. 2(b)] and spin
Z 0.0 density [inset in Fig. 2(b)] show that the magnetism is mainly
8 05 caused by the partial occupation of the dz?, d,,, and dx* — y*
E states of Co atoms. Since the spin polarization is mainly

-1.0 provided by Co atoms, the following Hamiltonian model is

employed in systems considered here for further investigating
the magnetic properties:

FIG. 2. (a) The atom-projected partial PBE for Co(MoS,), H=-J ZSJ' 'Sj - KZ (Sz;)2 + ZDi,j (S x Sj)
monolayer. (b) The atomic orbital-projected DOS for each d iJ i iJ
orbital of the Co atom in Co(MoS,), monolayer. The spin den- 2
sity of Co(MoS,), monolayer is shown in the inset; the blue, H COBZSi’ (D

1

pink, and yellow balls represent the Co, Mo, and S atoms,
respectively. where §; indicates the spin unit vector of the ith Co atom.
Here, we only take the magnetic coupling between the

FE2 "'AE (meV)  as—> ]

K M K'

FIG. 3. Atom-resolved localization of the DMI associated SOC energy AEsoc in Co(MoS;), monolayer with (a) up and (c) down electric
polarization. Band structures of (b) up and (d) down polarized Co(MoS;), monolayer with the magnetization direction along [210] (black
lines) and [210] (red lines). Three bands under the Fermi level (bands 1, 2, and 3) are chosen to estimate the Dy value.
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FIG. 4. (a) Spin textures for Co(MoS,), in real space under 0, 1, 3, 5, and 6 T in the FE1 and FE2 phases. The color map indicates the
out-of-plane spin component of Co atoms. Panel (b) illustrates the realization of the switching of four types of skyrmions (P 1, M 1), (P 1,
M ), (P |,M*),and (P |, M |) with different chirality and polarity via an external field, similar to that in CtN [24]. M and P represent the
magnetization and electric polarization, respectively. ACW and CW are anticlockwise and clockwise.

nearest Co atoms into consideration; therefore i, j repre-
sent the nearest neighbor Co atom pairs. The first three
terms correspond to DMI, Heisenberg exchange coupling,
and single-ion anisotropy, characterized by D, ;, J, and K,
respectively. The specific calculation method is given in the
Supplemental Material [49]. The last term represents the Zee-
man interaction with ¢, and B being magnetic moment of
the Co atoms and the external magnetic field, respectively.
The magnetic ground states of ferroelectric Co(MoS,), are
calculated to be ferromagnetic out of plane with the nearest
neighbor magnetic interaction parameter J about 5.65 meV
and the perpendicular magnetic anisotropy (PMA) about 0.09
meV, respectively. The broken inversion symmetry induced
by tetra-coordinate Co atoms provides an opportunity for

the appearance of a chiral domain wall or skyrmions in the
case of significant spin-orbit coupling (SOC) energy sources
present [58,59]. Therefore, we investigated the DMI and the
associated SOC energy difference AEgsoc of these two equiv-
alent ferroelectric phases. The DMI strengths for the FE1
and FE2 phases with up and down electric polarization are
the same with values of 1.34 meV. However, their chirality
is opposite, being ACW for FE1 and CW for FE2, respec-
tively. As shown in Figs. 3(a) and 3(c), the largest associated
AEgoc originates from the Co layer and is located away from
the Mo layer with both contributing equally. These results
indicate that both Fert-Levy [45,60] and Rashba [48] physical
mechanisms governing the DMI coexist in the Co intercalated
multiferroic phase proposed here. In order to explore the
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influence of Rashba SOC on the DMI [61-64], the electronic
band structures with magnetization pointing along the [210]
and [210] directions are calculated with the SOC switched
on. As shown in Figs. 3(b) and 3(d), the significant Rashba-
type k-dependent splitting indicates large Rashba effect in
this system. To quantitatively estimate its contribution to the
total DMI, the Rashba-type DMI parameter Dy is estimated
with D = (‘“Z:A )ag [61], where m* indicates the effective
mass of electron, «p is the Rashba coefficient which can
be extracted from equation ag = 2AE/Ak, and A represents
the exchange stiffness estimated to be 2.45meV A%/f.u. in
Co(MoS,), [65]. Here we mainly focus on three bands [1,
2, and 3 shown in Figs. 3(b) and 3(d)] around the M point
along the K-M-K' path under the Fermi level. In terms of
the oblivious band shifts, the Rashba coefficient «y is es-
timated to be 0.779, 1.048, and 0.908 eV A for bands 1,
2, and 3 with effective masses m* equal to 5.07, —8.27,
and 5.65 in units of the rest mass of electron m,, respectively.
The corresponding magnitudes of Dg evaluated from these
parameters are 5.17, —11.35, and 6.74 meV A/f.u. This al-
lows estimating the total Dy resulting from these three bands
being about 0.56 meV A/f.u. The calculated Rashba-type Dy
is comparable to the half of the value obtained from DFT
calculations, allowing one to conclude that the Rashba SOC
has a comparable contribution to the DMI with the Fert-Levy
SOC. The existence of the sizable Rashba-type DMI in the
ferroelectric Co(MoS,), phase indicates the possibility to re-
alize electric-field control of the chirality of topological spin
structures. As shown in Fig. 3, the transition from the FE1
to the FE2 phase accompanied with the inversion of electric
polarization induces the inversion of the chirality of DMI
from ACW to CW due to the inversion of AEgoc and the
Rashba splitting. The results show that the electric control
on the chirality of chiral magnetic structures can be realized
in our multiferroic Co(MoS,), materials. Using all magnetic
parameters estimated from the first-principles calculations
listed in Table SI of the Supplemental Material [49], we
performed micromagnetic simulations with 100nm x 100 nm
scale using the MUMAX3 package [66] for two ferroelectric
phases FE1 and FE2 with ACW and CW DMI under dif-
ferent external magnetic fields, respectively. Ferromagnetic
states with wormlike domains are found under O T magnetic
field. When the magnetic field is applied, the skyrmions are
induced in the range of 1-5 T, and then disappear under 6 T
[Fig. 4(a)]. Furthermore, the chirality of wormlike domains
and skyrmions can be switched between CW and ACW con-
figurations through the application of an external electric field
since the reversing of electric polarization allows controlling
the DMI chirality (Fig. S5 of the Supplemental Material [49]).
With the polarity of skyrmions M defined as magnetization
directions in skyrmion core, we thus obtain four topolog-
ical configurations interchangeable and controlled through
the application of external electric and magnetic fields in
Co(MoS,), [Fig. 4(b)].

In addition to Co(MoS,),, we also investigated other po-
tential candidates for the proposed ME coupling including

Co(MoSe;),, Co(MoTe,),, and Co(WS,), as summarized in
Table SII of the Supplemental Material [49]. All of them
are ferroelectric with electronic polarizations about 0.012,
0.012, and 0.023¢ A/f.u., respectively. Both Co(MoTe, ), and
Co(WS,), have considerable DMI amplitudes of about 1.044
and 2.632 meV. These values are comparable to representative
erromagnetic-metal/heavy-metal (FM/HM) heterostructures,
such as Fe/Ir (111) (~1.7meV) [67] and Co/Pt (~3.0meV)
[45] thin films, and the 2D magnetoelectric multiferroics CrN
(~3.74meV) [26] in which the DMI is mainly generated
either by the Fert-Levy or Rashba effect mechanism, respec-
tively. Skyrmion states are found to exist in these systems.
Even for the Co(MoSe;), with the weakest DMI interaction
(~0.440 meV), the value is comparable to the Rashba-type
DMI in the graphene/Co system (~0.16 meV) [48] with chi-
ral domain walls. Therefore, Co intercalated TMD systems
studied here are expected to be potential multiferroic materials
with realizable chirality switching via electric field.

IV. CONCLUSION

In conclusion, we proposed bilayer TMDs as a platform
towards the realization of a novel class of 2D multiferroic
materials via intercalating magnetic atoms. Intrinsic multifer-
roicity with ME coupling can be obtained with intercalated
magnetic atoms located at the positions with different inter-
layer spacing between two TMD layers. Using first-principles
calculations, the Co intercalated bilayer MoS,, Co(MoS,),,
is found to be multiferroic with degenerate DMI for two
ferroelectric states. As a result, the chirality of skyrmions
can be reversed via electric field thanks to the ME coupling.
We have also shown that these properties can be realized in
other multiferroic TMDs with Co intercalated within bilayer
MoTe, and WS, systems, i.e., Co(MoTe; ), and Co(WS,),. In
addition, different combinations of the TMD layers can fur-
ther enrich the varieties of this kind of multiferroic materials
[26] like Co(Mo0,SSe). Considering experimentally successful
synthesis of the self-intercalated TMDs with well-developed
intercalation techniques [31] and the as-exfoliated nanosheets
AgCrS, with a general redox-controlled strategy [68] pro-
posed recently, the multiferroic Co(MoS), provides a new
route towards novel two-dimensional multiferroic materials
that can realize the electric control of topological magnetism
in 2D spintronics.
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