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Realizing topological magnetism and its electric control are intensive topics in spintronics due to their
promising applications in information storage and logic technologies. Here, we unveil that both can be achieved
in two-dimensional (2D) magnetoelectric multiferroics. Using first-principles calculations, we show that a
strong Dzyaloshinskii-Moriya interaction (DMI), which is the key ingredient for the formation of exotic chiral
magnetism, could be induced in 2D multiferroics with vertical electric polarization via the Rashba effect. We
verify that such a significant DMI can promote the stabilization of sub-10-nm skyrmions in 2D multiferroics with
perpendicular magnetic anisotropy such as a CrN monolayer. In addition, the presence of both magnetization
and electric polarization in 2D multiferroics provides us with the unique opportunity for the effective electric
control of both the strength and chirality of the DMI and thereby the topological magnetism. As an example,
we introduce four multiferroic skyrmions with different chiralities and polarities that can be manipulated by an

external field.

DOI: 10.1103/PhysRevB.102.220409

Introduction. Topological chiral spin textures, e.g., spin
spirals [1,2] and skyrmions [3-5], are of particular inter-
est from both fundamental and applied points of view. A
crucial ingredient for the generation of exotic topological
magnetism is the antisymmetric Dzyaloshinskii-Moriya inter-
action (DMI) [6,7] that results from spin-orbit coupling (SOC)
in magnets with inversion asymmetry, favoring noncollinear
spin configurations. The induction and control of the DMI are
essential steps towards spintronics applications of topological
magnetism.

In the last decade, much research has been devoted to
employ ferromagnet/heavy metal (FM/HM) heterostructures,
such as Fe/Ir [8], PdFe/Ir [9], and Co/Pt [10], with a
strong interfacial DMI to realize skyrmions. Recently, with
the breakthrough in experimental realizations [11-15], two-
dimensional (2D) intrinsic ferromagnetic thin films, such as
Crlz [12], VSe, [13], and Fe;GeTe, [15] monolayers, have
attracted a lot of interest. However, the absence of a DMI
in the former 2D magnets due to a symmetry constraint has
hindered their application in skyrmion-based spintronics. In
a very recent work [16], we find that 2D magnets with a
Janus structure can acquire a very large DMI through the Fert-
Levy mechanism as for FM/HM heterostructures, in which
heavy nonmagnetic atoms act as SOC-active sites for elec-
tron hopping, yet it is unclear whether a strong DMI can be
induced in 2D materials via other mechanisms. We note that
2D magnetoelectric multiferroics with vertical electric polar-
ization (hereafter referred to as 2D multiferroics unless stated
otherwise) may be excellent candidates for the realization of
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a Rashba effect induced DMI [17-19], since their structure
inversion symmetry is naturally broken and intrinsic Rashba
SOC additionally exists due to the electrostatic potential dif-
ference generated by the vertical electric dipole. Comparing to
the Fert-Levy mechanism, a Rashba-type DMI has the advan-
tage that it does not necessarily require heavy atoms to provide
strong SOC, which is a benefit to achieve low Gilbert damping
for efficient magnetization switching [20]. In addition, with
the coexistence of magnetization and electric polarization in
these multiferroics, both the strength and chirality of the DMI
and thereby the topological magnetism could be effectively
controlled by an electric field.

In this Rapid Communication, we perform first-principles
calculations and micromagnetic simulations to demonstrate
that 2D multiferroics, such as the recently predicted mono-
layers of CrN [21], CuMP,Xs (M = Cr, V; X = S, Se) [22],
and vacancy-doped Crls (Crglps, i.e., 2 x 2 Crl; supercell
with one I vacancy) [23], naturally host Rashba-type DMI that
can facilitate the emergence of topological magnetism. Fur-
thermore, we show how the induced DMI and skyrmion can
be controlled by an electric field. The subject of a skyrmion
and its electric control in multiferroics has been extensively
discussed for bulk [24,25] and heterostructured [26] materials,
but still needs to be addressed for 2D multiferroics.

Proposal for electric control of the DMI and topological
magnetism in 2D multiferroics. We note that the two stable
states with opposite spontaneous polarizations P in a double-
well energy landscape can be switched by an out-of-plane
electric field [see Fig. 1(a)]. Concurrently, the chirality of their
associated DMI is also reversed since those two states are con-
nected by a horizontal reflection operation. Importantly, this
mechanism can be utilized to manipulate topological mag-
netic structures such as skyrmions. A skyrmion has degrees of
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FIG. 1. Concept of the switchable DMI and multiferroic
skyrmions. (a) With the electric field switching of polarization P
for the two stable states in the double-well energy landscape of
2D multiferroics, the chirality (indicated by the magenta arrows) of
their associated DMI is also reversed. (b) The four interswitchable
multiferroic skyrmions with different chiralities and polarities, which
can be distinguished by the notations A, A_, C,, and C_ as well as
the corresponding icons of the rotating circular arrow.

freedom of chirality that indicates the spin swirling direction
and is imposed by the chirality of the DMI, which in turn is
determined by the direction of P, and polarity that specifies
the direction of magnetization m in the skyrmion core [27],
which can be transformed by a magnetic field [28,29]. With
the different combinations of directions of P and m, we can
realize four degenerate interswitchable skyrmionic states with
different chiralities and polarities in a single 2D multiferroics
as schematically shown in Fig. 1(b). We have introduced the
notations A, A_, C4, and C_ as well as the correspond-
ing icons of a rotating circular arrow to distinguish the four
skyrmions, where the characters A and C correspond to anti-
clockwise and clockwise chirality and the subscripts “+” and
“—” indicate an upward and downward polarity, respectively.
To switch between the four degenerated skyrmions, one can
first apply a magnetic field to fix the polarity and then the
electric field to control the chirality. The manipulation of inter-
switchable multiferroic skyrmions can inspire another concept
in the design of high-density skyrmion-based memory and
logic devices. In the following, we first take a CrN monolayer
as a representative example to demonstrate the existence of
Rashba-type DMI and skyrmions as well as their electric
control, and then extend the discussions to other thin films.

Methodology. The micromagnetic energy functional of a
spin spiral for a thin film reads [30]

5 K
Elq]l = Aq +Dq—5, 1

where ¢g is the spiral length, A is the exchange stiffness, D
is the DMI parameter, and K = K,, — M, ,u% /2 is the effective
anisotropy corrected by the demagnetization effect with K,
being the magnetocrystalline anisotropy, M, the saturation
magnetization, and p( the vacuum permeability. Here, we
adopt the sign convention that D > 0 (D < 0) implies an

anticlockwise (clockwise) DMI, and K > 0 (K < 0) indicates
perpendicular (in-plane) anisotropy. It is convenient to intro-
duce the dimensionless parameter

4\>AK 5
—=(2) 5 @

For k < 1, the magnetic structure of the system exhibits
spin spirals as the ground state, whereas for x > 1, an isolated
metastable skyrmion could be formed in the background of
a ferromagnetic ground state [31-33]. We have implemented
the gSO method [34], which treats the SOC within the first-
order perturbation theory and in a self-consistent way for
the calculation of E[gq] in Eq. (1), in conjunction with the
VASP package [35] to determine the magnetic parameters (see
the Supplemental Material [30] for details and Refs. [34-39]
therein).

Rashba-type DMI in a CrN monolayer. A CrN monolayer
with a hexagonal structure [see the top and side views of the
structure in Figs. 2(a) and 2(b)] is a recently predicted 2D
metallic multiferroics [21]. The relaxed CrN monolayer has a
lattice constant a of 3.16 A and a small buckling distance / of
0.21 A, which results in an out-of-plane electric polarization
of 6.68 pC/m [indicated by the green arrow in Fig. 2(b)].
Consistent with previous research [21,40], our calculations
show that the buckled ferroelectric CrN monolayer has a lower
energy of 9.08 meV/fu. than the planar paraelectric one,
which indicates that spin-phonon coupling is responsible for
its vertical ferroelectricity.

The structure inversion asymmetry induced by vertical
ferroelectric displacement could lead to a DMI between Cr
atoms. To demonstrate such an effect, we calculate E[q] in
the interval of |g| < 0.127” [see Fig. 2(c)]. Clearly, we can see
that when SOC is neglected [black points in the upper part
of Fig. 2(c)], spin spirals with ¢ and —q are degenerate, and
the ground state is the ferromagnetic state (¢ = 0). Once SOC
is included, as expected, E[¢q] [red points in the upper part
of Fig. 2(c)] becomes asymmetric, where the anticlockwise
rotating spin spiral [see the inset in Fig. 4(b) for an illus-
tration of spin chirality] is more favorable, due to the effect
of the DMI. From the zoom-in plot of E[g] around g =0
[see the inset in the upper part of Fig. 2(c)], we can find that
the lowest E[q] locates at g = —0.00627”, corresponding to

a spiral period length of A = % = 52. 67 nm. With the cal-
culated DMI energy AEpmlg] = (Elgq]—E[—ql)/2 [see the
lower part of Fig. 2(c)], which shows good linear dependence
on ¢, D and A can be determined to be 3.74 meV A/f.u. and
142.89 meV A2/f u., respectively. Here, the positive sign of
D indicates that the CrN monolayer prefers an anticlockwise
DMI when its polarization P points along the +z direction.
The calculated K, is 0.22 meV/f.u. and M, is 2.40 ug/f.u.
Then we can deduce that « is only 1.68, which is near the
critical value (x = 1) for the transition to a spiral state so that
an isolated metastable skyrmion can be stabilized in the CrN
monolayer. We will return to this point later.

Next, we explore the microscopic origin of DMI in a CrN
monolayer. It is helpful to use the atom-resolved AEpp[gq] to
examine the energy source of the DMI [34,41], as shown in
Fig. 3(a) for ¢ = —0.00627”. One can clearly see that AEpy
is dominated by Cr atoms and has a negligible contribution
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FIG. 2. (a) Top and (b) side views of the crystal structure of a CrN monolayer with a lattice constant a and buckling distance 4. (c) Spin
spiral energy E[q] (upper panel) and DMI energy AEpm|[q] (lower panel) calculated as a function of spiral vector length g. E[g] is given with
respect to the ferromagnetic state at ¢ = 0. Black and red points are calculated without (w/0) and with SOC, respectively.

from N atoms. This feature is in great contrast to that in
FM/HM multilayers [41,42] and our previously studied 2D
Janus manganese dichalcogenides [16], whose DMI energy is
contributed mostly by the heavy nonmagnetic atoms, which is
typical for the DMI generated via the Fert-Levy mechanism.
However, we can identify that it is representative for the
Rashba-type DMI as in graphene/Co heterostructures [43]. To
confirm that the DMI is mediated by the conduction electrons

with Rashba SOC, we plot the electronic band structures of a
CrN monolayer with magnetization pointing along the [110]
and [110] directions [see Fig. 3(b)], which show characteristic
Rashba-type k -dependent splitting. For a Rashba-type DMI,
the DMI parameter can be estimated as Dg = (4”;;” )A [17],
where 7 is the reduced Planck constant, m™* is the effective
mass of the electron, « is the Rashba coefficient, and A =

142.89 meV A2 /f.u. is the calculated spin stiffness. Here, we
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FIG. 3. (a) Atom-resolved DMI energy AEpmlg] at ¢ = —0.00627”, where the minimum of E[q] locates. (b) Band structures of a CrN
monolayer with magnetization with the magnetization direction along [110] (black lines) and [110] (red lines). (c) Zoom-in plot of band
structures for states that are around the I" point and close to the Fermi level. For these states, we can extract that the effective mass m* = 1.94m,
and the Rashba coefficient ag = 2E/ky = 18.0 meV A with E, being the Rashba splitting at the wave vector kg.
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FIG. 4. The calculated (a) buckling distance %, (b) DMI parameter D, (c) spin stiffness A, and (d) magnetocrystalline anisotropy K, as the
out-of-plane electric field ¢ sweeps from 0.50 to —0.50 V/;\ (black points), and vice versa (red points). The blue right axes in (b) and (c)
indicate the values of magnetic parameters with converted units [44]. The inset in (b) presents the preferred chirality (indicated by the magenta
arrows) of the spin spiral for an anticlockwise (D > 0) and clockwise (D < 0) DML.

focus on the electronic states that are around the I" point and
close to the Fermi level. From the zoom-in plot in Fig. 3(c),
ag = 18.0meV A and m* = 1.94m,, with m, being the rest
mass of the electron that can be extracted. One can then
deduce that Dg = 2.66meV A/f.u., which is only slightly
smaller than our previous value (D = 3.74 meV ;\/f .u.) cal-
culated by the SO method. Altogether, we can infer that the
DMI in a CrN monolayer originates from the Rashba effect.

Electric control of magnetic parameters in a CrN mono-
layer. Here, we show that both the structural and magnetic
properties of a CrN monolayer can be effectively controlled
by an out-of-plane electric field. Figure 4(a) presents the vari-
ation of buckling distance & when the electric field ¢ sweeps
from 0.50 to —0.50 V/A (black points), and vice versa (red
points). From the hysteresis loop of #, we can see that as ¢
changes from 0.50 to —0.50 V/A, h first increases slightly
when ¢ > 0.40V/ A, then decreases monotonously from 0.23
to 0.17 A before the electric polarization switching occurs at
about ¢ = —0.40 V/A. The variation of A reflects the electric
field control of ferroelectric displacement.

Figures 4(b)-4(d) summarize the resulting electric-field-
dependent magnetic parameters [44]. Notably, from Fig. 4(b),
we can see that the variation trend of D almost follows that
of h. Within the range of |¢] < 0.50 V/A, the absolute value
of D can be tuned between 3.98 and 3.19 meV A/f.u. with
the chirality [indicated schematically in the inset of Fig. 4(b)]
determined by the direction of P. Our calculations thus di-
rectly validate the previously proposed electric control of both
the strength and chirality of DMI [see Fig. 1(a)]. We also
find that A [Fig. 4(c)] and K, [Fig. 4(d)] generally show
opposite electric field dependences, i.e., as ¢ sweeps from
0.40 to —0.40 V/A, A almost decreases linearly from 172.70
to 117.90meV A?/f.u., while K, is enhanced from 0.19 to

0.25 meV/f.u. With the application of electric field, M,
changes less than 1% and remains to be about 2.40 ug/f.u.
in our calculations.

Realization of skyrmions in 2D multiferroics. With all the
magnetic parameters calculated, we can study the realization
of skyrmions in a CrN monolayer. As we have mentioned be-
fore, the deduced « is only 1.68 when & = 0, which indicates
the existence of an isolated metastable skyrmion. To confirm
this point, we perform a micromagnetic simulation [30] by
relaxing a trial skyrmion spin configuration on a CrN nan-
odisk. After the relaxation, we find that a metastable skyrmion
(see Fig. 5) with a higher energy of 0.30 meV than the

30
1
15 I
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< M,
>
-15
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-30

0
X (nm)

15 30

FIG. 5. The relaxed skyrmionic magnetization configuration in a
CrN nanodisk with a radius of 30 nm in the absence of electric field.
The out-of-plane component m; is indicated by the color map. The
radius R (defined as the radius of the m, = 0O contour) of a relaxed
skyrmion is 4.8 nm.
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TABLE I. The calculated lattice constant a, film thickness 7, saturation magnetization M,;, DMI parameter D, exchange stiffness A,
magnetocrystalline anisotropy K, and dimensionless parameter « for 2D multiferroics. The radius R of a skyrmion estimated by Eq. (3)
is given for CuVP,Seq and CuCrP,Seg. The sign of D is always determined for the structure with polarization oriented along the +z direction.

Structure a(A) ¢ (nm) M; (ug/f.u.) D (meVA/fu) A (meVA2/fu) K, (meV/f.u.) K R (nm)
CuVP,Ss 6.02 0.33 1.74 —0.07 90.96 —0.001 —310.23

CuVP,Seq 6.38 0.33 1.75 1.70 44.70 0.15 3.46 1.2
CuCrP,S 5.98 0.32 276 —0.47 119.64 —0.05 —66.85

CuCrP,Ses 6.35 0.34 277 —2.50 111.96 0.17 4.18 1.6
Crsls 14.01 0.32 23.27 10.71 989.41 3.95 49.69

ferromagnetic ground state can be stabilized. The radius
R (defined as the radius of m, =0 contour) of a relaxed
skyrmion is only 4.8 nm, which is very close to R = 4.5 nm
predicted by the theoretical formula [45]

_ A
k= ”D\/16AK2 “DK ©)

For |¢| < 0.50 V/A, k varies between 1.44 and 2.67, and
the relaxed radius R changes between 1.9 and 6.9 nm. Here,
we should remind that along with the electric polarization
switching, the chirality of the skyrmion is also switched as
that of DMI. The four proposed interswitchable multiferrroic
skyrmions with a tunable size [see Fig. 1(b)] can thus be
realized in CrN monolayers.

To generalize the proposals for Rashba-type DMI and topo-
logical magnetism, we have considered other predicted 2D
multiferroics including CuMP,Xs (M =Cr, V; X =S, Se)
[22], and vacancy-doped Crls (Crglys) [23]. Table I sum-
marizes their calculated structural and magnetic parameters,
which are also electrically switchable as for a CrN monolayer.
From the calculation results, we can find that they all have a
finite DMI, and the sizable D in CuVP,Se¢ and CuCrP,Seq
can even lead to a relative small « of ~4.0, which is simi-
lar to those in Pd/Co/Pt (k = 5.4) [33] and Fe/W(110) (x =
4.8) [46] that are anticipated to host chiral magnetic solitons
[33,47]. Considering that the predicted radius R of skyrmions
in CuVP;Seq and CuCrP,Seq is only about twice their lattice
constant a, the classical description of E[q] in Eq. (1) may
fail, and quantum effects should be taken into account [48§],
which deserves further study in the future.

Conclusion. We have performed first-principles calcu-
lations and micromagnetic simulations to demonstrate the
existence of Rashba-type DMI and skyrmions in 2D mul-
tiferroics. Due to the intrinsic coupling of magnetism and
electric polarization in 2D multiferroics, both the strength and
chirality of the DMI, and thereby the size and chirality of
the skyrmion, can be effectively controlled by electric field.
A significant Rashba-type DMI may not only promote the
stabilization of topological magnetism as already described
in our work, but also enable the efficient current-induced
motion of domain walls [49,50] as well as skyrmions [51]
by spin-orbit torque (SOT), which is particularly important
in practical applications. Although we have focused on 2D
multiferroics with vertical polarization, our proposal for the
electric control of DMI and topological magnetism can be
easily extended to those with in-plane polarization [52-54],
in which the DMI can be generated through other mecha-
nisms rather than the Rashba effect. Recently, Xu et al. [55]
discussed the manipulation of bimerons in VOI, monolayers
with in-plane polarization. In summary, our work can open
up a different route to the generation and electric control of
topological magnetism in emerging 2D spintronics.
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