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Magnetization switching is the most important operation in spintronic devices. In modern nonvolatile
magnetic random-access memory (MRAM)), it is usually realized by spin-transfer torque (STT) or spin-
orbit torque (SOT). However, both STT and SOT MRAM require current to drive magnetization switching,
which will cause Joule heating. Here, we report an alternative mechanism, Dzyaloshinskii-Moriya
interaction (DMI) torque, that can realize magnetization switching fully controlled by voltage pulses. We
find that a consequential voltage-controlled reversal of DMI chirality in multiferroics can lead to continued
expansion of a skyrmion thanks to the DMI torque. Enough DMI torque will eventually make the skyrmion
burst into a quasiuniform ferromagnetic state with reversed magnetization, thus realizing the switching of a
perpendicular magnet. The discovery is demonstrated in two-dimensional multiferroics, CuCrP,Seq and
CrN, using first-principles calculations and micromagnetic simulations. As an example, we applied the
DMI torque for simulating leaky-integrate-fire functionality of biological neurons. Our discovery of DMI
torque switching of perpendicular magnetization provides tremendous potential toward magnetic-field-free

and current-free spintronic devices, and neuromorphic computing as well.
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In conventional semiconductor-based electronics, the
current switching is controlled by the on/off ratio of a
p-n junction to enable information processing. In spin-
tronics, the on/off ratio is realized by the giant or tunneling
magnetoresistance effects [1-6] which have dramatically
improved the reading efficiency of magnetic memory and
storage devices. However, the magnetization switching
that is at the core of various spintronic devices, especially
for the writing operation, is still a major challenge.
Several methods to switch magnetization by means
of current-induced spin-transfer torque [7-12] or spin-
orbit torque [13-23] have led to the development of
modern nonvolatile magnetic random-access memory
(MRAM) [9,24-28]. A vital and challenging question is
how to effectively control magnetization in a more energy-
efficient way. To reduce the power dissipation due to
Ohmic conduction, the control of magnetization by using
current-free methods [29—41] is highly desired for practical
applications.

The Dzyaloshinskii-Moriya interaction (DMI) [42,43],
which arises from spin-orbit coupling (SOC) in magnets
with inversion symmetry breaking [44-52], plays an
essential role in the formation of noncollinear spin textures
such as chiral domain walls [53-56] and magnetic sky-
rmions [57-65]. The torque from DMI can be written as
Tpomr = M X Bpy, with the effective field By obtained
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from the functional derivative of DMI energy Epyg =
>.ij—d;j-(m; xm;), where m represents the unit
vector of the magnetic moment M and d;; = D(z x r;;)
is the corresponding DMI vector [58,66]. For a skyrmion
structure  described by m, = [cos(vg + Q,)sin@,,
sin(vg + Q) sin ©,,cos O©,] in the polar coordinates r
and ¢, the phase of helicity Q) is determined by the DMI
and can take different values (e.g., Q;, = 0, +7/2, and 7) to
characterize the spin swirling direction of the skyrmion [67].
v represents the vorticity number (v = 1 for a skyrmion and
v = —1 for an antiskyrmion).

When the sign of DMI in magnetoelectric multiferroics is
reversed by a voltage pulse, the micromagnetic energy in a
skyrmion will surge, leading to the expansion of the
skyrmion and the reversal of skyrmion chirality (cos Q)
[from Fig. 1(a) to 1(b), and from Fig. 1(d) to I(e),
respectively]. If an opposite voltage pulse following the
former one is applied to reverse the sign of DMI before the
skyrmion relaxes back to its ground state, the chirality of
the skyrmion will be reversed again, causing the skyrmion
to expand further [from Fig. 1(b) to 1(c), and from Fig. 1(e)
to 1(f), respectively]. This concept of skyrmion expansion
induced by the DMI torque is universally valid in structures
that can create magnetic skyrmion with reversible chirality,
and will be demonstrated by using first-principles calcu-
lations and simulations in the following. Based on this
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FIG. 1. (a)-(c) Skyrmion expansion due to the sign reversal of
DMI. Left: the sign of DMI is reversed from negative (a) to
positive (b) and to negative (c). Right: a skyrmion with helicity
phase Q) =0 created initially with DMI vector —d;; (a),
expanded skyrmion with Q, =z due to the sign reversal of
DMI vector from —d;; to d;; (b), further expanded skyrmion with
Q;, = 0 due to the continued reversal of DMI vector from d;; to
—d;; (¢). (d)—(f) Sketches of the skyrmion chirality switching
corresponding to (a)—(c), respectively. The yellow arrows re-
present DMI torque Tpy-

mechanism, we propose using voltage-controlled DMI
torque to achieve magnetic-field-free and current-free
switching of perpendicular magnetization. In a multiferroic
film, such as monolayer of CuCrP,Se, [68] or CrN [69], a
voltage pulse can switch its polarization, hence switching
the chirality of DMI [51,70]. Then the sign reversal of DMI
will create a torque which can cause the skyrmion expan-
sion. More interestingly, a series of consecutive voltage
pulses can continuously expand the skyrmion size.
Eventually, enough DMI torque will make the skyrmion
burst into a quasiuniform ferromagnetic (FM) state [56,71]
in the same direction as its core polarity, resulting in a
complete perpendicular magnetization switching of FM
background. Unlike the FM state in the absence of DMI,
the spins in the quasiuniform FM state are tilted inward
or outward at the edges of the nanodot to lower the DMI
energy. As an example of possible applications, we dem-
onstrate that the DMI torque switching of perpendicular
magnetization can be used to imitate the leaky-integrate-fire
(LIF) functionality [72] of biological neurons in neuro-
morphic computing [73-77]. The proposed mechanism for
achieving perpendicular magnetization switching that is
completely induced by the voltage-controlled DMI torque
avoids the application of electric current or magnetic field
and provides promising candidates for next-generation
energy-efficient MRAM and neuromorphic computing.

In order to explore the switching mechanism of perpen-
dicular magnetization induced by the voltage-controlled
DMI torque, we first take multiferroic CuCrP,Seq
monolayer [68,78,79] as an example [Figs. 2(a) and
2(b)]. The energy density E of this magnetic system can
be written as
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FIG. 2. (a) Top view of the crystal structure of CuCrP,Seg.
(b) Schematic of polarization switching of CuCrP,Se, controlled
by a voltage pulse, the sign reversal of DMI (coefficient D)
and hence the transformation of magnetic skyrmions between
(Q=1/-1,0,=0/m)and (Q =1/ -1, @), = z/0). (¢) Spin
spiral energy E[g] and DMI energy AEpyy|g] for CuCrP,Seq with
up (blue hollow dotted lines) and down polarization (red solid
dotted lines) calculated as a function of spin spiral vector q.
Ferromagnetic state is represented at g = 0.

E = A(Vm)2 — Kumg — %ﬂoMSm . Hd
D[m,(V-m) — (m - V)m,]. (1)

where A and K, are the exchange stiffness and anisotropy
energy constant, respectively. H, is the magnetostatic self-
interaction field. D represents the DMI constant which can
be reversed from a negative value to a positive one by a
voltage pulse (or electric field), and vice versa (see Fig. S1
in Supplemental Material [80]). For a thin magnetic layer,
the K, and H, terms can be included in an effective
anisotropy K = K, — uoM?/2.

As illustrated in Figs. 2(a) and 2(b), the electric polari-
zation of the CuCrP,Seq monolayer is determined by the
position of the Cu atom. When a vertical positive voltage
pulse is applied, the polarization will be reversed from
down to up, with the Cu atoms (red balls) being shifted
from the bottom side to the top side, and vice versa for the
negative voltage case. Figure 2(c) shows the first-principles
calculated spin spirals energy E[g| and the resulting DMI
energy AEpyy(g] as a function of spin spiral vector q for the
CuCrP,Seq monolayer with the up or down polarization.
The slope of AEpy[g] shows that the up polarization
favors anticlockwise DMI, while down polarization prefers
clockwise DMI. Moreover, the atomic resolved SOC
energy AFEgoc associated to DMI (see Fig. S2 in
Supplemental Material [80]) further demonstrates that
the AEgoc of a given atom changes its sign as the
polarization is reversed. This will allow the chirality
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(a) Snapshots of dynamics of a skyrmion and the distribution of the DMI effective field Bf,y,; corresponding to the evolving

magnetic skyrmion when a positive voltage pulse is applied from 0 to 0.1 ns at initially 0.0 ns (clockwise Néel-type with helicity phase
Q;, = 0), 0.015 ns (intermediate Bloch-type with Q, = —z/2), 0.1 ns (expanded anticlockwise Néel-type with Q,, = x), and 0.4 ns
(final anticlockwise Néel-type with Q) = x), respectively. After the voltage pulse is released at 0.1 ns, the skyrmion relaxes back to its
initial size within 0.3 ns. (b) An alternating negative voltage pulse is applied from 0.1 to 0.2 ns in order to further expand the skyrmion.
This process is induced by another sign reversal of DMI with a negative voltage pulse that follows the positive one in (a) (at 0.1 ns).

of a skyrmion to be reversibly controlled by voltage.
Figure 2(b) shows four skyrmions with different topo-
logical properties, which can be described by topological
charge Q = 1/4z [m - (0,m x d,m)dxdy and helicity
phase Q; [67]. The presence of both magnetization and
electric polarization in multiferroics, e.g., CuCrP,Seq,
provides us with the unique opportunity for the effective
electric control of the chirality of DMI, and thereby the
DMI torque switching of perpendicular magnetization.

When a positive voltage pulse from O to 0.1 ns is applied
to the multiferroic CuCrP,Seq monolayer, the helicity of
the skyrmion can be reversed from clockwise (Néel-type
0, =0 at 0 ns) to anticlockwise (Néel-type Q, ==
at 0.1 ns) due to the sign reversal of DMI, as shown in
Fig. 3(a), left-hand side, from O to 0.1 ns. More interest-
ingly, during the reversal process, we also find that
the skyrmion performs an obvious expansion of its size
[Fig. 3(a), two left-hand panels, and Video Part I in
Supplemental Material [80]], which is quite similar to
the breathing mode of a skyrmion [95-99] excited by the
out-of-plane alternating current magnetic field of micro-
wave, spin current, etc. A sequential voltage pulse would
enable the DMI and helicity to switch repeatedly, leading to
the accumulation of multiple expansions.

To obtain a full picture of the expansion mechanism,
we solve the skyrmion dynamics based on the Landau-
Lifshitz-Gilbert equation [90-92,94]. Given that the
polar angle @(r) = 2 arctan[sinh(R/w)/ sinh(r/w)], where
R defines the skyrmion size as m,(R) =0 and w =
7|D|/4K is the wall width of the outer domain, the integral
DMI energy of the Néel skyrmion then reads

EDMI(R, Qh) = —27Z2DR COS Qh. (2)

Thus, we have Q, = 0 () for D > 0 (<0). Consequently,
during the sign reversal process of DMI, to lower the energy
Epmi(R, Qy) viaan energy dissipation, we would expect not
only the rotational deformations of the outer domain wall but
also the expansion of skyrmion size R (see Fig. S3 in
Supplemental Material [80]). From the Landau-Lifshitz-
Gilbert equation, R is found to be expanded indeed (more
details in Supplemental Material [80]):

w t
OR(t) = 2— atan| tanh— |, 3
(1) aaan(an2> (3)

T

with 1/7 ~ z|D|ay/4. Note that the motion 5R(¢) and the
spin-flip time 7 are all independent of the core polarization of
the skyrmion and the chirality of the outer domain wall,
which give rise to the accumulation effect of skyrmion
expansion, regardless of its topological charge, vorticity, and
helicity. Then, the expansion area oS of a skyrmion is easily
gotten:

2
ss="" <2R0 + ﬂ) )
o [04

where R, is the radius of the initial skyrmion. Different
from the previous progress in controlling magnetism
[30,31,93,100-103] by relying on the direction of the
voltage-controlled (or electric-field-controlled) exchange
bias, magnetic anisotropy, rolling-downhill-like motion of
the domain wall, etc., the magnetic skyrmion and antiskyr-
mion can be controlled uninterruptedly under the action
of the sequential voltage pulses (see Fig. 4 herein and
Fig. S4 in Supplemental Material [80]), providing a
new topological-soliton-mediated magnetization switching
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(a) Alternating sequential voltage pulses used in perpendicular magnetization switching. DMI sign in CuCrP,Seq will be

reversed with the reversal of voltage pulses. (b) Perpendicular magnetization (m,) switching (red line) due to the skyrmion’s expansion
accumulation for Q = 1 case. The sign reversal of DMI leads to an instantaneous surge in micromagnetic energy (black line), indicating
a continuous expansion of skyrmion by DMI torque until the skyrmion is annihilated at 0.3 ns. (c) Reverse switching of perpendicular
magnetization (red line) by the sequential voltage pulses as in (a), which starts from the skyrmion with a topological charge Q = —1.
Snapshots of dynamics of the skyrmion in (d) (lower panel) and (e) (upper panel) corresponding to the perpendicular magnetization
switching in (b) and (c), respectively. The distribution of DMI effective fields B}, is also shown in (d) and (e), respectively.

mechanism for ferromagnetic systems and even antiferro-
magnetic systems.

Figure 3(a), right-hand panel, shows the simulated out-
of-plane component of the DMI effective field Bfy,
corresponding to the evolving skyrmion as shown in the
middle part. When the chirality of the DMI is reversed from
clockwise (D < 0) to anticlockwise (D > 0) by a positive
voltage pulse, the DMI effective field By, around the
skyrmion will be opposite to the magnetizations and leads
to the expansion of the skyrmion. When the chirality of the
skyrmion is completely reversed by the DMI torque, the
DMI effective field B, will also be reversed as shown in
Fig. 3(a) at 0.1 ns, and thus prompts the skyrmion to return
to its initial size. However, if a negative voltage pulse is
applied at 0.1 ns following the positive one, the skyrmion
will expand further, forming the expansion accumulation of
the skyrmion as shown in Fig. 3(b) (see also Video Part Il in
Supplemental Material [80]). This is due to the sign of
DMI being reversed to a negative value (from +D to —D)
again under the application of the second negative voltage
pulse. When the first positive voltage pulse is released at
0.1 ns, the chirality of the skyrmion has been completely
reversed, but the size of it is still in the expansion stage.
At this time, the DMI effective field (or DMI torque), which
is induced by the second opposite voltage pulse, would
trigger the second expansion process [Fig. 3(b), right-hand
part].

After reversing the chirality of a skyrmion twice within
the first two opposite voltage pulses [Fig. 4(a)], the sky-
rmion will reach a larger size at 0.2 ns. Then, if a further
voltage pulse opposite to the second one is applied, the
DMI torque induced by the third reversal of DMI will lead
to further expansion of the skyrmion until it bursts into a
quasiuniform FM state [Fig. 4(d) herein and Video Part III
in Supplemental Material [80]]. Significantly different
from the traditional magnetic skyrmion annihilation mode,
the direction of the magnetization in the final FM state is
opposite to that of the initial state, resulting in the switching
of the perpendicular magnetization [Fig. 4(b)]. To perform
a reproducible perpendicular magnetization switching, it is
necessary to stimulate a new skyrmion which will have
opposite topological charge via the techniques such as
local heating [104] or spin-polarized current [56]. Hence,
the perpendicular magnetization can be switched again
[Figs. 4(c) and 4(e) herein and Video Part IV [80] ] by DMI
torque through the same operation process.

Figure S5 in Supplemental Material [80] shows the
response of perpendicular magnetization and skyrmion
to the reversal of DMI in a CrN nanodisk. The DMI
torque-induced expansion of the skyrmion and perpendi-
cular magnetization switching (see also Video Parts V and
VI [80]), which are similar to the skyrmion dynamics in a
CuCrP,Se¢ nanodisk, further verify the universal appli-
cability of our proposal. The voltage-controlled DMI
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torque switching of perpendicular magnetization in our
Letter is a conceptually novel mechanism that is intrinsi-
cally present, and its existence can also be verified by the
atomistic spin dynamics simulations for CuCrP,Seq and
CrN as shown in Fig. S6 [80]. Moreover, inspired by the
behavior of biological neurons and the aforementioned
expansion accumulation of a skyrmion, one can imitate the
LIF functionality [72] of biological neurons by DMI torque
(see Fig. S7 in Supplemental Material [80]) and provide
a promising candidate for the magnetic-field-free and
current-free manipulation of artificial neurons [73-77].

For realizing the continuous expansion of a skyrmion,
the duration of the voltage pulses should be longer than the
time required for the chirality reversal of a skyrmion, but
the separation should be shorter than the relaxation time
required for the skyrmion to return to its initial size (more
details can be found in Supplemental Material [80]). In
addition, we also find that the magnetization switching is
easier to achieve as the temperature increases due
to the thermal fluctuation (see Fig. S8 in Supplemental
Material [80]), but the switching process becomes no
longer stable at high temperatures. Finally, although the
above work was done with the Gilbert damping constant
a = 0.2, the expansion mechanism of the magnetic sky-
rmion is more pronounced with a smaller damping constant
(see Fig. S9 in Supplemental Material [80]).

Controlling magnetism using voltage has a long history,
such as the magnetization switching in BiFeO5-based heter-
ostructures [32,100] and antiferromagnetic-ferromagnetic-
ferroelectric multiferroic  heterostructures [101,102] by
exploiting the static magnetoelectric coupling, the switching
of topological magnetic structures by virtue of the voltage
control of magnetic anisotropy [105], piezoelectric effect
[106], etc. However, the expansion effect of a skyrmion solely
induced by the reversal of DMI chirality in this Letter has
competitive advantage in energy consumption, flexible
design, and ability to precisely control the final state (see
Fig. S10 in Supplemental Material [80]) in experiments.

In conclusion, we unveil a novel mechanism to achieve
ultrafast magnetic-fieldless and currentless perpendicular
magnetization switching by the voltage-controlled DMI
torque in magnetoelectric multiferroics (e.g., CuCrP,Se¢
and CrN). Through the accumulation of multiple skyrmion
expansions, which are induced by the sign reversal of DMI
with voltage pulses, the skyrmion in a limited geometry can
continue to expand until it bursts into a quasiuniform
FM state with reversed magnetization. Taking the size of
a skyrmion as membrane potential and the alternating
voltage pulse as input stimulus, we can also imitate the
LIF operation of a biological neuron and achieve a sky-
rmion-based artificial neuron. The magnetization switching
demonstrated in this Letter that is completely achieved
through the voltage-induced DMI torque paves the way for
alternative route to design skyrmion-based spintronic
devices.
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