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Stabilization and dynamics of magnetic antivortices in a nanodisk with anisotropic
Dzyaloshinskii-Moriya interaction
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We theoretically investigated the antivortex stabilized by anisotropic Dzyaloshinskii-Moriya interaction (DMI)
in nanodisks. Remarkably, we found that the antivortex remains stable even when the nanodisk radius is reduced
to 15 nm. We also investigated the antivortex dynamics under a static in-plane magnetic field, which shows that
the displacement of the antivortex core depends on its vorticity and helicity, providing a fundamental basis for
distinguishing different vortex types. Additionally, spin-polarized currents can trigger a self-sustained gyration
of the antivortex at low current densities, while inducing polarity switching at high current densities. Our findings
offer valuable insights into the role of DMI in stabilizing topological solitons and their potential applications in

spin-torque nano-oscillators and magnetic memories.
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I. INTRODUCTION

The competition between magnetic interactions in magnets
gives rise to various magnetic textures including magnetic
domain wall [1], vortex [2], skyrmion [3], hopfion [4], and
so on. Thereinto, the magnetic vortex is a common ground
state in a circular nanodisk resulting from the competition
between exchange and dipolar interactions [5], which can be
characterized by its polarity and chirality, which refers to the
direction of vortex core (p = +1 for upward and p = —1
for downward) and the rotation of the in-plane magnetization
around the vortex core (¢ = +1 for counterclockwise and
¢ = —1 for clockwise), respectively. Such a binary feature of
the magnetic vortex makes it a good candidate for future data
storage devices, such as vortex-based random access memory
[6,7]. Furthermore, the magnetic vortex exhibits a variety of
interesting dynamic properties driven by magnetic fields or
spin-polarized currents, which have potential applications in
spin-torque nano-oscillators [8,9], neuromorphic computing
[10,11], and biomedicine [12,13].

Magnetic antivortex is a topological counterpart of mag-
netic vortex, which also exhibits fascinating dynamics and
offers potential applications in data storage [14—16]. How-
ever, the magnetic antivortex has received much less attention,
which is mainly because of the difficulty in forming it. From
the periphery to the antivortex core, the magnetization sweeps
inwards along two opposite directions and outwards along the
two directions perpendicular to the former [see Fig. 2(a)],
which would generate magnetic charges resulting in addi-
tional magnetostatic energy. To stabilize the antivortex, some
specially shaped nanostructures such as the four-pointed star
[17,18], oo-shaped [19], ¢-shaped [20], crosslike [21], and
pound-key-like patterns [22], are required. But the fabrication
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of such complex nanopatterns hinders applications of mag-
netic antivortices. Thus, the generation of a stable isolated
antivortex in the simplest geometry (e.g., a circular nanodisk)
is very much desired.

The Dzyaloshinskii-Moriya interaction (DMI) is an an-
tisymmetric exchange coupling [23,24], which has recently
drawn extensive research interest due to its fundamental role
in stabilizing skyrmions. Skyrmions stabilized by different
DMI types have different spin configurations, as illustrated in
Fig. 1. The bulk DMI in chiral magnets favors the formation
of the Bloch-type skyrmion [25,26], while the interfacial DMI
in magnetic thin film covered by a heavy metal prefers the
Néel-type skyrmion [27,28]. Most recently, it was demon-
strated that the anisotropic DMI with opposite signs along two
perpendicular directions can stabilize antiskyrmions [29-31].
Moreover, the DMI effect on magnetic vortex has also been
widely investigated. It has been shown that the DMI can lift
the degeneracy of magnetic vortex with opposite chiralities
and modify the size of vortex core [32-34]. Besides the
static configuration, the DMI also has a great influence on
the gyration [35-37], internal modes [38—40], and polarity
switching [41,42] of the magnetic vortex. Moreover, the radial
vortex stabilized by the interfacial DMI has been theoreti-
cally demonstrated [43] and observed in experiments [44]. In
fact, circular and radial vortices in confined nanodisks can be
viewed as partial Bloch-type and Néel-type skyrmions, which
can be obtained by cutting along the skyrmion wall (m, = 0)
from the magnetic thin film, as shown in Fig. 1(b). Similarly,
the antivortex can be viewed as a partial antiskyrmion, which
inspires us to explore the possibility of the antivortex stabi-
lized by the anisotropy DMI in a circular nanodisk.

In this work, we investigate the stability of the antivortex in
circular nanodisks with the anisotropic DMI. It is found that
the radius of the nanodisk hosting the antivortex as a ground
state can scale down to 15 nm, much smaller than the disk
size required for stabilizing the circular vortex induced by the
competition between exchange and dipolar interactions. The
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FIG. 1. (a) Schematic diagrams of the bulk, interfacial, and
anisotropic DMIs, which, respectively, stabilize the (b) Bloch
skyrmion, Néel skyrmion, and antiskyrmion in magnetic films (bot-
tom) along with the corresponding vortices confined in circular
nanodisks (upper). In (a), blue dots indicate magnetic atoms. The
black arrows are the distance vector r;; between two atoms, while
green arrows are the DM vectors.

antivortex profile is analytically calculated and numerically
justified by micromagnetic simulations. By quasistatically de-
creasing the out-of-plane magnetic field from a perpendicular
single-domain state, the antivortex can be reliably generated.
When subjected to an in-plane magnetic field, the antivortex
exhibits movement in a different direction compared to cir-
cular and radial vortices. Furthermore, we demonstrate that
spin-polarized currents can drive the gyration and polarity
switching of the antivortex, a crucial aspect for applications
in spin-torque nano-oscillators and antivortex-based random
access memories.

The paper is organized as follows. In Sec. II, we present the
analytical model describing the antivortex profile. Section III
gives the numerical results to verify theoretical analysis. We
also discuss the stability of the antivortex as a function of
the disk size and DMI strength, the antivortex nucleation, the
dynamics of the antivortex under in-plane magnetic fields and
spin-polarized currents. Discussion and conclusion are drawn
in Sec. IV.

II. THEORETICAL MODEL

We consider a magnetic nanodisk with the radius R and
thickness ¢, whose energy is written as

Eu = t/ (AVzm + Kmmz2 + wp)dr, (1

where m = M/M; is the normalized magnetization with the
saturated magnetization M, and A is the exchange stiff-
ness. The demagnetization energy is approximated by a
surface anisotropy with the effective anisotropy constant
K,y = uoM?/2. wp is the DMI energy density, which has the
form of [31]
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FIG. 2. (a) Static configuration of the antivortex in a nan-
odisk with radius R =50 nm, t =1 nm, and D =2.5 mJ/m>.
(b) Schematic of the polar and spherical coordinations. (c) The polar
angle of the antivortex profile 6(p) along two different directions
¢ = 0 and 7 /4. (d) The azimuthal angle of the antivortex profile at
p = 25 nm. In (c¢) and (d), the color dots are simulation data and the
black curves are analytical results.
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where D, and D, are the DMI constants along the x and y
directions. Here, we consider a system with Cp, symmetry
allowing for the realization of anisotropic DMI [45] and as-
sume that the anisotropic DMI has the equal magnitudes and
opposite signs along the x and y directions (D, = —D, = D).
We express the magnetization vector in spherical coordinate
m = {sin 6 cos @, sin O sin g, cos #}, as shown in Fig. 2(b).

In the polar coordinates r = (p, ¢) originated at the disk
center, we assume that the radial profile of the polar angle
6 depends on p only, which means the radial profiles along
any ray from the center are the same. The azimuthal angle ¢
of magnetization can be expressed by ¢(¢) = ve + y with
the vorticity (or called winding number) v and the helicity y.
The circular and radial vortices have the equal vorticity (v =
1) but different helicites (y = +m /2 for circular vortex and
y = 0, w for radial vortex). For the antivortex discussed here
[see Fig. 2(a)], the vorticity and helicity are v = —1 and y =
m, respectively. Thus, antivortex profile m(r) can be written
in a variable-separated form as 6 = 6(p) and ¢ = ¢(¢). The
system energy can be written as

2
do in? 6
Etot=2ntf Al |l — +s1n + K, cos> 0
dp 02
cos 0 sin 6
+T pdp. 3)

Minimizing the energy function Eq. (3) with the Euler-
Lagrange method leads to the equation of 8(p):
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with the boundary condition [46]

do D

Ol,co =0, —| =—.
=0 dolp=x — 24

&)
The radial profile of the antivortex 6(p) can be obtained by
numerically solving the auxiliary Cauchy problem Eqgs. (4)
and (5) using the Runge-Kutta method [32].

III. NUMERICAL RESULTS

A. Magnetization configuration of the antivortex

To verify the above theoretical analysis, we perform micro-
magnetic simulations using the Mumax3 code [47] including
the anisotropic DMI. A ferromagnetic nanodisk with the ra-
dius of R = 50 nm and thickness of # = 1 nm is considered.
Magnetic parameters of permalloy are used in simulations:
M; =8.6 x10° A/m, A, =13 pJ/m, and « = 0.01. The
mesh size is set to 1 x 1 x 1 nm?. For D = 2.5 mJ/m?,
the ground state of the nanodisk is an antivortex, shown in
Fig. 2(a). The polar and azimuthal angles of the magnetization
extracted from the simulation data are plotted in Figs. 2(c) and
2(d), which shows an excellent agreement with the analytical
results. Note that the circular symmetry for spin rotations
of the antivortex in Fig. 2(a) is broken, which results in the
dipolar energy at the disk edge being anisotropic. To ascer-
tain the influence of such anisotropic dipolar interaction on
the antivortex profile, the magnetization configurations along
different azimuthal angles (¢ = 0, and 7 /4) are plotted in
Fig. 2(c), showing a negligible difference. This justifies the
separation of radial and azimuthal variables in Eqgs. (3) and

.

B. Stabilization of the antivortex

We then explore the antivortex stability in the parameter
space (D, R). Here, we fix the thickness of the nanodisk
to r = 1 nm. In the case of D = 0, the ground state of the
nanodisk (R < 150 nm considered here) is a single-domain
state. Thus, we choose two initial states (single-domain and
antivortex) to relax and obtain the final equilibrium state. Fig-
ure 3(a) shows the total energy of the nanodisk with the two
configurations, single-domain (SD) and antivortex (AV), as a
function of D. For 0 < D < 2.3 mJ/ m?, the most stable state
is the single-domain state. The antivortex becomes the ground
state when 2.3 < D < 3.2mJ/ m2, where the anisotropic DMI
dominates over the exchange interaction. For D > 3.2 mJ/m?,
multi-domain patterns arise to minimize the DMI energy (not
shown here).

Next, we further investigate the stability of antivortex in
nanodisks with different radii. Phase diagram obtained from
micromagnetic simulations is given in Fig. 3(b). One can
see that the antivortex state can remain stable ranging from
R = 150 nm down to R = 35 nm when the DMI is between
2.4 and 3 mJ/ m?. With the increase of the DMI, the size of the
antivortex disk can be further reduced. When D = 3.4 mJ/ m2,
the radius of the nanodisk hosting the antivortex can be as low
as R = 15 nm. This result is different from the conventional
circular vortex, where the minimal radius of the nanodisk
required to stabilize the vortex is about 450 nm for r = 1
nm [48,49]. Such a size limitation of the vortex formation
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FIG. 3. (a) Total energy of the nanodisk (R = 50 nm and t = 1
nm) with two different states [single domain (SD) and antivortex
(AV) states] as a function of D. Dashed lines above D = 3.2 mJ/m?
indicate that the corresponding states are unstable and relax to multi-
domain states. (b) Phase diagram of the ground state of the nanodisk
in (R, D) space. Red square, green dot, and black cross represent
the single-domain, antivortex, and multidomain states, respectively.
(c) The thickness dependence of the antivortex stabilization. The
color dots are obtained from simulations and the black curve is the
analytical result of Eq. (4). The insets are magnetization configura-
tions in nanodisks with three different thicknesses.

primarily arises from the long-range nature of dipolar inter-
action. In contrast, the anisotropic DMI is the antisymmetric
exchange interaction between nearest neighboring magnetiza-
tions, thereby reducing the size restriction on the antivortex
formation. This mechanism remains equally valid for the
conventional isotropic DMI (bulk and interfacial DMIs). For
instance, the size of the nanodisk hosting a circular vortex
generated from bulk DMI is around 30 nm [50]. Even for
the dipolar vortices without any DMI, the diameter of the
vortex disk can be reduced to 60 nm by the dipolar coupling
with a perpendicularly magnetized antidot matrix [51,52]. Our
work introduces an alternative method for miniaturizing vor-
tex disks, potentially advancing their applications in magnetic
recording technologies.
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FIG. 4. The z-component magnetization m, and the topological
charge Q of the nanodisk with R =50 nm and D = 2.5 mJ/m?
under the perpendicular field H,. The upper panel is the snapshots
of the spatial distribution of the magnetization in the process of the
antivortex nucleation.

To assess the effect of dipolar interaction on the antivortex,
spin configurations of the ground state in the nanodisk with
different thicknesses are depicted in Fig. 3(c). The analytical
curve derived from Eq. (4) accurately describes the antivortex
structure for the thin nanodisk (+ = 1 nm). However, as the
disk thickness increases, the dipolar interaction cannot be
approximated as an effective in-plane anisotropy in Eq. (1),
resulting in a significant deviation between simulation results
and the analytical curve. Once the disk thickness exceeds a
critical threshold, the antivortex becomes unstable and trans-
forms to a multidomain state, as illustrated in the insets
of Fig. 3(c). Similarly, the anisotropic DMI-stabilized anti-
skyrmions show a square-shaped deformation as the dipolar
interaction contribution increases [31,53,54].

C. Nucleation of the antivortex

Because of the energy barrier between various magneti-
zation configurations, achieving the antivortex state is not
always feasible in the antivortex ground state region, and other
metastable states (single-domain and multidomain states) may
arise instead. For practical applications, reliable generation of
the antivortex is highly desired. A simple method is relaxing
from an out-of-plane saturation state by quasistatically de-
creasing the external field to zero, as has been done for the
nucleation of radial vortex in Ref. [43]. As the perpendicular
field is gradually decreased, the magnetization tilting at the
disk edge, which is caused by the anisotropic DMI, spreads
towards the disk center, ultimately forming a stable antivortex
at remanence, as depicted in Fig. 4. The topological charge
is also calculated by using the formula Q = (1/47) [/ m -
(d,m x dym)dxdy, as plotted in the red curve in Fig. 4. One
can see that the topological charge of the antivortex is not
Q = —0.5 but Q = —0.7, which is mainly because the mag-
netization at the disk boundary tilts to —Z direction caused by
the DML
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FIG. 5. Trajectories of the vortex core under the in-plane field
with two different directions (a) o, = 0 and (b) «;, = 7 /4. (c) The
dependence of the shift direction of the vortex core on the field
direction, the black dots are simulation results, and the solid lines are
the analytical formula Eq. (6). (d) The shift length r, as a function of
the field amplitude H, for o, = 0 and 7 /4.

D. Response to a static in-plane external field

Different vortex configurations result in different responses
to the external field. To describe the vortex response to the
external field, we denote here that the shift of the vortex
core is r, = (rpcos B, rosin ) under an in-plane magnetic
field Heyx, = (Hy cos «y,, Hy sin o). To minimize the Zeeman
energy, the external field would enlarge the areas where the
magnetization aligns with the field, while contracting the ar-
eas where the magnetization opposes the field. By analyzing
the changes in the vortex structure, the shift direction (az-
imuthal angle) of the vortex core can be obtained,

B=va,+m —y. (6)

This result suggests that the response of the vortex to the
in-plane field depends on both its vorticity (v) and helicity (y ).
For the circular and radial vortices, B is equal to o, + 7 /2 and
oy, indicating that the vortex core moves along the direction
perpendicular and parallel to the field, respectively [43,52].
For the antivortex (8 = —«y,), the vortex core shifts along
the field direction for «; = 0, and moves perpendicular to
the field direction for «;, = 7 /4, as shown in Figs. 5(a) and
5(b). Therefore, the distinct displacements of the vortex core
under an in-plane magnetic field for the three vortex types can
serve as a “fingerprint” to distinguish them in experimental
measurements, as illustrated in Fig. 5(c).

Besides the shift direction (8), we also study the shift dis-
placement (ry) varies with the field amplitude (Hp), as shown
in Fig. 5(d). As expected, the shift length increases with the
field amplitude before the antivortex annihilation. It is worth
noting that the shift length is the same for two different field
directions when the vortex core is away from the disk edge.
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FIG. 6. (a) Schematic diagram of the system consisting of a fixed
layer, a space layer, and a ferromagnetic layer. The purple arrow
represents the injected current. The radiuses of the nanocontact and
ferromagnetic layer are r; = 10 nm and R = 50 nm, respectively.
(b) Trajectory of the antivortex core driven by the spin-polarized
current. The yellow and green dots are the starting and ending points
of the trajectory. (c) Temporal evolution of the gyrating orbit radius
and velocity of the antivortex core. (d) The fast Fourier transform
spectrum of the x component of the antivortex core position.

When the vortex core nears the disk edge, the shift length is
slightly larger for o, = w /4 compared to o, = 0. This dif-
ference mainly stems from the anisotropic demagnetization.
The edge magnetic charge density maximizes at ¢ = 0 and
vanishes at ¢ = —m /4. For the circular and radial vortices,
the dipolar interaction at the disk edge is isotropic.

E. Gyration and switching of the antivortex induced
by spin-polarized currents

In the above sections, we have demonstrated the stabiliza-
tion of antivortices and their field-induced dynamics. In this
section, we continue to explore the dynamics of the antivor-
tex when driven by spin-polarized currents. We consider the
Slonczewski spin-transfer torque in simulations, which has
the form

. Y hP jo
2eM it

[m x (mp X m)], @)

where y is the gyromagnetic ratio, /i is the reduced Plank
constant, e is the electron charge, P is the spin polarization
efficiency, jo is the current density, and mp is the spin po-
larization vector. Here, we set P = 0.5 and mp = (0, 0, —1).
We also consider the Oersted field accompanying current flow
in simulations, which can be calculated by Biot-Savart’s law.
Figure 6(a) shows the schematic diagram of the system, where
the nanocontact, for current injection, has radius r; and locates
at the disk center. Below, the radius of the nanocontact is fixed
at 10 nm. At a low current density jo = 2 x 10" A/m?, the
antivortex core rotates clockwise around the disk center. As
time goes by, it evolves into a steady self-oscillatory circular
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FIG. 7. The antivortex core reversal driven by the spin-polarized
current. (a) Snapshots of the antivortex core switching process for
Jjo =5 x 10" A/m?. (b) Snapshots of the antivortex core (p = —1)
switching process when the spin-polarized current is reversed (jo =
—5 x 10" A/m?). (c) The topological charge Q and spin-polarized
current density j, as a function of time. Green stars represent the
topological charges of the disk at various times in (a) and (b).

motion, reaching a maximum orbit radius of r. = 30 nm and
moving at a speed of v, = 87 m/s, as shown in Figs. 6(b) and
6(c). By the fast Fourier transform of the x component or y
component of the position vector, we can obtain the gyrotropic
frequency of the antivortex core w,/2m = 0.465 GHz [see
Fig. 6(d)], which is consistent with v./27r. = 0.462 GHz.
The frequency of the antivortex core gyration can be modu-
lated by changing the nanocontact size r; or current density jo
[55].

We further increase the current density to jo =135 x
10" A/m? for switching the antivortex core. Figure 7(a)
shows the magnetization structure of the nanodisk during the
antivortex core reversal. Driven by the spin-polarized current,
the antivortex with p = 1 starts to gyrate with a continu-
ously increasing orbit radius within 3.5 ns. At 3.9 ns, the
antivortex core reaches the disk boundary and annihilates.
As a result, the antivortex transforms into a quasiuniform
magnetization structure accompanied by edge solitons. These
edge solitons rotate along the disk boundary and merge to
form a downward antivortex core at 4.7 ns. Once the re-
versed antivortex core (p = —1) is formed, it undergoes a
damped gyration and finally returns to the disk center at
6 ns. This entire process resembles the edge-soliton-mediated
vortex core reversal described in Ref. [56]. The switching of
the antivortex core can be further confirmed via the variation
of the topological charge, which changes from Q = —0.7 at
t =0nsto Q=0.7 atr = 6 ns [shown in Fig. 7(c)]. When
the injection direction of the spin-polarized current is reversed
(jo = =5 x 10" A/m?), the antivortex core with p = —1
reverses back to the p = +1 state, as illustrated in Fig. 7(b).
The antivortex polarity switching by using spin-polarized cur-
rent present here, provides a reliable and effective approach
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for information writing in magnetic random access memory
devices.

It is reasonable to expect that varying the size of the
nanocontact or the ferromagnetic disk may reveal new re-
versal mechanisms, similar to the vortex-antivortex mediated
mechanism [57] and breathing switching mode [58]. Future
studies on the antivortex polarity reversing can utilize other
methods, including alternating magnetic field [57,59], elec-
tric field [60,61], and strain [62,63], as well. Moreover, the
quantitative analysis of the antivortex gyration and switching
requires a theoretical derivation based on the Thiele equation,
along with a systematical simulation, both of which are left
for future study.

IV. DISCUSSION AND CONCLUSION

The anisotropic DMI discussed in this work has already
been theoretically predicted [29,64-66] and experimentally
observed [45,53,67,68] in magnets with Cyy, D»g, and S4 crys-
tal symmetry. Recently, first-principles calculations predicted
that anisotropic DMI can be achieved in two-dimensional
magnets protected by D,y and P4m2 symmetries [69—71].
Besides, it has been demonstrated that the anisotropic DMI
can be induced and manipulated by the strain [72—74], which
can be generated mechanically [75] or via an electric field in
hybrid ferromagnetic-ferroelectric systems [76]. The diversity
of material options and the availability of regulation tech-
niques pave the way for the realization of the anisotropic DMI
in real magnets, thereby securing the viability of the antivortex
induced by anisotropic DMI.

The anisotropic DMI-induced antivortex, as presented in
this study, may inspire renewed interest and research into
antivortices. One particularly intriguing aspect is the inves-
tigation of the internal modes of the antivortex. Given that
the rotational symmetry of the antivortex structure is broken,
it might lead to a significant modification of azimuthal and
radial spin-wave modes along with a notable mode coupling
between them [77]. Second, the dipolar field generated by the

antivortex is anisotropic at the disk boundary. Consequently,
the energy transfer between dipolar-coupled antivortex disks
is in dependence on the arrangement of the disk array [78,79].
In a two-dimensional lattice of antivortices, the bulk states are
expected to exhibit a preferred direction of propagation, and
there is a possibility for the emergence of novel topological
states [80,81]. Lastly, the gyration of the antivortex suggests
its potential application in spin-torque nano-oscillators, simi-
lar to the circular and radial vortices [8,9,55,82]. Moreover,
the antivortex can also be utilized as a polarizer to induce
a self-sustained gyration of antiskyrmions, analogous to the
role of conventional vortices in skyrmion-based spin-torque
nano-oscillators [83].

In summary, we have shown that the anisotropic DMI can
stabilize the antivortex in circular nanodisks with a radius as
small as 15 nm, extending well beyond the stability range of
conventional vortices in an isolated nanodisk. The antivortex
can be nucleated by decreasing the perpendicular magnetic
field from an out-of-plane saturated state. Its movement un-
der an in-plane magnetic field, depending on its vorticity
and helicity, differs significantly from that of circular and
radial vortices. Additionally, we have demonstrated the gy-
ration and polarity switching of the antivortex triggered by
spin-polarized currents. Our results enhance the fundamen-
tal understanding of anti-solitons in confined magnets and
pave the way for applications in antivortex-based spintronic
devices.
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