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We report a micromagnetic numerical study on different quasi-crystal formations of magnetic vortices in a rich

variety of dynamic transient states in soft magnetic nano-disks. Only the application of spin-polarized dc

currents to a single magnetic vortex leads to the formation of topological-soliton quasi-crystals composed of

different configurations of skyrmions with positive and negative half-integer numbers (magnetic vortices and

antivortices). Such topological object formations in soft magnets, not only in the absence of Dzyaloshinskii-

Moriya interaction but also without magnetocrystalline anisotropy, are discussed in terms of two different

topological charges, the winding number and the skyrmion number. This work offers an insight into the

dynamic topological-spin-texture quasi-crystal formations in soft magnets. 
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1. Introduction

Topologically non-trivial spin textures, such as the mag-

netic bubble domain [1, 2], the magnetic vortex [2-4], and

antivortex [2] as well as the pairwise vortex and anti-

vortex in confined magnetic elements [5-9], have attracted

rapidly growing interest due to their fundamental dynamic

characteristics [10-18] and potential applications to infor-

mation-storage [13, 19, 20] and -processing devices [21-

23]. The magnetic skyrmion [24-26], for example, repre-

sents peculiar spin configurations wherein spins point in

all of the directions wrapping a three-dimensional (3D)

sphere, thereby generating an integer Skyrmion topo-

logical charge [24, 25]. Magnetic skyrmions have been

found in special magnetic materials of non-centro sym-

metry [26, 27] or in hybrid ultrathin magnetic films where

the inversion symmetry is broken by the presence of

heterointerfaces [28, 29]. The non-centro symmetry, either

in bulk or at the interface with strong spin-orbit coupling,

causes the Dzyaloshinskii-Moriya (DM) interaction [30,

31] that plays a crucial role in Skyrmion formation in bulk

and thin film [26-29]. From the application point of view,

the nanoscale dimensions and low-power manipulation of

the magnetic skyrmions are very advantageous features

[29, 32, 33].

On the other hand, the magnetic vortex has been inten-

sively studied for its peculiar static and dynamic charac-

teristics [3, 4, 10, 11, 16-18]. Its fine magnetic structure

shows either counter-clockwise (CCW) or clockwise

(CW) curling in-plane magnetization with either upward

or downward out-of-plane magnetization at the core

region in confined magnetic elements [2-4]. In the 3D

topological aspect, the magnetic vortex has a half-integer

skyrmion number, expressed as q = np/2 (Ref. 34) with

the winding number of n = +1 and a given polarization p

= +1 (−1) for upward (downward) core magnetization.

Also, the antivortex (n = −1), as the topological counter-

part of the vortex, is found in parts of cross-tie walls [5,

7, 35] where vortices and antivortices are periodically

alternating or in a metastable state in specially designed

geometrical confinements. In ultrafast dynamic processes,

the vortex and antivortex are created and annihilated to

conserve the total winding number in a given system; thus

always their creation and annihilation are pairwise [6-9].

In this article, we report our findings on the formation of

dynamic quasi-crystals composed of positive and negative

half-integer skyrmions (magnetic vortices and antivortices)

in many different configurations in dynamic transient

states in soft magnetic (e.g., Permalloy) disks without

consideration of DM interaction and with zero magneto-
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crystalline anisotropy. The formation of such topological-

spin-texture quasi-crystals is addressed in terms of two

different topological charges, n and q.

2. Methods

In our micromagnetic numerical calculation, we em-

ployed the OOMMF code (version 1.2a4) [36] using the

Landau-Lifshitz-Gilbert equation with Slonczewski spin-

transfer torque [37-39], expressed as dM/dt = −γ/(1 +

α
2)(M × Heff + (α/Ms)(M × (M × Heff))) + (aSTT/Ms)M × (M

× ) with , where α is the

damping constant, γ the gyromagnetic ratio, Heff the effec-

tive field, h the Planck’s constant, j0 the current density, μ0

the vacuum permeability, e the electron charge, Ms the

saturation magnetization, P the degree of spin polarization,

and  the unit vector of the spin-polarization direction.

The well-known Py material parameters were applied: MS

= 8.6 × 105 A/m, exchange stiffness Aex = 1.3 × 10−11 J/m,

α = 0.01, and with zero magnetocrystalline anisotropy.

The unit cell size was 2 × 2 × 10 nm3.

3. Results and Discussion

In the present study, a model system comprising a free-

standing Permalloy (Py: Ni80Fe20) nano-disk of radius R =

150 nm and thickness L = 10 nm was used (see Fig. 1).

The initial ground state shows a single vortex of upward

core magnetization (p = +1) and clockwise (CW) in-plane

curling magnetization (chirality c = −1). Out-of-plane dc

currents (denoted as ip = +1 and mp = −1) of densities

varying within the 1.0~2.0 × 108 A/cm2 range and a spin

polarization of P = 0.7 were applied in the +  direction.

The circumferential Oersted fields (OHs) due to the current

flow were obtained from the Biot–Savart’s formulation

[40] (see Fig. 1(b)). Note that the field direction and the

in-plane curling magnetization in the initial ground state

are antiparallel. The local current densities through the

entire disk were assumed to be uniform.

As reported earlier [15, 40-43], application of an out-of-

plane dc current with a high current density, here j0 = 1.0

× 108 A/cm2, leads to overall vortex-core switching from

the upward to downward core orientation along with

m̂p aSTT = 
1

2π
------hγPj0/ μ02eMsL( )

m̂p

ẑ

Fig. 1. (Color online) (a) Model of free-standing Py disk with

magnetic vortex structure in initial ground state. The color

indicates the local in-plane curling magnetizations, and the

height of the surface corresponds to the out-of-plane magne-

tizations. The direction of the out-of-plane current is denoted

as ip = +1, and the spin polarization is denoted as mp = −1. (b)

Spatial distribution of circumferential OHs induced by current

flow of density j0 = 1.0 × 108 A/cm2. The colors and arrows

represent the strength and rotation sense of the OHs, respec-

tively.

Fig. 2. (Color online) Snapshot plane-view images of spatial distribution of (a) local magnetizations and (b) corresponding sky-

rmion densities normalized to maximum value at indicated time. In (a), the streamlines with small arrows indicate the local in-

plane magnetizations, and the colors correspond to the out-of-plane magnetizations normalized by the saturation magnetization, mz.

The insets show the mz profiles across the center position of a given disk. 
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CCW-to-CW chirality switching (compare the two images

taken at t = 0 and t = 3.0 ns shown in Fig. 2(a)). Accord-

ing to the current density, a rich variety of dynamic

behaviors have been found (Refs. 15, 40, 44, and 45).

Here, we focus on some of the fine dynamic processes

driven by such high current densities. Figure 2(a) shows

additional transient states towards the vortex structure

with the CW chirality and the downward polarization. A

bubble-domain state appears at t = 0.118 ns, as evidenced

by the mz (= ) profile across the disk center (see

the inset of Fig. 2(a)). The mz profile clearly shows, as

representative of that domain, the unique variation of mz

~ +1 at the center and mz ~ −1 at the two outer regions.

Additionally, other peculiar dynamic transient states

appear serially at t = 0.308, 0.471, and 0.580 in different

pairwise vortex-antivortex configurations. These transfor-

mations take place through dynamic subprocesses of the

creation and annihilation of vortex-antivortex pairs in

steps of a few tens of pico-seconds 

In order to interpret those spin textures in terms of the

creation and annihilation of 3D topological solitons, we

numerically calculated the local skyrmion density S =

 [26, 46] and the total skyrmion

number over the entire disk . Figure 2(b)

displays the resultant skyrmion densities normalized to

the maximum values at the indicated times. Figure 2(b)

clearly shows the many blue and red spots and their

characteristic arrangements, representing highly localized

solitons with the opposite half-integer skyrmions. The

vortices and antivortices with either the up or down core

orientation show themselves in the specific quasi-crystal

arrangements. 

Figure 3(a) illustrates the details of the three repre-

sentative snapshot images taken at t = 0.308, 0.471, and

0.580 ns, presenting the distribution of the winding numbers

of the local topological solitons indexed in the following:

vortices and antivortices correspond to n = +1 and n = −1,

while the edge solitons near the disk boundary correspond

to either n = +1/2 or −1/2. The winding number of the

upward-core vortex in the initial state is n = +1, and is

conserved during all of the transformations of the indivi-

dual transient states. Compared with the winding-number

representation, the corresponding skyrmion numbers of

the local solitons, q = np/2, also are marked on the three

representative snapshot images of the local skyrmion

density distributions, as shown in Fig. 3(b). The total

skyrmion number Q = +1/2 at the initial vortex with the

up core orientation (p = +1) varies, and turns out to be Q

= +1 for the bubble domain at t = 0.118 ns (see Fig. 2(b)).

The Q = +1 skyrmion state immediately transforms into a

rich variety of soliton-lattice quasi-crystal transient states

as shown in Fig. 3(b). The representative skyrmion density

images reveal that the vortices and the counterpart anti-

vortices are created and annihilated in the pairwise fashion.

For the same polarization in the vortex-antivortex pairs,

the skyrmion number is always q = +1/2 in one and q =

−1/2 in the other, because the vortex and antivortex have

the opposite winding-number signs (vortex: n = +1; anti-

vortex: n = −1) and, thus, opposite half-integer skyrmion

numbers. The blue and red spots in Fig. 3(b) indicate the

positive and negative q values, +1/2 and −1/2, respective-

ly. The vortex and antivortex with the same polarization

are determined simply by the sign of the local skrymion

M·ẑ/Ms

1

4π
------ m ∂m/∂x ∂m× /∂y( )⋅

Q = S∫∫ dxdy

Fig. 3. (Color online) (a) Snapshot images of local magneti-

zation distributions in whole disk area at indicated times t =

0.308, 0.471, and 0.580 ns, where vortices and antivortices are

denoted as n = +1 and n = −1, respectively, and edge solitons

are represented by either n = +1/2 or n = −1/2. (b) Corre-

sponding skyrmion densities normalized to the given maxi-

mum value. The blue and red spots thus correspond to

positive (q = +1/2) and negative (q = −1/2) half-integer sky-

rmions (magnetic vortices and antivortices), respectively.
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density value. In the course of the dynamic transformations,

the creation and annihilation of vortex and antivortex is

always pairwise so as to hold the zero winding number

via topological winding-number conservation; and since

each of the vortex-antivortex pairs has the same polari-

zation here, the sum of the skyrmion numbers of each

vortex-antivortex pair is always zero. While the total

winding number over the disk is maintained as n = +1

(vortex), the total skyrmion number Q is not conserved

but varies during the dynamic transformations, as evidenced

by the Q variation shown in Fig. 2(b). The processes of

the creation and annihilation of vortex-antivortex pairs

correspond to the topological sector as uniform ground

states, without any spin-wave emission, as addressed in

Refs. [9, 34]. 

4. Conclusions

In summary, we studied formations of an integer skyrmion

bubble domain and of positive and negative half-integer

skyrmions (magnetic vortices and antivortices) in a rich

variety of dynamic quasi-crystal arrangements during the

dynamic process of a single vortex state to another vortex

state in a soft magnetic disk of non-magnetocrystalline

anisotropy and non-DM interaction. Those dynamic trans-

formations occur while conserving the total winding

number in a given system and maintaining the same

topological sector from the topological charge aspect.

This work provides a fundamental understanding of the

dynamic quasi-crystal formations of topological spin

textures such as vortices and antivortices in geometrically

confined soft magnets. 
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