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Magnetic skyrmions are envisioned as ideal candidates as information carriers for future spintronic

devices, which have attracted a great deal of attention in recent years. Due to their topological

protection, the creation and annihilation of magnetic skyrmions have been a challenging task.

Here, we numerically demonstrate that a magnetic skyrmion can be created by chopping a chiral

stripe domain with a static uniaxial strain/stress pulse. This mechanism not only provides a method

to create skyrmions in magnetic nanostructures but also offers promising routes for designing

tunable skyrmionic-mechanic devices. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4993433]

Magnetic skyrmions are stable spin textures with the

magnetic moments forming a twist structure, with the key

characteristic that they are topologically protected. After the

first experimental discovery of magnetic skyrmions in MnSi,1

they have been observed in a variety of magnetic systems

including B20-type materials with a bulk Dzyaloshinskii-

Moriya interaction (DMI)1–7 and interfacial symmetry break-

ing multilayers with interfacial DMI.8–12 Stability, small size,

and ultralow threshold current density for motion make the

skyrmions very promising for future spintronic device

applications.13–19

As information carriers, the controllable creation of sky-

rmions is prerequisite for real applications. The nucleation of

isolated skyrmions is a challenging task as it necessarily

involves overcoming the topological barrier, e.g., due to lat-

tice discreteness effects.20 Several different methods have

been proposed to create individual skyrmions. They can be

created by providing external stimuli to a ferromagnetic

state, such as applying a circulating current,21 injecting an

in-plane, out-of-plane polarized current,13,22–24 using laser

heating,25 or by spin waves.26 In addition, skyrmions can be

created by injecting an in-plane current into a notch27 and be

converted from a domain wall.28 Very recently, Jiang et al.
have shown experimentally that skyrmions can be generated

by pushing chiral stripe domains (CSDs) via a spin current

through a geometrical constriction in heavy metal/ultrathin

ferromagnet/insulator trilayers.29

On the other hand, strain has been used to manipulate

magnetic domains in soft magnetostrictive materials.30–35

Recently, experiments have demonstrated that mechanical

strain or stress is an effective means to control the skyrmion

phase.36–38 In this letter, we will show that it is possible to

cut a skyrmion from a chiral stripe domain (CSD) by apply-

ing an in-plane uniaxial strain. It is well known that the

application of a static uniaxial strain to a magnetostrictive

material can induce an additional uniaxial anisotropy to the

magnetic energy.32 The resulting magneto-elastic anisotropy

field can be expressed as

Hstrain ¼ �3eiEkðm � n̂sÞn̂s; (1)

where ei is the uniaxial strain with i¼ x and y, n̂s is the direc-

tion of the strain, E is the Young’s modulus, m is the unit

vector of the magnetization, and k is the magnetostriction

constant. This effective field acts on the CSD, modifies the

magnetic free energy, and leads to a reorientation of the

magnetization. Figures 1(a)–1(c) schematically show the

mechanism of evolution of a N�eel CSD to a skyrmion under

a uniaxial strain along the x axis. The in-plane component of

the magnetization in the CSD is mainly along the y-axis. In

contrast, the magneto-elastic anisotropy field is along the x
axis [Fig. 1(a)]. Thus, Hstrain drags the magnetization to

rotate to the x axis, which gradually forms a bottleneck area

at the place near that domain end [Fig. 1(b)]. If the strain is

large enough, the strain anisotropy energy is larger than the

elastic energy, the CSD will break at the bottleneck area,

which results in a circular domain breaking off from the

CSD, and finally it evolves to a skyrmion [Fig. 1(c)]. A simi-

lar mechanism can be realized in a Bloch CSD by applying a

uniaxial strain along the y direction [Figs. 1(d)–1(f)].

To demonstrate the aforementioned idea, we study the

geometry as shown in Fig. 2 for generating skyrmions by an

in-plane uniaxial strain. The sample we considered is a 1.1-

nm-thick ferromagnetic nanostripe with a width of 120 nm

and a length of 1000 nm with a geometrical constriction at

a)Author to whom correspondence should be addressed: beni.braun@ucd.ie

or zhouyan@cuhk.edu.cn
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the center. The length and width of the constriction are fixed

to be 100 nm and 82 nm, respectively. We assume that the

DMI in the ferromagnetic layer is either of bulk or interfacial

type, which will generate Bloch and N�eel skyrmions, respec-

tively. The left region of the sample (chiral stripe region) ini-

tially supports a CSD, while the ferromagnetic background

is presented in the right region (skyrmion region). The CSD

can be injected into the left hand part by injecting an in-

plane current. The constricted region in the center (strain

region) is attached to the commonly used piezoelectric mate-

rial Pb(Zr,Ti)O3 (PZT). A perpendicular magnetic field Hz is

applied to the whole sample. The PZT is polarized along the

x-direction for the interfacial type [Fig. 2(a)] and the y-direc-

tion for the bulk type [Fig. 2(b)]. By applying a voltage to

the PZT, an in-plane uniaxial piezostrain is induced, and

then, this piezostrain is transferred to the ferromagnetic

layer. This strain transfer from a PZT layer to ferromagnetic

layers has been experimentally demonstrated in many

works.30,31,33 Here, the in-plane uniaxial piezostrain is

assumed to be uniform in the strain region and vanishing out-

side this region. The strain is directed along the x-direction

for the ferromagnet with interfacial DMI and along the y-

direction for the ferromagnet with bulk DMI. In addition to

the strain, an in-plane spin-polarized current is applied to

drive the CSD or the skyrmions to move forward. The

geometrical constriction in the strain region is set for restrict-

ing the CSD in the chiral stripe region without expanding it

into the skyrmion region.

The study is carried out by means of the public object-

oriented micromagnetic framework (OOMMF) code.39 The

time-dependent magnetization dynamics is governed by the

Landau-Lifshitz-Gilbert (LLG) equation

dm

dt
¼ �jcjm�Heff þ a m� dm

dt

� �
; (2)

where c is the gyromagnetic ratio and a is the Gilbert damp-

ing constant. The effective magnetic field is given by

Heff ¼ �1=ðl0MsÞð@W=@mÞ, where l0 is the vacuum per-

meability and W is the magnetic energy of the system con-

sisting of exchange, anisotropy, Dzyaloshinskii-Moriya

interaction (DMI),40 and strain-induced anisotropy energy

terms. The DMI interaction is assumed to be of bulk or inter-

facial origin. The bulk DMI energy density is given by

wDM ¼ Dm � ðr �mÞ, where D is the DM interaction con-

stant. The interfacial DMI energy density is

wDM ¼ �Dm � ððẑ �rÞ �mÞ. The strain-induced anisot-

ropy energy, which originates from the uniaxial strain

applied to the film, can be written as34

Wstrain ¼ �
3

2
eiEk m � n̂sð Þ2: (3)

For the simulation of the current in-plane injection to

the nanostripe, the spin-transfer torque (STT) including both

adiabatic and non-adiabatic terms was added to Eq. (2), with

sSTT ¼ lm� @m

@x
�m

� �
þ bl

@m

@x
�m

� �
; (4)

where l ¼ lBJP=eMs, Ms is the saturation magnetization, J
is the current density, P is the spin polarization, lB is the

Bohr magneton, e is the electron charge, and b is the non-

adiabaticity factor. Because the constriction of the strain

region, the current density is inhomogeneous. The current

density we mentioned in this paper is the current density in

the wide region, and the current density in the strain region

is Js ¼ JW=W1, where J is the current density in the wide

region and W and W1 are the width of the wide region and

the strain region, respectively.

Material parameters used for the simulations are set to

represent Co20Fe60B20. According to the measurement

FIG. 2. Design of the skyrmion gener-

ation device. (a) N�eel skyrmion gener-

ation in a ferromagnet/heavy metal

bilayer system, where the interfacial

symmetry breaking introduces the

interfacial DMI. (b) Bloch skyrmion

generation in a ferromagnetic layer

with a bulk DMI. The arrows represent

the in-plane component of the magne-

tization, and the colors encode the z
component. The color-scale has been

used throughout this paper.

FIG. 1. Schematic of the cutting effect of a static uniaxial strain on a CSD

and the formation of a skyrmion. (a)–(c) Evolution of a N�eel CSD under a

uniaxial strain ex. The blue region indicates a CSD, and the light orange

region indicates the ferromagnetic background. The white arrows show the

in-plane magnetization direction of the CSD. The yellow arrows show the

direction of the effective strain anisotropy field. (d)–(f) Evolution of a Bloch

CSD under a static uniaxial strain ey.

022406-2 Liu et al. Appl. Phys. Lett. 111, 022406 (2017)



results in Ref. 29, we use the following parameters: A satura-

tion magnetization of Ms ¼ 6:5� 105 A=m, an exchange

constant of A ¼ 4:8� 10�12 J=m, and a perpendicular anisot-

ropy constant of Ku ¼ 2:3� 104 J=m3. In this work, we set

the DMI constant to D ¼ 1:0� 10�3 J=m2. From Ref. 41, we

have k ¼ 31 ppm and E ¼ 1:6� 1011 J=m3. The sample is

discretized into small cells with a cell size of

2� 2� 1:1 nm3, the Gilbert damping constant is a ¼ 0:1,

the non-adiabaticity factor is b ¼ 0:1, and the degree of spin

polarization is P¼ 0.5.

It should be mentioned that the demagnetization energy

or the magnetic dipole interaction is neglected in our model.

In thin-plate magnets, magnetic skyrmions are often realized

by competition among the magnetostatic energy, the

exchange interaction, and the uniaxial magnetic anisot-

ropy.42–45 For our model, comparing the results of with and

without including the demagnetization energy, the influence

of the demagnetization energy approximately reduces to a

perpendicular uniaxial anisotropy with anisotropy constant

Keff ¼ 0:5l0M2
s . Therefore, the demagnetization energy only

quantitatively affects our results without any qualitative

changes.

Figure 3(a) shows the N�eel skyrmion generation process

via the application of a strain pulse to a CSD (see also the

Multimedia view). The CSD in the chiral stripe region is first

driven to the strain region by the in-plane current

(t¼ 0–2.5 ns). At t¼ 2.5 ns, a uniaxial strain ex along the x
direction is applied. Under the effect of the strain, the right

end of the CSD bends upwards, forming a depression in the

bending region (t¼ 3.0 ns). The width of the CSD in the

bending region is gradually compressed, and then, a small

domain breaks down from the CSD (t¼ 3.5 ns).

Subsequently, the small domain evolves to a skyrmion

(t¼ 4.1 ns). For the demonstration of the application of

strain-induced skyrmion generation in the nanostripe with a

bulk DMI, we use the same parameters to simulate the Bloch

skyrmion generation process. Figure 3(d) shows the Bloch

skyrmion generation process by applying a uniaxial strain

along the y direction (see also the Multimedia view). The

process is similar to the case of Neel skyrmion generation.

The generation of a skyrmions can also be confirmed by ana-

lyzing the topological number of the system. In a planar sys-

tem, the topological number of the system is given by

S ¼ 1
4p

P
x;y qðx; yÞ, where qðx; yÞ ¼ m � ð@xm� @ymÞ is the

topological density of the cell with a coordinate (x, y).

Figure 3(b) shows the development of S. Before applying the

strain, the value of S is 0.5, which is the topological number

of the half skyrmion at the right end of CSD. At t¼ 3.5 ns, S
suddenly increases to about 1.5. This increment indicates

that one skyrmion is created.

We have confirmed that both N�eel and Bloch skyrmions

can be created by cutting CSD with a uniaxial strain.

However, we are interested in the detailed dynamical process

to understand how a skyrmion is created. Figure 4 shows the

temporal evolution of the topological density and energy

density together with the magnetization profile within the

dashed square in Fig. 3(a). After the strain is switched on,

like a uniaxial anisotropy along the x direction acting on the

magnetization, the magnetization rotates towards the x axis.

This causes the half skyrmion at the right end of the CSD to

bend upward, which induces the formation of a topological

“dip” in the bending region (t¼ 3.1 ns). The topological den-

sity of the “dip” is negative and increases gradually. With

the development of the “dip,” a small domain is gradually

separated from the CSD. At t¼ 3.47 ns, the small domain

breaks off from the CSD. Interestingly, the small domain has

FIG. 3. The magnetization evolution of

the skyrmion generation is obtained by

applying a strain pulse and an in-plane

current with current density J ¼ 80

MA/cm2, where Hz ¼ 70 mT. (a)–(c) A

N�eel skyrmion is generated by applying

a 1 ns-duration strain pulse ex with a

strength of 0.8% at t¼ 2.5 ns. (d) and

(e) A Bloch skyrmion is generated by

applying a 1 ns-duration strain pulse ey

with a strength of 0.8% at t¼ 2.3 ns. (a)

and (d) The snapshots of the magnetiza-

tion configuration at the indicated times.

(b) and (e) The time evolution of the

topological number S. (c) and (f) The in-

plane current and strain pulse applied

during the simulation. (Multimedia

view) [URL: http://dx.doi.org/10.1063/

1.4993433.1] [URL: http://dx.doi.org/

10.1063/1.4993433.2]

022406-3 Liu et al. Appl. Phys. Lett. 111, 022406 (2017)

http://dx.doi.org/10.1063/1.4993433.1
http://dx.doi.org/10.1063/1.4993433.1
http://dx.doi.org/10.1063/1.4993433.2
http://dx.doi.org/10.1063/1.4993433.2


a peculiar spin structure with a topological number equiva-

lent to zero. One end of it is a half skyrmion, and the other

end is a half anti-skyrmion. The chirality of the half sky-

rmion is favored by the DMI, while the half anti-skyrmion is

unfavored by the DMI, which increases the energy (indicated

by the green region). Thus, the magnetization tends to be ori-

ented towards the direction favored by the DMI, which

causes the half anti-skyrmion to be compressed into a small

region that concentrates a large amount of energy

[t¼ 3.47–3.564 ns]. At t¼ 3.564 ns, the size of the half anti-

skyrmion is compressed to be comparable to a Bloch point in

a classical bubble material, and the topological density of

this area reverses under the emission of spin waves

(t¼ 3.564–3.586 ns), which switches the half anti-skyrmion

to a half skyrmion. The switching increases the topological

number of the small domain to 1 that corresponds to the

topological number of a single skyrmion, in which the spins

wrap once around a unit sphere.20 Finally, the small domain

eventually evolves to be a proper skyrmion (t¼ 3.6 ns). The

switching from a half anti-skyrmion to a half skyrmion is

accompanied by a change in topological charge, which

increases by an integer DS ¼ 1. In general, the mechanism

of a DS ¼ 1 topological change entails the formation of a

singularity in the continuum limit. In thick materials, it evolves

the injection and propagation of a Bloch point vertically

through the finite thickness of the sample. In two-dimensional

samples, a Bloch point cannot exist, an equivalent process has

been mentioned,13,19,46 where the singularity is simply formed

by four neighboring moments, and the “injection and prop-

agation” of the singularity then simply amount to the collec-

tive switching of typically three neighboring moments from

plus to minus orientation.13 In our case, the nanostripe is just

1.1 nm thick, and it can be treated effectively as a two-

dimensional thin film. So, the switching from a half anti-

skyrmion to a half skyrmion is similar to the process in Ref.

13, which evolves the “injection and propagation” of the

singularity.

For this skyrmion generation mechanism, current den-

sity and strain are two important factors. Figure 5 shows a

final phase diagram after applying a 3-ns pulse of strain to

the strain region. There exists a threshold current of Js ¼ 40

MA/cm2 and a threshold strain of es ¼ 0.67% for generating

skyrmions from a CSD. Below this threshold current, the

CSD stays in the strain region or is even forced to return to

the chiral stripe region. However, too large a current forces

the half skyrmion at the end of the CSD to move too quickly

FIG. 4. Detailed dynamics of skyrmion

generation. The top panels display the

snapshot images of the topological

density within the dashed square in

Fig. 2(a) taken at the indicated times

from the perspective views. The mid-

dle panels show the corresponding

energy density, and the bottom panels

present the corresponding top view of

the magnetization distribution.

(Multimedia view) [URL: http://

dx.doi.org/10.1063/1.4993433.3]

FIG. 5. Effect of the current and strain on the magnetization dynamics. The

left panel shows the final phase diagram after applying a 3-ns pulse of strain

to the strain region, where the current is always turned on, and Hz ¼ 70 mT.

Four different end states are identified (right panel): the CSD is forced to go

back to the chiral stripe region (red square), the CSD stays in the strain

region (hollow circle), the CSD moves to the skyrmion region without being

cut (blue square), and skyrmions form (blue square with red circle).
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such that the CSD extends to the skyrmion region without

being cut. When the strain is below the threshold value, the

forces acting on the CSD from the stain are not sufficient to

cut a small domain off the CSD. In contrast, too large strain

may force the CSD to return to the chiral stripe region. Also,

the shape of the strain pulse influences the generation of sky-

rmions. If the strain pulse duration is too short, the cutting

process cannot be finished, and so, the skyrmion cannot be

generated. If the strain pulse duration is long enough, the

skyrmion can be created one by one.

Our results have demonstrated that uniaxial strain can

be an effective way to generate skyrmions of both N�eel and

Bloch types. This intriguing approach provides a mechanism

to generate skyrmions. In the future, it could be used in

advanced skyrmionic devices, for example, skyrmion race-

track memory devices.47,48
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