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Bistability of magnetic skyrmions in a multilayer ferromagnetic/heavy

metal structure
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The effect of the Dzyaloshinskii-Moriya interface interaction on the stability of magnetic skyrmions in the

ferromagnet-heavy metal multilayer structure depending on the number of multilayer repetitions was investigated

by micromagnetic modeling. The parameters of the multilayer structure for the stabilization of magnetic skyrmions

in nanodisks formed by Ir/Co/Pt layers are selected. It is shown how the value of the Dzialoszynskii–Moriya

exchange interaction affects the type, stability, and radius of magnetic skyrmions in multilayer nanopillars. The

results obtained can be used to create devices for processing and storage information signals.
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1. Introduction

The study of stabilization of magnetic vortices is of

great interest in view of the consideration of methods of

formation of nanodimensional cylinders, including those

with a curvilinear cross-section profile [1]. In the field

of magnetic materials, magnetic vortices called skyrmions

are being actively investigated. Due to its small size

and topological stability when interacting with other stable

magnetization states, a skyrmion can be used in high-density

memory devices [2].

Skyrmions can be stabilized in nanometer films due to

an external magnetic field, perpendicular anisotropy and

interfacial Dzialoshinskii−Moriya interaction, hereinafter

called DMI which occurs at the ferromagnetic/heavy metal

boundary [3,4]. In the case of multilayer structures, there is

an additional contribution from the dipole interaction [5,6].
It has been found that by reducing the geometric dimensions

of the layers it is possible to increase the skyrmion

stability [7]. It has also been experimentally shown that

the created magnetic skyrmions can be stable at room

temperature [8,9]. The formation of skyrmion structures

is possible by means of a magnetic-force microscopy

tip, in which a magnetic perturbation in the structure is

caused [10,11]. For example, this was presented for the

Pt/Co/Pt structure [12–14].

The results of micromagnetic modelling of multilayer

structures with repeated ferromagnetic/heavy metal layers

are presented in this paper. The effect of multista-

bility of magnetic skyrmions at a change of value of

exchange interaction is shown. Separately, the magnitude

of Dzialoszynskii−Moriya interaction influences the trans-

formation of the type of skyrmion in the studied structure.

2. The studied structures and numerical
modelling

Fig. 1 shows a schematic representation of a multilayer

ferromagnetic/heavy metal structure. Three layers alternate

in the structure: Ir/Co/Pt. Later on, the material parameters

were averaged and the three layers were replaced with one

multiplayer of ferromagnetic, i.e., a skyrmion occurs in the

ferromagnetic layer.

The diameter of the Dtextd was 200 nm, the thickness

of the structure depended on the number of repetitions n.
For the real structure, the thickness of the multilayer was

2.4 nm (Ir= 0.9 nm, Co= 0.6 nm, Pt= 0.9 nm), while the

micromagnetic simulation program was 0.6 nm (only the

ferromagnet thickness was used).

Micromagnetic simulation was carried out in the

MuMax3 [15] software package, which solves the Landau–
Lifshitz–Gilbert equation [16]: The number of repetitions

ranged from 2 to 4. The value of the DMI interaction varied

in the range of 0−1.2mJ/m2, which is consistent with the

experimental data [6,17–21].

The resulting skyrmions have a characteristic such as the

skyrmion diameter Dsk . This value depends on both the

DMI and the number of multilayers. Dsk was measured as

follows: a diameter cut was taken and the back position was

approximately 0 (lying in the film plane). Such positions in

the cut will be two in the case of a stabilized skyrmion.
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Figure 1. The image of the studied structure.

It should also be noted that emerging skyrmions can be of

different types — Neel and Bloch [22].

In micromagnetic simulation, it was found that in mag-

netic nanostructures, the same type of skyrmion can be

produced, but with different spin direction — so called

clockwise and counterclockwise direction (in future will

be denoted as R and L for the Neel type of skyrmion,

B and C — for the Bloch skyrmion).

Fig. 2 shows the relationship of the skyrmion diameter

to the diameter of a nanodot Dsk/Dd to the DMI value

for a 6 repetition structure. The following steps were

taken to obtain this dependence. The initial value of

DMI was assumed to be 0.03mJ/m2 (a small deviation in

this interaction is needed) a, skyrmion originated, system

relaxation occurred, and the diameter of the skyrmion was

measured. The resulting magnetization distribution was

used as a baseline state to further increase the DMI value

in small increments (0.003mJ/m2) to 1.2mJ/m2. Also at

each step the definition of the skyrmion type (R, L, B or C)
was made. As you can see in Fig. 2, in this structure,

there is a 4 multilayer transformation of the skyrmion

type from R into type L via an intermediate skyrmion of

type C and for each existing skyrmion, three areas (L — I,

C — II, R — III) are allocated. This may indicate that

with a specific DMI value, we can observe this skyrmion

configuration, which can then be used as a combination to

encode data.

However, in addition to the phenomenon of changing the

type of skyrmion when changing the DMI value, the multi-

stable character of the multilayer structure was also shown.

To demonstrate this effect, a micromagnetic simulation was

conducted for the structure with a repetition of multilayers

of n = 2 and n = 4. To identify the multistability state,

in addition to the step-by-step increase of DMI values (on
Figs. 3 and 4 shown in red), at 1.2mJ/m2 there was a step-

by-step reduction of DMI values (on Figs. 3 and 4 shown

in blue). For the case of n = 2, there is a multistability

area in the range of 0.34−0.55mJ/m2. As you can see

on the inset for Fig 3, a, as DMI increases, the skyrmion

in the second layer from R-type transforms into L-type

with an intermediate value C, and when the DMI value

decreases — from L-type to R-type via B. In this case,

when the value changes directly and inversely, different

relationships of Dsk/Dd are observed in the multistability

area of DMI.

With the number of repetitions of n = 4 multilayers,

there was a shift of the multistability region into a higher

range of values of DMI interaction (from 0.8mJ/m2 to

1.2mJ/m2), and with a value of DMI 0.4mJ/m2, the curve

inclination change occurs. If you consider changing the

type of skyrmion in the multilayer, then at the value of

DMI 0.4mJ/m2 the type of skyrmion changes from R

to L when increasing DMI and L to R at a decrease of

DMI of 3 multilayer. This process takes place without a

multistable state.

Since these skyrmions are stable magnetization configu-

rations, a micromagnetic simulation has been performed,

in which dependences of the total energy Etotal on the

DMI value were obtained. Figs. 3, b and 4, b shows the

total energy dependences of the system for the quantity of

repetitions of layers n = 2 and n = 4.

These graphs present Etotal values with negative values.

This can be regarded as (Etotal = 0 J) equilibrium deviation.

A change in energy indicates the formation of skyrmion

structures. When comparing the received graphs, you

should pay attention to the values Etotal in case of n = 2

and n = 4. For n = 2 Etotal changes in the range of

(−0.4) ÷ (−1.6) · 10−18 J, and for n = 4 — in the range of

(−2.75) ÷ (−4.5) · 10−18 J. When comparing these values,

it is possible to understand that as the layers increase, the

energy of the system increases.

Also, values of DMI, in which there is a transformation of

the type of skyrmion and showing the relationship between
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Figure 2. Plot of the relationship between Dsk/Dd and the DMI

interaction value. Areas with different types of skyrmions in the

third layer: I — LLRR, II — LLCR, III — LLLR.
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the change of Dtextsk and Etexttotal are marked with a gray

dotted line on Figs. 3 and 4. Thus, for n = 2 there is 1 DMI

value, while for n = 4 — 2 DMI values.

As described earlier, in some cases, a change in the type

of skyrmion can occur with a bistability effect, in which

there is also a bistable change in the energy of the system.

You can see that, as with Dsk/Dd dependences on DMI,

there are 3 areas: 1 area from 0 to 0.4mJ/m2 for both

straight and return pass the total energy of the system

remains the same and at the critical value of 0.5mJ/m2,

as seen in Fig. 4, a, there is a transformation of the type

of skyrmion in 3 layer. With this transformation, the total

energy of the system changes as the inclination of the curve

changes (in the range from 0.5 to 1.2mJ/m2). Starting from

0.8mJ/m2, there is a multistability area where you can see

a bidirectional change in the skyrmion radius as well as the

total energy of the system.

Thus, multistability can be observed by changing the total

energy of the system. In this case, multistable modes

of formation of skyrmons of different types in layers of
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Figure 3. a) Plot of the dependence of ratio Dsk/Dd and the

DMI interaction value in the structure with the quantity of layers

n = 2. The red color (the top part) shows the dependence plotted

when increasing the value of DMI interaction, while the blue color

(the lower part) — when decreasing the DMI value. On the

inset: multistability mode — change of the skyrmion type in the

second multilayer when increasing and decreasing DMI. b) The

dependence of the total energy Etotal of the system on the DMI

value. The digit 1 indicates the moment of switching.
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Figure 4. a) Plot of the dependence of ratio Dsk/Dd and the

DMI interaction value in the structure with the quantity of layers

n = 4. The red color (the top part) shows the dependence plotted

when increasing the value of DMI interaction, while the blue

color (the lower part) – when decreasing the DMI value. On

the inset: multistability mode – change of the skyrmion type in the

second multilayer when increasing and decreasing DMI. b) The

dependence of the total energy Etotal of the system on the DMI

value. The numbers 1 and 2 indicate the moment of switching

(1 — switching without the bistability effect, 2 —with bistability).

multilayer structure can be observed with values of the

constant of interface interaction of Dzialoshinskii−Moriya,

which could lead to the early identification of the detected

effect in an experimental study. In this case, the use of

multilayer nanodisks allows to observe the processes of

formation and stabilization of skyrmons [23] by atomic-force

microscopy methods.

3. Conclusion

Thus, by means of numerical modeling the influence

of the value of Dzialoshinskii−Moriya interaction on the

stability of magnetic skyrmions in the multilayer structure

of the ferromagnetic/heavy metal is studied, depending on

the amount of repetition of multilayers. The parameters

of multilayer structure have been selected to stabilize

magnetic skyrmions in the multilayer structure Ir/Co/Pt. It is

shown how, when DMI value changes with the subsequent

skyrmion type transformation, Dsk/Dd and Etotal change.
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The multistability modes in the multilayer structure Ir/Co/Pt

are shown. The obtained results can be used for creating

information signal processing and storage devices.

Funding

The study was performed with the support of the

Ministry of Education and Science of Russia as part of the

Government Task (project No. FSRR-2020-0005).

Conflict of interest

The authors declare that they have no conflict of interest.

References
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