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Abstract: The paper studies stable states of magnetic skyrmions arising in magnetically uniaxial nanomodified films, in which
the Dzyaloshinskii—Moriya interaction takes place. The influence of defects of the “potential well” type on them is considered,
in which the uniaxial anisotropy constant takes smaller but positive values, compared to the value of such in the main film array.
The calculation was carried out by the method of micromagnetic modeling (using the open-access software package OOMME),
in which the film (of the Co/Pt type) was taken in the form of a disk, with a defect in its center. It is shown that, depending on the
ratio of the Dzyaloshinskii—Moriya interaction parameter and the “potential well” depth, various types of magnetic vortex-like
inhomogeneities are stabilized on the defect: knt-skyrmions (k=1, 2, 3), deformed skyrmion, incomplete skyrmion, etc. It has been
established that the type of structure of inhomogeneities, their dimensions and threshold values of the “potential well” depth do not
depend on the disk radius and are determined mainly by the value of the anisotropy constant outside the defect. At small values of
the latter, magnetic vortices are stabilized in the center of the disk, which change their polarity when the defect is introduced (taken
into account). The presence of two factors influencing the stability of vortex-like inhomogeneities in the films under study allows
for more flexible control of their statics and dynamics, which creates certain prospects for their use in magnetic memory devices.
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1. Introduction

Magnetic skyrmions are topologically stable vortex-like
inhomogeneities that were discovered in MnSi films more
than 15 years ago [1]. Since then, interest in them has grown
exponentially among various research groups, which has
resulted in the emergence of a separate area of research in
magnetism on such structures, called skyrmions [2]. Such
attention to skyrmions was primarily due to a number
of unique properties discovered in them (topological
protection, nanosize, high mobility, controlled response
to external influences, etc.), which can find application
in various spintronic devices, including artificial neural
networks [3] and new-generation magnetic memory [4]. The
main factor stabilizing the structure of magnetic skyrmions
in films related to chiral magnets [5] is the presence of
the Dzyaloshinskii-Moriya interaction (DMI), which can
manifest itself in materials such as MnSi as a bulk interaction
[6], and in multilayer films as an interfacial DMI [7].

At the same time, as studies have shown [8-10], there
is another factor that can also lead to the stabilization of
skyrmions. This is the presence of “potential well” type defects
in films, which can be artificially obtained by irradiating the
sample surface with He* or Ca* ions [11]. A uniaxial film
modified in this way will contain areas with altered values
of material parameters, and, in particular, with a reduced

value of uniaxial anisotropy (a “potential well” type defect).
In this case, under certain conditions, magnetic skyrmions
can originate on the defects, the stability of which is primarily
determined by the characteristics of the defect, its size and
the depth of the “potential well” [12-14]. However, if the
film is multilayered like Co/Pt [15], then in this case, due to
the violation of inversion symmetry arising at the interface
between two phases (magnetic—non-magnetic), it is necessary
to take into account the effect on the stability of skyrmions
and the presence of interphase DMI. Such an approach was
implemented in [16], in which the effect of both factors on
the stability of skyrmions was considered, and it was assumed
that the easy-plane magnetic anisotropy occurs at the defect.

In this paper, the effect of a similar defect of the “potential
well” type is considered, however, in the defect area, the
magnetic anisotropy value is considered positive, but smaller
in value compared to the rest of the film. This will simplify
the synthesis of such nanomodified films, and facilitate
their possible potential application in spintronic devices of
magnetic memory based on skyrmions.

2. Model and computational methods
The films under consideration were studied using the

micromagnetic modeling method in the open-access
software packages OOMMEF [17] and Ubermag [18]. The
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film is considered in the form of a disk of radius R. A defect
of radius R is located in the center of the disk, while their
axial axes of symmetry coincide and are perpendicular to the
plane of the film. The exchange interaction (determined by
the constant A), DMI (D), demagnetizing fields caused by the
finiteness of the disk (saturation magnetization M) and the
presence of perpendicular magnetic anisotropy (PMA), the
easy axis of which is directed perpendicular to the plane of
the film are taken into account in the modeling. The presence
of a defect in the sample is taken as a dependence of the PMA
constant on the radial variable r according to the formula:

K :{Kul, r>R,

K, 0<r<R M)

u2’
where K is the value of magnetic anisotropy outside the
defect, and K | is on the defect (K >K ).

At the initial stage, a search was carried out for the range of
material parameter values, in which stable magnetic vortex-
like inhomogeneities would be observed. For this purpose,
the following sets of parameters specified during modeling
were considered: R=75nm, h=1nm, K =(0.1+2.0)-10°]/m?’,
A=15-10" J/m, M =4-10° A/m, D=(0.5+4.0)-107 J/m>
These material parameters correspond to multilayer films
of the Co/Pt type Co/Pt [19-21]. In the center of the disk,
a region with magnetization opposite to the direction of
magnetization of the rest of the disk and the anisotropy axis
was initially specified.

3. Results and discussion

During the calculations, a stability diagram of various spin
textures was obtained, shown in Fig. 1a. It follows from it that
the region of existence of Néel type skyrmions increases with
increasing DMI constant, but at higher anisotropy values
the disk becomes uniformly magnetized. However, at lower
K, structures other than m-skyrmions are stabilized on the
disk: incomplete skyrmions [22], 2n- and 3n-skyrmions [2]
(Fig. 2a-c)), deformed skyrmions of various types.
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Fig. 1. (Color online) Stability diagram of magnetic skyrmions in the
absence of a defect (a) and in the presence of a defect (b).
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Fig. 2. (Color online) Some types of magnetic structures and their magnetization distribution: n-skyrmion (a), incomplete nt-skyrmion (b),

2n-skyrmion (c).
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Deformed magnetic skyrmions are skyrmions whose shapes
lack axial symmetry but have rotational symmetry axes of
4%t 6™ and so on, which is most likely due to the choice of
model shape. These structures pass into the skyrmion state
with increasing K . In this case, 2 and 37-skyrmions begin
to appear only for values of D>2.5-10" J/m?* To study the
effect of the presence of defects, a cylindrical defect in the
center of the disk was added to the calculation model, on
which the value of magnetic anisotropy decreased by 2 times,
i.,e. K ,=0.5K . All other material parameters remained
the same. The stability diagram of magnetic structures in
the presence of such a defect is shown in Fig. 1b. It shows
a significant expansion of the skyrmion stabilization
region. At large D, this region expands almost 2 times.
However, this effect is manifested only for m-skyrmions.
More complex spin structures (2m- and 3m-skyrmions)
also remain stable only at small K . Based on this, we
can conclude that the presence of a defect has a positive
effect on the stability of m-skyrmions, which in this case
expands significantly.

For a more detailed examination of the defect influence
and the transition from the homogeneous disk state to the
skyrmion state, two points were selected on the stability
diagram in the absence of a defect (Fig. 1a), at which the
skyrmion does not stabilize under the given conditions:
D=1.0-10"]/m?and K = (0.4 and 0.6)-10° J/m’. A “potential
well” type defect with a radius of R = (10,20, 30) nm is added
in the disk center, at which K , gradually decreases to 0 with
a step of 0.1:10° J/m®. To additionally examine the influence
of magnetostatic interaction and to be able to numerically
obtain more complex vortex-like textures, two disk radii
with R=75 and 150 nm were selected. At K =0.4-10° J/m’
and R =30 nm, the skyrmion on the disk is stabilized at
K _,=0.25-10° J/m’ for both film sizes. At K =0.6-10° J/m’
and R =30 nm, the skyrmion becomes stable only at
K _,=0.1-10° J/m’. In this case, as the “potential well” depth
increases, the skyrmion size increases and approaches the
defect size (Fig. 3). Note that the skyrmion size is determined
only by the ratio of the magnetic anisotropy values on the
defect and in the rest of the disk and does not depend on the
disk size itself. The maximum radius of the skyrmion R, is
achieved at K ,=0J/m’.
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In addition, the film energy values were analyzed when
skyrmions appeared on the defect. The nature of the change
in the total disk energy and the interaction energies included
in the model also depends only on K . Figure 4 shows the
energy change graphs for a disk with R=75 nm for cases with
K =(0.4 and 0.6)-10° J/m?".

In both cases, when the threshold value K , is reached, at
which a skyrmion occurs, first there is a jump in the total disk
energy, then it begins to decrease to values below the energy
of the homogeneous state. This indicates the stability of
skyrmions on the defects introduced into the disk model. The
energy of the PMA begins to decrease due to the appearance
of a region with a reduced anisotropy value. The energy of
the exchange interaction increases due to the violation of
the homogeneous state of magnetization. The modulus of
the DMI energy also increases due to the appearance of a
magnetization gradient during the formation of a skyrmion.
The energy of the magnetostatic interaction, on the contrary,
decreases. Due to the appearance of a skyrmion, on which
the magnetic flux is closed, a decrease in the energy of the
magnetostatic fields occurs. For a disk of a larger size, the
nature of the energy change during the transition coincides
with that described above.

To verify the fact of contraction of the skyrmion sizes
to the defect sizes, we simulated a film with similar defects
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Fig. 3. (Color online) Graph of the dependence of the skyrmion
radius R, on K, at R =30 nm.
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Fig. 4. (Color online) Disk energy at R=75 nm depending on K : K =0.4-10°J/m’(a) K =0.6-10° J/m’ (b).
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but with smaller radii: 20 and 10 nm. At R =20 nm, the
stabilization process and threshold values for the appearance
of the skyrmion state K , coincide with the cases considered
above at R =30 nm. But the radius of stable skyrmions
changes (Fig. 5), its value R, now tends to 20 nm. In this
case, the defect radius also depends only on the ratio of
the K and K , values. If we reduce the defect radius R to
10 nm, the skyrmions stabilize only at K =0.4-10° J/m? with
a threshold value of K ,=0.1-10° J/m’. For both disk sizes,
R,=10 nm. Thus, the fact of contraction of the skyrmion
dimensions to the defect dimensions with decreasing
K , takes place.

Subsequently, a more detailed study of the conditions for
the existence of vortex-like inhomogeneities was carried out
with a lower DMI coefficient D=0.5-10" J/m? (Table 1).

According to the obtained results (Table 1), we see that
the type of structure, its dimensions, and the threshold value
of the appearance of the skyrmion K , are also determined
only by the value of K and do not depend on R. Minor
changes are observed at small K . But even at a smaller
value of DMI, in the presence of a defect, it is possible to
obtain stable magnetic skyrmions, although the region of
their existence decreases. Particular attention was paid
to the results with films at K =0.1-10° J/m’. In this case,
magnetic vortices are stabilized in the center of the disk,
regardless of the depth of the potential well. In this case,
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—— K, =0.6- 10°//m3 R=75nm
—— Ky =0.4- 10°//m3, R=150 nm
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Fig. 5. (Color online) Graph of the dependence of the skyrmion
radius R, on K, at R =20 nm.
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the rotation of the magnetization vector in the film occurs
according to the Bloch and Néel laws, in contrast to the cases
with D=1.0-10"* J/m? when only Néel skyrmions are stable.
This can be explained by a decrease in the DMI parameter,
which is demonstrated in Fig. 6, where the directions of the
magnetization vectors of the vortex (Fig. 6a) and skyrmion
(Fig. 6b) are schematically shown for the same film size and
defect. Here it should be noted that in Fig. 6a there is in fact
a more complex structure, in which at the periphery (r— R)

Table 1. Results of modeling stable vortex-like structures at D=0.5-10" J/m? and R =30 nm.

R, nm K,,J/m? Threshold value, K ,, J/m? Vortex-like structure Skyrmion radius R, nm
75 0.4-10° 0.15-10° Skyrmion 24
150 0.4-10° 0.15-10° Skyrmion 24
75 0.3-10° 0.2-10° Skyrmion 22
150 0.3-10° 0.2-10° Skyrmion 23
75 0.2-10° 0.05-10° Incomplete skyrmion -

150 0.2-10° For all values K, Incomplete skyrmion -
75 0.1-10° For all values K, Vortex -
150 0.1-10¢ For all values K, Vortex -
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Fig. 6. (Color online) Magnetic vortex at D=0.5-10" J/m? K =0.1-10° J/m’ K =0, R=75 nm (a); magnetic skyrmion at D=1.0-10" J/m?,
K =0.4-10°]J/m’ K =0, R=75 nm; red color — the magnetization vector is directed perpendicular to the film plane and away from the
observer, blue — perpendicular to the film plane and towards the observer, black — in the film plane.
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the rotation of the magnetization vector m occurs purely
according to the Bloch law, and as one approaches the
center of the disk, a Neel component appears in the
magnetization distribution (although it is noticeably smaller
in magnitude than the Bloch one). In the case of an increase
in the film size to R=150 nm, the introduction of a defect
causes a switch in the polarity of the vortex to the opposite
(Fig. 7): in the absence of a defect, the polarity is equal to
1, and when a defect with K =0 is introduced, the polarity
becomes equal to —1. In addition, the vortex profile narrows
in the defect area.
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Fig. 7. (Color online) Graph of the distribution of vortex

magnetization at R=150 nm and K ,=0.1-10° J/m’.

4. Conclusions

In the presented work, the influence of the presence of
a defect of the “potential well” type in a magnetically
uniaxial multilayer disk-shaped film on the region of
existence of single magnetic skyrmions in the disk-shaped
film was studied. The simulation results showed that in
the presence of a defect, the range of material parameters
at which skyrmions are stabilized expands. In this case,
the structure and dimensions of the skyrmion formed
on the defect are determined only by the dimensions of
the defect and its depth (K ), and do not depend on the
dimensions of the disk itself. The dimensions of the disk
begin to have an effect only at small K . In addition, it was
shown that by varying the material parameters, but without
changing the dimensions of the film, it is possible to obtain
different types of vortex-like inhomogeneities (incomplete
skyrmion, magnetic vortex, 2n- and 3m- skyrmions). In
the case when magnetic vortices are stabilized, a switch
in the polarity of the vortex was detected when a defect
appeared in the film. From the results presented, it follows
that the presence of two factors on the stability of magnetic
skyrmions in the films under study allows for more flexible
control of them, which has practical significance for their
possible use in new-generation information recording and
reading devices.
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