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3D quasi-skyrmions in thick
cylindrical and dome-shape soft
nanodots
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Konstantin Guslienko®® & Oksana Chubykalo-Fesenko?

Magnetic skyrmions are widely attracting researchers due to fascinating physics and novel
applications related to their non-trivial topology. Néel skyrmions have been extensively investigated
in magnetic systems with Dzyaloshinskii-Moriya interaction (DMI) and/or perpendicular magnetic
anisotropy. Here, by means of micromagnetic simulations and analytical calculations, we show that
3D quasi-skyrmions of Néel type, with topological charge close to 1, can exist as metastable states

in soft magnetic nanostructures with no DMI, such as in Permalloy thick cylindrical and dome-shaped
nanodots. The key factor responsible for the stabilization of DMI-free is the interplay of the exchange
and magnetostatic energies in the nanodots. The range of geometrical parameters where the
skyrmions are found is wider in magnetic dome-shape nanodots than in their cylindrical counterparts.
Our results open the door for a new research line related to the nucleation and stabilization of
magnetic skyrmions in a broad class of nanostructured soft magnetic materials.

Magnetic skyrmions are topologically non-trivial magnetization configurations which typically appear in systems
with strong Dzyaloshinskii-Moriya interactions (DMI) and broken inversion symmetry. Skyrmion lattices have
been widely observed in crystals with intrinsic non-centro-symmetric lattices"* and individual skyrmions—in
thin multilayered films composed of transition metals and high-spin orbit coupling materials such as Co/Pt, Ir/
Co/Pt and similar®*. The above multilayered thin films also have perpendicular magnetic anisotropy (PMA), with
an out-of-plane easy axis. PMA together with DMI ensure either Bloch or Néel (or mixed) skyrmions stabiliza-
tion, typically as metastable states at zero bias magnetic field>®. Both multilayered films’~? as well as B20 single
crystals'® can be appealing to controllably nucleate and drive skyrmions using external stimuli. An additional
requirement is a good stability of the individual skyrmions at room temperature. The search for new materials
which ensure thermally stable and small radius skyrmions, involves engineering the competition between DMI
and PMA!. However, both DMI and PMA are not absolutely necessary for skyrmion existence. Indeed, Bloch
skyrmions (or classical bubbles) can be stabilized by magnetostatic interaction with no need of DMI'*** in sys-
tems with PMA, or as a consequence of precessional dynamics in the case of dynamic skyrmions'. According
to the standard definition, the magnetization profile of Bloch skyrmions have azimuthal magnetization com-
ponent while Néel skyrmions possess only radial component. Néel skyrmions can be also stabilized in systems
with in-plane anisotropy'® and DMI. However, so far, for the existence of chiral Néel skyrmions, DMI has been
considered as a necessary ingredient.

When it comes to real applications, skyrmions may need to be confined in nanostructured geometries, such as
for instance magnetic stripes or dots. Confinement is indeed an additional factor which favors the appearance of
topologically non-trivial magnetic configurations due to the influence of the magnetostatic energy'®'%. Complex
3D magnetic textures such Bloch have been reported in modelling in magnetically soft magnetic spheres'®!
and recently observed experimentally in asymmetric Permalloy disks?’. The Bloch point is also a natural mag-
netization configuration for a domain wall center in cylindrical nanowires?. Several ingredients could favor
stabilization of skyrmions in soft magnetic nanostructures with no DMI. First, in cylindrical nanopillars (with
large aspect ratio height-to-diameter) the effect of the magnetostatic interactions leads to an effective out-of-plane
anisotropy. Secondly, in ultra-thin magnetic caps with curved geometry, a part of the exchange integral on the
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Figure 1. (a) Magnetic configurations (corresponding to the different magnetic energy minima) in Permalloy
hemispherical nanodots of radius R=30 nm: (i) 1—Néel quasi-skyrmion, (ii) 2— Flower-like’ state, (iii) 3—
Bloch point, (iv) 4—vortex and (v) 5—in-plane single domain (SD). Arrows stand out for the direction of the
magnetization and are coloured according to the out-of-plane magnetization component. (b) The different
contributions and total magnetic energy values of these magnetization configurations.

curvilinear surface was shown to have functional form similar to DMI**-%. In this sense, the curved geometry
itself may produce similar effects to that of DMI systems, with no need of real DMI of the relativistic origin
and therefore leading to less constraints in the choice of materials. Thus, it is natural to expect existence of the
skyrmions (both Bloch and Néel) in thick cylindrical dots. Their region of stability may be further improved by
curved surfaces. Our group has recently reported the observation of half-hedgehog spin textures, nucleated and
further stabilized by the MFM probe stray field?”. Recent numerical simulations?®?’ also demonstrated the exist-
ence of skyrmions in hemispherical nanoparticles with no DMI but with PMA. However, up to our knowledge,
Néel skyrmions have not been reported in systems with no DMI nor any magnetic anisotropy.

Here we conduct micromagnetic simulations and analytical calculations of soft Permalloy magnetic dots
with cylindrical or dome-shaped geometries with neither PMA nor DMI. The occurrence of the vortex state and
Bloch points is widely reported in nanodisks and spheres'®2%. Apart from these magnetization configurations,
we obtained a 3D quasi-skyrmion, (a spin texture having a radial configuration and a topological charge close
to one in the basal plane), as a metastable state in dome-shaped nanodots and we have compared it to that in
thick cylindrical dots. The spherical geometry also leads to a coupling between the skyrmion polarization and
the radial magnetization components. We present the state diagram for 3D quasi-skyrmions in soft magnetic
dome-shape nanodots and nanopillars made of Permalloy in terms of the dot geometry (radius and height).
Finally, we have also calculated 2D topological charges displaying strong dependence on the sample geometry
in both types of the patterned nanostructures.

Results

Micromagnetic simulations were conducted in 3D soft magnetic dots with cylindrical or curved (dome-shape)
geometry with neither PMA nor DMI, nor external magnetic fields. The geometries of both magnetic elements
correspond to nanodots of base radius in the range 10-60 nm. The aspect ratio (height/radius) was varied
between 0.1 and 1. Further modelling details can be found in the “Methods” section.

Magnetic dome-shape nanodots. Magnetic dome-shape nanodots are cut spheres that, similarly to
spherical particles'®2!, might host different 3D stable and metastable magnetization states, depending on the
nucleation path. While searching for skyrmions in numerical simulations, we have found that in a wide range of
parameters magnetic domes possess multiple metastable states, i.e., the resulting magnetization configuration
depends on the initial conditions.

Figure 1 displays results of micromagnetic modelling with different initial conditions, showing minimum
energy magnetic states of a hemispherical Permalloy nanodot of 30 nm radius. Several spin-textures were
obtained for this geometry: (1) 3D Néel-like quasi-skyrmion, having a configuration of the radial vortex in the
basal plane, (2) ‘Flower-like’ (near to an out-of-plane configuration, with curling magnetization on the edges to
minimize demagnetization energy) state?, (3) Bloch point in the middle of the hemisphere (with a singularity
of the magnetization in the middle plane)*, (4) vortex and (5) in-plane quasi-single domain (SD) states. See
also the videos in Sect. 1 of the “Supplementary Information” to visualize the three-dimensional arrangement
of magnetic moments in the nanodot for each magnetic state displayed in Fig. 1a. The total magnetic energies
of these states are compiled in Fig. 1b, together with the exchange and magnetostatic contributions. Overall, the
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Figure 2. Two possible Néel skyrmion magnetization configurations obtained in a hemispherical dot with (a)
positive core polarity (P) and outwards radial chirality (C) and (b) negative core polarity and inwards radial
chirality. The vertical cross-section and basal plane configurations are shown. The dot radius is 30 nm.

vortex state corresponds in this case to the magnetization ground state and is characterized by the minimization
of the magnetostatic energy. The in-plane single domain configuration presents an energy value slightly higher
than that of the vortex state (5x 107'# ), in spite of the minimization of the exchange energy. The deviations of
the magnetization from the uniform in-plane state are related to a minimization of the magnetostatic energy at
the boundaries of soft isotropic non-ellipsoidal magnetic materials®. The Bloch point and the ‘flower-like’ state
possess higher energies than the above-mentioned configurations. The energy of the Bloch point is slightly above
the vortex configuration energy due to their similar configurations in the cross-sections, with the addition of a
singularity in the particle center with an excess of the exchange energy. The ‘flower-like’ state, similar to the out-
of-plane SD state, also shows deviations of the magnetization from the uniform state along the ‘hard direction’
of the configurational anisotropy and has a higher energy than the in-plane SD one. A 3D Néel-like skyrmion
is the most energetic state, with its energy value being three times higher (1.71 x 10717 J) than that of the vortex.
This state is probably stabilized by the curvature of the surface.

Thus, the simulations proved that a 3D Néel-like skyrmion configuration is, at least, metastable in the Py
hemispheres of 30 nm radius. A closer look at this spin texture shows that the magnetization configuration is
three dimensional, and more complex than simple hedgehog configuration due to the sample curvature effect. Its
core diameter is wider at the base of the nanodot and it narrows approaching the nanodot upper surface (Fig. 2).
On the other hand, as it has been previously reported?’, we observed that curved surfaces introduce a coupling
between the polarity (magnetization direction of the core) and the radial magnetization components of the outer
part. In the investigated soft magnetic domes, the signs of the radial magnetization component m, (chirality C)
and the skyrmion core polarity P =sign (m, (r=0)) are not independent and fulfill the condition P*C=1 due to
the influence of the magnetostatic energy, see Fig. 2. Indeed, the other two possible core polarity-chirality com-
binations have not been obtained in micromagnetic simulations under the same conditions. We have found that
they can be stabilized by, for example, introducing additional radial®” or perpendicular®® magnetic anisotropy (see
Sect. 2 of the “Supplementary Information”, where a magnetization configuration with P*C=-1 is presented).
Thus, in a completely magnetically soft case, Néel skyrmions in dome-shaped nanodots display chiral nature.

Additionally, to unveil the geometrical parameters region where quasi-skyrmionic spin-textures exist, further
simulations were conducted. Figure 3a presents the state diagram in terms of the dome radius R and height h,
where Néel skyrmion-like configurations were obtained. The region of interest is delimited by the black dots
and lines in Fig. 3a and skyrmions appear starting with the dot radius R ca. 30 nm. Skyrmions are always meta-
stable states being either the SD state (light grey color in Fig. 3a) or the vortex state (dark grey color) the ground
states. The skyrmion energy density decreases as the aspect ratio h/R increases (see Fig. 3b) and it decreases
with the dot radius. Thus, it is difficult to stabilize skyrmions in dots of very small radius due to the increase of
the exchange energy. We have found that the vortex state exists in a large interval of the geometrical parameters
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Phase diagram in dome-shape nanodots
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Figure 3. (a) Simulated phase diagram of a soft magnetic dome-shaped nanodot, the area where the Néel
skyrmion exists is bound inside the black curves. The light blue colour indicates the region where the SD

state is the ground state of the system while the blue—the same for the vortex state. Inset corresponds to

the magnetisation configuration in a nanodot of radius R=30 nm and height /=30 nm. (b) Calculated

energy density curves for dome-shaped nanodots of increasing radius values, as a function of dot height. (c)
Comparison of the vortex, blue symbols and Néel skyrmion, red symbols, energy densities for the dome-shaped
nanodots of 35 and 45 nm radii, as a function of the dot height.

and in the whole region of the skyrmion existence. The vortex always has a smaller energy than that of the Néel
skyrmion, see Fig. 3c.

In order to better understand the topologically non-trivial nature of our magnetization configuration. we
have calculated the value of the 2D topological charges for different cross-sections across the nanodot height.
Although, in the literature different approaches have been proposed to describe the topology of three-dimen-
sional magnetization configurations, such as the calculation of the Hopf index*'~* or the integration of the
gyrovector over a closed surface (which is quite relevant for the description of magnetization dynamics under
the application of magnetic fields or currents®*), its proper notion is still a subject of debate. In our case, we have
chosen to represent the 2D topological charge across the dot height as this allows direct comparison® with cylin-
drical thin nanodots. Thus, we have calculated the 2D topological charge values in different dot cross-sections
as a function of out-of-plane (vertical) coordinate, z.

1 d il
in/m. Im I ey
4 x dy

S

The results are presented in Fig. 4b, for a dome-shaped dot of R=40 nm varying its height (Fig. 4a). Notice that
the 2D topological charge of the 3D magnetization configuration changes as a function of the vertical coordinate,
z. Furthermore, its maximum value shown in Fig. 4c, does not lay on the bottom, as its position is displaced

(1)

Scientific Reports |

(2022) 12:3426 |

https://doi.org/10.1038/s41598-022-07407-w nature portfolio



www.nature.com/scientificreports/

Z coordinate A

Skyrmions with decreasing topological charge m

y

(a)

t e

L Y e

A
1
1
1
v
|
!
|
!
|
!
1
!

Maximum topological charge value for
dots of different dimensions

10 T T T T T T T 10 T T T T T
0.9 1 .
0 084 I 9 os. .
g - &
2 h/R (nm) & 0.7- !
< 0.6 ——0.125 = RO
= —e—0.250 < 0.6 —e—30| ]|
2 0.375 g -
8’ 0.4“ 05 _9 0_5ﬁ —e 40 |
° o)
: 024 % 0. %
0.2 7 - 60
= ——0.875 G5 ]
- -m- - Max ;
(b) 0.0 T T T T T T T T T ! (C) 0-2 T T T T T
5 0 5 10 15 20 25 30 35 40 45 0.0 0.2 0.4 0.6 0.8 1.0
z coordinate (nm) aspect ratio, h/R

Figure 4. (a) Skyrmionic configurations in domed-shaped nanodots of radius 40 nm and aspect ratios
h/R=0.875, 0.375 and 0.125. (b) Calculated 2D topological charge for nanodots of radii 40 nm and increasing
aspect ratios, as a function of the coordinate z along the direction perpendicular to the dot basal plane. The grey
dash line joins points of maximum topological charge in each curve. (¢) Maximum 2D topological charge of the
dome-shaped dots of increasing radii values, as a function of their aspect ratio.

to higher z-values. Dots with the larger aspect ratios, achieve a maximum value of the topological charge at a
point around the middle of the structure height, while in dots with lower aspect ratios the maximum topological
charge is achieved always at the bottom of the dot. Importantly, the topological charge values are smaller than
1 due to the influence of the sample boundary, while values close to it are observed for larger nanodot heights.
As a result, as of now we refer to the studied magnetization configuration as 3D quasi-skyrmion. As shown in
Sect. 3 of the “Supplementary Information’, the integration of the 2D topological charge given by Eq. (1) over
z-coordinate yields the z-component of the global gyrovector of the 3D magnetization configuration. Direct
computation shows that other components of the gyrovector are negligible.

The maximum value of the topological charge is presented in Fig. 4c for various radii for the cases when
skyrmions exist. This value increases with the increase of the dot radius and its height, approaching the values
close to one. Skyrmions in dome-shaped nanodots with small heights have small charges, even smaller than 0.5.
Because of that, the lower boundary for the skyrmion existence was depicted with a dashed line in Fig. 3a, since
it is therefore subject to the criteria used to define a skyrmion, in terms of its topological charge. The results
also demonstrate the influence of the curvature, since given the same base radius, larger topological charges are
obtained in thicker nanodots.

Coming back to other configurations described in Fig. 1, the 3D vortex state (Fig. 1a, iii) has a topological
charge 0.5 at the base plane decreasing along the out-of-plane coordinate. Also, the quasi-out-of-plane state in
Fig. 1a (ii) has a small topological charge due to the curvature effect. However, its value does not exceed 0.2 at the
basal plane and decreases in the out-of-plane direction. These results are presented in Sect. 4 of “Supplementary
Information” in details.

Skyrmions in thick cylindrical nanodisks. The above results unambiguously demonstrate that 3D
quasi-skyrmions can be stable in soft magnetic domes, i.e., in curved geometries. The next question we address
is whether curvature is a necessary condition or, on the contrary, if the skyrmion can still exist in a thick cylindri-
cal nanodot (nanopillar) and the curvature just adds stability to it. Since with numerical simulations many initial
conditions are necessary for the search of metastable configurations, we have performed analytical analysis of
both vortex and Néel skyrmion stability in cylindrical dots with similar dimensions.
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To calculate the magnetic energy of the skyrmions in this geometry, we parameterize the unit magnetization
vector by the spherical angles m = m(®, ). The angles ®, ® are functions of the radius vector r = (p, ¢, z) repre-
sented by the cylindrical coordinates. The total magnetic energy functional is E[m] = [ dVe(m), with the energy
density e (m) = A(Vm)? + &,,(m), where A is the exchange stiffness constant, and ¢, is the magnetostatic energy
density. We assume that a skyrmion equilibrium configuration does not depend on the height coordinate z and is
radially symmetric, i.e, ® = ©(p), ® = ¢ + ¢ (the helicity ¢y = 0, 7 for the Néel skyrmions and 99 = £ /2 for
the vortices or Bloch skyrmions). Then, the total magnetic energy as a functional of the skyrmion magnetization
is solely represented by the polar angle ®(p), E = E[O(p)]. The energy in units of 4,M*V (V is the dot volume) is

2

1
e[O(r)] = lﬁ/ drr{( )2 n rizsinz(@} +en[O)] @)

wherer = p/R, and loy = 1/2A/uoM? is the exchange length.
We define the skyrmion radius R; < R by the equation, ®(R;) = /2, and the reduced radius is r; = R;/R.
The magnetostatic energy density can be written as a functional®

enl00)) = 5 [ "ak(1 = exp-p) 206+ [ dekf stz @)

where [3 h/R is the dot aspect ratio, f(x)=1-— (1 —exp(— x))/x I(k) = fodr ro(kr)ymy(r),

I, (k) = fodr tTikrym,(r), Ju(x) are Bessel functions of the first kind, m.(r) = cos®(r), and
m, (r) = sin®(r)cos(¢o). The first term in Eq. (3) accounts for the magnetic energy of the face charges at the
dot top/bottom surfaces. The second term corresponds to extra energy related to the volume and side surface
magnetic charges. Only the first term in Eq. (2) contributes to the magnetostatic energy of the vortices, whereas
both terms contribute to the energy of the Néel-skyrmions. Le., the Néel skyrmion magnetostatic energy is always
higher than the vortex energy for the same dot magnetic parameters and a finite dot height. Introducing a trial
function (skyrmion ansatz) ®(p) in the energy functional (2), one can get the energy of the skyrmion configura-
tion as a function of a limited number of the parameters. We use the magnetic skyrmion ansatz corresponding

to an exact solution of the 2D exchange Belavin-Polyakov model *.
2 _ 2
cosO(r) = rsz v (4)
N

This ansatz is a good approximation for soft magnetic dots (no magnetic anisotropy) with relatively wide
domain walls. In thick magnetic dots one can expect some dependence of magnetization distribution on z-coordi-
nate (cf. Fig. 5a) which will diminish validity of the ansatz. However, it allows calculating explicitly the skyrmion
energy and equilibrium radius 7. The calculated energies of the Néel skyrmions and vortex states are presented
in Fig. 5a. Both states are metastable because their energies are higher than the energy of the in-plane single
domain state [7r/2] = 0. The energy of the Néel skyrmions is always higher than energy of the vortex state due
to the magnetostatic energy of the volume magnetic charges.

Therefore, the calculated Néel skyrmion configurations in circular soft magnetic nanodots are metastable or
unstable. The area of metastability of the Néel skyrmion in terms of the dot geometrical parameters is presented
in Fig. 5b (black squares and line). The Néel skyrmions are high energy metastable states for the large dot radii
R/l.>4-6, and relatively small dot aspect ratio #/R <0.9. The magnetostatic energy increases with i/R increasing,
eventually making the Néel skyrmion unstable. The exchange energy increases with the dot radius R decreasing
at fixed h/R, making the Néel skyrmion unstable at small R.

Further micromagnetic simulations were carried out with the aim to find the geometrical parameters in
cylindrical nanodots where a 3D quasi-skyrmion (see Fig. 5a) constitutes an energy minimum state. We were
able to find it in a relatively narrow range of geometrical parameters (delimited by the green points and lines in
Fig. 5b. These skyrmions are achiral, unlike the case of curved geometry of the dome-shaped dots. Importantly,
the metastable Néel skyrmions were obtained in a much smaller region of the dot geometrical parameters than
it was predicted by analytical calculations. This may, in the first place, indicate an inaccuracy of the analytical
ansatz for thick dots but may be also due to the difficulties of finding initial conditions, which lead to the skyr-
mion state. See Sect. 5 of “Supplementary Information”

Finally, we compared dome-shaped and cylindrical dots. Figure 6a presents the comparison between the
regions in geometrical parameters space where we found numerically Néel skyrmions in cylindrical and dome-
shaped nanodots. The cylindrical dots show a much smaller region of skyrmion existence, demonstrating the
importance of the curvature-induced effects in dome-shaped nanodots. Figure 6b compares the energy densities
of the vortices and quasi-skyrmions in both geometries, showing smaller energies of both magnetization configu-
rations in cylindrical dots. Additionally, one can notice that while the skyrmion energy density in a cylindrical
dot increases as a function of its height in agreement with analytical calculations, Fig. 5¢, in dome-shaped dots
it decreases due to an additional minimization of the magnetostatic energy.

Discussion and conclusions

While typically either out-of-plane magnetic anisotropy or Dzyaloshinskii-Moriya interactions are considered
to be the necessary ingredients for skyrmion stabilization, confinement effects in magnetic nanostructures can
lead to the appearance of topologically non-trivial configurations. Indeed, for 3D structures such as nanowires
or nanospheres the occurrence of complex three-dimensional topological magnetization configurations such as
Bloch points and 3D vortices has been reported'®-2"*. In contrast, the 3D Néel skyrmions have not been reported
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configuration. Theoretically predicted region is delimited by black curves, while the simulated region—by the
green curves. (c) The total energy of the Néel skyrmion and vortex state as a function of the dot aspect ratio as
predicted by the analytical model.
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skyrmions, red symbols, in dome-shaped (semi-filled symbols) and cylindrical dots (filled symbols). Displayed
data correspond to the nanodots of radius R=45 nm.

so far in completely soft magnetic structures. The article?® reports the formation of skyrmion states in soft
hemi-ellipsoidal particles, but at non-zero applied magnetic fields, while Refs. 2’ report them in hemispheres
at zero field but with an additional magnetic anisotropy. Here we demonstrate the possibility to observe 3D
quasi-skyrmions in both cylindrical and dome-shaped thick nanodots with no need of special magnetic mate-
rial, i.e., with no DMI and no out-of-plane anisotropy, in particular, in ultra soft Permalloy nanostructures with
radius ca. 30-60 nm. The key point is that as the dots are thick, the magnetization configurations are essentially
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three-dimensional, which allows additional minimization of the magnetostatic energy and emphasizes the cur-
vature effects.

The ground state of these structures is typically either the vortex state or the in-plane single domain state.
The quasi-skyrmion is a metastable state at zero field (as most of the skyrmions reported so far). Its projection
to the basal plane is a radial vortex. The calculations of 2D topological charge have proved that this structure is
topologically non-trivial. The maximum value of 2D topological charge corresponds to dome-shaped nanodots
with high aspect ratio, particularly in hemispherical dots it approaches the value 0.9. The region of stability of
the quasi-skyrmions in terms of their geometrical parameters is much wider in dome-shaped dots, as compared
to cylindrical ones. This underlines the important role of curved surfaces in their stabilization. Additionally,
quasi-skyrmions in dome-shaped dots are chiral, while in cylindrical dots they are achiral. Thus, our results bring
together novel scientific areas of 3D magnetism** and magnetism in curved geometry**. The energy density of
Neéel skyrmions in cylindrical dots increases as a function of the dot height. A narrow region of stability and high
energy make it difficult to observe this magnetization texture experimentally in planar dots. However, skyrmions
in dome-shaped nanodots exist in a wide range of geometrical parameters and their energy density decreases as a
function of the dot height. Thus, the dome-shaped dots are more promising regarding experimental observations.
In relation to this, the possibility to create metastable skyrmions in systems with DMI by magnetic tips has been
discussed®. A recent experimental study demonstrated the nucleation/stabilization of three-dimensional hedge-
hog skyrmions in nanodomes by magnetic force microscopy tip?’. Hence, our work opens novel possibilities for
researchers related to the stabilization of non-trivial topological three-dimensional magnetization configurations
in completely soft patterned magnetic materials. Without special interactions, especially in curved geometries.

Methods

We conducted micromagnetic simulations in 3D soft magnetic dots with cylindrical or spherical domed geometry
with neither PMA nor DMI. Standard material parameters for Permalloy (Nig,Fe,,) were imposed under no
external magnetic field, zero magnetocrystalline anisotropy, exchange stiffness, A =11 pJ/m and saturation mag-
netization M, =800 kA/m. Most of calculations presented here were carried out with the finite difference code
OOMMF* and double-checked by mumax3 program®. The geometries of both magnetic elements correspond
to the nanodot base radius 10-60 nm and the aspect ratio height/radius ranged from 0.1 to 1, and a 1 nm dis-
cretization size. To validate our finite difference-based approach for the studied curved geometry, the effect of
the discretization size was studied in Sect. 6 of the “Supplementary Information”. For the simulation of 3D quasi-
skyrmions in cyl1ndr1cal dots, an initial configuration was imposed using the Belavin-Polyakov ansatz:

my = (rZZ-rZ 0,0, % o z) taking a skyrmion radius of r,=0.16. For other configurations presented, a configura-
tion close to the desired was imposed as initial configuration and was let evolve to the minimum energy state.

Received: 8 October 2021; Accepted: 18 January 2022
Published online: 02 March 2022

References
1. Nagaosa, N. & Tokura, Y. Topological properties and dynamics of magnetic skyrmions. Nat. Nanotechnol. 8, 899-911 (2013).
2. Miihlbauer, S. et al. Skyrmion lattice in a chiral magnet. Science 323, 915-919 (2009).
3. Moreau-Luchaire, C. et al. Additive interfacial chiral interaction in multilayers for stabilization of small individual skyrmions at
room temperature. Nat. Nanotechnol. 11, 444-448 (2016).
. Boulle, O. et al. Room-temperature chiral magnetic skyrmions in ultrathin magnetic nanostructures. Nat. Nanotechnol. 11, 449-454
(2016).
. Legrand, W. et al. Modeling the shape of axisymmetric skyrmions in magnetic multilayers. Phys. Rev. Appl. 10, 064042 (2018).
. Legrand, W. et al. Hybrid chiral domain walls and skyrmions in magnetic multilayers. Sci. Adv. 4, eaat0415 (2018).
. Fert, A., Cros, V. & Sampaio, J. Skyrmions on the track. Nat. Nanotechnol. 8, 152-156 (2013).
. Woo, S. et al. Observation of room-temperature magnetic skyrmions and their current-driven dynamics in ultrathin metallic
ferromagnets. Nat. Mater. 15, 501-506 (2016).
. Sampaio, J., Cros, V., Rohart, S., Thiaville, A. & Fert, A. Nucleation, stability and current-induced motion of isolated magnetic
skyrmions in nanostructures. Nat. Nanotechnol. 8, 839-844 (2013).
10. Balasubramanian, B. et al. Chiral magnetism and high-temperature skyrmions in B20-ordered Co-Si. Phys. Rev. Lett. 124, 57201
(2020).
11. Jia, H. et al. Material systems for FM-/AFM-coupled skyrmions in Co/Pt-based multilayers. Phys. Rev. Mater. 4, 94407 (2020).
12. Guslienko, K. Y. Skyrmion state stability in magnetic nanodots with perpendicular anisotropy. IEEE Magn. Lett. 6, 4000104 (2015).
13. Moutafis, C. et al. Magnetic bubbles in FePt nanodots with perpendicular anisotropy. Phys. Rev. B 76, 104426 (2007).
14. Zhou, Y. et al. Dynamically stabilized magnetic skyrmions. Nat. Commun. 6, 8193 (2015).
15. Vousden, M. et al. Skyrmions in thin films with easy-plane magnetocrystalline anisotropy. Appl. Phys. Lett. 108, 132406 (2016).
16. Rohart, S. & Thiaville, A. Skyrmion confinement in ultrathin film nanostructures in the presence of Dzyaloshinskii-Moriya interac-
tion. Phys. Rev. B 88, 184422 (2013).
17. Aranda, A. R,, Hierro-Rodriguez, A., Kakazei, G. N., Chubykalo-Fesenko, O. & Guslienko, K. Y. Magnetic skyrmion size and stabil-
ity in ultrathin nanodots accounting Dzyaloshinskii-Moriya exchange interaction. J. Magn. Magn. Mater. 465, 471-479 (2018).
18. Guslienko, K. Néel skyrmion stability in ultrathin circular magnetic nanodots. Appl. Phys. Express 11, 063007 (2018).
19. Elias, R. G. & Verga, A. Magnetization structure of a Bloch point singularity. Eur. Phys. J. B 82, 159-166 (2011).
20. Johnson, P., Gangopadhyay, A. K., Kalyanaraman, R. & Nussinov, Z. Demagnetization-borne microscale skyrmions. Phys. Rev. B
86, 064427 (2012).
21. Pylypovskyi, O. V., Sheka, D. D. & Gaididei, Y. Bloch point structure in a magnetic nanosphere. Phys. Rev. B 85, 224401 (2012).
22. Im, M. Y. et al. Dynamics of the Bloch point in an asymmetric permalloy disk. Nat. Commun. 10, 1-8 (2019).
23. Charilaou, M., Braun, H. B. & Loffler, J. E. Monopole-induced emergent electric fields in ferromagnetic nanowires. Phys. Rev. Lett.
121, 97202 (2018).
24. Streubel, R. et al. Magnetism in curved geometries. J. Phys. D. Appl. Phys. 49, 363001 (2016).
25. Gaididei, Y., Kravchuk, V. P. & Sheka, D. D. Curvature effects in thin magnetic shells. Phys. Rev. Lett. 112, 257203 (2014).

NN >

Nl

Scientific Reports |

(2022) 12:3426 | https://doi.org/10.1038/s41598-022-07407-w nature portfolio



www.nature.com/scientificreports/

26. Yang, J., Abert, C., Suess, D. & Kim, S. K. Intrinsic DMI—Free skyrmion formation and robust dynamic behaviors in magnetic
hemispherical shells. Sci. Rep. 11, 3886 (2021).

27. Berganza, E. et al. Half-hedgehog spin textures in sub-100 nm soft magnetic nanodots. Nanoscale 12, 18481-18990 (2020).

28. Guslienko, K. Y. Magnetic vortex state stability, reversal and dynamics in restricted geometries. J. Nanosci. Nanotechnol. 8,2745-
2760 (2008); Guslienko, K. Y., Magnetic vortices and skyrmions, J. Magnetics 24, 549-567 (2019).

29. Pinilla-Cienfuegos, E., Mafas-Valero, S., Forment-Aliaga, A. & Coronado, E. Switching the magnetic vortex core in a single
nanoparticle. ACS Nano 10, 1764-1770 (2016).

30. Cowburn, R. P,, Adeyeye, A. O. & Welland, M. E. Configurational anisotropy in nanomagnets. Phys. Rev. Lett. 81, 5414-5417
(1998).

31. Tejo, F, Hernandez Heredero, R., Chubykalo-Fesenko, O. & Guslienko, K. Y. The Bloch point 3D topological charge induced by
the magnetostatic interaction. Sci. Rep. 11, 21714 (2021).

32. Whitehead, J. H. C. An Expression of Hopf’s Invariant as an Integral. Proc. Natl. Acad. Sci. 33, 117-123 (1947).

33. Komineas, S. & Papanicolaou, N. Topology and dynamics in ferromagnetic media. Phys. D Nonlinear Phenom. 99, 81-107 (1996).

34. Fernandez-Pacheco, A. et al. Three-dimensional nanomagnetism. Nat. Commun. 8, 1-14 (2017).

35. Guslienko, K. Y. & Gareeva, Z. V. Magnetic skyrmion low frequency dynamics in thin circular dots. J. Magn. Magn. Mater. 442,
176-182 (2017).

36. Belavin, A. A. & Polyakov, A. M. Metastable states of two-dimensional isotropic ferromagnets. Pisma Zh. Eksp. Teor. Fiz. 22,
503-506 (1975).

37. Zhang, S. et al. Direct writing of room temperature and zero field skyrmion lattices by a scanning local magnetic field. Appl. Phys.
Lett. 112, 132405 (2018).

38. Donahue, M. J. & Porter, D. G. Interagency Report NISTIR 6376, N.I.S.T., Gaithersburg. http://math.nist.gov/oommf/ (1999).

39. Vansteenkiste, A., Leliaert, J., Dvornik, M., Helsen, M., Garcia-Sanchez, F. & Van Waeyenberge, B. The design and verification of
mumax3. AIP Advances 4, 107133 (2014).

Acknowledgements

E.B. acknowledges the Alexander von Humboldt foundation for a postdoctoral fellowship. M.]. acknowledges
the Universidad Auténoma de Madrid and Comunidad Auténoma de Madrid through the project SI1/PJ1/2019-
00055 and the program “Excelencia para el Profesorado Universitario’, as well as the Maria de Maeztu Programme
for Units of Excellence in R&D (CEX2018-000805-M). K.G. acknowledges support by IKERBASQUE (the Basque
Foundation for Science). O.C., A.A. and K.G. work was supported by the Spanish Ministry of Science and Innova-
tion under Grants PID2019-108075RB-C31 and PID2019-108075RB-C33/AEI/https://doi.org/10.13039/50110
0011033. The research of K.G. was partially supported by the Norwegian Financial Mechanism 2014-2021 trough
project UMO-2020/37/K/ST3/02450.

Author contributions

E.B. and J.A.ER. carried out the micromagnetic simulations with the help of O.C.-E. and K.G. performed the
analytical calculations. A.A. and M.]. analyzed and discussed the results. E. B., ] A.ER., K.G. and O.C.-F. wrote
the manuscript. All authors have given approval to the final version of the manuscript. All authors reviewed the
manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-07407-w.

Correspondence and requests for materials should be addressed to E.B. or J.A.E-R.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:3426 | https://doi.org/10.1038/s41598-022-07407-w nature portfolio


http://math.nist.gov/oommf/
https://doi.org/10.13039/501100011033
https://doi.org/10.13039/501100011033
https://doi.org/10.1038/s41598-022-07407-w
https://doi.org/10.1038/s41598-022-07407-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	3D quasi-skyrmions in thick cylindrical and dome-shape soft nanodots
	Results
	Magnetic dome-shape nanodots. 
	Skyrmions in thick cylindrical nanodisks. 

	Discussion and conclusions
	Methods
	References
	Acknowledgements


