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Formation of Néel-type skyrmions in an antidot lattice with perpendicular magnetic anisotropy
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Magnetic skyrmions are particlelike chiral spin textures found in magnetic films with out-of-plane anisotropy
and are considered to be potential candidates as information carriers in next generation data storage devices.
Despite intense research into the nature of skyrmions and their dynamic properties, there are several key
challenges that still need to be addressed. In particular, the outstanding issues are the reproducible generation,
stabilization, and confinement of skyrmions at room temperature. Here, we present a method for the capture
of magnetic skyrmions in an array of defects in the form of an antidot lattice. We find that inhomogeneity in
the total effective field produced by the antidot lattice is important for the formation of skyrmions which are
mainly stabilized by the dipolar interaction. With micromagnetic simulations and scanning transmission x-ray
microscopy we elucidate that the formation of skyrmions within the antidot lattice depends on the lattice constant
and that, below a certain lattice constant, the skyrmion formation is suppressed. Based on our results we propose
that, by varying the lattice constant, we can modify the probability of skyrmion formation in different parts of a
sample by specific patterning. This provides another platform for experimental investigations of skyrmions and
skyrmion-based devices.

DOI: 10.1103/PhysRevB.100.144435

I. INTRODUCTION

In materials exhibiting perpendicular magnetic anisotropy
(PMA), noncollinear spin textures can be stabilized in weak
magnetic fields or even at remanence. In particular, labyrinth
domains can shrink to form isolated magnetic skyrmions
[1,2], which are topologically nontrivial stable spin textures
characterized by a nonzero winding number with topological
charge [3]. The antisymmetric exchange interaction, known
as the Dzyaloshinskii-Moriya interaction (DMI) [4], which
can arise due to large spin-orbit coupling in the presence of
broken inversion symmetry in the material, helps to stabilize
the chiral magnetic skyrmions. For asymmetric heavy-metal/
ferromagnet/heavy-metal heterostructures, the inversion sym-
metry is broken by using different layers above and below the
ferromagnetic layer, giving rise to an interfacial DMI.

The Hamiltonian describing the DMI between two atomic
spins Si and S j can be expressed as ĤDM = −DDM · (Si ×
S j ), where DDM is the Dzyaloshinskii-Moriya vector. The
direction of the DM vector is defined by the type of DMI in the
material. For interfacial DMI, the orientation of the DM vector
leads to the stabilization of Néel-type magnetic skyrmions
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[5], whereas the lack of structural inversion symmetry in bulk
materials [6,7] (e.g., B20 materials) leads to the stabilization
of Bloch-type magnetic skyrmions [8]. In addition, skyrmions
can also be stabilized via the dipolar interaction in systems
with small or no DMI [9–11]. The magnetic domain structure
stabilized in magnetic layers and multilayer stacks depends
on the properties of the magnetic film and magnetic history
of the sample, with the final spin configuration of the material
determined by the ratio of the uniaxial anisotropy Ku to the
demagnetization energy, the thickness of magnetic layer d ,
the strength of the DMI, and the number of layers present in
the superlattice. By changing the orientation of the external
magnetic field, one can obtain different domain structures dur-
ing magnetization reversal, such as stripe, labyrinth, nonchiral
bubble domains and, in some cases, skyrmions [12,13].

Additionally, the magnetic properties of a film can be
influenced via patterning. For example, magnonic crystals
[14,15], which are spatially modulated magnetic thin films,
form well-defined spin wave band structures [16] due to their
periodicity. One common example of magnonic crystals is
a ferromagnetic antidot lattice [17–19] consisting of period-
ically arranged holes in a ferromagnetic thin film. Antidot
lattices have been proposed as a medium for data storage
devices, where the information bit would be trapped between
two consecutive antidots [20,21]. In addition, antidot lattices
patterned in magnetic multilayers with high PMA have been
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FIG. 1. (a) Visualization of the 3D spin orientation for skyrmions
inside the antidot lattice in an applied magnetic field of −35 mT
taken from micromagnetic simulations. (b) Schematic of the mul-
tilayer stack with an antidot fabricated using focused Ga ion beam
milling (FIB). (c) Scanning electron microscope image of the antidot
lattice with antidot diameter d = 250 nm and lattice constant LC =
550 nm patterned in the [Pt/Co/Ta]12 film.

considered as a candidates for perpendicular percolated media
[22], which constitutes an alternative approach to conven-
tional bit patterned media. Antidots can also be employed to
modify the intrinsic anisotropy of the system [23]. With regard
to skyrmions, it has been shown that the edge of a magnetic
element as well as defects [24] can repel the skyrmions. In an
antidot lattice, the skyrmions are repelled from the edges of
the holes, which helps to confine the skyrmions to the saddle-
point region [25]. It has also been shown that pinning sites
can accelerate skyrmion motion [24]. An antidot lattice can
also give rise to a periodic potential similar to that of an array
of pinning sites and therefore could also be used to control
current driven skyrmion motion. However, a complete under-
standing of the influence of an antidot lattice on skyrmion
formation during magnetization reversal is still required.

Here, we elucidate the skyrmion formation process in an
antidot lattice using both experiment and micromagnetic sim-
ulation. In particular, the introduction of holes in an antidot
lattice leads to inhomogeneity in the effective field, which
has an impact on the formation of the skyrmions. Exper-
imentally, we have fabricated antidot lattices with various
lattice constants in a multilayer stack exhibiting both PMA
and interfacial DMI (see Fig. 1). Imaging the skyrmions using
scanning transmission x-ray microscopy (STXM), we observe
that the skyrmions are created from a labyrinth domain pattern
on application of a magnetic field. Additionally, we have
shown that we can increase or decrease the probability of
skyrmion formation by simply varying the lattice constant of
the antidot array. From micromagnetic simulations, we have
identified the role of the inhomogeneous effective field in the
formation of skyrmions in an antidot lattice.

II. SAMPLE FABRICATION

Multilayer films of [Pt (3 nm)/Co (1.1 nm)/Ta (4 nm)]12

were deposited on 200-nm-thick x-ray transparent Si3N4

membranes supported by 200-μm-thick Si frames. The films

were deposited using DC magnetron sputtering (AJA Inter-
national sputter system) with a confocal sputter up geometry
at a base pressure of 2 × 10−8 Torr. The deposition of all of
the layers was performed at a 3 mTorr Ar partial pressure.
The antidot lattice was then patterned with focused ion beam
milling (FIB) using a focused 30 kV Ga+ beam [Fig. 1(b)]
with a beam current of 10 pA and a Gaussian spot size of
13 nm. Not only does the incident Ga+ ion beam modify the
magnetic properties of the film, but also the scattered Ga+

ions, resulting in a lateral distribution of the deposited dose.
To reduce the effect of the scattered ions, the ion milling was
carried out from the back of the membrane. In this case, the
Si3N4 membrane absorbs most of the scattered Ga+ ions. Two
different types of antidot lattices were fabricated with a hole
(antidot) diameter d of 250 nm and lattice constant (LC) of
550 and 1000 nm. A scanning electron micrograph of one of
the patterned antidot lattices is shown in Fig. 1(c).

III. MAGNETIC CHARACTERIZATION

The magnetic properties of the sputtered films were de-
termined using various techniques. From the out-of-plane
hysteresis loop, measured using a superconducting quantum
interference device vibrating sample magnetometer (SQUID-
VSM; Quantum Design MPMS3) and shown in Fig. 2(a),
the saturation magnetization, Ms, was found to be ≈0.771 ×
106 A/m and the saturation magnetic field ≈40 mT. The
interfacial DMI of the system was determined by measuring
the nonreciprocal spin wave dispersion using Brillouin light
scattering (BLS). The presence of the interfacial DMI induces
a frequency difference, � f , between oppositely propagating
Damon-Eshbach modes. This exhibits a linear dependence on
the spin wave vector k and is proportional to the effective DMI
constant DDM, according to the following relation:

� f = 2γ DDM

πMs
k, (1)

where γ is the gyromagnetic ratio. The spin wave nonre-
ciprocity, � f , was determined by measuring the frequency
difference between the Stokes (negative frequencies) and
anti-Stokes (positive frequencies) peaks in the BLS spectra,
which correspond to spin waves propagating in the opposite
directions [26].

BLS measurements were carried out by focusing a
monochromatic laser (λ = 532 nm) on the sample surface
and analyzing the backscattered light by a Sandercock-type
(3 + 3) pass tandem Fabry-Perot interferometer. An in-plane
magnetic field, sufficiently large to saturate the magnetization
in the film plane, was applied along the direction perpendic-
ular to the wave vector of the spin waves. Due to the photon-
magnon conservation law of momentum in the scattering
process, the magnitude of the wave vector is linked to the
incidence angle of light θ , by the relation k = 4π sin θ/λ. For
our measurements, � f is measured as a function of k for an
applied bias magnetic field, B, of 0.9 and −0.9 T. k was varied
from 0 to 2 × 107 rad/m and a linear behavior is observed
[Fig. 2(b)]. Note that, upon reversing the direction of the
applied magnetic field, � f changes sign due to the reversal
of the spin wave propagation direction. The effective DMI
constant was then determined with a linear fit [continuous
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FIG. 2. (a) Out-of-plane hysteresis loop of the [Pt/Co/Ta]12

film. (b) The frequency asymmetry (� f ) extracted from the BLS
measurement of the [Pt/Co/Ta]12 film for an in-plane applied bias
magnetic field of 0.9 and −0.9 T. Black dots are the experimental
results, while the red solid line is the linear fit to the experimental
data. � f is the difference between the frequency of the Stokes
and the anti-Stokes peaks present in the BLS spectra. A schematic
of the experimental configuration is shown in the inset. (c)–(e)
XMCD-STXM images of magnetic states in the multilayer film at
three different magnetic fields indicated with blue points on the
hysteresis loop in (a). (f)–(h) Simulated images of similar magnetic
configurations in the multilayer film. In all images, the dark and
bright contrast corresponds to domains with magnetization pointing
up and down, respectively. The skyrmions are indicated by solid red
circles and the domain ends from which the skyrmions are formed
are indicated by dashed red circles.

red solid line in Fig. 2(b)] to the experimental data based on
Eq. (1). The value of DMI, DDM = −0.78 ± 0.02 mJ/m2, was
determined using the gyromagnetic ratio γ = 194 GHz/T and
the measured value of Ms. The value of the DMI is sufficient
to support the formation of Néel skyrmions. Moreover, the
negative value of DDM indicates that left-handed chirality is
favored in this material system.

The magnetic configuration of the antidot lattices was im-
aged using STXM at the PolLux endstation of the Swiss Light
Source [27]. Circularly polarized photons are tuned to the L3

absorption edge of Co (778 eV) and are focused onto a 25-nm
spot on the sample using a diffractive Fresnel zone plate
with an outermost zone width of ≈25 nm. Magnetic contrast
was obtained through the x-ray magnetic circular dichroism
(XMCD) effect and by illuminating the sample at normal
incidence with respect to the surface. A selection of XMCD
images of the magnetic states in a continuous [Pt/Co/Ta]12

multilayer film acquired under different applied out-of-plane
magnetic fields are shown in Figs. 2(c)–2(e). Prior to the

acquisition of the images, the following field initialization
protocol was applied; the sample was saturated with a 100 mT
out-of-plane magnetic field, which was then reduced to 6 mT.
After the field initialization, a demagnetized sample with
labyrinth domains was observed. Then the magnetic field was
reduced to zero and a reversed field was applied in increasing
steps. As the magnetic field is increased up to the reverse
saturation field, the width of the labyrinth domains with mag-
netization pointing antiparallel to the applied field is reduced
from a value of ≈200 ± 35 nm at −6 mT to ≈150 ± 35 nm
upon their collapse into several isolated skyrmions at −23 mT.
Close inspection reveals that the skyrmions form at the end
of the domains. These skyrmions eventually annihilate at an
applied magnetic field of ≈−38 mT.

IV. MICROMAGNETIC SIMULATIONS
OF SKYRMION FORMATION

The skyrmion formation process in a thin film and antidot
lattices are simulated using MUMAX3 [28–30]. For the simu-
lation, we have used periodic boundary conditions along the
out-of-plane axis with six repetitions in both the negative and
positive z directions [31]. The simulations were performed for
a finite 4.4 μm × 4.4 μm film using a uniformly discretized
grid with a cell size of 2.0 nm × 2.0 nm × 1.1 nm, where the
thickness of the cell of 1.1 nm corresponds to the thickness
of the magnetic layer in the real sample. For the simulations,
we employed the experimentally measured values of Ms and
DMI reported in Sec. III. Furthermore, an exchange constant
of A = 1 × 10−11 J/m and a PMA of Ku = 3.45 × 105 J/m3,
taken from the literature [32], were used in the simulations.
In order to mimic the polycrystalline nature of the sample, a
Voronoi tessellation was added in the micromagnetic simula-
tions where, to each grain, a slightly different perpendicular
magnetic anisotropy was assigned, drawn randomly from
a normal distribution centered about a mean value with a
standard deviation of 10%. The variation in the anisotropy is
required to reproduce the experimental observations with the
simulations, with high anisotropy grains acting as nucleation
sites that facilitate sykrmion formation [33].

For continuous thin films, the ratio of the width of domains
with magnetization pointing down (in black) to the width
of domains with magnetization pointing up (in white) is
controlled by the Zeeman energy, the size and morphology of
the black and white domains are controlled by the anisotropy
and domain wall energy, and the chirality is determined by the
DMI. The simulations of the continuous thin film [Figs. 2(f)
and 2(g)] exhibit a good qualitative agreement with the exper-
imental images shown in Figs. 2(c)–2(e). In the simulations,
a labyrinth domain pattern is formed at zero magnetic field
[Fig. 2(f)]. As the magnetic field is increased, the labyrinth
domains collapse into individual skyrmions [Figs. 2(d) and
2(e)]. The skyrmions are formed at the end of the white
domains in both the experiment and the simulation. However,
in the simulations, the magnetic skyrmions were created at a
larger magnetic field than that in the experiment. These ob-
served discrepancies between the micromagnetic simulations
and the experimental data can be explained by the fact that the
simulations were performed at 0 K, neglecting any thermal
fluctuations [34,35].
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FIG. 3. Simulated images of the evolution of the magnetic configuration in antidot lattices with different lattice constants on increasing the
magnetic field. The dark and bright contrast corresponds to domains with magnetization pointing up and down, respectively. Pinned domains
are indicated by red dashed circles and the skyrmions are marked with circles with red solid lines.

In order to provide insight into the skyrmion stabilization
and their capture in the antidot lattices, micromagnetic sim-
ulations were systematically performed for lattice constants
of 400, 500, 600, and 800 nm. The evolution of the domain
patterns on increasing the applied magnetic field is shown in
Fig. 3 .

In general, during the magnetization reversal of the antidot
lattice, reverse domains (in black) penetrate into the antidot
lattice through the channels between the holes. The penetra-
tion of the black domains is hindered by the pinning field
associated with the antidots, and white domains are pinned
around the holes. For the more compact lattices (LC = 400,
500, and 600 nm), the labyrinth domain pattern is significantly
modified and the details of the magnetization reversal strongly
depend on the lattice constant. At 0 mT [Fig. 3(a)] the black
domains have penetrated into the antidot lattice for the larger
lattice constants, whereas for LC = 400 nm, most of the
lattice is still in a saturated state.

A higher magnetic field is then required for the black
domains to penetrate into the LC = 400 nm lattice and, due
to the lack of space between the antidots, the white domains
do not completely surround the holes. For all three lattice
constants, the white domains often remain pinned at two
neighboring holes on increasing the magnetic field, forming
straight narrow domains between them, examples of which
are indicated by red dotted circles in Fig. 3 for LC = 400,
500, and 600 nm. With further increase of the magnetic
field, these connected white domains shrink to form straight

sections between the antidots and eventually vanish at a higher
magnetic field. As a result, for these compact lattices, the
formation of the skyrmions is hindered due to strong pinning
of the domains at the holes in the antidot lattice, shown in the
Supplemental Material [36].

For sufficiently large lattice constant, LC = 800 nm, a
partial labyrinth domain pattern is observed at 0 mT. In this
case, some of the domains are directly connected between
two neighboring holes [see, e.g., dashed circles labeled 1
and 2 in Fig. 3(a)] and some form open domain ends [see
dashed circle labeled 3 in Fig. 3(a)]. As the applied magnetic
field is increased, the connecting domains detach from the
holes, forming open domain ends as indicated by the dashed
circles labeled 1 and 2 in Fig. 3. With further increase of
the applied magnetic field, these open domain ends in the
antidot lattice eventually shrink to form magnetic skyrmions
indicated by red solid circles in Figs. 3(e) and 3(f). The size of
the skyrmions also decreases with the further increase of the
magnetic field [compare, e.g., skyrmions in Figs. 3(e) and 3(f),
and see Supplemental Material for LC = 800 nm [37]]. The
detailed evolution of the three-dimensional (3D) magnetiza-
tion configuration on increasing the applied magnetic field for
LC = 400 and 800 nm is shown in the Supplemental Material
[38,39].

In order to understand the magnetization reversal process
and the mechanism behind the skyrmion formation in the
antidot lattice, we have extracted the spatial distribution of the
effective magnetic field from the simulations for the different
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FIG. 4. (a)–(d) Contour plots of the simulated effective field distributions overlaid on the color map for the different lattices at 5 mT. The
center point (CP), indicated by the gray dot, is the intersection of the diagonal lines connecting the centers of the antidots. (e), (f) Simulated
effective field from different lattices obtained by taking a line scan across the two different regions marked by horizontal dashed and solid lines
in Figs. 4(a)–4(d), respectively. Different line colors are used for the different lattices.

lattice constants at a field value of 5 mT so that the system
is in a saturated state just before domain formation. The
contributions to the effective magnetic field (BBBeff ) are from the
externally applied field (BBBext), the magnetostatic field (BBBdemag),
the Heisenberg exchange field (BBBexch), the Dzyaloshinskii-
Moriya exchange field (BBBDM), and the magnetocrystalline
anisotropy (BBBanis) according to the following equation [29,40]:

BBBeff = BBBext + BBBdemag + BBBexch + BBBDM + BBBanis. (2)

From Figs. 4(a)–4(d), it can be seen that the contour lines
of the effective field are very dense around the holes and the
line density between the holes decreases with increasing the
lattice constant. The profile of effective field along the dashed
and solid lines in Figs. 4(a)–4(d) are shown in Figs. 4(e) and
4(f), respectively. From this, it becomes clear that the effective
field profile changes, in general decreasing and flattening
with the increase of the lattice constant in both the regions.
The reversal of the magnetization is facilitated or hindered,
depending on whether the out-of-plane component of the
effective field is negative or positive, respectively.

Although the variations in the effective field along the
profiles is relatively small, it is sufficient to modify the domain
patterns. In particular, in Fig. 4(e), it can be seen that the
effective field has a high positive value close to the edges
of the holes [41,42], which explains the pinning of the white
domains around the holes. Additionally, the effective field is a
minimum at the intersection of the diagonal lines connecting
the antidots, labeled center point (CP), which explains the
formation of black domains in the center point region, which
is particularly noticeable in the antidot lattices with LC = 500
and 600 nm. The larger effective field in the region between
neighboring holes supports the pinning of white domains
forming a connection between the holes. For an antidot lattice
with LC = 800 nm, the effective field in the channels between
the holes [along the solid line in Fig. 4(d)] is almost uniform
and, in order to achieve an equilibrium state, the system forms
labyrinth domain patterns with open domain ends. As the
external magnetic field is increased, the domain width changes
to minimize the total energy of the system and, as shown in
literature [43], the length of the domains will also decrease
to minimize the total energy. During the contraction of the
domains, the open domain end is pinned at a local region with
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1 µm

R F L F R

FIG. 5. Snapshot of a micromagnetic simulation showing the
magnetic configuration of a composite structure combining two
antidot lattices with LC = 800 and 400 nm with an unpatterned film
at H = −50 mT. Symbols R, F, and L indicate three different regimes
of the structure, where skyrmion formation is at random locations
(R), forbidden (F), and localized at the center points in the effective
magnetic field (L). For these simulations, the random distribution of
the anisotropy of individual grains has not been included.

high anisotropy and, subsequently, a constriction forms that
narrows until a skyrmion is formed. This mechanism of for-
mation of skyrmion resembles the necking and detachment of
a drop at the edge of a circular capillary tube [44]. We repeated
the simulations several times for different distributions in the
anisotropy field. The simulated results showed that, while the
process of skyrmion formation is always the same, both
the number of skyrmions and their position strongly depend
on the anisotropy distribution. In general, for an antidot lattice
with a uniform anisotropy, the probability of formation of
the skyrmions is maximum at the CP, which has the lowest
effective field.

In an unpatterned thin film, the skyrmions are sponta-
neously formed at random positions [45]. However, in our sys-
tem, the antidot lattice increases the probability of skyrmion
formation at a predefined position within the thin film. In
order to demonstrate the control of the location of skyrmion
formation, we have performed micromagnetic simulations of
a composite structure combining a compact (LC = 400 nm)
and a sparser (LC = 800 nm) antidot lattice together with

an unpatterned thin film without a random distribution of
anisotropy (Fig. 5). Here, we observe that the skyrmions form
at random positions in the film indicated by R (random),
whereas there is a high probability to form the skyrmions at
the center points of the antidot lattice with moderate lattice
constant indicated by L (localized). In the region with smaller
lattice constant, the skyrmion formation is completely forbid-
den indicated by F (forbidden). Therefore, it is possible to
have skyrmion formation in a selected region of a thin film by
fabricating antidot lattice with tailored lattice constants. This
concept could be used as a magnetic field induced skyrmion
generator for skyrmion-based devices such as skyrmion race
track memories, where repeated generation of a skyrmion in
a particular location is needed. The skyrmions could then be
transferred into other parts of the system, even in the regions
where their formation is forbidden, using a spin-polarized
current [46].

V. EXPERIMENTAL OBSERVATIONS

Following the micromagnetic simulations, we performed
experiments on two samples patterned into antidot lattices
with different lattice constants, LC = 550 and 1000 nm. The
XMCD-STXM images of the magnetic configurations in the
antidot lattices are shown in Figs. 6(a)–6(h). As for the
experiments on the continuous [Pt/Co/Ta]12 films, we first
performed a field initialization protocol, decreasing the field
from 100 mT to zero and then increasing the magnetic field in
reverse direction. For the antidot lattice with LC = 550 nm,
the labyrinth domains form connections between the antidots
on increasing the magnetic field as indicated by red dashed
ellipses in Figs. 6(b)–6(d), which prevents the formation
of skyrmions. In contrast, for LC = 1000 nm, initially the
labyrinth domains directly connect two neighboring antidots
as indicated, for example, by red dashed circles labeled 1
and 2 in Figs. 6(e)–6(g). On increasing the magnetic field,
the domains disconnect from one of the antidots creating
an open domain end as indicated by the red dashed circles

1 µm
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1 3
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(f) -16 mT

2

4 1 3
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FIG. 6. XMCD-STXM images of the evolution of the magnetic configuration in the antidot lattices with magnetic field for anitdot lattices
with (a)–(d) LC = 550 nm and (e)–(h) LC = 1000 nm. The dark and bright contrast corresponds to magnetic domains with magnetization
pointing up and down, respectively. The skyrmions are indicated by solid circles and the domains from which the skyrmions are formed are
indicated by red dashed circles and ellipses.
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FIG. 7. Line profile of the magnetic contrast across the skyrmion
marked with a yellow solid circle in Fig. 6(h). The profile is fitted
with a Gaussian curve and has a full width half maximum of
147 nm.

labeled 2, 3, and 4 in Fig. 6(g). The domains with open
ends progressively shrink down in width and length until they
collapse into isolated magnetic skyrmions indicated by red
and yellow solid circles in Fig. 6(h). This experimental obser-
vation that skyrmions only form for larger lattice constants is
consistent with the results of the micromagnetic simulations.
In particular, we note that the mechanism for the skyrmion
formation, which occurs at domain ends that only appear for
large lattice constants, is observed in both the experiment and
simulation.

The domains marked by red dashed circles in Fig. 6
collapse into isolated skyrmions at an applied field of about
−22 mT. The diameter of one of the skyrmions [indicated by
the yellow circle in Fig. 6(h)] was determined to be 147 ±
35 nm (see Fig. 7). This is comparable with the simulated
skyrmion size, which decreases from 200 to 100 nm as the
field is increased from −35 to −55 mT although, in the
experiment, no significant change in the skyrmion size on
increasing the magnetic field could be seen. The skyrmions
finally annihilate at a higher applied field and, on repeating the
initialization protocol and increasing the field, we observed
that the magnetic skyrmions can be repeatedly created in
the antidot lattice. With regard to the skyrmion size, DMI
leads to stabilized nanometer-sized skyrmions, whereas the
larger sized skyrmions are mostly stabilized by the dipolar
interaction [47,48]. In our case, the size of the observed
skyrmions indicates that they are mostly stabilized by the
dipolar interaction but the effect of DMI cannot be ignored.

VI. DISCUSSION

In summary, we have fabricated magnetic antidot lattices
with LC = 550 and 1000 nm in a multilayered [Pt/Co/Ta]12

multilayer film with perpendicular magnetic anisotropy and
DMI, and have imaged the evolution of the magnetic con-
figuration in the presence of an applied magnetic field with
scanning transmission x-ray microscopy. Our experimental
results correspond to the predictions obtained with micromag-
netic simulations. Not only do we observe the formation of
Néel skyrmions for the sample with larger lattice constant
(LC = 1000 nm), but also that the size of the skyrmions is
comparable with the predictions of the micromagnetic simula-
tions. With both experiment and simulations, we elucidate the
mechanism of the Néel skyrmion formation within an antidot

lattice. In particular, the skyrmions are created at unconnected
domain ends, which are necessary for the formation of the
skyrmions in the antidot lattices.

Our micromagnetic simulations confirmed the existence
of two distinct regimes, one characterized by small lattice
constant LC � 600 nm that suppresses the formation of
skyrmions, while skyrmions are formed for an antidot lattice
with LC � 800 nm in the second regime. We showed that the
introduction of the holes in a thin magnetic film modifies the
spatial distribution of the effective magnetic field, which has
a profound influence on the formation of the skyrmions. In
particular, the skyrmion formation only occurs at the large
lattice constants. In our experimental system, which has ran-
dom variation of the local anisotropy, the skyrmions form in
regions with high anisotropy. However, for an antidot lattice
where random variation of the anisotropy is excluded, the
skyrmions are formed at the center points of the antidot lattice,
where the effective field is a minimum. This property can be
exploited to design patterns in magnetic thin films to create
skyrmions at predefined locations, while suppressing their
formation in other regions.

Recently, it has been reported that, in the presence of a
spin-polarized current, the skyrmion trajectory is modified
by the defects [24,46]. These defects behave as a series of
potential barriers for the skyrmions and interact with the
skyrmions to modify their trajectory. The array of artificial
defects introduced in the form of an antidot lattice can also
be used to modify the skyrmion trajectory in the presence
of a spin-polarized current. In addition, the potential barriers
created by the antidot lattice can be varied by changing the
lattice constant of the system.

In conclusion, our demonstration of the role of the effective
field in an antidot lattice in the formation of skyrmions is a sig-
nificant step towards reproducible generation and confinement
of stable skyrmions at room temperature. This possibility to
control skyrmions is of interest for data storage [8,49,50],
reconfigurable skyrmion-based magnonic devices [51], and
skyrmion-based race track memory [3].

The data that support this study are available via the
Zenodo repository [52].
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