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Bi-Stability of Magnetic Skyrmions in Ultrathin
Multilayer Nanodots Induced by Magnetostatic
Interaction
M. Zelent,* J. T�obik, M. Krawczyk, K. Y. Guslienko, and M. Mruczkiewicz*
We report the results of simulations of magnetic skyrmion stability in
ultrathin magnetic multilayer nanodots with interfacial Dzyaloshinskii–Moriya
exchange interaction (DMI). We found that in presence of the lateral
confinement the magnetostatic energy significantly influences the skyrmion
stability and leads to stabilization of large-radius skyrmion even at low values
of the DMI strength, in addition to small-radius skyrmion stabilized by DMI.
In particular, stabilization of the skyrmion state with two different radii (bi-
stability) is found in dipolarly-coupled (Pt/Co/Ir)n circular nanodots with the
number of repeats of the unit cell n¼ 3 and 5. The bi-stability range is
located at the DMI strength of 0.9–1.1mJm�2 or at the total Co-layer
thickness of 2.2–2.6 nm.
Magnetic skyrmions are topologically non-trivial inhomoge-
neous magnetization configurations that can be stabilized in
thin ferromagnetic films or non-centrosymmetric bulk mag-
netic crystals. The strong spin–orbit coupling and lack of the
inversion symmetry give rise to the chiral Dzyaloshinskii–
Moriya exchange interaction (DMI),[1,2] such as in bulk
helimagnetic materials with cubic B20 crystal lattice (bulk
DMI), or at the interface between two dissimilar materials,
ferromagnet/heavy metal (interfacial DMI).[3,4] Both types of
DMI are considered to be favoring the chiral skyrmion
stabilization, either in ground state (the lowest energy state)
or metastable state (a higher energy local energy minimum).
The skyrmion classification in uniaxial magnets according to
the crystal symmetry was suggested on the base of Lifshitz
invariants, see Ref. [5] and references therein. The cubic DMI
typically leads to stability of a Bloch skyrmion, where
magnetization rotates perpendicular to radial direction moving
away from the center of the skyrmion. Whereas, uniaxial
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interfacial DMI increases the stability of a
N�eel skyrmion (Figure 1a), where magne-
tization rotates in the plane parallel to
radial direction. Nanosize skyrmions have
a potential to provide useful solutions for
cheap low-power, high-density data stor-
age, and processing.[6–10] The discovery
of strong interfacial DMI in ultrathin
Co/Pt, Co/Pd, and Co/Pt/Ir multilayer
films and dots expanded the possibilities
for individual skyrmion stabilization in
nanostructures.[11,12]

Moreau-Luchaire et al.[11] observed by
scanning transmission X-ray microscopy
stable sub-100nm magnetic skyrmions in
dipolarly-coupled Pt/Co/Ir multilayers.
Boulle et al. observed the N�eel skyrmions in Pt/Co/MgO dots by
photoemissionelectronmicroscopycombinedwithX-raymagnetic
circular dichroism. [13] Recently, Pollard et al.[12] reported on
Lorentz microscopy imaging of less than 100nm stable skyrmions
in exchange-coupled Co/Pd multilayers at room temperature.
The stability of an isolated skyrmion in infinite film applying
perpendicular magnetic field was discussed in Refs. [5,9]. Very
recently two types of skyrmions or bubbles with different radii
were found to be stable in some cases in infinite ferromagnetic
film.[14] Starting from Ref. [15], the skyrmion triangular lattices in
bulk ferromagnets and infinite films were intensively investi-
gated.[16] It was shown that lateral confinement modifies the
conditions for the skyrmion stability significantly in ultrathin
films,[10,13,17–23] aswell as in thecaseof theB20compounds.[17,18,24]

Recent studies demonstrated that the magnetic skyrmions are
promising candidates for solving problems with unstable data
storage, when size of the memory unit cells is decreasing below a
critical size resulting in data loss.[25,26] It was shown that the
skyrmions with opposite core polarities reveal hysteresis behavior
when externalmagnetic field is varied.[6] This feature is of interest
to design a new generation of data storage devices. In Ref. [19] the
stability of a N�eel skyrmion in circular nanodot was studied, and it
was shown that due to the dot edge presence, the skyrmions with
the sizes Rs/R (Rs is a skyrmion radius) between 0.50 and 0.78 are
stable above critical value of DMI, Dc, for the dot radii R¼ 25–
100nm. In this study, themagnetostatic interactionwas accounted
as an effective uniaxial magnetic anisotropy.

However, increasing the dot thickness the magnetostatic
energy is expected to play an important role in skyrmion
stabilization even in ultrathin films/dots and should be taken
into account.[13,21,27] It might even lead to stabilization of
antiskyrmions with no DMI.[28]
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Figure 1. a) Magnetization configuration of the ferromagnetic layers in
the circular layered dot (N�eel-type skyrmion). b) Sketch of the multilayer
nanodot based on dipolarly coupled ultrathin Co layers with varied
number of repeats, n, of the Ir/Co/Pt unit cell.

Figure 2. a) Normalized skyrmion radius, Rs=R, as a function of DMI
strength D for different number of the ferromagnetic layers in the stack.
DCn represents the edge of stability of the small radius skyrmion and
inflection point for rapid grow of skyrmion size with increase of DMI. b)
Total magnetic energy (including the DMI, exchange, anisotropy, and
magnetostatic energies) for an isolated skyrmion (solid line), and for
perpendicular single domain (SD) states as a function of DMI strength D
for different numbers of the ferromagnetic layers. c) Inset: enlarged
dependence of the skyrmion radius for n¼ 3. d,e) Inset: enlarged
dependence of the total magnetic energy for n¼ 5 and 3 respectively. f)
Profiles of the skyrmion magnetization components for n¼ 9 layers, at
D ¼ 0:35mJm�2 (on the left) and D ¼ 1:3mJm�2 (on the right), plotted
along the radial x direction.
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The present paper is aiming at the following main points:
Firstly, we show how the lateral confinement and corresponding
magnetostatic energy lead to stabilization of the large-radius
skyrmions, if DMI strength is weak. Secondly, we show that due
to the lateral confinement and strongmagnetostatic interactions,
the skyrmions can be bi-stable in multilayer circular dots even at
zero magnetic field.

A N�eel skyrmion can be stabilized in a ultrathin dot within a
finite range of interfacial DMI values, D. This range depends on
competition of the DMI, exchange, anisotropy and magneto-
static interactions. The control of themagnetostatic interaction is
realized by changing the number of repeats, n, of the Co layers in
the stack (Figure 1). For a description of the skyrmion we use the
reduced magnetization components m ¼ M=Ms ¼ mr;mϕ;mz

� �

in the cylindrical coordinate systemwith the z axis directed along
the dot thickness.

Figure 2 shows the normalized skyrmion radii Rs/R for
n¼ 1–9 repeats of the ferromagnetic layer of thickness tCo¼ 0.6
nm, with Co–Co separation 1.8 nm, dot radius R¼ 250 nm and
magnetic parameters corresponding to Pt/Co/Ir dot as given in
Computational Details. The static skyrmion configurations were
simulated with the procedure described in Computational
Details. All considered skyrmions possess the same core polarity,
mz at the center of the dot, it is �1.

We can distinguish two types of skyrmions, small size and
large size or bubble skyrmions, depending on DMI strength D
(Figure 2a). The clear border between the skyrmions cannot be
defined and in some cases there is continuous transition
between these two types of the skyrmions when DMI strength is
varied, for example n¼ 1 (red line in Figure 2a). We note that
there is strong influence of the number of ferromagnetic layer
repeats on the large radius skyrmion stability and size,
evidencing that the magnetostatic interaction plays an important
role in stabilization of this skyrmion. The smaller skyrmion can
nucleate at the DMI strength above 0.92mJm�2 and the range
where it can exist decreases as the number of repeats increases.
The points marked as DCn indicate the edges of stability of the
small radius skyrmions and inflation points for rapid grow of
skyrmion size with increase of the DMI strength for each
number n of ferromagnetic layers in the stack. Increasing
Phys. Status Solidi RRL 2017, 1700259 1700259 (
number of repeats decreases the critical DMI value where stable
small radius skyrmion starts to grow. Thus, we conclude that the
increase of magnetostatic interaction strength leads to decreas-
ing the stability range of the small radius skyrmion.

Increasing number of repeats extends the range of DMI
where large radius skyrmions can be nucleated. However, the
large DMI strength supports N�eel-like skyrmion stabilization.
Skyrmions with weak DMI strength lose the N�eel-like character
(the considerable mr magnetization component resulting in
extra magnetostatic energy[29] cannot be compensated by DMI),
intermediate states between Bloch- and N�eel-like skyrmions
appear (Figure 2f), indicated by open dots in Figure 2a.[10]

Therefore, the hysteresis is a competition between small radius
N�eel-like skyrmions and large radius skyrmions having non-zero
mϕ magnetization component (intermediate Bloch/N�eel sky-
rmions[10]). Further increase of the number of ferromagnetic
layer repeats and magnetostatic interaction strength in the
layered stack leads to stabilization of the Bloch-like skyrmions
even at zero DMI.[21]
© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2 of 5)
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It was simulated (see Figure 2a) that in some range of DMI
and for certain number of the layer repeats, there is bi-stability
of skyrmion with the same core polarity, but different sizes. For
single layer (n¼ 1) the bi-stability was not observed, however, it
is present for 3 and 5 layers (n¼ 3, 5). The difference between
the large and small skyrmion radii, at the same DMI value, is
relatively small for 3 layers (for D¼ 1.1mJm�2), but it
increases for 5 layers (for D¼ 0.95mJm�2), and is 75.5 and
114.3 nm, respectively. Further increasing the number of
repeats leads to destroying of small-radius N�eel skyrmion
stability. Therefore, the bi-stability can be observed only if
magnetostatic interaction has intermediate strength competing
with DMI. For three layers (n¼ 3) we performed additional
simulations, varying the dot radius R between 100 and
1000 nm. We found that there is a critical value of R that
can support the skyrmion bi-stability and it is enhanced for
large R. The range of D where bi-stable skyrmions can exist
expands with increasing the dot radius.

As shown in Figure 2b the total magnetic energy (including
the DMI, exchange, anisotropy, and magnetostatic energies)
drawn as a solid line is higher than the single domain state
energy for smaller skyrmion for each case. At higher values ofD,
the single domain state is no longer ground state, whereas the
large radius skyrmion is. It is consistent with the previous
observations.[30] For the cases n¼ 7 and n¼ 9 the energy of the
large skyrmion is still lower than the SD energy.

Stable skyrmions with different equilibrium radii can be
characterized by their relative energies and energy barrier
separating them, see Figure 3a. To investigate the origin of two
minima in the energy profile, we have analyzed the total energy
and forces (and their components) acting on the skyrmion
when the radius is varied at fixed DMI, D¼ 0.95mJm�2. In
order to plot the energy profile as a function of skyrmion radius
E(Rs), we use the frozen spins technique (see Computational
Details). Since the DMI is strong enough to ensure the N�eel
type magnetization twisting, we assume that the frozen spins
mz ¼ 0, mr ¼ 1 correspond to the lowest energy state at each
radius of the ring, so the change of radius crosses a saddle point
in the energy function and allows us to estimate the minimum
energy path and height of the energy barrier for bi-stable
skyrmions.

We replace multilayer dot with simplified system, a single-
layer circular dot with effective Co thickness, tCo. That allows to
continuously change the magnetostatic contribution to the total
energy and study its influence on the skyrmion stabilization.
Specific tCo could be also reproduced by a multilayer system with
fitted tCo and Co–Co layer separation1. Figure 3c presents
simulated sizes of stable skyrmion states in the nanodot as a
function of the layer thickness, tCo. Simulations showed that bi-
stability exists and two possible skyrmion states are stable within
the range of Co thickness 2.2–2.6 nm.

When the energy profile is calculated at tCo ¼ 0:6 nm, a single
minimum is present around Rs ¼ 12 nm (Rs=R ¼ 0:048), see
1We assume that the the dot radius is much larger than the separation
between the ferromagnetic layers tsep � R leading to uniform magnetic
field across the thickness. We assume also that the effective dot thickness
should be much smaller than the cycloid period, teff � L, where L ¼
4πA=D and A being the micromagnetic exchange constant.[19]
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Figure 3d-e, and position of this minimum agrees with skyrmion
stabilized without the use of frozen spins. The stabilization of
this skyrmion is possible due to canceling of contributing forces:
magnetostatic, exchange and anisotropy.[13] These forces are
calculated from derivatives of contributions to the total energy
with respect to the skyrmion radius Rs and are presented in
Figure 3d as Fmag for magnetostatic force and Fσ for remaining
forces. The sum of all forces ΣF presented in Figure 3e is zero at
the energy minimum. The effect of the dot edge plays minor role
on stabilization and this skyrmion state is also expected to exist
in infinite film.[19] The skyrmion stabilization is realized due to
the nonlinear change in the magnetic energy as function of
skyrmion radius induced when the skyrmion diameter is in
order of domain wall (DW) width.[14]2

When the Co thickness is increased to tCo ¼ 2.4 nm, the
skyrmions with two different sizes can be stable. The energy
profile as function of the skyrmion radius is presented in
Figure 3a. The energy minima correspond to skyrmion sizes
found in Figure 3a at this value of tCo. Analyzing the force Fmag

(Figure 3f) one can observe significant curvature of the function
at high values of Rs. The curvature increases with thickness (or
Ms) increasing (Figure 3i) and appears due to presence of the
nanodot edge. The edge changes the Fmag function and leads to
stabilization of large radius skyrmion. Thus, presence of the
lateral confinement modifies the magnetostatic energy intro-
ducing nonlinearity in the magnetostatic force Fmag as function
of the skyrmion radius (see Figure 3f, i), and results in
stabilization of skyrmion with size that is not related to the dot
radius and DW width. The size of large skyrmion is not fixed to
Rs/R¼ 0.7–0.8 as in Ref. [19], but is proportional to the
magnetostatic interaction strength. The Co thickness 6.6 nm
(n¼ 11) and D¼ 1.4–1.6mJm�2 [11] correspond according to
Figure 2a and c to the stable N�eel skyrmion with the radius
Rs=R ¼ 0:6.

We distinguish two mechanisms of the skyrmion stabiliza-
tion in nanodots: i) small radius N�eel skyrmion is stabilized by
DMI when Rs is in range of the DW width; and ii) large radius
skyrmion is stabilized by nonlinear increase of the magneto-
static interaction with skyrmion radius increasing. The latter is
solely present in confined geometries. The stabilization of
these skyrmions is independent and a bifurcation can be
present in some cases, leading to the skyrmion bi-stability in
nanodots.

Further increase of tCo leads to increase of curvature of the
dependence Fmag Rsð Þ, crossing at small values of Rs is not
possible and small radius skyrmion becomes unstable
(Figure 3i). The effect of the nonlinearity in the magnetostatic
energy is very pronounced and large radius skyrmion is still
stable.

An example shown in Figure 3a for particular set of
parameters exhibits a double well potential separated by small
energy barrier, ΔE ¼ 2:33� 10�20 J. The energy barrier height
2 In nanodot, this nonlinearity in the energy as function of the skyrmion
radius is also present when the difference between dot radius and
skyrmion radius is in the range of domain wall width (or slightly higher
due to spin canting at the dot boundaries). Thus, the stable skyrmions in
nanodot can be classified as small or large size even when the
magnetostatic interaction is taken into account as an effective easy-plane
anisotropy.[19]
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Figure 3. The energy profile of skyrmion state as function of normalized skyrmion radius Rs=R in 250nm radius dot (tCo ¼ 2:4 nm andD¼0.95mJm�2).
b) Inset: enlarged energy profile with the indicated scale of the total energy. c) Small and large skyrmion size as function of the thickness of Co layer.
Dashed lines marked as I, II, III correspond to the force analysis presented in the panels (d-j). d,f,i) present the forces corresponding to the dot
with different Co thicknesses, 0.6 nm (I), 2.4 nm (II), and 3.0 nm (III), respectively. Fmag is a magnetostatic force, and remaining forces are presented
by Fσ. e,h,j) The sum of all forces is presented for I, II, and III cases, respectively, where zero value corresponds to the energy minimum. Red circles
indicate energy minimum expressed as a crossing of the curves of partial forces. g) Inset: enlarged forces for (II).
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can be enhanced and optimized via control of the magnetic
parameters, geometry or external magnetic field. The switching
between two skyrmion states can be realized, for example, by
sweeping external magnetic field or applying a field pulse.
Therefore, the skyrmion size hysteresis behavior can be realized
without presence of a Bloch point as in switching between the
skyrmions with opposite polarities.[6] The calculated skyrmion
bi-stability is principally different from one calculated account-
ing DMI formagnetic vortices[31] because the latter is realized for
different signs of D.

In conclusion, we analyzed influence of the magnetostatic
interaction in circular multilayer nanodots on stability of the
skyrmion magnetization configurations in ferromagnetic layers.
We found that the skyrmions can be stabilized due to two
different mechanisms, primary DMI or primary magnetostatic
interaction leading to small and large size skyrmions,
respectively. We found that these two kinds of the skyrmions
can be stable simultaneously in the same nanodot. Thus, we
demonstrated bi-stability of the skyrmion configurations with
the same core polarities, but different sizes. The bi-stable
Phys. Status Solidi RRL 2017, 1700259 1700259 (
skyrmions can be obtained in dots with realistic values of the
dot sizes and the DMI strength, exchange and anisotropy
parameters. Our results open a new route to design and develop
a more efficient skyrmion memory, where information is coded
as a skyrmion equilibrium size. The simulation approach based
on the build-in Mumax function frozen spins is able to estimate
the minimum energy path between two N�eel skyrmions with
different radii.
Computational Details

We performed finite-difference time-domain micromagnetic
simulations with Mumax3 solver[32] using a uniformly discretized
grid with the cell size 0.5–1.0 nm� 0.5–1.0 nm� 0.6–4.2 nm. We
used a set of parameters, which describes a multilayer thin film
with a perpendicular magnetic anisotropy and DMI induced at
the interfaces. We took the parameters measured for multilayer
Pt/Co/Ir dot in Ref. [11]: saturation magnetization Ms ¼ 956
kAm�1, exchange stiffness A ¼ 10:0 pJm�1, and perpendicular
© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim4 of 5)
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magnetic anisotropy Ku ¼ 0:717MJm�2. They are distributed
uniformly in 0.6 nm thick Co layer. Ultrathin Pt/Co/Ir dot total
thickness below 2.4 can be realized experimentally.[11,12] To keep
magnetostatic interactions between the layers we used air-gap
separation instead of the nonmagnetic spacers since the interlayer
exchange was neglected. Total thickness of one repeat was 2.4nm.
In order to simulate multilayer stacks we used finite periodic
boundary conditions.[32] Magnetization non-uniformity through
the thickness was neglected. To overcome staircase effects
resulting from the calculation method, we used built-in Mumax
function edge smooth.

The calculations of skyrmion size dependence on the DMI
strength were performed by starting from an artificially nucleated
skyrmionmagnetic configuration, relaxing systemandmeasuring
the skyrmion radius (if skyrmion was stable). We increased the
interfacial DMI, equilibrated the system at every DMI step and
used thepreviousmagnetizationconfigurationas an initial state in
the subsequent DMI increase step. Next, the same procedure was
repeated decreasing theDMI strength, starting froma large radius
skyrmion at maximum DMI value possible.

We used frozen spins technique to calculate the skyrmion
magnetic energy exploiting the Mumax built-in frozen spin
function. The edge of the skyrmion (mz ¼ 0, mr ¼ 1) is defined
as a narrow ring around the center of the nanodot. Such
condition facilitates a N�eel skyrmion configuration with radius
corresponding to the radius of the ring. The rest of the spins are
free and relax to an energy minimum. This method does not
assume any shape of the skyrmion profile, only its radius, in
contrast with the semi-analytical approach.[14,21] When varying
the ring radius we obtain the total skyrmion energy as a function
of its radius, see Figure 3.
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