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Diverse helicities of dipolar skyrmions
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Magnetic skyrmions, vortex-like spin textures possessing remarkable topological electron-magneto properties,
have emerged as promising candidates for information storage and processing in future spintronic devices. Helic-
ity, which characterizes the rotational sense of the spin swirl, represents a crucial degree of freedom for encoding
information in magnetic skyrmions. Traditionally, states with one and two helicities have been established for
skyrmions in chiral and dipolar/frustrated magnets, respectively. In this study, we explore the helicity diversity
of dipolar skyrmions in centrosymmetric magnets by extending our investigation to three-dimensional uniaxial
magnetic systems. Combining numerical simulations, we demonstrate that the inclusion of additional spin twists
along the depth dimension expands the twofold helicity degeneracy to fourfold and potentially beyond. Our
findings not only provide insights into the spin models of dipolar skyrmions but also promote the development
of topological spintronic devices, leveraging helicity as a key parameter.
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I. INTRODUCTION

Magnetic skyrmions are topological spin swirls that are
potentially applicable for topological spintronic devices [1-9].
These skyrmions are characterized by three freedom parame-
ters: vorticity, polarity, and helicity [3]. The helicity, denoted
as h, describes the rotation sense of the skyrmionic swirl and
can be expressed as the angle between the in-plane magneti-
zation and the radial axis from the vortex center. In specific
cases, Bloch skyrmions and Neel skyrmions exhibit helicity
values of h =0, m, and h = £ /2, respectively [10,11].
However, skyrmions with helicity values different from these
are referred to as hybrid Bloch-Neel skyrmions [12,13].
These distinct types of skyrmions with varying helicity values
contribute to the richness and versatility of skyrmion-based
systems, offering opportunities for tailoring their properties to
specific technological applications [14—17].

In noncentrosymmetric magnets, skyrmions stabilized by
the Dzyaloshinskii-Moriya interaction (DMI) exhibit a locked
relationship between helicity and polarity, also known as chi-
rality [1]. The polarity is determined by the orientation of
the out-of-plane magnetic field, resulting in a single style of
helicity for chiral skyrmions. Conversely, in centrosymmetric
magnets where skyrmions are stabilized by dipolar interac-
tions or frustration effects, the absence of chiral interactions
leads to a twofold degeneracy in skyrmion helicity [18,19].
The helicity can determine the dynamics of skyrmions, and
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becomes an important freedom parameter for information
coding in topological spintronic devices [12,17,20]. More-
over, recent studies explore the potential of the twofold
helicity of skyrmions for quantum-qubit applications [16,18].
Both experiments and simulations have proposed various
techniques, including current [17], voltage [21], and thermal
methods [22], to control skyrmion helicity. A comprehensive
understanding of skyrmion helicity is crucial for the develop-
ment of helicity-based topological spintronic devices.

In the pursuit of developing three-dimensional (3D) topo-
logical solitons, such as skyrmion bundles [23], bobbers [24],
and Hopfions [25], the consideration of magnetism in the
depth dimension provides an additional spatial degree of free-
dom. Recent studies have uncovered intriguing phenomena,
including complex Bloch-to-Neel helicity reversal, occurring
from the interior to the surface layers of uniaxial magnets and
magnetic multilayers [26-28]. These reversals are attributed
to the influence of magnetic dipolar-dipolar interactions. No-
tably, despite the presence of additional spin twists along the
depth orientation, dipolar skyrmions in uniaxial magnets still
maintain a twofold degeneracy in helicity [19,26,29]. Here,
we refer to dipolar skyrmions and bubbles in Fe;Sn, as the
spin configurations with Q = —1 and 0, respectively. More-
over, in our previous work [30], we have also presented a
hybrid skyrmion-bubble configuration, in which the magne-
tizations in near-surface and middle layers possess Q = —1
and 0, respectively.

In this study, combining 3D micromagnetic simulation
with Lorentz transmission electronic microscopy magnetic
imaging, we investigate the multifold freedom of spin twists

©2024 American Physical Society
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(a) C1
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FIG. 1. Simulated 3D dipolar skyrmions with a diverse helicity. (a) 3D and cross-sectional spin configurations, (b) magnetizations in the
top surface layer z = 150 nm, (c) magnetizations in the middle layer z = 75 nm, and (d) magnetizations in the bottom surface layer z = 0 nm
for four types of dipolar skyrmions denoted by C1, C2, C3, and C4. Black and red annular arrows represent a counterclockwise rotation
of the Bloch spin twists, while white and green ones denote a clockwise rotation of the Bloch spin twists. The color scheme signifies the
magnetization orientation, according to the color wheel. The arrows in (a) are plotted on the isosurface m, = —0.5. Magnetic field is 200 mT.

along the depth in a centrosymmetric uniaxial magnet
Fe;Sn; [26,30-33]. Our findings demonstrate the presence
of Bloch-twisted skyrmions in the interior layers, while
hybrid Bloch-Neel-twisted skyrmions are observed in the
near-surface layers. Notably, the integrated magnetizations
over the top and bottom layers exhibit residual Bloch spin
twists, which can align and antialign with the helicity of
skyrmions in the interior layer. Consequently, the degeneracy
of 3D dipolar skyrmions can be expanded from a twofold to a
fourfold and potentially higher-fold degeneracy. These results
promote the fundamental understanding of spin textures of
dipolar skyrmions, and potential spintronic device applica-
tions based on helicity.

II. METHOD

We use in situ Lorentz TEM (Talos F200X, FEI) at 200 kV
to image Fes;Sn; films (3.4 um x 4.2 yum, 150 nm thickness).
The differential phase contrast (DPC) microscope is operated
at low magnification in scanning TEM (STEM) mode using a
split quadrant detector. The probe convergence and detection
angles for the DPC-STEM measurements are set to 7 and 1
mrad, respectively; the corresponding probe size is 3.6 nm. All
experiments are performed at room temperature. The Fe;Sn;
disks are fabricated from a single crystal employing a fo-
cused ion beam and scanning electron microscopy (Helios
Nanolab 600i, FEI). Single crystals are grown via chemi-
cal vapor transport with high-purity iron and tin. Fe;Sn;’s
out-of-plane orientation is the [001] axis identified by x-ray

diffraction. A heating process (800°C for 7 days), followed
by grinding and temperature gradient maintenance (720°C
to 650°C for 2 weeks) are employed to prepare sintered
Fes;Sn,. The ion-sputtered carbon disk is transferred to a
copper grid for TEM magnetic imaging. Further specifics
regarding the disk fabrication process are outlined in pre-
vious reports [34,35]. Micromagnetic simulations with the
double precision GPU acceleration (MUMAX3 [36], JUMAG
[37]), consider exchange interaction (A), magnetic anisotropy
(K,), and dipole-dipole interaction at room temperature (K, =
54.5kIm~>, My = 622.7kAm~', A =8.25pIm~! [26,32]).
To characterize the properties of isolated dipolar skyrmions,
a disk geometry with 510-nm diameter, 150-nm thickness,
and a cell size of 3 x 3 x 3nm? is used in the simulations.
Simulated Fresnel contrasts are obtained utilizing a modified
MALTS tool [38].

III. RESULTS AND DISCUSSION

Magnetic dipolar skyrmions, also referred to as type-I
bubbles or skyrmion bubbles, are a result of the delicate
balance between uniaxial anisotropies and magnetic dipole-
dipole interactions [19,26,29,39-46]. These are commonly
found in centrosymmetric uniaxial magnets. Typically, dipolar
skyrmions are represented by cylindrical domains with mag-
netizations that are antiparallel to out-of-plane orientations
and closure domain walls, which contribute to an integer
charge Q. This is evidenced by the magnetization in the mid-
dle layers of 3D dipolar skyrmions in Fe;Sn,, as illustrated
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FIG. 2. (a) The mutual transformation from C1 to C3, subsequently to C2, and finally to C4. The uniquely marked symbols correspond
to the stable equilibrium states as depicted in Fig. 1. (b) Schematic representation describing the helicity 4. (c) The corresponding helicity &

along the depth for four configurations.

in Fig. 1. Sharing identical topology, topological electron-
magnet properties, and nanometric room-temperature size
with chiral skyrmions, dipolar skyrmions exhibit twofold
degenerate rotation senses of domain wall magnetization,
either clockwise or counterclockwise [19,26,29,39,40,42—
46]. Based on measured magnetic parameters of Fe;Snj
[19,26,39], we simulated 3D spin textures therein using
MUMAX3 [36]. In 3D uniaxial magnets, the magnetizations are
not uniform in depth due to the magnetic dipole-dipole inter-
actions. These dipole-dipole interactions cause the spin twists
in the near-surface layers to follow the Neel-type rule. Fur-
thermore, the competition between ferromagnetic exchange
interaction and dipole-dipole interaction results in hybrid
Bloch-Neel spin twists in near-surface layers, demonstrated
by the magnetizations in near-surface layers in Figs. 1(b) and
1(d). The helicity of the Bloch-twisted component in near-
surface layers typically aligns with that in the middle layers.
We employ the notations C1 and C2 to denote the counter-
clockwise and clockwise rotations of 3D dipolar skyrmions
in all layers, respectively. Notwithstanding the additional spin
twists along the depth, the topological charge Q in each layer
remains —1.

Setting skyrmions with C1 and C2 helicities as two end
states, we obtain their mutual transformation using a nudged
elastic band (NEB) [37] simulation, as illustrated in Fig. 2(a).
Interestingly, the NEB simulations identify an additional
metastable skyrmionic phase denoted as C3, as shown in

Fig. 1. Here, we define the helicity angle 2 as the angle
between the in-plane magnetization and the radial axis from
the skyrmion center, as shown in Fig. 2(b). While the he-
licity of the middle layer for the C3 skyrmion (h = 7 /2)
mirrors that of the C1 skyrmion, the spin twists in their
near-surface layers rotate differently. For the C3 skyrmion,
the helicity angles at the top and bottom surface layers are
h > m and h < 0 [Fig. 2(b)], respectively. Consequently, for
the C3 skyrmion, the Bloch components of hybrid skyrmions
in near-surface layers exhibit clockwise rotations [Figs. 1(b)
and 1(d)], in contrast to the counterclockwise rotations of
skyrmions in the middle layers [Fig. 1(c)]. Based on sym-
metry, a skyrmion phase with C4 helicity also exists, where
the Bloch-component spin twists in the surface and middle
layers display clockwise and counterclockwise rotations, re-
spectively, as depicted in Fig. 1. The spin twists for C1 and
C3 skyrmions reveal identical helicities in the interior lay-
ers [Fig. 2(¢)], i.e., z = 30-75 nm, with & € [0, 7 /2]. Upon
reaching the surface layers, the spin twists have two options,
resulting in the formation of C1 and C3 skyrmions. The mag-
netic transformation from C1 to C2 skyrmions comprises two
stages mediated by the C3 skyrmions (Fig. 2(a) and Supple-
mental Fig. S1 [47]): (1) The residual Bloch-twisted spins in
the surface layers switch from clockwise (h = 2.41 in the top
surface and 0.91 in the bottom surface) to counterclockwise
(h = 3.93 in the top surface and —0.62 in the bottom surface)
rotations, in the range of image distance from 0 to 117; (2) The
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FIG. 3. Observation of dipolar skyrmions with fourfold degeneration in Fe;Sn,. (a) Simulated average in-plane magnetization mappings,
with the following corresponding under-defocused Fresnel images. (b) Experimental DPC magnetization images, with the following corre-
sponding under-defocused Fresnel image. The color indicates the in-plane magnetization orientation and magnitude based on the color wheel.

Defocused distance, —500 um.

Block-component twisted spins in the middle layers transition
from clockwise (& = 1.53 in the middle) to counterclock-
wise (h = 5.7 in the middle) rotations, in the range of image
distance from 117 to 1324. Similarly, the inverse magnetic
transformation from C2 to C1 skyrmions should also include
two steps mediated by the C4 skyrmions [Fig. 2(a)].

Three-dimensional C1 and C2 dipolar skyrmions have been
widely experimentally identified from the two-dimensional
(2D) average in-plane magnetization [10,17,22,26,29,40,43—
46]. The NEB calculations demonstrate that the energy bar-
rier required for the transformation from C3 to C2 is 4.7 x
10729 J, while transitioning from C2 to C4 necessitates an
energy barrier of 7.6 x 1073 J. Both barriers significantly
surpass the thermal fluctuation energy kg7 = 4 x 107! J (kg
is the Boltzmann constant) at room temperature (7T = 290 K),
thereby suggesting the potential stabilities of C3 and C4
skyrmion at room temperature. We further calculate the mag-
netic configurations initialized by C1 and C3 states after a
1-ns relaxation at 7 = 300K (Supplemental Fig. S2 [47]).
Our results provide evidence for the stability of these states
at room temperature. Our calculations also demonstrate that
all four states can remain stable for thicknesses exceeding
130 nm (Supplemental Fig. S3 [47]).

In the surface layers of dipolar skyrmions, the Bloch
component primarily originates from the near-center region,
whereas in the middle layer, the helicity is concentrated in an
outer ring, as indicated by the white dotted arrows in Fig. 1(b).
Therefore, the diverse helicities are distributed across different
in-plane regions, suggesting that Lorentz TEM could effec-
tively distinguish these different helicities [48]. To further
analyze the distribution of helicities along the depth of the
C3 and C4 skyrmion configuration, we investigate the average
in-plane magnetization and corresponding under-defocused
Fresnel images for different z regions, as detailed in Fig. 3
and Supplemental Fig. S4 [47]. The near-surface layers at
7 =0—45 nm and z = 105-150 nm contribute to the signal
at the center of the Fresnel image, while the middle lay-
ers at z = 45-105 nm contribute to the signal on the outer
ring. Upon averaging over the top and bottom near surfaces,
the Neel component of the in-plane magnetization cancels
out, yielding a corresponding Fresnel image that displays
a counterclockwise (clockwise) rotation in the center and a
clockwise (counterclockwise) rotation on the outer ring for
C3 (C4) (Supplemental Fig. S4 [47]). Figure 3(a) presents
the simulated average in-plane magnetization mapping for
the four configurations, where the helicity near the center is
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FIG. 4. (a), Bubble-to-skyrmion transformation with decreasing
titled field angle B, and then decreasing magnetic field. The orien-
tation of the in-plane field component B is depicted by the black
arrow. (b) C3-to-C1 and C4-to-C2 skyrmion transformation in the
field-increasing process at a field angle B = 0. Defocused distance,
—500 pum.

inverted compared to that of the outer rings that show up on
C3 and C4 structures. The Fresnel Lorentz TEM method is
sensitive to the Bloch spin twists of vortex-like structures [48],
which manifests as the Lorentz scattering of probe electrons.
As a result, a strengthened (brightness) and weakened (dark-
ness) target-like pattern is observed in Fresnel Lorentz TEM
images corresponding to clockwise and counterclockwise ro-
tations, respectively.

Here, we employ both Fresnel and DPC scanning transmis-
sion electron microscopy magnetic imaging techniques, which
visualize the in-plane magnetizations [26,32,49,50], to iden-
tify the diversity of helicities, as shown in Fig. 3. Figure 3(b)
displays the experimental DPC and Fresnel images, which
closely resemble the corresponding simulated configurations
shown in Fig. 1. This offers ambiguous experimental proof for
the diversity of helicities for dipolar skyrmions.

Notably, the dipolar skyrmions exhibiting a diversity of
helicities [Fig. 3(b)] could be easily misinterpreted as 2w
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FIG. 5. Simulated magnetic field-dependent total energy density
difference between initialized with C3 to C1 skyrmions Ec3 — E¢.
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skyrmions [34], without accounting for 3D magnetism. How-
ever, a crucial distinction between 27 skyrmions and dipolar
skyrmions with varied helicities lies in their disparate topolog-
ical charges. While 27 skyrmions carry a topological charge
of O = 0, dipolar skyrmions hold a charge of Q = —1. Due
to the absence of the DMI, dipolar skyrmions permit both
rotations. As a result, the detection of the center and one out-
side ring pattern in the images of dipolar skyrmions exhibiting
fourfold helicity aligns with this characteristic.

Skyrmions with C1 and C2 helicities have been frequently
obtained experimentally in uniaxial magnets. In this work,
we achieved the experimental realization of skyrmions with
C3 and C4 helicities through a process involving a tilted
field at a low field region, as depicted in Fig. 4(a). At high
tilted field angles, topologically trivial bubbles with Q = 0
always remain stable to minimize Zeeman energy [30,45]. By
decreasing the field angle to 1° at B = 460 mT, the bub-
ble initially transforms to a hybrid skyrmion-bubble, which
consists of skyrmions in the near-surface layers and bubbles
in the interior layers [30]. Then, with decreasing the field to
B = 46 mT, the hybrid skyrmion-bubble finally transforms
to a dipolar skyrmion accompanied by the annihilation of
Bloch lines in the interior layers (see Supplemental Fig. S5
for detailed simulated structures [47]). The topological mag-
netic transformation from a bubble to a skyrmion proceeds
in two steps: (1) Bubbles in the near-surface layers transform
into hybrid Bloch-Neel-twisted skyrmions at a relatively high
tilted angle; (2) Bubbles in the interior layers transform into
Bloch-twisted skyrmions at a relatively low tilted angle. Dur-
ing the transformation of the second step, the helicity of Bloch
spin twists in the middle layers has two options, either align
or antialign with the Bloch component of spin twists in the
near-surface layers. The latter option leads to the formation of
dipolar skyrmions with C3 and C4 helicities.

We further investigate the stability of dipolar skyrmions
with C3 and C4 helicities under increasing magnetic fields,
as depicted in Fig. 4(b). As the magnetic field increases to
about 552 mT, the C3/C4 skyrmion becomes unstable and
transforms to a C1/C2 skyrmion, demonstrated by the tran-
sition of the center helicity from bright to dark in the Fresnel
images [Fig. 4(b)]. The major transformations occur in near-
surface layers, leading to a change in the central magnetic
contrasts of dipolar skyrmions. To explain the stability of
skyrmions with C3 and C4 helicities, we perform simula-
tions that trace the magnetic evolution under an increasing
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FIG. 6. Observation of dipolar skyrmions at a large Fe;Sn, lamella. (a), DPC magnetization image under external magnetic field of 46 mT.
The color scheme signifies the magnetization orientation, according to the color wheel. (b), Fresnel image under zero field. Defocused distance,

—500 pum.

magnetic field, starting with an initial C3 skyrmion (Fig. 5
and Supplemental Fig. S6 [47]). The C3 skyrmion remains
stable, yet it undergoes a transformation to a C1 skyrmion
when the magnetic field surpasses 215 mT, with the helicity
in the near-surface layers experiencing an abrupt shift. The
high-field instability of C3 and C4 skyrmions suggests that a
small titled field angle, approximately around 1°, is a crucial
factor in the field-decreasing process [Fig. 4(a)]. This small
angle enables the transformation of these skyrmions into C3
and C4 configurations at low magnetic fields, originating from
their hybrid skyrmion-bubble states observed at high fields.
The helicity angles for both the top surface (h = —0.78
to —0.62) and bottom surface (h =4.06 to 3.93) exhibit
slow alterations when the field ascends from 100 mT to
215 mT. A sudden change from 2 = —0.48 to 0.92 is ob-
served on the top surface and from 4 = 3.79 to 2.41 on the
bottom surface upon reaching the critical transformation field

H13 (H31) H24 (H42)

(b)

Fresnel

B =215 mT. The simulated C3-to-C1 skyrmion transforma-
tion (Fig. 5 and Supplemental Fig. S6 [47]) is quite consistent
with our observations [Fig. 4(b)]. While the energies for the
C3 and C4 skyrmions are slightly higher than those of C1
and C2 skyrmions, the energy difference gets much smaller
in the region of lower fields (Fig. 5), thereby rationalizing the
stabilization of C3 and C4 skyrmions in lower magnetic fields.

In addition to the skyrmions with C1-C4 helicities, as
displayed in Fig. 6, there are more skyrmions without
central vortex-like spin configurations. This suggests a higher-
fold degeneracy of helicity. Herein, we introduce dipolar
skyrmions with four additional helicities of the hybrid states,
as illustrated in Supplemental Fig. S7 [47]. These hybrid states
exhibit spin twists in the Bloch component in the top surface
layer that can be reversed with those in the bottom surface.
With the dual helicity of Bloch skyrmions in the middle layers,
these hybrid structures can exhibit a fourfold helicity. For

H13 (H31) H24 (H42)

FIG. 7. Observation of dipolar skyrmions of four hybrid configurations in Fe;Sn;,. (a) Simulated average in-plane magnetization mappings,
(b) simulated under-defocused Fresnel images, (c) experimental DPC image, and (d) experimental under-defocused Fresnel image. The color
scheme signifies the magnetization orientation, according to the color wheel. Defocused distance, —500 um.
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instance, H13 represents the hybrid state of the bottom layers
of C1 and the top layers of C3, and this nomenclature extends
to H31, H24, and H42 states. Due to the reverse rotation of
the Bloch components at the top and bottom surface layers for
these hybrid states, the overall in-plane magnetization, when
integrated with the two proximate surface layers, completely
cancels out, resulting in zero in-plane magnetizations and
Fresnel contrasts (Figs. 7 and 8). Consequently, H13 and H31,
as well as H24 and H42, exhibit identical in-plane magnetiza-
tion mappings and Fresnel contrasts, making it challenging
to distinguish them using traditional Lorentz TEM. Our
experiments also confirm the presence of hybrid skyrmions

lacking central Fresnel contrasts [Figs. 7(c) and 7(d)], show-
casing the diverse multifold freedom of helicities in dipolar
skyrmions.

IV. CONCLUSIONS

In summary, we have demonstrated the theoretical predic-
tion and experimental observation of 3D dipolar skyrmions
with diverse helicities in Fe;Sn, nanostructures. The mag-
netic dipole-dipole interaction induces additional spin twists
along the depth orientation, enabling the multifold freedom
helicities for skyrmions in near-surface and interior layers.
By extending the 3D topological spin twists, we achieve a
fourfold, and potentially even greater, degeneracy of helic-
ity through a two-step magnetic reversal from bubbles. Our
results reveal the diverse helicities in dipolar skyrmions, sug-
gesting this could be a significant variable for information
encoding in future topological spintronic devices.
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