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Magnetic skyrmion is a particle-like swirling spin texture promising for future memory
devices. The geometric confinement and artificial control of skyrmions are crucial for such
practical applications. In a previous research, we developed a technique to confine
skyrmions to simple geometric corrals, such as a rectangle and a triangle, composed
of artificial surface pits with nanometer-scale dimensions fabricated by using a focused
electron beam. The technique has a potential advantage of facilitating more complex
geometries, which has not been fully explored yet. Here we directly visualize skyrmions
confined to surface-pit corrals with several complex geometries by using differential phase
contrast scanning transmission electron microscopy. We find that individual skyrmions are
deformed not only in shape but also in size under a moderate-bias field. We also find that
deformed skyrmionic spin textures with opposite polarities coexist in the zero-field
condition. The present study provides a guide to confine skyrmions, which should be
useful for future applications.

Keywords: magnetic skyrmion, geometric confinement, individual skyrmion deformation, surface-pit corral,
differential-phase-contrast scanning transmission electron microscopy, complex geometry, polarity control,
room temperature

INTRODUCTION

Magnetic skyrmion [1–5] is a particle-like swirling spin texture arising from the competition between
Heisenberg and Dzyaloshinskii–Moriya (DM) exchange interactions [6, 7]. It attracts growing
attention as it is promising for future innovative devices owing to its nanometer-scale dimensions
and topological stability [8, 9]. In such practical applications, skyrmions are expected to be confined
in nanostructures with various geometries so that the influence of such geometric confinement on the
behaviors of skyrmions is essential. In modern magnetic recording technology, such as the bit
patterned media technology [10], geometric confinement is one of the key techniques to increase the
stability of the elemental spin textures and hence the density of recorded information. Geometric
confinement of skyrmions has been studied by micromagnetic simulations, assuming simple
geometries such as nanodisks [11–15] and constricted channels [16, 17]. To realize the
geometric confinement of skyrmions in experiments, conventional microfabrication techniques
were used to fabricate nanodisks [18–22], nano-strips [23–25], and holes/trenches [26, 27]. In these
studies, complete physical edges were utilized to confine skyrmions. Partial physical edges like the
surface nano-strips with various widths and thicknesses created by using focused gallium ion beam
[28] are also effective to confine skyrmions. In addition, non-physical (chemical) edges were also
shown to be effective to confine skyrmions. By using helium ion beam, the DM interaction in a
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localized region was modified to confine skyrmions in simple
geometric shapes like nano-strips and squares [29]. Recently, it
was demonstrated that skyrmions can be effectively confined in
channels by fabricating stripes with modified magnetic properties
in a single ferromagnetic film [30]. Alternatively, Zhang et al. [31]
showed that skyrmions were directly created by scanning the
surface of a specimen by a magnetic force microscopy (MFM) tip
with bias field. Using the same technique, Ognev et al. [32] have
demonstrated the creation of zero-bias-field skyrmion patterns
with complex geometries, such as a toroid and an alphabet S. In a
previous study [33], we demonstrated that even tiny surface pits
with nanometer-scale dimensions fabricated by using a focused
electron beam (surface-pit corral) are effective to confine stable
skyrmion states. These unconventional techniques have the
potential advantage of facilitating complex geometries that are
difficult or even not feasible by conventional microfabrication
techniques.

Unlike rigid particles, such as colloidal particles and atoms,
skyrmions can change their shape. Such a deformation of
individual skyrmions was first revealed in an in situ Lorentz
transmission electron microscopy (TEM) study, demonstrating
that a small uniaxial tensile strain induces a very large anisotropic
deformation (elongation) of a skyrmion lattice (SkL) as well as
individual skyrmions constituting the lattice [34]. We also found
that individual skyrmions can flexibly change not only their
shapes but also their sizes to accommodate the free volumes
formed at the domain boundary cores of SkLs under the
influence of the complete physical edges of a thin-plate
specimen [35]. The domain boundary structure can be
described by the periodic combination of fivefold-coordinated
and sevenfold-coordinated structure units as frequently observed
in real atomic crystals. Skyrmions at the center of fivefold-
coordinated structure units are spatially compressed, while
skyrmions at the center of sevenfold-coordinated structure
units are spatially elongated compared with the regular circular
skyrmions. Recently, such deformed skyrmions were shown to
play significant roles in the spontaneous creation and annihilation
of skyrmions [36]. Artificial control of such deformations
(elongation and compression) of individual skyrmions is
important from a viewpoint of practical applications as
suggested by a recent proposal to utilize a skyrmion with an
elliptical profile confined in a magnetic nanodisk as the qubits for
quantum computing platforms [37]. On the other hand, artificial
control of the swirling nature of skyrmions is also important from
a viewpoint of practical applications. The swirling nature of a
skyrmion is characterized by several parameters [21]: magnetic
helicity γm, polarity p, and circularity c. The magnetic helicity is
defined as γm = + and γm = − for a right-handed spin helix and a
left-handed spin helix, respectively. Following the same definitions
as commonly used to describe a magnetic vortex—a similar
swirling spin texture—[38], skyrmions, with their out-of-plane
magnetizations at the core pointing up and down, are defined by
polarity p = +1 and p = −1, respectively, while skyrmions with their
in-plane magnetizations rotating clockwise (CW) and counter-
clockwise (CCW) around the core are defined by the circularity c =
+1 and c = −1, respectively. The magnetic helicity is determined
once a material is given, depending on the crystallographic

chirality Γc and sign of the DM interaction, where Γc is defined
as + and − for right-handed and left-handed crystallographic
chirality, respectively [39, 40].When themagnetic helicity is given,
p is determined uniquely once c has been given and vice versa,
depending on the direction of the bias magnetic field applied on a
specimen. So far, several attempts to control the swirling
parameters of skyrmions have been reported. A unique spin
texture in a confined geometry called a target skyrmion, which
was predicted in theoretical and numerical investigations [12, 19],
was directly visualized by Lorentz TEM in a 160-nm-diameter
nanodisk of FeGe [21]. In zero magnetic field, two types of target
skyrmions [one is characterized by a combination of positive
circularity (c = +1) and positive polarity (p = +1), while another is
characterized by a combination of negative circularity (c = −1) and
negative polarity (p = −1)] were observed as the material possesses
the right-handed magnetic helicity (γm = +). The two stable
ground states with opposite characteristics were demonstrated
to switch each other by changing the direction of the
perpendicular magnetic field applied on the thin-plate
specimen. The polarity reversal of skyrmions was also feasible
by thermal activation in a thin plate of barium hexaferrite [41] and
by switching the magnetic helicity in a thin plate of Mn1 - xFexGe
with varying compositions, resulting in the sign reversal of theDM
interaction [42]. Theoretically, two degenerate skyrmion states
characterized by opposite polarities can be created by applying an
inclined magnetic pulse [43] that was used for magnetic vortex
core reversal [35].

To investigate the deformations of individual skyrmions while
distinguishing their swirling characteristics, direct real-space
visualization techniques of individual skyrmions with high spatial
resolutions, such as Lorentz TEM [5, 44], off-axis electron holography
[45, 46], and differential phase contrast scanning TEM (DPC STEM)
[33, 47], are powerful. DPC STEM is arguably the most powerful
technique, particularly when the magnetic spin texture and various
kinds of material defects, such as edges, grain boundaries, and surface
pits, must be visualized simultaneously, as demonstrated by previous
works [33, 35, 48–50]. Here we report skyrmion states confined to
surface-pit corrals with complex geometries directly visualized in real-
space with nanometer spatial resolution by using the DPC STEM
technique.

MATERIALS AND METHODS

Bulk Polycrystal Preparation
A bulk polycrystalline β-Mn type Co8Zn8Mn4 was synthesized by
Dr. Yeong-Gi So at Akita University from highly pure Co
(99.99%), Zn (99.99%), and Mn (99.99%) using an electric
furnace; the constituent elements with the nominal
composition of Co8Zn8Mn4 were sealed in an evacuated silica
tube, heated at 1,273 K for 12 h, subsequently cooled to 1,198 K at
a cooling rate of 1 K/h, and annealed at 1,198 K for 72 h, followed
by water quenching.

Thin-Plate Specimen Preparation
A (111) thin plate was fabricated from a bulk crystal by using an
Ion Slicer (IS9001, JEOL, Ltd.). Prior to observation, the thin plate
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FIGURE 1 | Differential phase contrast scanning TEM images of skyrmion lattices in a thin plate of Co8Zn8Mn4 at room temperature (296 K) (A–D) and at a low
temperature (95 K) (E–H). (A,E) In-plane magnetic induction as a color map and (B,F) intensity. (C,G)Magnetic helicity images [35] and (D,H) simultaneously acquired
annular dark-field images. The same pixel dwell time of 640 μs was used to record these images. Perpendicular magnetic fields of 40 and 60 mT are applied at 296 and
95 K, respectively. Yellow shapes indicate several deformed skyrmions, not only in shape but also in size, while a red circle indicates less deformed circular
skyrmions in (G).
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was further polished with a plasma cleaner (Solarus, Model 950,
Gatan, Inc.). The typical thickness of the thin plate is estimated to
be about 150 nm.

DPC STEM Experiments
For DPC STEM observations, we used a STEM (JEM-2100F,
JEOL, Ltd.) equipped with a probe-forming aberration corrector
(CEOS, GmbH) and a Schottky field emission gun operated at
200 kV. This microscope was equipped with a segmented annular
all-field detector which was described in a literature in detail [51].
When observing magnetic skyrmion, the objective lens was
switched off, and the illumination system was adjusted to
obtain a probe size of about 3.5 nm with a probe-forming
aperture semi-angle of 0.426 mrad. A perpendicular magnetic
field was applied by weakly exciting the objective lens, and the
field strength was calibrated by using a magnetic field measuring
specimen holder equipped with three Hall-probe sensors. Even
when the objective lens of the microscope is completely switched
off and demagnetized several times, a small remnant
perpendicular magnetic field of around 20 mT is applied on
the thin-plate specimen. We use “zero-field” to refer to this
experimental condition throughout the manuscript. For a
probe size of 3.5 nm, the detector ranges are 0.346–0.520 and
0.78–1.35 mrad for DPC images and annular dark-field (ADF)
images, respectively. To record images, we used pixel dwell time

as long as 1 ms in the present study to obtain sufficient contrast at
room temperature.

Surface-Pit Corral Fabrication
The same STEM (JEM-2100F, JEOL, Ltd.) used for DPC STEM
observations was also used to fabricate surface-pit corrals with the
objective lens strongly excited to form a smaller probe size (<
1 nm) with increasing probe current. A customized program
written at the University of Tokyo was used to control the
scanning of the focused electron beam to create a sequence of
surface pits forming complex geometric patterns. The details of
the nature of surface pits are described elsewhere [33].

RESULTS AND DISCUSSIONS

Room-Temperature Skyrmion Lattice in a
Thin Plate of Co8Zn8Mn4
For practical applications, magnetic skyrmions stable at room
temperature are highly desirable. To observe stable magnetic
skyrmions at room temperature (296 K), we use a (111) thin
plate of Co8Zn8Mn4 [33, 52] with the critical temperature (Tc) of
300 K. Due to the decreased magnetization at room temperature
(T / Tc ~ 0.99 for T = 296 K), however, the contrast of skyrmions
at room temperature is much lower than that at a low

FIGURE 2 | Skyrmion states confined to surface-pit corrals with three simple geometries. Schematics of (A) a square, (F) a circle, and (K) a triangular corral. Annular
dark-field images of fabricated corrals with a square (B), a circle (G), and a triangle geometry (L) by using a focused electron beam. The edge length of the square,
diameter of the circle, and edge length of the equilateral triangle are equally 440 nm. Several q-vectors defined by each corral are indicated by yellow arrows in (B), (G),
and (L), respectively. Magnetic helicity images of spin textures confined to a square corral (C–E), a circular corral (H–J), and a triangular corral (M–O) are shown.
Spin textures in two independent zero-field conditions (C,D,H,I,M,N) and under the perpendicular magnetic field of 60 mT (E,J,O) are shown. Skyrmions are displayed
as bright particles. Pixel dwell time is 1 ms.
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temperature (T / Tc ~0.32 for T = 95 K). A longer pixel dwell time
than usual is hence required at room temperature to record images
with sufficient contrast. Figure 1 shows a comparison of DPC STEM
images of SkLs in a thin plate of Co8Zn8Mn4 at room temperature
(296 K) under the perpendicular magnetic field of 40mT (Figures
1A–D) and those at a low temperature (95 K) under the perpendicular
magnetic field of 60mT (Figures 1E–H) recorded with the same pixel
dwell time (640 μs). In the reconstructed in-planemagnetic induction,
as shown in Figures 1A,B, individual skyrmions with negative
circularity (CCW, c = −1) are directly visualized at room
temperature. Note that the in-plane magnetic induction as a color
map as shown in Figure 1A is disturbed by diffraction contrast due to
the inevitable bending of the thin-plate specimen. The swirling in-
plane magnetic induction with negative circularity is correctly
reconstructed only for a few individual skyrmions in the lattice. In
magnetic helicity images [35] (Figure 1C), however, skyrmions with
negative circularity are visualized as bright particles without an
apparent influence of the diffraction contrast. In the ADF image
(Figure 1D), no obvious contrast other than the diffraction contrast is
observed, which proves that no apparent structural defect exists in the

field-of-view of the thin-plate specimen. Since the bias magnetic field
is in the down direction as indicated by the crossed circle symbols in
the figure, the polarity of skyrmions as visualized in Figures 1A–C is
inferred as positive (p = +1). It follows that themagnetic helicity of the
specimen is left-handed (γm = −). Individual skyrmions are mostly
circular in shape. In contrast, strongly deformed skyrmions are
observed at a temperature of 95 K (Figure 1E–G). No contrast
indicating the existence of apparent structural defects is observed
again in the ADF image (Figure 1H), ensuring that the deformations
are not induced by structural defects in the specimen. Note that
skyrmions are deformed not only in shape but also in size as indicated
by several yellow shapes, compared with the less deformed circular
skyrmion as indicated by a red circle in Figure 1G. It appears that the
deformed skyrmions prefer a few orientations rather than random
orientations, which can be ascribed to the weak crystal magnetic
anisotropy in the (111) plane at 95 K. Actually, in a previous Lorentz
TEM study [53], it was reported that circular skyrmions created by
70mT field-cooling at 280 Kwere deformed into the bar- or L-shaped
form in a (001) thin plate of Co8Zn8Mn4when the specimenwas field-
cooled to a temperature of an extremely low temperature (6 K). The

FIGURE 3 | Confinement of skyrmions to surface-pit corrals defined by two nested curved boundaries (track and field). (A) Schematic of the two corrals with smaller and
larger sizes. (B) Annular dark-field (ADF) image of the two corrals fabricated by a focused electron beam on the surface of the thin-plate specimen. The track width of the smaller
corral and that of the larger corral are 420 and 630 nm, respectively. (G) In-plane magnetic induction as a color map and (H) intensity obtained in the area indicated by a white
square in (B). (C)Magnetic helicity image and (D)ADF image of the smaller corral. (I) In-planemagnetic induction as a colormap and (J) intensity confined in the larger corral.
Only the field-of-view as indicated by the yellow square in (B) is shown. (E) In-plane magnetic induction as a color map and (F) intensity confined in the larger corral at a higher
magnification. (K) In-plane magnetic induction as a color map and (L) intensity confined in the larger corral at a higher magnification. Elongated skyrmions are indicated by white
arrows in (E,F,K,L). The pixel dwell time is 1 ms. The S and L letters at the top-right corner of each image indicate the smaller and the larger corrals, respectively.
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elongation directionnearly aligned along themagnetic easy axis<100>,
which is induced by the enhancement ofmagnetocrystalline anisotropy
at the low temperature. Deformed skyrmions are also created at room
temperature by geometric confinement as will be shown below.

Skyrmion States Confined to Surface-Pit
Corrals with Simple Geometries
First, we briefly review skyrmion states confined to surface-pit
corrals with three simple geometries—a square, a circle, and a
triangle—as schematically shown in Figures 2A,F,K

respectively. The ADF images of the fabricated corrals are
shown in Figures 2B,G,L. The edge length of the square,
diameter of the circle, and edge length of the equilateral
triangle are equally 440 nm. Here only helicity images are
shown because the reconstructed in-plane magnetic induction
maps are severely disturbed by diffraction contrast (data not
shown). We obtained images in the zero-field condition
several times, which resulted in slightly different images.
Zero-field 1 and zero-field 2 correspond to two
independent experimental results. Note that the two states
were not created as a result of any specific hysteresis loop as

FIGURE 4 | Individual skyrmions confined to a surface-pit corral with a complex geometry (Olympic symbol) under moderate-bias fields. (A) A schematic of the five
interlaced rings of equal dimensions (630 nm in diameter). (B) Annular dark-field image of the fabricated pattern on the thin-plate specimen. (C–E) Individual skyrmions
under the perpendicular magnetic field of 60 mT. (F–H) Individual skyrmions under the perpendicular magnetic field of 93 mT. (I–K) Individual skyrmions under the
perpendicular magnetic field of 93 mT with a slight change of the specimen orientation from the one shown in (F–H). (C,F,I) In-plane magnetic induction as a color
map, (D,G,J) as intensity, and (E,H,K) magnetic helicity image. Several deformed skyrmions, not only in shape but also in size, are indicated by yellow shapes in the
magnetic helicity images in (E,H,K). A compressed circular skyrmion is indicated by a red circle in (K). Pixel dwell time is 1 ms.
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described in a literature [54], but their difference was entirely due to
randomness. For the square corral, two elongated skyrmions in two
orthogonal (horizontal and vertical) directions can be seen in the two
zero-field conditions (Figures 2C,D), while four circular skyrmions
are created under the perpendicular magnetic field of 60mT
(Figure 2E). Inside the circular corral, on the other hand,
strongly deformed spin textures are created in the zero-field
condition (Figures 2H,I), which are consistent with the spin
textures confined in a disk fabricated by conventional
microfabrication technique reported in previous publications [20,
21]. Under the perpendicular magnetic field of 60 mT, three isolated
circular skyrmions are created (Figure 2J). In contrast, inside the
triangular corral, single isolated circular skyrmion is stabilized even
in the zero-field condition (Figures 2M,N) as well as under the
perpendicularmagnetic field of 60 mT (Figure 2O). Since skyrmions
are created by the superposition of helical spin textures propagating
along multiple directions defined by q-vectors, these experimental
results can be understood by considering the q-vectors defined by
the boundaries as indicated by yellow arrows in Figures 2B,G,L. The
triangular geometry is compatible with the triple-qmechanism [3] to
create skyrmions. Triangular confinement of skyrmions attracted
attention in several literatures, too [55, 56]. Note that, some 40 years
ago, magnetic vortices stabilized in cobalt fine particles with several

geometric shapes were studied by using electron holography
technique in a pioneering work directed by Tonomura [57]. They
reported that an isolated magnetic vortex is stabilized both in a
triangular platelet with an edge length of 250 nm and in a hexagonal
platelet with an edge length of 200 nm under zero-bias field. Single
magnetic vortex was observed at the center of both fine particles
owing to the influence of the complete physical edges.

Skyrmion States Confined to Surface-Pit
Corrals with a Complex Geometry
Now, we show skyrmion states confined to surface-pit corrals with a
complex geometry. Figure 3 shows the confinement of skyrmions to
surface-pit corrals with two nested curved boundaries (track and
field) as schematically shown in Figure 3A. We fabricated two track
and field corrals with two different sizes as shown in the ADF image
(Figure 3B). The track width of the smaller corral and that of the
larger corral are 420 and 630 nm, respectively. In the smaller (S)
track and field corral, a linear chain and a curved chain of single
skyrmions are created in the field area and track area, respectively
(Figures 3C–F). In the larger (L) track and field, a small hexagonal
array of skyrmions is created in the field area, while three strings of
skyrmions are aligned in the track area (Figures 3G–J). Note that
some skyrmions appear strongly elongated as indicated by the white
arrows in Figures 3I–L, creating a domain boundary. Here we
emphasize that skyrmions are aligned under the influence of surface-
pit corrals working like physical edges with the complex geometry.

Skyrmion States Confined to Surface-Pit
Corrals with a More Complex Geometry
Next, we demonstrate skyrmion states confined to surface-pit
corrals with a more complex geometry—five interlaced rings
of equal dimensions (Olympic symbol) as schematically
shown in Figure 4A. Figure 4B shows the ADF image of
the fabricated pattern on the thin-plate specimen. The
diameter of each ring is 630 nm. Figures 4C–E show
skyrmions confined to surface-pit corrals with the Olympic
symbol geometry under the perpendicular magnetic field of
60 mT. Skyrmions are strongly deformed not only in shape
but also in size as indicated by the yellow shapes in the
magnetic helicity image (Figure 4E). Not only elongated
skyrmions but also expanded skyrmions are observed.
Figures 4F–H show skyrmions confined to surface-pit
corrals with the Olympic symbol geometry under the
perpendicular magnetic field of 93 mT. As the
perpendicular magnetic field is increased, elliptical
skyrmions transform into more circular ones, but with
apparent deformations as indicated by the yellow shapes in
the magnetic helicity image (Figure 4H). Note that the
distribution of skyrmions is symmetric (3-2-2-2-3 from left
to right). The numbers of skyrmions confined in the five
defined regions are proportional to each area. After a slight
change of the specimen orientations, however, the
distribution of skyrmions under the same intensity of
perpendicular magnetic field (93 mT) changes, as shown in
Figures 4I–K. The numbers of skyrmions vary arbitrarily

FIGURE 5 | Gallery of several deformed individual skyrmions arbitrarily
extracted from Figure 4. From left to right, in-plane magnetic induction as a
color map, in-plane magnetic induction as intensity, and magnetic helicity
image are shown. (A–E) The confined areas as indicated by α-ε in the
color maps correspond to the areas indicated in Figures 4C,I. A compressed
circular skyrmion is indicated by a red circle in (E).
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among the five separated regions (3-2-1-2-4 from left to right). The
skyrmions are again strongly deformed not only in shape but also
in size as indicated by the yellow shapes in the magnetic helicity
image (Figure 4K). An apparently expanded skyrmion is observed
in the confined area indicated as δ in Figure 4I. A compressed
circular skyrmion is also observed as indicated by a red circle in
Figure 4K. A gallery of several deformed individual skyrmions
extracted from Figure 4 is shown in Figure 5. Individual
skyrmions can conform to the areas surrounded by complex
boundaries, deforming into elliptical and triangular shapes with
expansions (Figure 5A), long and short elliptical shapes (Figures
5B,C), an expanded elliptical shape (Figure 5D) as well as three
short elliptical shapes and a compressed circular shape

(Figure 5E). A rough estimate of the expansion of the
skyrmion as shown in Figure 5D is larger than 25%. The
compression of the smallest skyrmion as shown in Figure 5E,
in contrast, is not so large (10%). Both elongation and
compression of skyrmions were observed in a previous study
investigating the domain boundary core formed in a SkL in a thin
plate of FeGe1 - xSix [35]. The ratio of compression was roughly
estimated to be as small as 10%, while the ratio of elongation was
as large as 60%. Furthermore, for the geometrically confined
skyrmions to a triangular surface-pit corral [33] as shown in
Supplementary Figure S1, the ratio of expansion is evaluated as
25%. More quantitative evaluations, however, should be
necessary in future works. Additional demonstrations of

FIGURE 6 | Zero-field skyrmionic spin texture confined to a surface-pit corral with a complex geometry (Olympic symbol). (A) In-plane magnetic induction as a color
map and (B) as intensity, (E) magnetic helicity image, and (F) annular dark-field (ADF) image of the whole pattern. The boxed region in (A–D) is observed at a higher
magnification in (C,D,G,H). Note that the horizontal and vertical deflection images are shown in (G) and (H), respectively, instead of the magnetic helicity and ADF
images. (I) The boxed area indicated by a yellow rectangle in (G) is enlarged. The surface-pit corral is indicated by a pair of yellow arrowheads. (J) Schematic of the
left-handed helical spin texture corresponding to (I) across the surface-pit corral. The surface-pit corral is displayed as a yellow dotted line, which is indicated by a pair of
yellow arrowheads. (K) A simplified schematic of the plausible skyrmionic spin texture confined in the Olympic symbol in zero-field condition. The target mark symbols
and crossed circle symbols indicate upward and downward directions, respectively.
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skyrmion states confined to surface-pit corrals with interlaced
rings geometry are given in Supplementary Figure S2.

Zero-Field Skyrmionium Spin Textures
Confined to Surface-Pit Corrals with the
Olympic Symbol Geometry
Lastly, we demonstrate spin textures confined to surface-pit
corrals with the Olympic symbol geometry in the zero-field
condition. In-plane magnetic induction reconstructed from
DPC STEM signals is shown as a color map in Figure 6A and
as intensity in Figure 6B. Figures 6C,D, show the magnetic
helicity image and ADF image, respectively. The color map at
a low magnification (Figure 6A) is severely disturbed by
diffraction contrast. The boxed region in Figures 6A–D is
observed at a higher magnification in Figures 6E–H. Here
horizontal and vertical deflection images are shown in Figures
6G,H, respectively, instead of magnetic helicity and ADF
images. The color map at a higher magnification
(Figure 6E) is not so disturbed by diffraction contrast.
Note that spin textures appearing as elliptical skyrmions
with opposite circularities (and hence opposite polarities)
coexist as indicated by a blue oval arrow rotating CCW
and a red oval arrow rotating CW in Figure 6E. The
yellow-boxed region of the horizontal deflection image
(Figure 6G) is enlarged as shown in Figure 6I. The
corresponding left-handed helical spin texture is
schematically shown in Figure 6J. Note that the position of
the surface-pit corral is slightly shifted from the domain
boundary (indicated by target mark symbols), which
suggests that the connection between the spin texture and
surface-pit corral is loosely (softly) coupled rather than the
tightly (hardly) coupled connection between the spin texture
and complete physical edge in conventional microfabrication
techniques. It should be possible to control the connection
between loose (soft) and tight (hard) by adjusting the physical
parameters of surface pits, such as diameter, depth, and
interdistance. The plausible skyrmionic spin textures
confined to the surface-pit corral with Olympic symbol
geometry are schematically shown in Figure 6K. Such a
polarity reversal of skyrmionium spin textures in a
microfabricated nanodisk was also reported in a previous
literature [21]. We emphasize that the polarity reversal is
only possible under a very weak perpendicular magnetic field
(~20 mT). It is not clear whether the skyrmionic spin textures
are actually skyrmions with opposite polarities or not. To
confirm, we must check that the stray field directions at the
centers of skyrmionic spin textures are actually reversed by
using other experimental techniques, such as MFM, because
the DPC STEM technique is not sensitive to perpendicular
magnetic field (parallel with the incident electron beam).

CONCLUSION

In conclusion, we have investigated spin textures confined to
surface-pit corrals with complex geometries by using the DPC

STEM technique. We have found that individual skyrmions
are aligned with elongation under the influence of the complex
boundary defined by the surface-pit corrals. In addition, we
have found that individual skyrmions are deformed not only
in shape (elongation) but also in size (both expansion and
compression) as influenced by the complex boundaries under
a moderate-bias field. Furthermore, we have found that
deformed skyrmionic spin textures with opposite polarities
may coexist in zero-field condition. It is suggested that the
connection between the spin texture and surface-pit corral is
loosely (softly) coupled rather than the tightly (hardly)
coupled connection found between the spin texture and
complete physical edge in conventional microfabrication
techniques. It should be possible to control the connection
between loose (soft) and tight (hard) by adjusting the physical
parameters of surface pits, such as diameter, depth, and
interdistance. We hope that our experimental observations
stimulate theoretical and micro-magnetic simulation studies
on the controlled deformation of skyrmions. We also hope
that the present study provides a guidance to arrange
skyrmions with controlled swirling parameters, which
should be explored for future applications.
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