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ABSTRACT: Nanometric topological spin textures, such as
skyrmions (Sks) and antiskyrmions (antiSks), have attracted
much attention recently. However, most studies have focused on
two-dimensional spin textures in films with inherent or synthetic
antisymmetric spin-exchange interaction, termed Dzyaloshinskii−
Moriya interaction, although three-dimensional (3D) topological
spin textures, such as antiSks composed of alternating Bloch- and
Neél-type spin spirals, chiral bobbers carrying emergent magnetic
monopoles, and deformed Sk strings, are ubiquitous. To elucidate
these textures, we have developed a 3D nanometric magnetic
imaging technique, tomographic Lorentz transmission electron
microscopy (TEM). The approach enables the visualization of the
3D shape of magnetic objects and their 3D vector field mapping.
Here we report 3D vector field maps of deformed Sk-strings and antiSk using the technique. This research approach will lead to
discoveries and understanding of fertile 3D magnetic structures in a broad class of magnets, providing insight into 3D topological
magnetism.
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Electron spins and their manipulation have been extensively
investigated in various fields of science. In particular,

vortex-like spin textures carrying an integer topological charge,
such as the skyrmion (Sk) (Figure 1a), have seen intensive
research interest because of their emergent electromagnetic
properties and information-carrier functionalities.1−5 The
topological charge N of spin textures with magnetic moment
distribution m(r) is defined by1
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where nr = m(r)/|m(r)| = (cos φ(r)sin Θ(r), sin φ(r)cos Θ(r),
cos Θ(r)) is a unit polarization vector, and φ(r) is described by

= +r( ) (2)

Here, ϕ is the azimuthal angle of the point r, and Θ(r) is 0 (or
π) at r = 0 (or ∞), assuming the downward spin at the spin
texture’s core (r = 0) and the upward spin at its periphery (r →
∞). The γ determines the in-plane spin rotation direction
(helicity) related to the sign of the Dzyaloshinskii−Moriya
interaction (DMI), and Ω is the spin texture’s vorticity, +1 for
Sks and −1 for antiskyrmions (antiSks),1 resulting in N = −1
for Sk and N = +1 for antiSk.
The ideal two-dimensional (2D) topological features of Sk

and antiSk, namely the spin-swirling of Bloch-type spiral (γ =

±π/2) or Neél type spiral (γ = 0 or π) for a Sk and the
alternating Bloch- and Neél-type spirals constituting a circular
or square-shaped magnetic domain for antiSks, have been
confirmed by theoretical modeling1,2 and real-space imaging in
several magnets3−7 with inherent broken inversion symmetry
and in heterostructured films.8 However, the features of ideal
Sks and antiSks often collapse or deform due to the effects of
crystalline imperfections, local intrinsic magnetic anisotropy,
and demagnetization on the sample surface in actual
materials.9,10 Such irregular spin textures cannot be well
understood through the 2D micrography. Theoretical studies
have predicted many intriguing 3D spin textures, such as chiral
bobbers11 and spin-hedgehogs12 carrying magnetic monopoles,
and 3D solitons termed hopfions,13 for the interpretation of
2D micrography observations.14−16 However, these 3D
topological models have not been directly visualized in
chiral-lattice magnets. Recent discoveries of novel transport
properties such as giant topological Hall17,18 and Nernst19
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effects in chiral-lattice or centrosymmetric magnets hosting
nanometric Sks also urge detailed imaging of 3D magnetic
configurations. From the perspective of applications, on the
other hand, the 3D hybrid topological spin textures with Ntotal
= 0 (N = +1 and ̵ 1 for top- and bottom-layer Sks) are
proposed in an antiferromagnetic bilayer system8 and in
multilayered films with interfacial DMI.20 In contrast to a
simple Bloch-type or Neél-type spin whirls of Sks, antiSk’s
texture composed of alternating Bloch- and Neél-type spin
spirals is theoretically predicted as a more detailed 3D spin

texture. There is also surging interest in deeply understanding
3D nanomagnetism in nanomagnets and related devices.21

Accordingly, there is a demand to develop a 3D magnetic
imaging technique for identifying novel 3D magnetic
structures.
Thus far, state-of-the-art 3D magnetic imaging has been

performed using X-ray magnetic circular dichroism, which is
sensitive to magnetic components parallel to the X-ray beam
and allows the collection of 3D resonant elastic X-ray
scattering in reciprocal space22 and maps of the real-space
scalar fields in 3D Sk strings in chiral-lattice magnets.23

Recently, several X-ray studies have focused on 3D magnetic
imaging of ferromagnetic magnets at room temperatures (RT),
such as Co, permalloy and magnetic heterostructured thin
films.24−26 Among them, the magnetic monopole and 3D
magnetization dynamics were observed by X-ray vector
nanotomography and time-resolved 3D magnetic imaging in
Co nanowires,24,25 respectively, and the topological charge for
3D magnetic objects was determined by spatially resolved X-
ray tomography.26 Besides X-ray tomography, electron holo-
graphic imaging was used for viewing 3D magnetic structures
in a heterostructured film,27 a Co nanowire,28 and a chiral-
lattice magnet FeGe.29 Mapping the 3D vector field (B;
hereafter, the field B indicates magnetic induction) revealed
vortices in the heterostructure and the nanowire and possible
Neél-type spin spirals near the sample surface in FeGe. Some
studies have also reported 3D reconstruction algorithms and
their application to micrometer-scale artificial vortices by
tomographic Lorentz TEM30,31 based on the transport of
intensity equation (TIE).32,33

This study aims to develop a TEM technique that (1) can
directly visualize complex 3D spin textures like Sks and antiSks
exhibiting Bloch lines, (2) has a spatial resolution high enough
to view magnetic monopole involved in the broken Sk strings,
and (3) should be much easier to perform than the holography
technique. We chose tomographic Lorentz TEM and built an
algorithm for 3D vector field reconstruction allowing real-space
observation of 3D topological spin textures, such as antiSks, Sk
strings, and the magnetic monopole. The requirement for the
high spatial resolution is satisfied with Lorentz TEM, which
has a spatial resolution approaching 2 nm10 (5 nm in the
present study). However, in contrast with the conventional
tomographic TEM which is performed in the in-focus mode,
tomographic Lorentz TEM requires defocusing the image.
Defocusing brings up the dark/bright contrast corresponding
to spin textures like Sk and antiSk, which vanishes in focus (see
details in the section “Tomographic Lorentz TEM” in
Supporting Information (SI)). 3D reconstruction of the tilt
series of 2D images obtained in the defocus mode is not
straightforward. To overcome critical challenges, such as
stabilizing antiSk and Sk strings at zero magnetic field in
TEM samples, image blurring, overlap of the neighboring spin
textures and reducing diffraction contrasts arising from
crystalline orientations and defects with changing the tilt
angle, we optimized the sample geometry and defocus
conditions, and reduced the surface roughness of the samples.
First, to reveal the 3D spin textures of antiSks, we have

examined the magnetic configurations of single-crystal
Fe1.9Ni0.9Pd0.2P (FNPP) at zero magnetic field and RT by
the tomographic Lorentz TEM. FNPP has a tetragonal
structure with S4 symmetry (Figure 1b).

7 The broken inversion
symmetry of the crystal structure gives rise to DMI. The I4̅
space group provides two orthogonal spin-spiral wavevectors

Figure 1. Tomographic Lorentz transmission electron microscopy
(TEM) images of antiskyrmions accompanied by orthogonal helices
in a noncentrosymmetric magnet Fe1.9Ni0.9Pd0.2P (FNPP) with the
M3P-structure (M: transition metal). (a−d) Schematics of (a) Bloch-
type skyrmion, (b) the crystal structure of FNPP viewed from the
[001] direction, where the sitesM1,M2 andM3 are occupied by Fe, Ni
and Pd. (c) Orthogonal helices along the [110] and [11̅0] axes and
(d) an antiskyrmion. Color arrows in a-d indicate the direction of
electron spins, and CW and CCW stand for clockwise (left-handed)
and counterclockwise (right-handed) helicities, respectively. (e,f) Top
(e) and oblique views (f) of the 3D magnetic configurations
composed of antiskyrmions (square-shape domains) and helices
(stripes) in a (001) thin plate of FNPP. The color bar shows the
arbitrary intensity. (g) The 2D field map of the area inside the dashed
rectangle in panel e. (h,i) Enlarged views of the 2D field map in panel
g for (h) orthogonal helices (corresponding to the region surrounded
by dashed lines in g) and (i) antiskyrmion #2. The color wheel and
white arrows indicate the magnitude and direction of the in-plane
fields. Two yellow and two black arrows in panel i indicate Bloch lines
in the antiskyrmion. (j−l) Tomographic images of (j) a slice around
the top surface, (k) a middle, and (l) around the bottom surface of the
magnified 3D magnetic configurations for the surrounding area in
panel e. The sample orientations are indicated by the red (x//[110]
axis)/green (y//[11̅0] axis)/blue (z//[001] axis) arrows.
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with opposite spin helicities, right-handed (CCW) and left-
handed (CW) screws, along the [110] and [11̅0] axes (Figure
1c), respectively. The competition among the ferromagnetic
exchange interaction, dipolar interaction, and DMI enables the
formation of antiSks (Figure 1d) above RT when an external
magnetic field is applied along the [001] axis. We adopted field
cooling (FC, see details in SI) to stabilize a mixture of helices
(stripes in Figures 1e,f) with wavevectors parallel to the [110]
and [11̅0] axes and antiSks (square-shape textures in Figure
1e) at zero field in a (001) FNPP thin plate with a dimension
of 1.53 × 3.36 × 0.2 (μm)3. Before investigating the 3D
magnetic configurations in FNPP, we identified antiSks and
orthogonal helices. We analyzed a series of 2D defocus Lorentz
TEM images (Figure S1a,b in SI) for the surrounding region in
Figure 1e to obtain their 2D phase (Figure S1c) and hence
corresponding magnetic induction maps (Figure 1g) by
performing TIE32,33 analyses (see details in SI).The magnified
2D field maps for the helices (Figure 1h) and antiSk#2 (Figure
1i) clearly demonstrate the perpendicular nature of helices
with CW (blue and yellow stripes) and CCW (red and green
stripes) and an antiSk composed of four alternatingly arranged
Bloch lines with Neél-type spirals and Bloch-type spirals.34

We developed a tomographic Lorentz TEM technique to
reveal the 3D spin texture in the antiSk and identify its
topological nature. First, a tilt series of 2D projected Lorentz
TEM images around the x and y axes was recorded for tilt
angles ranging from −50° to +50° at 2° intervals using the
script package “Recorder” (see details in Methods and Figure
S2 in SI). Figure S3 presents the dual-axis (x and y) tilt series
of projected 2D Lorentz TEM images and zero-tilt induction
field map for a single antiSk. The changes of projected Lorentz
TEM images of the antiSk with the tilt angle qualitatively agree

with the simulations (Figure S4). Then, we construct the 3D
magnetic configurations from the tilt series of the 2D Lorentz
TEM images using the TEM tomography package “Composer”
followed by a 3D viewer “Visualizer”. Figure 1e,f show top and
oblique views extracted from the 3D shape of magnetic
configurations (see Movie S1 in SI), respectively, which are
represented by the difference of intensities |I(xyz + Δf) −
I(xyz − Δf)| (Δf = 100 μm) between overfocused and
underfocused Lorentz TEM images related to the phase
differential ∇2φ(xyz) of the electron wave. The twisted
textures appear green, whereas the linear spin textures show
a darker color. Notably, the tomographic Lorentz TEM results
(Figure 1f) clearly reveal that the magnetic twists align almost
uniformly through the thickness of the sample. Although spin
texture does not significantly change along the z-axis, intensity
difference appears between the surfaces and center, as shown
in Figure 1j−l: the intensity is weaker around the top/bottom
surface (Figures 1j−l). Meanwhile it becomes stronger deep in
bulk (Figure 1k), suggesting a hybridized magnetic structure of
Bloch-type twists in bulk and Neél-type twists at the surfaces,
which should decrease the intensity of magnetic signals due to
the cancellation of the in-plane magnetic moments projected in
Lorentz TEM images. On the other hand, the demagnetization
field also affects the surface spin textures, which are
represented by simulated 3D spin textures for an antiSk (see
details in Figure S5): 1) expansion of the domain walls on the
top and bottom surfaces; 2) a diagonal deformation on the top
and bottom surfaces; 3) a decrease in out-of-plane magnetic
induction at the surfaces. Compared to the structure in the
central slice (Figure 1k), the expansion and deformation of
spin textures, as well as the decrease of the intensity on the top
and bottom surfaces, appear in the intensity reconstructions in

Figure 2. Three-dimensional (3D) field maps of an antiskyrmion observed in a needle-like FNPP. (a) Under-focus Lorentz TEM image and (b) its
magnetic induction field map. The color wheel shows the in-plane-field direction at every point. (c) 3D vector field map of an antiskyrmion,
corresponding to the area surrounded by white dashed lines in panel b. The direction of the colored arrows is indicated by a color ball (the upper-
right corner of panel c). (d) Field maps of the antiskyrmion in the xz plane at y = 100 nm. Dark arrows show magnetic fields pointing down (−z
direction) at the antiskyrmion core, while bright arrows indicate the fields pointing up at the periphery of the antiskyrmion. (e−g) Field maps of the
antiskyrmion in the xy plane at (e) z = 200 nm (top-surface slice), (f) z = 100 nm (central slice), and (g) z = 0 nm (bottom-surface slice).
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Figure 1j and Figure 1l, respectively, in agreement with the
simulations. While we have experimentally identified the
antiSk’s bulk 3D structure here, higher tilt angle micrographs
are needed to reveal the surface structure.
To reconstruct 3D vector field maps of the antiSks from

series of 2D field maps obtained by sequentially tilting the
sample around the x and y axes, we prepared a needle-like
sample, as shown in Figure 2a. The 2D Lorentz TEM image (a,
underfocused) and corresponding magnetic induction field
map (b) show a mixture of antiSks and in-plane helices at zero
magnetic field and RT. We recorded a tilt series of
underfocused and overfocused Lorentz TEM images, with tilt
angles α and β around the y and x axes, respectively, ranging
from ̵ 50° to +50° with a 2° increment. We then extracted the
corresponding phase images (Figure S6) and magnetic
induction field at every tilt angle from −35° to +35° by
performing TIE analyses; note here that the intensity of the
magnetic structure became extremely weak due to the loss of
electron wave amplitude at the high tilt angles. The 3D field
maps were obtained using the software “TomoPy” (see details
in Figure S2 and the related description of the 3D
reconstruction procedures in SI). Figure S7 shows the 3D
vector-field maps (a), the corresponding (b) XY map at z =
100 nm of the surrounding area in Figure 2a composed of two

antiSks and two elongated spin textures, and (c) 3D vector
field map obtained by reconstructing a tilt series of simulated
images for an ideal antiSk with a tilt angle range of ±35°,
respectively. Figure S7a reveals complicated spin textures
including twisted textures in the antiSk (the area surrounded
with a dashed rectangle in Figure S7b). To show the vector
field map of the antiSk clearer, we plot the 3D fields for one
antiSk (surrounded by white dashed lines in Figure 2b) in
Figure 2c,d, representing the downward moments in the core,
as indicated by dark arrows, and the upward moments at the
periphery, as indicated by bright arrows. The twisted moments
(gradational purple and green arrows in Figures 2c,d) between
the downward (the̵ z-direction) and upward (the +z direction)
moments, and four Bloch lines (Neél-type spirals) are
discerned at the four corners (Figure 2c,e−g), are discerned.
Between the neighboring Bloch lines, the gradational red
arrows display the magnetic moments pointing to the right (+x
direction), the blue arrows show the magnetic moments
pointing to the left (−x direction), and the green and purple
arrows indicate the magnetic moments pointing to the + y and
the ̵ y directions, respectively. The field distributions at the top
(e, z = 200 nm) and bottom (g, z = 0 nm) surfaces are almost
the same as those at the center (g) (z = 100 nm), except for
that at the corners of field maps (possibly induced by the

Figure 3. Tomographic Lorentz TEM images (a-e) and vector field maps (f-g, i-l) of a chiral bobber and deformed skyrmion strings in the chiral-
lattice micromagnet Co9Zn9Mn2 with dimensions of 1 × 0.2 × 0.25 (μm)3. (a) Top and (b) cross-section views of three isolated skyrmion strings
(numbered #1, #3 and #4 in panel a) and one chiral bobber (#2 in panel a) observed by tomographic Lorentz TEM. (c−e) Slices of the 3D
magnetic configurations of skyrmion strings and the bobber at different thicknesses marked by white dashed lines in panel b: (c) near the top-
surface (z = −50 nm), (d) close to the sample center (z = −200 nm), and (e) near the bottom-surface (z = −250 nm). Orange dashed lines are eye
guides for strings. The colored arrows in panels a−e indicate the x (red), y (green) and z (blue) axes. (f−g,i,j) 2D projections of field maps at tilt
angles of (f,i) 0° and (g,j) 50° for (f,g) the bobber #2, and (i-j) a skyrmion string #1. (h,k) Schematics of (h) the chiral bobber carrying a magnetic
monopole (a blue dot at the end), (k) a deformed skyrmion string. (l) Several XY-slices of a 3D vector field map of deformed skyrmion string #4
from top to bottom. The colored arrows encoded by the color ball show the magnetic field swirling while dark and white arrows indicate the down
and up field directions, respectively.
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neighboring spin textures in the sample), indicating a simple
antiSk configuration. The good agreement between experiment
(Figure 2c) and simulation (Figure S7c) validates our
tomographic Lorentz TEM observations and vector field
reconstructions. However, the relatively small range of
experimentally accessible tilt angles (known as the “missing-
wedge” problem) should reduce the accuracy of 3D
reconstruction for all tomography techniques. (The main
reasons for the limitation of the tilt angle were 1) the isolated
zero-field antiSks can not be stabilized in samples thinner than
130 nm. Hence thicker samples were used but their imaging at
200 kV-Lorentz TEM would become difficult at large tilt angle;
2) the mixture of antiSks and helices is hard to disentangle at
high tilt angle.) Note that the difference between the vector
field and the magnetization maps of an ideal antiSk was
observed by micromagnetic simulations (Figure S8a,b) and
Lorentz TEM observations (Figure S8c). The difference
originates from stray fields around Bloch lines, where the
divergence of magnetization, and hence magnetic charge
should not be zero. However, such stray fields hardly affect
the fundamental 3D topological features of the antiSk
identified here (Figure 2).
We apply the tomographic Lorentz TEM to examine

topological defects, such as monopoles involved in broken Sk
strings.9,10,12,15 One such example, the chiral bobber11 (Figure
3h) carrying a magnetic monopole at its end, attracts much
attention as the most typical 3D topological defect, yet it has
not been confirmed by 3D real-space imaging. Here, we used
FC process to form metastable zero-field Sks in a chiral-lattice
(P4132 space group) magnet Co9Zn9Mn2

35,36 with a size of 1
× 0.2 × 0.25 (μm)3. We confirmed the isolated 3D string-like
structures by tomographic Lorentz TEM (Movie S2 in SI), as
shown by an XY top view (Figure 3a) and an XZ cross-section
at y = 100 nm (Figure 3b). The circular domains with an
average diameter of about 80 nm are projected in the XY plane.
The Sks #1−4 are discerned as curved strings (see a schematic
of the deformed Sk string in Figure 3k) in the XZ cross-section
image. In particular, a short one (#2) ends near the center of
the magnet (z = −150 nm), exhibiting a chiral bobber-like
feature (Figure 3h). Such chiral bobber-like structures and
deformed strings are also confirmed by several XY-slices taken
at different z-values (Figure 3c−e). The slice at z = −50 nm
close to the top surface exhibits only three circular domains
corresponding to strings #1, #3, and #4, whereas chiral bobber
#2 is absent. Meanwhile, the slice at z = −200 nm close to the
bottom surface displays all circular domains with comparable
intensities, and the slice at z = −250 nm at the bottom surface
reveals the strongest intensity for chiral bobber #2, but
extremely weak intensities for Sk strings #1, #3, and #4. These
observations directly demonstrate the 3D aspects of deformed
Sk strings #1, #3, and #4 and chiral bobber #2 close to the
bottom surface.
To confirm the deformed Sk string and chiral bobber, we

analyzed Lorentz TEM images of the top and oblique views of
the string and bobber by the TIE. The induction field maps at
zero tilt (Figure 3f,i) and the projected field maps at 50° tilt for
the bobber (Figure 3g) and deformed string #1 (Figure 3j)
show that there is no significant difference for these spin
textures as viewed along the normal to the sample plate (zero
tilt). However, the oblique field maps discern topological
distinctions between the string and the bobber (Figures 3g,j):
the string extends to the top surface, whereas the bobber ends

deep within bulk, revealing monopole textures at the bobber’s
end.
To identify the spin textures of the deformed string in bulk,

we reconstructed the 3D vector field map of Sk string #4.
Figure S9 shows a series of phase images of the Sk string
obtained by sequentially tilting the sample around both the x-
and y- axes in a 5°-step increment. We used this series of phase
images to calculate Bx, By, and Bz and then reconstructed the
3D vector field map for the Sk string. The field map slices
through the length of the Sk string (Figure 3l), demonstrate
that the spin swirls remain in the interior while collapsing at
both the top and bottom surfaces (see changes in colored
arrows). Figure 3l also reveals that the string is highly
deformed deep within bulk while maintaining its vorticity and
helicity throughout the string length (Figure S10). Our
tomographic Lorentz TEM results provide the first exper-
imental evidence of the 3D topological spin textures associated
with highly deformed metastable Sk strings in a chiral-lattice
magnet at zero magnetic field and RT.
From the application viewpoint, the 3D Lorentz TEM

tomography is a relatively simple technique that can be realized
with a standard commercial transmission electron microscope
in its basic configuration. Data processing is relatively quick
and can be performed during the imaging process. The 3D
tomographic Lorentz TEM imaging technique developed here
will enable the visualization and magnetic vector mapping of
unknown nanometric 3D magnetic configurations with non-
trivial topology in magnetic materials.
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