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Fig. 1. (a) Schematics of skyrmions in geometrically con-
fined nanostripes; (b) schematic represenation of B20 type
crystallography, chiral atomic arrangements and chiral spin
configurations; (c) skyrmionic spin textures at the grain

boundaries with reversed spin chirality.
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Fig. 2. (a) Schematics of off-axis electron hologra-

phy setup; (b) Fresnel defocused image of Lorentz mi-
croscopy, scale bar corresponds to 100 nm; (c)—(e)
holographically reconstructed phase images; (f) color-
rendered projected magnetic induction field distribu-

tion.
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Fig. 3. (a) Schematics of Lorentz microscope setup and imaging modes; (b) schematics of differential phase

contrast technique.
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Fig. 6. (a) Bright-field TEM image of a wedged FeGe nanostripe; (b)—(d) projected magnetic induction maps reconstructed
from holography measurements at 220 K. Color wheel in (b) shows the directional representation (red = right, yellow =
down, green = left, and blue = up); (c¢)—(d) spin twists at the specimen wedges marked by white arrows; (d) zigzag type
skyrmion chain is marked in the white-dashed frame. In (b) the vectors k represents helical pitchs and the scale bar is
150 nm B4,

BE 9220, MG T WA B T (TR, 3 LAk

Var :E;n: g . E':‘-‘ \é ) b

3.3 95 KZimWHIRIIERT =B e o 20 0 0 T
TR O] T SR T IR, (B HeBie U9 it B 55 R, F R i e
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95 K —J

95 K — L— 7

® 329 mT

L—

(g)

Bl 7 FeGe PIKF M IIMBEPRENME  (a) FeGe BULAAKN M KRR, B EREHEXEE 72800 X% (b)—(g) iR
95 K 4 SS90 3RAG (10 B8 S0 7 VEAR F) R R R S E AT, (AR RN T N R BLSRBE T 1] (D=4, =1, &=1, Hi=1),
(c), (), (f) A A CF L RRGIK A BT A RLLEUA; (b) AL o ACRTASE e A A i 25 i, AR RO RE 150 nm (1)

Fig. 7. (a) Bright-field TEM image of a wedged FeGe nanostripe; (b)—(g) projected magnetic induction maps reconstructed
from holography measurements at 220 K, Color wheel in (b) shows the directional representation (red = right, yellow =
down, green = left, and blue = up); (c), (d), (f) spin twists at the specimen wedges marked by white arrows. In (b) the

vectors k represents helical pitchs and the scale bar is 150 nm (311,
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3 131)

Fig. 8. (a) Experimental magnetic phase diagram with areas of orange, purple, gray and blue representing heli-

cal, single chain, zigzag and field-polarized ferromagnetic states; (b) micromagnetically simulated magnetic phase

diagram with color definition as in (a) [31],
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Fig. 9. (a) Lorentz images of grains with reversed crystallographic and spin chiralities; (b) Lorentz images of grains with
identical crystallograhic and spin chiralities [33]. White arrows mark the positions for grain boundaries, and black arrows

denote the stripe-like magnetic contrasts at the interfaces.
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Fig. 10. (a), (d) are the respective TEM images for two FeGe lamella; (b) color wheel rendering of magnetic induction
map, showing reversed skyrmionic contrasts that is due to reversal of the crystallographic and spin chiralities across grain
boundaries; (c) arrow plot represents the reconstructed projected in-plane magnetization distributions; (e) color wheel
rendering of magnetic induction map, showing skyrmonic contrasts that correspond to the identical crystallographic and
spin chiralities across grain boundaries; (f) arrow plot represents the reconstructed in-plane magnetization distributions.
The color wheel in (b), (e) represents the direction and magntitude of in-plane magnetic induction field. Dashed white lines
mark the grain boundaries (331,
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Fig. 11. (a) Bright-field TEM image of a single FeGe

crystal; (b), (c), (d) are the respective Lorentz im-

age, holographically obtained magnetic phase image
and reconstructured in-plane magnetization distribu-
tion for a skyrmion latttice contains a dislocation-type
magnetic defects. Similar description is applied to (e),

(f), (g) for a highly ordered skyrmion lattice (31
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SPECIAL TOPIC —Magnetic skyrmions

In situ electron holography of magnetic skyrmions
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Abstract

Understanding the correlations between magnetic skyrmions and the microstructural characteristics of the crystals
that host skyrmions is a key issue for fundamental research and practical applications of novel type of magnetic materials.
Magnetic skyrmion has received great attention due to its non-trivial topological properties and stability. Here we
focus on two important points: 1) dimensional confinement effects on magnetic skyrmions in magnetic nanostructures,
specifically, the magnetic evolution, its related topological properties and energetic stability in confined nanostructured
geometries; 2) effects of crystallographic defects on magnetic skyrmions, such as the pinning effect of magnetic skyrmion
by crystal defects, and the effect of crystallographic-magnetic chirality reversal at crystal grain boundaries. For the
study of dimensional effects on skyrmions in confined nanoscale geometries, we use state-of-the-art electron holography
to directly image the morphology and nucleation of magnetic skyrmions in a wedge-shaped FeGe nanostripe that has a
width in a range of 45-150 nm. Our experimental results reveal that geometrically-confined skyrmions are able to adopt
a wide range of sizes and ellipticity in a nanostripe, which are not existent in thin films nor bulk materials and can be
created from a helical magnetic state with a distorted edge twist in a simple and efficient manner. We further perform
micromagnetic simulations to confirm our experimental results. The flexibility and ease of formation of geometrically
confined magnetic skyrmions may help to optimize the design of skyrmion-based memory devices. For studying the effects
of crystallographic defects on magnetic skyrmions, we use in situ Lorentz microscopy and off-axis electron holography
to investigate the formation and characteristics of skyrmion lattice defects and their relationship to the underlying
crystallographic structure of a B20 FeGe thin film. The measurements of spin configurations at grain boundaries reveal
the crystallographic and magnetic chirality across adjacent grains, resulting in the formation of interface spin stripes at
the grain boundaries. In the absence of material defects, our results show that skyrmion lattices possess dislocations
and domain boundaries, in analogy to atomic crystals. Moreover, the distorted skyrmions can flexibly change their size
and shape to accommodate local geometry, especially at sites of dislocations in the skyrmion lattice. These findings
offer an insight into the elasticity of topologically protected skyrmions and their correlation with underlying material
defects. Our electron holography results provide a quantitative determination of the fine skyrmionic spin textures in
magnetic nanostructures. The resolved spin textures will be correlated with the material microstructures to provide
important information about the relationship between the magnetic functions and the material microstructures. Our
experiments also highlight the applicability of state-of-the-art electron holography for the study of complex spin textures
in nanostructures.

Keywords: magnetic skyrmion, magnetic nanostructures, lorentz microscopy, electron holography
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