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Abstract: Transmission electronic microscopy (TEM) has become one of the most advanced techniques to observe nano-
metric-sized magnetic domains, owing to its high spatial magnetic resolution and easy accessibility in integrating multiple
physic fields. Here, we compared three techniques of TEM observing magnetic domains: Lorentz-TEM, electronic hologra-
phy and differential phase contrast scanning TEM ( DPC-STEM ). Then we reviewed recent advances in magnetic domains
imaging of a centrosymmetric magnet Fe,Sn, by DPC-STEM. We demonstrated physical clarifications to “multiple topological
states” , which are attributed to three-dimensional (3D) depth-modulated spin configurations, using DPC-STEM and 3D mi-
cromagnetic simulations. We then reported a new class of vortex-like spin configurations named “target bubble” and their
field-driven magnetic evolutions in Fe,Sn, nanodisks. Finally, we proposed a new strategy to design memory named Skyrmi-
on-bubble-based memory, which utilizes Skyrmions and bubbles as binary bits “1” and “0”, respectively. Current-field-
controlled topological Skyrmion-bubble transformations have been also achieved. The novel magnetic domains and their in-
triguing electronic-magnetic properties shed by DPC-STEM are expected to facilitate advances in developing topology-related
spintronic devices.

Key words : transmission electronic microscopy; differential phase contrast; magnetic domain; Skyrmion-bubble; cen-
trosymmetric uniaxial magnet
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Fig. 1 Bloch-type Skyrmion in an noncentrosymmetric screw magnet
(a)[34 89,

Skyrmion bubble in a centrosymmetric uniaxial

ferromagnet (b) 1372
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Table 1 Magnetic imaging techniques. Lorentz-transmission elec-

tronic microscopy ( Lorentz-TEM ), magnetic force mi-
croscopy ( MFM) , spin-polarized scanning tunneling mi-
croscopy ( spin-polarized STM) , X-ray holography ( X-ray
holography ), surface magneto-optical Kerr effect
(SMOKE ), X-ray magnetic circular dichroism-photoe-

mission electron microscopy (XMCD-PEEM) [!!> 23, 29-31]

Techniques | Mewlution Field/T ~ lcmperature

Spatial/nm  Time /K

Lorentz-TEM ~2 ms -2~2 5~1300

MFM ~10 S -16~16 2~400
Spin-polarized STM ~0.5 s -9~9 <10
X-ray holography ~20 ns — —

SMOKE ~300 ns -9~9 2~800

XMCD-PEEM ~25 S 0 2~300
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Fig. 2 Schematic designs of three magnetic imaging techniques of trans-
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mission electronic microscopy: Lorentz'” , electronic hologra-
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phy and differential phase contrast scanning"
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Fig. 3 Analysis procedure for determining the magnetic structure in a
1550 nm Fe;Sn, disc by using differential phase contrast scan-
ning TEM!!3: 15:16:38=400 . (5 d) differential phase contrast
component images from the four segments of the detectors A, B,
C and D, respectively; (e) differential phase contrast compo-
nent obtained by subtracting C from A (A-C) , which is propor-
tional to the field component along the y axis; (f) differential
phase contrast component obtained by subtracting D from B ( B-
D), which is proportional to the field component along the x

axis; (g ) total in-plane field strength obtained from

(A-C)*+(B=-D)?; (h) in-plane magnetization mapping
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Fig. 4 3D spin texture of type-I Skyrmion bubble and type-II topologi-

cally trivial bubble in the Fe;Sn, nanostructure! '’ ; (a, b) in-
plane magnetization mappings of two types of bubbles obtained
from differential phase contrast technique; (c, d) average in-
plane magnetization mappings of two types by 3D micromagnetic
simulation; (e, f) depth-modulated 3D magnetic bubbles by 3D

micromagnetic simulation
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Fig. 5 Transformation from a soft magnetic vortex at 100 K to a target bubble ( km-Skyrmion) at 300 K through zero-field warming in an Fe;Sn,

nanodisk obtained by differential phase contrast' ?) . (a) experimental stripes at 300 K; (b) soft vortex at 100 K; (c¢) target bubble at
300 K; (d) position dependent in-plane magnetization amplitude along the line A to B in Fig. 5¢; (e~g) simulated stripes with uniaxi-
al magnetic anisotropy K, =53.0 kJ/m? | soft vortex with K,=2.3 kJ/m® and target bubbles with K,=53.0 kJ/m?; (h) simulated posi-

tion dependent in-plane magnetization amplitude along the line C to D in Fig. 5g
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bols in Fig. 6b denote the parameter k£ with values of 4, 3, and

2, respectively
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Fig. 7 Propose of a magnetic memory based on Skyrmions and bubbles! ¥’ ; (a) schematic design of Skyrmion-bubble-based magnetic

memory; (b) a Skyrmion representing the data bit “1”; (¢) a bubble replacing ferromagnet to represent the data bit “0”; (d)

Fresnel contrast of the bubble; (e) experimental realization of a single Skyrmion-bubble chain to represent the data bit

“11011000001” in a Fe;Sn, nanostripe
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Fig. 8 Field-induced topological Skyrmion-bubble transformations in Fe;Sn, nanodisks' ™ ; (a~e) Skyrmion-bubble transformations

obtained by Lorentz-TEM, (f~j) corresponding Skyrmion-bubble transformations obtained by micromagnetic simulation, (k)

winding number as a function of tilted field angle, (1) total free energy density as a function of tilted field angle
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Fig. 9  Current-controlled Skyrmion-bubble transformations at two discrete current densities' 7 ; (a) current density and corresponding

counts of Skyrmions and bubbles as a function of time, (b) snapshots of representative defocused Lorentz magnetic contrasts for the

Skyrmion-bubble transformations
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