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Spin structures are the unique magnetization configurations in the magnetic medium. Due to their intriguing physical properties,
spin structures have attracted interest for development of the next-generation information storage/processing devices. The spin
structures have been investigated in thin magnetic films where the magnetization distribution is uniform in the thickness direction.
Recently, it has been revealed that, in bulk magnetic medium, the magnetization distribution is no longer uniform in the thickness
direction, and it leads to novel physical properties distinguished from the physical properties of the spin structures in thin magnetic
films. In this work, we review typical physical properties of spin structures such as high stability and rich dynamic properties. In
addition, we briefly introduce the physical properties of spin structures, such as skyrmions and magnetic vortices, in bulk magnetic
mediums, and novel 3D spin structures only stabilized in bulk magnetic mediums.
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Fig. 1. (Color online) Various magnetization configurations of (a)
single magnetic domain, (b) magnetic bubble, (c) hedgehog skyrmion,
(d) circulating skyrmion, (e) bi-skyrmion, and (f) magnetic vortex
stably formed in magnetic elements. The arrows and colors indicate
the magnetization direction. The skyrmion numbers (Q) are inserted
in the bottom right corner of each spin structure.
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Fig. 2. (Color online) (a) The out-of-plane field (H.)-driven annihilation processes of the topologically non-trivial skyrmion and bubble,
respectively. The magnetization configurations in the cross-section of spin structures (orange dashed lines) are inserted. (b) The schematics of
skyrmion Hall effects and (c) spin-torque-driven oscillation of vortex and skyrmion.
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Fig. 3. (Color online) (a) The schematics of magnetization configuration of skyrmion stabilized by dipole-dipole interaction. (b) The current-driven
skyrmion in perpendicularly magnetized multilayers on the 10" and 12" layers. (c) The skymion velocity as a function of current density ; obtained
from 2D (dashed line), 3D (solid line) models, and simulation (black dots). (d) Magnetization configurations of magnetic vortex in 80 nm-thick
permalloy circular disk of diameter D = 300 nm. The red surface indicates the isosurfaces for n2. > 0.8, i.e., vortex core. (¢) Snapshot of the steady
state gyrotropic motion of vortex core excited by the counterclockwise rotating magnetic field of frequency /= 1140 MHz in the circular disk of
diameter D =300 nm and thickness L = 80 nm. The large arrow crossing the disk is the counterclockwise rotating magnetic field. The red, green
and blue lines represent the trajectories of the vortex cores on the top, middle, and bottom layers, respectively. The top view of snapshot is inserted
in the inset. The magenta, orange, and cyan circles represent the positions of the vortex cores on the top, middle, and bottom layers, respectively.

This figure is adapted and reproduced from Refs. [46-48].
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+ WEA8E0](anti-vortex)®] 7} A ofef HIERS dFeh=
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ai}
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o, ﬂllO ofl
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Fig. 4. (Color online) (a) The schematics of stroboscopic pump-probe X-ray transmission microscopy. (b) Experimental observation of the
controlled dimensionality of vortex core in 100 nm-thick circular disks. (c) The micromagnetic simulation results to show the detailed 3D
magnetization configurations of vortex core structures. (d-e) The elongated vortex core structure (d) without and (e) with antivortex cores. (f) The
Bloch point within elongated vortex cores. This figure is adapted and reproduced from Refs. [14,52,53].

B2 A8Fo]H &8-F0] #(vortex-antivortex pair)®] 13
, 3AH 2= FERAE o83
oF 5 E4& Uehie AlEe FH)
o] 29 FEAE S 5 e A & 5 STk
ek ofe, 3xkd FelMRE A 5 e 29 &
Aol B85 H(Bloch point)E ©]#dF Fxo|A ¢HYsE 5
AEE B2E 2 APA WelM APt AlAl= ARS €
sl z}7] B0 (magnetic singularity)o|2}alE St}
[57-61]. o152 7|& &eid 29 FxAe g dx} 4
Aol el & JS whetia dEA 9, o 28 %
AEct W 2 AA Wolli #2449 = Advkar d#A
ITH62,63]. ©leldt T2E 1A SolA e A Tz
TR} AiEto] Ftell vhdo] HA =W, yiRHo= &

2

235 Fo] FAdo] B IS & 7 AMHH52]. AFHe
2 #5329, olegt ¥ wEREe] 72 oA A
o] 42| zste] Al iAol weks o7t -19] sk
FeY] 2235 A, o7t +1%] Wik FHY EE5 A
o] ZMA| ol FgHo® EAE & = Ao] HarEdnt.
o] 2ol x}7] F3)-&(magnetic Hopfion)[64], A}7] HH|
(magnetic bobber)[65], A}7] E&(magnetic toron)[66] 2]
T 33k 28 FEAZE AA Well @42 5 o
V. $E
olFew, Ha AHA Wi 71 29 FEA] 54l o
3 AHEStAL o5 540 Qs FAE & = 3
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23 EA] gidl] ARt o Yo, XA Ft dnl
7S B3 #5333 29 FERAS] g ARk
o} o]t 33 23 A Uig e EUs] 28E
I 3lar, 7)1 23 pERAS AP N2 =28 @8E
o] Yehdtia A Utk AT, 32k 23 A6l o
Sk o] Ay Avle XA dn)Ee E8) gk d=sle
I Wl MEY e Ao, 33 23 A9 A
A 9 58 B4, e 54 52 AFHe=E A s
A2 & Aot). 33 23 F2E sjNshe gudFE
I A Aule] dgz <l o5 B 5448 4
Aoz glele do] mX|o} & Zlog 7Yz} o). ¥
ofe}, o]59] 2AY, = A T Aoshs 7S
Al 771wl FaE ], 33 2~ FFRAE 7Rk
sl okt Y] vlREAFE AREe] AAE Aoz
Bl

(

>

e o
18 r= o

o

AAfel =2

o] =& BREIEAHRTAIT) AdeR g
A AAA G FRIEA 7 |G . Alehs ol
3= AU (NRF-2020M3F3A2A03082987).
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