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“skyrmion” , the concept originally
introduced by Tony Skyrme (1922-87)
to describe the state of nucleon: to
model a particle as a topological soliton
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I Skyrmions and topological transport phenomena

I Skyrmions in multiferoics toward E-control and light control
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What Is magnetic skyrmion?

Topologically-stable spin vortex “skyrmion number”
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Helical spin order in B20-type crystals

Crystal structure

e : Transition-metal element
e : Group 14 element

= Cubic (P2,3)
- Noncentrosymmetric

Chiral lattice structure

Magnetic structure

Three well-separated enerqy scales

ferromagnetic interaction(S; - S;) > Dzyaloshinsky-Moriya interaction(S;xS;) > magnetic anisotopy
—one-handed helical spin structure
(a long wavelength 17.5 — 230 nm, weakly locked helix direction <111> or <100>)




Toward real space observation of Skyrmion
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Lorentz microscope
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Helical spin order in B20-type crystals

Crystal structure

e : Transition-metal element
e : Group 14 element

= Cubic (P2,3)
- Noncentrosymmetric

Magnetic structure

Three well-separated enerqy scales

ferromagnetic interaction(S; - S;) > Dzyaloshinsky-Moriya interaction(S;xS;) > magnetic anisotopy
—one-handed helical spin structure
(a long wavelength 17.5 — 230 nm, weakly locked helix direction <111> or <100>)



mall angle neutron scattering for Skyrmion Xtal
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Real Space Observation of Skyrmion crystal

m Fe,:Coy:Si o
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~ X.Z.Yu, Y.T et al. Nature (2010).



H- T Phase diagram

Bulk sample

20nm-thick film (Lorentz TEM) >

FM+Sk
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X.Z. Yu et al. Nat. Mater.(2010)
H=0 H=0.1T




Solid angle Q =4x
In srong coupling case

One skyrmion

Emergent magnetic field

of = —P0/A

A: skyrmion size

One magnetic flux ¢,

Cb() = h/G
one skyrmion/nm?

'

B.+~4000T A. Neubauer et al, PRL 102 186602 (2009)
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Ultrathin epitaxial thin films of MnSi

; 10nm-thick

Intensity(cps)
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Skyrmion phase mapping by topological Hall resistivity

Yufan Li, Kanazawa,Kagawa et al. PRL (2013)
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See also the late paper on FeGe thin film;

Conventional anomalous +
normal Hall effects
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S. X. Huang and C. L. Chien, Phys. Rev. Lett. 108, 267201 (2012)



\Vlagnetic phase diagram in B20 compounds

Helicity reversal
300 Y
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Mn,  Fe,Ge (Control of DM interaction)

a H=>(-35-S;+D;-(5xS))
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Nat. Nanotech.

(2013)
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\Vlagnetic phase diagram in B20 compounds

Helicity reversal
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mall angle neutron scattering on MnGe (polyXtal)
B (10T) then B=0

After application ut”}igh magnetic field
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Pyx (1€ cm)

Pyx (1€ cm)

Topological Hall effect in MnGe

H > He

Induced ferromagnetic state
—“Conventional” anomalous Hall effect
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Solid angle Q = 4x

In strong coupling case

One skyrmion «<— | One magnetic flux ¢,

Emergent magnetic field Po = h/ €
= —0o/A one skyrmion/nm?
A: skyrmion size ‘
B.+~4000T

High skyrmion density 2 Large topological Hall Effect
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Topological Nernst Effect

Nernst effect |~ = E/IV.T]
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Shiomi et al. PRB (2013)
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Current: drive of

Domain wall motion
by spin transfer torque

skyrmions and emergent EM field

Domain wall

Conduction
electron
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t=48s
0.41 mA

1=52s
0.50 mA

t=55s%
0.61 mA

B=150mT

J.<100A/cm? J.~107Alcm? for ordinary domain walls
no intrinsic / minimal extrinsic pinning effect on SkX
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Manipulation of single skyrmion in FeGe by pulse currents

T =230 K, B = 150 mT, I = 100 mA (pulse width/interval = 0.5/3.5 s)
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orentz TEM observation of thin flake of Cu,0SeO,

space group

the same as
P213 B 20 (MnSi)
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Cu20SeO0s : P distribution in skyrmion

S. Sekietal, PRB(2012)
d-p hybridization model mi Py
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Skyrmion particle can locally carry electric dipole or quadrupole




Skyrmion excitations as electromagnons showing directional dichroism

Y. Okamura et al. Nature Commun. (2013).
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ectrodynamics of Skyrmions  ~ toward Skyrmionics ~

f05

onc . . c . . 04 2o
Stabilization Skrymions in form of thin films, not g
only DM but also uniaxial magnets a- = |

FM(H)

ITopoIogicaI Hall effect as probe/detection for SkX :

1

emergent EM fields

T(K)

uoH (T)
Mol e (e cm)

I Skyrmion transport phenomena

low-current drive of Skyrmions (<100A/cm?)
processing speed o< I*(Sk density); energy-cost per bitec|

optical, e-beam (spin-current) control,; E-drive (multiferroics)
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