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Research on spin motive force of skyrmionium

Han Haiyang, Jia Longfei, i Ge, Zhang Baoshan, Tang Dongming, Yang Yi'
(School of Electronic Science and Engineering, Nanjing University , Nanjing, 210023, China)

Abstract: Magnetic skyrmion is a type of magnetic vortex structure with topological protection and has non - trivial
topological properties in real space. It is considered an ideal information carrier for future spintronics devices. The
researches on properties and applications of magnetic skyrmion have become the current academic hotspots in recent
years. Skyrmionium is a special magnetic texture, which is constructed based on two skyrmions with the opposite
topological charge in a nesting way. So the topological charge of skyrmionium is zero, and it can successfully avoid the
influence of skyrmion Hall effect, exhibiting better performance of dynamics. We numerically investigate the spin motive
force (SMF) of skyrmionium on a nanodisk in this paper. The rotational oscillating mode excited by an in - plane
microwave magnetic field can produce a significant spin-dependent electric field at the edge of the nanodisk. Compared
with the traditional magnetic skyrmion, the collective oscillation modes of skyrmionium are more complicated, and the
spin-dependent electric fields originating from oscillations have three sources, i.e.,the contribution from the regions with
positive topological charge, the regions with negative topological charge and the edge regions, respectively. The
amplitude of voltage generated at the edge of the nanodisk reaches the order of microvolt, which is much larger than the

voltage generated by the traditional magnetic skyrmion. The phenomenon makes it convenient to measure the voltage

HEGTH L E K H R F 4 (11004095,61271077,11104134)
W H 3. 2019— 04— 04
* 3 I & A, E-mail : malab@nju.edu.cn



55

i U B 45 <o A T T B e 3 BN T 5 < 775 -

directly in a regular way. Accordingly, The skyrmionium could be a good candidate for the future spin battery. The

research is valuable for the fundamental physics and future application research.
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Red represents the z component of magnetization pointing up
and blue pointing down, and the arrows represent the in-plane
component of magnetization.

(a) magnetization distribution of skyrmion

(b) magnetization distribution of skyrmionium
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Fig. 1 The distribution of skyrmion and skyrmio-

nium
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Fig. 2 Schematic diagram of the calculation model
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Fig.3 The imaginary part of the magnetic permea-

bility at different frequencies, the inset is the change

of magnetic moment with time
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Fig.5 Schematic diagram of the change of the electric field x component in one cycle at different frequencies

SRR B A R IR R G R T R A = A
PR, H f, = 14.2 GHz 5 5] 9 o1, s 9% 1%
Ko N S HT B RIS [R) X8 ) B 355 A 7 4 5%
M) 72 ¢ 2 HLRCR DA A R 0 SR AR 5 B A AR T
A I 2 ) 1 B AR 7, 5 350 3 I R B AIR
TR LR AEMR £, A0 WK BT R AR AR A7 T
[T SN Ra ol A S = B N R S T 2 e R
F R R R BT OIR R, R OR TR R

15 B8 T it Al RUAR 5 i % 08 1 7 i A kA7 R
BT A e L b T 5 B A R R S

4 %&£ &

AR SR IBUE 7 5T B A A% 1]
T T AR AR v A AR 5 L R T
SEAT T T A T o A 1 G SR AR R
B e B A I R B W R o, =



%5 53] G I PH A5 < 1S TR W) 1 1 T Bl ) A0 T 5 779
6000 ——f=45GHz
(@) 10| ® ——£=25GHz
/=31.6GHz
4000 ——/=46.5GHz
500 H
2000
3 3 N
3 0 K
S) S)
-2000
-4000
-1000 -

[1]

[3]

[4]

[6]

[7]

182 18.3
Time (ns)

18.4 18.5

18.0

L L L L |
18.1 182 18.3 18.4 18.5

Time (ns)

6 XS(a)FMOL)FAMBER, TEBEMWABFHIGEE
Fig. 6 Calculate the voltage across the AB obtained in both low frequency (a) and high frequency (b)

14.2 GHz I, 4% 25 Hr A% 1] T4 ) o 7= 24 119 #
JE AT AR 2, T8 R T A% e 3l A W1 7 A Y
R, LI A e s R i 7 T 4 R B B AR B Y
Uit , A [v) T 3K 368 50 A BT 00 A T R T
NS vk iy S UN U (S SO
BIF 5 5 T ks B 9 11 5 e e LA R 8 5L

&% 3k

Hagemeister J, Romming N, Von Bergmann K, et
al. Stability of single skyrmionic bits. Nature
Communications, 2015, 6:8455.

Zhou Y, lacocca E, Awad A A, et al. Dynamically
stabilized magnetic skyrmions. Nature Communi -
cations, 2015,6:8193.

Marti X, Fina I, Frontera C, et al. Room -
temperature antiferromagnetic memory resistor.
Nature Materials,2014,13(4):367— 374.

Kang W,Huang Y Q,Zhang X C, et al. Skyrmion-
electronics: an overview and outlook. Proceedings
of the IEEE,2016,104(10):2040—2061.
Miihlbauer S, Binz B, Jonietz F, et al. Skyrmion
lattice in a chiral magnet. Science, 2009, 915
(5916):915—919.

Huang Y Q, Kang W, Zhang X C, et al. Magnetic
skyrmion - based synaptic devices. Nanotech -
nology, 2017,28(8):08LTO02.

Fert A, Cros V, Sampaio J. Skyrmions on the
Nature 2013, 8(3):

track. Nanotechnology,

[8]

[10]

[11]

[12]

[13]

[14]

Zhang X C, Ezawa M, Zhou Y. Magnetic
skyrmion logic gates: conversion, duplication and
merging of skyrmions. Scientific Reports, 2015, 5:
9400.

T RAHT ST A5 R ST RS T T A R A A
Yy # 2= e, 2018, 67(13): 137510. (Liang X, Zhao
L, Qiu L, et al. Skyrmions-based magnetic race-
track memory. Acta Physica Sinica, 2018, 67(13):
137510.)

ER LA ST AT SN AL R 2]
W AE 5T W M2 L, 2018, 67(13): 137507,
(Dong B W, Zhang J Y, Peng L. C, et al. Multi-
field control on magnetic skyrmions. Acta Physica
Sinica, 2018,67(13):137507.)

XN PR T ST A T T 1 R S BRDIR A R
PP H AR L 2018, 67(13): 131201, (Liu Y Z,
Zhang J D. Overview and outlook of magnetic
skyrmions. Acta Physica Sinica, 2018, 67(13):
131201.)

Volovik G E. Linear momentum in ferromagnets.
Journal of Physics C: Solid State Physics, 1987, 20
(7):1.83—1.87.

Yang S A,Beach G S, Knutson C, et al. Universal
electromotive force induced by domain wall
motion. Physical Review Letters, 2009, 102(6):
067201.

Hai P N, Ohya S, Tanaka M, et al. Electromotive
force and huge magnetoresistance in magnetic
Nature, 2009, 458(7237):

tunnel  junctions.

489—492.



780 - B R E iR (A SRR E D) 55 %
[15] Barnes S E, Maekawa S. Generalization of [27] Li S, Xia J, Zhang X C, et al. Dynamics of a

[16]

[17]

[18]

[19]

[21]

[22]

[23]

[24]

[25]

Faraday’ s Law to Include Nonconservative Spin
Forces. Physical Review Letters, 2007, 98(24):
246601.

Everschor - Sitte K, Sitte M. Real - space berry
phases: skyrmion soccer (invited). Journal of
Applied Physics, 2014 ,115(17):172602.

Schulz T, Ritz R, Bauer A, et al. Emergent
electrodynamics of skyrmions in a chiral magnet.
Nature Physics,2012,8(4):301—304.

Iwasaki J, Mochizuki M, Nagaosa N. Universal
current - velocity relation of skyrmion motion in
chiral magnets. Nature Communications, 2013, 4:
1463.

Monchesky T L, Loudon J C, Robertson M D, et
al. Comment on “robust formation of skyrmions
and topological hall effect anomaly in epitaxial thin
films of MnSi”. Physical Review Letters, 2014,
112(5):059701.

Zang J D, Mostovoy M, Han J H, et al. Dynamics
of skyrmion crystals in metallic thin films. Physical
Review Letters,2011,107(13):136804.

Ohe J I, Shimada Y. Cascaded spin motive force
driven by the dynamics of the skyrmion lattice.
Applied Physics Letters, 2013,103(24):242403.
Shen M K, Zhang Y,Ou-Yang J, et al. Motion of a
skyrmionium driven by spin wave. Applied
Physics Letters,2018,112(6):62403.

Zhang X C, Xia J, Zhou Y, et al. Control and
manipulation of a magnetic skyrmionium in
nanostructures. Physical Review B, 2016, 94(9):
094420.
Komineas S, Papanicolaou N P. Skyrmion
dynamics in chiral ferromagnets under spin -
transfer torque. Physical Review B, 2015, 92(7):
174405.

Kolesnikov A G, Stebliy M E, Samardak A S, et
al. Skyrmionium - high velocity without the
skyrmion Hall effect. Scientific Reports, 2018, 8:
16966.

Zhang S L., Kronast ', Van Der Laan G, et al. Real
- space observation of skyrmionium in a ferro -

magnet - magnetic topological insulator hetero -
structure. Nano Letters, 2018,18(2):1057—1063.

[29]

[30]

[31]

[32]

[33]

[34]

[36]

magnetic skyrmionium driven by spin waves.
Applied Physics Letters, 2018,112(14):142404.
Sampaio J, Cros V, Rohart S, et al. Nucleation,
stability and current - induced motion of isolated
magnetic skyrmions in nanostructures. Nature
Nanotechnology,2013,8(11):839—844.
Nagaosa N, Tokura Y. Topological properties and
dynamics of magnetic skyrmions. Nature Nanotech
-nology,2013,8(12):899—911.
Biittner F, Lemesh I, Schneider M, et al. Field-
free deterministic ultrafast creation of magnetic
skyrmions by spin-orbit torques. Nature Nanotech-
nology,2017,12(11):1040—1044.
FLASE . REAR I 0 FN R R HC Bl ) 2 g 2
BB Tk S . Wy B2 4, 2018, 67(13): 137506.
(Kong L Y. Research progress on topological
properties and micro-magnetic simulation study in
dynamics of magnetic skyrmions. Acta Physica
Sinica, 2018,67(13):137506.)
Ohe J I, Shimada Y. Cascaded spin motive force
driven by the dynamics of the skyrmion lattice.
Applied Physics Letters, 2013,103(24):242403.
Tanabe K, Chiba D, Ohe J, et al. Spin-motive
force due to a gyrating magnetic vortex. Nature
Communications, 2012, 3:845.
Novosad V, Fradin F Y, Roy P E, et al. Magnetic
vortex resonance in patterned ferromagnetic dots.
Physical Review B,2005,72(2):24455.
Fert A, Reyren N, Cros V. Magnetic skyrmions:
advances in physics and potential applications.
Nature Reviews Materials, 2017,2(7):17031.
Shimada Y, Ohe J 1. Spin motive force driven by
skyrmion nanodisks.
Physical Review B,2015,91(17):174437.
(DifESiME =

dynamics In magnetic

558 )



