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Fig. 1. (a) Schematic illustration of polarity, circulation,
and chirality of a magnetic vortex. The white and black
dots represent vortex cores with upward and downward
magnetization, respectively; the arrows indicate the in-plane
magnetization circulation. (b) Schematic of the magnetic
spin-valve structure. The free layer is initially in a magnet-
ic vortex state. The current is injected along the +z direc-
tion, and the corresponding Oersted field orientation is in-
dicated by the black arrows.
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Fig. 2. Deterministic control of magnetic vortex chirality driven by a Gaussian current pulse, with the fixed-layer magnetization
along the +z direction: (a) Waveform of the Gaussian pulse current; (b)—(e) magnetization distributions corresponding to the ini-
tial vortex states (~, }), (m~, 1), (v, J) and (»~, 1), respectively. Color map and gray arrows represent the in-plane mag-
netization components; the black and white regions denote the out-of-plane magnetization components along the —z and 4z dir-

ections, respectively.
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Fig. 3. Phase diagram of magnetic vortex states controlled
by the peak current density Jp and pulse width o, with

the initial vortex state being (~, | ).
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Fig. 4. Deterministic control of magnetic vortex chirality driven by a Gaussian current pulse, with the fixed-layer magnetization

along the +z direction: (a) Waveform of the Gaussian pulse current; (b)—(e) magnetization distributions corresponding to the ini-

tial vortex states (~, }), (m~, 1), (v, J) and (»~, 1), respectively. Color map and gray arrows represent the in-plane mag-

netization components; the black and white regions denote the out-of-plane magnetization components along the —z and 4z dir-

ections, respectively.
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Fig. 5. Phase diagram of magnetic vortex states controlled by peak current density Jo and pulse width o, with an initial magnetic
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S 0k

FE A SR ) BT R DT SRR D e e B e, {EL
WIS e B8 1R A 2 LA B RE TR e, TR A
PEARKAEBUE. HeA R 3 R 5 AT, R by
SR RERE WA, RIVA] e B R F R SE3E0
JRPE R ). 8/ INBI A 2 S ) T g T8 A 1
], 0 DR DAy DA B e T B AR 3] 8 2 i o e o
SRR, e 28 22 e 5 S g 103 T AT AL By
By SOREE RGN, o P e rp ™ AR R R -5
St o RS AR D AR H B AL A F) Rl e
LA

4 %

AHTFEIE A WG AU, RGeS T A et i
FEL I B A A BRI 37 0 e e e 1 5 A A )
[l RLR]. 25 R, 75 LA X AR A B2 94 K £
h, T SRR, {SUEE A A A 1 B
7y RIVAT S LR A T 0 o PR . 3 e ) el 0
L P DAL 38 15 kol i L PR IR, A 1 ek il Y
BUELAS A F B PR T P S8 1. 2518 = A7
i) T EL TR T, Sl LA e R BT, TS
I P ] TR 57 SO AR M S PRI i >4
¥ 58 J2 WA T 1005 T 10 A, JRedA) il 92 ke
AR, (AR RREAL AR AN, 9K B R
R E PR R /DRGSR SR TR E,
RIS A I ] 5P P YA S B e
BTSSR 7 1 r I R 3l e ke T 9
PP SCHEYE L, S Jei T LRI R A R i e £ B A7
fittamr F B R AL T BB

(16]

(17]

(18]
(19]

130803-6

Kasai S, Nakatani Y, Kobayashi K, Kohno H, Ono T 2006
Phys. Rev. Lett. 97 107204

Urazhdin S, Demidov V E, Ulrichs H, Kendziorczyk T, Kuhn
T, Leuthold J, Wilde G, Demokritov S O 2014 Nat.
Nanotechnol. 9 509

Sun J Z 2022 J. Magn. Magn. Mater. 559 169479

Kumar P, Nacemi A 2022 Appl. Phys. Lett. 121 112406

Bolte M, Meier G, Kriiger B, Drews A, Eiselt R, Bocklage L,
Bohlens S, Tyliszczak T, Vansteenkiste A, Van Waeyenberge
B, Chou K W, Puzic A, Stoll H 2008 Phys. Rev. Lett. 100
176601

Garcia M J, Moulin J, Wittrock S, Tsunegi S, Yakushiji K,
Fukushima A, Kubota H, Yuasa S, Ebels U, Pannetier-
Lecoeur M, Fermon C, Lebrun R, Bortolotti P, Solignac A,
Cros V 2021 Appl. Phys. Lett. 118 122401

Zvezdin K A, Ekomasov E G 2022 Phys. Met. Metall. 123 201
Uzunova V, Ivanov B A 2023 Phys. Rev. B 108 064423

Zaspel C E 2011 J. Magn. Magn. Mater. 323 499

Gypens P, Leliaert J, Schiitz G, Waeyenberge B V 2022 Phys.
Rev. B 105 094420

Mehrnia M, Trimble J, Heinonen O, Berezovsky J 2021 Phys.
Rev. Appl. 16 034049

Ma X P, Yang H, Li C, Song C, Piao H G 2021 Chin. Phys.
Lett. 38 127501

Luo Y M, WuY Z, Yu C Q, Li H, Wen J H, Zhu L Y, Qian
Z H, Zhou T J 2019 Phys. Rev. Appl. 11 044090

Jenkins A S, Grimaldi E, Bortolotti P, Lebrun R, Kubota H,
Yakushiji K, Fukushima A, de Loubens G, Klein O, Yuasa S,
Cros V 2014 Appl. Phys. Lett. 105 172403

Jaafar M, Yanes R, Perez de Lara D, Chubykalo-Fesenko O,
Asenjo A, Gonzalez E M, Anguita J V, Vazquez M, Vicent J
L 2010 Phys. Rev. B 81 054439

Sun M J, Liu Y W 2015 Acta Phys. Sin. 64 247505 (in
Chinese) [T, XIEER 2015 P34 64 247505

Ma X P, Yang H G, Li C F, Liu Y J, Piao H G 2020 Acta
Phys. Sin. 70 107502 (in Chinese) [T, 472 [, 25 g X
F4k, KT 2020 PFEA4f 70 107502)

Cambel V, Karapetrov G 2011 Phys. Rev. B 84 014424
Huang C H, Wu K M, Wu J C, Horng L 2013 J. Appl. Phys.
113 103905


https://doi.org/10.1103/PhysRevLett.97.107204
https://doi.org/10.1103/PhysRevLett.97.107204
https://doi.org/10.1103/PhysRevLett.97.107204
https://doi.org/10.1103/PhysRevLett.97.107204
https://doi.org/10.1103/PhysRevLett.97.107204
https://doi.org/10.1103/PhysRevLett.97.107204
https://doi.org/10.1038/nnano.2014.88
https://doi.org/10.1038/nnano.2014.88
https://doi.org/10.1038/nnano.2014.88
https://doi.org/10.1038/nnano.2014.88
https://doi.org/10.1038/nnano.2014.88
https://doi.org/10.1038/nnano.2014.88
https://doi.org/10.1038/nnano.2014.88
https://doi.org/10.1038/nnano.2014.88
https://doi.org/10.1016/j.jmmm.2022.169479
https://doi.org/10.1016/j.jmmm.2022.169479
https://doi.org/10.1016/j.jmmm.2022.169479
https://doi.org/10.1016/j.jmmm.2022.169479
https://doi.org/10.1016/j.jmmm.2022.169479
https://doi.org/10.1016/j.jmmm.2022.169479
https://doi.org/10.1016/j.jmmm.2022.169479
https://doi.org/10.1063/5.0101265
https://doi.org/10.1063/5.0101265
https://doi.org/10.1063/5.0101265
https://doi.org/10.1063/5.0101265
https://doi.org/10.1063/5.0101265
https://doi.org/10.1063/5.0101265
https://doi.org/10.1063/5.0101265
https://doi.org/10.1103/PhysRevLett.100.176601
https://doi.org/10.1103/PhysRevLett.100.176601
https://doi.org/10.1103/PhysRevLett.100.176601
https://doi.org/10.1103/PhysRevLett.100.176601
https://doi.org/10.1103/PhysRevLett.100.176601
https://doi.org/10.1103/PhysRevLett.100.176601
https://doi.org/10.1063/5.0040874
https://doi.org/10.1063/5.0040874
https://doi.org/10.1063/5.0040874
https://doi.org/10.1063/5.0040874
https://doi.org/10.1063/5.0040874
https://doi.org/10.1063/5.0040874
https://doi.org/10.1063/5.0040874
https://doi.org/10.1134/S0031918X22030140
https://doi.org/10.1134/S0031918X22030140
https://doi.org/10.1134/S0031918X22030140
https://doi.org/10.1134/S0031918X22030140
https://doi.org/10.1134/S0031918X22030140
https://doi.org/10.1134/S0031918X22030140
https://doi.org/10.1134/S0031918X22030140
https://doi.org/10.1103/PhysRevB.108.064423
https://doi.org/10.1103/PhysRevB.108.064423
https://doi.org/10.1103/PhysRevB.108.064423
https://doi.org/10.1103/PhysRevB.108.064423
https://doi.org/10.1103/PhysRevB.108.064423
https://doi.org/10.1103/PhysRevB.108.064423
https://doi.org/10.1103/PhysRevB.108.064423
https://doi.org/10.1016/j.jmmm.2010.09.054
https://doi.org/10.1016/j.jmmm.2010.09.054
https://doi.org/10.1016/j.jmmm.2010.09.054
https://doi.org/10.1016/j.jmmm.2010.09.054
https://doi.org/10.1016/j.jmmm.2010.09.054
https://doi.org/10.1016/j.jmmm.2010.09.054
https://doi.org/10.1016/j.jmmm.2010.09.054
https://doi.org/10.1103/PhysRevB.105.094420
https://doi.org/10.1103/PhysRevB.105.094420
https://doi.org/10.1103/PhysRevB.105.094420
https://doi.org/10.1103/PhysRevB.105.094420
https://doi.org/10.1103/PhysRevB.105.094420
https://doi.org/10.1103/PhysRevB.105.094420
https://doi.org/10.1103/PhysRevB.105.094420
https://doi.org/10.1103/PhysRevB.105.094420
https://doi.org/10.1103/PhysRevApplied.16.034049
https://doi.org/10.1103/PhysRevApplied.16.034049
https://doi.org/10.1103/PhysRevApplied.16.034049
https://doi.org/10.1103/PhysRevApplied.16.034049
https://doi.org/10.1103/PhysRevApplied.16.034049
https://doi.org/10.1103/PhysRevApplied.16.034049
https://doi.org/10.1103/PhysRevApplied.16.034049
https://doi.org/10.1103/PhysRevApplied.16.034049
https://doi.org/10.1088/0256-307X/38/12/127501
https://doi.org/10.1088/0256-307X/38/12/127501
https://doi.org/10.1088/0256-307X/38/12/127501
https://doi.org/10.1088/0256-307X/38/12/127501
https://doi.org/10.1088/0256-307X/38/12/127501
https://doi.org/10.1088/0256-307X/38/12/127501
https://doi.org/10.1088/0256-307X/38/12/127501
https://doi.org/10.1088/0256-307X/38/12/127501
https://doi.org/10.1103/PhysRevApplied.11.044090
https://doi.org/10.1103/PhysRevApplied.11.044090
https://doi.org/10.1103/PhysRevApplied.11.044090
https://doi.org/10.1103/PhysRevApplied.11.044090
https://doi.org/10.1103/PhysRevApplied.11.044090
https://doi.org/10.1103/PhysRevApplied.11.044090
https://doi.org/10.1103/PhysRevApplied.11.044090
https://doi.org/10.1063/1.4900743
https://doi.org/10.1063/1.4900743
https://doi.org/10.1063/1.4900743
https://doi.org/10.1063/1.4900743
https://doi.org/10.1063/1.4900743
https://doi.org/10.1063/1.4900743
https://doi.org/10.1063/1.4900743
https://doi.org/10.1103/PhysRevB.81.054439
https://doi.org/10.1103/PhysRevB.81.054439
https://doi.org/10.1103/PhysRevB.81.054439
https://doi.org/10.1103/PhysRevB.81.054439
https://doi.org/10.1103/PhysRevB.81.054439
https://doi.org/10.1103/PhysRevB.81.054439
https://doi.org/10.1103/PhysRevB.81.054439
https://doi.org/10.7498/aps.64.247505
https://doi.org/10.7498/aps.64.247505
https://doi.org/10.7498/aps.64.247505
https://doi.org/10.7498/aps.64.247505
https://doi.org/10.7498/aps.64.247505
https://doi.org/10.7498/aps.64.247505
https://doi.org/10.7498/aps.64.247505
https://doi.org/10.7498/aps.64.247505
https://doi.org/10.7498/aps.64.247505
https://doi.org/10.7498/aps.64.247505
https://doi.org/10.7498/aps.64.247505
https://doi.org/10.7498/aps.64.247505
https://doi.org/10.7498/aps.64.247505
https://doi.org/10.7498/aps.64.247505
https://doi.org/10.7498/aps.64.247505
https://doi.org/10.7498/aps.70.20201995
https://doi.org/10.7498/aps.70.20201995
https://doi.org/10.7498/aps.70.20201995
https://doi.org/10.7498/aps.70.20201995
https://doi.org/10.7498/aps.70.20201995
https://doi.org/10.7498/aps.70.20201995
https://doi.org/10.7498/aps.70.20201995
https://doi.org/10.7498/aps.70.20201995
https://doi.org/10.7498/aps.70.20201995
https://doi.org/10.7498/aps.70.20201995
https://doi.org/10.7498/aps.70.20201995
https://doi.org/10.7498/aps.70.20201995
https://doi.org/10.7498/aps.70.20201995
https://doi.org/10.7498/aps.70.20201995
https://doi.org/10.7498/aps.70.20201995
https://doi.org/10.7498/aps.70.20201995
https://doi.org/10.1103/PhysRevB.84.014424
https://doi.org/10.1103/PhysRevB.84.014424
https://doi.org/10.1103/PhysRevB.84.014424
https://doi.org/10.1103/PhysRevB.84.014424
https://doi.org/10.1103/PhysRevB.84.014424
https://doi.org/10.1103/PhysRevB.84.014424
https://doi.org/10.1103/PhysRevB.84.014424
https://doi.org/10.1063/1.4795115
https://doi.org/10.1063/1.4795115
https://doi.org/10.1063/1.4795115
https://doi.org/10.1063/1.4795115
https://doi.org/10.1063/1.4795115
https://doi.org/10.1063/1.4795115
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 75, No. 13 (2026) 130803

[20] Yakata S, Miyata M, Nonoguchi S, Wada H, Kimura T 2010 [28] Nakatani Y, Ono T 2011 Appl. Phys. Lett. 99 122509

Appl. Phys. Lett. 97 222503 [29] Carpentieri M, Finocchio G, Azzerboni B, Torres L, Lopez-
[21] Shimon G, Adeyeye A O, Ross C A 2013 Phys. Rev. B 87 Diaz L, Martinez E 2005 J. Appl. Phys. 97 10C713

214422 [30] Vansteenkiste A, Leliaert J, Dvornik M, Helsen M, Garcia-
[22] Agramunt-Puig S, Del-Valle N, Navau C, Sanchez A 2014 Sanchez F, Van Waeyenberge B 2014 AIP Adv. 4 107133

Appl. Phys. Lett. 104 012407

[23] Gaididei Y, Sheka D D, Mertens G F 2008 Appl. Phys. Lett.
92 012503

[24] Yakata S, Miyata M, Honda S, Itoh H, Wada H, Kimura T
2011 Appl. Phys. Lett. 99 242507

[25] Abreu Araujo F, Chopin C, de Wergifosse S 2022 Sci. Rep. 12

[31] Joos J J, Bassirian P, Gypens P, Mulkers J, Litzius K, Van
Waeyenberge B, Leliaert J 2023 J. Appl. Phys. 134 171101

[32] Toscano D, Leonel S A, Dias R A, Coura P Z, Rocha J C S,
Costa B 'V 2011 J. Appl. Phys. 109 014301

[33] Im MY, Fischer P, Yamada K, Sato T, Kasai S, Nakatani Y,

10605 Ono T 2012 Nat. Commun. 3 983

[26] Kriiger B, Drews A, Bolte M, Merkt U, Pfannkuche D, Meier [34] Nahrwold G, Scholtyssek J M, Motl-Ziegler S, Albrecht O,
G 2007 Phys. Rev. B 76 224426 Merkt U, Meier G 2010 J. Appl. Phys. 108 013907

[27] Otdlora J A, Cortés-Ortuiio D, Gorlitz D, Nielsch K, [35] Zhang M, Deng C 2021 J. Mater. Sci.: Mater. Electron. 32
Landeros P 2015 J. Appl. Phys. 117 173914 4949

Synergistic control of magnetic vortex chirality by spin-
polarized current and Oersted field”

LIU Wenbin V?# LI Huiting V»#  WANG Qishuo?  TIAN Kangjie 1)?
ZHANG HongyanY?  MA Xiao-Ping Y?t  SHIM Je-Ho "?
PIAO Hong-Guang Y?)*

1) (Department of Physics, College of Science, Yanbian University, Yanji 133002, China)
2) (Institute of Quantum Science and Technology, Yanbian University, Yanji 133002, China)

( Received 11 January 2026; revised manuscript received 25 March 2026 )

Abstract

Achieving deterministic control of magnetic vortex chirality in nanostructures is a critical challenge for
advancing next-generation spintronic devices. While spin-polarized currents are widely used to manipulate
magnetic states, the role of the accompanying Oersted field is often neglected, as it is generally considered much
weaker than the spin-transfer torque. However, in systems with chiral energy degeneracy, such as magnetic
vortices, the Oersted field plays an essential role by breaking this degeneracy due to its direction determined by
the right-hand rule. In this work, through systematic micromagnetic simulations, we demonstrate that the
Oersted field, in combination with tailored pulsed spin-polarized currents, enables deterministic control over
both the circulation and polarity of magnetic vortices in geometrically symmetric nanodisks without introducing
structural asymmetry.

We first investigate the effect of a Gaussian current pulse with the fixed-layer magnetization along the out-
of-plane (+z) direction. The results show that the Oersted field dictates the final vortex circulation, which
consistently aligns with its counterclockwise direction. By constructing phase diagrams of the peak current
density Jo versus pulse width o, we identify the threshold conditions for circulation control and the parameter

window for deterministic polarity manipulation. When the current density is too low, the original vortex
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structure remains intact. When the current density is excessively high with an insufficient pulse width (o), the
polarity becomes random due to intense precessional dynamics induced by abrupt pulse termination. Only
within an appropriate range of Jo and o can both circulation and polarity be simultaneously controlled. With
the fixed-layer magnetization along +z, the final vortex polarity is consistently upward, owing to the out-of-
plane magnetic guidance.

We further examine the case where the fixed-layer magnetization is oriented in-plane (+z). The Oersted
field still enforces counterclockwise circulation regardless of the initial vortex state, confirming that circulation
control is independent of the fixed-layer orientation. However, polarity control is lost in this configuration,
highlighting that deterministic polarity manipulation requires out-of-plane magnetic guidance from the fixed
layer.

The influence of nanodisk size on the control thresholds is also systematically studied. For smaller
nanodisks (300 nm in diameter), a higher current density (Jo > 5 x 10'* A/m?) is required to destroy the initial
vortex structure, but the polarity is more stable due to fewer vortex-antivortex pairs generated during the
transition. For larger nanodisks (800 nm in diameter), a lower current density (Jo > 2 x 10** A/m?) is sufficient
to reverse the circulation, while an intermediate state where circulation is reversed but polarity remains
unchanged is observed, further demonstrating the distinct roles of the Oersted field and spin-transfer torque in
circulation and polarity control, respectively.

These results clarify the complementary roles of spin-polarized currents and Oersted fields: the Oersted
field governs vortex circulation by breaking chiral energy degeneracy, while the fixed-layer magnetization
direction guides polarity selection. By optimizing the current pulse profile, we achieve reliable and simultaneous
control of magnetic vortex chirality and polarity without relying on geometric symmetry breaking. This work
provides a comprehensive understanding of current-induced magnetic vortex manipulation and offers a practical

strategy for developing high-density, low-power spintronic devices based on magnetic vortices.
Keywords: magnetic vortex, chirality control, spin transfer torque, Oersted field
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