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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.

ol T AR AP ) T SR L 3 1T R A AT
FEUO2 ORI, e e e P ey w4 g 4 18160,
JETEBIE AR B, MO RA B A B = . X
N WS 9K B T AT R PRt A, i 2252 B 7 1 )
Tt S, T8 5 2T | ARSI MAE RS B, o e
ik JUTAS AR BBk (Anishe oK 2 0719 RO IE
AR AL (15200 JRERENSY S A A 062122 25 ) mlisR ]
ARSI B UK Bl B BT L AR A Y S5 B T T e
PRI A PLHI AN B e, 1 SRRl (e
e R BN ) RS (RGeS H) Uk B5L
BRI (AN REAAS); Bl , AN
K0}, RGEL IR RGeS . T T LARL
PRI RRAE R, 2R GOREAT ) T ot P 22 45 5 eV F e
JRARAS, AR REALURENE AR 3 eSS 1.

(EARTE TR, A A et i i e P i
JHET, Fi L2 ) sk 7 AR 5 ) i E 1) SRR, A
G807 1) BEE A T W IR e+ TG T e
O RE R (AT A, 11— A BLA O AR PR R R, TG
it 5 LA B TLARTAN XS R B AT 5 30 e P 4
TE PR 2020 AN, K m i i IR SR B fiE
AR T R R A R R . B, SCak el Al A
[ FL IR 2 B R 2 1018 A/m? HEGR, FEMLARE T
PR SR R R E 2 AR R W, AR LT A

PR e P 4 %) 5 i B S a5, RV SRR 1 1R
FHRT] 20 A SC 3 Sl 2 A0l 2031 68 7E
T B AR B2 (209 101 A/m?) AYIRE)
ST, HAEAE I BRI R IR B A R AT
TRETEVE I B 2 P B . itk —20 ) 3 3 g A 0 {1 P U
WS ks BE AR, REEF LR T MR I
HAA SR TP S50 1, 3878 T 90K B RS
SRR TR I R R, A B RV e A i 3
55 SRR 1 S IR R T T A T TR A AR T
KA.

2 hEE RN

WF9T AR 148 (STT) B Smitksh 11241
B R G R 2 SRR R s M LN 2 2
Ghke. b, —JRERREEAE N e 2 TR A L
I — R A2, AR AR Z S S
Je SR R A B, DT R LR Ak 8h 124458
WE 1(b) FiR. )25 [ b2 Z R SRR R
W JZTTh 4 JE (RA) B ) e MR 5 4 ) ok o 2 4 4
() BB W T 25 254 ). AR5 v, 1 2 G T
+z B 4o TSR A B E RS G
K, HOEAR 500 nm (WITEHRBIULEA), JBEE 5 nm.
TG T B B b B AAULE R, 12U R
SRR IES S HEERRE SN FERS, HIRES EhE
G, R ES R A R T AR Y LR IR TIEAS .
TETCHMUAH SRR IR ST, ] H )2 S R e A 43
jﬁ;{k;& [32,33]_

MBS EOR I G 4 SR B AR AR Ak
SRIE M, = 890 kA /m, SHENIEREL A = 13 pJ/m,
FRMARFRLE HEL o =0.01, ZWERE T4 7] k.
BT RSTIEN 2 X2 x5 nm 3, /INFUYSLE 4
AR DRIET R . I +2 7k
TEAGIK AL, A3 P =0.5. ZH IV N >~
A RBE T T N ST SRR, Al 1(b) .
B mgR A it A )2, sy J, WIAEREE
BB EE RS v Kb Y BT AR b R RN A T 3R
RN

HOe(¢) = g(&
Hep o Mok, [ hE PR
) Y Landau-Lifshitz-Gilbert (LLG) J5 %
ik


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)

M ym x Hor+am x O b d 2RO, b LR, o
dt dt Sy TR, m, MR EOBELITR, A % Slon-
:_th:', m ﬂﬂﬂﬂ#ﬂﬁﬁéﬂhﬁfﬁ%ﬁ, v ﬂ‘jﬁﬁ%tt, czewski %;& (JEH:F%%?EIETJF%E#%'@, A4 v B
Her HARY (538 . IR M IR:), A=1), & WY [ Ve IS5 (Rl IR

Tsrr N H e I & = 0)lB031,
e — ae' e —ae
TsTT = % [m X (mp X m)] — f———(m x my).
. 14+« 1+« 3 %%E‘iﬂ"f{%
XH,
Y R 2 JRR T T FRREAL T 13+ IO
- Md'e’ SEAL. PO B4 RN T K e, AUl
_ PA? (t — t0)?
TTAZTE )+ (A2 D(m-my)’ J(t) = Joexp <_T20>
= 51
ol
< 3
5 2f
Z 1t
= ol .
0 1 2 3 4 5

5 ns
‘A e

3.7 ns

6 ns

¢

i
4
'y
4 4
3 ns 4 ns

0 ns 1 ns

B2 YR )RR T B 42 B, w30 e K e K Bl R R e TR A PRI . () TR el R OE ; (b)—(e) 43RS
MAARRERTEN (~, L), (v, 1), (A, L) T (A, 1) BT BYBRRT R . R (B 5 IR 8 sk Fos il NG fL o i B 5 H 6
KA MFRARE —2 M 42 J5 ) A9 IE B R L5 i

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.

557, 3K LI TE G P B LA IR - S I e AT 2K
o AR ZRFERK, e AN R B — A s A %)
WHE (t=1.7 ns Ji). FESCE AR, WEIRTE AL I
FEARTI 3 [ J2 0% Ak 7 1) 47 F 1 N
(W o J71a)), JHOXT i B 5 10 114 3R A% i 1 T
M), R I S5 2T B R T T e 2 BB AL
FATHE— 2058 T 90K 2 R X e i e -1
PEPE R R, A3 A2 300 nm Al 800 nm
(3% B S OR B TT IR A0, 255 an il 5
. AR R G AE T IEE IR R Ty Sk e
BE o, XFR/NIAKE (300 nm, & 5(a)), T2
BMABEREE (J>5x 10" A/m?) Ahg5Es

T IR A0 ey s s 8 5 4 3K PRI R A K A RS N
AN BRI, P2 i BT Ry i Bl 2
55, DRI T B 1R T 225 0 T 5 ) 158 L 37 24
AR . B H U R K o S B B3N R i
TiE B AR P A PR T S ERT B, A FRE N (A,
) MRES (OO R I 2L [ ).

ST 8RB 4K 2% (800 nm, [ 5(b)), 24
MBEEIRF] Jy > 2 x 10" A/m? I, B AT A 3R
REAIELEH. 5 300 nm Fl 500 nm 24K FEAH L,
800 nm ZKFEAEHLI A BEARIEL T T —
TR IRASS (»~, L) W RLE P =1).
TR AR F IR RS oK 2, 38/ H 3 R T


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)

x(~ 1) e(m, 1)

(a)
4r X ° ° ° ° ) )
3r X X ® ® [ ) [
w
=]
~
o 2F X X ° ° o ° )
1+ X X ° ° ) )
X ° ° ° )
0 . . . . . .
4 5 6 7 8 9 10

Jo/ (1011 A-m~—2)

5
4% 800 nm FY 4N K 43

(b

o/ns

WA LA 265 T Jo 5 Ik w98 o SRR B b S A AL, AR G BE S (~, L),

(™ ) e, 1) e, D+, D) v, )

)

4F X @ © © © o o o o o
3 X © © © © © © o o o
2 X v © @ © o o o ¢ o
1 X e © © o © ¢ ¢ o
vV 6 0 0 & ¢ ¢ o

0 . . .
0 2 4 6 8 10

Jo/ (101 A-m—2)

(a) HLA24 300 nm YK EL; (b) H
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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

structure remains intact. When the current density is excessively high with an insufficient pulse width (o), the
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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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