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Fig. 1. (color online) The dynamic evolution of max-
imum exchange energy density as a function of time

for different drive current pulse.
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Fig. 2. (color online) (a) Temporal state of current-
induced vortex core reversal with the trivortex state;
(b) the distribution of vortex cores in the orthogo-
nal plane coordinate system; (c) the corresponding
contour map of local exchange energy density in the

interaction region of vortexes.
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change energy density for d = 5 nm, f ~ 13 nm.

N T B UEGN R i RUST o Jom A% A PE J 5% 11 ) 35
I 57 52 4 RE AR (VI R2 M0, 7 R K7 J3 B ANAZ (20 nm)

FIRTSE T, N SRR B AR, BEAT T ARG
TR 7T, 4 &R 1 k3o A A 1k 9 A i
TR 5 JR) Je I O A2 H e R LB 4K £ L
FRIARAL. AR BN i 5 e R i L (S
B ) BE AW it ELAR RS N T B, i R 8 S AL
HAE R T LU AL (S0 77 B HEUE 5 b 46
RAFE AR A vy I, ok ibs e A 14 8 e 1 foe K
JR AT Hhe e T e FRAELAS S i RS DL R
TLomEERIRAMA. BEAb, %0 A AN B2 FE dh A o
IR e H s 001,

8 8
>

% ° L e g
g 6 ™ ° . 16 =
5 5}
T . T o
o ® Current density >l
g g 2 g
S« 4rF ® Energy density 4 879
Sa 8
00 S [ ] ] [ ] " = £ 9
RS g had
S 2 2 F
b= &
& =

0 coomea o ox s 2o 0

140 160 180 200

Diameter/nm

4 (MR ) T ERZ A B S I S PR 5 FE 5
S RE B AN K A ELAR AR AL

Fig. 4. (color online) Critical current density (solid
circles) and exchange energy density (solid squares) as

a function of diameter of nanodisk.

4 % #

LRI TR, NS BLR ZARE B, R
SRAT He g B P i KA L AUE B — I S il
GBS TN B SR L L A AR L R RO A TS
TR T T e e R R e R o B = A B,
JS2 Y DO A Tl ey R A 7R T 3 A 4 1 90 A% PR AU DX 3
P AR SR AE e e R B A, T A B ) JR 3 e e
RO S R A5 R, BRI, BT
AP i e 2 T — g 0 ) e A A 2R T DA B 3 B
Y e e B e T R R RS e RE R FE A, A
Dt A AL o I A P 0 P ) i B

SE

[1] Kikuchi N, Okamoto S, Kitakami O, Shimada Y, Kim S
G, Otani Y, Fukamichi K 2001 J. Appl. Phys. 90 6548

[2] Van-Waeyenberge B, Puzic A, Stoll H, Chou K W,
Tyliszczak T, Hertel R, Fahnle M, Bruckl H, Rott K,
Reiss G, Neudecker I, Weiss D, Back C H, Schutz G
2006 Nature 444 461

217503-4


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1063/1.1416132
http://dx.doi.org/10.1038/nature05240

¥ 12 ZF R Acta Phys. Sin.

Vol. 65,

No. 21 (2016) 217503

Liu Y W, Gliga S, Hertel R, Schneider C M 2007 Appl
Phys. Lett. 91 112501

Hertel R, Gliga S, Fahnle M, Schneider C M 2007 Phys.
Rev. Lett. 98 117201

Weigand M, Van-Waeyenberge B, Vansteenkiste A, Cur-
cic M, Sackmann V, Stoll H, Tyliszczak T, Kaznatcheev
K, Bertwistle D, Woltersdorf G, Back C H, Schutz G
2009 Phys. Rev. Lett. 102 077201

Vansteenkiste A, Chou K W, Weigand M, Curcic M,
Sackmann V| Stoll H, Tyliszczak T, Woltersdorf G, Back
C H, Schutz G, Van-Waeyenberge B 2009 Nat. Phys. 5
332

Yamada K, Kasai S, Nakatani Y, Kobayashi K, Kohno
H, Thiaville A, Ono T 2007 Nat. Mater. 6 270

Sheka D D, Gaididei Y, Mertens F G 2007 Appl. Phys.
Lett. 91 082509

Liu Y W, He H, Zhang Z Z 2007 Appl. Phys. Lett. 91
242501

Guslienko K'Y, Lee K S, Kim S K 2008 Phys. Rev. Lett.
100 027203

Noske M, Stoll H, Fahnle M, Gangwar A, Woltersdorf
G, Slavin A, Weigand M, Dieterle G, Forster J, Back H
C, Schiitz G 2016 J. Appl. Phys. 119 173901
Agramunt-Puig S, Del-Valle N, Navau C, Sanchez A
2014 Appl. Phys. Lett. 104 012407

(13]

17]

(18]

(19]

[20]

217503-5

Jenkins A S, Grimaldi E, Bortolotti P, Lebrun R, Kub-
ota H, Yakushiji K, Fukushima A, de Loubens G, Klein
O, Yuasa S, Cros V 2014 Appl. Phys. Lett. 105 172403
Sun M J, Liu Y W 2015 Acta Phys. Sin. 64 247505 (in
Chinese) [FhBH4H, X 2015 P)FE24H 64 247505
Xiao Q F, Rudge J, Choi B C, Hong Y K, Donohoe G
2006 Appl. Phys. Lett. 89 262507

Lee K S, Guslienko K Y, Lee J Y, Kim S K 2007 Phys.
Rev. B 76 174410

Kim S K, Choi Y S, Lee K S, Guslienko K Y, Jeong D
E 2007 Appl. Phys. Lett. 91 082506

Hertel R, Schneider C M 2006 Phys. Rev. Lett. 97
177202

Zhang H, Liu Y W 2012 J. Nanosci. Nanotechnol. 12
1063

Li G, Cao X C, Qin Y F, Wang L H, Li G H, Gao F,
Sun F W, Zhang H 2015 Acta Phys. Sin. 64 217501 (in
Chinese) [EH, B2k, P+, EWE, JHHE, &g, #h
FH, 5KEL 2015 YRR 64 217501]

Papanicolaou N, Zakrzewski W J 1995 Physica D 80 225
Guslienko K Y, Novosad V, Otani Y, Shima Y,
Fukamichi K 2001 Phys. Rev. B 65 024414

Jubert P O, Allenspach R 2004 Phys. Rev. B 70 144402
Lee K S, Choi Y S, Kim S K 2005 Appl. Phys. Lett. 87
192502


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1063/1.2780107
http://dx.doi.org/10.1063/1.2780107
http://dx.doi.org/10.1103/PhysRevLett.98.117201
http://dx.doi.org/10.1103/PhysRevLett.98.117201
http://dx.doi.org/10.1103/PhysRevLett.102.077201
http://dx.doi.org/10.1038/nphys1231
http://dx.doi.org/10.1038/nphys1231
http://dx.doi.org/10.1038/nmat1867
http://dx.doi.org/10.1063/1.2775036
http://dx.doi.org/10.1063/1.2775036
http://dx.doi.org/10.1063/1.2822436
http://dx.doi.org/10.1063/1.2822436
http://dx.doi.org/10.1103/PhysRevLett.100.027203
http://dx.doi.org/10.1103/PhysRevLett.100.027203
http://dx.doi.org/10.1063/1.4948354
http://dx.doi.org/10.1063/1.4861423
http://dx.doi.org/10.1063/1.4900743
http://wulixb.iphy.ac.cn//CN/abstract/abstract66107.shtml
http://dx.doi.org/10.1063/1.2424673
http://dx.doi.org/10.1103/PhysRevB.76.174410
http://dx.doi.org/10.1103/PhysRevB.76.174410
http://dx.doi.org/10.1063/1.2773748
http://dx.doi.org/10.1103/PhysRevLett.97.177202
http://dx.doi.org/10.1103/PhysRevLett.97.177202
http://dx.doi.org/10.1166/jnn.2012.4271
http://dx.doi.org/10.1166/jnn.2012.4271
http://dx.doi.org/10.7498/aps.64.217501
http://dx.doi.org/10.1016/0167-2789(94)00188-V
http://dx.doi.org/10.1103/PhysRevB.65.024414
http://dx.doi.org/10.1103/PhysRevB.70.144402
http://dx.doi.org/10.1063/1.2128478
http://dx.doi.org/10.1063/1.2128478

) I8 % 48 Acta Phys. Sin. Vol. 65, No. 21 (2016) 217503

Local energy of magnetic vortex core reversal”

Lii Gang Cao Xue-Cheng Zhang Hong' Qin Yu-Feng Wang Lin-Hui
Li Gui-Hua Gao Feng Sun Feng-Wei

(Information Science and Engineering School, Shandong Agricultural University, Tai’an 271018, China)

( Received 14 June 2016; revised manuscript received 31 July 2016 )

Abstract

The polarity of magnetic vortex core can be switched by current or magnetic field through a vortex-antivortex pair
creation and annihilation process, in which the significant change of the exchange energy during the switching takes
an important role. To further unveil the energetic origin of magnetic vortex switching, we investigate the evolution of
the maximum exchange energy density of the sample by using micromagnetic finite-element simulations based on the
Landau-Lifshitz-Gilbert equation including the adiabatic and the nonadiabatic spin torque terms. Our micromagnetic
calculations indicate that maximum exchange energy density for the considered sample must exceed a critical value of
~ 3.0 x 10° J/m? in order to achieve the magnetic vortex switching. The threshold value corresponds to the maximum
exchange energy density at the time of creation of new vortex-antivortex pair. Following the nucleation of antivortex, the
maximum exchange energy density increases rapidly with the antivortex approaching the original vortex. The maximum
exchange energy density can become large at the time of annihilation of two vortexes. To explain well the critical
value of the local maximum exchange energy density, we use the rigid vortex model (in which the spin distribution
is unchangeable while vortex is displaced) to develop an analytical model. For a magnetic vortex confined in a thin
ferromagnetic nanodisk, the magnetization distribution is unchanged along the thickness and can be seen as a two-
dimensional model when the thickness is less than or on the order of the exchange length. The components of vortex
magnetization vector in a ferromagnetic dot can be expressed by using a complex function w((,¢). Corresponding to
the trivortex state appearing in vortex core reversal process, the local exchange energy density Wex around the vortexes
cores is obtained. Simultaneously, we obtain the maximum exchange energy density: We, ~ 2.3x10°% J / m?. In a realistic
system, the shape of vortexes will deform during the vortex core reversal, which leads to the analytical result lower than

the simulation value. Based on this reason, the analytical result matches well with our simulation value.
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