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Controlling chaos of nonlinear domain-wall motion

H. Okuno,® T. Sakata, and H, Takeda

Institute of Engineering Mechanics, University of Tsukuba, ]-1-1 Tennoudai, Tsukuba, Ibaraki 305, Japan

The two-step Cii—~Grebogi—Yorke (OGY) method and the prediction OGY method for controlling
chaos of magnetic domain-wall molicn are proposed to improve the long settling time in the original
OGY method. In the two-siep OGY method, a magnetic domain wall is first moved on a periodic
orbit and the OGY method is used when 1he orbil approaches a saddle point. In the prediction OGY
methed, the motion of the domain wall is predicted before the OGY method is applied. An attractor
in the state space can be reconstructed by using the time series of the domain-wall motion. The near
future can be predicted even in the chaotic system, because the short time developments of the
neighborhood system of a predictee in the attractor are not so different from each other. The settling
time of the improved OGY methods is 1/5-1/30 times as long as that of the original OGY method.
© 1999 American Institute of Physics. [$0021-8979(99)74908-X]

1. INTRODUCTION

Chaos of magnetic spin dynamics has been a very inter-
esting problem in basic magnetism. A model of the Blach
wall with a term for a nonlinear restoring force has been
shown to undergo chaotic motion at a certain amplitude and
frequency of external magnetic drive fields.” Controliing the
chaos of the domain-wall motion is also very important to
solve the problems of energy loss and recording errors in the
ficld of applied magnetism.*

Il. MODEL AND CALCULATION

The dynamics of Bloch wall motion are expressed by a
nonlinear differential equation with the terms of inertia,
damping, restoring, and an external magnetic drive force as
follows:*

2ue(1+a?)] dx smul,a+ 1641%] dx
viA de* I]A ™p | dt
2T
+[2I.H ]sin --E-—=[21’,H]cos wi, (1)

where g is the permeability of vacuum, a is the Gilbert
damping cocfficient, v is the gyromagnetic constant, A is the
width parameter of the magnetic domain wall, x is the. coor-
dinate of the domain wall, 7 is the time, [, is the saturation
magnetizalion, 4 is the thickness of the magnetic material, p
is the electrical resistivity of the magnetic material, §= 74
is the width of the domain wall, H, is the coercive force, [ is
the wavelength of the coercivity-inducing potential, H is the
external magnetic field, and @=2#f is the angular fre-
quency of the external magnetic fleld, The coefficients in
brackets are defined as M, X, R, and B in that order.

Equation (1) is transformed into the difference equations
by following the Ott—Grebogi-Yorke (OGY) method,* ap-
proximating linearly around a saddle-point £,==(x,,v,)",
and adding a controlling input #(X) as foltows:®

YRlecironic mail: okuno@kz tsukuba.ac.jp

0021-8979/99/85(8)/5083/3/$15.00

SE(k+ 1) =ASER)+bu(k) + 7

1 T
= TR2a 2mx, | 7K | §E(k)
My % T3 M
0 0
+i T lu(k)+

B ]
" | T3 COS 2afrk

(2)

where ==k is time, k is the number of the time step, 7is the
size of the time step, v is the velocity, £(k)= [x(k),v(k)]* is
a point in the state space, &= (x,,v,)" is the saddle point
(an unstable equilibrium point) and S&(k)= £(k)—&,.

The controlling input to move the orbit on to a stable
manifold of the saddle point is calculated as follows;

Ay ) Wy 77
u(k)y= w,,bw“ w,b

0 if |BEK)|=e,

if |8&(k)|<e )

where A, is an unstable eigenvalue of A(|\,|>1), w, is an
unstable contravariant vector [w,- 8£(k-1)=0], and €is a
small positive number,

Two improved methods are proposed for quick control
of chaotic domain-wall motion, One is the two-step OGY
method and the other is the prediction OGY method.

- The magnetic domain wall is first moved on a periodic
orbit in the case of the two-step OGY method. The control-
ling input is calculated in order that the amplitude of the
periodic motion comes near the saddle point. The OGY
method is used when the orbit comes near the saddle point.

The prediction OGY method is another approach to con-
tro! quickly the chaotic motion of a magnetic domain wall,
The prediction OGY method is the combination of the
method proposed by Jimenez® and the OGY method, If the
mation of a domain wall is predieted, the number andfor the
amplitude of the controlling input can be reduced. Namely,
we can judge whether the controlling input needs to be ap-
plied or not if the future is known. The controlling input in
the OGY method is not necessary when the predicted points

5083 ‘ © 1989 American Institute of Physics
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TABLE 1. Material parameters.

Thickness of film d=0.25 um
Resistivity p=160 pfl cm
Domain-wall width §=0.1 pm
Coercive force H.=0.29 A/m
Magnelization 1,=046T

g factor g72
Wavelength of stress I=1 pm
Relaxation frequency p=1x1¢% 5™

continue to approach the saddle point, The OGY method is
immediately used when the predicted points continue to go
away from the saddle point,

The question is why we can predict the motion of the
magnetic domain wall even if it is chaotic, The reason is that
the short time developments of the neighborhood system of a
predictee in the attractor are not so different from each other,

The procedure of prediction is as follows: An attractor in -

the state space is reconstructed from the time series
X1:1%2:X3,..., Of the domain-wall position. A vector of one
point in the attractor is expressed as X;=(x; ,x;0,%;3) (i
=1,2,3,...}), because the figure of 3 is enough for the embed-
ding dimension in the case of the prediction of the near fu-
ture. The centroid vector R is calculated as follows:

1 H
R=0 2 X @

where X, is a predictee and X; (i=1
hood of X, .

The orthonormal basis b, is calculated by the Gram-—
Schmidt method from the basis Hy=X;— R. The coefficient
c; is calculated from the equation H,=27_,¢;b;. This coef-
ficient can be used to obtain a predicted vector Xp, because
it is an appropriate approximation that the coefficient ¢; does
not change in the near future, A predicted vector is obtained
as follows:

et} 18 the neighbor-

=H +R=Z e+ R (5)

The computer simulation is performed by the fourth-
order Runge—Kutta method, The material parameters are
shown in Table I. The values of the coefficients, magnetic
field, and the initial vatues are shown in Table I.

lll. RESULTS AND DISCUSSION

Figure 1 shows the time series of the magnetic domain-
wall position at the frequency f=2 MHz, the driving cocffi-
cient B=0,31 TA/m, and the initial values x=v=0. This is

TABLE I, Values of the coefficients, magnetic field, and initial values.

M=1.66%10"% kg/m?
K=174%10"2kg/s m?
R=0.2668 kg/ms? -
H=0337, 0.652 A/m

f=2 MHz

x=0, 0,25 pm, dx/di=0 mis

Mass of domain wall
Damping coelficient
Restoring coefficient
Magnetic field amplitude
Frequency

Initial values

Okuno, Sakata, and Takeda
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Number of peried

FIG, 1. The lime series of the magnetic domain-wall position controlled to
stand still on the saddle point by the ordinal negative feedback control.,

the ordinal method of the negative feedback control. The
motion of the domain wall is chaotic until 50 periods of drive
field when the controlling input is applied to it. The domain
wall is controlled by sheer force to stand still on a saddle
point of 1/2=0.5 um. The controlling input is extremely
large, as shown in Fig, 2.

Figure 3 shows the time series of the magnetic domain-
wall position with the same conditions as in Fig, 1, The
control is achieved by the OGY methed. The instruction of
control is given at 50 periods of drive field, The controlling
input is applied at 136.6 periods when the orbit comes near
the saddle point. The orbit is moved on to a stable manifold
of the saddle point and finally stands still on the saddle point.
This procedure is natural and intrinsically different from that
of the above feedback control. The controlling input, as
shown in Fig. 4, therefore, is 1/700 times as large as that of
an ordinal feedback control. This is an advantage of the
OGY method. The settling time of 86.6 periods, however, is
very large. This time delay arises from the mechanism in
which the controlling input is not applied to the system until
the domain wall comes in the neighborhood of the saddle
point.

Figures 5 and 6 show the lime series of the magnetic
domain-wall position with the same condition as in Fig. 1
and the controlling input in the case of the two-step OGY
method, respectively. The magnetic domain wall i first
moved on a periodic orbit of 50.5 periods. The controliing
input is calculated in order that the amplitude of the periodic
motion comes near the saddle point. The OGY method is
used for the 53,5 periods when the orbit approaches the

=] L. .
5 -IO(ZJ— -
£ 1
£ 300) ]
E L ]
8 L .
-500- . | . ) -1
30 30.1
Number of period

FIG, 2. The contrelling input of the negative feedback cantrol.
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FIG, 3. The time series of the magnetic domain-wall position controlled by
the OGY method with the same conditions as in Fig, 1.
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FIG, 4. The controlling input of the OGY method which is 1/700 times as
large as that of the ordinal negative feedback control.
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FIG, 5, Time serics of the magnetic domain-wall position in the two-step

OGY method. The seiling time is 1/30 times as long as that of the OGY
method in Fig. 4.
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FIG. 6. The controlling input of the two-step OGY method.
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FIG. 7. The time scries of the mognetic domain-wall position. The settling
time of the prediction OGY method (O) is 1/5 times as long as that of the
0OGY method (—),

saddle point. The value of the controlling input for the peri-
odic motion is as small as that of the OGY method. The
settling time is 1/30 times as long as that of the OGY method
in Fig. 4. The weak point of the OGY method is improved by
the two-step OGY method,

Figure 7 shows the time series of the magnetic domain-
wall position at the frequency f=2 MHz, the driving cocffi-
cient B=0.6 TA/m, and the initial values x=0.25 wm and
v=0 m/s. The circles show the molion of the domain wall in
the prediction OGY methed. The solid line shows the motion
of the domain wall in the OGY method. The instruction of
the control is given at 2.25 periods. The controlling input in
the prediction OGY method is immediately applied fo the
system, because the orbit is predicted to continue away from
the saddle point. The controlling input in the OGY method is
appled at 2.7 periods. The settling time of the prediction
OGY method is 1/5 times as long as that of the OGY
method. The weak point of the OGY method is improved by
the prediction OGY method.

IV. CONCLUSION

The chaotic motion of a magnetic domain wall was con-
trolled to stand still on an unstable equilibrium point (a
saddle point) by the OGY method, The two-step OGY
method and the prediction OGY method were proposed to
improve the long settling time in the original OGY method.
The settling time of the improved OGY metheds was 1/5-
1/30 times as long as that of the original OGY method.
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Peak shift and chaos of nonlinear magnetic domain wall resonance
H. Okuno (Univ. of Tsukuba)
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AIETLOREEE IR O M e, FTATRROIREIC L - CGHR L~ BBty 7 b L, SbICiFE
DIRE 10D L IRAIBETHAAZ AL, FHERMELETZ L RIENT, TOBSL, BETY U AOHE,
S AR, TRV BOMRELBEET 2 L EXDNB0OTC, I EEELIEEETH S,

TN FERORENT, BihUCER BRI 50, TOEROBE ARG S WIRETHS, L
L, EORLOEMERTS L, Wil L BEOERHBIORE TE D, Tk, BLOEEE—THL
LT, REERD RN —BROREEHREEETIRVBETHD L EXD T LHBYTHA Y, TIT,
1 BeDpil LIa\ 7 v o RN, SRR OMIBPICIHET S BTNV EHRER L Uk, REECTT2 1 it
& RERZIRE 2 ITAOTERMAROBIIRT 2 MO T, BEETERBIRBERC & U?ﬁﬁmé L1y
FRL, BFOL i, NCEWE, HEME, o005, WSl shs.

2y0(1+a ) d2x+ S;rpol,a+16dl [21 ]SmZn:x [21 H]cosa)t (1)
yzA dt? |}’|A r P

M o : the permeability of vacuum, « : the Gilbert damping coefficient, v :the gyromagnetic constant, A :the width parameter of the
magnetic domain wall, x ; the coordinate of the domain wall, ¢ : the time, ; ; the saturation magnetization, d : the thickmess of the
magnetic material, p : the eloctrical redistivity of the magnetic material, 6=xn A : the width of the domain wall, 5, : the coercive
force, ¢ : the wavelength of the coercivity-inducing potential, H : the external magnetic field, and @=2 © £ : the angular frequency
dthemdmalmagnetcﬁehﬁem&ﬁmntsmbm&ehmdﬁﬁmdasMKﬂandBmﬂmtmder

el R —RkE Y, DT RS PARS UTHETS, T 2T KRG CH S,

U= j’F-dx=jK§-;dx (Jfm?). (2)

ERUER  FglloopX—HkoREgifie i, SIREROHRECHH] LR EORS BAEX
TDITHED, =7 MYERBRR 7 b L, REEEOMET LTS, Fie, B~02TA/m T, FAAHE
ECE— (ORI LT3, Shid, UToX SIcReE s, (1) Rofoo/ iz oL

2o fome 1020 1 (20 | (a) D10 T T
Resin= R{z 6(£)+120(£) }
a0 20 _
(3) FAEBM LR L, ._.E B:‘g-fs (TA/m)
e F =0:15
fur E_I_"me{}i—o(x])} ’ (4) D& =0.1
| 2 \M | ¢ 3 10
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LR S T e G M e 7 e R _ Fig.l Peak shift and chaos of nonlinear magnetic

WEE AWt SOTARDPREATRIGE OBk 5, domain wall resonance.
#EIR  1)H. Okuno, J. Appl. Phys., Vol.81, No.8, 15, 5233 (1997).
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Chaos and Energy loss of magnetic domain wall motion

H. Okuno (Univ, of Tsukuba)
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2u(1+a?) |a2x [8zpla 16412 |ds ame (1)
[ VA prEakl A + g E—+[2I,Hc]sm——e—~[ZI,H]cosmr,

Aol

i o : the permeability of vacuum, o : the Gilbert damping coefficient,

v :the gyromagnetic constant, A :the width parameter of the magnetic domain wall,
x :the coordinate of the domain wall, ¢ : the time, [z : the saturation magnetization,
d : the thickness of the magnetic material, o : the electrical resistivity of the
magnetic material, § == A : the width of the domain wall, H;: : the coercive force,

£ :the wavelength of the coercivity-inducing potential, & :the external magnetic field,
w=2xnf: the angular frequency of the external magnetic field,
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Fig.1 Peak shift of resonance frequency in nonlinear
magnetic domain wall resonance.
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Fig.2 Collapse of energy-frequency curve by chaos
in nonlinear magnetic domain wall resonance.
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Unstable fixed point in chaotic domain wall motion and OGY control
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‘Chaos and control of Bloch wall motion

Hikaru Okuno and Yuichi Takemura (University of Tsukuba)

Abstract
The chaos and control of Bloch wall motion is investigated. Under a certain condition, the magnetic wall moves

unstably in the external force, It is shown that the chactic motion of Bloch wall is convergad on the periodic motion
by using the OGY method and how to apply the method to the magnetic domain-wall motion.

F-U— F B, AR, FRERBA, ##, OGY &
{magnetic domain-wall, chaos, unstable fixed point, control, OGYmethod)
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Unstable equilibrium point in chaotic domain-wall motion

and Ott—-Grebogi—Yorke control
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A new method for finding the unstable equilibrium points in Bloch wall motion is proposed, which
is important for controlling the chaotic domain-wall motion by using the Out—Grebogi-Yorke
(OGY) method. The dynamics of Bloch wall motion are expressed by a nonlinear differential
equation with the terms of inertia, damping, restoring, and an external magnetic drive force, An
equation is transformed into the difference equations by following the OGY method, approximating
linearly around an unstable equilibrium point (a saddle point), and adding a controlling input, The
unstable equilibrinm: points are obtained by using the return map and the condition of hyperbolic
fixed point. The time series of domain-wall motion successfully controlled on the unstable
equilibrium points by the OGY method is shown, © 2001 American Institute of Physics.
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l. INTRODUCTION

The number of magnetic domain walls in 2 macromag-
netic device is large and the motion of the individual domain
wall is averaged. Detailed information of domain-wall mo-
tion is, therefore, lost and only the average information is
nseful. On the other hand, the microscopic motion of one
domain wall becomes significant in a micromagnetic device,
because there are a few magnetic domain walls and the
domain-wall motion directly defines the ability of the device,

The domain-wall motion has formerly been described by
a second order linear differential equation, In that theory, the
irregular motion of the domain wall has been considered as a
result of defect, impurity, the boundary of a sample, or bend-
ing of the domain wall. This kind of domain-wall motion has
not been recognized as an object of theoretical study, be-
cause the origin of irregular motion is an accident.

Recently, the physics of deterministic chaos has been
seen as a very interesting problem in the field of magnetic
spin dynamics'? becanse it is a theory that can explain the
irregular motion. It has also been clarified that the irregular
domain-wall motion involves a phenomenon of deterministic
chaos and is caused by the nonlinear and nonequilibrium
state, 3%

Controlling the chaos of domain wall motion is very
important in solving the problems of energy loss, recording
errots, and noise in the field of micromagnetism. The two-
step Ott—Grebogi—Yorke (OGY) method and prediction of
the OGY method for controlling the chaos of magnetic
domain-wall motion®~!! have been proposed to improve the
long settling time in the original OGY method.'® The un-
stable equilibrium point in a domain-wall motion plays an
important role in the OGY method. In this article, a new
method to find the unstable equilibrium points in domain-
wall motion is proposed and the results of the OGY control
are shown.

D Author to whom correspondence should be addressed; electronic mail:
okuno@kz.tsukuba.ac.jp

0021-8979/2001/89(11)/1/3/$18.00

1i. MODEL AND CALCULATION

The dynamics of the Bloch wall is described by a non-~
linear differential equation with the terms of inertia, damp-
ing, restoring, and an external magnetic drive force as
follows:>

[2#0(1 +a?)

?A
2x

+[2]ch]sin7;—-=[2.l,H]cos wl, (1)

d2x+ smuol,,a+ 1641%) dx
ar [rA mp | dt

where ug is the permeability of vacuum, « is the Gilbert
damping coefficient, ¥ is the gyromagnetic constant, A is the
width parameter of the magnetic domain wall, x is the coor-
dinate of the domain wall, ¢ is time,  is the saturation mag-
netizaticn, d is the thickness of the magnetic material, p is
the electrical resistivity of the magnetic material, H, is the
coercive force, # is the wavelength of the coercivity-
inducing potential, M is the external magnetic field, and w
=2#f is the angular frequency of the external magnetic
field. The coefficients in brackets are defined as M, K, R, and
B in that order, o

Equation (1) is transformed into the difference equations
by following the OGY method,'® approximating linearly
around an unstable equilibrium point £,, and adding a con-
trolling input u(k) as follows!

TABLE I Maleria! parameters,

Thickness of film d=0.25 pm
Resistivity =160 1k em
Domain wall width 7A=01 pm
Coerclve force H,=029 Alm
Magnetization I,=046'T

g factor g=2
Wavelength of potential =1 pm
Relaxation frequency p=1x10"s"!

© 2001 American Institute of Physics
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TABLE L. Values of coefficients, magnetic field, and initial values.

M=1.66X10"% kg/m®
K=174%10"2 kg/s m?
R=02668 kg/m 5
H=0.652 A/m
f=2MHz

x=0 um, dx/dt=0m/s

Mass of domain wall
Damping coefficient
Restoring coefficient
Amplitude of magnetic field
Frequency of magnetic field
Initial values

& k+1)=ASKkY+bu(k)+ 5
1 T

= _27?1'Rc03271:xa I--IE SE(k)
MZ /£ M

T8 ,
+ —cos2wfkT

M
(2)

where t=k7 is time, k is the number of time step, 7 is the
size of the time step, v is the velocity, £(k)=[x(k), »(k)]" is
a point in the state space, £,=(x,,%,)" is the unstable equi-
librium point (the saddle point, the hyperbolic fixed point),

and S&k)=&(k)—¢&,. We improved on the previous

equation® and obtained Eq. (2) by adding the term of velocity
V-

The controlling input to move the orbit onto a stable
manifold of the unstable equilibrium point is calculated as
follows:

Ay w, . |[9&Kk)
. w“bwuaf(k)—';"—b if ‘ 3 =g,
u(k)= . H SEK) N
€,
&
and
2
cos ?a<0, {3)
[x10%)

—

Position x (m)
=3

.
—

FIG. 1, The chaotic time series of the magnetic domain-wall position,
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FIG. 2. The unstable equilibrium points obtained by vsing the condition of
[x(), H(Y]T =[x+ T), 1t 4+ T)]" and cos(2mdle) <0,

where A, is an unstable eigenvalue of A(jA,|>1),w, is an
unstable  contravariant  vector  (w, §&k+1)=0),
&) &l = V=% x ol +{(7= va) vo}" is a normal-
ized norm, and e is a small positive number and the index of
the capture region.

The equation cos(2x,/#)<0 shows the condition un-
der which the unstable equilibrium point is a hyperbolic
type.

The procedure to find the unstable equilibrivm points
£,=(x,,7,)7 is as follows. The domain-wall position x(t)
and velocity »{1) at a time ¢ are compared with those at a
time ¢+ T after one period of the drive field. If [x(1), »(#)]”
is equal to [x(t+T),2(1+T)]" and cos(2m/#) is smaller
than zero, [x(#),»(1)]7 is adopted as a hyperbolic fixed
point,

The OGY method is used when the orbit comes within
the capture yegion € around the unstable equilibrivm point
&, The controlling input #(k) is calculated and applied so
that the point &k+1) rides on the stable manifold of the
unstable equilibrium point,

The computer simulation is performed by the fourth-
order Runge-Kutta method. The material parameters are
shown in Table I The values of the coefficients, magnetic
field, and the initial values ate shown in Table II.

Iil. RESULTS AND:DISCUSSION

Figure 1 shows the time series of a magnetic domain-
wall position at the frequency f=2 MHz, the driving coeffi-
cient B=0.6 TA/m, and the initial values x=v =0, The mo-
tion of domain wall is chaotic, - :

Figure 2 shows the unstable equilibrium points obtained

o
~
C/
-

~~
B2l
- 2
g g,1 .
ol : 1K
2 ke 'I
‘@2F 4 BN 4
Nl :
i |
295 300 305 k) [ 295 300 05 ao
Period Period

FIG. 3. {a) The time series of the magnetic domain-wall position and (b) the
controlling input by the OGY methed at =1.53.
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FIG. 4, (a) The multiperiodic motion of the domain wall and (b) the con-
trolling input at ¢= 1.65.

by using the procedure of [x(£),()]"=[x(1+7T), 2t
+1)]7 and cos(2mxf)<0.

Figures 3(a) and 3(b) show the time series of the mag-
netic domain-wall position and the controlling input, respec-
tively, at e= 1.55 and the other parameters are the same as in
Fig. 1. The instruction of control is given at 300 periods of
the magnetic drive field, The application condition of the
controlling input is calculated and decided at ten points in
one period of the magnetic drive field.

The chaotic domain-wall motion disappears, but the do-
main wall runs in one direction and does not stay around the
unstable equilibrium point. In this case, the parameter e
=1.55 of the controlling input is small and the number of the
application of controlling input is no more than ten times in
one period of the magnetic driving field. Therefore, it occa-
sionally happens that the domain wall comes off the control
after it entered once the capture region € is around the un-
stable equilibrium point.

The conirol is achieved by the OGY method and the
multiperiodic motion of the domain wall appears as shown in
Fig. 4(a) if the parameter ¢ of the controlling input is in-
creased up to 1.65. The amplitude of the controlling input in
Fig, 4(b} is almost the same as in Fig. 3(b). It does not
depend on the parameter e,

The domain wall settles in the motion with one period at
€=1.70 as shown in Fig, 5(a). The settling time can be de-
creased as shown in Fig. 6(a) by increasing eup to 2.00. The

(-3
L} ]

P
—

L)

Pesition X(;zm)

o t . ,
29% 300 305 310 295
Period

Controlling input u (TA/m}

FIG. 5, (a) The one periodic motion of the magnetic domain wall and (b) the
controlling input at &= 1.70.
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FIG. 6. (a) The ong periodic motion of a magnetic Jomain wall with short
settling time and (b} the controlling input at &= 2,00,

amplitude of domain-wall motion after settling in Fig, 5(a) is
almost the same as in other fipures.

After the domain wail settled in the motion with one
period, the intervals of controlling inputs at e=1.70 and ¢
=200, as shown in Figs. 5(b) and 6(b), respectively, become
smaller than the values in Figs. 3(b) and 4(b). The amplitude
of controlling input in Figs. 5(b) and &(b) becomes smaller
than the appropriate values in Figs, 3(b) and 4(b).

IV. CONCLUSION

A new method of finding the unstable equilibrium points
in the chaotic domain-wall motion was proposed. The
domain-wall position x(¢) and velocity »(¢) at a time ¢ were
compared with those at a time ¢+ T after one period of the
diive field, If [x(0),))7=[x(t+7),#(t+ D]’ and
cos(2mx/#) <0, then [x(2), »(1)]” was adopted as a hyper-
bolic fixed point. The chaotic motion of a magnetic domain
wall was controlied on the unstable equilibrium point (the
saddle point, the hyperbolic fixed point) by the OGY
method. By increasing the index € of the capture region, the
chaotic domain-wall motion disappeared and the multiperi-
odic motion appeared. The regolar motion with one period
was obtained at ¢=1,70. The settling time of control at &
=200 was shorter than the value at &= 1,70,
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