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Soliton and electromagnetic wave propagation in a ferromagnetic medium
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We find that when an electromagnetic wave propagates in an isotropic ferromagnetic medium, an effective
field, equivalent to the anisotropic and constant external field, is created. The magnetic induction lies in a plane
normal to the direction of propagation. Also, the excitation of magnetization of the ferromagnetic medium is
restricted to the normal plane at the lowest order of perturbation, and goes out of plane at higher orders. The
excitations of the magnetization and magnetic induction, and hence also the magnetic field, are governed by
soliton modes[S1063-651X97)10103-9

PACS numbses): 41.20—q, 11.10.Lm, 75.60.Ej

I. INTRODUCTION JB
VXE=— e (1b)
The soliton, a concept introduced by Zabusky and
Kruskal[1] three decades ago has acquired a unique place in V.B=0 (10

the realm of nonlinear physics. Over the years, the soliton
has been identified in many branches of physics including
plasma, fluids, molecular systems, condensed mattef2gtc. V-E=0. (1d)
Very recently, the soliton has started playing an important )

role in technological applications as well. Notable amongHere the fields H=(H*,HY,H?), E=(E",E’,E’), and
these is the lossless propagation of the optical solitorB=(B"B”,B?) have the usual meaning of magnetic fields,
through a fiber(dielectrio medium[3]. In a different con- ~ €lectric fields, and magnetic induction, respectivelyis the
text, one-dimensional classical continuum Heisenberg ferrodielectric constant of the medium. . .
magnetic spin systems with different kinds of magnetic in- The change in orientation of the magnetizatidir.t) in
teractions act as interesting nonlinear dynamical modeldn isotropic ferromagnet in the classical continuum limit in
exhibiting magnetic solitons to represent the elementary spif’® presence of an external magnetic fiéidr.,t) can be
excitations. The above models are constituted by the inhere§XPressed in terms of the Landau-Lifshitz equafibd],
magnetic interactions of the materials, such as exchange, an- M
isotropy, and weak interaction, and also interaction with con- _ 2

stant external magnetic fieli$—11]. At the present time, the ot (r,O=MX[V"M+2AH],

concept of magneto-optical recording has become techno- 2
logically very important for the purpose of higher storage M=(MXMY,M?), M2=1,

and fast readin§l2]. In this context, in the present paper, we

investigate the effect of propagation of electromagnetiGynere A=gug, g is the gyromagnetic ratio ands is the
waves(EMW) in an isotropic ferromagnetic medium and the gy, magneton. The set of coupled E¢H.and(2) describe
nature of the excitations of the mag_netization. In Sec. I, wepe propagation of EMW in an isotropic ferromagnetic me-
study the effect of EMW propagation on the dynamics ofgiym in which the dynamics of magnetization is governed by
magnetization of the medium. The effect of interaction be-gq (2).  Now taking curl on Eq(1a), and using Eq(1b),
tween the magnetic induction and the magnetization of the,,q with little algebra we can write
medium is investigated in Sec. lll. The results are concluded

in Sec. IV. 2B

V(V-H)—V2H=—¢, o

: ()
1. MAGNETIC SOLITON DUE TO ELECTROMAGNETIC

WAVE PROPAGATION In the case of untreated ferromagnetic materials, the mag-

netic induction, the magnetic field, and the magnetization are
In the absence of static and moving electric charges, theonnected by the linear relatigt3]
Maxwell's equations of electromagnetick3] can be written

as B
H=——M, @
Mo
VxXH=¢ E (1a wherepy, is the permeability of the medium. Substituting Eq.
0ot (4) into Eq. (3) and using Eq(1c), we obtain
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wherec=1/(uyeq) < is the velocity of the EMW. Assuming
the direction of propagation of the EMW along thalirec-
tion, Eq. (5) can be written as
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Equation(11) is also a completely integrable nonlinear dy-
namical model possessing soliton solutidj. Further, Eq.

(11) can be made gauge equivalent to the soliton possessing
nonlinear Schrdinger equatioi16]. Thus the soliton exci-
tations of magnetization of the isotropic ferromagnetic me-
dium when an EMW propagates along the direction of the
magnetic chain can be expressed again in terms of solitons.
On the other hand, when the constant vectopoints in a
direction normal to the direction of propagation, say along
the x direction, then the magnetic excitations of the ferro-

Treating Eq.(6) as an inhomogeneous linear wave equatiormagnet is governed by chaotic structuf&g].

in B, it can be solved to give

1
B(Z,t)z - TSO J dt

wheref(t) is an arbitrary function of time.

Treating the external magnetic fieli(z,t) in Eq. (2) as
the magnetic-field componeht(z,t) of the EMW, and upon
using Eqs(4) and(7), Eq. (2) can be writtenin one dimen-
sion) as

M IM?
57 9z k+f(t) |, (7)

0z

M =M FM AcB 8

W(Z’t)_ x|~z tACB], (8a)
JB B oM? K oM ¢ 8b
E(Z’t)_ Kot (t) (8b)

Introducing the wave variablé=z—ct in Eq. (8b), integrat-
ing once, and substituting the resultant expressiorBforto
Eq. (8a), we obtain

9°M

?+AMZk+G

M

W(Z,t)zMx . M2?2=1, (9

whereG=(G*,GY,G?) is a constant vector. It is interesting

to note that the second and third terms in the right-hand sid
of Eqg. (9) represent effective fields similar to fields due to

uniaxial single ion anisotropy along thkedirection and Zee-
man energy due to a constant external magnetic f@&|d
respectively. The corresponding energy density will b

along thez direction in an isotropic ferromagnetic medium,

effective fields similar to the anisotropic field due to the

presence of an easy axis of magnetization alongzttizec-
tion and a constant magnetic field have been created.
Equation(9) is an important nonlinear dynamical model

system exhibiting an interesting class of nonlinear excita-
tions of the magnetization. For example in the isotropic limit

(A=0), Eq. (9) is an integrable model possessiNgsoliton
solutions[4,15]. WhenG is aligned parallel to the direction
of propagationk), Eq. (9) takes the form

2

9°M L
—7~ AM%+Gk|. (10)

i t)=MX
F

e
t
—A(M?)?2—=M-G. Thus we find that when EMW propagates

IIl. SOLITON AND MODULATION
OF ELECTROMAGNETIC WAVES
IN A FERROMAGNETIC MEDIUM

Having analyzed the effect of EMW propagation on the
dynamics of the magnetization of the ferromagnetic medium,
we now investigate the nature of excitations of the magnetic
induction and hence the modulation that takes place in the
magnetic field component of the EMW due to the interaction
between the magnetic induction and magnetization of the
medium. For this, we stretch the wave varialflend the
time t by introducing the variables

E=gé=¢e(z—ct), r=¢d%, (12
wheree is a very small parameter.

In order to understand the effect, we make a perturbation
[18-20 by expanding the magnetization and magnetic in-
duction vectors as

M=Mqo+eM;+e’My+--- ,

(133

B=By+&B;+e?By+--- . (13b)
Ve substitute Eq9.12) and (13) into Egs.(8a and(8b) in
component forms, and collect the coefficients of different
powers ofe, and try to solve the resultant equations at dif-
ferent orders ot. For example, on solving the equations at

he order ofe?, we obtain
MX=cB, (143
MY%=cB}, (14b)
MZ=0, (140
BZ=0. (14d)

Similarly on solving the equations af4) and using Eq(14),
we obtain

In Eq. (10), the constant field term can be transformed away

by a simple transformationM* =M *exp(G*), where
M*=M**iMY, and we obtain

11

M t)=M X M AM?%k
ot (BO=MXZ :

MX=cBY, (153
MY{=cBY, (15b)
B:=0, (150

and



M3 )

&—ézAB%Ml, (168)
M% XN\ 2
(9—5 = —ABOM 1- (16b)

Finally at Q?), after using Eqs(14), we obtain the follow-
ing set of equations:

9 BX—EMX =—i§MS (179
dE| 2 ¢ 2 c? o1’
d By 1My_ 1 oMY 17h
(9§ 2 C 20 CZ a7 ) ( )
B5=0 (170
and
oM yaZMg , MY Yoz i aiyez
-c 7E =M} PE: —M3 PE: +Ac{M}B3+M}BZ
+M¥Bj—MZBY—MiBY—M3BY}, (18a
oMy PMg MG I
-c 7€ =M3 @ Mp +Ac{M§B3+MIB
+M3B5—M{B5—M¥B]—M3B3}, (18b)
IMT MY yaZMg ey L Xy
—c 7E =M3 PE: -MY PE: +Ac{M}BY+M;BY
+M3BY—MY¥B5—MIBf—MYBS}. (180

Using Egs.(153, (15b), (178, and (17b in Eg. (189, we
obtain

IMT MY

2 X
y , M5 A
PR3 0 9&?

J
Mb & —E[W—a—TfMSd%

—C
X J y

Now, we writeM, in the polar coordinate representation
asM=(sin 6 cos¢,sin # sin ¢,cosb), and fix § as /2, i.e.,

My=cos¢, M{=sin ¢. (20)
Using Eq.(14b) and Eq.(20) in Eq. (16b), we obtain
. S99

Substituting Eqs(20) and(21) into Eq. (19), we obtain
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2P A d

Ka—gzzg S|n¢£f COSd)dg
J J in ¢d 22
cos¢ —— | sin ¢dé . (22)

Differentiating Eq.(22) with respect to, we obtain
PBp P _ d .
'“&_§3+E_ smq/;a—Tf sin ¢pd¢

+ J f d o 23
cos¢ —— | cosé 3 % (23

where u=A"2c3. After some lengthy calculations, E(3)
can be made equivalent to the modified Korteweg de Vries
(MKdV) equation in the form

(93f_0
“ e 0

r7f+3
ar 2"

of
2
f ﬁ§+

where f=d¢/9¢. The MKdV equation is known to be an
integrable equation possessiNgsoliton solutiong21]. Thus

the excitation of magnetization, magnetic induction, and
hence the magnetic-field component of the EMW, are gov-

erned by soliton modes. For instance, the one soliton solution
of Eq. (24) can be written as

(29)

f=2a sechat, (25

where {(=¢—\7, a®=Mpu, and \=const. Knowingf, ¢ can
be obtained, and hence from E¢20) and(21), we obtain
the components of the magnetization as

M§=1-2secR a¢, (268

Mg=2tanha{ secha(, (26b)
, 2ac

=T A secha(. (260

Using Egs.(26) in Egs. (148 and(14b), we obtain the com-
ponents of the magnetic induction as

« 1
B} E(l—z sech af), (273

2
B}g:E tanha( secha(. (27b)

Knowing B and M, the magnetic fieldH can be obtained
using the relation4). From Egs.(26) and (27), we see that
the excitation of the magnetization, the magnetic induction,
and hence the magnetic field are spatially localized. To elu-
cidate this we have plotted the components of magnetization
[Eg. (26)] in Figs. (18—(1c) by choosinga=x=1 and
A=2c. We have already found thatM§=0 and
B§=B%=B%="---=0. The above solutions indicate that the
magnetic induction of the EMW is restricted to the plane
(B*-BY) normal to the direction of propagation of the EMW.
However, the magnetic field of the EMW is restricted to the
normal (H*-HY) plane only at the leading order of perturba-
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FIG. 1. (a) Evolution of magnetization componehtg. (b) Evolution of magnetization componehty. (c) Evolution of magnetization
componentV 7.

tion, and comes out of it at higher orders. This is because, aingle ion uniaxial anisotropy with the easy axis of magne-
the leading order of perturbation, the magnetization of thdization along the direction of propagatidie., thez axis),

medium is restricted to th1*-M? plane, and comes out of and a constant magnetic field which can have either solitonic

it at higher orders. or chaotic excitation of the magnetization depending on the

orientation of the constant field. A perturbation analysis car-

ried out to understand the nature of excitations due to inter-

IV. CONCLUSION action between the magnetization of the medium and the

In this paper, we considered the propagation of an elechagnetic induction of the EMWreated as more dominant

tromagnetic wave in an untreated ferromagnetic rnediumreveals that the magnetic induction is modulated, and the

and attempted to find answers to the following two ques-osc'"""t'onS are restricted to a plane normal to the direction
f propagation. In addition, the excitation of the magnetiza-

tions. (i) What happens to the dynamics of the magnetizatiorﬁon of the medium and the magnetic-field component of the

of the ferromagnet when an electromagnetic wave propa: :
gates through it%ii) What is the nature of excitations due tanMW are now restricted to the normal plane only at the

the interaction between the magnetic induction of the EMV\IIOWeSt order of perturbation and come out of it at higher

and the magnetization of the medium, and hence the natur%rders' Further, the above excitations take place in the form

of the modulation that takes place on the magnetic field com(-)f solitons.

ponent of the EMW? We find that when the electromagnetic
wave propagates in an isotropic ferromagnetic medium in
which the magnetization excitation is governed by soliton M.D. thanks the Department of Science and Technology
modes, the magnetic field component of the EMW intro-and R.A. wishes to thank the Council of Scientific and In-
duces effective fields similar to the anisotropic field due todustrial Research for financial support.
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