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Electromagnetic soliton damping in a ferromagnetic medium
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We study the propagation of an electromagnetic wave in an isotropic damped ferromagnetic medium with
free charges. When the magnitude of the damping is small the excitations of magnetization of the medium and
the magnetic induction and magnetic field of the electromagnetic wave are governed by solitons. When the
damping increases the electromagnetic solitons decelerate and the shape distorts at one end. Also the electro-
magnetic soliton gets damped as time progre§&k063-651X97)06412-X]

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

. INTRODUCTION V.B=0, (1b)

The propagation of an electromagnetic wa##MW) in VAE=— (éB/dt), (10
ordered magnetic media especially in a ferromagnetic me- _
dium has become very useful in the context of technologi- VAH=J+ e (/). (1d
cally important magneto-optical recordings for higher Stor-Hiere the fielddH = (H*,HY,H?) andE=(E*,EY,E?) have the
age ?(nd fast (;eadlng[l].f In da hrec_ent |r31aper fDanfleI, usual meaning of the magnetic and electric fields, respec-
Veerakumar, and Amudg] found that in a charge-free fer- 0, B— (X BY B?) is the magnetic induction ang is the

romagnetic medium the propagation of an EMW introducesyie|actric constant of the mediurp. is the free charge den-
an effective field equivalent to the single ion uniaxial amsot-sity and J=(J%J%,J% is the current density given by

ropy and constant exte_rn_al magnet?c fi_eld. It was also Ob:]=cr[E+V/\B], whereo is the conductivity of the medium
served that the magnetic induction lies in a plane normal t%ndv is the velocity with which the charges are moving. For

the dwepno_n of propagation. Furt_her, th? excitation of theslowly moving charges the current density given above takes
magnetization of the ferromagnetic medium is restricted tc{he form J=oE; using this and Eq(1a in the continuity

the normal plane at the lowest order of perturbation and goeg i1 for the free current given By 3= — aplat, we
out of the plane at higher orders. Also, the excitations of theogtain (1) = p(0)exp(oley)t Tghis shows that ’;ny, iniitial
magnetization and magnetic induction and_hence the Ma%ee charge density(0) dissipates, i.e., it flows out to the
netic field were found to be governed by soliton modes. It IS daes in a characterestic time- e./o. Therefore. we can
understood that the study of EMW propagation in ferromag- ogsiderpzo and hence Eq1a) taélgeg.the forny- ézo n

netic media with free charges and current density is ver he case of untreated ferromagnetic materials, the magnetiza-
important in ferrite devices such as ferrite loaded wave- 9 ’ 9

guides at microwave frequencif®4]. Recently, Nakat#5] tion, the magne_tic inductipn, and the magnetic field are con-
and also Leblond6] separately investigated the nonlinear nected by the linear relatioi¥]

modulation of an EMW during propagation in a ferrite me- H= (B/uo) — M, 2
dium with free charges and Gilbert damping. However, both ] . ) ]
descriptions do not take into account the effect of the currenVherep is the permeability of the material. Now, taking the
density created by the moving charges, which is essential ifUrl on both sides of E¢1d) and using Eqs(1b), (1c), and
the case of a medium with damping. Motivated by this, in the(2) and the relation)=o'E, after a little algebra we obtain
present paper we investigate the propagation of an EMW in - #B o B 1 )

an isotropic ferromagnetic medium by taking into account CVB-—z— o = [VIM=V(V-M)]. 3

the effect of damping and the presence of current density 0 0

together. In Sec. Il we formulate the model and derive theqere c=1/\/q¢, is the velocity of the propagation of the
dynamical equations to be solved. In Sec. Il the magnetizagmyy in the medium. Equatiof8) describes the evolution of
tion dynamics and the EMW propagation is treated using ghe magnetic induction component of the EMW when it
perturbation theory when the magnitude of damping is smallyropagates in a ferromagnetic medium with magnetization
The effect of damping on the excitations of magnetization,y (y 1.

magnetic induction, and hence on the magnetic field of the The evolution of the magnetizatidv (r,t) in an isotropic
EMW when it is high is investigated in Sec. IV. Finally, the ferromagnetic medium with Gilbert damping in the presence
results are concluded in Sec. V. of an external magnetic fielé(r,t) (in the classical con-
tinuum limit) can be expressed in terms of the Landau-
Lifshitz equation[8]

The Maxwell equations of electromagnetidg are writ- IM

ten as 7=M/\[V2M +2AH]+ a{MA[M/A(V2M +2AH)]}.

V-E= (1/€p) p, (1a) (4)

II. MODEL AND DYNAMICAL EQUATIONS
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The first term on the right-hand side of Eg) represents the where St’s and S?’s representM and B, respectively. We
contribution due to the exchange interaction, the term pronow substitute Eqg6) and(7) in the one-dimensiondkay,
portional to A corresponds to the Zeeman energy, and the)) component equation&) and (4), collect the coefficients

term proportional tax represents the Gilbert damping due to of different powers ofe, and solve the resultant equations.
the relativistic interaction. Conventionally is identified as  For example, on solving the equationsGs°), we obtain

the dimensionless Gilbert damping parameter that can be BX=0 (8a)
measured by means of a linewidth in a standard ferromag- o=
netic resonance absorption experimgg]. « can be treated BY=k M}, (8b)

as a constant value as its variations with frequency are of BZ=k-IM2 80)
higher order. In Eq(4) 2A=gug, Whereg is the gyromag- 0 '

netic ratio andug is the Bohr magneton. Equatig#) in one M§=0, (8d)
dimension has already been studied independently as an in-

teresting nonlinear dynamical model of the classical conwherek= e,(c?>—v?). Similarly, on solving the equations at
tinuum Heisenberg ferromagnetic spin chain exhibiting magO(e?), we obtain

netic soliton excitations whene=0 [10] and soliton BX=0 (93)
damping whene#0 [11,12. Now the set of coupled equa- .
tions (3) and (4) completely describes the propagation of an Bi=k 'MJ, (9b)
EMW in an isotropic ferromagnetic medium with Gilbert BZ=k M2 (90)
o 1 1
damping in the presence of free charges.
and
IIl. ELECTROMAGNETIC SOLITON X_ z y
WHEN DAMPING M1=(rov/2ABy) (IMo/¢) (%
IS SMALL or
In order to find the nature of the propagation of the EMW M= (uov/2ABY) (IME/IE) . (9¢

in the ferromagnetic medium with free charges and damping,

we now try to solve the coupled dynamical equati®sand  Finally, atO(e?) after using Eqs(8) we obtain

(4) after making a perturbation analysis. It was recently BX=0 (109
found[2] that when the conductivityr of the medium and 2=

the damping parametex are negligibly small(i.e., when d y i BY y
o=a=0) the excitations of the magnetization of the me- Ig[kBZ_MZ]__U 2e9———0Bg|, (10D
dium and the magnetic induction and magnetic field of the 5 B2
EMW are governed by solitons. Now in order to investigate Rz MZ1— 720 2
the effect of damping we introduce the wave variable ag[sz M21= v 26 97 B0l (109
£=x—vt and stretch the wave variable and time variable by
introducing and
. M7
é=sd, (5a) va—éf+[m(y)(azmg/a§2)—Mg(aZngz)]
r=¢g3t, (5b)

- YRZ _MZRY YRZ _MZRY YRZ _MZRY
wheree is a very small parameter. Here the veloaitynay i Mo {[MoB2~ M3Bo MiB1— MiBi+ M2Bo— M)
be identified [13,14 as v=[N/(1+\)]Y%c, where 2 Ny L
N=Ho/M,. Ho,M, are the values of the magnetic field and +@[Bo(Mg —1)+Mg(MgBg+MgBG) 1} =0. (10d)
magnetization in the unperturbed uniform state. As the ef-_ )
fects of conductivity and damping are small compared to theoimilarly, the equations for thg andz components oM,
exchange interaction and the external field, we rescale thgan be obtained by replacing the component&o&ndB in
conductivity ¢ and the damping parameter by using the ~Ed- (100 cyclically. Using Egs.(8a), (8d) and Egs.(9b),
small parametes as (90), Eq. (100 can be rewritten as

MX
o=8"0, (63 —vaa—;=[M%<a2Mé/a§2>—Mé(azM%/aé)]
a=¢&?a. (6b)
+ 2A/ uo{M¥{B5—M3BY+MIBE—MEBY}.

Moreover, we have chosen the above specific rescaling be- (11)
cause the conductivity is small compared to the damping
since the damping includes the effects due to the exchange
interaction and external field. To study the weak nonlinear,
and damping effects we then expand the magnetizdidlon

and the magnetic inductioB using the small parameteras

To proceed further we represent the unperturbed uniform
agnetizatiorM in terms of polar coordinates. As the mag-
netizationMy, is restricted to they-z plane in the lowest
order of perturbatiofisee Eq(8d)], we choosep asw/2 so
that M takes the form

=S g =
S ,ZOSSJ’ =12, M o= (0,sirg, cosy). (12)
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Substituting Eqs(8a), (8d), (9b), (9¢), and (12) into they
andz component equations ®fl; we obtain

—v IMYI € = 2Nl po{ — MIBZ+ M3BE),
—v IMZ1 3¢ = 2Al o {M¥BY+M3BY}.

(13a
(13b

It is interesting to note that in Eq§l1) and(13) the contri-
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a{BXME — 1)+ 2BIMIM X+ MX(MYBY+ M2BZ)

+M3(MEBY+MIB{+MiBT+MIBj)}. (18
On solving Eq.(18) as in Sec. lll, after lengthy calculations
we end up with a perturbed MKDV equation with a dissipa-
tion term aJ(9%f/9£2), which upon making the transforma-

bution due to Gilbert damping, i.e., the terms proportional totions f' —f/2 and+'— (u/2) becomes
a, is absent. This is because the effect of damping is com-

pensated by the nonlinearity. In the polar coordinate repre-

sentation given in Eq12), Eq. (9d) takes the form

M= (uovk/2ABE) f, (14
wheref=96/9¢. Using Eqs.(10b), (100, (12), and(14) in
Eqg. (11) and differentiating with respect tg, after some
lengthy algebra and calculations E¢ll) can be made
equivalent to the modified Korteweg—de Vri¢MKDV)
equation in the form

(0f197) + (312) wf2 (9f19&) + w (3F19£%) =0, (15)

where u=uvk®/8¢€,A%. The MKDV equation(15) is a

completely integrable nonlinear evolution equation possess-

ing N-soliton solutions[15]. For instance, the one-soliton
solution of Eq.(15) can be written as

f=2asecha/, (16)

where {=¢— 57, a?= g/, and = const. Knowingf, 6
can be calculated and hence from E@s2) and (14) we

obtain the components of magnetization as
M’{=M0av ksecmg, (173
MY¥=1-2 secRa(, (17b
M§=2tanha{ sectal. (170
Using Egs. (17) in Egs. (8b) and (8c), we obtain

Bj=k 1(1-2 secRal) and Bj=2k 'tanma{seclal.
Knowing B andM, the magnetic fieldH of the EMW can be
obtained using relatiof2). From the above we observe that

the excitation of the magnetization, the magnetic induction,

al 9%’
G

&f’

ar'

,zo"f’
9¢

whereJ=4[ uAl uouvk].

The effect of the structural disturbance on the soliton evo-
lution due to the presence of the term proportionaktin
Eqg. (19) can be analyzed by using a perturbation theory fol-
lowing [17]. The results show that a small structural differ-
ence will lead to a slow variation of the soliton parameters
and distortion of the soliton shape. The one-soliton solution
of Eq. (19) is of the form

a3f’

of PP

+2— (19

f'=2go(7")[secliz) —W(z,7")], (20

where z=2gq(7")[é— ¢o(7')] and the parametergy(7')
and ¢q(7') are found from the relations

dgo/dr’ =37, coshz)dz

and

z
)dz.

depo/d 7’ =405+ (1/498)f°°w( o

The correction to the solitoW(z,7') is determined from a
cumbersome expression that has the asymptotic form

W= 4zexp( z)f R

Z—© (21a

coslr’

3290

1 o)
W= 329420 ZJ Rdz z— —o, (21b

and the magnetic field are governed by soliton modes, even
in the presence of damping of small magnitude, thus indicat-
ing the possibility of lossless propagation of the EMW in a
ferromagnetic medium as found experimentally in the case
of garnets(see, for example, Ref16]).

IV. DAMPING OF ELECTROMAGNETIC SOLITON

In order to understand the effect of damping when it is
significant, we redefine the damping parametesis o= ¢ «
instead ofa=e?a as done earlier. We then substitute Egs.
(5), (6a), and(7) anda= ¢« in the one-dimensional compo-
nent form of Eqs(3) and(4) as before and solve the result-
ant equations. We find that the damping does not change th
results at the orders of° and ¢! and hence we have the
same equations as found in Ed8) and (9). However, at
O(e?), we obtain Eqs(10a—(10d), with the terms propor-
tional to @ in EqQ. (10d) and in they- andz-component equa-
tions of M, replaced by new terms. For example, in Eq.
(10d) the terms proportional ta are replaced by the follow-
ing new terms:

velocity

0.51

0.31

Time

FIG. 1. Deceleration of the electromagnetic soliton in a dissipa-
tive ferromagnetic mediurtEq. (21) for «=1.0,J/ u=—1/4, and
u(0)=1].



1200 BRIEF REPORTS 57

Mag (x)

z)

Mag (

FIG. 2. Damping of the magnetization solitoM{) in a dissi-

pative ferromagnetic medium. FIG. 3. Damping of the magnetization solitomM§) in a dissi-

. . tive f ti dium.
where 16’ =8fg3d'. HereR stands for the right-hand side pative Terromagnetic meditm

of Eg. (19). On evaluating the integrals in thg, and ¢,
equations the velocity(7')=dgy/d+' of the electromag-
netic soliton is found to evolve according to _ _ _ _
u(7')=u(0){1+ (4/3)[ — adl n]u?(0) 7'} Y2 (22 In this paper we investigated the nature of propagation of
the EMW in an untreated isotropic ferromagnetic medium
From Eq.(22) we observe that the effect of Gilbert damping With Gilbert damping and free charges. We found that when
leads to the deceleration of the electromagnetic solitonthe magnitude of damping is small the results are similar to a
which is illustrated in Fig. 1. In accordance with Eg0), the  charge-free ferromagnetic medium without damping and
localization region of the soliton widens. From HB1) the therefore the excitations of the magnetization, the magnetic
variation of the soliton shape is given by the asymptoticinduction, and hence the magnetic field of the EMW are
relations JoW=(— ad/6u)u(r')z?exp(—2) as z—= and governed by solitons. When the magnitude of damping in-
2goW=0 asz— —«. Knowing f’ from Eg. (20), we can creases, the above electromagnetic solitons undergo the fol-
calculate @ from the relationf’ =1(96/9¢) and hence the lowing changes. As time incre_ases the eIectr(_)magnetic soli-
magnetization of the medium using Eq42) and (14) and  tons decelerate and the amplitude of the solitons decreases
consequently the magnetic induction and the magnetic-fiel@nd gets damped. Further, the dissipation due to Gilbert
component of the EMW can also be computed. In Fig. 2 wel@mping of the medium introduces a slight distortion in the
illustrate how thex component of the magnetizatiod ; shape_z of the ele_zctromagnetlc so_h_tons only at one end, thus
[Mag(x)] gets damped. It is observed that the perturbafibn Showing a certain structural stability.
distorts the shape of the soliton only at one end of it, thus
displaying a certain stability with respect to structural exci-
tation. This is illustrated in Fig. 3 in the case of theom- ACKNOWLEDGMENTS
ponent of the magnetizatioM , [Mag(z)]. The above con-
clusions of the soliton damping and distortion will also hold The work of M.D. forms part of a major DST project.
true for the magnetic induction and magnetic field of theV.V. acknowledges R. Amuda and K. Manivannan for dis-

V. CONCLUSIONS
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