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Soliton solution of continuum magnetization equation in a conducting ferromagnet
with a spin-polarized current
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Exact soliton solutions of a modified Landau-Lifshitz equation for the magnetization of conducting ferro-
magnet in the presence of a spin-polarized current are obtained by means of inverse scattering transformation.
From the analytical solution the effects of spin current on the frequency, wave number, and dispersion law of
spin wave are investigated. The one-soliton solution indicates obviously current-driven precession and periodic
shape variation as well. The inelastic collision of solitons, by which we mean the shape change before and after
collision, appears due to the spin current. We, moreover, show that complete inelastic collisions can be
achieved by adjusting spectrum and current parameters. This may lead to an potential technique for shape
control of spin wave.
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Considerable attention has been paid to the dynamics of 9 ~
magnetization associated with spin-polarized current in lay- EM =M X IMz,—y M, (1)
ered materials and in Mn oxides recently. Both theoretical
and experim_ental investigations mainly c;oncentratec_i on larggnereM (z,)=(MX(z,1), M¥(z,1), M¥(z,1)) is the local mag-
magnetoresistance are of fundamental importance in the un- .~ ~ _ . .
derstanding of magnetism and applied interest in the fabricdi®tization and=(gugM/#)J with J being the exchange in-
tion of magnetic devices. Spin transfer from spin-polarizedteracting constant between the local magnets. The parameter
current to magnetization of conducting ferromagnetic films isy describes effect of the current which is the same as defined
one of the intriguing features which is theoretically proposedn Ref.[5]. The length of magnetization vector is set to unit,
in Refs.[1,2] and subsequently verifigd,5] in experiment. M?%(z,t)=1, for the sake of simplicity. We begin with the
Many studies[6-10 on this phenomenon have been fol- inverse scattering transformation which is a useful method to
lowed since the spin-transfer mechanism was first explainedolve the nonlinear Eq1). By means of the Ablowitz-Kaup-
conceptually. However, the dynamics of magnetization in theNewell-Segur method one can construct Lax equations for
presence of spin current has not been well understood. Ithe Eq.(1) as
Ref. [5] a continuum equation for the magnetization of con-
ducting ferromagnet in the presence of spin-polarized current d
is derived and is seen to be a modified Landau-Lifshitz equa- &—Z\If(z,t,)\) =UM)¥(ztN),
tion with an additional topological term. The spatial depen-
dence of the magnetization is evalua{&ll and several so- 2
lutions of one_dimensio_n are also discu_s_sed. We in thi_s paper iq;(z,t,)\) =U,(MW(zt,\),
study the soliton solution of the modified Landau-Lifshitz at
equation given in Ref[5] from which the current induced . o ]
precession of the magnetization and soliton-soliton collisiongvhereX is a spectrum parametel,(z,t,\) is eigenfunction
are investigated. The effect of spin current on the dynamicsorresponding to the spectrum The operatordJ;(\) and
of magnetization is demonstrated explicitly. We obtain exactU,(\) are given in the following form:
soliton solutions by means of inverse scattering transforma-
tion in one-dimensional geometry. An intriguing feature is Uy =—iJ(\ = \p)(Ma),
that inelastic collisions generally appear due to the spin- 3)
polarized current and the complete inelastic collisions which =3 2 =5
may lead to a interesting technique of soliton filter and U2 =123 "\ = 2p) (M) = I “(\ = N} (M o) (M0),
switch can be achieved in special cases by adjusting the pa- o
rameters spin-polarized current. where the real paramet&p= y(_4J )~ indicates the effect of

F0||owing Ref [5] we Consider a current propagating the current andf IS Pau|'| matl’lX. Th.U.S EC(l) can be recov-
through conducting ferromagnet and assume that the cor@réd from the compatibility conditiorid/ it)U;—(d/ d2)U,
ducting electrons interact only with the local magnetization+[U1,U2]=0. We consider the following natural boundary
M. A continuum equation for the magnetization is obtainedcondition at initial time (t=0), M(z)=(M*,M¥,M?)
in the local magnetization frame as a Landau-Lifschitz type— (0,0,1 agz — . We then have the asymptotic form of
[3], Eqg.(2) at |z —
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aZ E(Zv)\) = Lo()\)E(Z, )\) ’ (4) —1_ AM
cos 6_ 1 COSH[}- Il(z_ Vl,Mt) - Zl] ’

()

where

Ez\) =000 | (\) ==\ -Ng)as.  (5) B

ai~ g

Q= g -+ kiz—Qqt+ arctar( tanh ®1) , (8
Based on the Lax Eq$2), we can derive the exact solution
of N-soliton trains by employing of the inverse scattering
transformatio{11,12. As a special case that=1 the exact

one-soliton solution is given as follows:

where Ay=28%/|\y—\o|2 F1=1/2Jp, are amplitude and
width of the soliton, respectively. The wave numberkis
=kg—ks with ky=2Ja; denoting the wave number in the ab-

sence of the current whilles= 23>\0 is the wave number shift
induced by the spin-polarized current. The frequency of
magnetization precession is seen to Qg=Q,-0g with
0,=4J3(a?- B3) being the frequency in the absence of cur-
1 rent andQS:4J3)\§ the frequency shift induced by spin-
MY = —[2(a; = Ng) B; cOLP; — ;)coshO, polarized current. We see that the effect of current reduces
A both the wave number and frequency. For a large enough
current such thah?> 2- 2 an instability occurg4]. We
can rewrite the frequency, i.e., the energy spectrum as

1
M* = A_[_ 2(&1 - )\0)[‘31 Sin((bl - ¢1)COSh®1
1

- 287 cog®; - ¢b;)sinh O],

- 282 sin(®, - ¢,)sinh O]

2 ~ ~
we=1-22, ®) 0, =Tyl + 29 - 43 %6 ©
1
We then see that in the absence of current the minimum of
where the_energy spectrum, i.e{q min=0 is located atkg min

2,81 while the current shifts the position of minimum

by an amounté= \/k2+4J 232~ (kg+ V43 232, In the ab-
~ sence of spin-polarized current, i.24=0, the solution Egs.
01=2B1(z=Vint) - 7, (7) and(8) reduce to the soliton solution in an isotropic spin
chain[13].

In the limit case that the amplitud&,, approaches zero,
namely 8;— 0, the soliton widthF; diver\%g the envelope

velocity V, \ attains its maximum value\2)(),, and the so-
lution shown in Eqs(7) and(8) takes the form such that

Al = |)\1 - )\0|2COSH 1,

®,=2)(ay - No)z- 4 [ B~ B2~ \2]t - ¢,

ParameteiVy y,=4J%a; denotes the velocity of envelope,
=In[(2JB,)"1c;] is the center position, andh,=ardJ(\,
—-\o)] is the initial phase of the spin wave. The parameter -

\1=aq +iB; denotes eigenvalue witly, 3, being the real and M?—1, ¢— ——d;+kiz—O4t,
imaginary parts, respectively, ang is a real constant of 2
integration. The solution Eq6) describes a current-driven indicating a small linear solution of magnon. In this case the
precession of magnetization with periodic shape variation.

The center of solitary wave moves with velociy ,, while ~ guadratic dispersion law is seen to H@,= J(G-K3)

the wave amplitude and width vary periodically with time. —Jkl(k1+ 2kg). We also notice that the phase velocity of the
We see that the spin-polarized current imparts a torque to therecession i);/k;=V; /2+Vs/2 which possesses a cor-
magnetization due to local exchange interaction betweerection value Vs/2 which is half of envelope velocity
electron spin and the magnetic moment. This observation ig/hereas the group velocity of precessii,/dk; =V, co-

in accord with the prediction in Ref§1-3,5,9. As a conse- incides with the envelope velocity.

guence of reaction the current flow is strongly affected by the We now consider another special case of the general
orientation of the magnetic moments. Thus a higher electriN-soliton trains, i.e., the two-soliton solution which is seen to
cal resistance in magnetic layer may occur. The spinbe

polarized current can be used to adjust the precession of

magnetic moment and the wave shape as well. We then pro- M*=Rdg-i2l'5,(1 -il'})],
vide in principle a mechanism of current control of the spin
wave.

— .
To see closely the physical significance of one- MY=Imli2l'5(1 -il'y)],

soliton solution it is helpful to show the parameter depen-

dence of Euler angles of the magnetization vector MZ= |1—iF1|2— |1“2|2, (10)
which in a spherical coordinate is written ad(z,t)

=(sin 6 cos ¢, sin  sin ¢,cos ). From the Eq(6) we find  where
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I, =
T w

[(91—093)96 + (92— 94)9s],

1 I I J— S
= Vv[_ (91— 93095 — (92— 94071,

with
01= 1 +|au*+ xx2% %2,
2= 1 +|0l* + X1x201%2,
0s = x1/au” + x101%2,
04 = X2ltl* + X202,
95 = — &1l - X160,
96 = — &2l0l” ~ X260,
97=- &0,
95 =~ &b,
_ 2B1(N 1 = No)
~ i\ = A2)A1 = Nl ,
o= 2,32()\_2 — o) ,
—i2=M)N2= N\
W= 0102~ 9304,
o= e O,
&= 2B\ = N[
and

®l = ZEﬁJ(Z_V]'Mt) - Zj'

q)j:ka_th_¢j' (11)

where VJ-YM:432aj denotes the velocity of envelope;
:In[(ZJBj)‘lcj] the center positiong;=ardJ(\j—\o)] the
initial phase, kj=2J(a;—\o) the wave number, and}
=4] 3_[aj2—,8j2—)\§] is frequency. The parametey=a;+ig; is
the eigenvalue parameter, agdis the real constant of inte-

gration, j=1,2. Thesolutions(10) describe in general an
inelastic scattering process of two solitary waves with differ-

ent center velocities and different shape-variation frequen-
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FIG. 1. Inelastic head on collision expressed by 8d) when
M, is suppressed, whene;=-0.45+0.3, \,=0.52-0.47,J=0.9,
01:0.55,C2:_3.8,)\0:0.2.

current-dependent parameteg and eigenvalue\;. For the
case thaty;=g;, the shape-variation frequenci€s(j=1,2)

of two-soliton depend only on the parameters of spin-
polarized current seen from Ed.1). In the case oky=0, the
solutions(10) reduce to that of the usual two-soliton solution
with two center velocities while without shape chard8].

An interesting process in the absence of spin-polarized cur-
rent is that the collision can result in the interchange of am-
plitude A; and phaseb;(j=1,2) exactly as in the case of the
elastic collision of two particle§l3].

It is interesting to show the inelastic collision graphically.
The head on collision is explained in Figs. 1 and 2 for sup-
pressed amplitudes d¥1; and M, respectively, after colli-
sion. This result shows that we may adjust the incoming
spin current and the spectral parameters to control the
shape of soliton of the magnetization. The dissipationless
quantum spin current at room temperature reported in Ref.
[10] may be used to realize experimentally the soliton con-
trol in the future. Our theoretical observations predict the
magnetic random-access memories in which the memory el-
ements are controlled by local exchange-effect forces in-
duced by spin-polaried current rather than by long-range
magnetic fields.

In terms of inverse scattering transformation the exact
soliton solutions for the magnetization in conducting ferro-
magnet in the presence of a spin-polarized current are ob-

20"

cies. Before collision, the two solitons move towards each

other, one with velocityv; and shape variation frequency
Q,, the other withV, and (),, respectively. The interaction

FIG. 2. Inelastic head on collision expressed by &) when
M, is suppressed, wherg=0.4-i0.3, \,=-0.5+0.45,J=0.9, ¢;

potential between two solitons is a complicated function of=-0.5,¢,=3.5,\,=0.2.
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tained. Our solutions predict two intrinsic features of theand is in agreement with the observations in References.

effect of spin-polarized current on the magnetizati¢hy
Spin-polarized current induces the precession and shape
variation of the solitary waves of magnetizati@f) The in-
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