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We review our recent works on dynamics of magnetization in ferromagnet with spin-transfer torque. Driven by
constant spin-polarized current, the spin-transfer torque counteracts both the precession driven by the effective field and
the Gilbert damping term different from the common understanding. When the spin current exceeds the critical value, the
conjunctive action of Gilbert damping and spin-transfer torque leads naturally the novel screw-pitch effect characterized by
the temporal oscillation of domain wall velocity and width. Driven by space- and time-dependent spin-polarized current and
magnetic field, we expatiate the formation of domain wall velocity in ferromagnetic nanowire. We discuss the properties
of dynamic magnetic soliton in uniaxial anisotropic ferromagnetic nanowire driven by spin-transfer torque, and analyze the
modulation instability and dark soliton on the spin wave background, which shows the characteristic breather behavior of the
soliton as it propagates along the ferromagnetic nanowire. With stronger breather character, we get the novel magnetic rogue
wave and clarify its formation mechanism. The generation of magnetic rogue wave mainly arises from the accumulation of
energy and magnons toward to its central part. We also observe that the spin-polarized current can control the exchange rate
of magnons between the envelope soliton and the background, and the critical current condition is obtained analytically.
At last, we have theoretically investigated the current-excited and frequency-adjusted ferromagnetic resonance in magnetic
trilayers. A particular case of the perpendicular analyzer reveals that the ferromagnetic resonance curves, including the
resonant location and the resonant linewidth, can be adjusted by changing the pinned magnetization direction and the direct
current. Under the control of the current and external magnetic field, several magnetic states, such as quasi-parallel and
quasi-antiparallel stable states, out-of-plane precession, and bistable states can be realized. The precession frequency can
be expressed as a function of the current and external magnetic field.
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1. Introduction

In solid physics, the Heisenberg model of spin—spin inter-
actions can be considered as the starting point for understand-
ing the complex magnetic structures. This model has success-
fully explained the existence of ferromagnetism and antifer-
romagnetism below the Curie temperature, and also attracted
considerable attention in nonlinear science and condensed-
matter physics.!!l The state of a magnetic crystal is unambigu-
ously described by the magnetization vector M, and the dy-
namics and kinetics of a ferromagnet is dictated by variations
in its magnetization. The magnetization of a ferromagnet as a
function of space and time obeys the Landau-Lifshitz—Gilbert

equation!>!
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where M = M (x,t) is the localized magnetization, ¥ is the

o
=—YM X Hep+ —M x (1)
M;

gyromagnetic ratio, ¢ is the damping parameter, M is the sat-
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uration magnetization, and H¢ represents the effective mag-
netic field including the external field, the anisotropy field, the
demagnetization field, and the exchange field. Equation (1)
governs a classical nonlinear dynamical system with novel
properties.

Because of attraction, a cluster of magnons in ferromag-
net tends to be self-localization. In a certain sense, the at-
traction of magnons is critical for a one-dimensional ferro-
magnet because it produces a bound state of quasi-particles
(magnons), i.e., self-localization. A spin wave may be re-
garded as a cluster of a macroscopic number of coherent
magnons. The magnon cluster tends to be localized, and thus
the spin wave becomes unstable. The developing instability
causes magnetization localization and brings about topologi-
cal soliton (domain wall) and dynamic soliton.’! A magnetic
domain wall can be understood as a potential hill which sep-
arates two generated magnetic states. It forms a spatially lo-
calized configuration of magnetization in ferromagnet and the
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On the
other hand, the dynamic soliton describes the localized states

direction of magnetic moments inverses gradually.

of magnetization which can be reduced to a uniform magne-
tization by continuous deformation, so that the excited ferro-
magnet transites to the ground state. Therefore, a dynamic
soliton is sometimes said to be topologically equivalent to the
ground state.

Driven by the constant forces, such as magnetic field[®7!

(8-101 the dynamical motion of mag-

or spin-polarized current,
netization can be described generally by the famous Landau—
Lifshitz-Gilbert equation!™! or the modified Landau—Lifshitz—

11-14] 1y these non-

Gilbert equation with spin-transfer torque. !
linear equations time only plays the role of an independent
variable and does not appear explicitly in the coefficients.
Nowadays, the corresponding solutions are called autonomous
magnetic domain wall or soliton solutions which are similar to
the classical soliton concept introduced firstly by Zabusky and
Kruskal">! for autonomous nonlinear and dispersive dynamic
systems.[!%) These autonomous solitons can completely pre-
serve their localized form and speed during propagation which
has motivated great attention in optical fibers and conden-
sate physics. The field driven autonomous domain wall mo-
tion has been studied extensively in thin films!'”! and recently

[18-23] which has technological appli-

in magnetic nanowires
cation in race track memory.?*! The domain wall travelling
speed in magnetic materials conventionally depends on the
strength of a constant magnetic field below the Walker break-
down value.[®7] Above this critical value, the domain wall de-
velops a complex internal structure with temporal dependence
which results in domain wall velocity oscillation, [18-19-23:26]
Another autonomous motion of magnetization is formed
by passing the constant spin-polarized current across the fer-
romagnetic nanowire. When a spin-polarized electric current
flows through domain wall, the spin polarization of conduc-
tion electrons can transfer spin momentum to the local magne-
tization, thereby applying spin-transfer torque which can ma-
nipulate the magnetic domain wall without the applied mag-
netic field. This spin-transfer effect was theoretically pro-
posed by Slonczewski and Berger,®! and subsequently veri-
fied experimentally.!?’! The study of magnetoelectronics has
received considerable interest for its technological potential
application. In metallic ferromagnets, the differences between
electronic bands and scattering cross-sections of impurities for
majority and minority spins at the Fermi energy cause spin-
dependent mobilities.[?8! The difference between spin-up and
spin-down electric currents is called a spin current. It is a
tensor, with a direction of flow and a spin polarization par-
allel to the equilibrium magnetization vector M (r,t) as,[?"!
J = Pug/ (eMs) je ® M (r,t), where P is the spin polariza-
tion of current, up is the Bohr magneton, and e is the mag-

nitude of electron charge. The vector j. tracks the direc-

tion of the charge current, M (7,r) describes the direction
of the spin polarization of the current, and M is the sat-
uration magnetization. For simpleness, we consider an in-
finitely long ferromagnetic nanowire where the electronic cur-
rent flows along the long length of the wire, defined as x
direction. Assuming the magnetization is nonuniform only
along the direction of current, the spin current can be written
as j (x,t) = byM (x,t), where by = Pj.up/(eM;). The spa-
tial variation of the spin current produces a reaction torque
on the magnetization as 7, = dj/dx = byd M /dx which en-
ters the modified Landau-Lifshitz equation. As a theoretical
model, the modified Landau-Lifshitz—Gilbert equation!!!~!4]
with spin-transfer torque was derived to describe such current-
induced magnetization dynamics in a fully polarized ferro-
magnet. With these novel forms of spin torque, many in-
teresting phenomena have been studied, such as spin wave

excitation and instability,11,30-32]

33-36

magnetization switching

[37-391 This current-

and reversal,>3-3%! and magnetic solitons.
induced magnetization motion exhibits different characteris-
tics from that driven by an magnetic field, and the spin-transfer
torque can induce not only precession but also damping role
for the motion of magnetization. For the smooth domain wall,
this spin torque can displace domain wall opposite to the cur-
rent direction which has been confirmed experimentally in
magnetic thin films and magnetic wires.[40-44]

With the remarkable experimental success measuring
the motion of domain wall under the influence of cur-
rent pulse, considerable progress has been made to under-
stand the current-induced domain wall motion in magnetic
nanowire. [!>-1441-48] Thege studies have improved the pi-
oneering work of current-driven domain wall motion by
Berger.[*%% The dynamics of magnetization described by the
Landau-Lifshitz—Gilbert equation admits the static solutions
for domain wall motion. In the presence of spin torque and
the external magnetic field, it is difficult to derive the dy-
namic solutions. A circumvented approach is Walker solution
analysis!® for the moving domain wall in response to a steady
magnetic field smaller than some critical value. However, this
approximation applying to domain wall motion driven by the
electric current is unclear, and its reliability has to be verified
theoretically and numerically.

When various external time-dependent forces are ap-
plied to the physical system, the nonautonomous nonlin-
ear evolution models typically arise and the term of nonau-
tonomous solitons!!'®! was introduced firstly. Some nonau-
tonomous models and the controllable soliton solutions have
been studied theoretically in optical fibers®!! and Bose-

Einstein condensates.[%?!

In ferromagnetic nanowire, this
nonautonomous model can be realized by applying the time-
dependent magnetic field or current to local magnetization.

Such nonautonomous motion of magnetization possesses the
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novel character®*3 which results in the fast domain wall
propagation with an optimal field or current pulse.

In the following, we will investigate current driven dy-
namics of magnetization in ferromagnet. The paper is orga-
nized as follows. In Section 2, we investigate the domain wall
dynamics in ferromagnetic nanowire driven by spin-polarized
current. In Section 3, we expatiate the current-driven dynamic
soliton solutions in ferromagnetic nanowire. Section 4 dis-
cusses the ferromagnetic resonance in magnetic trilayers with
spin torque. Section 5 presents our conclusion.

2. Current driven dynamics of domain wall

A magnetic domain wall is a spatially localized configura-
tion of magnetization in ferromagnet, in which the direction of
magnetic moments inverses gradually. When a spin-polarized
electric current flows through domain wall, the spin polariza-
tion of conduction electrons can transfer spin momentum to
the local magnetization, thereby applying spin-transfer torque
which can manipulate the magnetic domain wall without the
applied magnetic field.

2.1. Domain-wall resonance induced by spin-polarized
current

We consider a ferromagnetic metallic film in the xy plane,
with the easy axis z perpendicular to the film, as shown in
Fig. 1. An in-plane current along the x direction goes through
the film. This current exerts spin-transfer torque on the local
magnetization. In the presence of adiabatic and non-adiabatic
spin-transfer torque, the generalized Landau-Lifshitz—Gilbert
equation describing dynamics of magnetization in film can be

written as
oM OH a oM
— =YMX—+—Mx——+T,+T,, 2
o~ MXar T Mg Tt @

where H is the energy density. The adiabatic spin torque
T, is caused by the non-equilibrium conduction electrons
whose polarizations coincide with the local moments, where
T,=—[by/ (1+E>) M2 M x (M x (0M /dx)). Here & =
Tex/ Tsts Tex = 11/ Jex, Jex s the s—d exchange coupling strength,
Ty 1s the spin-flip relaxation time, and j is the electric cur-
rent density. The adiabatic and non-adiabatic spin torque, i.e.,
T, =—[bs&/ (1+ &%) My] M x (0 M /9x), is the effect of the
non-equilibrium conductive electrons whose polarizations de-
viate from the local moments.

Taking into account M? = M2 = const below the Curie
temperature, equation (2) can be transformed into two coupled
equations for the polar angle 0 and azimuth angle ¢ defined
relative to the z axis

90  d¢ |

§+ajsm9
_ Y oM, b (96 .99,
- Mssin95¢+1+§2<3x+§8xsme ’

a9 . 20
Esmefag
_ YO, b (30 .06
~ M, 56 1+§2<axsm9 Sox ) )
6,56]

We introduce the dynamic wall structure as follows: !

x—L(1)
A(t)

0(x,t) = 2arctanexp [ } , 0=9¢(), )
where A (¢) represents the wall width, and L (¢) is the normal-
displacement coordinate of the wall. For the case of non-zero
current, we assume that the wall-magnetization angle ¢ is in-
dependent of x. In general, A (¢) varies less than L (¢), namely,
the distortion of wall width is small during the wall motion,
|dA/dr| < |dL/d¢|. Substituting Eq. (4) into Eq. (3), we ob-
tain

oL . ¢ by

5 = EMAsin29 +aASE — ey 23 &)
99 8aMy,  OL  bE

a T A e et ©

where lw is the length of one domain. The non-adiabatic
torques generate global pressure on the walls due to the reign-
ing momentum transfer for the non-adiabatic electrons.!'?!
The instantaneous pressure arises from the applied field and
magnetostatic restoring potential. We assume that at + =0
the current and perpendicular magnetic field is applied and the
wall lies in the pinning center. Then, from Egs. (5) and (6), the
initial velocity of wall is — (1+a&)by/[(1+&?) (1+a?)].
Like the driving field, both non-adiabatic and adiabatic torque
give an initial velocity to the domain wall, but the former is
damped. Also, ¢ starts precessing at the Larmor frequency

(0= &)bs/ [A(1+62)].

As ¢ increases, the velocity de-

creases.
je
wall
tm M tm
A 2y

Fig. 1. Geometry of the film with stripe-domain structures. The easy
axis is perpendicular to the film plane and defined as the z direction.
The current is applied along the film and perpendicular to the domain
wall, and A is the thickness of domain wall.**]

Next, we discuss the case of small deviations of ¢ from
equilibrium, and the linear variation of the wall velocity with
¢. Linearizing Eq. (5) and eliminating ¢ using Eq. (6), we

obtain
0’L  JL
B 2M, g 1+&a dby
T oy(148?) (A J+47t7/AMS ot )’ ™
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where k = 167M? /ly, A = \/JA/K, m= (1+a?) / (2ny*A),
and b = o (2M;/ (yA) +k/ (4wyMs)). In direct current case,
adiabatic torque only twists the magnetization of wall, or
transfers magnetic momentum to the wall, while non-adiabatic
torque produces a global pressure on the wall.['%144] How-
ever, in the alternating current case, equation (7) indicates that
both the adiabatic torque and non-adiabatic one contribute to
the global motion of wall.

For an applied direct current, equation (7) describes
damped oscillation of the wall. It is easy to see that only non-
adiabatic spin torque affects wall motion in the direct current
case. This is because the domain wall is deemed as a parti-
cle and only non-adiabatic torque produces a pressure on it.
The current changes the equilibrium location of the oscilla-
tion. In the absent of driving field, the change is evaluated as
ALy = jeEPugly /[8eyAM?2(14E2)]. If AL > lw (the range
of the restoring potential), the wall is depinned. Consequently,
the current density for depinning is

Ji = 8m(1+E)eyAM? /(EPus). (8)

For the case of alternating current, taking j. = j,c c0Os @t
with oscillating frequency ®, equation (7) describes forced
damped oscillations. Considering 5> < 4mk, we obtain

bt Vdmk — b?
L = Lyexp ~ 5 ) €0 e —1

2m

2Pug/ve (1+&2)/E2/A% + (1 + & /4TYM;)? 0 juc
\/(k— m?)* + b2 02

X COS (a)t—5—6/), 9

where

8 = arctan [bw/ (k2 —ma)z)] ,
8 =arctan [(1+ a&) o/ ((1+ &) dnyeMy)],

and L is a real constant which can be determined from the
initial conditions. The first term in Eq. (9) rapidly approaches
zero because of the large value of b/2m. From Eq. (9), the
resonance frequency is @ = 4wyM;[(4A2 /1§, + E% 4+ E4)1/2 —
2] 172, and smaller current leads to a larger displacement. Tak-
ing Lmax = lw, we can obtain the critical alternating current
density that can depin domain wall in the presence of reso-
nance, which is

ai 6w 12 Iw
cri 5 )W 4 _ 2E2\ W 2.
i = 35 |2VE\ (6 —a?8?) 5 482 +4

+ (aZ 7271'&2) IX 4:| }1/2 -cri (10)
A -]dC'

Using the material parameters of Co3Pt, and taking lw =
cri

Ium, the resonant frequency is @ = 12.8 GHz and ' =

0.18 5t
the driving field is not less than 87M;. For example, the
value is 2.8 T for CoszPt.
and spin current, the critical current density can also be re-

Without the currents, to counter the restoring force,
Combining the magnetic field

duced. Applying a magnetic field perpendicular to the film,
we add a term 2M H | to the right of Eq. (7). We obtain }iﬁ?
= [1 — H, /(8Mj)] s, and jS denotes the critical current
density due to driving field and current.

2.2. Screw-pitch effect and velocity oscillation of domain
wall

In this section, we report analytically the critical current
condition for anisotropic ferromagnetic nanowire driven only
by spin-transfer torque. Below the critical current, the ferro-
magnetic nanowire admits only the final static domain wall
solution which implies that the spin-polarized current can-
not drive domain wall move continuously. When the spin-
polarized current exceeds the critical value, the dynamics of
domain wall exhibits the novel screw-pitch effect with the pe-
riodic temporal oscillation of domain wall velocity and width.
A detail theoretical analysis and numerical simulation demon-
strate that this novel phenomenon arises from the natural con-
junction action of Gilbert-damping and spin-transfer torque.
We also observe that the spin-transfer torque plays an entirely
opposite role in the above two cases. At last, our theoretical
prediction can be confirmed by the numerical simulation in
terms of Runge—Kutta—Munthe—Kaas (RKMK) method.7-38]

We consider an infinitely long uniaxial anisotropic ferro-
magnetic nanowire, where the electronic current flows along
the long length of the wire defined as the x direction which is
also the easy axis of anisotropy ferromagnet. For convenience,
the magnetization is assumed to be nonuniform only in the di-
rection of current. Since the magnetization varies slowly in
space, it is reasonable to take the adiabatic limit. Then the dy-
namics of the localized magnetization can be described by the
modified Landau-Lifshitz—Gilbert equation with spin-transfer

torque! =131
oM o oM
TZ_YMXHeff“FﬁMXT“FTb (11)
S

where H ¢ represents the effective magnetic field. For the uni-
axial ferromagnetic nanowire, the effective field can be writ-
ten as Hegr = (24/M?2) (0> M /0x?) + HM,/Msex —4TM: e,
where A is the exchange constant, H, is the anisotropy field,
and e; (i = x,y,z7) is the unit vector, respectively. Introducing
the normalized magnetization, i.e., m = M /M, equation (11)
can be simplified into the dimensionless form
am

O —— = —M X hegr — XM X (mxheff)

ot

Im  , om

b
+abim x ox ox’

12)
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where o = (1+a?) and by = byto/lp. Here by is given in
advance. In this section, the time ¢ and space coordinate x
have been rescaled by the characteristic time o = 1/ (167wyM)
and length Iy = \/A/ (8 TM2), respectively. The dimensionless
effective field becomes her = 9%m/dx* + Cumye, — Com e,
with C, = H,/ (16wM;) and C, = 0.25.

In the following, we seek for the exact domain wall solu-
tions of Eq. (12), and then study the dynamics of magnetiza-
tion driven by spin-transfer torque. For this purpose, we make
the ansatz

sin ¢p _ cos¢p (13)

m, = tanh my, = m., =
x O, my cosh®p’ °  cosh@p’

where Op = k1x — ¢, and the time- and space-independent
parameters ¢p, k1, and @; are to be determined, respectively.
Substituting Eq. (13) into Eq. (12), we have

k3 = Cy + C. cos® ¢p, (14)
—oy (1+0a?) =bik; +C.singpcosdp,  (15)
abiky cos ¢p = o (Cy — ki) sin ¢, (16)
abk; singp = —oC, sin” Pp cos Pp. (17)

From the above equations we can obtain three cases of domain
wall solutions for Eq. (12). Firstly, in the absence of damping,
equations (14)—(17)) admit the solution

C
ki = £+/Cx+C.cos? ¢p, 0 = —b1k; — ?zsin(2q)D), (18)

where ¢p is the arbitrary angle. This solution shows that the
spin-transfer torque contributes a dimensionless velocity —b;
only without damping. The velocity of domain wall is formed
by two parts, i.e., v = —(C;sin2¢p) / (2k;) — b1, which can
be affected by adjusting the angle ¢p and the spin-transfer
torque. Secondly, in the absence of spin torque, we have
the solution of Egs. (14)—(17) as @; =0, ¢p = £7/2, and
ki = ++/Cy, i.e., the static domain wall solution. In terms of
RKMK method, 78 we perform direct numerical simulation
for Eq. (12) with various initial conditions, and all numerical
results show that the damping drives the change of ¢p, which
in turn affects the domain wall velocity and width defined by
1/ |ki]. Atlast, ¢p = +7/2,0; = 0, i.e., the domain wall
stops completely, and the domain wall width achieves its maxi-
mum value 1/Cy, which confirms Walker’s analysis!'®! that the
damping prevents domain wall from moving without the exter-
nal magnetic field or spin-transfer torque. However, as shown
later, the presence of damping is prerequisite for the novel
screw-pitch property of domain wall driven by spin-transfer
torque. At last, we consider the case of the presence of damp-
ing and spin-transfer torque. Solving Eqs. (14)—(17), we have

2b1ky

sin2p = =
Z

1
k] = iE(Bl _\/B>2)) (] :07 ) (19)

where B; = 2C, +C, —b?, and B, = (CZ —b%)2 —4be%.

It is clear that equation (19) implies the critical spin-
polarized current condition, namely,

by < (\/Co+C, — /Co)lo/10,

which is determined by the character velocity lo/fo, the
anisotropic parameter Cy, and the demagnetization parameter
C;. Below the critical current, i.e., b7 < (v/Cy +C; — /Cy)%,
the domain wall width falls into the range of 1//Cy + C,C, <
1/|ki| < 1/Cx. From Eq. (19), we obtain four solutions of
op, i.e., op = £7/2+ 1/2arcsin (2b1k; /C;) for k; > 0 and
¢p = +x/2 — 1/2arcsin (2b; |k;| /C;) for k; < 0. In fact, the
signs “4” and “—" in Eq. (19) denote kink and anti-kink so-
lution, respectively, and the corresponding solution in Eq. (13)
represents the static tail-to-tail or head-to-head Néel domain
wall, respectively. This result shows that below the critical
current, the final equilibrium domain wall solution must be re-
alized by the condition that m X hegr = bydm/dx. It clearly
demonstrates that the spin-transfer torque has two interesting
effects. One is that the term bjdm/dx in Eq. (12) plays the
anti-precession role counteracting the precession driven by the
effective field h.g. However, the third term in the right hand
of Eq. (13), namely, ab;m x (dm/dx), has the anti-damping
effect counteracting the damping term —am X (m X heg). It
is to say that below the critical value, the spin-polarized cur-
rent cannot drive domain wall move continuously without the
applied external magnetic field.

When the spin-polarized current exceeds the critical
value, the dynamics of domain wall exhibits two novel prop-
Above
the critical current, the precession term —m X heg cannot be

erties, as will be shown in the following section.

counteracted by spin-transfer torque, and the static domain
wall solution of Eq. (12) does not exist. Because the mag-

2 =1, so we have

netization magnitude is constant, i.e., m
m - (dm/dx) = 0, which shows that the direction of dm/dx
is always perpendicular to the direction of m, or dm/dx = 0.
It is well known that a magnetic domain wall separates two
opposite domains by minimizing the energy. In the magnetic
domain wall, the direction of magnetic moments gradually
changes, i.e., dm/dx # 0, so the direction of dm/dx should
adopt the former case. Out of region of domain wall, the nor-
malized magnetization will site at the easy axis, i.e., m, = 1
(or —1), in which dm/dx = 0.

Under the above consideration, we make a detail analysis
of Eq. (12). As a characteristic view, we mainly consider the
domain wall center, defined by m, = 0. The magnetic moment
must be in the y—z plane, while the direction of dm /dx should
lay in the x axis (4x axis for k; > 0, and —x axis for k1 < 0).
In order to satisfy Eq. (12), the magnetic moment in domain
wall center should include both the precession around the ef-
fective spin-torque field abjdm/dx and the tendency along
the direction of dm /dx continuously from the last two terms
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on the right-hand side of Eq. (12). The former precession mo-
tion implies that the parameter ¢p will rotate around the x axis
continuously, while the latter tendency forces the domain wall
center to move toward the opposite direction of the current,
i.e., the —x-axis direction, confirming the experiment(*—#4! in
magnetic thin films and magnetic wires. Combining the above
two effects, we find that this rotating and moving phenomenon
is very similar to screw-pitch effect. The continuous rotation
of magnetic moment in domain wall center, i.e., the periodic
change of ¢p, can result in the periodic oscillation of domain
wall velocity and width from Eq. (18) under the action of the

1 ‘ (c)

200

-60

20
0

40 < Space

first two terms on the right-hand side of Eq. (12). It is inter-
esting to emphasize that when the current exceeds the critical
value, the term obym x (dm/dx) plays the role of induc-
ing the precession, while the term bjdm /dx has the effect of
damping, which is even entirely contrary to the case where the
current is below the critical value as mentioned above. From
the above discussion we conclude that the motion of magnetic
moment in the domain wall center will not stop, except it falls
into the easy axis, i.e., out of the range of domain wall. In fact,
all the magnetic moments in domain wall can be analyzed in
detail with the above similar procedure.

1 A

(b)

Displacement

40 80 120 160
Time

200

Fig. 2. Dynamics of domain wall above the critical current. (a)—(c) Evolution of the normalized magnetization 1. (d) Displacement of domain
wall driven only by spin-transfer torque. The parameters are @ = 0.2, C, = 0.05, C, = 0.25, by = 0.6, and the initial angle ¢ = 0.017.0%)

— — Velocity of DW center
cos(¢) of DW center

()

Evolution of cos(¢) and
velocity of DW center
o

0 50 100

Time

150 200

ot

(b)

Evolution of DW width
w

0 40 80 120 160

Time

200

Fig. 3. (a) Evolution of cos ¢ and periodic oscillation of domain wall (DW) velocity. (b) Periodic temporal oscillation of domain wall

width. The parameters are the same as those in Fig. 2.1

Now it is clear for the dynamics of domain wall driven
only by spin-transfer torque. Coming back to Eq. (12), we can

see that this novel screw-pitch effect with the periodic oscil-

lation of domain wall velocity and width occurs even at the
conjunct action of the damping and spin-transfer torque. To

confirm our theoretical prediction, we perform direct numer-
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ical simulation for Eq. (12) with an arbitrary initial condition
by means of the RKMK method?7-38! with the current exceed-
ing the critical value. In Figs. 2(a)-2(c) we plot the time evo-
lution of the normalized magnetization m, while the displace-
ment of domain wall center is shown in Fig. 2(d). The result
in Fig. 2 entirely confirms our theoretical analysis above. The
evolution of cos¢p and the domain wall velocity and width
are shown in Fig. 3. From Fig. 3 we can see that the peri-
odic change of cos ¢p leads to the periodic temporal oscilla-
tion of domain wall velocity and width. From Eq. (18) and
the third term of Eq. (12) we can infer that cos ¢p undergoes
uneven change as shown in Fig. 3(a), i.e., the time correspond-
ing to 0 < ¢p +nm < 1/2 is shorter than that corresponding
to 7/2 < ¢p +nn < 7w (n=1,2,...) in each period, and the
domain wall velocity has the same character. This causes
the domain wall displacement to increase rapidly at first and
then slowly, as shown in Fig. 2(d). This phenomenon clarifies
clearly the presence of screw-pitch effect. The domain wall
velocity oscillation driven by the external magnetic field has
been observed experimentally.['”) Our theoretical prediction
for the range of domain wall velocity oscillation driven by the
above critical current could be observed experimentally.

2.3. Nonautonomous helical motion of magnetization in
ferromagnetic nanowire

A domain wall can propagate under a spin-polarized
current through angular-momentum transfer from conduc-
tion electrons to the local magnetization, known as the spin-
transfer torque. Recently, another interesting issue regarding
the spin-transfer torque effect in some conditions could desta-
bilize the reference layer and cause its propagation. From
the pioneering theory of spin-transfer torque, Slonczewski has
pointed out that large current maybe drive the pinwheel motion
of the magnetization in the two magnetic layers for the insta-
bility of the reference layer. Some experiments have demon-
strated that the spin torque could rotate the magnetization of
the reference layer and trigger the radio frequency oscillations
and intense microwave emission peaks.

In this section, we focus on an infinite biaxial anisotropic
ferromagnetic nanowire. The easy axis is along the wire de-
fined as the z direction, and the hard axis is perpendicular to
the wire axis, as shown in Fig. 4. The localized magnetiza-
tion M (z,¢) with the saturation magnetization Mj is assumed
nonuniform only in the z direction. As a model system, we
assume that the reference layer has been partially fixed, due
to the current Joule heating effect, the magnetization direction
could be rotated at current density high enough. The mag-
netizations of the free and reference layers interact with each
other via the spin-transfer torque effect and each layer serves
as a polarizer for the other one. In order to separate the con-
tribution of the torque effect to the reference layer rotation

from other possible reasons, here only the traditional formula
of spin-torque effect is taken into account in our model.

y N

Fig. 4. Schematic drawing of the ferromagnetic nanowire and the co-
ordinate system. The easy axis is perpendicular to the nanowire and
defined as the z direction. Sp, and St represent the constant longitu-
dinal density along the z axis and the temporal and spatial dependent
transverse density. >3

Thus, we can adopt Slonczewski torque®! Tsrr which
generally takes the form of Tstr = ym X (m x S), where y
is the gyromagnetic ratio, m is the normalized magnetization,
ie., m(z,t) = M(z,t) /M, and S = Spe; + St (z,1) m X e,
with Spt = jitPh/ (2de|), where the subscript L and T rep-
resent the constant longitudinal density along the z axis and
the temporal and spatial dependent transverse density which
arises from partially fixed reference layer and can induce the
free layer procession, respectively. The parameter d is the
thickness of the free magnetic layer, and e is the magnitude
of electron charge.

Driven by the spin-polarized current with temporal de-
pendence, the nonautonomous dynamics of magnetic do-
main wall can be described by the modified Landau-Lifshitz—

Gilbert equation with spin-transfer torque>-%10]
oM a oM
— = —yM x H+ ﬁM X +Tsrr,  (20)
S

where the effective field takes the form of Heg = [K Myeyx —
K-M.e,—A(02M)]/ (uoM2) + Hey. Here K, and K. denote
the energetic anisotropy constant along the hard and easy axis,
respectively. The parameter A is the exchange interaction co-
efficient, and e; (i = x,y,z) is the unit vector, respectively. In
this subsection, we consider the external magnetic field Hy
with temporal and spatial dependence and equation (20) re-
duces to the dimensionless form

10
—I X [her— s +mx (athe+8)], (21)
I ot

where I = 1/ (14 a?), the dimensionless effective field
heg = 8Z2m —kymyex+k,mze; + heg with ky ; = K ./ (HoMs),
hext = Hext /My = —h e, — hym X e, and the dimensionless
spin torque s = §/M;. In Eq. (21) we have rescaled the time ¢
and space coordinate x by the characteristic time 1/ (yM;) and

length \/A/ (oM?), respectively.
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In terms of the spherical coordinate, ie., m =

(sinBcos ¢, sin Osin@,cos 0), equation (21) becomes

¢ . 0 1 s ) 2’0
Wsmefaw = E(kxcos ¢+kz) s1n297(9—Z2
— (hy — St)sin 6, 22)
¢ . a0 ke . .
aWsmﬂ—!—; = (5sm2¢—|—hT+SL)s1n0. (23)

According to Egs. (22) and (23), we assume Intan(0/2) =
(z—L(t))/Wp in which L(r) is the domain wall center, and
the constant width Wy and the cant angle ¢ (¢) of domain wall
are to be determined. In order to force the width of the domain
wall to remain constant, i.e., Wy = 1/1/k, +k;, and the time-
and space-dependent transverse spin current should takes the
form of St (z,t) = —k,sin’ ¢ tanh@. Thus, the domain wall
profile satisfies (k, +k;)sin20 — 2926 /dz> = 0 with bound-
ary condition of 6 = 0 and & at long distance. Substituting
this domain wall profile into Egs. (22) and (23), the domain
wall velocity and domain wall’s rotational motion obey

AL W L
VZat—‘a@L*at)’ @4
d¢ .
3¢ =IC+TICysin(29), (25)

where the parameters are defined by Cy, = otk,/2 and C =
(X(SL + hT) — hy..

Equations (24) and (25) present the novel motion of
nonautonomous domain wall and constitute our main results
in this paper. Equation (24) shows that the domain wall ve-
locity is composed of two parts: the longitudinal external field
hy, along the easy axis and the coherent domain wall rotation
velocity d¢/dt, which may result in the periodic oscillation
of domain wall velocity. The domain wall velocity is also
affected by the damping parameter ¢ and the domain wall
width Wy determined by the energetic anisotropy constants. As
shown in Eq. (25), the domain wall rotates coherently under
the action of the time- and space-dependent current and field.
It is characterized by the constant velocity I'C arising from
the external driving force and the temporal periodic velocity
with the amplitude I'Cy, determined by the internal transverse
anisotropy parameter k,. Integrating Egs. (24) and (25), the
domain wall displacement admits

L(t)= —%[hLH—F/Ot (C+Cmsin(20))d].  (26)

According to the above analysis, we can call this rotating and
moving magnetization in domain wall depicted by Eqgs. (24)
and (25) as the nonautonomous helical motion or screw-pitch
effect.>!

By tuning the longitudinal value S, for the spin-polarized
current and the external field hex, the coherent domain wall

rotation exhibits different feature, which in turn affects the do-
main wall velocity and dispiration. For different relations of
C and Cp,, equation (25) can admit the three cases of solution.
For convenience, in the following discussion we assume that
ht 1 and Sy, are constant, respectively. Firstly, we assume that
the applied current and external field are small, i.e., C < Cy,.

Integrating Eq. (25) we have

CB?2—-2C,B+C
CnB2—2CB+Cy’

sin(2¢) = 27
where B = e 2L VEIR! with k| = Cyy — C and k» = Cpy +C.
When ¢t — oo, the domain wall stops the rotation and the cant
angle attains its extremum, i.e., sin (2¢) — —C/Cp,, which is
also confirmed in Eq. (25). At the same time, the domain wall
velocity in Eq. (24) takes the form V = —Wphr /o which can
be controlled by adjusting the longitudinal external field Ay.. In
this case, the domain wall displacement L(¢) in Eq. (26) takes
the form

K
— —arctan

¢() )
K2 VKK )’

W
L(t)= —;O (hl_t + arctan

where § (t) = Cy,B—C. Secondly, when the internal transverse
anisotropy parameter k, is balanced by the applied current and
external field, i.e., C = Cp,, equation (25) admits the solution

1—(2ICr)?

; (28)
which also implies that the domain wall stops the rotation
in the limit # — oo, and the cant angle reads sin(2¢) — —1.
Then the domain wall velocity has the same results as the
above case, while the domain wall displacement becomes
L(t) = —Wp/ahpt + arctan (2I'Ct)].

Based on the above results for C < Cy,,, we find that there
is a critical value for current and/or field. In the absence of
external filed, this critical condition takes the special form
SLe = kx/2. Below this critical current, the domain wall fi-
nally stops the coherent rotation, resulting in the static domain
wall solution with the arbitrary initial domain wall state. In
both cases, the domain wall velocity is controlled finally by the
longitudinal external filed /1, which is enhanced by the damp-
ing factor . The graphic illustration for the cases C < Cy, for
domain wall rotation velocity, domain wall velocity, and dis-
placement is shown in Fig. 5. Comparing two cases of C < Cp,
and C = Cy, in Fig. 5, it can be found that the domain wall rota-
tion velocity increases with increasing C initially. Finally, the
domain wall stops rotation and the domain wall velocity and
displacement are proportional to the longitudinal filed value
hr,, which is also confirmed in Egs. (24)—(26).
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0.10 A j T —— C<Ch, SL,=0.21, h;, =0.02, hy = 0.01
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Fig. 5. Graphic illustration of domain wall rotation velocity (¢ =
d¢/dr), domain wall velocity, and displacement in the cases C < Cp,.
The parameters are o = 0.1, k, = 0.86, and k; =5 X 104,153

When the applied current and external field are increased
beyond this critical value, i.e., C > Cp,, the domain wall always
rotates with the easy axis with velocity d¢/dr and possesses
the nonautonomous helical motion. Integrating Eq. (25) we
obtain the solution

K + K1 tan? (COI)
K, — K tan? (ot)’

sin (2¢) = (29)
where @ = I'\/—kj k2. When t = nz/(20) (n =0,1,...),
equation (29) gets its extremum, i.e., |sin(2¢)| = 1. From
Egs. (25) and (29), we see that the domain wall rotates coher-

ently with the constant velocity I'C and the temporal periodic

velocity with the amplitude Cy, and frequency @. The former
is controlled by the longitudinal spin-polarized current St, and
the external field At 1, while the latter is related to the inter-
nal transverse anisotropy parameter k.. Even in the absence
of external filed, this interesting phenomenon can occur and
the domain wall velocity and rotation is controlled only by the
longitudinal spin-polarized current Sy, obtained from Eq. (24).
The domain wall rotation becomes more rapid with increasing
parameter C, which can be realized by adjusting the external
driving force.

With the expressions of C and Cy,, we can rewrite the do-
main wall velocity in Eq. (24) as

1
V=-W,[ (ahL + 5L+ hr + Skysin (2¢)> . (30)

which implies that the longitudinal spin-polarized current Sy
and the transversal external field At contribute to the fast do-
main wall velocity, while the longitudinal external field Ap
is weakened by the damping factor &«. Compared with the
case of C < Cp,, the domain wall velocity becomes slow with
the same the longitudinal external field Ap. With this rotat-
ing motion of magnetization, the domain wall displacement in
Eq. (26) is composed of the linear and the nonlinear contribu-
tion. The result in Eq. (26) also demonstrates that the domain
wall moves through the same displacement for each time pe-
riod, i.e., Tp = @/ 0.

In Figs. 6 and 7, we illustrate the properties of the nonau-
tonomous domain wall motion for two cases where C is
slightly above the critical value and C > C,. Figure 6 in-
dicates that the domain wall rotates periodically and exhibits
a nonuniform velocity in each period. It rotates slowly at
first, and finally rapidly in the middle of each period. The
domain wall velocity and displacement in turn takes the same
vision. For C > Cy, (see Fig. 7), the domain wall possesses
the sinusoidal oscillation nearly for domain wall rotation and
velocity, while the domain wall displacement takes the linear
response to time which is also confirmed by the special form
L(t) = —tWp(w+hy)/a obtained from Eq. (26) with kj ~ K.
In order to analyze the relationship between C and Cy, deeply,
we can consider the motion of domain wall in the limit f — oo.
It is obvious that the critical point is formed by C = Cy,. As
shown in Fig. 8(a), for C < Cy, , the domain wall will stop
and the rotation velocity is also confirmed by d¢/dt () =0
in Eq. (25). At the same time, the domain wall velocity in
Eq. (24) takes the form V (eo) = —Wyhr/ o, which can be con-
trolled by adjusting the longitudinal external field Ay . Because
the domain wall motion is temporally periodic for C > Cy,, we
can define the average rotation velocity d¢/dt (o) = d¢ /It
and V() =V for each time period 7/®, when ¢ — oo,

0.15

ool (8) — Cw<C, S1.=0.525, hy, =0.01, hy =0.05 |
0.05 1
o : ) .
0 50 100 150 200 250 300 350 400
0 T T T T T
s osr(b)
=0.1
-1.5
0 50 100 150 200 250 300 350 400
0
-so} (€)
~ -100
150 . . . . . . .
0 50 100 150 200 250 300 350 400

t

Fig. 6. Nonautonomous domain wall motion in the case of C > Cp,
namely, C is slightly greater than the critical value. (a) Domain wall ro-
tation velocity (¢ = d¢/dt), (b) domain wall velocity, and (c) domain
wall displacement. Other parameters are the same as those in Fig. 5.15!

030 T T T T T T
oas| — Cwu<C, 5L =2.1, hy =0.01, hp=0.05
<
020 J
0.15 . - ’ - y +
0 5 10 15 20 25 30 35 40
-5 ; . . : . . :
ok ]
-~
sk ]
30 . . . . : . .
0 5 10 15 20 25 30 33 40
0
3 -sof
100 . . . . . . .
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t

Fig. 7. Nonautonomous motion of domain wall rotation velocity (¢ =
d¢/dr), domain wall velocity, and displacement in the case of C > Cp,.
Other parameters are the same as those in Fig. 5.13
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As the parameter C increases, d¢ /d7 (e0) and V (o) will also
be linear in Fig. 8(b).

0.2 0

(a) ﬂ (b)

Cu

—-0.5

Cu,

=)
|
i

0 0.1 02 0 0.1 0.2
C C

Fig. 8. Graphic illustration of (a) domain wall rotation velocity (¢ =
d¢/dr) and (b) domain wall velocity for different C. The parame-
ter S, ranges form O to 2. Other parameters are @ = 0.1, k; = 0.86,
ko =5x10"* hy =0.01, and ~r = 0.1.5%

The above analysis shows that the nonautonomous do-
main wall solution brings forth the complicated interest-
ing motion under the action of different external field and
spin-polarized current with the spatial dependence. In or-
der to clarify this scheme clearly, we project the expres-
sion of heyy and s into a special normal coordinate sys-
tem, namely, (m,dni/dz,m x di/dz), where dm/dz =
(dm/dz)/|dm/dz|, as shown in Fig. 9(a). Furthermore,
figure 9(b) is a plan view which clearly illustrates that the
external magnetic field and spin polarization of current fall
into the plane of (dsi1/dz,m x diir/dz) to the moment. From
Eq. (21), it is obvious to conclude that only the applied
field and spin polarization of current falling into the plane of
(dm/dz,m x dm/dz) can contribute to the dynamics of local
magnetization. It also clarifies that the longitudinal part Sy
of current in fact results in the adiabatic spin-transfer torque
and the spatial dependence part St (z,7) play the same role of
nonadiabatic spin-transfer torque, while may be realized by
the partially fixed magnetization in the reference layer.

mX(6m/0z)

@) m (b) s

Hext

o om/oz
mX(0m/dz)
S

R A 4
om/oz H..

Fig. 9. Schematic of a special normal coordinate system, namely,
(m,0m/dz,m x i /dz), where diit/dz = (dm/dz) /|d0m/dz|. The
external magnetic field Hey and the polarization of current S fall into
the plane of (97i/dz,m x dii/dz). (a) Three-dimensional diagram and
(b) a plan view. >3

3. Current driven dynamics of soliton

We consider a very long ferromagnetic nanowire with
uniform cross section, as shown in Fig. 10. For excellent ap-

proximation, this nanowire can be viewed as infinite in length.
The electronic current flows along the long length of the wire,
defined as the x direction. The z axis is taken as the direc-
tions of uniaxial anisotropy field and external field. Also, we
assume that the magnetization is nonuniform only in the di-
rection of current. The current injected in the nanowire can
be polarized and produces a spin torque acting on the local
magnetization. Thus, the modified Landau—Lifshitz—Gilbert
equation with this spin torque is

oM

ot

o oM
= —YM X Hegg+ — M x —— 31
YM X ett+Ms X + Tp, 3D

where H. is the effective magnetic field. This effective field
can be written as

He = (2A/M§2) 82M/8x2+ [(HK/Mq - 475) M, +Hext] €,

where A is the exchange constant, Hy is the anisotropy field,
H.y is the applied field, and e, is the unit vector along the z
direction.

Hext

je
o

Fig. 10. Geometry of the ferromagnetic nanowire. The magnetic
anisotropy field Hx and the applied magnetic field Hex are along the
vertical direction of film (the z axis). The applied current j. flows along
the nanowire (the x axis). 3%

In the following, we will discuss the linear and nonlinear
magnetization dynamics in a uniaxial ferromagnetic nanowire
injected with current. By stereographic projection of the unit
sphere of magnetization onto a complex plane,®! we trans-
form the Landau-Lifshitz—Gilbert equation into a nonlinear
equation of complex function and obtain two kinds of soliton
solutions propagating along the wire’s axis for a high-Q model
and low-Q one (Q = Hg/(4nMj) is the quality factor). From
these solutions, we study the effect of spin-polarized current
on the nonlinear excitation of the magnetization in the ferro-
magnetic metal nanowire.

3.1. Dark soliton

When the uniaxial anisotropy field is larger than the
demagnetization field, namely, Q > 1 (this is the case for

(611 and multilayers'®?), we

some metallic magnetic films
can obtain dark magnetic solitons for m, component. Af-
ter rescaling the time coordinate and space coordinate by

characteristic time #, = 1/(y(Hx — 4mMs)) and length [ =
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V24 /((Hg — 47M)Ms) and taking M = Mym, the Landau—
Lifshitz—Gilbert equation (31) can be simplified as

87m77( « I*m
o Mo

HeXt
_ <mz o _4nMS)(m xe)

!/

+amxaa7?+bljgoaarf. (32)
Considering the fact that the magnitude of the magnetization
is a constant at temperature well below the Curie temperature,
namely, m? = (M /M)? = 1, it is reasonable to take stereo-
graphic transformation, [ y = (m, +imy) /(1 +m;). We will
obtain linear and nonlinear dynamics of magnetization from
V.

As shown in Ref. [29], the spin wave solution of Landau—
Lifshitz—Gilbert equation is obtained in the present of spin-
polarized current. In the high magnetic field, the deviation of
magnetization from the direction of the field is small. Thus,
we only consider low-energy excitation. We take spin wave
ansatz

m = (Smye, + Smye,) e &) e (33)

corresponding to Y = l//gei<k"_“”), where Yy =
(6my+idmy) /2, and Om, and Om, represent the rescaled
amplitude of the spin wave. Keeping the linear terms in yp,

we obtain the dispersion relation of the spin wave
o= (1+ia)wp[1 -+ (ks — byMs/yA)?], (34)

where @y = [y(Hg —47Ms+ Hex) — biM, 2YA] / (14 o?),
and

(I§)* = 16Y2A/ [8YM,A (Hg — 4TM + Hex,) — M257] .

It is easy to see that the spin-polarized current changes the en-
ergy gap. For large current density,

Je > e/ (hP)\/2AM;(Hy — 4TM; + Hex),

the gap vanishes. This means that without other stimulation,
such as thermal effects, the spin-polarized current excites spin
waves when its density increases beyond a critical value. The
Gilbert damping gives energy gap a rescaling and damps the
spin wave.

Considering small deviations of magnetization from the
equilibrium direction (along the anisotropy axis) correspond-
ing to m?2 +m§ < mg, or |IV|2 < 1, and taking the long-
wavelength approximation,’?! we obtain the following nonlin-

Hext
e et
< +HK—47:MS)"’

ear Schrodinger equation:

v _ P
Yor T on

to 0
F2lyPy i 2Y 35)

lo 8x
By means of the Hirota bilinear method,®!
the one- and two-soliton solutions of Eq. (35) are

easily to get. The one-soliton solution is Y =
kg e [mt+(+He/(Hk—42M))] | cosh[ng 4+ Cp /2], where 1 =
kx+ (byto/Io — ik)t], eP = e?*pl /(4k2), the suffices R and T
denote the real and imaginary parts, and & is an arbitrary com-
plex parameter and can be determined by the initial soliton
location and amplitude. From y, we obtain the solution of

magnetization,

my = ZAECOS [nIJr (1+ I_kile:;;%)t] cosh {nRJr C;)} ,
my = ZAﬁsin [nH— (1 +I{KI;IT7U\/[S>I] cosh [mﬂ—?}
m; = 1— ZALI%, (36)

where A = cosh?(nr +Cp/2) + k3.

This one-soliton solution represents a 2z domain wall
which is the bound state of double 7 wall.[®*] The height of the
soliton is rescaling magnetization. The velocity of wall is V =
—by—2kily/to. As we can see, the spin-polarized current alters
the soliton velocity as —bjy, proportional to the electron current
density. The external field causes the m, and m, components
of the soliton to oscillate periodically. If applying alternating
currents, by = Pj.up/(eMs)cos (@t), and the only change to
the solutions is = k[x+by/ (@lp) sin (gt ) — ikt]. The center
of mass of soliton vibrates with the same frequency as alternat-
ing currents. Inversely, we consider the effect of nonlinear ex-
citations on the spin-polarized current. In ferromagnetic mate-
rial with nonuniform magnetization and adiabatic approxima-
tion, the spin current density is j, = (up/e)Pj.m.!*"! Thus,
the one-soliton excitation in nanowire provides spin current
with a magnetic pulse like the optical pulse in nonlinear me-
dia.

3.2. Bright soliton

When Q < 1, such as permalloy, the nonlinear solu-
tions of Eq. (31) are different. In this case, the character-
istic time and length are t) = 1/(y(4nM; — Hk)) and [y =
V/2A/((4nMs — Hk)Ms). By the same method, the Landau—
Lifshitz—Gilbert equation (31) is transformed into a nonlinear

Schrodinger equation

oy 0%y Hex
or T o T (1 )"’

 47M, — Hg
_ofylty+in 02V (37)
l() ox
The one-soliton solution is Yy = —Agel™B[(1 +
ei®8) + (1 — ei®8)tanh({/2)], where ¥ = kx + [2A4% +
K> + kbyto/ly + 1 + Hex/ (4nMs—Hg)]t + ¥, P =
arctan(PB\/47L§fP§/(P§ — 27L§)), and (g = Pglx —
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(+/4 A3 — P2 — 2k + byty/1o)t] + o, where k, Ap, Ps, ¥, and 3.3. Current driven interaction of spin wave and soliton

o are real constants. Thus, the solutions of magnetization are

my = L[COS((pBJr%)*COS%

A
+ (cos (¥ + @) + cos ¥ ) tanh (£ /2) |,
my = %[sin(cPB +¥) —sin¥g
+(sm('ﬂg+<153)+sm‘Hg)tanh(C/2)]
m, = [4(1 A%)+P3 —Pitanh?(§/2)],  (38)
where A = [4 (1+23) — P} + P} tanh? ({g/2)] /4. In this so-

lution, in addition to the change of velocity, spin-polarized cur-
rent induces the oscillation of m, and m, components.

\\‘\ \s
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Fig. 11. Two neighbor bright solitons of m, component with H, =
1000 Oe. 3]

When the external magnetic field deviates from the z axis,
in general, the equations cannot be exactly solved.!%>! How-
ever, some special solutions can be found. For example, we
consider the case that Hey = Hye, + H;e, and Q < 1. In the
present of spin-polarized current, there exists a dynamic soli-
ton solution

1 —D?cosh?&
1+D2?cosh? &
1 —D?cosh? &
1+ D2cosh?é&
2Dcosh&
1+ D2cosh? &’

where & = /T — yroHy(x + byto /lot), and

D= \/(’)/th())/(l - nytO)'

my = cos(yH;tot),

sin(yH.101),

This solution is plotted in Fig. 11 with the same material pa-
rameters as above. The depth and width of trough decrease as
H, increases. The amplitudes of m, and m, oscillate with fre-
quency YH,. When the external field perpendicular to wire’s
axis vanishes, the magnetization rotates purely in a plane par-
allel to wire’s axis.

In this section, we will investigate the properties of mag-
netic soliton on a nonlinear spin wave background. It is ob-
vious that m = (m,,my,m;) = (0,0, 1) forms the ground state
of system, and two types of nonlinear excited states, i.e., spin
wave solution and magnetic soliton, are admitted for Eq. (32).
When the magnetic field is high enough, the deviation of mag-
netization from the ground state is small for two types of ex-

cited states. In this case, we can make a reasonable transfor-

v =mtimg, m,=\/1-|y*. (39)

Substituting the above equations into Eq. (32), we obtain

oy 9P 9 LA—
"or T MoV Vo MV Vo

.byty 0 Hex
+1 7871,]_ (mz‘FM) V. (40

mation

It is easy to get two solutions of Eq. (40): one is y = 0, cor-
(0,0,1), and the other is
bulk spin wave excitations, Y = A, el(kertat) corresponding

responding to the ground state m =

to the periodic spin current

my = Accos(—

kex+oct),
my = Acsin (—kex+act),

m; = \/1—AZ 41)

where k. and w, are the dimensionless wave number and fre-
quency of spin wave, and the transverse amplitude A, < 1.
For the attractive interaction, the nonlinear spin waves in fer-
romagnet with anisotropy lead to the macroscopic phenom-
ena, i.e., the appearance of spatially localized magnetic excited
state (magnetic soliton).

In this subsection we want to obtain the soliton solu-
tion of magnetization on a nonlinear spin wave background
in a uniaxial ferromagnetic nanowire with spin torque. How-
ever, equation (40) is not integrable. To our purpose, we con-
sider the case of without damping and the long-wavelength
approximation, >/ where the dimensionless wave number k. <
1. Keeping only the nonlinear terms of the order of the magni-
tude of |y|* v, equation (40) can be simplified as an integrable
equation

at ¥w+ wWwﬂmaw oy, (42)

where @y = 1 + Hext/ (Hx — 47Ms) and Ay = byt /lp. The soli-
ton solutions on the background of the ground state, y =0, can
be obtained by Hirota methods.*3%3 In order to discuss the
properties of soliton solution on the background of spin wave,
here we use a straightforward Darboux transformation[60-6%]
to construct general expressions of soliton solution of Eq. (42).

The main idea of Darboux transformation is that it firstly

transforms the nonlinear equation into the Lax representation,
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and then in terms of a series of transformations, the soliton so-
lution can be constructed algebraically with an obvious seed
solution of the nonlinear equation. Taking the spectral param-
eter A = A; = /24 1iv;/2, here y; and v; are real numbers,
we obtain the one-soliton solution as

my = Accos<p+%(Q1costp—stin<p),
1

.2 .
my = Acsm<p+AL1'(Q1 sin @+ 02cos 9),

2
m:w—@+mg)4m®ﬂ 43)

Ay Ay

where

O = —kex+ ot

1
01 =AcLircosh0; + (|L1 |2 + 4A§) cos Py,
1
0> = AcLq1sinh 0y + <|L1 |2 — 4Az> sin @y,
1

A = (|L1|2 + 4A§) cosh 6 +A.Ljg cos Dy,

with

0, = 2D1R)C+2(D151)Rt+2x0,
b, 2D11)C+2(D151)It —2¢p. 44)

Here the subscript R and I represent the real part and
imaginary part, respectively.
Di = \J(ike/24+ M) —A2/4, Li = —ike/2 — Dy — i,
01 = —i2A — ke + Ay, x0 = —(In|C2/C1]) /2, and @y =
[arg (C2/C))] /2, where C; and C; are arbitrary complex con-

The other parameters are

stants.

The solution (43) describes a one-soliton solution for the
spin-polarized current in ferromagnetic nanowire embedded in
the periodic spin current background (41): i) when p; = 0, the
solution (43) reduces to spin wave solution y = A, e!(@/—kex),
where the magnon density is also constant; ii) when the spin
wave amplitude and wave number vanish, namely, A = k. =0,
the solution (43) reduces to the solution in the form

24,
= D
my cosh 61 cos (P +1m),
2 .
= b
my cosh 6 sin(®@;+1n),

4 2
me = \[1— —EL (45)
cosh” 6,

2
01 =[x+ 2vi + A+ ‘Txo],
1

1 2
D =v {x— [Vl (.U12—V12) —AJ}—V](PO}

where

n = ayt. (46)

The solution (45) is in fact the same as the solution (8) in
Ref. [38] (one should notice that the transformation (39) is
different from that in Ref. [38]).

The solution (45) indicates that the spatially localized
excitation,!®! which is denoted by the transverse amplitude
244, deviates from the ground state m = (0,0,1). The com-
ponents m, and m,, precess around the component m, with the
frequency Q| = V12 - /.1,12 + Ay + @y, and the soliton solution is
characterized by the width 1/, the velocity of soliton center
vi = — (2v1 +byto/lp). In addition, the solution y; represents
in fact the static magnetic soliton with three integrals of the
motion and the uniform magnon density | y1|* = 2u; along the
direction of soliton propagation. The wave number ks = —V;
and the frequency €2, of the carrier wave are related to the dis-
persion law Q) = k2| — kg 1Ay — i + 1 + Hex/ (Hg — 47My),
which shows that the magnetic field contributes to the preces-
sion frequency only. The magnetic soliton energy is thought to
be Ey = —b313/ (2l0)* — Ui + 1+ Hext/ (Hg — 4TM) +1m* V3,
where the dimensionless effective mass m* of soliton is 1/2.

From Egs. (45) and (46) we also see that the term by can
change the velocity and the precessional frequency of soli-
ton on a background of the ground state m = (0,0,1). This

(13381 However, on the back-

case confirms the previous study.
ground (41) novel properties of Eq. (43) will be described
below. The properties of envelope soliton solution (43) are
characterized by the width 1/(2Dr), the wave number ks =
—2Dy, the initial center position —x( /DR, and the envelope
velocity vi = —(D101)g /Dir. The initial center position of
soliton moves xp (2/u; — 1/Djr) by the spin wave, which of-
fers a new way of controlling the soliton in space.

From the expressions of D and §;, we find that the veloc-
ity and width of envelope soliton are modulated by the ampli-
tude A, and wave number k. of spin wave, as shown in Fig. 12.
From Figs. 12(a) and 12(c), we see that absolute value of ve-
locity and the width of envelope soliton become large with in-
creasing A.. Figure 12(b) shows that the value of k. near —v;
has obvious effect on the velocity of soliton. When k. = —v,
the width of soliton is maximal, as shown in Fig. 12(d).

From Eq. (44) we can directly see that when D16 =
OirDIR, the parameter 6; depend only on x, which implies
that the envelope velocity — (D8 )g /D1r becomes zero, i.e.,
the soliton is trapped in space by the nonlinear spin wave. It

should be noted that this condition can be written as
EMS lo D]]

o= s O Iy k), 47
Je P“Bm( ulDlR 1 c) 47)

which is determined by the characteristic velocity [y/7o,
the amplitude, the wave number of soliton and the non-
linear spin wave, and the parameters (eMs/Pug), respec-
tively. From a tedious calculation, we find that when A, <
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ke and U; < vq, the condition in Eq. (47) reduces to j. ~
—2v; (lp/t0) (eMs/Pug). When the amplitude of spin wave
vanishes, namely, A. = 0, the trapping condition in Eq. (47)
reduces to jo = —2v; (lo/ty) (eMs/Pug), which is determined
by the characteristic velocity y/1, the soliton wave number
v1, and the parameters (eM;/Pug). These results show that
the background has almost no effect on the trapping condition
in the special case A < k. and U; < v;. For the materials of
CosPt alloy films®! which has high perpendicular anisotropy,
we chose Hg = 1 x 10% Oe, A = 1.0 x 107% erg/cm, 47M; =
1 x 10? Oe, y=1.76 x 107 Oe~'-s~!, P = 0.35, and the di-

Spin wave amplitude A,

T T T T T T
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S 0252 ‘ s s ‘
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mensionless parameters k. = 0.05, A. = 0.02, v{ = —0.12,
and y; = 0.1. The critical electric current trapping soliton
is jo = 1.867 x 10* A/cm?. It is very important to point
out that from Egs. (43) and (19), and expressions of J;, the
term by changes not only the velocity, but also the frequency
affecting soliton energy. This property trapping the soli-
ton in space by the nonlinear spin wave is characterized by
the spatial and temporal period along the direction of soli-
ton propagation, x = — (D} 6 )gt/Dir — Xo/Dir, denoted by
T (D151)R/ [511 (D%R +D%I)} and 7ED1R/ [511 (D%R -‘rD%I)] ,
respectively.
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Fig. 12. Velocity and width variety of soliton solution for magnetization versus the amplitude A and wave number k. of spin wave, respectively.
The parameters are 1 = 0.1, [y =2 x 1078 cm, fg = 5.7392 x 107 '2 s, and by = 52 cm/s. (a) Velocity versus amplitude A, k. = 0.1, and
vi = —0.12 (red line); k. = —0.1, and v; = 0.12 (blue dotted line). (b) Velocity versus spin wave number k., Ac = 0.06, and v; = —0.15. (c)
Width versus amplitude A, k. = —0.1, and v; = 0.12. (d) Width versus spin wave number k., Ac = 0.06, and v; = —0.15.17]

In order to explain some novel properties of solution (43)
we discuss the special case k. = —V; and analyze two repre-
sentative situations in detail: (i) amplitude A. exceeds the half
of the transverse amplitude 2u; of soliton; (ii) amplitude A,
is smaller than the half of transverse amplitude 21 of soliton,
which implies A¢, u; > 0.

() In the case of /,L12 < A%, the solution (43) reduces to

m, = Rjcos®—R,sing,

my = Rsin@+R5cos @,

Accosh 8 cos Py —
mz:\/l—Ag—C1< ccoshBieos i —p) = 4,

(Accosh @ — uycos )2’

where ¢ is given by Eq. (44), and the other param-

eters are determined by § = 4ukf, Kk = (/A2 —pu?,
R| = —Ac+2k7 (cosh6;) / (Accosh ) — py cos @), and R, =

—2u; ki (sinh 6;) / (Ac cosh 0) — W cos Py ), with

01 = w kit +2xp,

b = K (x—vlt—2(p0/lq). (49)

A simple analysis of Eq. (49) reveals that the solution (48) is
periodic in the space coordinate, denoted by 27 /k;, and ape-
riodic in the temporal variable, as shown in Fig. 13. From
Fig. 13 we can see that the background becomes unstable,
therefore the solution (48) can be considered as describing the
modulation instability process.!®®! Along the propagation di-
rection of soliton, the expression of m, has a maximum m, = 1,
at cos @, = (2uf —A?) /wAc when A2/4 < ui < A2, which
shows these points are not excited even on the spin wave
background, and has a minimum m, = [ — (2; +Ac)?]"/? at
sin@; = 0. When pu? < A2 /4, the expression of m, has a max-
imum m, = [1 — (2u; —Ac)?]"/? at &; = 0, and a minimum
m, = [1— (211 +A.)*]"/? at @; = 1. These results show that
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the linear combination of transverse amplitude of spin wave
and magnetic soliton can be obtained in these special cases.

400

80

160 0

Fig. 13. Evolution of m; in Eq. (48) with condition of k. = —v; and
,I.L|2 < Ag, and the parameters are u; = 0.12, v = —0.1, Ac = 0.16,
by=348cm/s, [y =2x10"10m, 1y = 5.7392 x 10712 5, x9 = —1.27,
and @o = 0.7%

(ii) In the case of /.1,12 > A%, the solution (43) reduces to

my = Rjcos@ —R,sin@,

my = Rysin@+Rpcos @,

& () — Accosh 8 cos @)
=4/1—-A2— 50
e \/ ¢ (ujcosh@ —A.cosd;)?’ (50
where
CZ = 4”'1 K227 K= \V :u’12 7Ag7
2K3 cos Dy
Rl = - + ’
Ui coshB; —A.cos Py
B 2.u1 K> sin(IJl
Ujcosh@ —Accosd;’
0 =15 (x—vlt +2x0/1<2) s
D) = —u Kt —2¢p. (&29)

From the expressions (50) and (51) we can see the main char-
acteristics of soliton solution: (i) the soliton has the same en-
velope velocity vi = — (2v; + byto/ly) on both the background
of a periodic spin current in Eq. (41) and the ground state back-
ground m = (0,0, 1); (ii) the amplitude of m, in Eq. (50) has
the temporal periodic oscillation as shown in Fig. 14. A detail
calculation shows that the amplitude of m, in Eq. (50) has a
minimum at 6; = 0, which is given by

4wy (uf —A?)
— Y VL VU S
m, \/ R WY (52)

and has a maximum

2A2sin® @
m, = 1_%7 (53)
Ui —Agcos* P

at cosh0) =2,/ (Accos @p) — (Accos Dy) /.

it

0 400 800
t

Fig. 14. Evolution of m; in Eq. (50) with the condition of k. = —v; and
,ul2 >A§. The parameters are t; =0.1, vi = —0.08, Ac =0.06, by =41.8 cm/s,
lp=2x10"10m, 10 =57392 x 10712 5, x9 = 3, and ¢ = 0.1"?!

Figure 15(a) presents the evolution along the propaga-
tion direction of the minimum and maximum intensities given
by Eqgs. (52) and (53) (see, respectively, the dashed and dot-
ted lines), and the spin wave intensity (solid line). The lo-
cations of minimum and maximum amplitude (solid and dot-
ted lines, respectively) in the time-space plane are shown in
Fig. 15(b). From Fig. 15, it is seen that the narrower the soli-
ton, the sharper the peak, and the deeper the two dips at the
wings of the soliton. This feature illustrates the characteristic
breather behavior of the soliton as it propagates on the back-
ground of a periodic solution for the spin current in ferromag-
netic nanowire.

1.01 T T T
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0.91
0

120 . . .

0 200 400 600 800
t

Fig. 15. (a) Evolution of the minimum amplitude of m, in Eq. (52)
(dashed line), the maximum amplitude of m; in Eq. (53) (dotted line),
and the background amplitude of m; (solid line) in Eq. (41). (b) Loca-
tion of the minimum amplitude (solid line) and the maximum amplitude
(dotted line) in the time-propagation distance plane. The parameters are
the same as those in Fig. 14.7%]

3.4. Novel magnetic rogue wave

It is easy to find two basic solutions of Eq. (42). One is
v = 0, which corresponds to the ground state m = (0,0, 1).
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The other solution is spin wave, i.e., Y = Acei(“’ct’kcx) with
@ and k. being the dimensionless frequency and wave num-
ber, respectively. In perpendicular anisotropic ferromagnetic
nanowire, the interaction of spin waves is attractive and their
instability leads to macroscopic phenomena, i.e., the appear-
ance of a spatially localized magnetic excited state (topolog-
ical or dynamic soliton). As will be shown later, the interac-
tion between spin wave and a dynamic soliton can result in
the novel magnetic rogue wave,’% which can be realized by
adjusting the relation of wave number and amplitude for spin
wave and a dynamic soliton.

From Eq. (43), we observe that the solution commonly
exhibits a breather character and a time periodic modulation
for soliton amplitude, which in fact denotes the interaction
between the localized process of spin wave background and
the periodization process of magnetic soliton. The properties
of the soliton solution are characterized by the slope direc-
tion Vo = Dirx+ (D101)r?, the breather propagation veloc-

ity vq = —(D161)r/Dir, and the soliton width 1/Dr. From
the expressions of D; and J;, we find that the soliton velocity
and width are modulated by the amplitude A. and wave num-
ber k. of spin wave as shown in Figs. 16(a) and 16(d). The
absolute values of soliton velocity and soliton width increase
with increasing A, as shown in Figs. 16(c) and 16(f). More-
over, as the modulation parameter A, increases continuously,
the soliton velocity will be affected mainly by the value of
k. near —v;. When k. = —vy, the soliton velocity and width
are maximal, as shown in Figs. 16(b) and 16(e). This phe-
nomenon in fact ascribes to magnonic spin-transfer torque!’!!
which denotes the transfer of spin angular momentum from
spin wave background to a dynamic soliton, and it will be dis-
cussed elsewhere in detail. On the basis of Eq. (43), as the
modulation parameter u; approaches A., some novel proper-
ties will be presented. Magnetic rouge wave solution will be
excited in ferromagnetic nanowire, which leads to some fan-
tastic phenomena.

1.0
" (@ .-
06} -t
>s‘ i TR S
0.2F — kC:O_‘l':T'T.\ -
-=k.=0.2 . R
il - k.=0.4
02— k=03
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300 I R ) AAA
20 55(A k.=04
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= _ 45}
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Fig. 16. Breather velocity Vg and width W versus the amplitude Ac and wave number k. of spin wave. The other parameters are
u; =0.2, v = —0.3, and Ay = 0.2. (a) and (d) Soliton velocity V4 and width W versus A. and k.. The red star signs the location of the
rogue wave. (b) and (c) Dependence of velocity on A; and k. (e) and (f) Dependence of velocity on A and k. (701

In terms of our previous discussion!’?73! for the solution
in Eq. (43), we have known that the critical point u; = A,
forms a dividing line between the modulation instability pro-
cess (11 > Ac) and the periodization process (u; < Ac) under
the condition of vi = —k;. There are different physical be-
haviors when the breather character depends on the modula-
tion parameter u; to a different extent, as shown in Fig. 17.
Two different asymptotic behaviors are plotted in Fig. 17 in
the limit processes u; — A7 (and AT) for v = —k., respec-
tively. The former demonstrates a spatial periodic process of a
soliton and we observe that the spatial separation of adjacent

peak and each peak value increases rapidly as the modulation

parameter u; approaches A, respectively. The latter shows a
localized process of the spin-wave background along the slope
direction Kg = — (D161 )1/D for o = 0. In this case, the tem-
poral separation of adjacent peaks also increases rapidly as
the modulation parameter u; approaches A., while each peak
value decreases rapidly. Even more interesting, in the limit
case of u; — A. (see Ref. [70]), we obtain the novel magnetic
rogue wave corresponding to the pentagram sign indicated in
Figs. 16(a) and 16(d),

4(1—irA2)
14+ A2 (x+ C1)* +124%

y=Ace'? : (54)

where { = Ay — 2k.. Equation (54) shows the typical rogue
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wave feature that the magnons accumulated from spin wave
background converge a single hump with the critical ampli-
tude Ag = 3A.. It implies that the localization wave is cap-
tured completely at x = 0 and ¢ = 0 by spin wave back-
ground. As shown in Fig. 18, the realization of magnetic rogue
wave in Eq. (54) attributes to the fact that the aggregation of
magnons gradually increases as u; approaches A_, while de-
creases gradually when u; approaches A7. The temporal lo-
calization magnetic rogue wave is excited as u; — A, with the
magnon density peak |y|* = 9A2.

0.20
0.6
0.3
0.18 o
i 0.16 e 0.4
3 3 ‘
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0.12
0.1
0.10 0 |
-100 0 100 -300 0 300
x t

Fig. 17. Evolution of magnetic soliton in the limit processes u; — A,
(a) and u; — Al (b). Other parameters are Ac = 0.2, Aj = 0.2, ko =
—v; =0.003, and xg = fp = 0.7

_01 1 1 1
-10 -5 0 5 10

Fig. 18. Magnon density distribution against the background for differ-
ent parameter u;, which ranges from 0.09 to 0.29 with a step of 0.05.
Inset: Magnon density distribution against the background for the ex-
cited formation of magnetic rogue wave. Other parameters are A, = 0.2,
Ay =k =0.1and xg =19 = 0."

In order to investigate deeply the properties of mag-
netic rogue wave in ferromagnetic nanowire, the analysis of
the magnon density distribution against the background plays
a major role, which is defined by the quantity pq(x,t) =
[ (e0) 2 = [y (r = oo, ).

lution of magnon density distribution for the breather solu-

In Fig. 18, we plot the evo-

tion in Eq. (43), which ultimately demonstrates the formative
mechanism of magnetic rogue wave solution in ferromagnetic
nanowire. When the modulation parameter u; approaches A,
the magnons in the background gradually gather toward each
individual central part and the envelope becomes sharper. Spe-
cially, as shown by the inset (a) in Fig. 18, the critical peak will

appear under the condition of u; — A, i.e., the magnetic rogue
wave is excited.

Based on Eq. (54) and the quantity p = |y (x,1)]* —
|w (x = 4o, 1)|?, we obtain the magnon density distribution in
a magnetic rogue wave
42 I —I5

C 27
(L +13)

where I = 1 +12A%, and I3 = A2 (x+ {1)*. Equation (55) im-
plies the integral [*% p(x,r)dx = O for arbitrary time. From
the condition of pg (£1/A¢,0) = 0, we can define the spa-
tial width of the hump part in rogue wave as 2/A.. A detail

p= (55)

calculation shows that at a fixed time the loss of magnons in
background completely transfers to hump, i.e., the area rela-
tion S+ 8> = S3. These results clearly illustrate that the gen-
eration of magnetic rogue wave with stronger breather char-
acter arises mainly from the gathering energy and magnons
from the background toward to its central part, and the loss of
magnons in background completely transfers to the hump part
in magnetic rogue wave.

Another interesting fundamental problem is how rogue
wave gathers magnons and energy toward its central part
from the background. This can be explained by the quantity
§ (x,1) = limyy oo | (1,1) — W (x=1y,1)|*. From Eq. (54)
we obtain

L
+5)*

which denotes the nonuniform exchange of magnons between

8 (x,1) = 16A2 (56)

rogue wave and background for different spin currents as
shown in Fig. 19. From Eq. (56) we find that the spin current
can control the accumulation and dissipation rate of magnons,
and there is a critical current condition, i.e., Aj. = 2k.. Be-
low the critical current, the magnon exchange decreases with
increasing current term Ay. However, the magnon exchange
is accelerated with increasing current above the critical value.
The roles of spin-transfer torque are completely opposite for
the cases where the current is below and above the critical cur-
rent, as shown in Fig. 19(f). From Figs. 19(a)-19(e), we see
that the magnetic rogue wave can be created in the different
direction for (x,?) space, which can be ascribed to the nonuni-
form exchange of magnons between rogue wave and back-
ground tuning by the spin-polarized current. When Ay = 2k,
the time of magnon accumulation (or dissipation) attains its
maximum. As shown by the inset in Fig. 19(f), i.e., the integral
E(x,t) = [128(x,1) dx = 87mA. /(1 +12A%)'/2, the magnons
in background accumulate to the central part when t < 0. It
leads to the generation of a hump with two grooves on the
background along the space direction and the critical peak of
the hump can occur at + = 0. In contrast, when ¢ > 0, the
magnons in the hump start to dissipate into the background so
that the hump gradually decays. The magnetic rogue wave dis-
appears ultimately, and this verifies that the rogue wave is only
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one oscillation in temporal localization and displays a unstable
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Fig. 19. (a)-(e) Formation region in space (x,7) for magnetic rogue
wave with different current. The parameter Ay ranges form 0 to 0.8 with
a step of 0.2. (f) Nonuniform exchange of magnons between rogue wave
and background for different spin current. The inset in panel (f) denotes
the maximal accumulation (or dissipation) process for the critical cur-
rent value Ay = 2k.. Other parameters are A; = 0.2 and k., = 0.2.1701
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Fig. 20. (a) Numerical evolution of the magnetic rogue wave. (b)
Comparison of magnon density between the numerical solution (in
solid curve) and ideal solution (in ‘o’). Other parameter are A; = 0.2,
u; =0.19, xg = 0.72, Ay = 0.01, k¢ = 0.2, and @ = 0.2.17°

With some specific initial conditions, the excitation of
rogue waves can be recovered by means of numerical simula-
tion. In order to understand such a process of magnetic rogue
wave, we choose the initial value of solution, which can be
approximated by

v (x,0) = (p+excosr)exp(ip), (57)

where p = [2k) (k1 —iu1) —AZ] /Ac, € = exp(—x0), ¥ =
dxcyuy (k1 —iuy) /A2, and @ = Kkix with k; = /A2 —u?. By
direct numerical simulations, we find that the solution of the
initial value problem in Eq. (42) with initial condition (57)
can be well described by the solution (54). Figure 20(a) is a
result of direct numerical simulation, which shows that a small
periodic perturbation with a very small modulation parameter
can induce a near-ideal rogue wave localization, whose profile
is basically consistent with the ideal theoretical limit solution
(54), as shown in Fig. 20(b). As a result, a small initial pertur-
bation with a small modulation can induce the generation and
breakup of a near-ideal rogue wave.

4. Ferromagnetic resonance in magnetic trilay-
ers

Since the theoretical prediction of the spin-transfer effects
on magnetic multilayers, the research has received significant
attention due to the potential applications in data storage and
microwave emission. The conservation of angular momentum
and the exchange coupling between the conductive electron
spin and the local magnetization lead to a spin torque. Com-
pared to the magnetic field-related torque, this current-induced
torque has the virtue of localization and can reduce the com-
plexity of the devices. The spin-transfer torque results in a
variety of magnetization statics and dynamics, such as mag-
netization reversal,!”#! spin wave excitation,!”>! chaos, %! and
ferromagnetic resonance. 786!

Ferromagnetic resonance is a powerful tool to study the

s.187] Usually, it is activated

properties of magnetic multilayer
by an RF magnetic field. Now, the spin torque enables us
to study current-excited ferromagnetic resonance in magnetic

[77.81.821 and spin valves.!’8-8 The ferromag-

tunnel junctions
netic resonance signals are detected by a direct output voltage
generated by magneto-resistance effect. Theoretically, several
authors predicted®?! or explained!®*-%! the current-driven fer-
romagnetic resonance experiments phenomenologically or mi-
croscopically.

So far, the properties in magnetic multilayers with
parallel or perpendicular anisotropy have been widely dis-
cussed. However, tilted anisotropy also holds some in-
trigue possibilities to optimize the magnetic configuration.
There have been several reports on magnetic films with
tilted anisotropy, including the fabrication of tilted-anisotropy
films, (%3] the effects of anisotropy on ferromagnetic resonance

(89901 and the potential application in high-density

[91-96

modes,
magnetic recording. I Furthermore, tilted anisotropy of-
fers a new means to control the current-driven dynam-

ics in magnetic multilayers,®7-101]

for example, optimiz-
ing the microwave signal generation,!®’! enhancing the spin
transfer switching,”® and the current-related ferromagnetic
resonance.”?-1911 Tn addition to current, different anisotropy
can also be used to control the ferromagnetic resonance prop-
erties.

In light of recent experiments on magnetic multilayers
with a perpendicular analyzer,!7893:192.103] we perform a the-
oretical study on the current-driven ferromagnetic resonance
in the magnetic trilayers with a tilted polarizer and a perpen-
dicular analyzer. By linearizing the Landau-Lifshitz—Gilbert—
Slonczewski!®! equation, we obtain the expression of output
voltage for arbitrary anisotropy in the free and pinned layers.
Then, we apply this result to the case of perpendicular analyzer
and achieve the ferromagnetic resonance spectra. In addition,
we reveal the dependence of the equilibrium location, the res-
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onant linewidth, and the resonant frequency on the direct cur-
rent density and the direction of pinned-layer magnetization.

4.1. Ferromagnetic resonance in a perpendicular-analyzer
magnetic trilayer

As depicted in Fig. 21, we consider a magnetic trilayer
with two ferromagnetic metallic layers separated by a non-
magnetic metallic or insulating spacer. The film lies in the
x—y plane and the free-layer easy axis is denoted by n. The di-
rection of the pinned-layer magnetization is fixed and different
orientations can be chosen by fabrication.[?”-%%]

J
my )
0 —— pinned layer
P
—— spacer layer
I— free layer
('_:f m

Fig. 21. Schematic drawing of a magnetic trilayer and coordinate
system. Applied current flows along the vertical direction of film (z
axis).[118]

Considering the spin torque effects, the magnetization
dynamics in the free layer can be described by the Landau-
Lifshitz-Gilbert-Slonczewski equation, [®!

8&71;1 = Mlsmx g—i+amx a&—T+Yame (m xmy) ,(58)
where 7y is the gyromagnetic ratio, « is the Gilbert damp-
ing parameter, and M is the saturation magnetization of the
free layer. m and m, are the unit vectors of the free and
pinned magnetization, respectively. The magnetic energy in-
cludes anisotropic and demagnetization energy, £ = K(1 —
(m -n)?) +27M?cos? 0, with K being the anisotropy con-
stant, and 0 and ¢ the polar and azimuthal angles of m. The
spin-torque factor aj is proportional to the current density and
dependent on the materials and the angle between the pinned
and free magnetization. In general, ay = higJ /(2edM;), where
g=1/[-4+(3+m-my,)(1+P)?/(4P3/?)], d is the thickness
of the free layer, P is the spin polarization, and the current den-
sity J takes a positive value when the current flows from the
fixed layer to the free one. The current includes direct compo-
10t

nent and alternating one, i.e., J = J4. +Joc €'Y, where @ is the

angular frequency of the alternating current.

It is convenient to transform Eq. (58) into two coupled
equations defined by the spherical coordinates,
% + asin@ aa—d;
= YHgn, (nycos ¢ —n,sing)
+Yay (—my> cos 6 + myy; sin6) ,
a¢ 20

ing Y _ a2
S ot Olat

= —v (HKnrn'r +27M; sin29) + Yaympy, (59)

where n, = nysin@cos + nysin@sing + n.cosb, n, =

nycos@cos¢ + nycosOsing — n;sin@, mp; = mp,sing —
Mpy COS @, My = MpyCOS P + mpy sing@, ny, n, and n; are the
components of 12, m,y, mpy, and myp, are the components of
myp, and Hg = 2K /M denotes the anisotropy field.

Without current, the initial direction of free mag-
netization is determined by two coupled equations:
ny(nycos@ —nysing) = 0, and Hyn,n) + 2xMssin26 = 0.
For parallel analyzer (n, or ny, = 1), m is along the x direction,
ie, 6 =m/2and ¢ =0, n/2, w, or 3w/2. For perpendicu-
lar analyzer (n, = 1), if Hx > 4nMg, m is along the z axis,
ie., 8 =0 or w. On the contrary, m lies in the film plane.
When applying current, m will deviate from this equilibrium
direction and reach a new one (denoted by 6y and ¢y). Excited
by the small alternating current, the free magnetization will
oscillate around this new equilibrium. Thus, we can introduce
ansatz @ = 6+ A0e'® and ¢ = @p + Ape'®. Substituting
this ansatz into Eq. (§9) and keeping the linear terms of AQ ,
A¢, and J,c, we can obtain the equilibrium equations and the
linear solution of m. The new equilibrium direction of the
free magnetization is determined by

Hgnyogz —ageps =0,

— (HKferl’llro + 27wM; sin 290) +agep1 =0, (60)

where age = hgoJac/(2edMs),
nysinGpsingg + n;cos 6O,

n, = nysinfycosPy +
ny = nycosBycosPy +
nycos By sin Py — n;sin6y, g1 = nycos@o + nysingy, g =
nycos o — nysingy, p1 = MmpSin@g — mpycos@p, py =
Mpyx COS P + mpy sin @p, and p3 = prcos By — mp,sinBy. The
expressions for A6 and A¢ can also be derived as

P3Axn + piAn
A= P3ERTPTR .
AxAjg —A12A21y “
A A
AY = P3A21 +P1An ©1)

= - =  Yd...
AxnAjl —ApAg Fiac

The parameters are set as follows: Ay} = i — }/HKn’quz —
Yage(ps + Bgop3). An = iawsin® — yHk(g3sin6 —
n,0q1) — Yagc(p1cos6y — Bgop1p3sinby), Az = —iow +
Y[Hx (n'3 — n2,) + 4nMscos20] + yagfgop1p3, and Az =

iwsin@y + YHgqr(nocosy + nlysinby) — Yagc(p2
ngp%sineg), where go = 1/(—4 + B3 + pa)), pa

+
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pasin@ + my,cosbp, B = (1 + P)3/(4P%?), and ay =
figoJac/ (2edMs).
bers, the response of the free magnetization to the alternating

Because A0 and A¢ are complex num-

current includes the in-phase and out-of-phase parts.

In real experiments,””78) the ferromagnetic resonance
signals can be detected by a direct voltage which is gener-
ated through the rectification of the alternating current by the
time-dependent magnetoresistance. The resistance of the de-
vice varies with the precession of free magnetization. Thus,

for an applied alternating current,[”]

AR
R = Ro+7(lfm~mp)

AR
= Ry+ — (1—ps—TIjcoswt—I3sinwt),

5 (62)

where I = Re[psA6 — p1A¢sin€y], I, = Im[p;A6 —
p1A@sin By, Ry is the resistance of the trilayer when the free
and pinned magnetization are parallel, and AR is the increase
in resistance when they become anti-parallel. Therefore, the
output direct voltage can be given by the time-averaged value
of RJ,.Scos wt with § being the cross section area of the de-
vice,

ARJyS

1 T
Ve = ?/ RJ,cScos(@1) = ———— Yy T, (63)
0

where 7 is dependent on @, J4¢, 1, and mp,

3 (p3A+ pi1A2) + p1 (p3Aa1 + pi1Ai) sin 6y
AnAil —ApAg

T=Re [ .(64)
It is easy to find that the output signal only reflects the in-phase
response of the free magnetization to the alternating current.
On the basis of Egs. (63) and (64), we can discuss the current-
driven ferromagnetic resonance in magnetic trilayers with ar-
bitrary anisotropy. For instance, n, = 1 corresponds to the
trilayers with a parallel analyzer and a tilted polarizer.

In the following discussion, we consider the trilayer with
a perpendicular analyzer, namely, n, = 1. In this case, the
anisotropy field favors the free magnetization in the vertical
direction, while the demagnetizing field favors in-plane. In
our calculation, we consider the case that Hk is greater than
47M; (single-axis anisotropy). For perpendicular magnetized
devices, the critical current for switching is proportional to
Hy — 4mM;, which can be adjusted to a low value.['%?] Com-
pared with the parallel anisotropy, the perpendicular one has
the potential advantage to reduce the energy barrier between
the double stable states and the magnetization switching cur-
rent. Therefore, it is useful to study properties of this devices
by ferromagnetic resonance method.

Instead of magnetic field, ferromagnetic resonance can be
realized more effectively by adjusting the alternating current
frequency due to the wide range of the frequency.”’~"°! In the

following, we will investigate the frequency-adjusted ferro-
magnetic resonance for different directions of the pinned mag-
netization without magnetic field. We take [Co/Ni] x4 multi-

(102 The values of related pa-

layers as an illustrative example.
rameters are given as: Y= 1.75 x 107 Oe~!-s~!, My, = 650 Gs,
Hg = 10154 Oe, ¢ = 0.1, P = 0.35, and d = 3 nm. For this
material, the effective anisotropy field Hy — 47wMs = 1986 Oe
and along the z axis. The spin-torque parameter aj has the di-
mension of magnetic field. For example, with a current density
J=0.2 A/umz, the value of ay varies from 538 Oe to 2186 Oe
by changing the included angle between the free and pinned
magnetization. When the included angle is zero, aj takes the
minimal value, while takes maximum value for 180°. We take
Jue =0.01 A/ umz. The corresponding a,. ranges from 27 Oe
to 110 Oe and a,c < (Hg —47M5).

To avoid the singularity at 8 = 0°, we rotate the coor-
dinate system and make the y axis perpendicular to the film
plane. In Fig. 22, we plot Vy./(ARJ,S) as a function of the
alternating current frequency for different direct current den-
sity. Increasing the direct current from negative to a positive
value, the resonant peak turns sharper. However, when the
current is greater than about 0.089 A/um?, the peak begins
to become blunt. This is also indicated in the inset (c), where
the linewidth decreases by increasing current from negative to
positive value and increases if Jy. > 0.089 A/um?. The spin
torque plays dual roles in driving the free magnetization. De-
pending on the direction of the current and the pinned magneti-
zation, it acts as a damping torque or a precessional one. When
the effect of total damping torques (including intrinsic damp-
ing) is counterbalanced by the precessional one, the effective
damping approaches zero. In this situation, the resonant peak
is the sharpest and the linewidth is the least. Thus, the direct
current can be used to control the effective damping. The inset
(b) indicates that the resonant frequency can be adjusted by
the direct current. The frequency reaches the maximum about
34.58 GHz when Jg. is 0.003 A /pm?.

It is interesting to compare the ferromagnetic resonance
modes of the parallel and perpendicular analyzers. As de-
picted in the inset (a) of Fig. 22, we take CoFeB!"?! as an
example to show the ferromagnetic resonance spectra of the
trilayer with a parallel analyzer. When 6, = 60° and ¢, = 30°,
the resonance peak is asymmetric for a parallel analyzer, while
symmetric for a perpendicular one. Because the precession is
along a circle for the perpendicular analyzer, the peak is al-
ways symmetric in despite of the direction of m,. However,
the case is different for parallel analyzer. Due to the effect
of demagnetization field, the precession is along an elongated
ellipse. When my, lies in the planes that are perpendicular to
the ellipse and with their intersecting lines being one of the
two principle axes, it is directed symmetrically with respect
to the precessional ellipse and the resonance peak is symmet-
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ric. When my, is away from these two planes, the symmetry is
destroyed and the peak is asymmetric.

' ' ' ' ' o (D)
0.03f =0 3 N\ 5 ::/\ ]
3 : 30

0.02}

Vie/(ARJ,.S)

0.01p

10 20 30 40 50
w/GHz

Fig. 22. Ferromagnetic resonance spectra for different dc currents in
the case that 6, = 60° and ¢, = 30°. Jy. ranges from —0.04 Aum?
to 0.04 A/ um? in 0.02 A/ um? steps. The inset (a) shows the spectra
of trilayer with a parallel analyzer. (b) and (c) show the dependence
of the resonant frequency and the resonant linewidth on the dc current
density.[!18]

-0.01¢
E S
4 -0.02¢ 90 180 .
< 6,/() 0/
o
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> 90\ 3 r/\
< g °
| 50 0 |
0 90 180 0 90 180
0,/ () 0,/(°)
—0.04 . . . . . . .
5 15 25 35 45
w/GHz

Fig. 23. Ferromagnetic resonance spectra for different directions of the
pinned magnetization in the case that Jg. = 0.2 A/pum?. ¢p =90° and
0, takes values from 0° to 90° in 15° steps. The insets (a) and (b) show
the dependence of the equilibrium location on 6,, and (c) and (d) show
the dependence of the resonant location and linewidth on 6,,. (18]

Figure 23 shows the ferromagnetic resonance curves in
a certain direct current and different directions of the pinned
magnetization. In the y—z plane, the ferromagnetic resonance
peak becomes blunter and blunter with 6, increasing from 0°
to 90°. We find that apart from the magnitude of spin torque,
changing the direction of spin torque can also be used to con-
trol the ferromagnetic resonance. As indicted in Figs. 23(a)
and 23(b), the equilibrium direction of the free magnetization
varies with the direction of spin torque. In the parallel con-
figuration, the spin torque is zero and the equilibrium direc-
tion is the same as the case without current. The resonant fre-
quency and linewidth can also be adjusted by the direction of

spin torque. The inset (c) shows that the resonant frequency
is the largest with m,, in the film and decreases when the
pinned magnetization deviates from this direction. The res-
onant linewidth exhibits the similar behavior, as indicated in
the inset (d). The linewidth is most in the parallel configu-
ration because the spin torque vanishes and the damping is
strongest.

4.2. Stability analysis of perpendicular magnetic trilayers

Spin-transfer effects induced by spin-polarized current in
spin valve structures have received considerable interest due
to promising applications in data storage, information process-
ing, and microwave emission. In general, it can excite some
new magnetic states and cause magnetization reversal’* and
precession. 3] According to the symmetry of two interfaces in
spin valve structures, there are different dependence of torques
on the angle included between the pinned- and free-layer mag-
netization.

In addition to Slonczewski torque, a field-like spin torque
with out-of-plane orientation was proposed.!'# This torque
is very small and negligible in symmetric metallic spin

104] However, in magnetic tunnel junction, various ex-

valve.!
periments found that the relative strength of this torque can
reach 10%—-100% of the Slonczewski torque.!’881:105-107] Re_
cent experiments indicated that the microwave power in mag-
netic tunnel junction oscillators can be enhanced by the field-

108] Theoretical work also showed that this

like spin torque.!
torque has great promise for enhancing the synchronization of
magnetic tunnel junction based spin torque oscillators!!?°! and
has a strong impact on switching current density and switch-
ing time.[1%!11] These studies suggest that the field-like spin
torque plays an important role in manipulating magnetization
switching and dynamics of nanomagnetic devices although the
details of the field-like spin torque are in dispute.

Instead of in-plane anisotropy, magnetic multilayers with
perpendicular anisotropy devices have the virtue of high gi-
ant magnetoresistance and good thermal stability, [10%103.112]
and can lead to fast magnetization reversal.['!3-114] Thus, it is
significant to study the effect of field-like spin torque on mag-
netization dynamics in magnetic trilayers with perpendicular

anisotropy.
In this subsection, we perform linear stability
analysis[?-10L115-1221 on the magnetic trilayers with per-

pendicular anisotropy for both free and fixed layers. By
linearizing the Landau-Lifshitz—Gilbert equation including
Slonczewski and field-like spin torques and taking stability
analysis, several static and dynamic magnetic states are distin-
guished by adjusting the current and external magnetic field.
The behaviors of these states are analyzed by solving temporal
evolutive equations. The expression of precession frequency
is obtained. In addition, we analyze the effect of field-like spin
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torque on the switching current and precession frequency.

L pinned layer

— spacer layer

——free layer

Fig. 24. Schematic drawing of a magnetic trilayer and coordinate sys-
tem. The easy axis is perpendicular to the film plane and defined as the
y direction. The current is applied perpendicularly to the film plane.!%]

As shown in Fig. 24, the magnetic device composed of
two ferromagnetic metallic layers separated by a thin normal
metallic or insulating spacer is considered. The coordinate
system is defined that the film lies in the x—z plane. The
magnetic anisotropy in the free layer and pinned layer are
all perpendicular to the film. With electrical current flowing
perpendicularly through the trilayer, spin polarization takes
place in the pinned layer and the magnetization in free layer
undergoes a spin-transfer torque generated by current. This
torque arises from the exchange coupling between the spins
of conductive electrons and local magnetization. Phenomeno-
logically, the magnetization dynamics of free layer can be
described by the following dimensionless Landau-Lifshitz—
Gilbert equation including the Slonczewski and field-like spin
torques,““’l%J

dm o 3™ hoy Jmx(mxe)]
dt dr T T4 Am,
J ,
+ﬁ7(mxe})7 65)
Jo 1+ A,m,

where m is the unit vector of free-layer magnetization, and
« is the Gilbert damping constant. The effective field heg =
(kmy + hg)e,y, is the sum of anisotropy field, demagnetiz-
ing field, and external magnetic field. & = hy — 1, where
hy = Hyg/(47wMs) and hy = Hy/(47Ms), with Hg being the
anisotropy field, Hy the external magnetic field, and e, the
unit vector along the y direction. The second and third terms

J

o (1+%)

J

o (1+7%)

au+

on the right of Eq. (65) are the Slonczewski and field-like
spin torques, respectively. J is the direct current density and
takes a positive value when the current flows from the pinned
layer to the free one, A, = (1 +P)3/[3(1+P)> — 16P/?], and
Jp = [3(1+P)3/(2P3/?) —8]4rdeM? /h, with P being the spin
polarization ratio, e the electron charge, 7 the reduced Planck
constant, M the saturation magnetization of the free layer,
and d the film thickness of the free layer. B is the relative
strength of field-like torque to Slonczewski one. T = 4mwyM;t
is a rescaled variable representing time.

It is convenient to transform Eq. (65) into a pair of cou-
pled differential equations in the polar angle 8 and the az-
imuthal angle ¢,

879+a87¢8in6 = (ksinOsin@ + ho) cos ¢

ot Jt
_ J (cosBsing +Pcosg)
Jp  1+ApsinBsing

20 0
—o— +sin9—¢ = —(ksin®sin@ + hy) cos O sin @

ot ot
J (cos¢ —PcosBsing)
“Jp  1+2sinfsing (66)

It is apparent from Eq. (65) that m = e, and —e, are
equilibrium points of magnetization dynamics, i.e., (6o, ¢) =
(m/2,7/2) and (6y,¢0) = (7/2,37/2). Under perturbation,
the magnetization oscillates slightly around these equilibrium
directions. One can judge the stability of these two equilib-
rium directions by linear stability analysis.

Substituting 6 = n/2+ 660 and ¢ = n/2 + §¢ into
Eq. (66) and keeping the linear terms of 668 and ¢, we can
obtain the linear differential equations about 6 and 8¢,

d d
a69+oca&p
_ J _ _ [3]
B ETS R L %(1%)15"”

—a% 00+ % 09

BJ J
o (1+7%) o (1+7%)
In order to analyze the stability of equilibrium point, we

can take 80 = Afe!® and §¢ = Ape'® with AB and A¢
being the amplitudes. Then, from Eq. (67), we obtain the dis-

K+ ho — 0+ 59. (67)

persive equation as

J

o (1+7%)

J
“_7

o (1+7%)

=0, (68)
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where it = i®. Hence, we have

bE+vA
= Z(H{;) (69)
where b = 2[J(1+aB)/(Jp (1+24,)) —a(k+ho)], and
A=—4[J(a—PB)/(Jp(1+A)) +x+h)*. As A <0, the
equilibrium point (6y,¢9) = (7/2,7/2) is an unstable focus
for b > 0 and a stable one for b < 0. We can obtain the condi-
tion for instability as

o (ho + %) (1+2p)
(1+ap)
Using the same method, we obtain the condition for the insta-

bility of equilibrium point (6, ¢9) = (7/2,37/2) as
OC(/’lo—K') (l—lp)
(1+aB)

For many perpendicularly magnetized devices, the inter-

J>Jl= Jp- (70)

J <= o (71)

facial anisotropy provides the perpendicular anisotropy. How-
ever, for spin-transport devices, the incorporation of non-
magnetic layers within the magnetic layers affects the spin
polarization and leads to high spin-orbit scattering and re-
duced spin-torque efficiencies. This disadvantage was over-
come by the material design of Co/Ni multilayers that com-
bine both high spin polarization and perpendicular magnetic
anisotropy.'1%?] Next we take [Co/Ni] x4 multilayers as an il-
lustrative example!!??! and discuss the magnetization dynam-
ics on the basis of Egs. (70) and (71). The relative parame-
ters used in the calculation are given as follows: the gyromag-
netic ratio y=1.75 x 107 Oe~!-s~!, the saturate magnetization
M = 650 G, the anisotropic field Hy = 10154 Oe, the Gilbert
damping parameter & = 0.1, the spin polarization P = 0.35,
and the thickness of free layer d = 3 nm. For this material,
Ap = 0.6048, J, = 1.89 A/um?, and the effective anisotropy
field k = 0.2431 and along the y axis.

From Egs. (70) and (71), we find that the instability cur-
rent is proportional to the external magnetic field. In Fig. 25,
we plot the phase diagram in J—f—hy parameter space. The
blue and red surfaces represent the instability current of equi-
librium directions y and —y, respectively. By adjusting the cur-
rent and external magnetic field, several magnetic states can be
realized. There are regions that the out-of-plane stable orienta-
tions exist. If J < J!, the free-layer magnetization is near the y
direction, and if J > J2 near the —y direction. We denote these
regions by ‘quasi-P’ and ‘quasi-AP’, respectively. When the
current and external field satisfy the condition J! < J < J2, all
the equilibrium directions are unstable, the out-of-plane pre-
cessional states may emerge, which is denoted by ‘OPP’. In
other region, the two stable equilibrium directions coexist and
are sensitive to the initial state, which is denoted by ‘quasi-P
or quasi-AP’. The system is in ‘quasi-P’ state with the initial

free-layer magnetization along the y direction, while in ‘quasi-
AP’ with the initial free-layer magnetization along the —y di-
rection.

- 0
2

0 -4 h\\@‘ﬁw

Fig. 25. Phase diagram defined in parameter space spanned by 3 , hg,
and J. The blue and red surfaces are the instability boundaries of ‘quasi-
P’ and ‘quasi-AP’ states, respectively.[!!"]

Depending on the external magnetic field and spin polar-
ized current, one can realize the switching from stable states
to precessional ones and the reversal between y and —y orien-
tations. As shown in Fig. 25, for 8, hy, and J located in the
region ‘OPP’, the system enters the out-of-plane precessional
state without reference to the initial direction. For 3, hg, and J
located in ‘quasi-AP’ region, the magnetization reversal from
‘quasi-P’ to ‘quasi-AP’ happens if the initial direction is along
the y axis. For ‘quasi-P’ region, the reversal from ‘quasi-AP’
to ‘quasi-P’ occurs if the initial direction is along the —y axis.

From Fig. 25, one can find that the instability current is
weakly dependent on the field-like spin torque. The instability
current of quasi-parallel and quasi-antiparallel states are both
inversely proportional to  and can be decreased by 10% with
B increasing from 0 to 1.

0 0 0 0

m; -1 -1 m, -1 m.

Fig. 26. Dynamic evolutions of the free-layer magnetization for points
‘@’, ‘b’, ‘c’ in Fig. 25. (a) and (a') Magnetization precession with the
initial direction of free-layer magnetization along the y and —y axis, re-
spectively. (b) Magnetization reversal from y to —y; (c) magnetization
reversal from —y to y.[11%]
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To confirm the validity of the phase diagram, we pick
out three points (a,b,c) from Fig. 25 and plot the dynamic
evolutions in Fig. 26. The self oscillations are presented in
Figs. 26(a) and 26(a’). The initial states of free-layer magne-
tization in Figs. 26(a) and 26(a’) are along the y and —y di-
rections, respectively. Figures 26(b) and 26(c) represent the
magnetization reversal trajectory.

It must be emphasized that the stability of out-of-plane
precession cannot be analyzed by linearizing method. This
has been pointed out in Refs. [101] and [122]. We specify
the precessional region according to the Poincaré Bendixson

m.[123.124] A the free-layer magnetization evolves in the

theore
(0, ¢) state space and is limited within a finite-size region, the
static states (fixed points) or limit cycle (self-oscillation) are
the only possible final states of the system and chaos is pre-
cluded. One can infer that the steady precession must emerge
when none of the static solutions are stable.

Considering the rotational symmetry of the problem,!!%]
we can suppose limit cycle (self-oscillation) solutions m(7)
in the form of magnetization precessing around the y axis with

a constant angular velocity,

dmo(’l')

i 0 [mo(7) % ey]. (72)

Substituting this equation into Eq. (58), we find that @ satisfies
the following two equations:

BJ 1
— —kmy—ho+ 2L 73
@ iy — o + Jp 1+7mey7 (73)
J
N — 74
Och(l—i—ﬁpmy) (74

By excluding m, from Egs. (73) and (74), and consider-
ing —1 < my < 1, we can obtain the precession frequency of
the ‘OPP’ state as

_ K'—/’l()lp
- 24 (1+Ba)

\/oﬂJg (K —hokp)” +4Kay 2] (14 Bor)
* 2adpA (1+Ba)

The dependence of frequency on the external magnetic

Q)

. (75)

field and current is shown in Fig. 27. The precession frequency
increases with increasing external magnetic field. The inset
of Fig. 27 shows that the field-like spin torque can diminish
the velocity of magnetization precession. With  increasing
from O to 1, the precession frequency can be decreased more
than 10%. The dependence of precession frequency on f can
be analyzed qualitatively. From Eq. (58), the influence of the
field-like spin torque on precession is related to the directions
of effective field and current. Here, the precession exists in
the region that heg = xkmy +ho < 0 and J < 0. Thus, the pre-
cession produced by the field-like spin torque is opposite to

the effective field-induced precession. Because the effective
field-induced torque is the leading cause of precession, the
frequency decreases with increasing strength of field-like spin
torque.

w (y4mMs)

4.0

3.5

3.0

2.5

J/A-pm—2

2.0

w (y4mMs)

1.5

1.0

h0(47rMs)

Fig. 27. Precession frequency @ versus J and hg for § = 0.1. The inset
shows the dependence of precession frequency @ on f for point ‘a’.[!1]

4.3. Conclusion

In this paper, we mainly investigate the novel dynamics
of magnetization in ferromagnet. In Section 2, we find that the
action of adiabatic and non-adiabatic spin torque on motion
and distortion of domain wall are different for direct and al-
ternating current. In direct case, the two torques drive wall
motion and distortion, respectively. Whereas, the roles are
mixed for the alternating current case. Furthermore, in or-
der to depin the domain wall from a potential generated by
demagnetization field, an alternating current is preferred to di-
rect one because of decrease in critical current density induced
by the resonance. We also obtain the screw-pitch effect and
velocity oscillation of domain-wall in ferromagnetic nanowire
driven by spin-polarized current. We find that the spin-transfer
torque counteracts both the precession driven by the effective
field and the Gilbert damping term different from the com-
mon understanding. When the spin current exceeds the criti-
cal value, the conjunctive action of Gilbert-damping and spin-
transfer torque naturally leads to the novel screw-pitch effect
characterized by the temporal oscillation of domain wall ve-
locity and width. Driven by spatial and temporal dependence
spin-polarized current and magnetic field, we expatiate the for-
mation of domain wall velocity in ferromagnetic nanowire.
The equilibrium motion of magnetization is obtained for the
cases of below and above the critical current. The domain
wall displays the novel nonautonomous helical motion charac-
terized by the coherent rotation without any distortion which
is different from the motion driven by the constant current.

Section 3 discusses the properties of dynamic mag-
netic soliton solutions in uniaxial anisotropic ferromagnetic
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nanowire driven by spin-transfer torque. By the Hirota bilin-
ear method, we obtain one and two soliton solutions describing
nonlinear magnetization in ferromagnetic nanowire with spin-
polarized current. We also study the interaction of a spin wave
and one-soliton solution in a uniaxial ferromagnetic nanowire.
Our results show that the amplitude of soliton solution has the
spatial and temporal period on the spin wave background. The
effective mass of soliton is obtained. Moreover, we found that
the soliton can be trapped only in space. We also analyze
the modulation instability and dark soliton on the spin wave
background, showing the characteristic breather behavior of
the soliton as it propagates along the ferromagnetic nanowire.
At last, we investigated the formative mechanism of magnetic
rogue wave and the properties of magnon density in uniax-
ial anisotropic ferromagnetic nanowire driven by spin-transfer
torque. Our results show that the accumulation of energy and
magnons toward to its central part plays the main role for the
generation of rogue wave with stronger breathing character
and rogue wave only appears at the spatial-temporal localiza-
tion. A novel critical current condition is obtained analytically,
and the spin-transfer torque plays a completely opposite role
for the case of below and above the critical value.

In Section 4, we have theoretically investigated the
current-excited and frequency-adjusted ferromagnetic reso-
nance in magnetic trilayers. A particular case of the perpendic-
ular analyzer reveals that the ferromagnetic resonance curves,
including the resonant location and the resonant linewidth, can
be adjusted by changing the pinned magnetization direction
and the direct current. In some regions defined by the di-
rect current and the pinned magnetization direction, the height
of the resonant peak can reach maximum, i.e., resonance
linewidth is the smallest. By linearization of Landau-Lifshitz—
Gilbert equation, which incorporates Slonczewski and field-
like spin torque terms, we plot the phase diagram defined by
the current, magnetic field, and relative strength of the two
spin torques. There are different magnetic states in the phase
diagram, including quasi-parallel and quasi-antiparallel stable
states, out-of-plane precession, and bistable states. By adjust-
ing the current and magnetic field, the reversal between par-
allel and antiparallel orientations and switching from stable
states to precessional ones can be realized. The features of
different states are shown by the evolution behavior. The pre-
cession frequency can be controlled by the current and mag-
netic field. At last, we analyze the dependence of the criti-
cal current and precession frequency on the relative strength
of field-like torque to Slonczewski one and find that field-like
spin torque can lower instability current and precession fre-
quency. We believe our analysis will provide a useful guide
for optimal utilization of spin torque-driven microwave emit-
ting and magnetization reversal in magnetic trilayers with per-
pendicular anisotropy.
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