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Domain-wall dynamics driven by adiabatic spin-transfer torques
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In a first approximation, known as the adiabatic process, the direction of the spin polarization of currents is
parallel to the local magnetization vector in a domain wall. Thus the spatial variation of the direction of the
spin current inside the domain wall results in an adiabatic spin-transfer torque on the magnetization. We show
that domain-wall motion driven by this spin torque has many unique features that do not exist in the conven-
tional wall motion driven by a magnetic field. By analytically and numerically solving the Landau-Lifshitz-
Gilbert equation along with the adiabatic spin torque in magnetic nanowires, we find that the domain wall has
its maximum velocity at the initial application of the current but the velocity decreases to zero as the domain
wall begins to deform during its motion. We have computed domain-wall displacement and domain-wall
deformation of nanowires, and concluded that the spin torque based on the adiabatic propagation of the spin
current in the domain wall is unable to maintain wall movement. We also introduce the concept of domain-wall
inductance to characterize the capacity of the spin-torque-induced magnetic energy stored in a domain wall. In
the presence of domain-wall pinning centers, we construct a phase diagram for the domain-wall depinning by
the combined action of the magnetic field and the spin current.
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I. INTRODUCTION induced spin torque can alter magnetization structures, drive

The subject of current-induced magnetization reversaj@gnetization dynamics, and even create domain-wall mo-
(CIMR) in magnetic multilayers has received considerable!on: _
interest recently-8 From a fundamental point of view, this ~ Until now, the spin-transfer model has been developed
topic introduces an interaction between nonequilibrium conmainly on a trilayer structure where two ferromagnetic layers
duction electrons and local moments, and the physics of thigre separated by a spacer layer. Typically, one chooses the
interaction has not been well explored. From the applicatiorspacer layer thick enough to reduce the magnetic coupling
point of view, the current-induced magnetization reversabetween the two ferromagnetic layers and thin enough to
opens a way to control and manipulate the magnetizatiominimize the spin-flip scattering in the spacer so that the
dynamics that is one of the central issues in modern magspin-transfer torque is maximized. Several theoretical
netic technologies. In conventional magnetic devices, thenodel$®?* have been put forward to formulate the spin
magnetization direction is controlled by external magnetictorque in terms of geometric and material parameters. While
fields generated by a current or by a permanent magnethe correct microscopic picture of the spin torque is still un-
These magnetic fields are usually spread over a relativelger debate, all the theories contain a spin torque in the form
large spatial extent. The CIMR can be confined to an exacef
spatial region where the current flows; this property is very
attractive for magnetic nanodevices, e.g., magnetic random Y ~
access memory. TaT "™ EM X (M XMyp), @)

The physics of the current-induced magnetization reversal R
involves interplay between nonequilibrium conduction elec-whereM is the magnetization of the free lay#f,, is theunit
trons and local magnetization; namely, the spin angular movector along the direction of the magnetization of the pinned
mentum carried by spin polarized electrons is transferred ttayer, My is the saturation magnetization, aaglis a model-
the local moment through the exchange interaction. This islependent parameter and is proportional to the current den-
somewhat analogous to the well-known phenomenon os$ity. In general, the magnitudeg of the spin-transfer torque
electromigratior® (impurity) atoms migrate in the direction is also a function of the angle between the pinned and free
opposite to the current flow. The origin of electromigration islayer magnetization vectors.
mainly the transfer ofinear momentunof nonequilibrium Several theoretical attempts*®have been made at under-
conduction electrons to atoms, resulting in a “wind force” standing the unique features displayed in the spin torque Eq.
that drives migration of the atom. For magnetic materialg(1). Here we just list three of thenil) the spin torque may
where the electric current is spin polarized, it is possible thastabilize steady precessional states, i.e., the magnetization
the spin polarization of nonequilibrium conduction electronsdoes not converge to a metastable static state even at zero
changes its orientation along the direction of the current, antemperature(2) the spin torque may create a different stable
thus the localized magnetic moment receives a spin torque donfiguration of the magnetization, e.g., an out-of-plane
the conduction electrons continuously transfer their spin anmagnetization direction can be a solution for the metastable
gular momentum to the local moment in the steady state oftates;(3) the spin torque modifies the effective energy bar-
current flow. This nonequilibrium conduction-electron- rier or temperature in a significant and unique way.
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All of the above properties are derived based on the spe- TABLE I. The values of b; for some materials forj,
cific form of the spin torque given in Eql). Equation(l)  =10°A/cm?
assumes that both free and pinned layers have uniform mag
netization within the layers, at least along the direction of theNanowire Mg(A/m) P by(m/s)
Eﬂggﬁ; Igna:jti/rf)écgl ferro_mallgnet, the rr;agnetlza_non is r_arelyFe 17.18¢ 10° 05 135
, ynamical process of magnetization is no

coherent rotation in general. It would be interesting to find“© 14.46<10° 0.35 141
what the spin torque does to the magnetization dynamics d¥i 4.9x10° 0.23 2.7
non-single-domain ferromagnets. Berdeintroduced the Permalloy 8 10° 0.7 5.1
“domain drag force” by considering the spin torque in ay-Fe,0; 4.14x 10° 1.0 14.0
single-layer system where the magnetization is not uniformero, 3.98x 10P 1.0 14.6

along the current. He argued, based on his intuitive physics:
picture, that the current can drag the domain wall along the
path of the current flow. Bazaligt al. proposed a spin torque and distortion. Then a detailed comparison between numeri-

in a ferromagnet within the ballistic transport model for half- ca| results and analytic solutions is made in Sec. IV. Finally,
metallic material€® Most recently, we generalized the spin we summarize our major findings in Sec. V.

torque for any diffusive transport ferromagrét,

e Il. MODEL SYSTEM
7=~ byM X [M X (j¢- V)M], 2

R -~ _ . We assume the current flows in tkedirection along the
where M =M/Ms, je=je/je and by=Pjeug/eMs P is the 54 jength of a wire, i.ej.=e,. By placing this in Eq(2)
spin polarization of the currenyg is the Bohr magneton, 4.4 by treating Eq(2) as an additional torque on the stan-

and je is the electric current density. The above torque iSyarq | G equation, we write the generalized LLG equation
identical in form to that of Bazaliyet al?® However, we i ihe presence of the spin torque as

derived the above formulation based on a general property of

ferromagnetic materials: in a ferromagnet, the spin polariza- 4\ ~  IM . .

tion of the current is always along the direction of the local —== =~ M X Hegge+ aM X T b;M X (M X E)
magnetization vector, i.e., the transverse component of the

spin current can be neglect&322Thus one may define a 3)

spin current tensaf=(ug/ €M) Pj.® M (r) where the vector
je tracks the direction of the charge current avdr) de-
scribes the direction of the spin polarization of the current.
The spin-transfer torque is defined as the rate of change (g'
the angular momentum of conduction electrons that ar
transferred to the local magnetization,=dm/dt=dm/at
+V- 7. In the steady state of the current flosm/dt=0 and

wherevy is the gyromagnetic ratid;l o is the effective mag-
netic field including the external field, the anisotropy field,
e magnetostatic field, and the exchange field, ansl the
ilbert damping parameter.

We now specify the geometry of the wire and the effective
field entering Eq(3). As shown in Fig. 1, the& axis is taken

thus we find that the above spin torque can be written as E 1S the easy axis as well as the direction Of. the external field
(2) if we use the fact that the magnitude of the local magne- "ext Th_e width and the tr_uckness of the wire dbeand d,
tization vector is a constant. respectlvely..The current is alo_ng tlgedwectlon.
While the magnitude of the spin torque in spin valves, Eq. We explicitly write the effective field as
(1), depends on many unknown parameters such as interface H. M oA
spin-dependent resistance, the magnitude of the adiabatic Heofr= KX e+ —2V2|\/| —47Me, + Hey (4)
spin transfer torqué; in Eq. (2) can be accurately estimated Ms Mg
for many ferromagnetic materialb;, which has the dimen- _ . i .
sions of velocity, is determined by two material parameterdVn€reHx is the anisotropy fielda is the exchange constant,
Mg and P; these parameters have already been determinedd 47TM.Z Is the (_je-maglneUz_atlon field. . .
experimentally. In Table I, we list the values bf for a To gain analytical insight into the domain-wall dynamics,
selected set of materials for a current density we f|r§t consider tha}t the magnenzau[sihyanes only in the
=10/ A/cm?. The half metals Cr@and FgO; have a maxi- direction of thex axis. By plac'mg Eq(4) mtq Eqg. (3), the .
mum spin polarizatiofP=1) and low saturation magnetiza- LLG equation can be conveniently written in polar coordi-
tion, and thus the spin torque is larger than that of transitior'ates as
metals. o
The paper is organized as follows. In Sec. II, we establish D/

Hext -~

the equation of motion of a domain wall by using the gener-
alized Landau-Lifshitz-Gilber{LLG) equation along with _
the adiabatic torque Eq2). We write the equation for d J M— & —M
nanowires. In Sec. Ill, we propose a trial function to analyti- =~
cally obtain solutions for domain-wall dynamics. In particu-
lar, we address the spin-torque-induced domain propagation FIG. 1. Cartesian and polar coordinate systems.

Je

v
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90 . 2A dedl . & 96 , &6 .
— + a sin 0—(P = 'y—<2 cose—(’p— +sin 0—"2) —=c()sing, —= c(t)?sin 6 cos 6,
at Jat M dX dX ax ax ax

S
. . a0
- 4ymMSIin 6 sin ¢ cose + by, X

5

76 cy(x,t)sin 6
— =¢y(x,t)sin 0,
gt~ 1

and defining a functiom,(x,t),

009 (O (o)
o Sin =y > — SIn ¢ Cos Ix dC(t)(

at at Mg\ dx cix,t) = —=

t
at X—J v(r)dr)—c(t)v(t), (9

- yHgsin 6 cos 6 0

— 4ymMSin 6 cos 6 Sirfe — yHg,Sin 6 we find

. de d
= b;sin 95, (6) ci(x,t) + ad_(f = - 47 yMg sin ¢ cose +byc(t)  (10)

where6 represents the angle between the magnetization vec-
tor and thex axis, ande is the out-of-plane angle of the @
magnetization vector projected in thez plane, i.e.,M, —a’Cl(X,t)+a— ext
=Mgsin 6 sin ¢.
Our goal is to solve for the magnetization vector as a
func_tion of positionx and timet from the above equations of :V(HK _ 2—Ac(t)2 + 4mM sin2go> cos 0. (11)
motion. In the absence of a current and/or an external mag- s

netic field, we consider that the domain wall, separated by _ . ) .
two head-to-head domains along the wire direction, is a Néeptrictly speaking, Eqs10) and(11) cannot be valid because

wallX whose magnetization stays in the plane of the wire 1(%t) defined in Eq.(9) is linearly proportional tox but

i.e., M,=0, M,=M0s 6, M,=Msin 6 cos ¢, where therg are no other terms ?n E(:iLO)_and(ll) containing the
spatial variablex. Thus,a trial function of the form of E@8)
=0, 6=2 tarexpx/W), (7)  is possible only when one discards the spatial dependence of

¢;. Equivalently, the first term on the right side of E®)
dnust be much smaller compared to the second term so that
¢, = —c(t)v(t). While one could not determine the smallness
of this first terma priori, we will later confirm thatW(t)
shrinks by only a few percent during the domain-wall motion
I1l. ANALYTICAL RESULTS and varies slowly with time so thalc(t)/dt is indeed small.
Now the left-hand side of Eq11) becomesx independent
and thus the prefactor in front of c@son the right-hand side

of Eg. (11) must be identically zero,

and Wp=+v2A/HMq is the domain-wall width. At=0, an
electric current and/or an external field is applied. We shoul
determine the motion of the wall at-0 from Egs.(5) and
(6) by utilizing the initial condition Eq(7).

The nonlinear partial differential equations E@S) and
(6) are difficult to solve. Here we follow Walker’s analysis of
domain-wall motion by introducing a trial functiéh

t 2A .
e=¢(), In tang = C(t)(X— f U(T)dT) . (8) Hg - VC(t)Z +47Mg Slnz(p =0 (12
0 s

The first equation assumes that the projection of the magné‘—nd
tization vector in the domain wall on thgz plane is inde- d
pendent of the position. One should note that the spatial in- ac(tu(t) + b et (13)
dependence ofp(t) does not mean a uniform out-of-plane dt
component becausd,=Mgsin 6 sin ¢ and 6 varies spatially
in the domain wall from#=0 to 7. The second equation in
Eq. (8) postulates that the domain-wall shape remains a stan- d
dard Néel-wall form except that the width of the walit) 1+ az)—(P = YHexet abc(t) — 4mayMq sin ¢ cos ¢.
=c(t)™* varies with time and the wall moves with velocity dt
v(t). We will show later that this form of the solution is (14
indeed a correct solution as long as the spin tottoend the
external fieldH,; are small.

By placing this trial function into Eqg5) and(6), utiliz-

By placing Eq.(13) into Eg.(10), we have

Equationg(12) and(14) are the ordinary first-order differen-
tial equations that determine the domain-wall widft(t)

ing the identities and the rotation of the domain-wall plagét) subject to the
initial values ¢(t=0)=0 andc (t=0)=W,. Once these two
de _ @ _ equations are solved, we can obtain the velocity of the do-
ax axz main wall from Eq.(13):
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800+ . . B. Domain-wall distortion
RN =0.02, H, =0 Oe , : o
2 600{ “ In our analytical theory, domain-wall distortion is charac-
o Eijgg "w'/g terized by two parameterg(t) and ¢ (t). The former de-
. bJ:-zoo mis scribes the out-of-plane component of the magnetization and
o the latter is the time-dependent domain-wall width. When
—o0, the distortion is maximum. By settinde/dt=0, we
find ¢(e0) from Eqg.(14) in the absence of the external field,
b,=-400 m/s sin 2p(%) = byc() _ byVHcMg/2A+ (4MZ12A) sirfe(o)
S -‘%"""-----...“k____m_ 6,800 mis 2ymMg 2ymMg
1 =002, H,_=0 Oe B an
& :—0 oh _O:Oe : where the last identity is from Eq(12). When b,
6l a=bbe ix‘t:____,,...-—-«---"""'t;':’éag"n:/"" (<YWo\V4mMHy) is small, sinp= ¢ and sifp=0, and Eq.
- Ch S (17) is simplified as
b=-400 m/s b
........................... p(o0) =~ ———. (18)
lgezsemm b =-200 m/s 4myMsWo
150 : " Oe : By inserting this into Eq(12) and again by assuminig is
120/ =0.02, ?itf_(_)._.__._.....----—-—-"'B':éa'o'};/;- small, we find the maximum reduction of the domain-wall
- Y width as
b =-400 m/s 5
W(>) 1 b
-------------------------- W = - \/\/24 M H ’)/2 (19)
o b,~-200 m/s 0 2Wo 4mMsHy
0.0 02 0.4 0.6 0.8 In Figs. 2b) and 2c), we show the domain-wall distortion
Time (ns) during the application of the current.

FIG. 2. The velocity, the wall widthW, the wall anglep, and . .
the displacement as a function of time for different spin torques C. Domain-wall displacement
and for Hg,,=0 Oe. The parameters areril,=1.8x 10* Oe, Hy

As the domain-wall motion eventually stops even for a
=500 Oe,M=14.46x 10° A/m, A=2.0xX 107! J/m, anda=0.02.

perfect wire in the absence of an external field, it is interest-
ing to see how far the domain wall moves, i.e., what is the
maximum distance a domain wall can travel before it stops?
We estimate this displacement by integrating the velocity and
utilizing Egs.(12) and (13):
The numerical solutions of Eg€l2) and(14) are represented
in Fig. 2, where the domain-wall velocity, displacement, and (" _ o) de b,
distortion are shown as a functions of time. In the followin Xmax= | vdt=- ac ' (20

g o ac AmyaMg
subsections, we discuss these quantities.

Y(aHey+ 4mMg Sin ¢ COS @) _ by
(1+a)c(t) 1+a?

v(t) = (15)

0

Notice that the displacement is inversely proportional to the
A. Domain-wall velocity damping constant. In Fig.(&), we show the displacement as

At t=0, the wall is a standard in-plane Néel wall, i.e., a function of time.

¢(t=0)=0. From Eq.(15), we have readily seen that the
velocity is -b;/(1+a?) at the initial application of the cur- D. Inductance of domain wall
rent if no external field is applied. On the other hand, tfor

— 2, de/dt=0. We immediately find, from Eq13) We have seen that domain-wall motion driven by a cur-

rent is very different from that driven by an external field. In
YHext the latter case, the initial velocity upon the application of the
vs=v(®) = @; (16)  external field is small and the velocity gradually increases
until a saturation velocity is reached; after that, the domain
this result is the same as that of Schryer and Wafkarthe  wall moves with a constant velocity. We can understand this
absence of the spin torque. We conclude that the termindleld-driven wall motion rather straightforwardly: the wall
velocity is completely independent of the spin torque. Thismotion along the direction of the field is to reduce the Zee-
implies that the spin current alone, i.e., no applied field, canman energy; the rate of Zeeman energy reduction equals the
not move the domain wall to a large distance. In Figr)2 energy damping in a constantly moving domain wall. For the
the velocity of the domain wall during the application of the current-driven domain-wall motion, the wall motion does not
current is shown. It is noted that the domain-wall motiondecrease the energy because the spin torque has no effect on
stops at a fraction of a nanosecond. the uniformly magnetized domains. Instead, the application
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of the spin torque introduces energy to the wall so that dis- * ° de
tortion of the wall occurs. The consequence of the wall dis- Xrec = f Urecdt:f —
tortion is to generate an energy damping mechanism so that o) AC
pumping of the energy by the spin torque can be compenthe domain wall moves to its original position. Again, this
sated by the damping. Once the dynamic equilibrium bephenomenon is analogous to the discharge of an inductance
tween pumping and damping is reached, the domain-walh the usual electronic circuit. We will show in the next sec-

motion stops and the distortion is maximum. To quantitation how this feature differs from the domain-wall motion
tively see this interesting feature, we consider the wall enywhen an external field is turned off.

ergy
E:f {2771\/|§—i|\/|§+i2
o 2Mg Mg
) . . tion. As in the case of field-driven domain-wall motion, it is
where the first term is the magnetostatic energy, the second e niia| to assume that the deviation from the original Néel
the anisotropy energy, and the final term is the exc_hangﬁla” is small. This limits the validity of our analytical result
energy. The rate of energy change can be obtained & to a small current density. In this subsection, we show that
~Herr-dM and use of the LLG equation, when the current density is larger than a critical current,
dE _ fx { ya 1 M X H, b; IM Walker’s trial function fails to describe the domain-wall mo-
- effl —

dt 1+a2 ot oy tion. In fact, the domain wall will not stop at a sufficient

=~ Xmax (26)
0

JM

dX

2 g E. Beyond Walker’s limit
’ Until now, our analysis is based on Walker’s trial func-

1+a?Mg e ,
large current and the distortion of the domain wall can no

b; a dM longer be simply described by two parametgegt) and
T 1+ PM. ax “(Hett X M) (dx. (22 c(t)]. Fortunately, for the experimentally interesting regime,
the applied current density is usually within the applicability
Note that the first term is pure damping; the second and thir@f \Walker’s theory.
terms are the result of the spin torque. By inserting the ef- To find the critical current density,, we consider a time-
fective field Eq.(4), we can express the above two equationsindependent solution by settindy/dt=0 in Eq. (14). By
in terms of the wall distortion parameteggt) andc(t). The  using Eq.(12), we find
expression is algebraically tedious and lengthy; we do not

write it down here. Instead, we simply consider limiting _ 4myM; sin ¢ cos ¢ 27
cases where the spin torque is small. A straightforward cal- J \’/HKM J2A+ (477M§/2A)Sin2(p-
culation leads to simple but insightful expressions for the oo )
rate of the energy change and the wall energy, Maximizing b; with respect to the angle, we have
dE  16pomWoM?2 de 2o, = Hk
= R0 s = Si = 28
m 3 sing cose™ (23 ®c 2H, + 4, (28)
and _—
. \‘JHK(HK+47TMS)
1 SiNgp. COSpe=————————. (29
AE = E(by) - E(0) = ELng, (24) 2Hy + 4mMs

Inserting Eqs(28) and (29) into Eq. (27), we find that the

where we have defined the inductance of the domain walinaximum spin torque for a stationary solution is
L=/ (3ugy?W,). These expressions illustrate the energy _—
process during the domain-wall motion. The total spin- |, _ 4myMsVHy + 4mMg
current-induced wall energy is proportional to the square of * V(MJ2A) (2Hy + 4mM )2 + (477M§/2A)(2HK +4mMy)
the current density—in analogy with the inductance of a cir- (30)
cuit.

The domain-wall energy stored in the form of domain-when 47M¢>Hy, and
wall distortion can be released once the spin current is turned
off—in analogy with the electric discharge of inductance. In b =~ 4myMé (31)

fact, we can easily show that the domain wall will move e ¢= \/7A/(47TM2) is the exchange length. Thus when
V S. .

back to |tshor|g||nall Ioc;atlon._To_see this, we $g+0 in Eqg. b;> Db, the stationary solution of Schryer and Walker fails.
(15) and the velocity foH,,=0 is On the other hand, if the spin torque is smaller tgnthe
v4mMSin ¢ cos ¢ maximum distortion shown in Eq28) is small and thus
Vredt) = 1+ado) (25 the Schryer and Walker trial function is valid. For a Co
nanowire, 4rM =1.8x10* Oe, Hy=500 Oe, y=1.9
Note that the initial condition is now=¢(«) and the initial X 10" Oe's™?, M =14.46x10°A/m, and A=2.0
velocity is +b,/(1+a?). By dropping the first two terms in X 107 J/m, and the critical current is abdot=922 m/s or
the right-hand side of Eq.14), one can integrate(t) out  j$=2.2x 10 A/cm? This current density is at least one to
from Eq.(14) and it is easy to check that two orders of magnitude larger than typical experimental val-
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0.00 8
=0.02,H,=00e
-0.05-
6
=
-0.104 i)
g g , , :
> -4 g FIG. 3. Maximum wall width narrowing
E -0.15- g AW/W, and the maximum angle as a function
= of the spin torque.
=
F2
-0.20+
a=0.02,H_=00e
-0.25 T T T T T -0
0 0 300 600 200 O 300 600 900
(a) Spin torque b (m/s) (b) Spintorque b (m/s)

ues and thus the trial function and its solutions are applicableng numerical calculation, we consider the example of a Co
to most of the experiments. In Fig. 3, we show the maximurmanowire whose dimensions are as follows: the thickness is
deformation of the domain wall; even for a current density agi=5 nm, the width isD=200 nm, and the length is 12m.

high as 2x 10'° A/cm?, the maximum anglep is about 8 The small thickness and large width would makedacalcu-

and the wall shrinks by only 22%. Thus we confirm that thelation approximately valid. To made our numerical calcula-

trial functions are good approximations for the domain-walltion directly comparable with the analytical results obtained

dynamics at least in the one-dimensional model presented # the last section, we include the demagnetizing field only
this section. through the shape anisotropy. We numerically integrate out

Egs.(5) and (6) by using a fourth-order predictor-corrector
method with an 0.8 ps time step. Initially, &t 0, a station-
ary Néel wall is centered at=0, a spin current is turned on
along thex direction, and the external field is also applied

Until now, our description of domain-wall dynamics is along thex direction att>0.
based on the assumption that the out-of-plane apggetime In the presence of the spin torque, the magnetization of
dependent but spatially independent. For a realistic nanowhe domain wall is no longer confined in the plane of the
ire, there are a number of complications. Among them, thdayer and the original Néel wall is distorted during the mo-
magnetization varies along the direction of the wire width,tion of the domain wall. In Fig. 4, we show snapshots of
i.e., one needs to go beyond Schryer and Walker's onemagnetization patterns at=0.06 ns after the current is
dimensional(1(D)) model. Furthermore, a realistic wire is turned on at=0. For a small current density, the shape of the
expected to contain various pinning centers, and it would bé&léel wall is essentially unchanged except for a small out-of-
interesting to see the effect of pinning on domain-wall mo-plane magnetization, consistent with our analytical model in
tion. In general, a micromagnetic calculation is required tothe previous section. When the applied current is increased to
include these complications and to address the role of magralues larger than the critical current, the shape of the Néel
netostatic energyexcept the shape anisotropy perpendiculaiwall is completely destroyed. The magnetization inside the
to the film) discarded in our analytical model. In the follow- wall has developed a significant out-of-plane comporisee

IV. NUMERICAL RESULTS

00 0 100 200 300
b,=-4000 m/s
— . 1.0
AV i
i : b,=-2500 m/s:
| Do n i 0.5
vE i E L bosooms,
! § : § e o \. FIG. 4. Snapshots of the moving magnetic
P i Y BE—— 0.0 = wall att=0.06 ns in a Co nanowire. The damping
=y ‘o | bOms constant a=0.1 and the external fieldHqy
] —
! L 05 =0 Oe.
]
/ t=0.06 ns, H, =0 Oe, a=0.1
AR -1.0
100 0 100 200 300

Positin x (nm)

(b)

Position x (nm)
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] 100
1.0 - (@  H_=00e,0=0.02 b=500 m's
0.5 50
= 0.0 T b,~-300 m/s
0@ % 0
1.0 i i . . b,=300 m/s
. 750 o . . . . -50 7 A
@ o0, 1
£ 500 y S, 32
= e e X ™ i S ~ ot
§as0 ey 50]
= 0 ® ™ E 2 b /
= 7 ¢ b=300m/s
0.10 x 0% " b-0ms
21 41006 0 =0.02 v bi=800ms
-50 y y T
=" 0.051 0.0 0.2 0.4 0.6 0.8
' Time (ns
() =0.008, H, =0 Oe, b=750 m/s (ne)
0-0900 0 100 200 300 400 500 FIG. 7. Displacement of the domain wall for several spin

torques withouta) and with(b) the external field. The solid curves
represent the solutions of the trial function and the scattered points
are the numerical results.

Posttion x (nm)

FIG. 5. (&) The wall positions at several timgs0, 0.5 ns,
1.0 ns, 1.5 ns, 2.0 ns, 2.5 ns, and n=3.0(hsthe wall velocity as
a function of the wall position(c) the maximum out-of-plane com- Fig. 5, we show the wall positions at different times as the
ponent of the magnetization as a function of the wall position. Thewell as the wall velocity and wall distortion when the wall
damping constant i&=0.008, the spin torque I%,=-750 m/s, and moves to different positions. The domain wall remains a
the external fieldHg,=0 Oe. quasi-Néel wall and eventually the wall completely stops. At
x=0, the wall velocity is at its maximun =750 m/3.

Fig. 4b)], and the wall has split into complicated multiple .
walls. In our calculation, the critical spin torqué, When the wall stops, the maximum out-of-plane component

~1240 m/s, which approximately agrees with our analytic:alOf the magnetizatiortM, component approaches|M,|/Ms

result from Eq.(30). We now confine our discussion below =0-1 and the total displacement ig,,,=312 nm.

to the case where the current density is smaller than the It is interesting to take a look at the domain-wall dynam-

critical current. ics with simultaneous application of the current and the ex-
For a perfect wire, the Néel wall moves with a velocity ternal field. As we already pointed out the initial domain-

v=-b; immediately after the application of the current. In wall velocity is determined by the current but the final

terminating velocity is controlled by the external figlsee

600, (@) Fig. 6). We confirm here that the spin torque alone is unable
A b=600m/s . . .
J to move the domain wall over a long distar(see Fig. {a)).
— o b=-300ms . - : . .
@ 300 This feature is just opposite to the domain-wall motion
S
=
o] | s b=0mfs 3
g ° v b=300 mis z F Y o b=150m/s
=0.02, H, =10 e 3 2{« " 4 Db=300ms
-300 : : : £ ! - o b=450 m/s
500+ » . . . § 10 000 " . = b=-600ms
4004 A o=0.02, bJ=-500 m/s w A o L .
— “AAA‘OOO li,.-.
% 300] @ 0000000sAAARRERRSSERNRRRSS
£ 200, 15 - - - _
a
£ 100] H,=0 Oe, 0. =0.02 YL
S el L
S 0 1.0 A
> R
-100+ . ' . £ - 000 HOOOOVOOOOOOOOCO
0.0 0.2 04 0.6 0.8 l-lé 0.54 a” <><><>°°
Time(ns) -;&?“A‘A‘.‘A.AAAAAAAAAAAAAA
OO.J%SOOOOOOOOOOOOOOOOOOOOOOOOO(I
FIG. 6. Domain-wall velocity as a function of time) for dif- 0.0 02 0.4 0.6 08
ferent spin torques at a fixed magnetic fi¢ltD Og, and (b) for (b) Time (ns)

different magnetic fields at a fixed spin torqlig=-500 m/3. The
solid curves represent the analytical results and the scattered points FIG. 8. Energy powe(a) and net energy gai(b) of the domain
are the numerical solutions. wall as a function of time.
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FIG. 9. Velocityv and displacement for a pulsed spin currerteft panel$ and for a pulsed magnetic fie(dght panel$. The damping
constant isa=0.02.

driven by an external field: at an initial application of the from Eq. (16) at vs=yHg W()/ a. The origin of this differ-
magnetic field, the wall velocity is smajin fact one can ence was discussed at great length in the last section. The
easily show that it isvH, W/ (1+a?) from Eq.(15)], but it ~ fact that the initial domain-wall velocity is determined by the

becomes faster and faster until it reaches the saturated speedrent but the final terminating velocity is controlled by the
external field can be used to design high- and low-speed

25 domain-wall propagation by properly choosing the desired
spin current density and the magnetic field. For example, if
20 depinning we are to move the domain wall by 75 nm, the magnetic field
(10 O alone will take 0.43 ns. With the help of the spin
g torqueb;=-800 m/s, the same displacement can be made in
- 157 0.11 ns and it takes 0.65 ns wheg=300 m/s. These fea-
; 1 . tures are clearly illustrated in Fig(Q).
g o PO We show the rate of energy input of the domain wall
8 during the application of the spin torque in Fig. 8. The rate of
&} 54 A energy pumping from the spin torque increases at the initial
0T V=900 Oe. L6 nm lication of the spin current; then it develops a maximum
—@®— V=300 0e, =101m app p ; p
o rate. After that, the rate decreases due to increase of the
00 100 200 300 400 damping. Finally, the energy pumping is exactly compen-

b, (m/s) sated by the damping and the wall motion stops.
It is interesting to compare our calculations with
FIG. 10. The phase boundary of pinning and depinning domairfxperiment? where a domain-wall speed of about 3 m/s for
walls for two types of pinning centers; see text for the definition of@ current density 1.2 10° A/cm? was observed. As we have
the pinning parameteid, and. The external field is applied along concluded that the spin torque alone is unable to move the
the —x direction and the spin current is along the direction att ~ wall over a long distanc€l um), the observed domain-wall
=0. The damping constant ig=0.02. velocity over large distances must come from three possible
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scenarios(1l) An additional magnetic field generated by the move the wall in the presence of a defect. The role of the
current(Oersted fielgl was present in the experiment. One current is to first move the domain wall out of the pinning
just needs a very small magnetic field to generate this loweenter so that the critical magnetic field required to move the
velocity domain-wall motion. In fact, 1-2 Oe was sufficient wall is smaller.
and it was hard to rule out such a small field in the experi-
ment. (2) There is a possibility of another spin-current-
induced torque which has a different form from Ef8). In-
deed, if one relaxes the adiabatic process which assumes thatwe have demonstrated in this paper that the domain-wall
the direction of the spin polarization of the current adiabati-motion driven by a spin current has many unique features
cally follows the magnetization vector in the domain wall, that do not exist in the conventional domain-wall motion
one generates an other spin torque. A detailed calculation qfriven by a magnetic field. We solved the Landau-Lifshitz-
the spin torque from nonadiabatic processes is beyond thgilbert equation along with the current-induced spin torque;
scope of the present work; we will defer it to a future pub-we summarize below our main findings; which are supported
lication. (3) We need to emphasize that the domain-wall mo-py our analytical and numerical studgl) The spin torque
tion in the present theory relies on the form of the Gilbertalone can move the domain wall, but the total displacement
damping term. If we replace the Gilbert damping in E8).  is limited, thus the spin torque is not capable of moving
by a Landau-Lifshitz damping, i.eq@yM X (M X He), We  domain walls over a large distan¢@) Since the speed of the
obtain a finite velocity independent of the damping param+wall is large at the initial application of the spin torque, there
eter. Again, we should defer this subtle difference to a furthethe spin torque has an advantage over the magnetic field for
study. We point out that the other existing experim&®%  wall movement at short distance®. The domain wall is
seem to support our model: they report that a magnetic fieldapable of storing current-induced energy and thus the en-
is always required to move the wall over a long distance. ergy process of the domain wall is very similar to the charge

We end the section by looking at two more interestingand discharge of inductance in an electric circ@d The
examples. The first one is that the spin current is applied igpin torque can help to reduce the critical field needed to
the form of a pulse. If we apply a rectangular pulsed spirmove a domain wall if domain-wall pinning centers are
current along thex direction, what dynamic behaviors do the present(5) It may be important to extend the work to a spin
domain walls have? In Fig. 9, we show the evolution oftorque other than the adiabatic spin torque used here in order
velocity v(t) and displacemenk(t) with the pulsed spin to study the contribution from a nonadiabatic spin torque
toque and we compared them with the pulsed magnetic fieldvhose form has not yet been investigated.
Suppose a spin torque with magnitutle=-600 m/s is In conclusion, a spin torque with the form of E@) is
turned on at=0 and turned off at=0.5 ns. In the absence proposed to study the dynamics of domain walls. Due to the
of the external field, the domain wall moves back to its origi-different roles played by the spin torque and by the external
nal location after the current is turned off. This is again con-field, the current-driven domain-wall motion represents a dif-
sistent with our analytical result. However, for the field- ferent type of torque. This spin torque creates the opportunity
driven domain-wall motion, the domain wall continues to for fast domain-wall motion using the combined field and
move in the forward direction after the field is turned off. ~ spin torque.

Another example is to model the effect of pinning centers  Note added in proofRecently, a paper was publish&dn
in the domain-wall motion. In realistic nanowires, domainwhich the critical current of domain wall motion was briefly
walls are not completely free to move. There are variousliscussed.
pinning sources such as defects and roughness. We intro-
duced a pinning fieldH,=VoxH({=[x|)/ ¢, where H(y) is ACKNOWLEDGMENTS
the Heaviside step functior;,>0 is the distance from the
domain wall center, and is the position. In Fig. 10, we The research was supported by NSF Grants (€S-
present the result for the critical magnetic field required 100223568 and No. DMR-0314456
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