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We demonstrate numerically the ability to displace a magnetic domain wall (DW) by remote spin

current injection. We consider a long and narrow magnetic nanostripe with a single DW. The

spin-polarized current is injected perpendicularly to the film plane through a small nanocontact

which is located at certain distance from the DW initial position. We show that the DW motion can

be initiated not only by conventional spin-transfer torque but also by indirect spin-torque, created

by remote spin-current injection and then transferred to the DW by the exchange-spring

mechanism. An analytical description of this effect is proposed. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4883740]

The study of domain wall (DW) dynamics in magnetic

nanostripes has attracted much attention in the last decade

due to both fundamental1 and applied2 motivations. On the

one hand, complex collective magnetization dynamics can

be induced by several means; on the other hand, DW-based

nanostructures are very promising for magnetic logic and

memory devices.3–5 Initially, it was proposed to control DW

dynamics by magnetic fields.6–8 However, this approach is

hardly suitable for close-packed arrays of nanoscale devices

due to significant cross-talk effects. An alternative is to use

current-induced DW motion that has been the subject of

many experimental9–13 and theoretical14–19 studies. The in-

terest in current-induced DW dynamics is encouraged by the

development of promising magnetic-based neuromorphic

devices,20 spintronic logic,5,21 race-track memory,2 and spin-

tronic memristors.22–24

The nanostructures in these devices usually consist of a

long and narrow magnetic nanostrip containing the DW.

For this geometry, there are two possible current directions:

current-in-plane (CIP), when the spin polarized current

flows in the plane of the magnetic film, and current perpen-

dicular to the plane (CPP), when it flows perpendicular to

the magnetic film. Recent theoretical25 and experimen-

tal26,27 studies show that in the CPP configuration the DW

velocities can be up to two orders of magnitude larger then

in the CIP configuration for equal current densities. Thus,

the CPP configuration requires relatively low current den-

sities for efficient DW dynamics excitation.23 The draw-

back of this configuration, however, is the very high

electric current required for efficient DW motion, since a

direct current action on the DW is required.25 Moreover, in

the conventional geometry of neuromorphic logic devi-

ces,20 the input current contacts and the DW are separated

by a distance L� D, where D is the typical DW width, and

the direct current action is simply impossible. The question

of a possible non-contact (indirect) interaction between the

CPP current, localized in the contact, and the DW remains

unresolved.

Recently, an all-magnonic mechanism of DW displace-

ment has been proposed,28 in which the DW dynamics is

induced by spin-waves excited remotely from the DW initial

location. To achieve relatively high DW velocities using this

mechanism, however, one needs to excite high-amplitude

magnons using very high magnetic fields,29,30 which are

hardly achievable in real-life applications.

Here, we propose the study of DW motion induced by a

remotely localized CPP spin-current injection that can help

to solve these issues. We investigate numerically the DW

motion when the spin current is flowing perpendicular to the

plane through a small nanocontact (see Fig. 1), which is

placed at a certain distance from the initial DW location. We

show theoretically that DW displacements of several hun-

dred nanometers can be obtained by a very low remotely

injected CPP spin-polarized current (about 50 lA), in con-

trast to the conventional case when the current flows through

the entire DW. In addition to the evident practical interest,

this system is of a high fundamental importance too, because

the mechanism of interaction between the current and the do-

main wall is not obvious. We demonstrate here that the per-

pendicular electric current localized in a small nanocontact

generates an in-plane charge-less spin current in the nano-

wire, and that this spin current may effectively excite DW

motion. An analytical description of this effect based on the

soliton perturbation theory was proposed.

The magnetization dynamics in the nanostrip is

described by the Landau-Lifshitz-Gilbert (LLG) equation

with an additional term responsible for the spin transfer31,32

_M ¼ �cM�Hef f þ TSTT þ
a

MS
ðM� _MÞ; (1)

where M is the magnetization vector, c is the gyromagnetic

ratio, a is the Gilbert damping constant, MS is the saturation

magnetization, and Heff is the effective field consisting of the

magnetostatic field, the exchange field, and the anisotropy

field. The spin transfer torque TSTT is represented by two
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components:33,34 a Slonczewski torque (ST) TST ¼ �c aj

MS
M

�ðM�mref Þ and a field-like torque (FLT) TFLT ¼
�cbjðM�mref Þ, where mref is a unit vector along the mag-

netization direction of the reference layer. The ST amplitude

is given by aj ¼ �hJP=2deMS, where J is the current density,

P is the spin polarization of the current, d is the thickness of

the free layer, and e> 0 is the charge of the electron. The

amplitude of the FLT is given by bj ¼ nCPPaj, where nCPP

can be larger than 0.4 in case of an asymmetric magnetic

tunnel junction.23

The system studied here is composed of a permalloy

Ni81Fe19 (Py35) nanostrip magnetized in-plane and contain-

ing a head-to-head domain wall, and a reference nanocontact

with fixed out-of-plane magnetization (see Fig. 1). Hence,

we consider magnetization dynamics in the free layer only,

and the nanocontact acts as a static spin polarizer. The size

of the nanostrip was 3000 � X� 2.5 nm3, and the size of the

nanocontact was 10�X nm2, where X¼ 10–110 nm. The

stripe dimensions are large enough in order to have a negligi-

ble influence of the edges on the main features of the DW

motion. To investigate the remote influence of the CPP

spin-polarized current on the domain wall, we have

performed a series of simulations using our micromagnetic

finite-difference code SpinPM based on the fourth-order

Runge-Kutta method with an adaptive timestep control for

the time integration and a mesh size 2� 2 nm2. In order to

focus on the spin torque mechanisms of the DW dynamics

excitation, both Oersted field and thermal fluctuations have

not been taken into account.36 It should be noted that

although here we present the results for the head-to-head

DW, the results for a tail-to-tail DW are the same, except the

direction of DW motion is reversed.

The displacements of the DW for different distances L
and current densities are presented in Fig. 2. The dynamics

of the DW is as follows: once the CPP spin-polarized current

is switched on in the nanocontact, after some small delay pe-

riod, the DW starts to accelerate for about 0.5 ns, and decel-

erates until a complete stop after a few nanoseconds.

To explain these observations, let us consider the mag-

netization in the current injection region. Since the strip is

thin enough (in comparison with its length), at the initial

time, the magnetization in the strip beneath the contact is ori-

ented along the strip. The DW width D is obtained by fitting

of micromagnetic data using a traveling wave ansatz

hðdxÞ ¼ 2arctanðexp½dx=D�Þ. In our case, DW width

D� 13–46 nm depending on the nanostripe width (see

Fig. 3(a)). It is to be emphasized that D must be considerably

less than the distance L, by which the nanocontact is sepa-

rated from the DW. Therefore there is no direct action of the

electric current on the DW. However, the presence of the

DW even at a considerable distance leads to a small tilt of

the magnetization, in other words, to the appearance of a per-

turbed region (“tail”). The action of the spin-transfer on the

DW can be decomposed into two steps. At first, under the

influence of the current flowing through the contact, the spins

that are beneath the injection contact experience a torque,

which leads to a local increase of the Y component of mag-

netization in the contact region (about 30 emu/cm3 for our

set of parameters). The fact that a local pulse of the

spin-polarized current can influence a DW remotely is deter-

mined by the presence of exchange stiffness in the magnetic

structure of the material (in a soft medium such an effect is

obviously absent). Then, through the exchange-spring mech-

anism, this disturbance is transmitted from the DW “tail”

located inside the nanocontact region directly to the

domain wall, thereby causing the DW drift.

Previously exchange-springs were studied in heterophase

systems,37,38 but similar effects can be observed in homogene-

ous systems as well. Indeed, in our case, each subsequent

magnetic moment of the DW “tail” is deflected at a slight

FIG. 1. The studied system, composed of a permalloy nanostrip and a

nanocontact.

FIG. 2. DW displacement for different initial distances L between the injec-

tion contact and the DW and for different current densities in the case of a

nanostrip width of X¼ 10 nm.

FIG. 3. (a) Dependence of DW width D
and DW displacement on the nanostripe

width. Initial distance is L¼ 40 nm, cur-

rent density is J¼ 5� 107 A/cm2. The

blue and red arrows indicate to which

axis the curves belong. (b) Dependence

of the equivalent magnetic field on X

position for two nanostripe thicknesses.

The grey region represents the current

nanocontact. The blue and red segments

show the width of the DW for the cases

of h¼ 10 nm and h¼ 50 nm.
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angle from the direction of the previous one. If the external

action (CPP local current in our case) deflects one or more of

the magnetic moments slightly (edge of the spring is

deformed), then due to the strong exchange interaction the

subsequent magnetic moments are also deflected one by one.

As a result, the exchange-spring is straightened, pushing the

DW. After the complete straightening of the exchange-spring,

the DW stops accelerating and starts to slow down due to

damping and after some time finally stops. Hence, the effect is

defined by the static exchange-spring tension. The numerical

simulations demonstrate a delay in the onset of the DW

motion with respect to the time of the current switching, cor-

responding to the propagation time of the spring excitation

(static tension). It is worth stressing that in this case of indirect

action of the spin transfer, the angular momentum is trans-

ferred to the DW not by conduction electrons but by a charge-

less spin current, due to the exchange-spring interaction.

Moreover, when the nanostrip width is increased, the domain

wall becomes wider, therefore, the “tail” of the DW also

becomes longer, the DW is affected by the current for a longer

time, and consequently the DW should be displaced over

larger distances. This effect is confirmed by the simulations

(see Fig. 3(a)).

To estimate the magnitude of the exchange-spring inter-

action, we obtained the dependence of the equivalent field

(i.e. the magnetic field with direction opposite to the DW

motion direction which has to be applied to counterbalance

the action of the exchange-spring static tension) on the X

coordinates (see Fig. 3(b)). We see that, even at a distance of

several times greater than the DW width D the equivalent

field is still large enough to displace the DW significantly. It

also shows that at large thicknesses of the nanostrips, the

equivalent field decays more slowly. Despite the fact that for

large thicknesses, the equivalent field near the nanocontact is

smaller, the effectiveness of the exchange-spring will still be

higher for large thicknesses than for smaller ones, as follows

from the results of the DW displacement (see Fig. 3(a)). The

reason for this is that with increasing thickness of the nano-

strip, the efficiency of the magnetic field is growing faster

than the efficiency of the local current contact. As a result,

although the actual magnetic field required to balance the

action of the exchange-spring proves to be smaller, the force

acting on the DW will be larger for larger thicknesses.

For the final test of the proposed mechanism, simula-

tions were performed for the case of a¼ 1. Such a large

damping eliminates the effect of spin waves, as they fade out

before reaching the DW. Also in this case, there is practi-

cally no movement by inertia (as soon as the external forces

stop acting, the DW should immediately stop its free

motion). However, the result of our simulations shows that

the DW is still displaced by a distance of about 60 nm (with

a width of the DW D¼ 13 nm), which corresponds to the dis-

tance at which the equivalent field almost becomes zero.

From this, we can conclude that the spin waves do not deter-

mine the effect, which is caused only by the exchange-spring

static tension. Another important result is that the considered

mechanism of DW dynamics excitation (via static tension of

the exchange-spring) does not require an alternating current

or magnetic field in contrast to the case in which the DW is

excited by spin waves.29,30 This makes it promising for

practical applications like racetrack memory, magnetic logic,

and neuromorphic devices.

For an analytical insight into this mechanism, let us

consider Eq. (1) in spherical coordinates with the energy

represented by E ¼ AððrhÞ2 þ sin2hðr/Þ2Þ þ 2pM2
S cos2h

�K?sin2h cos2/, where A is the exchange constant, K? is

the anisotropy constant, / is the polar angle, and h is the azi-

muth angle. Due to the shape anisotropy, the magnetization

lies almost entirely in the plane. The simulation shows that

the deviation of the magnetization from the plane is not

more than 3% of MS. With this in mind, we consider a small

deviation in h: h ¼ p=2þ h1 ðh1 � 1Þ. In this case, Eq. (1)

takes the following form:

� _h1 � a _/ ¼ x?
2

sin 2/� 2cA

MS
/00 þ cajðx; tÞ; (2)

_/�a _h1 ¼�
2cA

MS
h001�h1

2cA

MS
ð/0Þ2�xk�x?cos2/

� �
; (3)

where x? ¼ 2cK?=MS; xk ¼ 4pcMS and aj(x,t) is not equal

to zero only in the contact region. Taking into account that

x?=xk � 1 and 2cA=MSl2 � xk, where l is the typical spa-

tial scale, and neglecting small quantities, we can rewrite

Eq. (3) in following form: h1 ¼ _/=xk. Substituting this

result into Eq. (2), we obtain

€/ � c2 @
2/
@x2
þ x2

0 sin / cos / ¼ �axk _/ � cxkajðx; tÞ; (4)

where c2 ¼ 8pc2A and x2
0 ¼ xkx?. Equation (4) is the

modified version of the sine-Gordon equation. Study of the

applicability of this equation was carried out recently.39–41

The solution of this equation with zero right-hand side is rep-

resented by a kink soliton propagating with constant velocity

tanð~/0=2Þ ¼ exp 6ðx� vt� x0Þ=D
� �

, where v is the veloc-

ity of the domain wall, x0 is the initial distance between the

DW and nanocontact center, D ¼ D0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� v2=c2

p
and

D0 ¼ c=x0. Since the maximum velocity in modelling is

about 250 m/s and c � 1000 m=s, we can estimate 1 �ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� v2=c2

p
� 0:96, and therefore D � D0.

The micromagnetic modelling demonstrates accelera-

tion and deceleration of the DW. To take this into account,

let us assume that the right-hand side of the equation only

slightly modifies the DW’s profile but changes the velocity.

This assumption was confirmed by simulations. In this case,

we can use the soliton perturbation theory. We represent the

solution of Eq. (4) as / ¼ /0 þ /1, where /1 � 1 and /0 is

the modified kink tanð/0=2Þ ¼ exp 6ðx� xcðtÞ � x0Þ=D0

� �
with xc(t) is treated as the DW’s position. Then after linear-

isation and neglecting small values Eq. (4) assumes the form

@2

@t2
� c2 @

2

@x2
þ x2

0 cos 2/0

� �
/1 ¼ �axk _/0 � cxkajðx; tÞ

þ €xc

D0

sin /0: (5)

Let us define the operator L̂ ¼ @2=@t2 � c2@2=@x2

þx2
0 cos 2/0 and function f ð/0Þ ¼ �axk _/0 � cxkajðx; tÞ

þð€xc=D0Þsin /0. Using this notation, Eq. (5) can be written

as L̂/1 ¼ f ð/0Þ. According to the Fredholm alternative,42
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this equation has a solution if and only if the right-hand side

f ð/0Þ of the equation is orthogonal to the eigenfunction of

operator L̂ with zero eigenvalue, which can be found from

the equation L̂/ð0Þ1 ¼ 0. For the present problem, the required

eigenfunction takes the form /ð0Þ1 ¼ @/0=@x. Then, consid-

ering that _/0 ¼ 7ð _xc=D0Þsin /0 and @/0=@x ¼ 6sin /0=D0,

the solubility condition is

axk
_xc

D2
0

þ €xc

D2
0

 !
hsin2/0i �

cxk
D0

hajðx; tÞsin /0i ¼ 0; (6)

where h:::i means integration over x. After integration, taking

into account that aj(x,t) is not equal to zero only inside the

contact region, we obtain a Newton-like equation of motion

m€xc ¼ �axkm _xc þ FðxcÞ; (7)

where m ¼ 1=ðpc2D0Þ is the effective mass of the

DW, FðxcÞ ¼ ðajxk=pcÞ 	 arctan exp ðd=2� L� xcÞ=D0

� �� �
�arctan exp ð�d=2� L� xcÞ=D0

� �� �
is the force created by

the current, and d is the size of the contact along the X axis.

Time dependence of the velocity of the domain wall for

different L, obtained from Eq. (7), in comparison with the

micromagnetic modelling results is shown in Fig. 4. The pro-

posed analytical model demonstrates a good agreement with

the results of micromagnetic simulation. It should be noted

that although for small L values theory predicts an absolutely

correct final DW displacement, with increasing L the differ-

ence between simulations and theoretical predictions slightly

increases, up to 10 nm for L¼ 100 nm (see inset in Fig. 4).

The reason for this discrepancy lies in the fact that the ana-

lytical 1D model is based on the rigid soliton model. Under

this assumption, we neglect DW deformation and consider

that the action of the current contact propagates instantane-

ously. But in the case of large L values, the exchange-spring

needs some time, corresponding to the propagation time of

the spring excitation, to start pushing the DW. During this

time, the effective in-plane spin current slightly attenuates.

Because of this, the 1D model slightly overestimates the final

displacement of the DW for larger L values.

In conclusion, we have demonstrated theoretically the

possibility of spin current induced domain wall motion in the

CPP geometry, when the DW is initially located outside

the nanocontact region. Although velocities in this case are

lower than in the usual CPP case (about 500 m/s),27 they are

still higher than the velocities in the CIP geometry; the

required currents are very low (about 50 lA), in contrast

to the case when the current flows through the entire

sample.23,25,27 We have shown that the DW dynamics in this

case is induced by indirect spin-torque, created by a remote

spin-current injection, which is transferred then to the DW

by the exchange-spring mechanism. The analytical descrip-

tion of this effect based on soliton perturbation theory was

proposed. Although this mechanism of DW dynamics excita-

tion can be used by itself, it can also be effectively used to

depin a DW, when magnetization dynamics is driven by less

effective methods (e.g., in-plane current injection). On this

basis, the remotely localized contact injection of CPP spin-

polarized current becomes a very promising option for prac-

tical applications such as racetrack memory, magnetic logic,

and neuromorphic devices.
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