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Micromagnetic modeling shows that the placement of non-magnetic conductive pads on a

ferromagnetic wire affects the current-induced velocity of a domain wall (DW) in the wire and can

act as a DW chirality filter. The pads shunt the current, causing a non-uniform spin current

distribution inside the ferromagnetic wire and an Oersted field transverse to the wire. This

suppresses Walker breakdown allowing higher current densities to be imposed before breakdown

occurs. The transverse Oersted field pins the DW under some regimes of current density and pad

geometry, selectively allowing transmission of DWs of only one chirality. VC 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.3692797]

The motion of magnetic domain walls (DWs) in geomet-

rically confined magnetic wires is essential to the perform-

ance of information storage1,2 and logic3,4 devices, where a

high and uniform DW velocity is required. DWs can be

translated by a magnetic field, a spin-polarized current, or by

a combination of the two. Considerable progress has been

made in understanding field-driven domain wall motion in

narrow magnetic stripes. The DW velocity is non-linear,

increasing initially with increasing drive field to reach a

value of typically several hundred m/s in NiFe (permalloy,

or Py) stripes, but then decreasing abruptly above a critical

field threshold. This Walker breakdown is accompanied by

periodic transformations of the DW structure between a

transverse and a vortex wall by the formation and annihila-

tion of an antivortex core.5–8 Various efforts have been made

to prevent Walker breakdown.9–15 In particular, the use of a

comb-like structure was effective in suppressing field-driven

Walker breakdown by periodically resetting the structure of

the DW,14,15 and provides a “chirality filter” effect in which

transverse walls with opposite core magnetization have dif-

ferent propagation fields.15

Similarly to the field-driven case, current-driven DWs

can exhibit breakdown-like behavior beyond a critical spin

current density. Current-induced magnetization dynamics

can be described by the phenomenological Landau-Lifshitz-

Gilbert (LLG) equation16,17

@M=@t ¼ cHeff �Mþ a=MSðM� @M=@tÞ � ðu � rÞM
þ b=MS½M� ðu � rÞM�;

(1)

where c is the gyromagnetic ratio, a is the Gilbert damping

constant, MS is the saturation magnetization, and Heff is the

effective magnetic field consisting of external, anisotropy,

exchange, and magnetostatic fields. The term u (¼PJelB/eMS)

represents the magnitude of the spin current density, where P
is the spin polarization, Je is the current density, and b param-

eterizes the nonadiabatic spin torque, which is related to spin

relaxation or momentum transfer. Although the magnitude of

b is predicted to be of the order of the damping constant a, its

value is still controversial.18–23 Values of b¼ a,1 b¼ 8a,21,23

and b¼ 15a19 have been suggested for permalloy. While the

last two terms in the LLG equation describe current-induced

DW motion, they also predict a distortion of the DW structure

whenever b= a. In particular, the non-adiabatic spin torque

term is responsible for an out-of-plane torque, resulting in a

periodic transformation between transverse and vortex DW

configurations at a critical value of u proportional to 1/jb� aj,
and a drop in velocity if b> a.16

The majority of studies of current-driven DW motion

has considered the case of combined field and current paral-

lel to the stripe in order to reduce the current densities

needed to translate the DW. However, in “racetrack” devices

based on the movement of multiple DWs, it is necessary to

translate both head-to-head and tail-to-tail DWs with the

same velocity. A scheme based on spin current without an

applied field is, therefore, attractive, and there has been both

experimental and computational work1,16,18,19,24 on DW

motion driven by current alone. However, there has been lit-

tle work directed towards stabilizing DWs against current-

induced torques, nor on methods for chirality filtering in

current-driven DW motion.

This article describes modeling results for current-

driven DW motion in a straight-edged magnetic stripe with

overlaid non-magnetic current-shunting pads that give a peri-

odic modulation in the magnitude of the spin current. The

DW motion was computed by numerical solution of Eq. (1)

using the object oriented micromagnetic framework

(OOMMF).25 The model consists of a Py nanowire 10 lm

long with a rectangular cross section 140 nm wide and 10 nm

thick. The dimensions of the unit cells were 5� 5� 10 nm3,

such that the wire was one unit cell thick. The saturation

magnetization MS was 800 emu/cm3, exchange stiffness con-

stant A¼ 1.3� 10�6 erg/cm, damping constant a¼ 0.02, and

magnetocrystalline anisotropy¼ 0, and there were no extrin-

sic pinning sites. A value for b¼ 5a was taken to give
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breakdown at a moderate value of u. In this geometry, 180�

transverse DWs with length of �120 nm were formed as the

ground state boundary between domains magnetized parallel

to the wire.

The spin current was modulated by adding current-

shunting Au pads of 40 nm thickness onto the Py nanowire,

labeled Type I in Fig. 1(a). In this structure, the effects of

Oersted field were minimized by placing Au layers symmet-

rically both above and underneath the Py nanowire. The

additional influence of a periodic transverse Oersted field

was investigated using an asymmetrical structure, Type II, in

which 10 nm Au pads overlaid the top of the Py nanowire.

The resistivity for the 10 nm thick Au layer, 40 nm thick Au

layer, and 10 nm thick Py layer was taken as 12, 5, and

42 lX cm, respectively.26,27 Different lengths of the Au pads

(lAu) ranging from 100 nm to 300 nm and different lengths of

the Py separating the Au pads (lPy) ranging from 150 nm to

1350 nm were modeled.

Figs. 1(b) and 1(c) show the current distribution and the

Oersted field calculated using a finite element model with

10 nm cell sizes for the part of the wire covered by the Au

pads, in the case where the uncovered Py regions supported a

current density of 7.14� 108 A/cm2, corresponding to a spin

current velocity of u¼ 200 m/s. The Au pads shunted the

current and u decreased to 2.5 m/s in the Py under the Au for

Type I geometry, and 28.5 m/s for Type II. Fig. 1(c) shows

the Oersted field distribution at the cross section of an Au/Py

region. The Oersted field in the Py was negligible for Type I

but it reached 166 Oe in the transverse in-plane direction in

Type II.

To provide a comparison with the heterostructured

wires, we first model current-driven DW motion at zero

applied field in an unpatterned Py nanowire without Au

pads. Fig. 2(a) shows the time dependence of the DW veloc-

ity v for u¼ 130 m/s, 160 m/s and, 200 m/s. The u¼ 130 m/s

case was below the Walker breakdown threshold of 140 m/s,

and the DW velocity increased monotonically until it

reached a value of 643 m/s after 8 ns, in agreement with the

steady state value of v¼ bu/a¼ 650 m/s expected below

breakdown.16 Values of u¼ 160 m/s and 200 m/s were above

the Walker limit, and the DW velocity fluctuated periodi-

cally between positive and negative values. The drop in ve-

locity immediately following the maximum velocity

corresponded to the appearance of an antivortex core at the

edge of the wire which initiated the transformation of the

DW structure.

In contrast, Fig. 2(b) shows DW velocity v for the Type

I structure (no Oersted field) when the length of uncovered

Py was lPy¼ 300 nm and the length of the Au pad was

lAu¼ 100 nm, 150 nm, 200 nm, and 250 nm, with u¼ 200 m/s

in the uncovered part of the wire. The lAu¼ 100 nm case

exhibited Walker breakdown, though the wall was translated

through �1000 nm before the breakdown initiated (in com-

parison, breakdown initiated in the unpatterned wire after

�600 nm at u¼ 200 m/s). In contrast, for the other values of

u, v fluctuated periodically over a distance of lAuþ lPy but

remained positive, with lAu¼ 150 nm giving the highest av-

erage velocity. Fig. 2(c) shows the DW displacement vs.

time at u¼ 200 m/s for the unpatterned Py nanowire com-

pared to the Type I structure with lPy¼ 300 nm and

lAu¼ 150 nm. The average DW velocity hvi was doubled

from 298 m/s to 605 m/s, and the fluctuations in velocity

shown in the inset are considerably reduced for the wire with

the Au pads.

The internal structure of the moving DWs for

u¼ 200 m/s is shown in Fig. 2(d) for the unpatterned nano-

wire and in Fig. 2(e) for the wire with pads. As in the case of

field-driven DWs, the unpatterned wire in Fig. 2(d) exhibited

nucleation of an antivortex core which traversed the width of

the wire to reverse the magnetization direction within the

core of the DW. This process was repeated in the next cycle

by nucleation of an antivortex at the other side of the wire

with opposite out-of-plane component and direction of trans-

verse motion. In contrast, the DW in the Type I Py nanowire,

Fig. 2(e), maintained its structure. Even though the DW ve-

locity in the Au-covered regions was reduced, the retrograde

motion was suppressed and the average velocity was

enhanced because the reduction in u under the pads impeded

the formation and movement of the antivortex.

The relation between hvi, u, and lPy is mapped in Fig.

3(a) for lAu¼ 150 nm. The hvi was averaged for DW motion

over a distance of 4 lm. The top panel shows the data for the

unpatterned wire on the same scale. The data points for Fig.

3 were extracted from a set of calculations with intervals of

20 m/s in u and 40–60 nm in lPy, and discretized into color

FIG. 1. (Color online) (a) Geometries of Py nanowires, 10 nm thick and

140 nm wide, with Au layers 40 nm thick (Type I) and 10 nm thick (Type II).
In Type I, the Au layers are present above and underneath the Py nanowire

to minimise the Oersted field. Type II has Au on the top of the wire and a

transverse Oersted field is therefore generated inside the Py nanowire. (b)

Current distribution at lAu¼ 100 nm for a spin current velocity u of 200 m/s

in the uncovered part of the wire. (c) Oersted field in Py covered by Au pads

when u¼ 200 m/s in the uncovered part of the wire.

112401-2 Jang et al. Appl. Phys. Lett. 100, 112401 (2012)
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contour plots, leading to some discontinuities in the con-

tours. For all lPy, hvi in the patterned wire initially increased

with u to reach a maximum value hviMax of 600–650 m/s,

similar to the hviMax for an unpatterned Py nanowire. As the

Au pad spacing decreased, hviMax increased slightly, and the

value of u (i.e., uMax) corresponding to hviMax increased,

showing that the pads enabled higher u to be applied prior to

breakdown. A second maximum in hvi, hviMax2 corresponded

to the combination of u and lPy that suppressed every second

transformation of the DW. The dashed lines superposed on

Fig. 3(a) show the DW displacement (taken as the distance

the DW moved before v reached its peak value) at which the

first and second antivortex cores were introduced for an

unpatterned Py nanowire. This indicates that the enhance-

ment in hvi is greatest when the Au pads are placed at the

positions where the antivortex core is introduced into the Py

nanowire during DW motion.

Varying lAu from 100 to 300 nm for fixed lPy (not

shown) indicated that hvi was higher when lAu was smaller.

However, in order to prevent Walker breakdown lAu must be

long enough to allow the antivortex core that formed in the

lPy regions to return to the edge of the wire and be elimi-

nated; therefore, there is an optimum lAu to maximize hvi.
For a given u, when lPy was longer, the antivortex core

moved further across the wire before reaching the Au-

covered region, so a longer lAu was required to remove the

FIG. 2. (Color online) (a) DW velocity v as a function of time for

u¼ 130 m/s, 160 m/s, and 200 m/s in the unpatterned Py nanowire. (b) v in

terms of the DW displacement for lAu¼ 100 nm, 150 nm, 200 nm, and

250 nm. (c) DW displacement in terms of time at u¼ 200 m/s, lPy¼ 300 nm,

and lAu¼ 150 nm for unpatterned Py nanowire and Py nanowire of Type I.

The inset shows the respective velocities. (Fluctuations in the displacement-

time relation for the patterned wire are too small to see clearly.) (d) and (e)

Snapshot images of internal structures of the moving DWs at u¼ 200 m/s in

an unpatterned Py nanowire (d) and in a Py nanowire of Type I (e). The

arrows indicate the DW position before movement.

FIG. 3. (Color online) (a) Average DW velocity hvi as a function of u and

lPy at lAu¼ 150 nm in the Type I structure. At each lPy ranging from 150 nm

to 1350 nm, the hvi was calculated from the time taken by the DW to move

4 lm. The top panel shows the DW velocity in an unpatterned wire. Overlaid

on the data for the patterned wire is the DW displacement for the first and

second introductions of an antivortex core in an unpatterned wire. (b) hvi as

a function of u for the Type II geometry where the initial DW core magnet-

ization is parallel to the Oersted field. (c) hvi as a function of u for the Type

II geometry where the initial DW core magnetization is antiparallel to the

Oersted field.

112401-3 Jang et al. Appl. Phys. Lett. 100, 112401 (2012)
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core and suppress breakdown. The maximum average veloc-

ity hviMax was obtained when lPy� 2lAu, but hviMax

decreased slowly as lPy and lAu increased.

These results show that the Au pads can delay the onset

of breakdown, allowing higher current to flow before break-

down initiates, but the DW velocity at which breakdown

occurs is similar to the velocity in a wire without pads. For u
smaller than the value that causes breakdown in an unpat-

terned wire, the DW will travel faster in the unpatterned

wire, but for higher u, the DW travels faster in the hetero-

structured wire.

We now consider the effect of the Oersted field by

examining Type II structures. The Oersted field is oriented in

plane transverse to the wire length with a small out-of-plane

component increasing towards the wire edges. In Type II ge-

ometry, the maximum Oersted field inside the capped region

of the Py nanowire increased linearly as a function of u,

reaching 250 Oe transverse to the wire at u¼ 300 m/s.

Fig. 3(b) shows a map analogous to Fig. 3(a) for the

Type II structure in which hvi is plotted as a function of lPy

and u for lAu¼ 100 nm, for the case when the magnetization

at the center of the DW was parallel to the Oersted field. The

map shows some similarities to Fig. 3(a), but outside the

band of high hvi the velocity is zero over much of the param-

eter space. At low u and lPy (e.g., the region u< 80 m/s in

Fig. 3(b)), the DW became trapped under the Au pad by the

field, and hvi¼ 0. The maximum hvi in the band of non-zero

velocity corresponded to the situation where an antivortex

had been introduced in the DW just before it reached the

pad, and the DW was then able to traverse the region of Py

under the pad. At higher u and/or lPy, the DW had trans-

formed into a transverse wall with its center magnetization

antiparallel to the Oersted field before it reached the Au pad,

and it became trapped at the leading edge of the pad, giving

another region of hvi¼ 0. (An increase in b promoted the

evolution of the antivortex and lowered the value of lPy cor-

responding to these situations.)

In the case of antiparallel orientation between the center

of the DW and the Oersted field, Fig. 3(c), the DW became

pinned at the leading edge of the Au pad and hvi was zero

over most of the parameter space. A magnetic field antiparal-

lel to the magnetization at the center of the DW is known to

lower the DW velocity28–31 and this, combined with the drop

in u caused by current shunting, prevented the DW from

passing under the pad for most combinations of lPy and u. A

non-zero hvi was obtained when an antivortex nucleated

shortly before the DW encountered the pad.

The different responses of the DW to an Oersted field

parallel or antiparallel to the magnetization at the center of

the DW allows the structure to act as a chirality filter for

DWs, by selecting geometrical parameters and u values that

pin one DW chirality while allowing the other DW chirality

to be transmitted. This has an analogy to the cross-shaped

chirality filter of Ref. 15 demonstrated for field-driven DW

propagation, but in our case the design of the Au pads allows

simultaneous control over both the Oersted field and the spin

current in the magnetic wire for current-driven DW motion,

while having no effect on field-driven DW motion.

The chirality filter effect can be generalized to other val-

ues of Oersted field and u by allowing the Au thickness to

vary on each side of the Py wire. When all the Au is on one

side of the Py, the Oersted field takes a maximum value, Ho,

for a given u, as exemplified by Type II, whereas when the

Au is of equal thickness on each side of the Py, the Oersted

field is zero, as in Type I. Therefore, values of Oersted field

in the range 6Ho can be obtained by varying the thickness

distribution of the Au. Additionally, the amount of current

shunted by the Au and the magnitude of Ho can be changed

by changing the total Au thickness.

Fig. 4 shows the DW velocity for the case where

u¼ 160 m/s in the uncapped Py and lPy¼ lAu¼ 100 nm for

the full range of Oersted fields and current shunt fractions

that can be obtained by independently varying the Au thick-

ness between 0 and 10 nm on each side of the Py. The maxi-

mum Oersted field is Ho¼ 130 Oe for this geometry when

u¼ 160 m/s. There is a robust range of conditions in which a

DW with core parallel to the Oersted field is transmitted,

whereas a DW of opposite chirality is blocked (white region,

with zero velocity). This result allows for a straightforward

design of a chirality filter for current-driven DW motion sim-

ply by placing a thin conductive strip on the magnetic wire

to shunt the current, without affecting the coercivity of the

wire or the response of the DW to a magnetic field along the

wire.

These computational results show that Walker break-

down of a current-driven transverse DW can be delayed to

higher values of spin current by the placement of conductive

shunt pads which locally reduce the spin current density with

no effect on field-driven DW motion. The Oersted field pres-

ent in asymmetrically shunted wires provides a DW chirality

filtering effect. Suppression of oscillatory transformations of

DWs is advantageous for DW devices such as racetrack

memories or logic, and the interplay between the geometry

of the shunt pads, the current density, and the DW velocity

enables control over DW motion which can be implemented

experimentally.
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FIG. 4. (Color online) hvi as a function of the Oersted field Ho and fraction

of current shunted for a wire with Au pads in which the thickness of the Au

on each side of the wire is varied. Positive Ho indicates Oersted field parallel

to the DW core. The asymmetry between positive and negative Ho provides

a chirality filter over a wide range of Oersted field and spin current.

112401-4 Jang et al. Appl. Phys. Lett. 100, 112401 (2012)

Downloaded 25 Jun 2013 to 18.51.3.76. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions



1S. S. P. Parkin, M. Hayashi, and L. Thomas, Science 320, 190 (2008).
2M. Hayashi, L. Thomas, R. Moriya, C. Rettner, and S. S. P. Parkin,

Science 320, 209 (2008).
3D. A. Allwood, G. Xiong, M. D. Cooke, C. C. Faulkner, D. Atkinson, N.

Vernier, and R. P. Cowburn, Science 296, 2003 (2002).
4D. A. Allwood, G. Xiong, C. C. Faulkner, D. Atkinson, D. Petit, and R. P.

Cowburn, Science 309, 1688 (2005).
5N. L. Schryer and L. R. Walker, J. Appl. Phys. 45, 5406 (1974).
6M. Hayashi, L. Thomas, C. Rettner, R. Moriya, and S. S. P. Parkin, Nat.

Phys. 3, 21 (2007).
7G. S. D. Beach, C. Nistor, C. Knutson, M. Tsoi, and J. L. Erskine, Nature

Mater. 4, 741 (2005).
8G. S. D. Beach, M. Tsoi, and J. L. Erskine, J. Magn. Magn. Mater. 320,

1272 (2008).
9Y. Nakatani, A. Thiaville, and J. Miltat, Nature Mater. 2, 521 (2003).

10J.-Y. Lee, K.-S. Lee, and S.-K. Kim, Appl. Phys. Lett. 91, 122513

(2007).
11K. Weerts, W. Van Roy, G. Borghs, and L. Lagae, Appl. Phys. Lett. 96,

062502 (2010).
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H. J. M. Swagten, B. Koopmans, C. Ulysse, and G. Faini, Phys. Rev. Lett.

101, 216601 (2008).
24M. Hayashi, L. Thomas, C. Rettner, R. Moriya, Y. B. Bazaliy, and S. S. P.

Parkin, Phys. Rev. Lett. 98, 037204 (2007).
25M. J. Donahue and D. G. Porter, OOMMF User’s Guide, version 1.0.,

Interagency Report NISTIR 6376, National Institute of Standards and

Technology, Gaithersburg, MD, 1999.
26K. L. Chopra, L. C. Bobb, and M. H. Francombe, J. Appl. Phys. 34, 1699

(1963).
27L. K. Bogart and D. Atkinson, Appl. Phys. Lett. 94, 042511 (2009).
28S. Glathe, I. Berkov, T. Mikolajick, and R. Mattheis, Appl. Phys. Lett. 93,

162505 (2008).
29J. Lu and X. R. Wang, J. Appl. Phys. 107, 083915 (2010).
30A. Kunz and S. C. Reiff, J. Appl. Phys. 103, 07D903 (2008).
31M. T. Bryan, T. Schrefl, D. Atkinson, and D. A. Allwood, J. Appl. Phys.

103, 073906 (2008).

112401-5 Jang et al. Appl. Phys. Lett. 100, 112401 (2012)

Downloaded 25 Jun 2013 to 18.51.3.76. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1126/science.1145799
http://dx.doi.org/10.1126/science.1154587
http://dx.doi.org/10.1126/science.1070595
http://dx.doi.org/10.1126/science.1108813
http://dx.doi.org/10.1063/1.1663252
http://dx.doi.org/10.1038/nphys464
http://dx.doi.org/10.1038/nphys464
http://dx.doi.org/10.1038/nmat1477
http://dx.doi.org/10.1038/nmat1477
http://dx.doi.org/10.1016/j.jmmm.2007.12.021
http://dx.doi.org/10.1038/nmat931
http://dx.doi.org/10.1063/1.2789176
http://dx.doi.org/10.1063/1.3298641
http://dx.doi.org/10.1103/PhysRevLett.104.057201
http://dx.doi.org/10.1063/1.2976678
http://dx.doi.org/10.1038/nmat2857
http://dx.doi.org/10.1103/PhysRevLett.102.057209
http://dx.doi.org/10.1209/epl/i2004-10452-6
http://dx.doi.org/10.1103/PhysRevLett.93.127204
http://dx.doi.org/10.1103/PhysRevLett.100.066603
http://dx.doi.org/10.1103/PhysRevLett.100.066603
http://dx.doi.org/10.1103/PhysRevLett.101.107202
http://dx.doi.org/10.1038/nature05093
http://dx.doi.org/10.1103/PhysRevLett.96.197207
http://dx.doi.org/10.1038/nphys936
http://dx.doi.org/10.1103/PhysRevLett.101.216601
http://dx.doi.org/10.1103/PhysRevLett.98.037204
http://dx.doi.org/10.1063/1.1702662
http://dx.doi.org/10.1063/1.3077174
http://dx.doi.org/10.1063/1.2993329
http://dx.doi.org/10.1063/1.3386468
http://dx.doi.org/10.1063/1.2829032
http://dx.doi.org/10.1063/1.2887918

