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The dynamical interaction between a transverse domain wall and a T-shaped trap is investigated, for

domain wall motion in the oscillatory regime above the Walker field. We demonstrate

experimentally the existence of distinct static and kinetic depinning fields in this regime, and show

that the oscillatory motion of the domain wall leads to a distribution of kinetic depinning fields.

Micromagnetic simulations are in good qualitative agreement with our experimental results. © 2011

American Institute of Physics. �doi:10.1063/1.3543844�

The functioning of domain wall �DW�-based devices
1–4

depends both on the characteristics of DW pinning at geo-

metrical features which are used to control the position of the

DW and on the nature of the DW motion in ferromagnetic

nanostrips. Even in the absence of pinning sites, the DW

motion is complicated, with a low-field viscous regime giv-

ing way to oscillatory motion above a threshold field known

as the Walker field.
5

The motion and the pinning of the DW

are interrelated, because DW pinning depends not only on

the equilibrium DW structure, but also on the dynamical

state of the DW when it reaches the pinning site. This is

manifested in the existence of a “kinetic depinning field”

which is lower than the static depinning field; that is, the

field under which a moving DW can pass a trap may be

lower than the field required to depin a DW which is initially

in an equilibrium pinned configuration at the trap. The exis-

tence of distinct static and kinetic depinning fields for vis-

cous DW motion �below the Walker field� has been demon-

strated in simulations
6

and investigated experimentally.
7

Kinetic depinning has also been observed indirectly as a “dy-

namical pinning” effect,
8,9

which occurs when the Walker

field lies in between the static and kinetic pinning fields of a

random potential due to edge roughness. In this paper we

study the situation where the DW motion takes place above

the Walker field and the DW interacts with a single, well-

defined pinning site. We show experimentally that distinct

static and kinetic depinning fields also exist in this case, with

the oscillatory nature of the DW motion leading to a distri-

bution of kinetic depinning fields. Micromagnetic simula-

tions are in good qualitative agreement with our results.

In this paper, we study the interaction between a trans-

verse DW �Ref. 10� and a T-shaped trap.
11

The two possible

equilibrium pinned configurations for a head-to-head DW are

shown in Fig. 1�a�: the trap acts either as a potential well or

a potential barrier, depending on the orientation of the mag-

netization in the core of the DW, and the two equilibrium

configurations can be clearly distinguished by measuring the

depinning field. In order to measure the static and kinetic

pinning fields, we fabricated 100 nm wide and 10 nm thick

L-shaped nanostrips with T-shaped traps at a distance of

20 �m from the corner of the L-shape �Fig. 1�b��, using

electron beam lithography, thermal evaporation of Permalloy

�NiFe�, and a lift-off process. Global magnetic fields are ap-

plied to the sample in two ways: slowly varying fields are

applied via an external quadrupole electromagnet, and fast

field pulses are applied �to the whole nanostructure� using

current pulses in a 300 �m wide stripline on the back of the

50 �m thick Si substrate. Magnetization switching of the

structures was measured using a magneto-optical Kerr effect

magnetometer �MOKE� with a laser spot diameter of

�5 �m; the spot is positioned after the trap �dashed ellipse

in Fig. 1�b��. The setup is described in more detail in Ref. 12.

The experiment is described schematically in Figs. 1�c� and

1�d�. The structure is initially magnetized along +x on the

horizontal arm and along −y in the vertical arms �c�i�, d�i��.
In order to measure the kinetic pinning field �Fig. 1�c��, a

saturating field is then applied along ��1,�1� to create a

DW at the corner of the nanostructure and switch the mag-

netization in the horizontal arm from +x to −x �c�ii��. A

constant field along +x of �50 Oe is then applied, which is

below the depinning field from the corner �c�iii��. �The cor-

ner depinning field is �70–75 Oe. The outer radius of cur-

vature of the corner is �120 nm, which gives rise to this

a�
Electronic mail: e.lewis06@imperial.ac.uk.

FIG. 1. Measuring the static and kinetic pinning fields at a T-shaped trap. �a�

Equilibrium pinned configurations for a head-to-head DW at a T-shaped

trap. The T-shape acts as a potential well when the magnetization in the core

of the DW is parallel to the magnetization in the transverse arm and as a

potential barrier when the magnetization is antiparallel. �b� The SEM image

of an L-shaped nanostructure with a trap. The position of the MOKE laser

spot is indicated by the dashed ellipse. �c� Schematic of kinetic depinning

measurement, showing magnetization configurations and applied fields. The

thicker, gray arrows indicate the fields applied using the electromagnet and

the thinner, black arrows indicate the fast field pulse applied via the strip-

line. �d� Schematic of static depinning measurement.
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relatively high depinning field.�
13

A 5.2 �s field pulse is

subsequently applied via the stripline to depin the DW from

the corner and drive it toward the trap. The risetime of the

pulse is much shorter than the time taken for the DW to

travel to the trap,
14

so the field under which the moving DW

interacts with the trap is well-defined. Figure 1�c��iv� indi-

cates the resulting configuration when the DW passes

through the trap and annihilates at the end of the strip. Fi-

nally, a saturating field is applied along �1,�1� �c�v�� to

sweep any remaining DW out of the structure and set the

magnetization along +x.

The corresponding measurement for the static case is

shown in Fig. 1�d�. Here, the constant field along x that is

applied in stages �iii� and �iv� is 80 Oe �rather than 50 Oe as

for the kinetic measurement�. This 80 Oe field is above the

depinning field from the corner, but below the depinning

field from the trap, so that in step �iii� the DW moves to the

trap and is pinned there. A 5 �s pulse is then applied to

depin the DW from the trap. In both the static and the kinetic

case, the measurement is repeated 100 times to obtain the

probability of switching on application of the pulse. The

switching probability is given by the height of the step in the

averaged MOKE signal on application of the pulse �stages

�iii� and �iv��, normalized to the height of the step corre-

sponding to switching between fully saturated states �stages

�i� and �ii��.
The probability of switching on application of the fast

field pulse, Fswitch, is plotted as a function of field in Fig. 2

for two separate structures. The filled circles correspond to

the measurement sequence shown in Fig. 1�c�, i.e., kinetic

depinning of the DW from the trap. �We also checked that

the DW does depin from the corner, by positioning the

MOKE spot between the corner and the trap; the DW was

found to always depin from the corner for fields �75 Oe.�
The open circles correspond to the situation where the DW is

initially pinned at the trap, i.e., the static depinning case �Fig.

1�d��. This switching distribution is well-separated from the

kinetic pinning fields; switching occurs at �125 Oe in the

static case, while in the kinetic case the switching field dis-

tribution extends over the range 90–115 Oe. Figure 2 thus

demonstrates the existence of distinct static and kinetic pin-

ning fields.

The step in Fswitch corresponding to kinetic depinning is

wider than that corresponding to static depinning. In the

static case, the DW is initially in an equilibrium pinned con-

figuration at the trap, and the finite width of the step is at-

tributed to the thermally activated nature of the depinning. In

the kinetic case, the DW is initially moving under an applied

field well above the Walker field of �17 Oe.
12

In this higher

field regime, the DW continually transforms between the two

possible transverse configurations via the nucleation of an

antivortex which crosses the strip.
5,15

There are many pos-

sible states in which the DW can reach the trap. Although the

same field sequence is applied on each of the 100 repetitions,

the DW is not expected to reach the trap in the same state

every time. The spatial period of the motion in the range

60–130 Oe has been simulated as �200 nm, so the DW is

expected to undergo approximately 100 cycles as it moves

20 �m to the trap. Over such a large number of cycles,

small variations in the field at which the DW depins and

thermal fluctuations during its motion act to randomize the

state in which the DW reaches the trap. The value of Fswitch

corresponds to the fraction of the possible DW configura-

tions which are able to pass through the trap. As the field is

increased, a larger fraction of the possible configurations are

able to pass the trap, giving rise to the observed distribution

of depinning fields. This is different to the situation where

the DW is moving below the Walker threshold. Pinning sites

with pinning fields below the Walker field have a single ki-

netic depinning field �not a distribution of fields�, because

there is only one possible state for the moving DW. This

single kinetic pinning field has been calculated analytically

for a constant-gradient barrier.
7

The data of Fig. 2 show not only that the dynamical state

of the DW affects the DW pinning, but also that the pinning

site affects the final state of the DW. This can be seen by

considering the equilibrium pinned configurations shown in

Fig. 1�a�. In the parallel case �Fig. 1�a��, the DW will depin

at the static depinning field of �125 Oe, while in the anti-

parallel case the DW is blocked in front of the trap and no

switching occurs until the nucleation field of �250 Oe is

applied. In our static depinning experiment, the DW travels

to the trap under a field of �70–75 Oe �the depinning field

from the corner� and relaxes to an equilibrium pinned con-

figuration at the trap. It might be expected that the DW

should sometimes become pinned in the antiparallel configu-

ration, because the motion of the DW as it travels toward the

trap involves repeated transformations between the two pos-

sible transverse DW types. This is not observed: the static

depinning probability Fswitch saturates at 1, even though the

maximum field applied to depin the DW is 140 Oe, well

below the antiparallel switching field of 250 Oe. In other

words, the DW appears to be always pinned in the parallel

configuration. In the kinetic case, Fswitch again saturates at 1;

there is no evidence of the DW becoming blocked in the

antiparallel configuration. These results are discussed in light

of micromagnetic simulations below.

We used the OOMMF package
16

to simulate the DW-trap

interaction; the simulation parameters were Ms

=800 kA m−1, exchange stiffness A=13�10−12 J m−1, and

damping constant �=0.01. The cell size was 3.5�3.5

FIG. 2. Static and kinetic depinning fields at a T-shaped trap. The plots

show the switching fraction Fswitch as a function of field, measured on two

nominally identical structures. The quoted field is the total field applied

during the pulse, i.e., the sum of the fields applied via the stripline and via

the electromagnet. Filled circles: Fswitch measured when the DW is initially

pinned at the corner, corresponding to kinetic depinning of the DW as it

passes through the T-shaped trap. Open circles: Fswitch measured when the

DW is initially pinned at the trap, corresponding to static depinning of the

DW from the trap. The dashed ellipses indicate the position of the MOKE

laser spot.

042502-2 Lewis et al. Appl. Phys. Lett. 98, 042502 �2011�
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�10 nm3. We first performed simulations on plain nanos-

trips in order to determine the �field-dependent� spatial pe-

riod of the motion. For each different field value, we then

performed ten separate simulations with a T-shaped trap at

one of ten different positions; the position increment was

one-tenth of the full spatial period of the DW motion. This is

described schematically in Fig. 3�a�. The results of the simu-

lations are summarized in Fig. 3�b�, which shows the prob-

ability of each final DW state �blocked in front of the trap in

the antiparallel configuration, pinned inside the trap in the

parallel configuration, or transmitted� as a function of field.

The probability of a particular state represents the fraction of

the ten measured positions which resulted in that state. The

dashed line indicates the simulated static depinning field.

Figure 3�b� shows that the T-shaped trap has distinct simu-

lated static and kinetic pinning fields, because nonzero val-

ues of the transmission probability �filled circles� are ob-

served for fields below the simulated static depinning field

�dashed line�. Qualitatively, the behavior is very similar to

that observed experimentally, if we associate the simulated

transmission probability �filled circles� with the experimental

kinetic depinning measurements �filled circles on Fig. 2�.
�This corresponds to assuming that the DW phase is fully

randomized in the experiment.� The transmission probability

increases gradually over a range of fields below the static

depinning field, consistent with the experimental distribution

of kinetic depinning fields. In addition, the DW very rarely

becomes blocked in the antiparallel configuration; instead,

the final state of the DW is either pinned in the parallel

configuration or transmitted. This strong bias toward pinning

in the parallel configuration rather than the antiparallel con-

figuration is consistent with the experimental static depin-

ning results: when the DW moves to the trap �stage �ii� and

�iii� of Fig. 1�d��, it always ends up pinned in the parallel

configuration, and the measured static depinning field always

corresponds to depinning in this parallel configuration. �Note

that simulations of the dynamical interaction with a cross-

shaped trap of the type used in previous work
17

showed dif-

ferent behavior: for a cross shaped trap, the bias toward pin-

ning in the parallel configuration is weaker and there is an

increased probability of blocking in the antiparallel configu-

ration.� Snapshots of the simulated interaction between the

DW and the trap �Fig. 3�c�� show how the interaction with

the trap can act to distort the structure of the moving DW,

resulting in a final state where the DW is pinned in the par-

allel configuration. Altogether, the simulations are in good

qualitative agreement with the experiments, although the de-

gree of randomization of the DW phase in the experiment is

not accurately known. Quantitatively, the experiments and

simulations differ in that the depinning occurs at higher

fields in the simulations than in the experiments. In the static

case, this is attributed to the thermally activated nature of the

depinning,
18

but more work is needed to elucidate the role of

thermal effects in the kinetic depinning process.

In conclusion, we have demonstrated the existence of

distinct static and kinetic pinning fields for DW motion

above the Walker threshold. The oscillations of the DW

structure lead to a distribution of kinetic pinning fields. Our

experimental results are in good qualitative agreement with

the results of micromagnetic simulations.

The work and results reported in this letter were ob-

tained with research funding from the European Community

under the Seventh Framework Programme Contract No.

247368:3SPIN.
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FIG. 3. Micromagnetic simulations. �a� Typical simulated position-time plot

for a moving DW, with gray lines indicating the ten trap positions. �b�

Probability of each final DW state—blocked AP, pinned P, or

transmitted—as a function of field. The solid lines are guides to the eyes.

The dashed line indicates the simulated static depinning field for a DW

pinned in the parallel configuration. �c� Snapshots of the simulated DW

interaction for one of the trap positions. The interaction with the T-shape

causes the DW to become pinned in the parallel configuration. The applied

field is 60 Oe. The grayscale indicates the y-component of the magnetiza-

tion, where the scale runs from white �−y� to black �+y�.
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