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For magnetic nanowire devices, the precise control of both domain wall (DW) motion and pinning

behaviour is essential for reliable functional performance. The domain wall velocity and wall

structure are typically sensitive to the driving field or spin-polarized current, and the pinning

behaviour depends on the walls’ structure and chirality, leading to variability in behaviour. Here, a

systematic study combining experimental measurements and micromagnetic simulations of planar

nanowires with small fixed-angle structural modulations on both edges was undertaken to study

the domain wall reversal regime. A phase diagram for the reversal field as a function of modulation

amplitude was obtained that shows that three DW reversal regime. A range of field and modulation

amplitudes were identified in which stable DW reversal occurs, where the wall velocity is constant

as a function of field and the wall structure is stable, which is well suited to applications.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4960201]

Device concepts based on the movement and pinning of

magnetic domain walls (DWs) in planar nanowires have been

developing for more than a decade.1–9 Significant conceptual

developments for non-volatile magnetic data storage11–13 and

logic applications3–5 with in-plane magnetization have stimu-

lated a lot of research. In the case of non-volatile data storage,

research has moved on to device concepts in magnetic sys-

tems with out-of-plane magnetization, where the motion of

interface modified domain walls14–16 and skyrmions17,18 form

the basis of data storage and manipulation. Notwithstanding

this, applications and device concepts for in-plane magne-

tized nanowires continue to develop for logic and sens-

ing,10,19,20 and a wide range of concepts for biotechnology

and medicine applications, including magnetic tagging,

detection of proteins and cells, as well as sorting and drug

delivery.21–23 These applications are driven to understanding

and control DW behavior in nanowires with in-plane magne-

tization. For robust functional performance, DW behaviour

needs to be highly repeatable in terms of both propagation

and pinning; thus, variability in pinning behaviour or sensi-

tivity of the propagation velocity to magnetic field will affect

device reliability.

DW mechanisms such as nucleation, injection, and posi-

tional pinning have been explored as a route to improve the

DW behavior.12,24–26 In simple nanostuctures, domain wall

motion is highly complex as a function of magnetic field

amplitude which shows double (DVW) or triple (TVW) vor-

tex walls.27 Oscillations and stochasticity of the DW internal

structure and precessional behavior limit reliability, leading

to dynamic transitions and hence instability.28–30 For trans-

verse domain walls (T-DWs), such oscillations are linked

with a transformation to vortex (V-DWs)/anti-vortex (AV-

DWs) domain walls associated with Walker breakdown.31

Depending on the strength field, the DW propagation shows

three different regimes that affects its velocity.28,32–34 At

low magnetic fields, typically up to 10 Oe, below the Walker

breakdown threshold, the steady motion is governed by vis-

cous DW propagation in which the DW mobility is positive.

The velocity is found to increase linearly as a function of mag-

netic field. The route to applications depends on stable struc-

ture and fast DW motion propagation. However, above the

Walker breakdown field, for a wide field range, the DW veloc-

ity is reduced, leading to negative DW mobility. The regime is

known as precessional or oscillatory. By applying further mag-

netic field, the DW accelerates, increasing its velocity but

slower than the steady regime. For many applications, this

behavior is inefficient. In turn, this variability of the domain

wall structure affects the pinning behavior as the micromag-

netic DW structure present when a wall interacts with a pin-

ning site determines the pinning or de-pinning behavior that

occurs. Thus, both the wall velocity and the wall structure

need to be stabilized for reliable device operation.

This work addresses a detailed study of domain wall

reversal in planar nanowires that combines the experimental

measurements and micromagnetic simulations to investigate

the role of periodic edge-modulated nanowires for the control

of DW propagation and wall structure. Quasi-static measure-

ments and micromagnetic simulations were performed to

develop a phase diagram of the magnetic field as a function

of modulation amplitude. Taking advantage of DW behaviour

observed as a function of time, transformative, stable, and

turbulent regime were well identified. The results show that

the DW velocity, wall structure, and compact DW motion in

the stable regime are suitable for a digital operation mode

which is sizeable to process and storage information.

The DW behaviour was studied in planar (Ni80 Fe20)

nanowires with small fixed-angle triangular periodic structur-

ing on both edges. Samples were fabricated by electron beam

lithography with deposition and lift-off of magnetron sputter

deposited 10 nm thickness (Figure S135). The edge structured

nanowires were terminated with a DW nucleation pad at one

end and a long taper at the other end to control the DW nucle-

ation and propagation direction. The spacing between triangle

features along the nanowires was 100 nm; this was chosen

to be below the typical length of the domain wall in such

nanowires.36,37 The nanowire was 80 lm long. DW mediated
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reversal was studied using focused magnetometry Kerr

(MOKE) with a laser spot size on sample surface of 5 lm,38

and measurements of the magnetization reversal were made

at different positions along the length of the nanowires, which

demonstrated uniformity of the reversal behaviour (Figure

S235). To reduce the stochastic distribution on reversal fields

in the DW propagation process, hysteresis were performed on

5 nanowires. This procedure was useful to minimize any fur-

ther variations from local roughness or defects that could

mask the main effects.

Figs. 1(a) and 1(b) show examples of the reversal process

measured by MOKE for nanowires with 30 nm and 75 nm

amplitude periodic triangular features. The figure also shows

schematic illustrations of the nanowire designs above the hys-

teresis loops. The square shape and sharp reversal of the hys-

teresis loops are typical for DW mediated reversal in such

nanowires. The single sharp magnetization reversal implies

that reversal field does not have any dependence on the initial

DW chirality. The reversal field is observed to be dependent

on the amplitude, indicating that the triangular features acts to

prevent wall motion until larger fields are attained. To explore

this behaviour, magnetization reversal was measured for a

range of triangular modulation amplitudes, as it is shown in

Fig. 1(c). The influence of triangular modulation features on

the DW reversal behaviour was also studied by means of

micromagnetic simulations, which were performed using the

Mumax3 code, to investigate the mechanisms occurring in the

experiments39 (see Fig. 1(d)). The typical parameters for NiFe

were used to carry out the micro-magnetic simulations. They

are exchange constant A¼ 13� 10�12 J/m, saturation magne-

tization Ms¼ 860� 103 A/m, and zero magnetocrystalline

anisotropy. The NiFe thickness was 10 nm for all nanowires

5 lm long with triangular modulated edges varying between

0 nm up and75 nm. The simulations were discretized in cells

size of 5� 5� 10 m3 . The Mumax3 code mimic an infinitely

long wire by fixing the end spins to avoid any further dipolar

influence. T-DWs were created at 1 lm distant from the nano-

wire end using high damping 0.5 at zero magnetic field. After

DW creation, the magnetic damping was changed to 0.01 to

study the DW dynamics motion. The magnetic field thus was

applied in the same direction of the main nanowire axis in

steps of 1 Oe up to 200 Oe.

In both, the experimental measurements and the micro-

magnetic simulations, the DW reversal field increases mono-

tonically, but not linearly, with increasing amplitude of the

triangular features up to 75 nm. The reversal fields are

slightly larger for the simulations. A possible reason for this

might be the lack of thermal activation in the micromagnetic

simulations that usually increases the coercive field.40 For

larger amplitude features, the reversal field reaches a peak

then falls to an intermediate value in both the measurements

and simulations, although the reversal field maximum

occurred at a higher modulation amplitude for the simula-

tions. This regime is not considered further here.

The behaviour observed in the DW reversal process sug-

gests that the amplitude periodic triangular features yields a

potential barrier to the DW propagation compared to the

parallel-sided wires, which makes sense if the triangular fea-

tures are considered like anti-notches that tend to trap the

DW.41,42 To overcome this pinning, the magnetic field must

be increased, leading to the DW propagation. More impor-

tantly, the role of the periodic triangular features for control-

ling the DW micromagnetic structure and hence the DW

stability is also linked with reversal field strength.

A direct comparison of modeling for the DW motion in

parallel-sided and edge-modulated nanowires aids under-

standing the DW reversal mechanisms observed in both

geometries. In this case, it is important to know how the

strength of the magnetic field affects the magnetic compo-

nents during DW motion and the DW velocity. Fig. 2(a)

shows the time evolution of magnetization components Mx,

My in the nanowire during DW propagation in a parallel-

sided nanowire. It is observed that the My component

switches between positive and negative values. These oscilla-

tions are related to transition from T-DWs-up to T-DWs-

down via V-DWs and AV-DWs nucleation, and are identified

by arrows in the Mx time dependence. The direction of the

arrow indicates the sense of the T-DW chirality. Snapshots of

the micromagnetic structures are shown in Figure S3.35 The

time evolution of the Mx component also shows that the DW

moves back-and-forth along the wire, slowing the average

velocity during an average period, DTaccel¼ 3 ns. Whilst

owing to nucleation of a V-DW or AV-DW, the wall stops

with an average period DTretrog¼ 1.5 ns. Indeed, the oscilla-

tions and loss of DW velocity represent Walker breakdown

and occur above a characteristic Walker breakdown field,

indicated by the velocity peak in Fig. 2(d).

Increasing the field beyond the Walker breakdown, the

DW velocity falls to a minimum value which, for a range of

magnetic field, remains low. With further increase in mag-

netic field, the DW velocity increases again, but its ampli-

tude is lower compared to the Walker breakdown field. In

addition to the low velocity in this oscillatory regime, the

DW structure is of course highly variable, and the specific

micromagnetic will affect the interaction of the propagating

FIG. 1. Examples of hysteresis measured in nanowires with (a) 30 nm and

(b) 75 nm triangular amplitude. (c) The measured reversal field as a function

of the triangualr amplitude and (d) the reversal fields calculated from micro-

magnetic simulations of comparable nanowires with triangular features as

function of the triangular amplitude.
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DW with a pinning site, and hence reduce the reliability of

controlling the DW pinning.

By including small periodic triangular modulation fea-

tures of 30 nm amplitude on the nanowire edges, the DW

structure oscillations in the magnetization reversal are

reduced, as shown in Fig. 2(b). The My component remains

unchanged for a longer time compared with the parallel wire-

sided, reducing the frequency of transitions from T-DW up to

T-DW-down. Oscillations were observed for the DW propa-

gation with 30 nm features, as shown by the arrows indicating

the retrograde motion in the Mx time evolution. The time

scale in this case was also an average DTretrog¼ 1.5 ns. This

affects the DW velocity, as seen in Fig. 2(e). Also, with

30 nm triangle features, the DW was pinned below a field of

70 Oe. Above the pinning field, the DW moves through the

nanowire at a velocity that initially increases linearly up to a

peak, before dropping down with a similar trend to that

observed in the parallel-sided nanowire. The velocity then

increases with a further increase in the magnetic field.

By further increasing the amplitude of the structural

modulation, the oscillatory DW can be prevented, and this

gives control of DW velocity behavior (see Figs. 2(c) and

2(f)) and gives stability to the structure of the propagating

DW, which is required for reliable pinning. Mx increases

linearly as a function of time, and both My and Mx are

largely invariant. Compared with Mx evolution in Figs. 3(a)

and 3(b), no oscillation was observed. The depinning field is,

however, larger. Below the depinning field, the velocity is

zero, but when the magnetic field is sufficient to allow the

DW depinning, the velocity is high and remains constant

even over a wide magnetic field range. This field-

independent DW velocity behavior is observed over a 50 Oe

wide range of magnetic field, which is desirable for func-

tional performance in many applications where uniformity of

the magnetization reversal is required. Furthermore, the DW

micromagnetic structure is also stable across this field range

which again is beneficial for reliable application in the DW-

based devices. It is important to take account that the NiFe

thickness plays a dominant role on the DW velocity (Figure

S435). Increasing the NiFe thickness, the DW velocity

decreases and affects its structure and stability. Thus, for

thicker NiFe, in the range of magnetic field and amplitude,

the instability would take place.

The DW behaviour that emerges from the micromag-

netic analysis of nanowires with this structural feature gives

insight into the DW reversal regimes that occur. This analy-

sis is summarised in a phase diagram that shows the reversal

regimes in terms of the reversal field and the amplitude of

FIG. 2. Magnetic components calcu-

lated from micromagnetic simulations in

parallel (a), modulated 30 nm (b), and

75 nm nanowires (c). The My compo-

nents alternate between positive and

negative values for parallel nanowires

and 30 nm amplitude whereas to 75 nm

shows roughly positive values. (a) The

time evolution for Mx in parallel nano-

wire oscillates due to retrograde DW

motion. (b) A similar behavior is

observed to 30 nm amplitude. (c) Unlike

to 75 nm, the Mx increases without any

oscillations. (d) DW velocity calculated

in parallel, and (e) 30 nm amplitude

modulated edges, decreases at higher

magnetic fields. (f) Increasing the modu-

lated edges amplitude to 75 nm, the DW

velocity remains constant at higher mag-

netic field.
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the edge features (see Fig. 3). Note first, the transition

between pinning and reversal, as indicated by the line

between the regions, increases with amplitude and links

directly to the reversal fields observed in the experimental

work and the micromagnetic simulations shown in Figs. 1(c)

and 1(d). The phase diagram shows three reversal regimes.

For modulation amplitudes between 0 (parallel) and 40 nm,

above the reversal field, the magnetization switching occurs

by DW propagation, in which the wall structure undergoes a

series of oscillations which affect both the wall velocity and

leads to an unstable micromagnetic DW structure. This is the

transformative DW regime. For modulation amplitudes above

40 nm, a stable DW reversal regime occurs above the depin-

ning field. In this regime, the wall velocity is largely invariant

with the field, and the domain wall structure is highly stable

during propagation. In this regime, even far above the rever-

sal field, the DW chirality was conserved. The DW carries its

initial chirality along of whole nanowire. At higher fields, for

all amplitudes, single DW-mediated reversal is replaced by a

turbulent switching regime in which reversal is nucleated in

many places along the nanowires.

In summary, the DW motion in nanowires with peri-

odic modulated features edges was studied by experimental

and micromagnetic simulations. By means of hysteresis

measurements, the reversal field was determined as a func-

tion of amplitude as a route to controlling the behaviour on

the magnetization reversal in the DW propagation mode.

Micromagnetic simulations were carried out to understand

the trend observed experimentally and to develop a diagram

phase that demarcates the regime of the DW reversal behav-

ior. For small triangular amplitude, below 40 nm, the transfor-

mative and turbulent propagation regimes were observed. For

larger amplitude features within a specific magnetic field

range, a regime of stable, constant velocity DW-mediated

was identified. The DW velocity remains constant at higher

magnetic fields showing a controlled DW structural and digi-

tal operation mode. This result opens an additional route for

the reliable control DW propagation and pinning that will be

applicable to nanowire DW devices.
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