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Spin wave emission due to field-driven domain wall (DW) collision has been investigated

numerically and analytically in permalloy nanowires. The spin wave modes generated are

diagonally symmetric with respect to the collision point. The non-propagating mode has the highest

amplitude along the middle of the width. The frequency of this mode is strongly correlated to the

nanowire geometrical dimensions and is independent of the strength of applied field within the

range of 0.1 mT to 1 mT. For nanowire with film thickness below 5 nm, a second spin wave

harmonic mode is observed. The decay coefficient of the spin wave power suggests that the DWs

in a memory device should be at least 300 nm apart for them to be free of interference from the

spin waves. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4885453]

I. INTRODUCTION

The proposal of magnetic solid-state memory for non-

volatile high-density storage devices has stimulated intensive

research in magnetic domain wall (DW) dynamics.1,2 In

such devices, the data are stored by means of a controlled

magnetization reversal over a specific region of a patterned

nanowire.3,4 As a result of the reversal process, multiple

DWs are created along the nanowire to separate the data.

Spin-polarized current is then applied to the nanowire (NW) to

move the DWs (and consequently, the data) to the write/read

sensor.5–8 As the effectiveness of the spin-transfer torque

from the current to the DW is highly dependent on the mag-

netization configuration of the nanowire, the noise within the

device should be as low as possible. One possible source of

signal noise that can be expected in the DW-based magnetic

device is spin wave (SW). Micromagnetic simulations have

shown that the dynamics of a DW within a nanowire can be

affected by spin waves propagating at high speeds.9,10 Such

spin waves can be found within the nanowire in various sit-

uations.11,12 For instance, it has been shown that spin waves

are emitted when vortex and anti-vortex cores are annihi-

lated.13,14 As spin waves can travel over few micrometer

(lm) and last for few nanosecond (ns), they can be detrimen-

tal to the memory device by disturbing the DW dynamics.

Thus, it is important to understand the characteristics of

those spin waves and how they are related to the device

parameters.

In this work, we report on the property of spin waves

generated from the collision of two transverse DWs in a

magnetic nanowire. Such DW-DW collision phenomenon

can happen when a magnetic data bit is being erased from

the memory device. Our results show that spin wave modes

generated on one side of the collision point are diagonally

symmetric with respect to the collision point, with the

non-propagating mode having the highest amplitude. The

frequency of the fundamental mode is strongly correlated to

the geometrical parameters of the wire. For nanowire with

film thickness less than 5 nm, the appearance of a second-

harmonic mode is observed, due to the strong demagnetizing

field perpendicular to the plane of the wire.

II. MICROMAGNETIC MODELING

The DW collision phenomenon15,16 is investigated by

using the OOMMF micromagnetic simulation software that

is based on the Landau-Lifshitz-Gilbert (LLG) equation17

dM

dt
¼ �c M � Hef fð Þ þ

ac
Ms

M � M � Hef fð Þ
� �

; (1)

where M is the local magnetization vector, a is Gilbert damp-

ing constant, c is the gyromagnetic ratio, and Heff is the

effective magnetic field. Shown in Fig. 1(a) is the schematic

of the simulated structure: a rectangular nanowire which is

30 lm long and 100 nm wide with a thickness of 6 nm. The

length of the nanowire is chosen so as to avoid spin wave

reflections from the end points of the nanowire. The nano-

wire is discretized into cell size of 5� 5� 6 nm3, in the x, y,

and z directions, respectively. The material parameters used

in the simulations are for Ni80Fe20: saturation magnetization

Ms¼ 8.0� 105 A/m, exchange stiffness constant A¼ 1.3

� 10�11 J/m, damping constant a¼ 0.01, and zero magneto-

crystalline anisotropy.

III. RESULTS AND DISCUSSIONS

Initially, a transverse head-to-head (HH) and tail-to-tail

(TT) DWs are nucleated at a distance of �13 lm and

þ13 lm from the center of the nanowire, respectively. The

two DWs have the same chirality, with transverse compo-

nents pointing along �y axis. An external in-plane magnetic

field Ha is then applied along þx direction. Driven by the

external field, the HH and TT DWs move towards the center

of the nanowire, where they collide and annihilate each

other. The annihilation is possible because the two DWs

have different edge defects.18,19 Fig. 1(b) shows a snapshot

of the spatial distribution of spin configuration within the
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nanowire at 2 ns after the collision. The magnetic moments

in the x-direction align along the wire length, except for a

slight canting of spins close to the collision point. The dark

color contrast close the collision point implies that there is a

strong perturbance of the magnetization component along

the y and z directions. The color contrast along the length of

the nanowire indicates that SWs are emitted and are being

propagated towards both ends of the nanowire. By compar-

ing the spin configurations at various points in the space, it is

clear that magnetization profiles on either side of the colli-

sion points are anti-symmetric.

To better understand this effect, probe points were

placed along the width of the nanowire, on either side of the

collision point (x¼ 0). At these probe points, we have

recorded the temporal evolution of the magnetization. The

total simulation time is about 60 ns. Spectra of SW modes

are obtained from the temporal evolution of magnetization

via 1D Fast Fourier Transformation (FFT).11,20 A 2D matrix

comprising the normal component of transverse magnetiza-

tion (my) and simulation time (t) at these probe points is ini-

tially formed. Individual FFTs are then performed at every

point along the line, for which the sampling rate is consid-

ered to be 60 ps. In Fig. 1(c), we present the SW spectra as a

function of wire width for various probe points positioned at

x¼6200 nm from the collision point. It can be clearly seen

from Fig. 1(c) that the high frequency (7.5 GHz) fundamen-

tal mode with wave vector (k)¼ 0 exists uniformly along the

width. However, the amplitude of this mode is higher at the

centre of the NW width (y¼ 0 nm) and decreases towards the

edge of the wire. Besides the fundamental mode, low ampli-

tude propagating modes can also be seen. At the wire edges

(y¼þ50 nm and �50 nm), we note the appearance of addi-

tional modes. These edge modes21 are due to the inhomoge-

neity in the profile of internal static magnetic field near

the edges of the wire. Due to this, the precession frequency

near the edges is different than in the central region. These

modes are analogous to the Damon-Eschbach magnetostatic

modes22–24 appearing in continuous magnetic films. From

Fig. 1(c), the additional edge modes along nanowire

width show a diagonally symmetric behaviour with respect

to the collision point. The modes at the edge of the

nanowire, x¼ (þ)�200 nm and y¼ (�)þ50 nm, have the

same profile of power spectra as at edge x¼ (�)þ200 nm

and y¼ (þ)�50 nm.

From a device perspective, the low amplitude propagat-

ing mode will not significantly affect DW dynamics. As

such, we focus solely on the fundamental mode produced by

the DW collision. To obtain the decay characteristics of the

fundamental spin waves mode, which arises due to the damp-

ing term in LLG equation, individual FFTs are computed at

various probe points along y¼ 0 nm, where the mode has the

highest amplitude. Shown in Fig. 2 are the amplitudes of the

power spectra as a function of distance from the collision

point. The inset of Fig. 2 shows the power spectra of the

FIG. 1. (a) Schematic representation of

the model employed in our micromag-

netic simulations: A head-to-head

(green color) and a tail-to-tail (yellow

color) DWs are aligned in �y axis. Ha

is an external field applied along x-

direction to drive the DWs. (b)

Snapshot image of the spatial distribu-

tion of the magnetization profile at

t¼ 2 ns after the collision. (c) SW spec-

tra obtained from FFTs of my(t)

recorded at various positions along the

width of the wire. These probe points

are placed at a distance of x¼6200 nm

away from the collision point (x¼ 0).

The modes along the right vertical

dashed line represent the fundamental

modes, while the one along the left ver-

tical dashed line represents the edge

modes.
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transverse (in-plane, along y-axis) and perpendicular (out-of-

plane, along z-axis) SW modes obtained at x¼�200 nm and

y¼ 0 nm. Due to lateral confinement of the nanowire, SW

modes are excited only along y and z-directions. For fixed

field and geometrical parameters, SW modes along both ori-

entations have similar frequency; however, the power of the

transverse wave is found to be significantly higher than that

of the perpendicular wave. Due to the shape anisotropy, a

stronger demagnetizing field acts along the z axis of the

nanowire. As such, we have only considered the effect of the

transverse component of the magnetization in this work. As

seen from Figure 2, the spin wave power drops exponentially

as it travels along the length of the nanowire. The curve fit-

ting gives us a decay coefficient of b¼ 98 nm. The curve

shows that the spin wave power drops to around to 10% at a

distance of 350 nm away from the collision point.

To gain an insight into the effect of geometrical parame-

ters on the fundamental SW mode generated during collision,

we have varied the wire width from 50 nm to 150 nm. The

upper bound for the width is set by the stability of the trans-

verse DW.25 Shown in Figure 3(a) is the frequency of the

fundamental mode (transverse component) as a function of

wire width measured along the line y¼ 0 nm, at a distance of

x¼ 200 nm from the collision point. The film thickness was

kept at 6 nm. A clear red-shift is observed for the fundamen-

tal modes as the nanowire width is increased. The inset in

Fig. 3(a) shows the FFT power spectra for SW mode perpen-

dicular to the wire (z-axis). As can be seen, similar red shift

is observed and the frequency of the fundamental modes is

consistent with that obtained along the y-axis. Interestingly,

we note that the peak for the 50 nm wide nanowire is more

prominent along the z-axis. This is due to the fact that as the

wire width reduces the demagnetization field along the width

and perpendicular to the plane of the wire becomes compara-

ble, thus the peaks have similar amplitude.

The obtained frequencies for the transverse component

are plotted against the Kittel’s equation,26,27 which can be

used to probe the spin dynamics of a ferromagnetic

material

f ¼ c
2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Hef f þ Nz�Nxð ÞMs

� �
� Hef f þ Ny�Nxð ÞMsð Þ

q
; (2)

Nx þ Ny þ Nz ¼ 1; (3)

where f is the frequency of the spin wave, Nx, Ny, and Nz are

the demagnetization factors along the respective axes. For an

infinitely long nanowire, the demagnetization factor along

the x-axis becomes negligible (Nx� 0). The effective field is

approximated by the applied field (Heff¼Ha). The Kittel’s

equation can then be modified as

f ¼ c
2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
H2

a þMsHa þ Ny 1� Nyð ÞM2
s Þ

q
: (4)

Shown in Fig. 3(b) is the plot of the frequency of the funda-

mental mode as a function of the nanowire width. The

obtained frequencies of the fundamental modes from the

simulations are shown to match well with those obtained

from the Kittel’s equation, which is typically used to

describe non-propagating spin waves. The DW collision can

then be said to excite both the propagating and the non-

propagating waves, with the non-propagating waves possess-

ing the highest amplitude, which in turn may affect the dy-

namics of neighboring DWs.10 The results also show that the

decrease in the spin wave frequency for wider nanowire is

accompanied by an increase in the FFT power, which can be

understood as the result of the system trying to preserve the

total energy of the generated spin waves.

Fig. 4(a) shows the FFT power spectra of the spin wave,

measured at x¼ 200 nm and y¼ 0 nm, as the Ni80Fe20 film

FIG. 2. (a) Power spectra of the spin waves measured at the probe points

along the line y¼ 0. The applied field strength is 0.3 mT, the width of the

nanowire is 100 nm, and the thickness is 6 nm. Inset shows power spectra

corresponding to the transverse (my) and perpendicular (mz) magnetization

at x¼�200 nm and y¼ 0 nm.

FIG. 3. (a) Power spectra of the spin waves for different widths of the nano-

wire. Inset figure shows power spectra of spin wave obtained from FFTs of

mz(t). (b) The frequency and power of the fundamental modes as a function

of the width of the nanowire.
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thickness is varied from 1 nm to 8 nm. The frequency of the

fundamental mode has shown a red shift as the thickness of

the nanowire is decreased, which matches well with the

Kittel’s equation. More importantly, the result shows that the

generated spin wave exhibits a second harmonic mode when

the nanowire thickness is reduced below 5 nm. At a thickness

of 4.5 nm, a second harmonic mode at f¼ 8.5 GHz is

observed, which is approximately 1.2 times the frequency of

the fundamental mode. The frequency of the second har-

monic increases steadily as the thickness of the nanowire is

decreased. For nanowire with Ni80Fe20 film thickness of

1.5 nm, the frequency of the second harmonic increases to

10.2 GHz. The presence of the second harmonic and its

dependence on the nanowire thickness cannot be explained

by using the Kittel’s equation. As the Ni80Fe20 film thickness

is reduced, the ratio of the frequency of the fundamental

mode to the second harmonic mode increases, as seen in the

inset of Fig. 4(b). This is analogous to the ratio between

the fundamental and the second harmonic mode of the one-

dimensional infinite quantum well.28 This result suggests

that for thin nanowire, the transverse spin wave can be

thought to precess mainly in the xy plane due to the shape an-

isotropy of the nanowire.

To understand better how the spin waves are affected by

the in-plane applied field (Ha), the power spectra of a NW

with width 100 nm and film thickness 6 nm as a function of

different field strength are shown in Fig. 5. As the geometri-

cal parameters are the same for all the simulations, the non-

propagating mode displays a fixed frequency. With the

increase of the field strength from 0.1 mT to 1 mT, the ampli-

tude of the SW mode is increased. This can be explained by

the increase in DW speed as the external field increases. The

higher energy, the DW possesses, the more energy that needs

to be dissipated during the collision process, resulting in

higher amplitude of the fundamental mode.

IV. CONCLUSION

In conclusion, we have investigated the characteristics

of spin waves that are generated from the annihilation of two

transverse DWs in a single nanowire. The frequency of the

non-propagating mode of the spin wave is found to be inde-

pendent of the applied field; instead, it is highly dependent

of the nanowire dimensions. In general, the frequency of the

generated spin wave decreases as the width of the nanowire

is increased or its thickness is decreased. However, for nano-

wire with film thicknesses less than 5 nm, a second harmonic

mode with a higher frequency appears. The appearance of

the second harmonic modes can be attributed to the strong

confinement along the z axis, which allows the magnetization

to precess in the xy plane. From application viewpoint, the

nanowire should be engineered so that the resulting spin

waves from the DW-DW collision do not affect the subse-

quent DWs next to it. The decay coefficient of the spin wave

power suggests that the DWs in the memory device should

be at least 300 nm apart for them to be free of interference

from the spin waves. It also suggests that the thickness of the

nanowire should not be reduced beyond 5 nm so that the

second harmonic mode is not activated, as it is the high fre-

quency spin wave that is detrimental to the dynamics of adja-

cent DWs.10
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FIG. 5. Power spectra of the fundamental mode for different applied field

strengths at fixed NW dimensions. The frequency of the mode is found to be

7.6 GHz, which is constant for all field strengths.
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