
Delivered by Ingenta to: Nanyang Technological University
IP: 155.69.24.171 On: Mon, 14 Nov 2016 09:16:08

Copyright: American Scientific Publishers

R
E
S
E
A
R
C
H

A
R
T
IC

L
E

Copyright © 2011 American Scientific Publishers
All rights reserved
Printed in the United States of America

Journal of
Nanoscience and Nanotechnology

Vol. 11, 2669–2672, 2011

Domain Wall Trapping and Influence of the
Asymmetry in Magnetic Nanoring Studied by

Micromagnetic Simulations

X. H. Wang, W. Z. Wang, T. F. Kong, and W. S. Lew∗

Physics and Applied Physics Division, School of Physical and Mathematical Sciences,
Nanyang Technological University, 21 Nanyang Link, Singapore 637371

We have studied the magnetic switching behavior of permalloy asymmetric rings using micromag-
netic simulations. The simulation results have revealed that a domain wall trapping feature is present
at the narrow arm of the asymmetric ring. This trapping feature is obtained via precise control of
the lateral geometric features, the ring asymmetry and the film thickness. Our results show that the
trapped domain walls do not annihilate until the magnetization in the wide arm is reversed under
a relatively large magnetic field. Furthermore, the magnetic field strength needed to annihilate the
domain wall is found to be decreasing with larger asymmetry ratio.
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1. INTRODUCTIONS

Geometrically confined domain walls in small magnetic
elements have been extensively studied for years because
of their potential applications in data storage,1 magnetic
logic2 and sensing devices.3 With the advent of modern
nanofabrication and characterization techniques, we are
able to engineer and observe new magnetism in the mag-
netic elements on the nanoscale. In order to make use
of domain wall in a memory device, it is imperative to
understand the domain wall position, and control it elec-
trically and magnetically for optimum performance. There
are efforts to study domain walls behavior in nanowires
or nanoscale ring structures that contain specific geomet-
rical features. For instance, by introducing notches4 or
protrusions5 into nanowires or nanorings, attractive poten-
tial wells have been formed, with that, the domain walls
can be trapped effectively at a designated position. Manip-
ulating the trapped domain wall has potential applications
in magnetic logic devices.6 Other possible application of
trapped domain wall is the use of a localized domain wall
oscillator as a tunable microwave source.7 In this work, we
have used micromagnetic simulation to study nanoscale
asymmetric ring structure that has an off-centered inner
circle. Our results show that by controlling the dimentions
of the asymmetric rings, a local vortex core free switching
process can be obtained, and a pair of head-to-head and
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tail-to-tail domain wall is trapped at the narrow arm of
the asymmetric ring. We have also observed that when the
asymmetry ratio of the ring increases, the magnetic field
needed to annihilate the trapped domain walls becomes
smaller.

2. SIMULATIONS

The magnetization configuration and switching processes
were simulated using the OOMMF simulation program.8

Figure 1 shows the geometry of the asymmetric ring used
in the simulation. We define an asymmetry ratio R as the
distance between the centers of the two circles l to the
difference between the outer diameter Do and the inner
diameter Di, i.e., R = l/�Do−Di�. In the simulation, we
choose permalloy asymmetric ring that has a lateral dimen-
sion of Do = 600 nm and Di = 300 nm to investigate the
influence of the film thickness and the ring asymmetry on
the switching behaviors. A range of film thickness, from
8 nm to 16 nm was used, and ring asymmetry ratios of
0.1, 0.2 and 0.3 were selected. The micromagnetic equi-
librium equation was solved in the 2D simulations using
a two dimensional square mesh with a cell size of 4 nm.
The simulation parameters used for the permalloy thin
film were: magnetic anisotropy constant K1 = 0, saturation
magnetization Ms = 8�6× 105 Am−1, exchange constant
A = 1�3× 10−11 Jm−1 and damping coefficient � = 0�4.
A ramping magnetic field of −2000 Oe to 2000 Oe in 200
steps was applied.
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Fig. 1. The geometry of the model used in the simulations. An asym-
metric ring ratio of R= 0�2 is shown here.

3. RESULTS AND DISCUSSION

Figure 2(a) shows a typical simulated hysteresis loop of
the asymmetric ring with a thickness of 16 nm and an
asymmetry ratio of R = 0�2. Insets show the correspond-
ing magnetic configurations with different magnetic field
strengths applied: negative saturation, bi-domain, vortex,
reverse bi-domain, and positive saturation. The double
switch shown in the hysteresis loop is due to the propa-
gation of the domain walls via both the narrow and the
wide arms of the asymmetric ring. Figure 2(b) shows the
simulated hysteresis loop of an 8-nm-thick asymmetric
ring which has four switches. The first switch happens
at the relatively low field of −5 mT is caused by the
domain wall movement via the narrow arm of the asym-
metric ring. The second and third switches at the mag-
netic field around 30∼40 mT are caused by the domain
wall movement via the wide arm of the asymmetric ring
and then annihilation. The domain wall trapping behav-
ior in the 8-nm-thick asymmetric ring happens between
the first two switches of the reversal process: instead of
forming a flux-closure state after the bi-domain state, the
two domain walls at the narrow arm of the ring do not
annihilate, but traps a pair of head-to-head and tail-to-
tail domain walls, as shown in the insets of Figure 2(b).
The trapped domain walls are stable until the annihilation
of the domain walls in the wide arm of the asymmet-
ric ring when a relatively large magnetic field is applied.
This annihilation of the domain walls trapped at the nar-
row arm explains the existence of the switch before reach-
ing saturation in the hysteresis loop of the 8-nm-thick
asymmetric ring.
The domain wall trapping behavior occurring in the nar-

row arm of the asymmetric ring is possibly due to the
significant increase in the exchange energy, as a result of

(a)

(b)

Fig. 2. Typical simulated hysteresis loops for (a) 16-nm-thick,
(b) 8-nm-thick asymmetric magnetic rings. The outer diameter Do

is 600 nm. Insets show the spin configurations at different field
strength.

the film thickness approaching the exchange length of the
material. The increase in the exchange energy complicates
the formation of a flux-closure state in the asymmetric
ring. We have also used different l values to study the
influence of the ring asymmetry on the switching process.
It is found that the ring asymmetry plays a less impor-
tant role in the domain wall trapping; that is, for asym-
metric ring with similar thickness, the change of the ring
asymmetry ratio R does not affect the presence of the
domain wall trapping behavior. The only difference is that
the annihilation of the trapped domain walls requires a
smaller magnetic field when R increases. Figure 3 shows
the hysteresis loops of the 8-nm-thick asymmetric ring
with R values of 0.1, 0.2 and 0.3. Inset of Figure 3 is a
close-up of the hysteresis switching region. It shows that
with R increasing, the magnetic fields needed to depin the
trapped domain wall become smaller.
In ferromagnetic materials, the magnetic configura-

tions are determined by the minimization of the sum of
energy terms, i.e., the magnetostatic, the exchange, the
anisotropy, and the Zeeman energies. In the permalloy thin
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Fig. 3. Influence of the asymmetry on the annihilation fields. Inset
shows the switch corresponding to the annihilation of the trapped domain
walls. With larger asymmetry, the annihilation field for the trapped
domain walls becomes smaller.

film nanoring, the magnetization is in in-plane direction
because of the shape anisotropy, and the magnetic
crystalline anisotropy is considered negligible. The spin
configurations are determined mainly by the competition
of the exchange energy and the magnetostatic energy.9 To
derive the exchange energy term, we use strips with finite
center angle �� to approximate a part of the asymmet-
ric ring by segmenting the asymmetric ring into arcs of
rings with different diameter. Therefore, the narrow arm
of the asymmetric ring can be considered as parts of a
narrow symmetric ring (I in Fig. 1) while the wide arm
of the asymmetric ring can be treated as parts of a wide
symmetric ring (II in Fig. 1). The exchange energy den-
sity in a ring can be calculated by considering the ring
as a flux-closure spin circle with a radius r , and the dis-
tance between the neighboring spin is the atomic dis-
tance of the material �. The number of magnetic moment
is 2�r /�. The exchange energy of a pair of atoms is
�E =−2AS2cos�, which can be approximate as AS2�2,
where A is the exchange stiffness constant of the mate-
rial and � is the angle between neighboring spins. We
assumed � = �/r when the neighboring spin direction
does not change abruptly. In an atomic strip arc of r��,
the exchange energy should be r���E. Integrating over
the asymmetric ring the exchange energy 	ex is:

	ex =
∫ 2�

0

∫ r

Ri

r

�
AS2

(�
r

)2
drd�

The relationship between the radius of the arc and � in
an asymmetric ring can be expressed as

−2lr cos� = l2+ r2−R2
o

For the magnetostatic energy, it has the same ampli-
tude as the demagnetization energy which is due to the

Fig. 4. Diagram of simulated exchange energy and magnetostatic
energy during the magnetic switching.

surface charging in the thin film structures. So the mag-
netostatic energy can be determined by calculating the
demagnetization energy. The relationship between demag-
netizing factors of a ring (Nr� and a disk (Nd�

10 is

Nr

Nd

=
(

Ro

Ro −Ri

)0�68

Therefore, the demagnetization energy �Ed in an arc with
a center angle � can be expressed as

�Ed =
1
2
uo

(
r

r−Ri

)0�68

Nd ·MS ·��

where 
o is the material susceptibility, Ms is the satura-
tion magnetization. The values of the demagnetizing fac-
tors for the disk with different ratios of height to diameter
can be obtained from the results10 reported by Chen et al.
From the derived energy expression, it indicates that when
the domain wall that formed at the asymmetric axis (AC)
move to the narrowest point in the asymmetric ring (B),
the magnetostatic energy decreases significantly. Though
the domain wall movement causes the exchange energy
to increase, the total energy cost is still lower than the
gain. Figure 4 is the diagram of the simulated exchange
energy and the magnetostatic energy during the magnetic
switching. The diagram reveals that due to the domain wall
movement, the drop of the demagnetization energy is much
faster than the increase of the exchange energy, which is
in accordance with our derivation. It therefore explains the
two domain walls sliding to the narrow arm of the 8-nm-
thick asymmetric ring. The annihilation of the two domain
walls requires a large energy cost which corresponding to
the big switches in the simulated energy loop at a field of
around 100 mT. Therefore, the two domain walls reside in
the narrower part of the asymmetric ring until a relatively
large magnetic field is applied.
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4. CONCLUSIONS

In conclusion, the field-dependent switching process of
permalloy asymmetric rings has been studied using
micromagnetic simulations. Our simulation results show
that by controlling the geometry of the magnetic nanoring,
a nucleation free switching process can be obtained.
During the magnetization reversal process, a pair of head-
to-head and tail-to-tail domain walls is trapped at the
narrow arm of the asymmetric ring. For asymmetric ring
with a larger asymmetry ratio, a smaller magnetic field is
needed to annihilate the trapped domain walls. The trap-
ping behavior is found to be dependent mainly on the
thickness of the asymmetric ring. Such domain wall trap-
ping feature has potential application for magnetic memory
devices.11 Most importantly, our results have shown that
it is possible to control the domain wall position without
having to create defects or notches12 in the nanoscale ring.
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