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A technique for flux-closure chirality control and domain wall trapping at the narrowest position in
asymmetric magnetic ring is proposed. Micromagnetic simulation work was performed on
permalloy asymmetric magnetic rings to observe its magnetic switching behavior. By controlling the
lateral geometric features, the ring asymmetry, and the thickness of the film, a local vortex-free
reversal process and well-controlled chirality of flux closure can be achieved. Furthermore, a
domain wall trapping feature is also observed at the narrow arm of the asymmetric ring, which
corresponds to the phenomenon that the magnetic domain wall does not annihilate until the
magnetization in the wide arm reversed in a relatively large magnetic field. A phase diagram of the
asymmetric ring switching behavior shows that the switching regimes (e.g., the domain wall
propagation or nucleation annihilation) of the asymmetric rings and the domain wall pinning depend
mainly on the film thickness. © 2009 American Institute of Physics. [DOI: 10.1063/1.3197413]

I. INTRODUCTION

Small magnetic elements have been extensively studied
over the years because of its promising applications ranging
from the data storage, magnetic logic gate to sensing device.
With the advent of modern nanofabrication and characteriza-
tion techniques, we are able to observe the magnetic proper-
ties of these magnetic elements down to the nanoscale re-
gime, which was once a major challenge to uncover the
mystery of the fundamental physics involving the study of
the equilibrium magnetic states and magnetization reversal
mechanisms. Extensive research has been carried out on
square or rectangularl’2 structures as well as highly symmet-
ric structures such as disk® and ring4_6 structures. Nanoscale
ring structures are of particular interest due to the removal of
its perpendicularly magnetized vortex core; two magnetic
states have been observed in studies of nanoscale ring struc-
tures known as the flux-closure state’ and the bidomain state
(or “onion” state). In the remnant flux-closure state, external
magnetic field is not generated, thus the cross interaction
between neighboring elements can be suppressed. This could
give the advantage for the magnetic elements being used in
magnetic memory devices.

Recently much interest has been given to the flux-
closure state in which the magnetization is oriented circum-
ferentially and domain wall does not present. This state has
been proposed for magnetic storage devices and layered
structure of the magnetoresistive random access memory
(MRAM) in which the magnetization rotation is exploited to
store one data bit.® In order to control the magnetization
rotation direction, which is essential for wide range of appli-
cations, much effort had been devoted to the investigation of
the chirality of the vortex under the influence of the in-plane
magnetic field as well as polarized current. The chirality has
been manipulated by using a flat edge in disks,” notches in
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rings,10 and disks with off-centered core.'"!? In this work,

we present a study on the nanoscale ring structure with inner
circle off-centered and for various thicknesses by means of
micromagnetic simulations. Our results show that through
deliberate controlling of the parameters of the asymmetric
rings, local vortex core-free switching process can be ob-
tained and the control of chirality of the flux closure can be
realized by exploiting the asymmetric feature in the nano-
ring. When the thickness of the asymmetric ring is smaller
than 12 nm, a pair of head-to-head and tail-to-tail domain
walls" can be trapped at the thinner arm of the asymmetric
ring in a wide range of lateral size ranging from several
hundred nanometers to submicron. The domain wall trapping
feature is not only relevant for potential application such as
controlling fast switching in magnetic random access
memory cells but also to be utilized in magnetotransport
studies.'® Based on this simulation results, we propose a
method to control the domain wall position in the nanoscale
ring without having to deliberately create notches."?

Il. SIMULATION

The magnetization configuration and switching proper-
ties were simulated using the object oriented micromagnetic
framework (OOMMF) simulation prograrn.15 In this simula-
tion, the micromagnetic equilibrium equations were solved
in a two dimensional square mesh with a cell size of 4 nm
and the spins are free to rotate in three dimensions. A ramp-
ing magnetic field from —1500 to 1500 G in the asymmetri-
cal axis of asymmetric ring (AC in Fig. 1) in 60 steps was
applied. Other parameters used for the permalloy were crys-
talline anisotropy constant K;=0, saturation magnetization
M,=8.6X10° Am™, exchange stiffness A=13
X 107" I m™!, and the damping coefficient a=0.5. The
asymmetric ratio R of the ring is defined as R=//(D,-D,),
where [ is the displacement distance of the internal circle
from the outer circle, while D, and D; are the outer and inner

© 2009 American Institute of Physics
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FIG. 1. Geometry of the asymmetric magnetic ring used in the simulation.
An example of asymmetric magnetic ring for ratio R=0.2 is shown here. For
clarity, we refer to the asymmetric axis as AC and the symmetric axis as BD.

diameters of the ring, respectively, as depicted in Fig. 1. For
the initial part of this work, D, and D; as well as the thick-
ness t were varied at fixed R=0.2 to observe their effects on
the switching mechanisms and behavior. Subsequently, cal-
culations on asymmetric ring for R=0.1 and R=0.3 were also
presented for comparison.

lll. RESULTS AND DISCUSSIONS

In order to study the effect of the lateral size and thick-
ness of the asymmetric magnetic ring on the switching pro-
cesses and mechanisms, a wide range of outer diameter of
the ring (D,=400, 600, 800, 1000, 1200, and 1400 nm) and
the film thickness (r=8, 12, 16, 20, 24, 28, and 32 nm) were
performed. The effect of the D;, which bears some similarity
to the influence of ring width as in the case of the symmetric
ring, is also studied: for a fixed D,=1200 nm and for vari-
ous inner diameter (D;=600, 800, and 900 nm). Our calcu-
lations revealed that when the inner circle is off-centered by
a ratio R=0.2, a triple-switch loop with two plateaus can be
seen. This is in contrast to the double switching that occurs
in symmetric ring structures reported by van Belle et al.'®
The simulated hysteresis loop indicates a number of magne-
tization states along with different magnetic field strengths
applied: negative saturation, bidomain, vortex, reverse bido-
main, and positive saturation. Typically simulated hysteresis
loop of the asymmetric ring (for a fixed D,=1200 nm and
D;=600 nm) for t=12 nm, =8 nm is shown in Figs. 2(a)
and 2(b), respectively. Insets show its corresponding mag-
netic configurations. In Fig. 2(a) the first two switches in the
loop are due to the propagation of the domain walls via the
thinner and the thicker arms of the asymmetric ring. The
third switch is caused by the domain wall annihilation in the
wider arm of the asymmetric ring. The annihilation of the
domain wall in the wider arm causes a magnetization drop,
which is similar as the symmetric ring as reported by Klaui
et al.'” This resemblance in hysteresis loop is due to the
similarity of the geometric feature since the wider arm of the
asymmetric ring can be seen as a part of a wide symmetric
ring. However switching behaviors of asymmetric ring with
t=8 nm are quite different: instead of forming a flux closure
after the bidomain state, the two domain walls in the thin
arm do not annihilate and a pair of head-to-head and tail-to-
tail domain walls is trapped at the narrowest point of the
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FIG. 2. (Color online) Typically simulated hysteresis loops of asymmetric
magnetic ring for D,=1200 nm, (a) t=16 nm, and (b) /=8 nm and its
magnetic configurations (shown in insets). (c) Hysteresis loop of the asym-
metric magnetic ring for various D;=600, 800, and 900 nm at a fixed D,
=1200 nm and =8 nm.

ring. When the reversed magnetic field is large enough, the
trapped domain wall annihilates. Figure 2(b) shows the
switching process. The hysteresis loop is similar to that in
asymmetric ring with a thickness of 16 nm, except that there
is one additional small plateau. This small plateau is caused
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FIG. 3. Phase diagram of switching as a function of the ring geometrical
parameters, i.e., the thickness of the film and the outer diameter of the ring
for D;/D,=0.5; line I and line II are two boundaries separating following
three kinds of switching: (i) transverse domain wall propagation in the thin
arm (M), (ii) vortex nucleation in the wide arm (@), and (iii) multinucleation
switching (A).

by the trapped domain wall. The annihilation of this trapped
domain corresponds to the last switch in the hysteresis loop.
We further varied the inner diameter from 600 to 800 and
900 nm of the asymmetric ring for the same =8 nm and
calculated the magnetic switching process. The switching
processes are similar to the process shown in Fig. 2(b). Fig-
ure 2(c) is the calculated hysteresis loop of asymmetric ring
with inner diameters of 600, 800, and 900 nm. From the
hysteresis loop we can see that the switching field increases
as the ring arm width decreases, which is probably due to the
uneven edge acting as pinning sites for the domain walls.

From the switching process of the asymmetric ring, the
circulation of the flux-closure state determined by the spin
direction in the wider arm of the asymmetric ring can be
seen. Since the narrowest point of the asymmetric ring is the
energy minimum position for the transverse walls, the do-
main walls nucleated at the asymmetric axis (AC in Fig. 1) at
large field will selectively move to the position of lower
energy, which is the narrowest point of the ring arm (B in
Fig. 1). By this selectivity of the domain wall movement, the
circulation of the flux-closure state can be controlled by ap-
plying a magnetic field along the symmetric axis direction of
the asymmetric ring. An elegant way of controlling the cir-
culation of flux closure was proposed by Vavassori et al. " by
introducing a void in a disk. Compared to their methods, our
flux-closure control using asymmetric ring can attain a local
vortex-free switching process by using different inner diam-
eters and asymmetric ratios.

In order to investigate the influence of geometric param-
eters such as ring width, thickness, and outer diameter to the
switching process, we systematically studied the switching
processes and the switching field distributions. Figure 3
shows the phase diagrams of the asymmetric ring switching
behavior. In the phase diagram there are two significant
boundaries. The first boundary is at line I. Below line I, a
pair of head-to-head and tail-to-tail domain walls can be
trapped at the thinner arm of the asymmetric ring. This
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FIG. 4. (Color online) Simulated hysteresis loops of the asymmetric mag-
netic ring for various asymmetric ratio of R=0.1, 0.2, and 0.3. Other geo-
metrical parameters of the asymmetric rings were arbitrarily chosen as D,
=600 nm, D;=300 nm, and r=16 nm.

trapped domain wall does not annihilate until a relatively
large magnetic field is applied, as shown previously for
asymmetric ring of a D,=1200 nm (Fig. 2). The annihilation
of the trapped domain wall causes the last small switch in the
hysteresis loop. The second boundary is at line II. This line
separates the switching process of the simple domain wall
propagation reversal and multinucleation and annihilation re-
versal. Above line II, the switching process is via multinucle-
ation and annihilation. In between line I and line II, the
switching process is simple domain wall propagation which
corresponds to the squares in Fig. 3. This result shows that
the film thickness is the key factor that determines the
switching behavior and separating the three switching re-
gimes.

We further varied the distances between the inner and
outer circles of the asymmetric rings to investigate the influ-
ence of asymmetric ratio on the switching behavior. The lat-
eral sizes of the asymmetric rings used here are D,
=600 nm, D;=300 nm. The thickness of the rings is 16 nm.
The asymmetric ratios used were R=0.1, 0.2, and 0.3 which
means that the distances between the center of the inner and
outer circles were 30, 60, and 90 nm, respectively. According
to our calculations, with same lateral size and thickness, the
switching behaviors of asymmetric rings with asymmetric
ratios R=0.1, 0.2, and 0.3 are quite similar, as shown in the
insets of Fig. 2. The most significant influence of the asym-
metric ratio is that with a larger asymmetric ratio, the field to
drive the domain walls nucleated at the symmetric axis of the
asymmetric ring becomes smaller (Fig. 4), which means the
domain walls in the asymmetric ring move easier. This easier
movement of the domain wall corresponds to the earlier
switch in the loop when applying the same magnetic field.
With increment of asymmetric ratio, the sensitivity of the
domain wall to the magnetic field increases. The influence of
magnetic field on the domain wall has the same trend as what
was reported elsewhere."”

For a thin film magnetic nanoring, the magnetization lies
in the plane of the film because of the shape anisotropy. The
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total energy is thus the sum of the exchange and the magne-
tostatic terms'® and the spin configurations are determined by
the minimization of the sum of the energy terms. For the
asymmetric rings in this work, the energy minimum position
for annihilated transverse domain walls will be at point B in
Fig. 1. To explain the circulation control and energy mini-
mum position of the asymmetric ring, we use the model pro-
posed by Tchernyshyov and Chern." The domain walls can
be seen as composite objects made of two or more elemen-
tary defects and are held together by competition between
attractive Coulomb force and the confinement of the edge. In
an asymmetric ring within the thin film limit ( A%))wt,
where \ is the magnetic length, w is the ring width, and ¢ is
the thickness), the domain wall energy can be evaluated as'?
E=~27A log(ewt log(w/t)/ m\?), where A is the exchange
stiffness. When the asymmetric ring is thick and wide in the
magnetostatic regime (AN((wt ), which is similar to our
simulation case, the magnetostatic energy is minimized only
when the bulk density of magnetic charges vanishes. On the
surface, the conﬁguration19 of the domain wall is that the two
defects at the inner circle remain as in the thin film limit,
while at the outer circle the two defects emanate in opposite
directions and form a V shaped domain wall, which is similar
to the two domain walls annihilated in the asymmetric axis
of the asymmetric ring. The domain wall energy in this re-
gime is still an increasing function of w and ¢. Therefore
when the initial field along ac is decreasing, two transverse
domain walls will be generated at ac with a large energy
slope. In near remanence, the two domain walls will tend to
slide toward the energy minimum position B to lower the
energy of the whole system. The effect of anisotropy energy
can be neglected since it plays no significant role as com-
pared to the magnetostatic term. As the magnetic field in-
creases, the Zeeman energy will dominate instead of the
magnetostatic energy, which explains why the domain wall
propagates across the wider arm of the asymmetric ring and
the wall annihilates.

IV. CONCLUSION

A technique to trap a domain wall at the exact position in
asymmetric magnetic ring is proposed. By controlling the
geometry of the nonmagnetic ring, simple and reproducible
switching can be obtained. The switching field dependency
of permalloy asymmetric magnetic rings was studied by
means of micromagnetic simulations. When the thickness is
controlled to a range, a pair of head-to-head and tail-to-tail
domain walls can be trapped at the thinner arm of the asym-
metric ring. The vortex circulation can be also controlled

J. Appl. Phys. 106, 043905 (2009)

using asymmetry. The phase diagram of the switching behav-
ior through the asymmetric rings of different regimes and
domain wall trapping is presented as a function of ring thick-
ness, inner diameter and outer diameter. It is found that the
boundary between different switching regimes depends much
more on the thickness than the other two geometric param-
eters. The sensitivity of the domain wall nucleated at the
symmetric axis of the asymmetric ring is reducing with de-
creasing of the asymmetric ratio. The experimental work is
under progress and will be reported elsewhere.
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