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The magnetization reversal processes of single-layer nanoscale elliptical ring arrays are examined. The magnetic field was applied
parallel or perpendicular to the long axis. The magnetization hysteresis loops showed a simultaneous-reversal single-step transition or
two-step transition involving flux closure vortex states. For various aspect ratios and thicknesses, the transition between single-step and
double-step magnetization reversals was measured to form phase diagrams. Simulations of the magnetization reversal behavior agreed
with our results.

Index Terms—Magnetic films, magnetooptic Kerr effect.

I. INTRODUCTION

T HE application of nanotechnology to the information
storage industry has resulted in a variety of products

for high-density and low-cost data storage. Magnetic material
nanotechnology applications that are readily commercially
available include read head sensors [1] and magnetic random
access memories [2]. Recently, arrays of magnetic nanorings
have attracted intense investigations in both theoretical and
experimental research for potential use in a wide range of
magnetoelectronic devices [3]–[5]. The main interesting prop-
erties of ring-shaped nanomagnets are the formation of the two
distinct states, a vortex state and an onion state, during mag-
netization reversal. The vortex state is a magnetic flux closure
state without an energetic core at the center, which was found
in a disk shape. The onion state has two domain walls present
along the field direction on opposite sides of the ring [6], [7].
The vortex state has magnetic flux closure lines; thus the vortex
state generates the smallest magnetostatic interaction between
adjacent units. The phase diagram of magnetization switching
behavior of a magnetic nano-ring as functions of geometrical
parameters such as outer diameter, linewidth, and thickness was
investigated in detail [3], [6]. More recently, the single-layer
and multilayer elliptical rings have been introduced [8]–[11].
Besides similar characteristics of magnetization reversal to the
ring shape, i.e., the vortex and the onion states, the elliptical
rings have the advantage that the vortex stability is easily
controlled by the shape anisotropy [11]. The magnetization
switching behavior of pattern nanomagnets was influenced
by the geometry of each unit and the interaction between
the units [8], [12]–[14]. The magnetization reversal behavior
and anisotropy energy effect of the elliptical rings has been
investigated [12]. Jung et al. [8] reported the vortex chirality
of elliptical rings as a function of external field orientation de-
pendence on the energy change of the domain wall movements.
Chang et al. [13] systematically studied different arrangements
of the 2-D elliptical ring array on the magnetic dipole–dipole
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Fig. 1. SEM images of selected samples. (a) Aspect ratio � � ���. (b) � � �

arrays of elliptical rings. The edge-to-edge distance in the long axis direction is
fixed at 3 �m.

interaction. Yu et al. [14] also studied the magnetoresistance
property of pseudo-spin-valve nanoscale elliptical rings with
various aspect ratios. In this paper, we investigate the mag-
netization reversal behavior as functions of aspect ratios and
thicknesses of single-layer elliptical ring arrays with external
field parallel and perpendicular to the long axis.

II. EXPERIMENTAL

Polycrystalline elliptical ring arrays were fabricated by
electron-beam lithography techniques and lift-off process. We
deposited NiFe films onto 50-nm SiO coated silicon (100)
substrates by dc magnetron sputtering. The base pressure of
the sputter chamber was Torr and working pressure
was Torr. The NiFe elliptical rings described here
had fixed line width of 100 nm and circumference of 6.3 m,
various aspect ratios (long axis to short axis) from 1.2 to 8,
and thickness ranging from 10 to 40 nm. Fig. 1 shows the
scanning electron microscopy (SEM) images of (a) aspect ratio

and (b) samples. For the magnetization reversal
characteristics, we used a home-made longitudinal magne-
tooptical Kerr effect setup to detect magnetization component
along the plane of incidence. The light source of 20-mW HeNe
laser was polarized by a high extinction ratio Glan–Thompson
prism to get s-wave polarization. The 5 m diameter spot was
focused with an objective lens. Reflective light passed through
an achromatic lens and analyzer before entering the detector.
Simulation of the magnetization configurations was made with

0018-9464/$26.00 © 2010 IEEE



1976 IEEE TRANSACTIONS ON MAGNETICS, VOL. 46, NO. 6, JUNE 2010

Fig. 2. (a)–(h) MOKE signals for 20-nm NiFe elliptical rings arrays of fixed
width 100 nm and circumference 6.3 �m for applied field parallel to the long
axis of varied aspect ratios.

the OOMMF code [15]. Unit cell of a 5-nm cube and default
values of material parameters for NiFe were used.

III. RESULTS AND DISCUSSION

In Fig. 2(a)–(h), we present the hysteresis loops for 20-nm-
thick NiFe elliptical ring arrays with different aspect ratios for
the in-plane external field parallel and perpendic-
ular to the long axis of the ring. From the MOKE
signal, we observed that the transition between single-step and
two-step switching depended sensitively on the ring structure
and the field orientation. When the field was parallel to the long
axis of the elliptical rings, except the ring with the ,
we found that the magnetization reversal processes occurred by
two-step switching. As we have previously discussed [13], the
two-step switching behavior indicated that the onion state ob-
tained at high fields was energetically unfavorable at interme-
diate fields. Instead, formation of vortex state without domain
walls was preferred. From Figs. 2(b)–(d), it can be seen that
the range of flux closure plateau, , where vortex state ex-
ists, increased with decreasing aspect ratio. The increased
from 95 Oe for the to 180 Oe for the . It in-
dicates that the stability of vortex state strongly depends on the
aspect ratio of the elliptical ring. However, for the aspect ratio

, as shown in Figs. 2(f)–(h), all the hysteresis loops dis-
play two-step switching with similar . The range of vortex
stability Oe to 310 Oe was found for the range of
aspect ratio . They represented that the similar

Fig. 3. MOKE signals for 20-nm NiFe elliptical rings arrays for applied field
parallel to the short axis and varied aspect ratios from (a) � � � to (d) � � ���.

Fig. 4. Phase diagram of elliptical ring reversal behavior and the field range
of the vortex state �� as functions of the aspect ratio � and thickness� for
the applied field parallel to the long axis. The solid and open circles represent
two-step and single-step switching, respectively.

spin reversal process behavior and the range of vortex state was
independent of the variation of aspect ratio. It is noted that, for
the , the field range of vortex state has a maximum value
of 310 Oe.

When the field was applied along the short axis, as shown in
Fig. 3(a)–(d), the two-step reversal behavior was only found in
rings with lower aspect ratios, and there was a narrow field range
of stability for the vortex state. For the and , the
hysteresis loops display the single switching process. For the

and , the distinct two-step switching was ob-
served. The vortex state is unfavorable for the applied field per-
pendicular to the long axis of elliptical ring. This can be ascribed
to the effect of demagnetization energy due to shape anisotropy
and the higher Zeeman energy for movement of one of the do-
main walls to move across the elliptical ring to form the vortex
state [8].

For the field along the long axis, Fig. 4 shows a phase dia-
gram of elliptical ring reversal behavior and the field range of the
vortex state as functions of the aspect ratio and thickness
. The solid and open circles represent two-step and single-step

switching, respectively. According to the hysteresis loops of our
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Fig. 5. Simulation loops for fields along the (a) long axis and (b) short axis of
the 20-nm elliptical rings and varied aspect ratio. (c) and (d) Spin configurations
with a single 20-nm NiFe ring of different aspect ratios for field applied along
the short axis.

micro-MOKE experiment, we observed that the two-step rever-
sals were present in the thicker rings or lower aspect ratios. At
the same time, the width of the plateau for stable vortex states in-
creased distinctly upon increasing the film thickness. When the
aspect ratio decreased, however, the plateau width increased and
then started to decrease, as can be seen in Fig. 2, for example.
The largest width of the plateau occurred between to
3.3 in the thicknesses we investigated.

Micromagnetic simulations of the magnetization orientation
and the energy variations of the elliptical rings with respect to
external fields were also investigated. The switching behavior
agreed qualitatively with our experimental results. However,
there is no quantitative agreement for the saturation fields
and the range of vortex stability etc. This can be attributed to
that there are thermal fluctuation and impurity effects in the
experiments. Fig. 5(a) and (b) shows the simulation loops, and
Fig. 5(c) and (d) shows the spin configurations with a single
20-nm NiFe ring of different aspect ratios for field applied
along the short axis. When the field was along the long axis,
the magnetization transition was through propagation of one of
the transverse walls along one of the ring arcs and annihilated
with the other wall, similar to the results shown in Fig. 5(c).
The aspect ratio sample has the largest plateau of
stable vortex state as can be seen in Fig. 5(a). We show only
one side of the loops because they are symmetrical. It showed

the same behavior between the simulation and the experimental
results. When the field was applied parallel to the short axis,
as shown in Fig. 5(b), the hysteresis loops display single-step
and two-step switching processes with and ,
respectively. For the [see Fig. 5(d)], the magnetization
reversal was via coherent rotation. The transverse walls were
pinned in the sides of the elliptical ring. During the onion state
to reverse onion state transition, spin reversal occurred along
the arcs of the long axis direction perpendicular to the external
field. For the , shown in Fig. 5(c), the vortex state was
present during the reversal process; the switching behavior of
spin configuration was similar to the circular ring shape.

IV. SUMMARY

In summary, the magnetization reversal characteristics in
NiFe elliptical ring arrays have been investigated. When the
field was parallel to the long axis, we showed that the phase
diagram of elliptical ring reversal behavior and the field range
of the vortex state are functions of the aspect ratio

and thickness . We observed that the two-step reversals
were present in the thicker rings or lower aspect ratios. Upon
increasing the film thickness, the width of plateau for stable
vortex state increased distinctly. With respect to the aspect
ratio, the largest width of plateau was between 1.5 and 3.3 for
the thickness between 10–40 nm we investigated. However, if
the applied field was along the short axis, the two-step reversal
behavior was only found in rings with lower aspect ratios, and
there was a narrow field range of stability for the vortex state.
For the single-step switching, the magnetization reversal was
via coherent rotation along the arc of the long axis. For the
two-step switching, the switching behavior of spin configura-
tion was similar to the circular ring shape.
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