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Effects of notches on the order of flux-closure

state formation in bi-rings by micromagnetic
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The effects of the number and the location of notches on the formation of flux-closure states in bi-rings with

fields applied in the x direction (i.e., along the short axis direction of bi-rings) and y direction (i.e., along the long axis

direction of bi-rings) are investigated using micromagnetic simulation. For the bi-rings with one notch and the bi-rings

with two notches symmetric about y axis, the order of flux-closure state formation in each ring can be controlled. But

the flux-closure state forms simultaneously in each ring for the bi-rings with two notches symmetric about x axis. For

the bi-rings with two notches that are symmetric neither about x axis nor about y axis, only one ring can form a flux-

closure state in the y-direction field and no flux-closure state can be found in rings in the x-direction field. Therefore,

logic states can be defined by controlling the order of flux-closure state formation, which can be utilized in future logic

devices.
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1. Introduction

Nanorings have attracted much attention and
have become a promising candidate in data stor-
age application.[1−3] This structure can lead to flux-
closure states, without any stray field.[4,5] The chiral-
ity of the flux-closure state (clockwise or anticlock-
wise) can be considered as an information carrier,[6,7]

such as high-density storages and magnetic random
access memories.[8−10]Arrays of rings have also been
studied. Welp et al.[11] studied the magnetization be-
haviour of arrays of coupled Co rings. A magnetic
force microscopy image measured by Hirohata et al.[12]

demonstrated that the ring chain showed flux-closure
states in the remanent state. However, magnetostatic
interactions and exchange coupling between rings can
have an important effect on the magnetic state and
reversal process.[5,13] Ren et al.[13] investigated the ef-
fect of the coupling between bi-rings on their magnetic
states. However, the influence of notch(es) on flux-
closure states in bi-rings has not yet been explored.
For the memory application, the size and the position
of memory bits are determined by the notch.[14,15] The
notch can control domain wall pinning, thereby allow-
ing some fundamental properties of domain walls to

be determined.[16]

In the present work, we study the effects of the
number and location of the notches on the order of
flux-closure state formation in each ring for overlap-
ping bi-rings with fields applied in the x direction (Hx)
and in the y direction (Hy). This structure is of in-
terest because it can create multiple storage states in
one physical bit, and it is one possible way to overcome
the difficulty of the superparamagnetic limit to mag-
netic storage density.[17] In this case the multiple sta-
ble magnetic states may generate novel properties as
recently envisioned in quantum cellular automata.[18]

Furthermore, the order of flux-closure state formation
in each ring for bi-rings is of interest due to the po-
tential application in logic devices, such as temporal
logic devices, sequence pulse generators, etc. In cer-
tain devices it can be used to control the order which
is set up in advance.

2. Simulation details

All micromagnetic simulations were performed
using the three-dimensional (3D) object oriented mi-
cromagnetic framework (OOMMF).[19] The mech-
anism of domain wall motion has been de-
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scribed theoretically by the Landau–Lifshitz–Gilbert
equation[20,21] of magnetization dynamics as

∂M

∂t
= − |γ|M × Heff +

α

Ms

(
M × ∂M

∂t

)
, (1)

where M is the magnetization distribution, Heff is
the effective field, Ms is the saturation magnetization
and |γ| = 2.211 × 105 (rad/s)/(A/m) is the gyromag-
netic ratio. The magnetic parameters for the Ni80Fe20

bi-rings used in the present study were as follows:
saturation magnetization Ms = 8.6 × 105 A/m, ex-
change constant A = 1.3 × 10−11 J/m and crystalline
anisotropy constant K = 0. The cell size was set to be
10 nm. Reducing the cell size to 5 nm did not signifi-
cantly change the results. To reduce the computation
time, a damping coefficient α = 0.5 was used.[22,23]

In order to compare with the results of bi-rings with-
out notches in Ref. [13], we studied bi-rings with one
notch and two notches separately. Bi-rings are 50 nm
in thickness, 1.2 µm in outer diameter, and 600 nm
in inner diameter, and the outer diameter of one ring
touches the inner diameter of the other ring, forming
a figure 8 shape in this paper (as depicted in Fig. 1).
The equilateral triangle notch depth is about 50% of
the width of each ring. One ramping magnetic field
from −5000 Oe (1 Oe = 79.5775 A/m) to 5000 Oe
was applied in the x direction and the other one from
−8000 Oe to 8000 Oe was applied in the y direction
in all micromagnetic simulations.

3. Results and discussion

Figure 1(a) shows the magnetic hysteresis loop
of bi-rings with a notch for an applied Hx field. In-
sets show its magnetic configurations, corresponding
to the labels A, B, C, and D in different regions of
the hysteresis loop. All rings exhibit a single domain
at positive saturation and all spins are aligned to the
external field. When the field is relaxed, each ring
exhibits the onion state with two transverse domain
walls (A). On further reducing the field, the forma-
tion and the motion of vortices in each ring (A1–B)
can be seen. Then the vortex which is located below
the notch moves to the overlapping region of the rings.
The clockwise flux-closure state is formed in the top
ring at 50 Oe (C), but it appears in the bottom ring
until at 0 Oe (D) with a small vortex present in the
overlapping region. With the increase of reversed field,
the vortex–to–reverse onion transition comes into be-
ing. The V+–V− structure is formed at the nucleation
site as shown in the circle in A1. The V+–V− annihila-
tion process can generate the spin-wave.[5] Therefore,

it can be regarded as the source for spin-waves for use
in logical circuits.[16,24]

Fig. 1. (a) Magnetic hysteresis loop of bi-rings with a

notch for an applied Hx field. Insets show the corre-

sponding magnetic configurations in different regions of

the hysteresis loop with the coordinate system used in the

text marked out. A1 is a special magnetic configuration

between A and B. Vortex (V+) and antivortex (V−) struc-

tures are both shown in the circle. (b) Magnetic hysteresis

loop of bi-rings with a notch for applied Hy field. In this

paper, the solid square curves and the open square curves

denote hysteresis loops for the bi-rings applied the filed

from positive saturation to negative saturation and from

negative saturation to positive saturation, respectively.

Figure 1(b) shows the magnetic hysteresis loop
of bi-rings with a notch for an applied Hy field. As
shown in the initial magnetization configurations A–
C, the nucleation and the annihilation of magnetic
vortices can be observed in all rings as the field re-
laxes from positive saturation. At a reverse field of
−36 Oe, the bottom ring forms a counterclockwise
flux-closure state (D). Between −96 Oe and −228 Oe,
the top ring forms a clockwise flux-closure state after
nucleation and annihilation of vortex, and there is no
domain wall in the overlapping region (E).

So the order of flux-closure state formation can be
controlled by adding a notch into bi-rings, regardless
of whether an Hx or Hy field is applied. At the same
time a pair of V+– V− are generated in the nucleation
process in an Hx field.
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Figures 2(a) and 2(b) show the magnetic hystere-
sis loops of bi-rings with two notches symmetric about
y axis for applied Hx and Hy fields. In Fig. 2(a), in
a range between 350 Oe and 38 Oe (B–B1), the prop-
agation of magnetic vortices can be observed in the
top ring, but vortices in bottom ring are pinned by
notches. A counterclockwise flux-closure state traces
around the top ring at 0 Oe (C) first. On further in-
creasing the reverse field, vortices in the bottom ring
have enough energy to depin and annihilate. The bot-
tom ring forms a flux-closure state at −100 Oe. So the
same chirality of the flux-closure state can emerge in
each ring and a small vortex is present in the over-
lapping region between −100 Oe and −200 Oe (D).
Increasing the negative field, the flux-closure state in
the top ring is broken first (E). For higher field, all
rings exhibit a reverse onion state. The V+–V−–V+

configuration is generated on the top of the top ring
as shown in the circle in B1.

Fig. 2. (a) Magnetic hysteresis loop of bi-rings with two

notches symmetric about y axis for an applied Hx field.

Insets show the corresponding magnetic configurations in

the different regions of the hysteresis loop. The V+–V−–

V+ configuration is shown in the circle. B1 is a special

magnetic configuration between B and C. (b) Magnetic

hysteresis loop of bi-rings with two notches symmetric

about y axis for applied Hy field. D1 is a special mag-

netic configuration between D and E.

For bi-rings with two notches symmetric about y

axis in an Hy field, the magnetic hysteresis loop (see

Fig. 2(b)) shows a two-step switching with the two
switching fields Hs1 = −24 Oe and Hs2 = −312 Oe.
Between the onion-to-vortex state transitions, there
exist three small steps resulting from the nucleation
of magnetic vortices (B–D, see insets) in each ring.
The top ring forms a clockwise flux-closure state firstly
(D1). The flux-closure state of the bottom ring has
the same chirality as that of the top ring, and a small
vortex is present in the overlapping region (E) until
at −36 Oe.

For bi-rings with two notches symmetric about
the y axis, the flux-closure state forms in the top ring
first no matter whether an Hx or Hy field is applied.
Therefore, the forming order of the flux-closure states
can also be controlled by adding two notches sym-
metric about y axis into bi-rings. The V+–V−–V+

configuration appears in the nucleation process in an
Hx field.

Figure 3(a) shows the magnetic hysteresis loop of
bi-rings with two notches symmetric about the x axis
for an Hx field. Magnetic vortices nucleate and move
in each ring between 350 Oe and 59 Oe (B–C2) and
then annihilate simultaneously at 0 Oe (D). Therefore,
all rings present counterclockwise flux-closure states
with a small vortex present in the overlapping region.
Each ring exhibits a reverse onion state in higher field
values. The V+–V−–V+ structure generates on the
top part of the top ring as shown in the circle in C1.

Figure 3(b) shows the magnetic hysteresis loop
for bi-rings with two notches symmetric about x axis
in an Hy field. Magnetic vortices in bi-rings are not
trapped by each notch (B–C1) and annihilate simulta-
neously. An overall flux-closure state encircles the two
rings with a small vortex present in the overlapping
region at −72 Oe (D). A pair of V+–V− generates on
the left part of the top ring as shown in the circle in
C1.

For the bi-rings with two notches symmetric
about the x axis, the flux-closure state forms simulta-
neously in each ring no matter whether an Hx or Hy

field is applied. That is to say, the order of forming
flux-closure states in each ring cannot be controlled.
Furthermore, V+–V−–V+ and V+–V− configurations
can be seen in the nucleation process in Hx and Hy

fields, respectively.
Figures 4(a) and 4(b) show the magnetic hys-

teresis loops of bi-rings with two notches sym-
metric neither about the x axis nor about y axis
for applied Hx and Hy fields, respectively.
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Fig. 3. (a) Magnetic hysteresis loop for bi-rings with

two notches symmetric about the x axis for an applied

Hx field. Insets show the corresponding magnetic config-

urations in different regions of the hysteresis loop. The

V+–V−–V+ configuration is shown in the circle. C1 and

C2 are special magnetic configurations between C and D.

(b) Magnetic hysteresis loop of bi-rings with two notches

symmetric about the x axis for an applied Hy field. The

V+–V− configuration is shown in the circle. C1 is a spe-

cial magnetic configuration between C and D.

When relaxing the Hx field, the nucleation and the
motion of magnetic vortices (B–D) are observed in
the onion-to-vortex state transition as shown in the
insets in Fig. 4(a). Flux-closure states can be obtained
around the main part of each ring, while two vortices
are pinned by notches at −50 Oe (E). However, an
overall flux-closure state cannot be observed in each
ring at higher reversed field and all rings display op-
posite onion states finally. At −400 Oe, a pair of V+–
V− is generated on the right side of the overlapping
region as shown in the circle in F. Figure 4(b) shows a
similar reversal mechanism in the Hy field, but a coun-
terclockwise flux-closure state appears only in the top
ring at −72 Oe (D). With increasing negative field, a
vortex arises around the notch in the top ring and no
flux-closure state can be found in the bottom ring (E).
For the higher field values, all rings exhibit an oppose
onion state.

Fig. 4. (a) Magnetic hysteresis loop for bi-rings with two

notches symmetric neither about x axis nor about y axis.

Insets show the corresponding magnetic configurations in

different regions of the hysteresis loop. The V+–V− con-

figuration is shown in the circle. (b) Magnetic hystere-

sis loop for bi-rings with two notches symmetric neither

about x axis nor about y axis. Insets show the corre-

sponding magnetic configurations in different regions of

the hysteresis loop.

For the bi-rings with two notches symmetric nei-
ther about x axis nor about y axis, no flux-closure
state can be formed in each ring for an applied Hx

field, only one ring can form a flux-closure state for
an applied Hy field.

4. Conclusions

The effects of the number and the location of
notches on the formation of flux-closure states in
Ni80Fe20 bi-ring are investigated using micromag-
netic simulation. It is found that the order of flux-
closure state formation in each ring can be controlled
by adding one notch and two notches symmetrically
about y axis into bi-rings separately. However, for the
bi-rings with two notches symmetric about x axis, the
flux-closure state forms simultaneously in each ring.
For the bi-rings with two notches symmetric neither
about x axis nor about y axis, only one ring can form
flux-closure state for an applied Hy field but no flux-
closure state can be found in each ring for an applied
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Hx field. Some antivortices are also generated at nu-
cleation sites, forming V+–V−, V+–V−–V+ configura-
tions. Hence, logic states can be defined and possibly
utilized in future logic devices by controlling the order
of forming flux-closure states.
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