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The authors have proposed a control method of the magnetic vortex chirality in regular polygonal
nanomagnets with an odd number of sides. The asymmetric nucleation energy of the vortex from the
uniformly magnetized state enables us to simply control the vortex chirality by an in-plane magnetic
field. The reliability of the proposed method has been numerically and experimentally confirmed in
the triangle, pentagonal, heptagonal, and nonagonal Permalloy nanomagnets. The authors also
confirmed that the vortex chirality is uncontrollable when the number of the side is even. © 2010

American Institute of Physics. [doi:10.1063/1.3521407]

Patterned magnetic domain structures play an important
role for the operations in future spintronic and magnetic stor-
age devices as well as for further understanding of the fun-
damental spin-related physics. Especially the magnetic vor-
tex structure, which is stabilized in a ferromagnetic circular
disk with a diameter less than a micron, has a potential as a
unit cell of high density magnetic storage because of negli-
gible magnetostatic interaction and high thermal stability.l’2
In addition, the dynamic properties of the magnetic vortex
were found to provide various intriguing characteristics in
association with the resonant gyration motion of the vortex
core.”® Moreover, it has been demonstrated very recently
that nanomagnets with a single magnetic vortex structure
destruct cancer cells through the mechanical motions of the
nanomagnets.7 Therefore, establishing the manipulation
method of the magnetic vortex is an important issue not only
for further developments of spintronics but also for future
biological applications.

A magnetic vortex with a single vortex core can be de-
scribed by two topological quantities. One is the polarity,
which corresponds to the magnetization direction of the vor-
tex core. The polarity strongly correlates to the dynamical
gyration motion of the vortex core™ and the displacement of
the vortex core induced by the spin current.'®"" The other
one is the chirality, which is the rotational direction of the
magnetic moment whirling either clockwise (CW) or coun-
terclockwise (CCW). The chirality determines the direction
of the vortex shift induced by the in-plane magnetic field.
Although the vortex polarity is simply controlled by apply-
ing the external perpendicular magnetic field, it is not so easy
to control the vortex chirality especially in a circular disk.

In a perfect circular disk, CW and CCW states are de-
generate because there is no in-plane shape anisotropy. By
introducing the asymmetry in the disk, the vortex chirality
can be controlled. For example, in the disk with a flat edge
on one side, the vortex easily nucleates from the flat edge
assisted by the larger demagnetizing field than that at the
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round edge When the magnetic field is applied parallel to the
flat edge 3 However, in this method, when the edge of the
disk is excessively chipped, the single magnetic vortex struc-
ture is not stabilized in the disk. Oppositely, the small
chipped region yields the insufficient asymmetry for the
chirality control. Thus, the precise adjustment of the chipped
area is required for the reliable control of the vortex chirality.
Moreover, the residual magnetization becomes nonzero be-
cause of the asymmetric shape. Other proposed method using
the magnetostatic interaction'* or the circular magnetic
field" complicates the manipulation of the magnetic vortex.

It is known that the magnetic vortex structure is stabi-
lized also in triangle and square maégnetic dots when the
lateral dimension is around 1 ,um.] In the triangle and
square nanomagnets, because of the in-plane shape aniso-
tropic energy, we may simply control the vortex chirality by
the in-plane magnetic field. Here, we numerically and ex-
perimentally investigated the magnetic vortex stabilized in
regular polygonal nanomagnets. A simple and reliable con-
trol method of the vortex chirality using in-plane magnetic
field has been demonstrated.

FIG. 1. (Color online) Schematic illustrations of the vortex nucleation pro-
cesses in a triangle nanomagnet from the uniformly magnetized states with
(a) ¢=0 and (b) ¢p=7/4. Solid and dotted arrows indicate the directions of
magnetization with magnetic field and without magnetic field, respectively.

© 2010 American Institute of Physics
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FIG. 2. (Color online) Vortex chiralities formed in (a) triangle and (b) pen-
tagonal nanomagnet as a function of the direction of the initial magnetiza-
tion obtained by the micromagnetic simulations.

The chirality of the magnetic vortex is strongly related to
the nucleation process of the vortex. To form the magnetic
vortex from the uniformly magnetized state, the magnetiza-
tions at some sides have to be switched. When the number of
the side n is odd, the energy of the vortex formation depends
on the chirality. For example, as shown in Fig. 1, we con-
sider the formation of a single magnetic vortex from the
uniformly magnetized state in a triangle nanomagnet. At ¢
=0, in order to form the CCW chirality, the magnetizations at
the sides A and B have to rotate by 27/3 via the highest
magnetostatic energy states. Here, the highest magnetization
state means that the magnetization of each side is normal to
the side. On the other hand, the CW chirality can be formed
by the switching of the magnetizations at the side C and the
/6 rotations of the magnetizations at sides A and B. This
means that the formation of the CW chirality is easier than
that of the CCW chirality. Oppositely, when the magnetiza-
tion is uniformly saturated at ¢p=7/4, the formation energy

Appl. Phys. Lett. 97, 222503 (2010)

of the vortex with the CCW chirality is smaller than that with
the CW chirality as shown in Fig. 1(b). By using the same
manner, the stabilized vortex chirality periodically changes
as a function of the direction of the initial magnetization.
To confirm the above scenario, we numerically investi-
gated the remanent states from the various initial directions
of the magnetizations using the object-oriented micromag-
netic frame network.'” Here, we use the Permalloy (Py) pa-
rameters with the exchange constant 1.3 X 1072 J/m and the
saturation magnetization 1 T. The cell size and the damping
parameter are 5 nm and 0.01, respectively. The lateral dimen-
sion of the regular polygonal magnet has been determined by
a circumscribed circle with the diameter of approximately
1 wpm. The thickness of the polygonal nanomagnet is 40 nm.
We confirmed that a single magnetic vortex is stabilized in
the regular polygonal nanomagnets at the remanent states
from the initial state with random magnetizations. Figures
2(a) and 2(b) show the vortex chiralities formed in the tri-
angle and pentagonal nanomagnets, respectively, as a func-
tion of the direction of the initial magnetization. The chirali-
ties for the triangle and pentagonal nanomagnet changes
periodically at 7/3 and /5, respectively. These results are
consistent with the above expectation. On the other hand,
when the number of the side is even, there is no difference in
the formation energies between CW and CCW states. In fact,
in the numerical simulations for square and hexagon nano-
magnets, we could not find any manner in the dependence of
the vortex chirality on the initialized direction. Moreover, at
some angles, the domain structure at the remanent state is not
a single vortex. Thus, the present method cannot be applied
for the chirality control of the regular polygonal nanomagnet
with an even number of sides. We want to emphasize that
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FIG. 3. (Color online) MFM images of virgin state (left) and remanent states after the application of the magnetic field of 80 mT along O (center: remanent
state A) and 7 (right: remanent state B) in the triangle, square, and pentagonal nanomagnets together with the simulated MFM images obtained from the

micromagnetic simulations.
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(a) Heptagon
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FIG. 4. (Color online) MFM images of (a) heptagonal and (b) nonagonal
nanomagnets at remanent state A initialized by the magnetic field along ¢
=0 and remanent state B initialized by the magnetic field along ¢=1r.

these tendencies are reproduced by the calculations in vari-
ous dimensions of the regular polygonal magnets when a
single vortex is stabilized in the polygons.

We then experimentally investigated the magnetic do-
main structures of regular polygonal Py nanomagnets. The
40-nm-thick Py films were patterned into an array of regular
polygons by using electron beam lithography and lift-off
technique. The number of sides of polygons was varied from
3 to 9. The diameter of a circle circumscribed around regular
polygonal magnets was 1 um. The magnetic domain struc-
tures were investigated by using magnetic force microscopy
(MFM) (model NanoNavi/E-sweep, SII NanoTechnology,
Japan) with low moment probes.

The MFM images in the virgin states for triangle, square,
and pentagonal nanomagnets are shown in the left of Fig. 3.
Single vortex structures are confirmed in all of the nanomag-
nets, but their chiralities are randomly distributed. We then
apply the external magnetic field of 80 mT at ¢=0. As
shown in the center of Fig. 3, the chiralities of the triangles
and pentagons were confirmed to be fixed in CW and CCW,
respectively. It was also confirmed that the chiralities were
changed by changing the direction of the applied magnetic
field. As in the right of Fig. 3, the chiralities in the triangle
and pentagonal nanomagnets are opposite to those in the
center of Fig. 3 after the application of the magnetic field of
80 mT at ¢=. On the other hand, the chiralities of the
square nanomagnets are randomly distributed even after the
application of the in-plane magnetic field. These behaviors
are in good agreements with the numerical calculations.
Thus, the chirality of regular polygonal nanomagnets can be
simply controlled by the application of the in-plane magnetic
field when the number of the side is odd.

The validity of the present control method for the mag-
netic vortex is confirmed also in the heptagonal and nonago-
nal regular nanomagnets. As in Figs. 4(a) and 4(b), the de-
sired chiralities are reproducible formed. Thus, the vortex

Appl. Phys. Lett. 97, 222503 (2010)

chirality in a regular polygonal nanomagnet with an odd
number of sides is simply controlled by in-plane magnetic
field. However, it may be difficult to apply this method with
larger sided polygonal nanomagnets, because the difference
in the formation energy between the CW and CCW chirali-
ties is smaller than the thermal fluctuation. The use of the
ferromagnet with larger saturation magnetization may solve
this issue and provide higher thermal stability of the vortex
chirality.

In short, we have proposed a simple and reliable control
method for the vortex chirality in regular polygonal nano-
magnets using in-plane magnetic field. The validity of the
method has been confirmed by the micromagnetic simula-
tions and MFM observation. The desired chiralities have
been obtained in the triangle, pentagonal heptagonal and
nonagonal nanomagnets. By increasing the saturation mag-
netization, the chirality of the regular polygonal nanomag-
nets with more sides can be controlled.

One of the authors (T.K.) would like to thank Dr. T.
Yamaoka, SII nanotechnology for the technical supports of
the MFM observations. This work is partially supported by
Industrial Technology Research Grant Program from NEDO
and CREST from JST.
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