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We report on an observation of transitions of the fourfold degenerate state of a magnetic vortex in
soft magnetic nanodots by micromagnetic numerical calculations. The quaternary vortex states in
patterned magnetic dots were found to be controllable by changing the density of out-of-plane dc or
pulse currents applied to the dots. Each vortex state can be switched to any of the other states by
applying different sequence combinations of individual single-step pulse currents. Each step pulse
has a characteristic threshold current density and direction. This work offers a promising way for
manipulating both the polarization and chirality of magnetic vortices. © 2010 American Institute of

Physics. [doi:10.1063/1.3310017]

The unique magnetization configurations of magnetic
vortices in the restricted geometries of magnetic nanodots
of various shapesl’2 are of a growing interest. The vortex
states are characterized by the combinations of an in-plane
curling magnetization of either counter-clockwise (¢c=+1) or
clockwise (c=-1) orientation (denoted by chirality c) along
with an out-of-plane core magnetization of either upward
(p=+1) or downward (p=-1) orientation (represented by
polarization p).

In recent years, a dynamic phenomenon of ultrafast
switching between the binary p states has been observed by
applications of not only linearly oscillating:{,3’4 circularly
rotatingsf7 in-plane fields but also their pulse forms® with
lower-power consumption. In addition to such field-driven p
switchin%, in-plane ac (Refs. 9 and 10) and out-of-plane dc
currents'"'? have been reported to allow for the p switching,
as well.

Although there have been extensive studies on only p
switching,S_]4 only c-switching.ls’lé or switching of flux-
closure orientation in nanorings, the reliable control of tran-
sitions between the quaternary vortex states (fourfold degen-
erate states) has not been explored so far. In this letter, we
present the results of micromagnetic numerical simulations
of out-of-plane current driven switching of the fourfold de-
generate vortex state. We also report a promising means of
manipulating individual switching from each of the four
states to any of the other states and back again, using differ-
ent sequence combinations of characteristic single-step pulse
currents, as found from this study.

In the present study, we used Permalloy (Py, NigyFe,)
cylindrical dots of a radius R=100 nm and different thick-
nesses, L=10 and 17 nm, as shown in Fig. 1(a). The initial
ground state was either (p,c)=(+1,+1) or (p,c)=(+1,-1).
We numerically calculated the magnetization dynamic mo-
tions of individual unit cells (size: 2 X2 X L nm? Ref. 17) in
the Py dots using the OOMMF code'® that employs the
Landau-Liftshitz—Gilbert equation,19 including the so-called
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Slonczewski spin-transfer torque (STT).” The STT term is
expressed as Tgpr=(agrr/M)M X (M Xmp) with agpr
:ﬁh'ijO/ (mg2eM L), where iip is the unit vector of spin
polarization direction, & the Plank’s constant, y the gyromag-
netic ratio, P the degree of spin polarization, j, the current
density, u, the vacuum permeability, e the electron charge,
and M, the saturation magnetization. In order to conduct the
model study of spin-polarized out-of-plane current-driven
vortex excitations in the free-standing dots, we assumed
that the spin polarization points in the —z direction, (i.e.,
Spoi=—1) along with P=0.7 [see Fig. 1(a)]. The current flow
was in the +z direction (denoted as i,=+1). The circumfer-
ential Oersted fields (OHs) due to the current flow were
taken into account using Biot—Savart’s formulation.”' In such
a free standing model of metallic materials, we did not con-

FIG. 1. (Color online) (a) Schematic illustration of the model geometry. The
initial vortex states used are (p,c)=(+1,+1) and (+1, —1). The directions of
the out-of-plane current and the spin polarization of electrons are denoted as
ip=+1 and §,,=—1, respectively. The colors and the height of the surface
correspond to the in-plane and out-of-plane components of the local mag-
netizations, respectively. (b), (c), and (d) represent simulation results on a
vortex gyrotropic motion, only “p” switching, and “p-PLUS-¢” switching,
respectively. The current densities used are j,=7.0%10°, 2.0X 107, and
6.0X 107 A/cm? for (b), (c), and (d), respectively. In (b) and (c) are also
shown the orbital trajectories of motions of the up core (solid line) and the
down core (dashed line) and their instantaneous speeds.

®© 2010 American Institute of Physics
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FIG. 2. (Color online) Switching diagrams of no excitation, vortex gyration,
“p” and “p-PLUS-¢” switching with respect to j,, as indicated by regimes,
Io, I, 11, and III, respectively. The closed symbols indicate the time required
for each switching at a given value of j,. The vertical lines represent the
boundaries between the different vortex excitations, corresponding to the

threshold j, values (7, j5", and ji™) that distinguish each switching re-

gime. The dot size and initial vortex state used are noted in each diagram.
The hatched area corresponds to the initial ground state before “p” and
“p-PLUS-¢” switching.

sider thermal heating by current flow because the tempera-
ture increase caused by the 1nterface between an electrode
and the nano-pillar is neghgible ? In real systems, however,
the other interfaces of sufficiently large contact areas could
yield considerable thermal heating in the cases of high cur-
rent densities.

From simulation results on specific dot dimensions, e.g.,
(R,L)=(100 nm, 17 nm) and with the indicated initial
state, (p,c)=(+1,-1), three different characteristic dynamic
behaviors are observed: a vortex gyrotropic motion, the
switching of p alone and the simultaneous switching of both
p and c, as represented in Figs. 1(b)-1(d), respectively. The
dynamic behaviors from the (p,c)=(+1,-1) state contrasted
with different values of the current density j, applied, as
shown in Fig. 1. Note that, with this initial vortex state, the
circumferential OH orientation is antiparallel with the orien-
tation of ¢c=—1, and the orientation of p=+1 is parallel with
the current direction, i,=+1. Figure 2 diagrams the distinct
dynamic behaviors in different regimes of j,. In regime I, (j,
below a certain critical density, 'Cri) there is no further vortex
excitation. In regime T (j&" < j,<jt"), we observed a typical
low-frequency translation mode, the so-called vortex gyro-
tropic motion.”'*** In this regime, the vortex core exhibits
a spirally rotating motion with a continuously increasing or-
bital radius, finally attaining the stationary motion of a con-
stant orbital radius along with the eigenfrequency, as illus-
trated by the orbital trajectory of the vortex core motion and
its speed [see Fig. 1(b)]. More detailed descriptions of re-
gimes I and I are given in Ref. 24.

In contrast to the earlier I, and I regimes, in regime II

i< jo<jo™), only p switching occurs, maintaining the
initial state of c=—1 (without c-switching), as shown in Fig.
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1(c), after the application of the dc current during the re-
quired p-switching time. The switching time, indicated by
the solid circles and line in the diagrams, decreases with
increasing j,. For the lower j, values in regime II, the
p-switching takes place via the creation and annihilation of a
vortex-antivortex pair inside a given dot, according to the
same mechanism as described in earlier studies.>*® The ve-
locity of the up core just before its switching was observed to
be 330+ 37 m/s [see Fig. 1(c)], which is the same as the
critical velocity driven by oscillating in-plane and circular
rotating fields (or currents).* After the core orientation is re-
versed, the velocity of the down core decreases rapidly, and
then there is no motion any more. Such out-of-plane dc cur-
rent driven p switching dynamics is analogous to a circular-
rotating-field driven core switching reported in Refs. 5-7. On
the contrary, for the higher j, values in regime II, the
p-switching mechanism differed from that observed in the
lower j, region. Further investigation of the mechanisms is
required.

With further increases of j, across j, , an additional
vortex dynamic was found that represents the switching of
both p and ¢ with certain time intervals of the order of ap-
proximately nanoseconds (hereafter denoted as “p-PLUS-¢”
switching). In this regime (j,> jo ™), compared with the ear-
lier regimes, the j, values are large, producing relatively
high-strength OHs, e.g., 1.25 kOe at j,=2.0X 10® A/cm?
for R=100 nm and L=17 nm. Thus, the high-strength OH
assists such “p-PLUS-¢” switching via the reduction of the
Zeeman energy through the additional c-switching from the
antiparallel to the parallel orientation between the c-state and
the given OH. Note that such additional ¢ switching never
happens for the initial state of c-i,=+1 [see Fig. 2(b)]. How-
ever, the switching mechanism is not simple but different
from the field driven magnetization reversals typically ob-
served in ring-type elements.'® Further simulations reveal
that the ¢ switching by only the OH (excluding STT effect)
occurs above j,=1.8 X 108 A/cm?, which value is six times
greater than the threshold value, ]H M-03x%x108 A/cm2 ob-
tained considering both the STT and OH effects.?

Figure 2(b) shows additional switching diagrams for the
different initial vortex states and dot size, as noted. General
trends of those switching diagrams are the same for the case
of ¢c=-1, but there is no region III in the diagrams for the
other case of c=+1. This is because the orientation of the
c-state is parallel with that of the given OH, as mentioned
before.

On the basis of the results above, we propose a promis-
ing means by which each of the fourfold ground vortex states
can be simply but reliably manipulated. In Fig. 3, we sche-
matically illustrated ten different pulse sequences composed
of single-, double- or triple-step pulses. Each current pulse is
of either density value, ji" <jo<jo ™" or jo>jo ', and ei-
ther current direction, +z or —z. The lengths of the step pulses
are supposed to be at least longer than the switching times,
t,(10~250 ns) and #,,.(<30 ns), required for “p” and
p-PLUS-¢” switchings, respectively. For example, for p
switching, single-step pulses with 7, (pulse types @ and @),
are necessary. Here, the current density and length of the
step pulses were determined by the initial vortex state and
the dot dimensions. Contrastingly, c-state switching can be
achieved only by combining the two different processes of

p-PLUS-¢” and “p” switching, in erder to return the p-state
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FIG. 3. (Color online) (a) Current pulse sequences (comprised of single,
double, or triple pulses) required for individual switching between each pair
of the quadruple vortex states shown in (b).

to its original state, since c-switching never occurs alone, but
occurs along with p switching. The pulse types, ®, ®, @,
and effect c-switching. The pulse sequences for
“p-PLUS-c” switching are relatively complex: the single-
step pulses of ® and @ are required for switching between
(p,c)=(+1,-1), and (=1, +1), but for switching between
(p,c)=(+1,+1) and (=1, —1), the triple-step pulses of @
and @ are necessary. The reason is that the latter switching
can occur only through the serial processes of switching
from the given (—1, —1) state to (+1, —1) and (—1, +1), and
then to (+1,+1), or vice versa. Thus, the pulse sequences @
and @, are the results of the combinations of ®+@®+® and
@+®+®, respectively. Consequently, each vortex state can
be switched to any of the other states directly through two
different processes of the “p” and “p-PLUS-¢” switching or
their combinations, by one of the pulse sequences27 indicated
by the arrows and the numbers noted in Fig. 3.

In summary, we have studied transitions of the fourfold
degenerate state (both polarization and chirality) of a vortex
in soft magnetic dots, manipulated by changing the density
and direction of out-of-plane dc or pulse currents applied to
the dots. It is proposed that individual switchings from each
vortex state to any of the other states are controllable with
the different sequences of four characteristic single-step
pulses found from this study. This work provides a means of
controlling the full degree of freedom of the fourfold degen-
erate state of a magnetic vortex in confined magnetic dots.
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