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Magnetic nanostructures have potential applications in ultrahigh-density magnetic storage. In this paper, the dynamics of the
dual magnetic vortices in elliptical Permalloy nanodisk are investigated using micromagnetic modeling. Under the stimulation of the
short-axis (y-axis) Gaussian field pulse and long-axis (x-axis) constant field, the equilibrium positions of dual-vortex cores can be
driven away from the initial positions. The displacement in the y-direction is proportional to the magnitude of the x-axis constant
field. The displacement in the x-direction exhibit periodic reliance on the pulsewidth of the y-axis Gaussian field pulse. The threshold
value of pulse strength for dual-vortex motion increases with the magnitude of the x-axis constant field. The mechanism of polarity
and chirality switching in dual-vortex cores are studied through analyzing the trajectories of vortex cores in the annihilation and
nucleation processes. The switching of polarity exhibits an oscillatory dependence on the pulsewidth and strength. The minimum
pulse strength required for chirality switching is 120 mT, while the corresponding pulsewidth is influenced by the x-axis constant
field. This paper provides insights on the magnetization dynamics of nanostructures containing dual vortices subject to external

excitations.

Index Terms—Dual-vortex cores, micromagnetic simulation, vortex-core motion, vortex-core switching.

I. INTRODUCTION

HE exploration of spintronic devices has attracted a

great deal of attention, especially in the patterned
nanostructures due to the extremely fast response (from
femtosecond to nanosecond) to external excitations of nano-
magnets. Nanometer- or micrometer-sized thin film elements
with magnetic vortex structure (also described as the spin curl-
ing structure) are potential candidates for future nonvolatile
magnetic memories [1]-[3]. Intense research has been con-
ducted to reveal the static and dynamic properties of magnetic
vortices [4]-[12]. The curling structures are formed as the
competition among the exchange, magnetostatic, anisotropy,
and Zeeman energy [13]. The spins at the center of the
magnetic vortex (also described as the vortex core) are per-
pendicular to the magnetic thin film in order to reduce the
exchange energy. The geometrical features of the magnetic
vortices are characterized by the polarity p = +1 (p = 1
stands for up and p = —1 for down of the magnetization in
the vortex core) and the chirality [¢c = 1 for clockwise (CW)
and ¢ = —13 for counterclockwise (CCW)] [14].

Single magnetic vortex structures widely appear in square,
circular, and elliptical magnetic thin films as ground states.
Reports have shown that the single magnetic vortex confined
in Permalloy ferromagnetic dots can demonstrate resonant
behaviors under in-plane magnetic field at the oscillation
frequencies given by the magnetostatic energy [15]-[17].
The single vortex core polarity switching phenomenon in
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submicrometer magnetic thin film has also been intensively
investigated under external excitations, including injected cur-
rent, magnetic ac field, and magnetic field pulses with both
square and Gaussian shapes [5], [6], [18]-[23]. In addition to
the interests in single magnetic vortex characterizations, both
theoretical and experimental studies have been extended to the
interactions between magnetic vortices in a pair of ferromag-
netic dots, where each of them contains a single magnetic
vortex [24]-[27]. Aside from the above-mentioned topics, the
dual vortex structure trapped in the elliptical magnetic thin
film is introduced in some reports, which involves the study
of magnetization reversal and oscillatory properties [28]-[30]
However, the magnetization dynamics of the dual magnetic
vortices under magnetic field pulses are not yet reported.

In this paper, we simulated a dual magnetic vortex structure,
which is confined in a Permalloy elliptical nanodisk by micro-
magnetic modeling. Through the combination of a constant
magnetic field and an in-plane field pulse, a series of dual
magnetic vortex magnetization configurations is observed. It is
of interest to find that the magnitude of the static field and the
width and strength of the field pulse exhibit decisive influence
on the dual magnetic vortex core distribution. Meanwhile, the
study on the switching of the polarity and chirality of the dual-
vortex cores has also been conducted. This paper helps reveal
the mechanisms for multivortex core motion and switching in
the magnetic thin films.

II. MICROMAGNETICS MODEL
The simulation was conducted by the object oriented micro-

magnetic framework [31]. The micromagnetic modeling is
based on the Landau-Lifshitz—Gilbert equation [32], [33]
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Fig. 1. (a) Schematic of the elliptical thin-film structure. (b) Magnetization
configurations of the elliptical thin film with a dual vortex configuration.
(c) Directions of By and By in the coordinate system.

where y = 2.09 x 10'! rad-Hz-T~! denotes the gyromagnetic
ratio, a = 0.05 denotes the damping parameter, and M =
860 emu/cm® denotes the saturation magnetization, respec-
tively. Hegr is the effective field calculated as the summation
of external magnetic field and exchange interaction field.
Magnetocrystalline anisotropy constant of K = 0 and
exchange constant of Aex = 1.3 x 107% erg/cm (typical for
Permalloy) are used [18]. An elliptical element with medium
aspect ratio presents a reversal mechanism of dual-vortex
nucleation and annihilation [34]. The geometrical parameters
are thus defined as the long axis of 500 nm, the short axis
of 300 nm, and the thickness of 50 nm [Fig. 1(a)]. The ellip-
tical nanodisk is discretized into cubes with the dimensions of
5 x 5 x 5 nm?>. The magnetization of the cubes in the center of
the layer (height of 25-30 nm) is considered in the discussion
to avoid the influence of the edge effect. The magnetization of
the nanodisk is firstly set to be uniformly aligned perpendicular
to the plane. A magnetic field (80 mT) is subsequently applied
along the short axis to saturate the system. The field is
gradually decreased to 0 mT and the system nucleates into
a symmetric dual vortex geometry [Fig. 1(b)]. This dual-
vortex geometry is typical of the remnant state in a thick
submicrometer NiFe dot, as proved by previous micromagnetic
simulations and experimental observations [29], [35], [36].

After the dual-vortex geometry is formed, a static magnetic
field (B,) is applied in the +x-direction [Fig. 1(c)]. The dual-
vortex cores are displaced symmetrically to the third quadrant
(the left core) and the first quadrant (the right core). The
vortex cores reach new equilibrium positions after relaxation.
This magnetization configuration is used as the initial status
at t+ = 0 ns. Magnetic field pulse was applied at (By)
is superimposed to the elliptical thin film to stimulate the
motion of the dual-vortex cores. According to the simulation,
both Gaussian pulses and square-shaped pulse are effective to
stimulate the vortex dynamics. In this paper, Gaussian field
pulse is adopted as an example
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Fig. 2. Dynamics of the dual-vortex cores under field pulse (Spyise =
50 mT and FWHM = 1.18 ns) when By = 0: magnetization configuration
when (@) + = 0 ns, (b) t =05 ns, (¢c)t = 1 ns, and (d) + = 1.5 ns.
(e) Trajectories of the motion of vortex cores and (f) By, By (left axis), and
total energy (right axis) as a function of simulation time.

where Spuise stands for the pulse strength, and o stands for the
standard deviation [the full width at half maximum (FWHM)
is calculated as 2+/2In20 = 2.355¢]. The center of the pulse
is maintained at t = 20, Spuise = 20 mT-150 mT, and ¢ =
200-1000 ps (FWHM = 0.47 ns-2.36 ns) are used in the
simulations.

III. RESULTS AND DISCUSSION

The above-mentioned simulations have shown that sta-
ble and symmetric dual magnetic vortex geometry can be
formed at the remnant state. We further study the magne-
tization dynamics of the dual-vortex cores by applying a
y-axis Gaussian field pulse under constant x-axis field.
Through changing the parameters, including B,, FWHM, and
Spulse» the motion and switching of the dual-vortex cores are
observed.

A. Dynamics of Dual-Vortex Cores Under Field Pulse

In order to explore how the nanodisk react to external exci-
tations, the time evolution of the dual-vortex cores stimulated
by a y-direction Gaussian field pulse (Spuise = 50 mT and
FWHM = 1.18 ns) is investigated. In the case of zero x-axis
field, the dual vortices are symmetrically distributed on the
x-axis at t+ = 0 ns [Fig. 2(a)]. As B, gradually increases,



LI et al.: MOTION AND SWITCHING OF DUAL-VORTEX CORES IN ELLIPTICAL PERMALLOY NANODISK

the left core is driven to the third quadrant, while the right
one to the first quadrant. The displacement in the y-direction
is largest at + = 0.5 ns, and is gradually reduced back to
zero with increasing By. This is explained by the elliptical
trajectories of the vortex core motions with the periods of
2 ns. The vortex cores reach the minor axes after 0.5 ns
(i.e., 1/4 of the period). At ¢t = 1 ns, the separation between
the two vortex cores is largest in the x-direction [Fig. 2(c)]
as By reaches the maximum. During the trailing edge of the
pulse, the vortex cores gyrate to the second quadrant (left core)
and the fourth quadrant (right core) [Fig. 2(d)]. The trajectories
of the dual-vortex core motion are plotted by capturing the
time evolution of the vortex core positions with a time interval
of 0.3 ns [Fig. 2(e)]. The left core gyrates CW, while the
right one moves anticlockwise. This direction is primarily
determined by the direction of By. The time evolution of the
magnetization is driven by the changes of total energy shown
in Fig. 2(f). When ¢ < 2 ns, the total energy changes with B,
and is minimum when By is largest. After B, dies down,
the total energy gradually relaxes to the minimum value as
the vortex cores return to their initial equilibrium positions
[Fig. 2(f)].

When the dual-vortex cores are relaxed by a small x-axis
constant field (B, = 8 mT), the left core is driven to the second
quadrant, and the right one to the fourth quadrant, as shown
in Fig. 3(a). This shift in the y-direction enlarges the area
that is parallel to B, and reduces the area that is antiparallel
to minimize the Zeeman energy [37], [38]. When the field
pulse is applied (Spuise = 50 mT and FWHM = 1.18 ns)
in the +y-direction, the vortex cores gyrate CW to the new
equilibrium positions. The magnetization configurations at t =
0.5, 1, and 1.5 ns are shown in Fig. 3(b)-(d), respectively.
However, unlike in Fig. 2, where the magnetization resumes
its initial configuration after the field pulse, the dual-vortex
cores find new equilibrium positions after relaxation when
B, = 8 mT [Fig. 3(e)]. Both vortex cores are shifted to
the right of their initial positions. This asymmetric shift of
vortex cores after the short-axis field pulse is also observed
in a previous report [39]. The changes in the equilibrium
positions can be interpreted by the transition between different
energy states [Fig. 3(f)]. Several magnetization configurations
may present local minimum of magnetic energy, since the
symmetry is broken by B,. Before the application of By, the
system exhibits a global ground state with the total energy
of 790 x 10717 J. At t = 2 ns, and the total energy was
increased to 8.1 x 107!7 J after the excitation of the field
pulse. After relaxation, the system approaches a metastable
state with the local minimum energy of 7.92 x 1077 J.
The y-axis field pulse acts on the system to overcome the
energy barrier (~2 x 10713 J) between different minimum-
energy configurations. This energy barrier is higher than the
thermal energy at room temperature (4.1 x 1072 J), indicating
high resistance to thermal or defect-induced fluctuations. The
displacement of both vortex cores is nearly the same, so that
the total magnetization in the y-direction remains small when
By, drops to zero. The above-mentioned results indicate that the
y-axis field pulse is a promising method to alter the positions
of the dual-vortex cores.
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Fig. 3. Dynamics of the dual-vortex cores under field pulse (Spyise = 50 mT
and FWHM = 1.18 ns) when B, = 8 mT: magnetization configuration when
(@t=0ns,(b)t=0.5ns,(c)t=1ns, and (d) t = 1.5 ns. (e) Trajectories
of the motion of vortex cores and (f) By, By (left axis), and total energy
(right axis) as a function of simulation time.

B. Motion of the Equilibrium Positions of Dual-Vortex Cores

To evaluate how the displacements of the vortex cores
can be influenced by the profile of external excitations, the
evolution of the magnetization of an elliptical thin film is
investigated under different constant magnetic field and pulse
field.

The influence of pulsewidth is investigated while main-
taining Spuise at S0 mT. When a small x-axis constant field
(Bx = 6 mT) is applied, the displacement of vortex cores is
within 10 nm regardless of the pulsewidth [Fig. 4(a)]. When
larger B, of 8 mT is applied, the new equilibrium positions
of the dual-vortex cores exhibit periodic changes along the
x-direction as FWHM is changed from 0.47 to 2.36 ns
[Fig. 4 (b)]. When the pulsewidth is set to be 0.47 ns
[A in Fig. 4(b)], the dual-vortex cores are displaced by 27 nm
to the right of their initial positions. At larger pulsewidth
of 0.7 ns [B in Fig. 4(b)], the maximum displacement of
54 nm is achieved to the right of the initial positions. However,
as the pulsewidth increases to 1.41 ns [D in Fig. 4(b)], the
dual cores are driven to the left of their initial positions
with a maximum displacement of 22 nm. When FWHM =
2.36 ns [F in Fig. 4(b)], the new equilibrium positions of dual-
vortex cores resume the positions of FWHM = 0.47 ns. The
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of vortex cores when FWHM equals to A: 0.47 ns, B: 0.71 ns, C: 0.94 ns,
D: 1.41 ns, E: 1.88 ns, and F: 2.36 ns).
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Fig. 5. Equilibrium positions of dual-vortex cores before and after the y-axis
Gaussian field pulse with Spyjse ranging from 20 to 100 mT under x-axis
constant field of (a) 8 and (b) 10 mT (A-G refer to the new equilibrium
positions of vortex cores when Spyise equals to A: 20 mT, B: 30 mT,
C: 40 mT, D: 50 mT, E: 60 mT, F: 70 mT, G: 80 mT, and H: 90 mT).

pulsewidth dependence can be explained by the gyration of the
vortices around their equilibrium positions. The dependence of
the displacement on pulsewidth is attributed to the different
distances of the gyroscopic motion during the field pulse. The
corresponding energies for configurations A-F in Fig. 4(b)
are 7.90 x 10717 J, 792 x 10717 3, 7.92 x 10717 7,
7.92 x 10717 J, and 7.91 x 1077 J, respectively, which
are all relatively larger than the energy of 7.90 x 10717 J at
initial state. Similar pulsewidth dependence is also observed
when B, = 9 mT [Fig. 4(c)], while the displacement is larger.
However, when B, is further increased to 10 mT, the vortex
cores only move within a small region of 10 nm as FWHM is
changed from 0.47 to 2.36 ns [Fig. 4(d)]. However, noticeable
displacements of vortex cores are observed when stronger field
pulse is applied (Spuise = 100 mT).

In order to further investigate the influence of pulse strength,
the initial and new equilibrium positions of dual-vortex cores
subject to the y-axis Gaussian field pulse of different strength
and the same FWHM of 1.18 ns are shown in Fig. 5. When
B, = 8 mT, the displacements of the vortex cores are not
obvious until Spuse is higher than 50 mT [Fig. 5(a)]. This
is because the weak field pulse is not sufficient to overcome
the energy barriers between different energy states with local
minima. When Spuse is large enough, the cores relax into
a local (metastable) state different from the initial state.

IEEE TRANSACTIONS ON MAGNETICS, VOL. 53, NO. 5, MAY 2017

150

250

B

-150

o [|nitial positon o New equilibrium
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y-axis Gaussian field pulse with Spyjse of 50 mT and o of 500 ps when
By is changed from 6 to 16 mT (from the beginning to the end of the arrows,
By is 6, 8,9, 10, 12, 14, and 16 mT, respectively)

The threshold Spuse for vortex core motion is increased to
90 mT at higher B, of 10 mT [Fig. 5(b)]. As such, Spuse =
50 mT results in no displacement of the equilibrium positions,
while Spuise = 100 mT shifts the vortex cores remarkably
in Fig. 4(d).

The above discussions show that the x-axis constant field
is required for the motion of vortex cores. The dependence of
the displacement on B, is further studied. As B, is increased
from 6 to 16 mT, the initial positions of the dual-vortex
cores are driven farther away from the x-axis (Fig. 6). This
is consistent with the previous results that the dual vortices
can be separated along the short-axis through applying long
axis field in Permalloy elliptical elements [29]. Under the
stimulation of the Gaussian field pulse (Spuise = 50 mT and
FWHM = 1.18 ns), the dual-vortex cores are shifted along the
x-direction when By = 8 and 9 mT. The small displacements
(< 5 nm) for other B, values are due to the lack of asymmetry
under smaller B, or to the smaller pulse strength than the
threshold value under larger By, as discussed in Figs. 4 and 5.

The above-mentioned results reveal that the new equilibrium
positions of the vortex cores can be distributed along the
x-direction by adjusting the pulsewidth and strength of
the y-axis Gaussian pulse field and can be shifted along the
y-direction by changing the magnitude of the constantx-axis
field. This provides an effective method in manipulating the
position of the dual-vortex cores in the elliptical thin film
elements.

C. Switching of Polarity and Chirality of Dual-Vortex Cores

As discussed in Sections III-A and III-B, the Gaussian field
pulse can excite the motion of the dual-vortex cores. When
the strength of the field pulse is further increased, the dual-
vortex cores start to switch, which results in the changes in
polarity or chirality. The trajectory of the dual-vortex core
motion excited by a y-axis Gaussian field pulse (Spuie =
110 mT and FWHM = 1.18 ns) under B, of 10 mT is shown
in Fig. 7(a). At t = 0 ns, the vortex cores (c = —1 and p =1
for the left core, and ¢ = 1 and p = 1 for the right core)
are distributed at the second (left core) and fourth (right core)
quadrants. The vortices are driven to the annihilation point
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150 mT.

[B in Fig. 7(a)] by the strong field pulse, and a new dual-
vortex pair with the same chirality but the opposite polarity is
nucleated at t = 1.8 ns [C in Fig. 7(a)]. As By gradually drops
to zero, the new dual-vortex cores gyrate CCW toward the new
equilibrium positions. At ¢+ = 6 ns, the total energy drops to
the minimum value [Fig. 7 (b)], and the system is relaxed
into a new equilibrium state (¢ = —1 and p = —1 for the
left core, and ¢ = 1 and p = —1 for the right core). Further
increasing the pulse strength to 150 mT while maintaining
the pulsewidth at 1.18 ns results in changes in chirality
[Fig. 7(c) and (d)]. The high pulse strength results in a larger
radius of gyration and thus higher velocity in the vortex core
motion. At + = 1.3 [E in Fig. 7(c)], the vortex cores are
expelled out of the ellipse and the magnetization is saturated
along the +y-direction. As By gradually decreases, the mag-
netization evolves into a C-like curved state at t = 1.4 ns.
When the field pulse has passed, new dual-vortex cores with
the opposite chirality (c = 1 and p = 1 for the left core, and
¢ = —1 and p = 1 for the right core) are created in the first
and third quadrant [F in Fig. 7(c)]. The dual cores quickly
move to the third and first quadrant, respectively, and finally
gyrate to the new equilibrium positions. From Fig. 7(d), one
can conclude that the motion of vortex cores is driven by the
reduction of total energy.

The diagrams of the dual-vortex switching when B, = 6 and
10 mT are shown in Fig. 8(a) and (b), respectively. The annihi-
lation and formation processes of the left and right vortex cores
are symmetric. The geometrical features of the left vortex are
discussed here, since the left and right vortex core exhibit
the same polarity and the opposite chirality. An oscillation
of polarity switching with the pulse strength is observed. The
spins of vortex cores are pointed upward at the initial state. The
y-axis Gaussian field pulse of Spyise = 100 mT and FWHM =
1.41 ns can switch the pole to downward. As Spyise is increased
to 120 mT, no polarity switching is observed. However, further
increasing Spulse to 130 mT changes the polarity to downward
again. This oscillatory behavior is consistent with the previous
report on the single vortex switching in elliptical disks [22].
The oscillatory characteristics of the polarity switching with
the pulse strength and pulsewidth resulted from the oscillating
displacements of vortex cores at the end of the field pulse [19].
Since the velocity of vortex core is proportional to the distance
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from the new equilibrium position, the vortex core that is
farthest from the equilibrium has higher velocity to reach
the critical value for polarity switching.[22], [40]. The solid
lines in Fig. 8(a) and (b) distinguish the regions of chirality
switching from the unswitched regions. The minimum Spyise
required for the chirality change is 120 mT for B, = 6 and
10 mT, while the minimum points correspond to different
pulsewidth of 2.12 and 1.41 ns, respectively. This indicates
that B, influences the chirality switching by changing the
position of annihilation point through influencing the initial
core position. These results show that the polarity and chirality
of the dual-vortex cores can be manipulated through applying
a Gaussian field pulse with different pulse strengths and
pulsewidths.

IV. CONCLUSION

In conclusion, the motion and the switching of the dual-
vortex cores in an elliptical thin film are observed by manip-
ulating the magnitude of the x-axis constant field and the
profile of the y-axis Gaussian pulse field. When no x-axis
field is applied, the dual-vortex cores gyrate back to the
initial position after the field pulse. However, B, breaks the
symmetry, and hence, the displacements of the dual-vortex
cores are excited by the field pulse. The threshold value of
Spulse for vortex motion is increased at larger By. The shift
along the x-direction is dependent on Spuise and FWHM of the
field pulse, while the motion in the y-direction is dominated by
B,. The switching of the vortex polarity exhibits oscillatory
reliance on Spuise and FWHM. At higher Spuise, the vortex
cores are expelled out of the ellipse, and the change in chirality
is observed in the newly formed vortex cores. These results
are potentially useful for studying the dynamics of the dual
magnetic vortex structure in the elliptical thin film, which is
also beneficial for the application of multivortices in next-
generation memory devices.
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