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Curved geometrical conﬁnement effect on vortex-state reversals in magnetic half-spheres
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We applied micromagnetic numerical calculations to a study of vortex-state reversal dynamics in half-spheres. We found an additional, heretofore
unknown mechanism of vortex-core reversals that occur via the nucleation of a reversed vortex core at the edge of the half-sphere after expulsion
of the original core either with or without the reversal of the original chirality, but without formation of the magnetization dip or Bloch point. The
vortex-state reversals are affected by the curved geometrical conﬁnement of the half-spheres. Detailed descriptions of the reversal dynamics offer
the fundamentals of both vortex polarization and chirality reversals in curved restricted geometries. © 2015 The Japan Society of Applied Physics
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agnetization reversal dynamics in geometrically
conﬁned nanoscale magnetic elements has been
intensively and extensively studied.1–10) The main
focus of these studies was the reversal dynamics of the
magnetic vortex core in soft magnetic dots because of its
fundamental relevance to the dynamic transformations of
diﬀerent topological solitons2–10) and its potential applications
in binary data-storage devices.3,7) One of the vortex-corereversal mechanisms found thus far is the creation of a vortex–
antivortex pair with core magnetizations opposite to the initial
vortex-core magnetization, followed by the annihilation of
the original core together with the newly formed antivortex
core.3–5) The annihilation process is, in principle, accompanied
by an exchange-energy explosion and subsequent spin-wave
emission.4,5) This reversal mechanism is of technological
importance because it can be achieved, with low power
consumption, by resonant excitations5,6,8) of one of the vortexgyration11) and azimuthal spin-wave modes.12) Another corereversal mechanism in nanodisks driven by out-of-plane spinpolarized currents is the creation of coupled edge solitons
without exchange-energy explosion and spin-wave emission.9)
In addition, radial spin-wave-mode-driven vortex-core reversals by perpendicularly oscillating magnetic ﬁelds10) present
the nucleation of a Bloch point at the surface of planar dots,
followed by its displacement along the thickness.2,10)
All of the above studies were restricted mainly to twodimensional (2D) planar dots. Recently, advanced cuttingedge technologies have allowed the fabrication of more
complicated three-dimensional (3D) nanostructures of a rich
variety of shapes, including spheres,13) half-spheres,14)
spherical shells,15,16) and nanotubes.17) Accordingly, 3D
magnetic elements have attracted interest owing to their
fundamental dynamic characteristics and potential applications in data-storage devices.14)
Therefore, in this letter, we present our study on vortex
polarization and chirality reversals in soft magnetic halfspheres with curved surfaces. We found a notable core-reversal
mechanism that occurs with or without chirality switching,
as mediated by curved-surface geometrical conﬁnements,
and which is diﬀerent from vortex–antivortex pair and edgesoliton-mediated vortex-core reversal mechanisms found in
soft magnetic planar dots. This reversal mechanism provides a
reliable and eﬃcient means of controlling both vortex core and
chirality switching in a periodic array of half-spheres.
In the present study, we modeled a 3D permalloy (Py:
Ni80Fe20) half-sphere of diameter 2R = 100 nm and height
h = R [see Fig. 1(a)]. In the curved geometry and dimen-

2R
Fig. 1. (a) Model geometry of a half-sphere of diameter 2R = 100 nm and
h = 50 nm. (b) Ground vortex state of upward core magnetization and CCW
in-plane curling magnetization.

sions, competition between the long-range dipolar and shortrange exchange interactions gives rise to the unique static
vortex conﬁguration shown in Fig. 1(b). The vortex structure
in a ground state has upward core magnetization and counterclockwise (CCW) in-plane curling magnetization around its
core axis. To study the vortex-reversal dynamics in a given
half-sphere, we employed ﬁnite-element micromagnetic numerical calculations. Speciﬁcally, we discretized the curved
surfaces into triangles of roughly equal area using Hierarchical Triangular Mesh,18) thereby preventing numerical errors
incurred by irregularities. The dynamic motions of the magnetizations of the individual nodes (mesh size: ∼4 nm) at
the zero temperature were solved using the FEMME code
(version 5.0.8),19) which incorporates the Landau–Lifshitz–
Gilbert equation.20,21) The chosen Py material parameters
were as follows: saturation magnetization Ms = 8.6 × 105
A=m, exchange stiﬀness Aex = 1.3 × 10−11 J=m, damping
constant α = 0.01, and zero magnetocrystalline anisotropy.
To resonantly excite vortex-core motions, we utilized
one of the excited modes in the half-sphere, the zeroth-order
gyrotropic mode of eigenfrequency ω0=2π = 1.5 GHz.22)
Figure 2(a) is an illustration of an excitation of the zerothorder gyration by a CCW circular-rotating ﬁeld H ¼
H0 ½cosð!H tÞ^x þ sinð!H tÞ^y of ﬁeld angular frequency ωH
and amplitude H0, where ωH = ω0 = 2π × 1.5 GHz and H0 =
100 Oe. In this resonant excitation, the vortex core on the
top curved surface shows a large-amplitude CCW orbiting
motion, while on the bottom ﬂat surface, it shows a smallamplitude CCW orbiting motion around its center position;
therefore, the overall core is not vertically straight but rather
largely bent.22) The resultant trajectories of the resonantly
excited gyrations on the top curved and bottom ﬂat surfaces
are presented in Fig. 2(b). The vortex-core position on the
bottom surface was extracted using the maximum mz value
on the ﬂat surface, while that on the top surface was extracted
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Fig. 2. (a) Snapshot images of vortex-core motion caused by resonant
excitation of the gyration mode using a circular-rotating ﬁeld in the CCW
rotation sense and H ¼ H0 ½cosð!H tÞ^x þ sinð!H tÞ^y, with H0 = 100 Oe and
ωH=2π = 1.5 GHz. The red pillars are displayed by the isosurface of
mz = 0.9, and the red wide arrow indicates the CCW rotation sense of the
gyration of the vortex core. The colors at the bottom surfaces represent the
local mz distributions. (b) Trajectories of the gyration motion of the vortex
core in the t = 0–5 ns time period at the top curved (left) and bottom ﬂat
(right) surfaces. Each dot on the trajectory curves indicates the position of the
vortex core at the indicated moments, as noted by the numbers shown in (a).

using the maximum value of m  r^ , where r^ is the unit vector
normal to the local surface. Both top and bottom trajectories
show the same CCW rotation sense of the upward core
gyration, but with a large diﬀerence in their orbit radii. The
orbit radius at the top surface is about two times larger than
that at the bottom surface, which consequently leads to the
vertical core bending noted above.
As shown in Fig. 2, an H0 of 100 Oe does not lead to core
switching, because it is lower than the threshold-ﬁeld amplitude. A further increase in H0 to 150 Oe with ωH=2π =
1.5 GHz allows for core gyration up to core reversal. In this
core-reversal process, the vortex core on the top curved
surface reaches the edge (the boundary between the top and
bottom surfaces) of the half-sphere, as shown in Fig. 3(a). To
determine when vortex-core switching occurs, we conducted
further simulations by varying H0 according to a given value
of ωH=2π = 1.5 GHz. Figure 3(b) shows the plot of the maximum orbit radius (∣Xt∣max) of the vortex-core position at the
top surface as a function of H0. For H0 < 150 Oe, ∣Xt∣max
monotonically increases with increasing H0, without any
core-switching events. However, for H0 ≥ 150 Oe, the core
position reaches a threshold orbit radius, i.e., the edge of the
half-sphere [see Fig. 3(a)], and immediately thereafter the
core magnetization is reversed. For H0 > 150 Oe, the ∣Xt∣max
values are the same, i.e., independent of H0. This indicates
that whenever the core position reaches the edge of the halfsphere, core reversals take place. In this heretofore unknown
core-reversal mechanism, the core-reversal criterion is the
curved geometrical conﬁnement, i.e., the boundary between
the top and bottom surfaces, as is discussed in detail below.
There is another interesting dynamic behavior seen in this
reversal mechanism: the core reversals take place with or
without switching of the initial CCW chirality. For H0 ≥ 150
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Fig. 3. (a) Trajectories of the gyration motion of the vortex core at the top
curved (left) and bottom ﬂat (right) surfaces up to core reversal, which
was excited resonantly by the circular-rotating ﬁeld of H0 = 150 Oe and
ωH=2π = 1.5 GHz. (b) Maximum orbit radius ∣Xt∣max of the core position on
the top surface versus the rotating-ﬁeld strength H0 for ωH=2π = 1.5 GHz.
(c) Phase diagram of vortex-state dynamics with respect to both H0 and
ωH=2π. In (b) and (c), the shaded regions correspond to the nonswitching
case. In (c), the dashed curve is provided as a visual guide.

Oe, there are two diﬀerent vortex dynamics that are unlike
the core-reversal dynamics in 2D planar dots: simultaneous
polarization and chirality switching [marked by the circle
symbols in Fig. 3(b)] and only-polarization switching
(marked by the triangle symbols).
Next, we examined the vortex dynamics versus the ﬁeld
frequency ωH=2π. Figure 3(c) is a phase diagram of the
polarization, chirality switching, or both versus both the ﬁeld
frequency and the ﬁeld strength. The threshold H0 value, Hth,
required for core switching varies with ωH=2π, as indicated
by the dashed curve in Fig. 3(c). The minimum Hth value is
∼75 Oe at ωH=2π = ∼1.7 GHz. This resonant ﬁeld frequency
is somewhat diﬀerent from ω0=2π = 1.5 GHz. We assume
that the 10% diﬀerence originates from the nonuniform thickness of the half-sphere when the core displacement increases.
In the region between the Hth curve and H0 ∼ 200 Oe, there is
simultaneous reversal of both the chirality and polarization,
which is not observed in planar dots but only in cases where
out-of-plane dc currents of extremely high current density are
applied, as reported in Ref. 7.
To elucidate the diﬀerence and similarity of the underlying
reversal mechanism in planar dots and half-spheres, we
examined the details of the subprocesses of the polarization and chirality reversals [see Fig. 4(a) and the online
supplementary data at http://stacks.iop.org/APEX/8/063003/
mmedia]. Upon application of the rotating magnetic ﬁeld, the
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Fig. 4. (a) Serial snapshot images of the subprocesses of vortex
polarization and chirality reversals in a half-sphere of diameter 2R = 100 nm
driven by a circular-rotating ﬁeld of H0 = 200 Oe and ωH=2π = 1.5 GHz. The
ﬁrst row shows the isosurfaces of m  r^ ¼ 0:8 (red) and −0.8 (blue) in a
perspectival view, while the second and third rows display the local
magnetization distributions at the bottom ﬂat and top curved surfaces,
respectively. The open circles marked by “p1” and “p2” indicate the
nucleation points of the downward and upward core magnetizations,
respectively. The last row is a schematic of the local magnetization
distributions at the top surface. (b) Temporal evolution of total (Etot),
exchange (Eex), and magnetostatic energies (Ems) during gyrotropic-modedriven vortex-state reversal. (c) Spin conﬁgurations at the cross sections of
dashed lines at t = 1.00 and 1.10 ns in (a), respectively. The white
arrowheads indicate the orientations of the local magnetizations.

original upward core with CCW chirality (V"CCW ) gyrates
with increasing orbit radius (t = 0–0.90 ns). The core then
disappears at t = 0.90 ns, when it reaches the half-sphere
edge, resulting in a C-like magnetization conﬁguration (see
the images for t = 0.93 ns). At that point, the exchange (Eex)
and magnetostatic energies (Ems) are at the local minimum
and maximum, respectively, as shown by the temporal evolution of Eex and Ems in Fig. 4(b). Then, within t = 1.00–1.10
ns, a new core of downward magnetization with CW chirality
(V#CW ) is nucleated in a diﬀerent region opposite the annihilation point, just after the original core is expelled from the
half-sphere, to reduce the maximized Ems. However, at this
point, the overall chirality does not reverse completely (see
the images for t = 1.10 ns). Immediately after the nucleation
of the new downward core with CW chirality (V#CW ) (i.e., at
t = 1.10), another, new vortex core of upward magnetization
with CCW rotation sense (V"CCW ) begins to form spontaneously.23) Thus, at this point, there are two vortex cores
of opposite polarization and chirality on the top surface (see
the images taken at t = 1.25 ns), which results in the highest
value of Eex, and, consequently, the attainment of the maximum total energy (Etot) [see Fig. 4(b)]. However, the new
upward core (V"CCW ) is rapidly expelled to the opposite side
(t = 1.33 ns), and then, ﬁnally, only the downward core with
CW chirality (V#CW ) remains in the half-sphere. These serial
processes complete both the polarization and the chirality
reversal (see the images taken at t = 3.00 ns).
These “polarization-plus-chirality reversal” subprocesses in
half-spheres are quite diﬀerent from those of edge–soliton-

mediated core reversals in planar dots driven by out-of-plane
dc currents. In the latter case, Eex drops markedly when the
original core is expelled from the given planar disk; so, for
formation of the reversed new core inside the disk, the edge–
soliton pair must overcome an Eex barrier.9) By contrast, in the
case of the half-sphere, such a decrease in Eex via annihilation
of the original core is not observed (t = 0.93 ns) because of the
half-sphere’s curved surface. Eex reaches its maximum value
when two opposite vortex cores are formed inside the halfsphere (t = 1.25 ns); thus, it is of extremely high energy, as
shown in Fig. 4(b). In addition, the origin of the new core’s
orientation diﬀers from that for edge–soliton-mediated core
switching, for which the core orientation is determined by the
gyroﬁeld at the nucleation site.9) However, for the half-sphere,
the magnetization direction at the nucleation site yields the
nucleated core’s orientation because of the geometrical curved
surface. As shown in Figs. 4(a) and 4(c), because of the
geometrical characteristics of the half-sphere, the magnetizations are normal to the curved top surface when jm  r^ j ¼ 1
and the orientations are parallel to the upward or downward
vortex core near the edge. Thus, to reduce the energy barrier to
vortex-core formation, the inward [m  r^  1, marked as
“p1” in Figs. 4(a) and 4(c)] and the outward (m  r^  þ1,
marked as “p2”) magnetization directions on the top surface at
the edge correspond to the nucleation points of the downward
and upward magnetization cores, respectively, unlike in edge–
soliton-mediated core switching.9) Consequently, in the case
of the half-sphere, a new vortex core always forms at those
points where the condition jm  r^ j  1 is satisﬁed, and the
formation of a new core is not caused by gyroﬁelds, but rather
by the magnetization direction at the edge of the half-sphere.
This reversal mechanism, which diﬀers from any mechanisms
found in planar dots,2–5,9,10) is driven by a speciﬁc nanoscale
geometrical conﬁnement. From further calculations, we
observed that the “polarization plus chirality switching” also
occurs in half-spheres of diﬀerent size and in spherical caps
with diﬀerent wetting angles.22,24) Such ﬁne dynamic processes can be revealed only by 3D mesh-based numerical
calculations. From an application point of view, both the
polarization and the chirality reversals have an advantage in
that they can be achieved with a relatively low ﬁeld strength,
i.e., ∼100 Oe, when ωH ∼ ω0. In planar dots, both reversals
occur only when out-of-plane current densities larger than
∼108 A=cm2 are applied and a high-Oersted ﬁeld is antiparallel to the initial chirality orientation.7) We assumed that the
small threshold-ﬁeld amplitudes for chirality switching in the
half-sphere originates from the spontaneous nucleation of the
second core, despite the extremely high Eex.23)
We also found that in contrast to the above reversal
mechanism, multiple chirality reversals added to the polarization reversal take place when H0 ≳ 200 Oe. Figure 5
provides an example of such vortex-state reversal processes
for ωH=2π = 1.5 GHz and H0 = 300 Oe (also see the online
supplementary data at http://stacks.iop.org/APEX/8/063003/
mmedia). The overall reversal mechanism is almost the same
as that of polarization-plus-chirality reversal, except for the
inclusion of subprocesses ⑤ and ⑥, as shown in Fig. 5(a).
Unlike the case of polarization-plus-chirality reversal, we
observed an additional nucleation of the downward core with
opposite chirality (V#CCW ), after which the earlier V#CW was
expelled from the half-sphere and the V#CCW remained as a
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for planar dots, oﬀer both the fundamentals of and additional
details on vortex-state reversals in curved-surface geometrical
conﬁnements. In addition, this work oﬀers a guideline for
experimental expectations of vortex-state reversals in arrays
composed of half-spheres or sphere caps.
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Fig. 5. Same as Figs. 4(a) and 4(b) except for the circular-rotating ﬁeld
strength of H0 = 300 Oe applied for resonant excitation and the resultant
only-polarization reversal.

new core without reversal of the original CCW chirality [see
the images for t = 3.00 ns in Fig. 5(a)]. In the case of onlypolarization switching, the reversal process is more complex
than that in the polarization-plus-chirality reversal found in
the H0 ≲ 200 Oe region, even though the mechanism of all the
formations of the newly formed core’s magnetization at the
edge are the same as those shown in Fig. 4. The reversal
processes in Fig. 5 are examples of the only-polarization
reversal mechanism for cases of reversal when H0 ≳ 200 Oe.
For higher H0 values, it is diﬃcult to predict whether chirality
reversals occur because there are multiple chirality reversals
and additional complex nonlinear dynamics, as reported in
Refs. 25 and 26. However, from a technological point of
view, the only-polarization reversal mechanism is important
because each vortex state can be independently switched to
any of the other states through polarization-plus-chirality
switching, only-polarization switching, or their combination, similar to the reliable control of any vortex states by
application of out-of-plane currents to planar dots reported in
Ref. 7. In future studies, it will be necessary to either ﬁnd
a way to prohibit such multiple chirality switching or to
manipulate one-time switching to obtain another designated
chirality in addition to vortex polarization switching in an
array of half-sphere dots.
In summary, we studied vortex-state reversals in soft
magnetic half-spheres using micromagnetic numerical calculations. We discovered an additional, unknown mechanism of
vortex-state reversal, one that diﬀers from those in planar
dots. We observed fast polarization switching along with
chirality switching driven by resonant excitations of the
gyrotropic mode in the half-spheres and then clariﬁed the
reversal details with respect to the exchange and dipolar
energy variations. The speciﬁc curved geometry of halfspheres aﬀects the vortex-state reversals. Such detailed 3D
dynamic features, unobtainable from numerical calculations
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