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We present a possibility to switch the chirality of a spin vortex occurring in a magnetic nanodisk by applying
a uniform in-plane field pulse, based on optimizing its strength and duration. The related spin-dynamical
process, investigated by micromagnetic simulations, consists of several stages. After applying the field, the
original vortex is expelled from the disk, after which two C-shaped states oscillate between each other. The
essence of the method is based on turning the field off at a suitably chosen moment for which the orientation
of the C-state will evolve into the nucleation of a vortex with the desirable chirality. This idea simply uses the
information about the original chirality present inside the nanodisk during the dynamic process before losing it

in saturation, and can thus be regarded as analogous to the recent studies on the polarity switching.
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Recent progress in technologies of preparing confined na-
nomagnetic geometries'?> has considerably improved the pa-
rameters of spin-related devices and shifts the challenges in
nanomagnetism toward new approaches.>* Several interest-
ing possibilities emerged from extensive research on spin
vortices occurring at equilibrium of flat ferromagnetic cylin-
ders and analogous elements,>® whose two binary character-
istics, the chirality c¢=*1 [counterclockwise (CCW) or
clockwise (CW) vortex’s flow] and the polarity p= %1 (up
or down orientation of the vortex’s out-of-plane polarized
core’®) determine the dynamic response to ultrafast magnetic
field pulses’ and are important candidates for nonvolatile
magnetic memory'? and other applications.'!2

Switching these states traditionally involved a strong qua-
sistatic magnetic field, out-of-plane for the polarity'? and in-
plane for the chirality. To switch the latter, however, required
a geometric asymmetry, because a saturated symmetric cyl-
inder is—after turning the field off—ordered randomly.!4-16
On the other hand, ultrafast dynamic processes, being forced
by field pulses!”!° or electrical currents,?’2* enable to over-
come those problems by utilizing consecutively occurring
stages. Thus the polarity can be switched via the generation
of a vortex—antivortex pair by a short in-plane field pulse of
a relatively low amplitude, because the original vortex then
annihilates with the antivortex, leaving there the new vortex
with the opposite polarity.

We here show, using micromagnetic simulations, that the
chirality of a vortex in a symmetric nanodisk can also be
switched by an in-plane field pulse, because the information
about the original state is still present inside the disk for a
certain time (before arriving at the saturated equilibrium) so
that a vortex with the opposite chirality can be nucleated
after turning the field off at a suitably chosen moment. This
method eliminates the need for inhomogeneity of the excita-
tion, which has been introduced by a mask,? spin transfer
torque,?® or exchange bias.?’

We carry out the time integration of the Landau-Lifshitz-
Gilbert (LLG) equation
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E=—7’m><Heff+amXE, (1)

where m denotes the unit magnetization vector, y the gyro-
magnetic ratio,  the Gilbert damping parameter, ¢ the time,
and H =—(uoM )~ dE/dm the effective magnetic field, de-
termined from the energy density E (with w, being the mag-
netic permeability of vacuum and M, the saturation constant)
and being the sum of the externally applied field term H,,,,
exchange term H,,=(2A/uoM,)V*m (with A denoting the
exchange stiffness constant), and demagnetization term H,.
The LLG equation and all the field terms are numerically
treated via regular discretization.?® Thus the exchange field is
calculated as Hy,=(2A/3uoMd*)S jm(j), with the summa-
tion over all eight neighbors in the grid.”® The demagnetizing
field is generated by surface magnetic charges present on
each cell, with help of analytical formulas used for surface
integrations as described by Hubert and Schifer.® The
method was tested to be very close to the OOMMF public
code.®® All numerical experiments were carried out on a Py
nanodisk of the diameter of 200 nm, thickness of 20 nm,
with ¢=p=1, using material parameters M =860 kA m~!,
A=13x10""" Jm™, and a=0.01.

Trajectories plotted in Fig. 1(a) demonstrate the initiation
of motion of the vortex core in the Py nanodisk according to
the amplitude of an applied in-plane field pulse. For fields
below 50.6 mT, the vortex core starts to move along the field
and then traces a CCW spiral around a new equilibrium
point, shifted from the disk’s center (45 mT chosen as an
example). For fields between 50.6 and 57.7 mT, the spiral
motion leads the vortex core out of the disk, so that the
vortex annihilates. For higher fields a new vortex of the op-
posite polarity and an antivortex are created, the latter of
which annihilates with the old vortex, facilitating thus the
switching of the polarity. According to the classification in
Fig. 1(b), to switch the chirality obviously requires interme-
diate fields [examples in Fig. 1(a) chosen 51 and 57 mT].

The whole process after applying a finite field pulse with
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FIG. 1. (Color online) Selected trajectories of the vortex core
plotted inside the top-viewed contour of the Py nanodisk (a) for
applied fields B,=45, 51, and 57 mT. For the case of 45 mT (dashed
curve) the trajectory corresponds to a spiral motion, whereas for 51
and 57 mT (solid and dotted curves) the trajectory leads the vortex
core out of the disk. The chart (b) classifies all processes according
to the size of the field.

the amplitude of 51 mT is demonstrated in Fig. 2, with two
examples of pulse durations of 836 and 988 ps. As already
shown in Fig. 1, the CCW vortex follows a curve toward the
annihilation point at 584 ps, after which a CCW C-like
curved state (C state) appears, which is later transformed into
an opposite (CW) C-state, both of which oscillate between
each other. According to the snapshots at 682, 743, and 836
ps (and Ref. 31), the oscillation can be described as alterna-
tion between the CCW and CW C-states, the first of which
turns into the second via domain-wall motion from the north
pole to the south pole of the nanodisk. The curvatures of the
two C-states continuously decrease, both finally converging
into a stable, saturated state (displayed for 5 ns). If we turn
the field off at 7,;=836 ps, where the most distinct CW ori-
entation of the C state is present, then a new vortex nucleates
at around f7,4+305 ps with the CW chirality, so that the
chirality of the original vortex is switched (the solid frame of
Fig. 2 and Ref. 31). On the other hand, if we turn the field off
at 7,;;=988 ps, at which the C-state possesses the CCW ori-
entation, the original chirality is preserved (the dashed frame
and Ref. 31). In other words, the orientation of the C state at
which the field is turned off determines the chirality of the
nucleated vortex.
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The dynamic evolution can be also described by a quan-
tity called fluidlike vorticity, w=[V Xm]. (with the z axis
oriented out-of-plane), whose curves (averaged over the
nanodisk) are plotted in Fig. 3(a). Here the positive values
represent spin distributions for which the CCW orientation
predominates, whereas the negative values represent the CW
orientation. Thus the curve w(7) exhibits a steep decrease of
the vorticity for r<<836 ps, signifying the disappearance of
the CCW vortex and evolution into the CW C state, and then
damped harmonic oscillation signifying the alternation be-
tween the CW and CCW C states. To describe this oscillation
in detail, we performed the Fourier transform of a selected
part of the vorticity function w(z) [Fig. 3(b)], showing a
strong frequency peak at },=2.8 GHz, broadened due to the
damping and the space inhomogeneities of the oscillation.
For the chosen frequency (), the spin-dynamical motion in
the x—y plane can be mathematically described as

m(x,)ﬂt) = mO(-x»y) +a(x’y)005[90f + 5()5»)’)], (2)

where m, is the immobile component of magnetization, a
denotes the distribution of amplitudes and & the distribution
of phases of the oscillations within the nanodisk. These a and
é distributions are displayed in Figs. 3(c) and 3(d), respec-
tively. The highest amplitudes of the oscillations are obvi-
ously on the left and right edges of the nanodisk (on the left
more significant), while the phases are constant on vertical
lines. In other words, the motion is comparable to the flap-
ping of two wings, with a certain asymmetry of the ampli-
tudes and phases due to the asymmetric origin of the vortex
annihilation. These modes have been studied in detail
previously.3>33

For further illustration of the spin evolution after the two
pulse durations of 836 and 988 ps (the two bottom frames of
Fig. 2), we also show the corresponding evolutions of the
vorticities, wa(7) and wg(7), plotted in Fig. 3(a), exhibiting
the nucleation of the CW or CCW vortex, respectively. Both
curves clearly confirm that the negative or positive sign of
the vorticity of the alternating C-states uniquely determines
the CW or CCW chirality of the final vortex, so that the
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FIG. 2. (Color online) Time evolution of magnetization distribution after applying a pulse of magnetic field B,=51 mT with two
examples of temporal duration of 836 and 988 ps. The color scale of M, the geometric orientation, and the field pulse are displayed in the
bottom-left corner. The top part of the figure demonstrates the evolution during the nonzero field, applied from =0 until a stable, saturated
state at 5 ns. The blue (gray solid) frame displays the evolution after turning the field off at 7,=836 ps (shorter pulse). The red (gray dashed)
frame displays the evolution after turning the field off at 7, ;=988 ps (longer pulse).
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FIG. 3. (Color online) Analyzing the dynamic processes. (a)
Time evolution of fluidlike vorticity w=[V Xm], (averaged over the
nanodisk) after applying the pulse B,=51 mT (the w curve) and
after two examples of turning the field off at 7,4=836 ps (the wy
curve) and £, ;=988 ps (the wp curve). (b) The top inset shows the
Fourier transform of a selected range of the vorticity function w(7);
the selection is depicted by the quotation arrows. The space distri-
bution of magnetization oscillations during the nonzero field for the
peak frequency () are displayed in the bottom insets corresponding
to the (c) amplitudes and the (d) phases of the oscillations.

entire process is controllable by choosing the appropriate
pulse length, analogously to the current-driven domain-wall
motion studied by Thomas et al.>*

We have also investigated the reliability of the method
with respect to the edge roughness® by utilizing the devia-
tion from the cylindrical symmetry due to the staircase
approximation.’®37 Thus, besides the excitation field oriented
along the x axis, we also performed analogous simulations
with fields rotated by 30 and 45° to reveal that the initial
process of the vortex expulsion remains nearly same, fol-
lowed by slightly faster C-state oscillations. However, the
time 7., discussed above remains quite adequate for the
chirality switching, regardless of the field orientation.

To complete our demonstration, Fig. 4 displays the micro-
magnetic energies of the nanodisk, corresponding to all the
processes discussed above. Figure 4(a) shows the energies
during the externally applied field pulse of 51 mT. After
applying the field at =0, the vortex gradually changes its
distribution to reduce the external-field energy, while the de-
magnetizing energy increases. The exchange energy, which
is mostly coupled with the vortex core, significantly vanishes
during the vortex annihilation. The total energy exhibits
gradual decrease due to damping. Figure 4(b) shows the en-
ergies after turning the field off at 7,;=836 ps, exhibiting a
rapid increase of the exchange energy and a decrease of the
demagnetizing energy because a new vortex nucleates. The
two red asterisks denote two points of strong release of en-
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FIG. 4. (Color online) Time evolution of energies. (a) The evo-
lution of the total, exchange, demagnetizing, and external-field en-
ergies during the externally applied field B,=51 mT. The two quo-
tation arrows show two examples of turning the field off. (b) The
evolution of the energies after turning the field off at #,;;=836 ps.
(c) The analogous evolution for ¢ ;=988 ps. The trajectories of the
cores of nucleated vortices, corresponding to the two cases [(b) and
(c)], are displayed in (d) and (e), respectively.

ergy due to the switching of the polarity of the new vortex,
accompanied with the creation and annihilation of vortex-
antivortex pairs. Figure 4(c) shows analogous processes for
the case 7,,;=988 ps. Figures 4(d) and 4(e) display the tra-
jectories of the created vortex cores for the two cases corre-
sponding to Figs. 4(b) and 4(c), respectively.

In summary, we have proposed a switching method for
the vortex chirality based on optimizing the strength and
duration of the excitation pulse. The method does not require
any artificial asymmetry of the nanodisk or any particular
field distribution, because the original chirality determines
the entire process. The idea is particularly appropriate for
nanodisks with relatively small diameters where easy vortex
expulsion is possible without core switching. For large diam-
eters, however, the method will also require optimizing the
pulse shape or combining the dynamic pulse with quasistatic
field. A weak point of the method is the fact that the infor-
mation about the original polarity is lost after the annihila-
tion of the original vortex, which can be prevented by memo-
rizing the polarity before the vortex is excited and
(eventually) by switching it after the new vortex relaxes.
Another problem might arise from the fact that the excitation
pulse must be applied with a relatively precise duration,
which can slightly differ for different shapes of the nanodisk
occurring due to fabrication imperfections; however, the mi-
nor influence of edge roughness does not cause much
trouble.

This work is part of Research Plan No. MSM 0021620834
financed by the Ministry of Education of the Czech Republic
and was partially supported by a Marie Curie International
Reintegration Grant (Grant No. 224944) within the 7th Eu-
ropean Community Framework Programme and by the Grant
Agency of the Czech Republic (Grant No. 202/09/P355).

140404-3



ROMAN ANTOS AND YOSHICHIKA OTANI

*antos @karlov.mff.cuni.cz
'R. Skomski, J. Phys.: Condens. Matter 15, R841 (2003).
2J. L. Martin, J. Nogues, K. Liu, J. L. Vicent, and I. K. Schuller, J.
Magn. Magn. Mater. 256, 449 (2003).
3S. D. Bader, Rev. Mod. Phys. 78, 1 (2006).
4G. Srajer et al., J. Magn. Magn. Mater. 307, 1 (2006).
SR. Antos, Y. Otani, and J. Shibata, J. Phys. Soc. Jpn. 77, 031004
(2008).
S A. Hubert and R. Schifer, Magnetic Domains (Springer, Berlin,
1998).
7T. Shinjo, T. Okuno, R. Hassdorf, K. Shigeto, and T. Ono, Sci-
ence 289, 930 (2000).
8 A. Wachowiak, J. Wiebe, M. Bode, O. Pietzsch, M. Morgenstern,
and R. Wiesendanger, Science 298, 577 (2002).
9S.-B. Choe, Y. Acremann, A. Scholl, A. Bauer, A. Doran, J.
Stohr, and H. A. Padmore, Science 304, 420 (2004).
0N, Nishimura, T. Hirai, A. Koganei, T. Tkeda, K. Okano, Y.
Sekiguchi, and Y. Osada, J. Appl. Phys. 91, 5246 (2002).
1C. A. Ross, Annu. Rev. Mater. Res. 31, 203 (2001).
12R. P. Cowburn and M. E. Welland, Science 287, 1466 (2000).
I3N. Kikuchi, S. Okamoto, O. Kitakami, Y. Shimada, S. G. Kim,
Y. Otani, and K. Fukamichi, J. Appl. Phys. 90, 6548 (2001).
14T, Taniuchi, M. Oshima, H. Akinaga, and K. Ono, J. Appl. Phys.
97, 10J904 (2005).
SM. Schneider, H. Hoffmann, and J. Zweck, Appl. Phys. Lett. 79,
3113 (2001).
16T, Kimura, Y. Otani, H. Masaki, T. Ishida, R. Antos, and J. Shi-
bata, Appl. Phys. Lett. 90, 132501 (2007).
17Q. F. Xiao, J. Rudge, B. C. Choi, Y. K. Hong, and G. Donohoe,
Appl. Phys. Lett. 89, 262507 (2006).
I8R. Hertel, S. Gliga, M. Fahnle, and C. M. Schneider, Phys. Rev.
Lett. 98, 117201 (2007).
19B. Van Waeyenberge et al., Nature (London) 444, 461 (2006).
20K. Yamada, S. Kasai, Y. Nakatani, K. Kobayashi, H. Kohno, A.
Thiaville, and T. Ono, Nature Mater. 6, 269 (2007).
2IS.-K. Kim, Y.-S. Choi, K.-S. Lee, K. Y. Guslienko, and D.-E.
Jeong, Appl. Phys. Lett. 91, 082506 (2007).
22Y. Liu, S. Gliga, R. Hertel, and C. M. Schneider, Appl. Phys.
Lett. 91, 112501 (2007).

2D, D. Sheka, Y. Gaididei, and F. G. Mertens, Appl. Phys. Lett.

91, 082509 (2007).
24].-G. Caputo, Y. Gaididei, F. G. Mertens, and D. D. Sheka, Phys.

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 80, 140404(R) (2009)

Rev. Lett. 98, 056604 (2007).

25Y. Gaididei, D. D. Sheka, and F. G. Mertens, Appl. Phys. Lett.
92, 012503 (2008).

26B. C. Choi, J. Rudge, E. Girgis, J. Kolthammer, Y. K. Hong, and
A. Lyle, Appl. Phys. Lett. 91, 022501 (2007).

27M. Tanase, A. K. Petford-Long, O. Heinonen, K. S. Buchanan, J.
Sort, and J. Nogues, Phys. Rev. B 79, 014436 (2009).

28The cylindrical nanodisk of the diameter 2R and thickness L uses
the splitting of the rectangular area 2R X 2R X L, containing the
nanodisk, into a regular grid of N XN rectangular cells of the
sizes d,Xd,XL, where d,=d,=d=2R/N. We assume R
=100 nm, L=20 nm, N=100, and d=2 nm. Magnetic material
fills each jth cell whose central lateral coordinates x;, y; satisfy
the condition xf+ yjz.SR; all the other cells contain air. In the
discretized LLG equation the unit magnetization m" is assumed
uniform within each cell.

M. J. Donahue and R. D. McMichael, Physica B 233, 272
(1997).

30M. J. Donahue and D. G. Porter, OOMMF User’s Guide, Version
1.0, (NIST, Gaithersburg, MD, 1999).

31See EPAPS Document No. E-PRBMDO-80-R24934 for three
movies: moviel.mov shows annihilation of the original vortex
during the nonzero field and then the two oscillating C-states;
movie2.mov shows the nucleation of a switched vortex after the
shorter pulse; and movie3.mov shows the nucleation of a non-
switched vortex after the longer pulse. For more information on
EPAPS, see http://www.aip.org/pubservs/epaps.html.

2R. D. McMichael and M. D. Stiles, J. Appl. Phys. 97, 10J901
(2005).

33G. Gubbiotti, G. Carlotti, T. Okuno, M. Grimsditch, L. Giovan-
nini, F. Montoncello, and F. Nizzoli, Phys. Rev. B 72, 184419
(2005).

34L. Thomas, M. Hayashi, X. Jiang, R. Moriya, C. Rettner, and S.
S. P. Parkin, Nature (London) 443, 197 (2006).

35Y. Nakatani, A. Thiaville, and J. Miltat, Nature Mater. 2, 521
(2003).

36C. J. Garcia-Cervera, Z. Gimbutas, and E. Weinan, J. Comput.
Phys. 184, 37 (2003).

37L. Giovannini, F. Montoncello, F. Nizzoli, G. Gubbiotti, G. Car-
lotti, T. Okuno, T. Shinjo, and M. Grimsditch, Phys. Rev. B 70,
172404 (2004).

140404-4



