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Magnetic vortex core reversal by excitation with
short bursts of an alternating field
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The vortex state, characterized by a curling magnetization, is one
of the equilibrium configurations of soft magnetic materials1–4 and
occurs in thin ferromagnetic square and disk-shaped elements of
micrometre size and below. The interplay between the magneto-
static and the exchange energy favours an in-plane, closed flux
domain structure. This curling magnetization turns out of the
plane at the centre of the vortex structure, in an area with a radius
of about 10 nanometres—the vortex core5–7. The vortex state has a
specific excitation mode: the in-plane gyration of the vortex struc-
ture about its equilibrium position8–10. The sense of gyration is
determined by the vortex core polarization11. Here we report on
the controlled manipulation of the vortex core polarization by
excitation with small bursts of an alternating magnetic field.
The vortex motion was imaged by time-resolved scanning trans-
mission X-ray microscopy12. We demonstrate that the sense of
gyration of the vortex structure can be reversed by applying short
bursts of the sinusoidal excitation field with amplitude of about
1.5 mT. This reversal unambiguously indicates a switching of the
out-of-plane core polarization. The observed switching mech-
anism, which can be understood in the framework of micromag-
netic theory, gives insights into basic magnetization dynamics and
their possible application in data storage.

The continuous downscaling in microfabrication technology has
enabled the creation of magnetic microstructures and nanostructures
with defined sizes and shapes. These structures are currently not only
implemented in applications such as data storage and non-volatile
magnetic random access memory (MRAM), but also form an inter-
esting playground for the fundamental studies of magnetism on a
microscopic level.

In thin film structures, in which the magnetostatic interactions
usually force the magnetization to lie parallel to the film plane, typical
magnetic configurations occur with domain structures that close the
magnetic flux. Square patterns have in this case a typical Landau
structure with four triangular domains separated by 90u domain
walls. The magnetic vortex is located at the centre of this domain
structure, where the four domains meet one another. The curling
magnetization cannot stay in the plane at the very centre of the vortex
structure because the short-range exchange interaction favours a
parallel alignment of neighbouring magnetic moments. The magnet-
ization turns perpendicular to the plane in an area with a radius of
about 10 nm, in this way forming the vortex core7. The direction of
the out-of-plane component of the magnetization is defined as the
polarization of the vortex core (up or down) and gives, together with
the sense of the in-plane flux closure (clockwise or anticlockwise), the
ground-state configuration as illustrated in Fig. 1a–c. A magnetic
vortex can store two bits of information13: the sense of the in-plane

flux closure can be used as an information carrier (Fig. 1a, b)14,15, and
the out-of-plane polarization of the magnetic vortex core can also be
regarded as ‘0’ or ‘1’ of a bit element (Fig. 1a, c). However, to switch
the vortex core polarization, magnetic fields of the order of 0.5 T (refs
16, 17) are needed.

Here we report on experimental studies towards an easy and repro-
ducible switching of the vortex core polarization by low-field excita-
tions. The dynamics in micrometre-sized and square ferromagnetic
Permalloy elements with a Landau magnetic ground state were inves-
tigated. The structures were excited with an in-plane sinusoidal mag-
netic field resulting in a gyrotropic movement of the vortex core
around the equilibrium position. As already verified in magneto-
optical measurements, this in-plane gyrotropic mode is the lowest
excitation mode in elements exhibiting a vortex structure (in the
frequency range 100 MHz to 1 GHz (refs 18, 19)). A general theory
on the dynamics of magnetic domain structures has been introduced
previously8. The sense of gyration of a vortex structure is given by the
gyrocoupling vector G 5 22pqpẑz , where q is the topological vor-
ticity, p the vortex core polarization, and ẑz a unit vector in the out-of-
plane direction9. The topological vorticity q 5 21 gives an antivortex
structure (Fig. 1d), but only the vortex structure with topological
vorticity q 5 11 appears in the ground-state configuration
(Fig. 1a–c). The sense of gyration is therefore determined only by
the out-of-plane vortex core polarization p and in particular is inde-
pendent of the sense of the in-plane flux closure8,9,11. A change in the
sense of gyration indicates unambiguously a change in the direction
of the vortex core polarization.

The temporal evolution of the gyrotropic motion for a
1.5 mm 3 1.5 mm 3 50 nm element was imaged by scanning transmis-
sion X-ray microscopy. The excitation frequency was set at 250 MHz
and is close to the resonance frequency of about 244 MHz derived
from micromagnetic simulations. The excitation field is synchro-
nized with the probing flashes of circularly polarized X-rays, allowing
us to take snapshots of the magnetic response in a stroboscopic
experiment. This technique, combined with the element-specific
X-ray magnetic circular dichroism (XMCD) effect20, permits mag-
netic imaging with high lateral resolution of about 30 nm, and a time
resolution of less than 100 ps can be reached. A more detailed view of
the sample and stripline setup is given in Fig. 2 and is described in
Methods.

A small 0.1 mT continuous sinusoidal excitation field was applied
to induce a permanent gyrotropic motion of the Landau structure.
This permits the imaging of the vortex gyration and the determina-
tion of the vortex core polarization by its gyration sense. A short
magnetic field burst of 4 ns (corresponding to a single period of
the radiofrequency (RF) field) was applied, superimposed on the
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weak alternating field. The resulting dynamic response of the vortex
structure is given in Fig. 3. The position of the vortex core can be
followed in the two sequences of images, before and after the burst,
taken for equal-phase angle steps with respect to the alternating
excitation field. The sense of flux closure of the Landau pattern can
be observed directly in the magnetic contrast of the images and
remains unchanged during the experiments. The vortex positions
at distinct phase angles are extracted from the individual images
and depicted on the top part of Fig. 3. Individual positions of the
vortex core describe an elliptical trajectory. A change in the sense of
gyrotropic vortex motion can be clearly seen before and after apply-
ing the burst (Fig. 3, and Supplementary Videos 1 (before the burst)
and 2 (after the burst)).

As discussed above, a change in the sense of gyration of the vortex
structure is an unambiguous indication of a switching of the vortex
core polarization. The field strength of the burst that is necessary to
change the direction of the vortex core polarization is found to be
about 1.5 mT. It is remarkable that even a short burst of only one
monocycle of the alternating field (4 ns) in combination with the

relatively small amplitude of about 1.5 mT is sufficient to toggle
the vortex core back and forth.

The vortex core switching observed experimentally has been
reproduced by micromagnetic simulations based on the Landau–
Lifshitz–Gilbert equation (Supplementary Video 3). A 1.5 mm 3
1.5 mm 3 50 nm structure was excited by an alternating magnetic
field at 250 MHz with an amplitude of 0.1 mT. This field induces a
small gyration of the vortex core. An additional single burst of the
magnetic field with a length of one monocycle (4 ns) and amplitude
of 3.5 mT was sufficient to induce switching of the vortex core mag-
netization. A second identical burst was applied to toggle the vortex
core polarization back. These simulations also reveal details of this
switching process (Fig. 4, and Supplementary Video 4). A vortex
structure with down core polarization (Fig. 4a) is driven by the
excitation and a distortion of the out-of-plane vortex structure
occurs21. Along the vortex core, an area is formed with opposite
out-of-plane magnetization with respect to the vortex core
(Fig. 4b). The out-of-plane component increases and reaches full
out-of-plane orientation (Fig. 4c). When the magnetization con-
tinues to turn, the in-plane magnetization changes direction. This
is the point at which a vortex–antivortex pair with equal polarizations
is created (Fig. 4d, e). The newly formed vortex and antivortex move
apart, and the antivortex goes towards the original vortex (Fig. 4f).
When the antivortex meets the original vortex, they annihilate with
the emission of spin waves22 and only one vortex remains in the
structure with an opposite polarization (Fig. 4g, h). The annihilation
of a vortex with an antivortex of opposite polarization requires, for
topological reasons, the formation of a Bloch point23. These simula-
tions illustrate some important steps of the reversal of the vortex core
polarization, but explaining all the microscopic details will require
further investigation.

These experimental results, which can be reproduced by micro-
magnetic simulations, show that properly tuned bursts of only 4 ns
can be used to switch the vortex core. Because the resonance fre-
quency of the gyrotropic mode scales inversely with the lateral
dimensions24, much shorter pulses should be sufficient for switching
the core polarization in smaller elements. Although their practical
realization is still far off, data storage systems based on this core
switching scheme could have several advantages, including high ther-
mal stability, insensitivity to external static fields and minimal
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Figure 2 | Schematic overview of the sample and stripline setup. A tilted
stripline with a sample is illustrated; an alternating current Isin is sent
through, generating an in-plane magnetic field Hsin. The circularly polarized
X-ray photons are selectively absorbed by the magnetic domains of the
sample. An example of the magnetic contrast, proportional to the
magnetization along the x direction Mx, is shown at the right. This image of a
1.5 mm 3 1.5mm Permalloy element 50 nm thick was recorded at the
L3-absorption edge of Ni (852.7 eV). The yellow arrows show the direction of
the magnetization in the four domains, indicating the sense of flux closure of
the Landau structure.
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Figure 1 | Three-dimensional and two-dimensional representation of
vortex and antivortex structures. Vortex (a, b and c) and antivortex
(d) structures are illustrated. In both cases the magnetization turns out of
the plane at the centre of the structure—either up (a, b, d) or down
(c)—corresponding to the vortex core polarization p. In addition, vortex
structures are characterized by an in-plane flux closure, which can be

clockwise (b) or anticlockwise (a, c). A three-dimensional representation is
on the left of each panel; a two-dimensional scheme is on the right. The
arrows in the two-dimensional schemes represent the in-plane
magnetization components; while the coloured dots represent the
out-of-plane component (blue, up; red, down).
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crosstalk between neighbouring patterns, all of which are indispens-
able features for ultra-high-density integration.

Thus, we have discovered a new switching scheme to change the
direction of the vortex core polarization. Instead of fields of the order
of 0.5 T, short in-plane bursts of 4 ns with an amplitude of only
1.5 mT were sufficient to toggle the vortex core polarization control-
lably. This phenomenon can be understood in the framework of
micromagnetic theory and gives insight into the basic dynamics of
magnetic nanostructures; it may open new perspectives for the
application of magnetic vortex structures.

METHODS
The time- and space-resolved response of the sample magnetization was imaged
by a stroboscopic measurement technique12 with a scanning transmission X-ray
microscope at the Advanced Light Source (beamline 11.0.2)25. The contrast
mechanism used for the imaging of the magnetic structures is the X-ray magnetic
circular dichroism (XMCD) effect, namely the dependence of the absorption
coefficient of circularly polarized X-rays on the magnetization of a ferromagnetic
sample20. The elliptically polarized monochromatic X-rays from the undulator

beamline are focused by a Fresnel-zone plate to a spot of about 30 nm. The
sample is scanned through this spot with a high-resolution scanning stage under
interferometric control. Images were recorded at the Ni L3-absorption edge
(852.7 eV), at which XMCD20 gives a high magnetic contrast (the change in
the absorption of circularly polarized photons is proportional to the projection
of the magnetization on the photon propagation direction). To allow the obser-
vation of the in-plane Landau structure, the sample was placed at 60u to the
incoming photon beam (Fig. 2). The sample was excited near its eigenfrequency
with a 250-MHz RF signal and the response was monitored by varying the delay
of the excitation signal between consecutive images. A time resolution of less
than 100 ps is given by the inherent time structure of the synchrotron radiation.
More details can be found in ref. 26.

The Permalloy (Ni80Fe20) samples and stripline structure were grown on a
thin Si3N4 membrane (100 nm in thickness) with a transmission of 80% for
photon energies of about 800 eV. They were patterned by e-beam lithography
on to a Cu stripline 10 mm wide and 150 nm thick. The whole structure was
capped with a 2-nm Al protective coating. The stripline generates a magnetic
field in the plane of the sample perpendicular to the current direction.

A fast electronic pulse generator in combination with a broadband mixer was
used to modulate the RF power to the sample. When no pulses are applied to the
mixer, a small fraction of the input power reaches the sample and generates an
alternating magnetic field with an amplitude of 0.1 mT. This is sufficient to
induce a stable gyrotropic motion, observable with the microscope, and to
deduce the sense of the vortex motion without inducing any vortex core switch-
ing. Superimposed on this background field, a single burst with amplitudes
between 0.5 and 3 mT and lengths between 4 and 200 ns could be delivered to
the sample. The phase relation between the burst and the RF signal can be
adjusted by synchronizing the pulse generator with the RF signal.

The micromagnetic simulations were performed with OOMMF code27. The
time-dependent behaviour of a 1.5mm 3 1.5 mm 3 50 nm Permalloy element
was simulated with a cell size of 5 nm 3 5 nm 3 50 nm for Supplementary
Video 3, and a cell size of 2 nm 3 2 nm 3 50 nm for Supplementary Video 4 (a
two-dimensional lattice). Standard Permalloy material parameters were used:
saturation magnetization MS 5 860 kA m21, exchange constant A 5 13 pJ m21

and Landau–Lifshitz gyromagnetic ratio c 5 2.21 3 105 m A21 s21. The damp-
ing parameter a was set to 0.05. A linear in-plane alternating-current magnetic
field was applied with an amplitude of 0.1 mT and a frequency of 250 MHz. The
alternating field was followed by a short burst with a length of one monocycle
and an amplitude of 3.5 mT. The time structure of the applied field was similar to
that applied during the experiments (Fig. 3). Supplementary Video 4 is a
zoomed-in movie of an area 150 nm 3 150 nm showing only the switching pro-
cess (720 ps).
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Figure 3 | Experimental results of switching the vortex core polarization.
The vortex structure is excited with an alternating magnetic field (frequency
250 MHz, amplitude 0.1 mT). Two sequences (phase steps 90u) of images
show the dynamic response of the vortex structure before and after a 4 ns
‘single period’ burst (amplitude 1.5 mT). Yellow dots indicate the vortex

core position at ‘0u’, and red dots the position at the other phases. The vortex
core positions extracted from the individual images form an elliptical
trajectory. Unfilled red circles represent the vortex core position at the
intermediate phase steps (see Supplementary Videos 1 and 2).
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Figure 4 | Schematic representation of different steps in switching the
vortex core polarization. The same conventions are used as for the two-
dimensional schemes in Fig. 1. The arrows represent the in-plane
magnetization components, and the coloured dot at the centre and the
coloured rings around represent the out-of-plane component (blue, up; red,
down). A detailed description is given in the text.
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13. Höllinger, R., Killinger, A. & Krey, U. Statics and fast dynamics of nanomagnets
with vortex structure. J. Magn. Magn. Mater. 261, 178–189 (2003).

14. Vavassori, P., Grimsditch, M., Metlushko, V., Zaluzec, N. & Ilic, B.
Magnetoresistance of single magnetic vortices. Appl. Phys. Lett. 86, 072507
(2005).

15. Taniuchi, T., Oshima, M., Akinaga, H. & Ono, K. Vortex-chirality control in
mesoscopic disk magnets observed by photoelectron emission microscopy. J.
Appl. Phys. 97, 10J904 (2005).

16. Okuno, T., Shigeto, K., Ono, T., Mibu, K. & Shinjo, T. MFM study of magnetic
vortex cores in circular permalloy dots: Behavior in external field. J. Magn. Magn.
Mater. 240, 1–6 (2002).

17. Thiaville, A., Garcia, J., Dittrich, R., Miltat, J. & Schrefl, T. Micromagnetic study of
Bloch-point-mediated vortex core reversal. Phys. Rev. B 67, 094410 (2003).

18. Argyle, B., Terrenzio, E. & Slonczewski, J. Magnetic vortex dynamics using the
optical Cotton-Mouton effect. Phys. Rev. Lett. 53, 190–193 (1984).

19. Park, J., Eames, P., Engebretson, D., Berezovsky, J. & Crowell, P. Imaging of spin
dynamics in closure domain and vortex structures. Phys. Rev. B 67, 020403
(2003).
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