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We employed time- and space-resolved full-field magnetic transmission soft x-ray microscopy to
observe vortex-core gyrations in a pair of dipolar-coupled vortex-state Permalloy (NiggFe,) disks.
The 70 ps temporal and 20 nm spatial resolution of the microscope enabled us to simultaneously
measure vortex gyrations in both disks and to resolve the phases and amplitudes of both vortex-core
positions. We observed their correlation for a specific vortex-state configuration. This work provides
a robust and direct method of studying vortex gyrations in dipolar-coupled vortex oscillators.
© 2010 American Institute of Physics. [doi:10.1063/1.3517496]

Recently, vortex-core oscillations in micrometer-size
(or less) magnetic elements have been intensively studied
for their ?romising application as microwave emission
sources.' ™ Vortex-core oscillators provide high-power out-
put and narrow linewidths. Most studies have focused on
electrical measurements using isolated single disks. "1
However, the need for high-power signals and high packing
density have spurred further studies, not only on coupled
vortex-state disks but also on multiple-disk arrays. In cases
of sufficiently short distances between nearest neighboring
disks, dipolar interaction alters their dynamics. 1315 Thus, the
examination of the influence of dipolar interaction on vortex
oscillations is important. To characterize the interaction be-
tween individual elements a time- and space-resolving mea-
surement technique is mandatory.

Recent advances in time-resolved microscopy enable im-
aging of the spin dynamics of nanoscale m: 7gne:tic elements
at a time resolution of less than 100 ps. 1617 Time-resolved
full field imaging is required for simultaneous measurement
of different local areas. In this letter, we chose a pair of
physically separated disks in order to resolve vortex gyra-
tions in both disks, along with their amplitude and phase
relations. We report on an experimental observation of
coupled vortex gyrations in Permalloy (Py:NigyFe,,) disks
and the effect of dipolar interaction on each disk’s gyration.

The two-disk system studied was prepared on a 100-nm-
thick silicon nitride membrane by electron-beam lithography,
thermal evaporation, and lift-off processing. Each Py disk
has a diameter of 2R=2.4 um and a thickness of L
=50 nm. The disks are arranged in a pair with a center-to-
center distance of dj,=2.52 um (see Fig. 1). In order to
locally excite one vortex, a 1.5-um-wide and 75-nm-thick
Cu strip covers the top of the right Py disk, as can be seen in
Fig. 1. The vortex eigenfrequency of around 157 =3 MHz in
the isolated Py disks was measured on an array of Py disk
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pairs of identical dimensions'® a broadband-
ferromagnetic resonance setup.'”

Measurements of the dynamic evolution of vortex-core
gyrations were carried out by full-field magnetic transmis-
sion soft x-ray microscopy (MTXM) at beamline 6.1.2, Ad-
vanced Light Source (ALS), Berkeley, CA, utilizing a stro-
boscopic pump-and-probe technique. The optical setup of the
x-ray microscope, ~ shown in Fig. 2, consists of the bending
magnet source providing elliptically polarized soft x rays, a
monochromator and illuminating assembly (comprising the
first Fresnel zone plate, the condenser zone plate, and a pin-
hole close to the sample), a high resolution imaging objec-
tive lens, the microzone plate, and a two-dimensional charge
coupled device (CCD) detector. The spatial resolution is
mainly determined by the outermost zone width of the mi-
crozone plate. The temporal resolution is set by the inherent
pulsed time structure of the x-ray source, and is typically
about 70 ps in two-bunch mode operation of the ALS, where
two electron bunches of 70 ps length are separated by 328
ns.?%?! The magnetization contrasts of the Py disks in the
present study were measured by monitoring the spatial dis-
tribution of the local magnetizations through x-ray magnetic
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FIG. 1. (Color online) Schematic illustration of two-disk system and its
structural transmission soft x-ray image.
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FIG. 2. (Color online) Schematic of the full-field magnetic transmission soft
x-ray microscope at beamline 6.1.2, and an illustration of the stroboscopic
pump-and-probe technique including the arbitrary function generator (AFG)
and the soft x-ray sensitive CCD camera.

circular dichroism (XMCD) at the Fe L; absorption edge
(here ~707 eV). To be sensitive to the in-plane component
of the magnetization, the sample surface was positioned at
60° orientation to the propagation direction of the incident x
rays.

The clock signal of the synchrotron triggers an arbitrary
function generator (Agilent, 81150A), which launches par-
ticular pulses into a strip line. These pump pulses create local
Oersted fields. Field pulses of 5 mT strength, 30 ns length,
and 2.5 ns rise and fall time were stroboscopically applied
along the x axis on which the two disks were placed [see Fig.
1(a)]. The driving pulses were synchronized with x-ray probe
pulses to a frequency of ~3 MHz. To measure the temporal
evolution of the vortex excitations, the pulses were delayed
with respect to the x-ray probe pulse. The arrival time of the
X-ray pulses at the sample was monitored by a fast avalanche
photodlode " In order to obtain sufficient XMCD contrasts,
ten individual images of several million accumulated x-ray
flashes measured at the identical time delay, were integrated.
The x-ray images were recorded at every 1.67 ns step.

Figure 3 shows the resultant plane-view data for both
disks as measured after a perturbation of the right disk by the
pulse field. In the images, the structural contrast is normal-
ized by an image obtained under a static saturation field. The
relatively bright region in the disks represents magnetiza-
tions that point in the +x direction, whereas the relatively
dark area corresponds to opposite-direction magnetizations.
Both disks’ initial configuration shows the same chirality of
clockwise in-plane curling magnetization, C;=C,=—1. The
core polarization can be determmed from the sense of rota-
tion of the cores after excitation."” The upward core in disk
1 gyrates counterclockwise, indicating p,;=+1, whereas the
downward core in disk 2 gyrates clockwise, corresponding to
pr=—1 (see the top of each column in Fig. 3).

In the serial images, the core positions of both disks can
be determined by the variations of the in-plane curling mag-
netizations. The vortex-core oscillation around its center po-
sition in disk 1 (right disk) is excited by the local field of the
strip line at the beginning of perturbation. The vortex gyra-
tion in disk 2, also shown in Fig. 3, is not excited by the local
field, but is induced by the dipolar interaction with its neigh-
boring disk. Local fields produced through the Cu strip did
not excite the neighboring disk, which is proven by experi-
mental confirmation with a reference sample that contained
only the disk beside the strip. Calculations also confirm that
the local fields emanating from the strlp line can be ne-
glected at the position of the left disk.** The core positions
varying in time and in in-plane space over a relatively large
area are reselved in both disks. Correlations of the ampli-
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FIG. 3. (Color online) XMCD images of the dynamic evolution of vortex
gyrotropic motions in both disks, and corresponding vortex states repre-
sented by color and height of the surface: p;=+1, p,=—1, and C;=C,=-1.
The dotted vertical and horizontal lines indicate the center position of each
disk.

tudes and phases of both vortex-core positions can be easily
identified with reference to the serial images.

According to the vortex-core positions that evolve over
time, the x and y components are plotted as functions of time
in Fig. 4(a). The components provide information about the
correlations of the core orbit amplitudes and phases between
the two gyrations. The x components in both disks show
out-of-phase oscillations, whereas the y components show
in-phase ones, during the relaxation process after the short
pulse field is turned off. The amplitudes of both core oscil-
lations decrease due to their damping. The anti-phase rela-
tion along the x axis and the in-phase relation along the y
axis reflect the core polarizations and the chiralities of both
disks. The initial motion of the vortex core under the strip
line is caused by the field pulse, and depending on the chiral-
ity the vortex core moves in the positive or negative y direc-
tion. The sense of core rotation is determined by the polar-
ization p. The relative core positions change the effective
stray field of each disk. The experimental results were con-
firmed to be in guantitative agreement with the simulation
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FIG. 4. (Color online) Oscillations of the x and y components of both

vortex-core positions as function of time. (a) MTXM measurement results.

The dashed lines were drawn using spline interpolation. (b) Micromagnetic

simulation results for the same geometry and pulse parameters as those in

the experiment.

results™ for the same geometry and pulse parameters [shown
in Fig. 4(b)]. The estimated eigenfrequency from the vortex-
core oscillations shown in Fig. 4(a) is about 143 + 14 MHz,
which equals to the value obtained from the simulation. The
uncertainty of the core position in Fig. 4(a) was about 33 nm,
considering both the spatial and time resolutions of the mea-
surement.

We want to emphasize, that the vortex-core gyration in
disk 2 was stimulated by the stray field of the neighboring
disk 1 that varies with the position of the vortex core. Energy
transfer between separate disks by dipolar-induced gyration
is possible. It would be interesting for the purposes of a
future study to examine gyrations for different d,,, and their
vortex-state-configuration dependence.

In summary, we employed 70-ps-time- and 20-nm-
space-resolved, full-field magnetic transmission soft x-ray
microscopy to simultaneously measure vortex-core positions
in separated disks. The unique capabilities of time-resolved
full field magnetic soft x-ray microscopy allowed us to un-
ambiguously resolve the individual vortex gyrations in both
disks and to directly study their interaction. It was found that
the vortex gyration of one disk affects that of the other
through dipolar interaction. We investigated coupled vortex-
state disks of the same clockwise in-plane curling magneti-
zation and antiparallel core orientations. For this configura-
tion, we observed out-of-phase (in-phase) oscillations of the
vortex-core positions along the x axis (y axis). This work
provides a robust and direct method of studying the dynam-
ics of vortex gyrations and dipolar interaction in spatially
separated disks.

Note added in proof. During its review process, we be-
came aware of a recent publication on gyration mode split-
ting in magnetostatically coupled magnetic vortices studied
by time-resolved magneto-optical Kerr effect (Ref. 24).
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