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anoscale ferromagnetic antidot (hole)

lattices have emerged as a system

of intense interest as magneto-
photonic crystals due to the influence of
the magnetic field on the light coupling to
surface plasmons.' 3 Magnetic antidots
have also been considered as a candidate
for ultrahigh density data storage devices,*
so that the memory bit could be trapped
between consecutive holes along the intrin-
sic hard axis of the antidot nanostructure.®
The antidots have some advantages at the
deep nanoscale dimensions due to the ab-
sence of any isolated small magnetic entity,
and they do not suffer from the superpar-
amagnetic bottleneck. However, one of their
most exciting prospects is in the magnonic
crystals,® 8 where the magnonic band struc-
tures can be manipulated by the periodic
arrays of magnetic antidots. Magnonic crys-
tals are spatially modulated magnetic med-
iums, analogous to photonic or phononic
crystals in the microwave band, which may
open up magnonic band gaps for the propa-
gating magnons, leading toward applications
in on-chip nanoscale microwave communica-
tions. The periodic modulation is limited not
only at the physical boundaries of the antidots
but also at the strong pinning centers for spin
waves created by the demagnetized regions
between the antidots. Magnetic antidot lat-
tices are exchange-coupled magnetic sys-
tems as opposed to the magnetostatically
coupled magnetic dot lattices and hence offer
much higher propagation velocity (steeper
frequency vs wavevector dispersion) and
longer propagation length for the magnons
than the dot lattices before the excitation is
decayed. More recently, filled antidots have
raised interests as bicomponent magnonic
crystals,”'® where the differences between
the magnetic parameters of two magnetic
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We report the time-domain measurements of optically induced precessional dynamics in a

series of Co antidot lattices with fixed antidot diameter of 100 nm and with varying lattice

constants (S) between 200 and 500 nm. For the sparsest lattice, we observe two bands of

precessional modes with a band gap, which increases substantially with the decrease in §

down to 300 nm. At S = 200 nm, four distinct bands with significant band gaps appear. The

numerically calculated mode profiles show various localized and extended modes with the

propagation direction perpendicular to the bias magnetic field. We numerically demonstrate

some composite antidot structures with very rich magnonic spectra spreading between 3 and

27 GHz based upon the above experimental observation.

KEYWORDS: magnetic nanostructures - time-resolved magneto-optical Kerr
effect - magnetization precession - magnonic crystals - band gap

mediums provide additional tunability in the
magnonic band structures.

One of theimportant issues regarding the
various applications of magnetic antidot
lattices is the successful fabrication of good
quality structures with smaller dimensions
and the time-domain detection of the mag-
netization dynamics in such materials. So
far, the reported experimental results have
been primarily confined to antidots with
micrometer to several hundreds of nanome-
ters of dimensions.>''"?? The lithographic
techniques including e-beam lithography
and focused ion beam lithography often
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Figure 1. (a) Scanning electron micrographs of the antidot lattices with width w = 100 nm and with variable lattice constant S.
(b) Time-resolved reflectivity and Kerr rotation for the antidot lattice with S = 200 nm at a bias field H = 0.9 kOe. (c) Schematic
of the time-resolved Kerr microscope. (d) Experimental precession frequencies (symbols) as a function of the bias magnetic

field for a 10 x 10 um? Co film with 25 nm thickness and the fit to the Kittel's formula (solid curve).

create defects at the edges of the antidots at the deep
nanometer scale, providing additional pinning regions,
which may significantly modify the magnonic spectra
of the intrinsic lattice. On the other hand, the measure-
ments of magnetization dynamics of magnetic antidot
lattices have been primarily done by Brillouin light
scattering’*~'7*?! and broad-band ferromagnetic re-
sonance measurements,' 167182023 hile there is only
a single report on the time-domain observation of
precessional dynamics from microscale CoFeB antidot
lattices.®* In the early works, attenuation of uniform
ferromagnetic resonance mode due to the excitation
of non-uniform in-plane spin wave mode® and pattern-
induced frequency splitting of propagating spin
waves'® were observed. More recently, field-controlled
and anisotropic propagation'”?> of spin waves, spin
wave localization,'®?* and magnonic miniband forma-
tion with large spin wave velocities'® have attracted
attention. Further experiments such as spatial control
of spin wave modes in bicomponent antidots'® and
angular variation of the dynamics by tailoring lattice
symmetry'>2® have been initiated. However, tunability
of magnonic band gaps with the variation of physical
parameters of the nanoscale antidot lattices and un-
derstanding the origin of such tunability have not been
reported in the literature. Here, we report the fabrica-
tion of high-quality Co antidot lattices with 100 nm
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antidot diameters and with lattice constant (S) varying
between 200 and 500 nm. We have excited and
detected the precessional dynamics in the antidot
lattices by an all-optical method. We observe a sig-
nificant variation in the dynamics with the variation in
the lattice constant, including a tunable gap in the
magnonic spectra from the experimental results and
micromagnetic simulations. Finally, we propose com-
posite antidot structures with very rich magnonic
spectra based upon the above observation.

RESULTS AND DISCUSSION

Each antidot lattice was fabricated on square-
shaped Co blanket films of 10 um width and 25 nm
thickness. This is to physically isolate the antidot
lattices from each other so that there is no magneto-
static or exchange interactions between the lattices,
and the dynamics of any individual lattice is not
affected by the presence of other lattices. The Co
blanket thin films were prepared by electron beam
evaporation on Si(100) substrates with a thin SiO, layer
on top of the substrate, and UV optical lithography was
used to pattern the film for edge-to-edge spacing of
10 um. This was followed by milling of square arrays of
antidots of circular shapes on each blanket Co film by
using focused ion beam lithography. The circular holes
were made with fixed 100 nm antidot diameters and
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Figure 2. (a) Measured time-resolved Kerr rotations and (b)
corresponding FFT spectra are shown for antidot lattices
with variable lattice constants at H = 0.9 kOe. (c) FFT spectra
of the simulated time-resolved magnetization. The mode
numbers are assigned to the peaks of each band.

with variable lattice constants of 200, 300, 400, and
500 nm. Figure 1a presents the scanning electron
micrographs of the lattices, which show that the
samples are generally well fabricated with small devia-
tions in the antidot diameters and lattice constants,
which will eventually be included in the micromag-
netic simulations to the extent possible under the finite
difference method. One blanket Co film with 10 um
width and 25 nm thickness was used for measuring the
magnetic parameters of the unpatterned sample. Sta-
tic magneto-optical Kerr effect measurements of mag-
netic hysteresis loops with the magnetic field applied
at varying azimuthal angle reveal that the samples
have negligible magnetic anisotropy. This is possibly
due to the highly polycrystalline nature of the thin films
with randomly oriented grains grown by e-beam eva-
poration. The all-optical excitation and time-domain
detection of the magnetization dynamics were done
by a home-built two-color all-optical time-resolved
magneto-optical Kerr microscope.”’ The bias field
was tilted at a 15° angle from the plane of the sample
(H = component of the bias field along the x-direction)
to have a finite demagnetizing field along the direction
of the pump pulse, which is eventually modified by the
pump pulse to induce precessional magnetization
dynamics within the samples.

Figure 1b shows that the precessional dynamics
appears as an oscillatory signal above the slowly decay-
ing part of the time-resolved Kerr rotation signal after a
fast demagnetization within 500 fs, and a fast remag-
netization with a time constant of 5.2 ps. The schematic
of the measurement setup is shown in Figure 1c. A
biexponential background is subtracted from the time-
resolved Kerr signal before performing the fast Fourier
transform (FFT) to find the corresponding power spec-
tra. The reflectivity data, on the other hand, show a
sharp increase at zero delay and a biexponential decay.

The magnetization dynamics of a 10 x 10 um?
square Co film was measured at varying bias field
values by placing the pump and probe beams at the
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center of the pattern. The FFT spectra show a single
precession frequency, which is plotted as a function of
the bias field in Figure 1d. The experimental data are
fitted with the Kittel's formula for the uniform preces-
sion of magnetization as given in eq 1.

f = %\/(H F HOH + Hy + 472Ms) (1)

The magnetic parameters extracted from the fit are
gyromagnetic ratio y = 17.6 MHz/Oe, magneto-crystal-
line anisotropy field Hx ~ 0, and the saturation mag-
netization Ms = 1400 emu/cc. These magnetic param-
eters will later be used in micromagnetic simulations of
the Co antidot structures. Figure 2a shows the back-
ground-subtracted time-resolved Kerr rotation data
and the corresponding FFT spectra (Figure 2b) from
the Co antidot lattices with varying lattice constants
from 200 to 500 nm at H = 0.9 kOe. In Figure 2b, we
show the precession frequency of the unpatterned thin
film as a vertical dotted line. Two clear bands of modes
are observed for S = 500, 400, and 300 nm, and the
band gap increases consistently and significantly with
the reduction of S. The frequency of the dominant
resonant mode (mode 2) for S =500 nm is very close to
that of the unpatterned thin film, but with the decrease
in S, the position of this peak shifts slightly toward
lower frequency. This is due to the relative increase in
the demagnetized regions between the antidots,
which produces lower effective fields in these regions
as opposed to the unpatterned thin film as shown later
in this article. The higher frequency peak (mode 1), on
the other hand, shifts to even higher frequency with
the decrease in S, and the band gap opens up further.
At S =200 nm, a drastic change occurs in the frequency
spectra and four clear bands of modes appear in the
frequency range between 3 and 26 GHz.

We have performed micromagnetic simulations
using the OOMMF software®® by considering finite
arrays of 7 x 7 antidots with varying lattice constants.
Figure 2c shows the FFT spectra of the simulated time-
domain magnetizations for all four samples. The simu-
lations qualitatively reproduce the observed features,
although the precise values of the frequencies and
relative intensities are not always reproduced. This is
expected due to the deviation of the simulated sam-
ples and conditions from the experimental samples
and conditions. In general, the deviation in the dimen-
sions as observed in the experimental samples are
included in the simulated samples, but the precise
edge roughness profiles are not possible to include in
the finite difference method based micromagnetic
simulations used here, where samples are divided into
rectangular prism-like cells. The simulated arrays are
much smaller (7 x 7 antidots) than the experimental
samples (up to 50 x 50 antidots) due to the limitation
in the computational resources. Possible changes in
the magnetic parameters in the Ga™ implanted regions
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Figure 3. Experimental precession frequencies (symbols)
and the fit to Kittel's formula (solid curve) for two antidot
lattices with S = 200 and 500 nm.
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Figure 4. Projection on the x—y plane of the spatial maps of
(a) magnetization and (b) internal field for the Co antidot
lattices with lattice constants S = 200, 300, 400, and 500 nm.
The y-component of magnetization is represented by blue-
white-red colormaps, while the colormap for the internal
field is shown next to (b).

could not be characterized and included in the simula-
tion. Finally, the optical excitation in the experimental
sample is simulated as an effective pulsed magnetic
field-induced excitation. Despite all of these devia-
tions, we observe the increase in the band gap be-
tween two frequency bands as S varies from 500 to
300 nm and occurrence of four frequency bands for S =
200 nm from the simulation.

Figure 3 shows the bias field dependence of the
resonant mode at around 11 GHz in the magnonic
spectra for the antidot lattices with S =200 and 500 nm.
The mode frequencies for the lattice with S = 200 nm
are slightly down-shifted from those for the lattice with
S = 500 nm. The solid curves show the fit with the
Kittel's formula, and the extracted effective magnetiza-
tion for the two different lattices are 1310 and 1380
emu/cc, respectively. This is confirmed by the simu-
lated spatial distribution of magnetization (Figure 4a),
which shows that the fraction of the demagnetized
volume increases with the decrease in the lattice
constant. The average magnetization values calculated
from Figure 4a are identical to the values obtained
from the fit to the Kittel's formula. In Figure 4b, we
show the simulated internal field maps, which resem-
ble the magnetization maps and would play key roles
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Figure 5. Simulated power (A) and phase (P) maps of
different resonant modes for the antidot lattices with lattice
constants S = 500, 400, 300, and 200 nm. The colormaps for
the power and phase distributions are shown at the top of
the figure.

in the spatial profiles of the resonant modes, as de-
scribed below.

Micromagnetic Simulations of Resonant Mode Profiles. In
order to understand the mode profiles corresponding
to each resonant peak, we have calculated the power
and phase maps of the resonant modes by using a
home-built code.?® Due to the finite size of the array,
the boundaries of the arrays experience non-uniform
magnetostatic environment and consequently show
boundary effect. Hence, we concentrate on 3 x 3
antidots from the center of the simulated lattices, for
which the magnetostatic environment is almost iden-
tical. Figure 5 shows the power and phase maps for the
main resonant peaks for antidot lattices with S = 500,
400, 300, and 200 nm. The bias field is applied parallel
to the horizontal edges of the samples. The high
frequency mode (mode 1) for 500 nm < S < 300 nm
corresponds to quantized spin wave modes with
quantization axis parallel to the bias field. On the other
hand, the low frequency mode (mode 2) corresponds
to extended spin wave mode with wavevector per-
pendicular to the applied bias field, that is, in the
magnetostatic surface wave (MSSW) mode geometry.
The frequency of this mode is slightly reduced com-
pared to the unpatterned thin films because of the
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Figure 6. Simulated magnonic spectra of composite antidot
structures consisting of arrays of square lattices with vari-
able lattice constants arranged in three different geome-
tries. The simulated static magnetization configurations of
the composite structures are shown in the inset. The arrows
indicate various peaks observed in the magnonic spectra.

modulation by the antidot structures and the ensuing
demagnetized regions around the antidots. With
the decrease in the lattice parameter, the quantiza-
tion number of the spin wave modes for mode 1 is
reduced, while mode 2 remains identical with a slight
reduction in the amplitude down to S = 300 nm.
However, a drastic change occurs at S = 200 nm. For
S$ =200 nm, mode 1 and mode 2 are quantized modes
with their quantization axes parallel to the diagonal of
the antidot lattice (rotated by 45° from those observed
in 500 nm < S < 300 nm). Mode 3 is identified as the
MSSW mode with much reduced intensity, while mode
4 has a modulated MSSW-like profile.

Magnonic Spectra of Composite Antidot Structures. The tun-
ability of magnonic spectra including the magnonic band
gap can be applied to design nanoscale microwave filters
in the form of a composite antidot structure formed of
variable lattice constants. In order to demonstrate that we
have considered three different composite antidot struc-
tures with variable lattice constants arranged in a check-
erboard pattern, the patterns consist of radially increasing
and decreasing lattice constants. Figure 6 shows the num-
erically calculated magnonic spectra for three different

METHODS

Fabrication. Square arrays of Co antidots were prepared on
10 x 10 um? blanket Co films by focused ion beam lithography.
Arrays of 10 x 10 um? resist patterns were first prepared on a Si/
SiO, substrate by UV photolithography. The Co film was depos-
ited onto the resist pattern by e-beam evaporation at a base
pressure of about 2 x 1078 Torr. A 10 nm thick SiO, capping
layer was deposited on top of the Co film to protect the sample
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composite structures along with their static magnetic
configurations in the inset. In all three structures, rich
magnonic spectra are observed. However, the bandwidth
is maximum (27 GHz) for the structure shown in the
middle panel, while the numbers of bands vary with the
geometry of the structure (11 bands for the checkerboard
pattern and 8 bands each for the other two structures).
The observed spectra clearly go beyond the linear super-
position of the bands observed for the constituent
lattices. More importantly, the arrangement of the con-
stituent lattices in the composite structure plays an
important role in determining the magnonic spectra both
qualitatively and quantitatively. This is because of the
geometry-dependent creation of additional demagneti-
zation regions in the composite structures, which is more
prominent in the checkerboard pattern due to the
sudden variation in the lattice constants at the joining
regions and less prominent in the other two structures
due to the continuous variation in the lattice constants in
the structures. This is also evident in the static magnetic
configurations of the three structures. The dependence
of magnonic spectra on the arrangements of the con-
stituent lattices in the composite structures provides an
additional control parameter in the design of magnonic
devices based upon composite antidot structures.

CONCLUSIONS

In summary, we have fabricated high-quality Co
antidot lattice structures by using focused ion beam
lithography. We have excited and detected the mag-
netization dynamics in those antidot lattice structures
by an all-optical time-resolved Kerr microscope. The
dynamics shows two prominent magnonic bands for
sparsely packed lattices with a clear band gap. The
band gap increases with the decrease in the lattice
constant, and at the lowest value of the lattice con-
stant, four distinct magnonic bands appear. The ob-
servations are qualitatively reproduced by micro-
magnetic simulations, and the mode profiles of the
resonant modes are calculated and interpreted. We
further demonstrate the tunability of magnonic spec-
tra in composite antidot structures with varying geo-
metry. The observations are important for potential
applications of the antidot lattices in nanoscale mag-
nonic crystals in the form of composite antidot struc-
tures with tunable band gap.

from degradation when exposed to the optical pump—probe
experiments in air. This is followed by the lifting off of the
sacrificial material to obtain the blanket Co films. In the next
step, the antidot arrays are fabricated on the blanket Co films by
using focused liquid Ga" ion beam lithography (Helios NANO-
LAB 600, dual beam FIB). The optimal parameters for milling
were found to be 30 kV voltage and 28 pA current. In FIB, the
spot size used for milling needs to be optimized not only for
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creating repetitive nanopatterns with high fidelity but also to
ensure that the material that has been retained after patterning
(Co films in this case) does not have excessive Ga™ ion im-
plantations. The spot size is a function of the beam current. We
have used a beam current of 28 pA that gives sufficient etch rate
yet limits the spot size to around 8 nm. The thickness of the Co
film (25 nm) is smaller than the stopping range of Ga™ ions at
30 keV, which ensures that the ions stop within the SiO, layer
underneath the film. There are two types of damage that can
occur on the Co film during the milling process. One is the direct
damage that affects the edges of the holes due to direct beam
of finite width. The other is the struggling of the ion beam that
causes lateral implantation in the bulk of the film along the
edges. The presence of a 10 nm thick SiO, capping layer pro-
tects the unmilled Co film to a large extent from direct irradia-
tion. However, there will be some finite damages at the edges of
the antidots due to Ga" ion implantation occurring laterally.
Simulations of ion trajectory and damage profile on Co(25 nm)/
SiO, (10 nm) film using the experimental parameters show that
the lateral damages are located within about 5 nm from the
edges. This is much less than the antidot separation (S), thus
ensuring that predominant magnetization precession occurs in
regions that do not have appreciable defects. The initial pre-
paration of the 100 nm holes was done by focused ion beam
milling at 30 kV voltage in single pass. The redepositions that
occurred during the initial milling were then removed by a final
milling at 2 kV voltage in multipass mode (200 passes), which
makes the holes much cleaner with uniform edges.

Measurement. The ultrafast magnetization dynamics was
measured by using a home-built time-resolved magneto-opti-
cal Kerr effect microscope based upon a two-color collinear
pump—probe setup. The second harmonic (1 = 400 nm, pulse
width ~100 fs, average power = 10 mW) of a Ti:sapphire laser
(Tsunami, Spectra Physics, pulse width ~70 fs) was used to
pump the samples, while the time-delayed fundamental (4 =
800 nm, average power = 2.5 mW) laser beam was used to probe
the dynamics by measuring the polar Kerr rotation by means of
a balanced photodiode detector. The probe beam is focused to
a spot size of 800 nm and placed at the center of each lattice by
a microscope objective with numerical aperture NA = 0.65. The
pump beam is spatially overlapped with the probe beam after
passing through the same microscope in a collinear geometry. A
large magnetic field is first applied at a small angle (~15°) to the
sample plane to saturate its magnetization. The magnetic field
strength is then reduced to the bias field value (H = component
of bias field along the x-direction), which ensures that the magne-
tization remains saturated along the bias field direction. The pump
beam was chopped at 2 kHz frequency, and phase-sensitive
detections of the Kerr rotation and reflectivity were used.

Numerical Simulation. The static magnetic configuration at the
applied bias field was obtained by first applying a large mag-
netic field to saturate the sample and then by reducing the field
to bias field value and allowing the system to reach the
equilibrium (maximum torque m x H, where m = M/Ms goes
well below 107° A/m). The dynamics was obtained by applying
a pulsed magnetic field and by calculating the spatial distribu-
tion of magnetization at time steps of 5 ps for a total duration of
4 ns. The convergence criterion for the dynamical calculation is
set on the time steps. The spatial profile of the power and phase
information for various resonant modes are obtained by fixing
one of the spatial coordinates in the space and time-dependent
magnetization and then by performing a discrete Fourier trans-
form with respect to time domain.
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