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Angle-dependent spin waves in antidot bilayers∗
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Ferromagnetic resonance is introduced to examine the microwave frequency response of NiFe/IrMn bilayers, pat-
terned as antidot arrays. In the experiment, field direction dependence on mode is obtained by rotating the applied magnetic
field. We find that at a given resonance frequency, the dependence of the resonance field on the angle has a tendency of
sinusoid/cosine variation in the experiment. From micromagnetic simulation it can be seen that spin waves are localized
between dots from a given mode profile. This is caused by a demagnetization distribution with a larger value in the center
of the two nearest dots than that of the next-nearest dots.
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1. Introduction
With the increase in information needed, patterning has

received more and more attention in designing and fabricating
magnetic storage devices.[1–7] Patterning in a film is an easy
and effective way of fabricating these devices, which many
researches have focused on, with a patterned shape of trian-
gle, dot, square, and so on.[8–10] It is interesting to reveal the
intrinsic properties of spin waves in patterned structures, ow-
ing to the localization of spin waves. This will be very help-
ful for more applications in magnetic storages with different
patterned shapes.[11–13] Most notably, patterning on magnetic
materials with suitable length scales offers exciting possibili-
ties for controlling spin wave dynamics. In the present work,
periodic antidot arrays in a film are fabricated and measured
by ferromagnetic resonance (FMR) equipment. In the mea-
surement, a rotating field is used to obtain its FMR frequency
dependence. We find that at a given FMR frequency, the mag-
netic field has a sinusoid/cosine variation tendency with a ro-
tating field angle from our measurement. Then, a simulation
method is employed to reveal the intrinsic spin wave property
for different angles at a given FMR frequency. Here, the soft-
ware package NMAG is used. It is found that the spin wave
has a tendency to localization between dots. The detailed de-
scriptions for the experiments and simulation are discussed in
the following section.

2. Experimental and simulation method
In the experiments, bilayers of Cu(5 nm)/NiFe(30 nm)/

IrMn(15 nm)/Cu(5 nm) constitute the structure of antidot ar-
rays. The dot diameter is 220 nm and the distance between
two dots (antidot pitch) is 415 nm. In our measurement, what

is rotated is the sample direction rather than the magnetic field
direction, because the sample size is small and easy to rotate.
On the contrary, the equipment of the magnetic field is very
large and cannot be rotated. In the experiments, FMR fre-
quency is set at 12 GHz. The corresponding ferromagnetic
field is measured with a rotating sample, which has the same
effect as a rotating field. The detailed descriptions for the con-
struction and measurement of the antidot arrays can be found
in Refs. [14] and [15].

With regards to the simulation, the software package
NMAG is employed here. In NMG, the finite element method
is used, and the maximum mesh triangle size is 12 nm. In the
simulation, a fixed step numerical integration is used in time
steps of 1×10−12 s, i.e. 1 ps. In order to precisely describe
the intrinsic property of the permalloy antidot structure, pa-
rameters in our simulation are exactly the same as those in the
experiments, including antidot diameter, and dot period. How-
ever, the simulation size of the permalloy antidot arrays cannot
be set to the same as those in the experiments due to the large
size of the sample. By simulation, we find that a 3×3 size is
enough for describing spin wave properties in periodic antidot
arrays. Comparison between larger systems and different max-
imum mesh sizes shows that the edge effect is negligible for
the center cell in the 3×3 period arrays. Thus, 9 unit cells are
used for 3 layers of cells, each with a thickness of 10 nm in our
simulation. The ferromagnetic frequency is obtained by first
relaxing the periodic structure to a static ground state configu-
ration by using a large damping coefficient in a given field, and
then reducing the damping coefficient to a very small value.
The simulation is run until the average precessional amplitude
falls below 10−3. Then, data in nanoseconds are collected. A
fast Fourier transform method is employed in order to extract
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ferromagnetic frequencies. Then, by using the obtained FMR
frequencies, spin wave configurations in permalloy antidot ar-
rays can be calculated.

The detailed results for the experimental and simulated
results are discussed in the following section.

3. Results and discussion

The experimental and simulated results for FMR frequen-
cies are given in Fig. 1. In the experiments, angular measure-
ments are carried out by rotating the sample on the waveg-
uide with respect to antidot lattice direction. The experimental
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Fig. 1. (color online) (a) At a given frequency of 12 GHz, the exper-
imental resonance magnetic field dependence on the direction of the
magnetic field for the antidot arrays; (b) At 22.5◦, the simulated and ex-
perimental data of the spin-wave modes in antidot arrays; (c) at 45◦, the
spin-wave modes for the simulation and experiment in antidot arrays.
The unit 1 Oe = 79.5775 A·m−1.

results are shown in Fig. 1(a). It can be seen that there are
three modes observed in the experiments, as denoted by a
black solid square, red solid circle, and blue solid down tri-
angle. Moreover, magnetic field dependence on the applied
field direction at a given resonance frequency of 12 GHz has a
sinusoid/cosine variation tendency for each of all the three ob-
served modes in a field angle range from 0◦ to 360◦. Basically
there are three modes which are degenerate for certain sym-
metry directions. This has been observed recently by Neusser,
et al.[12] However, in calculation, it is hard to obtain the de-
pendence of the resonance field on field direction at a given
frequency due to the different methods used in experiment and
calculation. The easier way in our calculation is to set a given
field and obtain the corresponding resonance frequency. The
calculated results of resonance frequency dependence on the
applied magnetic field are given in Figs. 1(b) and 1(c) with
field directions at 22.5◦ and 45◦, respectively. Here, 22.5◦ and
45◦ are defined as the angles of field directions with respect to
the antidot lattice direction respectively. Moreover, the corre-
sponding experimental results are plotted. With the increase
of the magnetic field, resonance frequency increases both in
22.5◦ and 45◦ of the field direction. The simulated results us-
ing the Kittel formula for a continuous film are given by a
dotted line.[14]

In order to see the intrinsic spin wave properties for these
modes, the mode profile is employed in our calculation. Here,
the mode profile is defined as the absolute value for the differ-
ence between the magnetization at the peak of the precession
and the magnetization of the ground state. Mode profiles for
mode C, A1, and A2 at angles 22.5◦ and 45◦ are plotted in
Fig. 2. Field directions for 22.5◦ and 45◦ are also shown in the
figure. In Fig. 2 it can be seen that in the left columns mode
profiles are for field direction 22.5◦ and in the right columns
these are for field direction 45◦. From top to bottom they are
type C, type A1, and type A2 modes. Dark (light) shading (red
on line) denotes large (small) spin precession amplitude. From
the mode profiles shown on the top of Fig. 2 it can be seen that
for type C mode, spin waves precess at the edge of the peri-
odic dots. Thus, type C mode is also called edge mode. For
type A1 and type A2 modes, spin waves precess between the
nearest and next nearest dot. For 22.5◦, spin waves both in type
A1 and type A2 modes precess between two nearest dots but in
different directions. In type A1 mode, it precesses in the direc-
tion perpendicular to the antidot lattice direction. But in type
A2 mode, it precesses in the direction parallel to the lattice
direction. For field direction 45◦, both type A1 and type A2
modes, the spin wave precesses between the two next-nearest
antidot lattices. Moreover, it can be seen that spin waves are
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trapped between two next-nearest dot regions. The reason for

this is the dipole field distribution. The dipole field is much

stronger in the nearest dots than in the next-nearest dots. This

leads to the localization of spin waves in the next-nearest dot

region.
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Fig. 2. (color online) Spin-wave mode profiles with different di-
rections for antidot arrays under a magnetic field of 5 × 103 Oe
(1 Oe = 79.5775 A·m−1).

The distribution of the dipole field dependence on the

magnetic field is plotted in Fig. 3. The top one illustrates the

central region for the nearest dots (1 and 2) and next-nearest

dots (3). Moreover, the lattice direction is plotted as x direction

and the applied field direction is shown in Fig. 3(a). Demagne-

tization field dependence on the applied magnetic field is plot-

ted in Fig. 3(b). It can be seen that the evolutions of 1 and 2

regions have exactly the same tendency, both slightly decrease

with the increase of the magnetic field. For region 3 (center

of next-nearest dots), it can be seen that it has the smallest ab-

solute demagnetization field. Moreover, it increases with the

increase of the applied field. The localization of spin waves

can be explained by the distribution of the dipole field. For

the nearest center of dots both parallel and perpendicular to

the lattice direction, the dipole field has the same value, which

is much larger than that in the center of the next-nearest dots.

Thus, the spin wave has a tendency to be localized in the next-
nearest dots region.
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Fig. 3. (color online) Distributions of dipole field dependence on mag-
netic field. (a) Center region for the nearest dots (1 and 2) and next-
nearest dots (3). Lattice direction is plotted as x direction and applied
field direction is shown, and (b) demagnetization field dependences on
applied magnetic field.

4. Conclusions
In this paper, spin wave modes are observed for antidot

arrays at different angles of an applied field. In a given res-
onance frequency, the resonance field has a tendency of sinu-
soid/cosine variation with the applied field direction for these
observed modes. Moreover, the NMAG software package is
used here to simulate resonance frequency. The simulated re-
sults are in agreement with experimental ones. In order to see
the spin wave intrinsic property for these modes, mode pro-
files are shown at given field directions. A new dot-localized
mode is predicted, which is analogous to the edge mode of a
stripe. Spin wave localizations in these modes are shown to be
caused by the distribution of the demagnetization field.
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