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Dipole induced, spatially localized ferromagnetic resonances~at 35 GHz! are observed in
micron-sized antidot arrays in permalloy films fabricated with photolithography. All square
(3 mm33 mm) and rectangular (3mm34, 5, and 7mm! array samples exhibit double resonances,
with each resonance possessing uniaxial in-plane anisotropy. Interestingly, the easy axes of the two
resonances are orthogonal in all cases. The magnitude of the induced dipolar anisotropy decreases
with increasing rectangular aspect ratio for one of the resonances, but remains essentially constant
for the other. Micromagnetic simulations reveal that the two resonance peaks are the consequence
of a dipole field distribution producing two areas with distinctly different demagnetizing field
patterns. ©2003 American Institute of Physics.@DOI: 10.1063/1.1625104#

In addition to the application thrust, patterned nanomag-
nets are considered to be highly controlled experimental
model systems for studying fundamental phenomena in low-
dimensional magnetism.1 One of the important issues for the
patterned magnetic structure lies in anisotropy, especially
when the patterned elements are adequately small and sit
close enough to exhibit magnetostatic interdot coupling.2,3

Interdot coupling has been visually detected in magnetic dot
chains with magnetic force microscopy in the form of either
ferromagnetic4 or antiferromagnetic5 alignment dependent
upon the magnitude of coupling and upon the anisotropy. In
contrast to its counterpart, the antidot array, which consists
of a mesh of holes in the continuous film, will introduce a
periodic demagnetization field distribution, which can dra-
matically effect magnetization reversal,6,7 magnetic domain
structure,6–8 spin-wave relaxation,9 and anisotropy in the
film.

Ferromagnetic resonance~FMR! has proved to be sensi-
tive tool in detecting internal fields and studying magnetic
anisotropy.10 High-frequency FMR in permalloy occurs at
fields well above the saturation field for in-plane measure-
ments, thus avoiding any disturbance from domain forma-
tion, which appears to be a major issue when characterizing
anisotropy with hysteresis loops in antidot where pinned do-
main patterns often prevail.6

Magnetic antidot arrays were patterned into 40-nm-thick
polycrystalline permalloy films deposited onto native-oxide
Si ~001! substrates by dc-magnetron sputtering. Hole arrays
with different mesh symmetry and lattice dimensions were
transferred into the film from a premade mask using photo-
lithography and ion milling.6 In this study, square and rect-
angular meshes with hole size around 1.5mm in diameter
and separations from 3 to 7mm were produced. The FMR
measurements were carried out at 35 GHz with a rectangular
cavity in the TE 104 mode with the magnetic field applied in
the plane of the film.

Figure 1~a!shows FMR spectra with field applied in-
plane at different azimuthal angles for a typical rectangular
antidot array. Two resonance peaks, one weak and one
strong, were observed when the field was applied along the
long (f50°) and short (f590°) axes of the hole lattice,
respectively. When the field is rotated away from either of
these axes, the two peaks move toward each other and the
weak peak decreases in intensity. When the field is applied
along the diagonal direction, only one peak is observed. De-
rivative Lorentzian functions were fitted to the spectra to
extract the resonance fields for each individual peak. The
resulting resonance fields as a function of in-plane angle are
shown in Fig. 1~d!. Note that both resonance peaks display
twofold symmetry, but interestingly they exhibit opposite

a!Electronic mail: yuc@muohio.edu

FIG. 1. FMR spectra of a~a! rectangular (3mm34 mm) and ~b! square
(3 mm33 mm) antidot array with applied in-plane field at various angles,
f, from the long axis;~c!–~e! the in-plane angular dependence of resonance
fields extracted from FMR spectra for different hole mesh. The solid and
open circles are the data from the weak and main resonance peaks respec-
tively, and the solid lines represent theoretical fits.
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phases in terms of magnetic easy and hard axis. The ampli-
tude of the resonance field angular variation is at least an
order of magnitude greater than that observed for the unpat-
terned permalloy film. Therefore, the anisotropies exhibited
by the double resonance arise from the hole array structures
themselves. The questions arising from these observations
are: Why are there two resonances? What gives rise to the
uniaxial anisotropy in these resonances? And why are the
easy axes orthogonal?

Given that the hole structure is responsible for the ob-
served resonances and that dipolar fields arising from the
holes were the likely sources of anisotropy, we performed
simulations of the hole demagnetizing fields using the
OOMMF micromagnetic simulator.11 Applying no external
field and assuming the magnetization to be saturated and
aligned along a given in-plane direction, the dipolar fields
arising from the magnetically charged holes are calculated
and recorded.

Figures 2~a!and 2~b!show the simulated spatial distri-
bution of the dipolar fields produced by the antidot for
3 mm34 mm mesh. As seen, the film areas in the antidot are
divided into two regions with regard to the distribution of the
dipolar demagnetization field. For example, when the mag-
netization is saturated along the long axis@see Fig. 2~a!#, the
majority of the film area between the two holes along the
long axis is subject to an additional internal field opposite to
the external field, which will cause this area to resonate at a
higher applied field. Whereas, for the small zone between the
two holes along the short axis, the demagnetization fields
produced by the magnetic poles point in the same direction
as external field. This means a smaller external field is ad-
equate for a resonance to occur in this part. When the field is
applied along short axis of the mesh@see Fig. 2~b!#, unlike
the previous case, the dipolar field in the small zone now
opposes the external field. The dipolar field imposed in the
main area is also opposite to the external field but with a
much smaller magnitude than in the small zone~and it is also
weaker than for the main area in previous case as illustrated
from the size of the arrow!. To visualize the angular variation
of the demagnetization fields, the dipolar field as a function
of in-plane angle was calculated and is given in Fig. 2~c!,
where the two curves represent the dipolar field in two rep-
resentative cells in each of the two regions discussed earlier
@see Fig. 2~a!#. Interestingly, the simulated dipolar or demag-
netization fields display the same general behavior as ob-
served by FMR. Both curves show twofold symmetry but
with opposite phase in terms of magnetic easy and hard axes.
For the main area@Fig. 2~c!, curve A#, which corresponds to
the strong peak in the FMR spectra, the dipole field mini-
mum or easy axis occurs withM along the short antidot axis.
While for the small zone@Fig. 2~c!, curve B#, associated with
the weak peak in the FMR spectra, the dipolar field mini-
mum occurs withM along the long antidot axis. In addition,
the simulation indicates that the oscillatory amplitude of the
dipolar field for the small zone is much bigger than that for
the main area—a condition also observed in the FMR data.
This can be understood by considering the separation the
poles or holes, with which the amplitude of the dipolar field
scales by 1/r3. ~Note: the cells A and B in Fig. 2 were chosen
to roughly approximate the average value of the dipole fields

in each region.!In summary, the simulation reveals the
source of the double resonance, as well as the orthogonal
nature of the respective uniaxial anisotropies.

In light of the insight gained from the simulation, the
FMR results can be examined in detail. For the 3mm
33 mm square mesh, double resonances with approximately
equal intensity are observed along the lattice axes@Fig. 1~b!#.
The angular dependence of the two resonance fields are
shown in Fig. 1~c!. The two peaks each exhibit twofold an-
isotropy, but with orthogonal easy axes. In addition, they
have almost identical oscillatory amplitudes. As expected for
a square lattice, the overall sample anisotropy is fourfold, yet
comprised of individual parts each exhibiting twofold sym-
metry. The appearance of two distinct resonances, each ex-
hibiting uniaxial anisotropy orthogonal to the other, indicates
uncoupled resonances emanating from different parts of the
sample. Given the correlation between the FMR data and the
simulation discussed previously, one is led to conclude that
the ‘‘different parts’’ resonating are spacially localized on the
micron scale as defined by the local dipole fields. The un-
coupled nature of these highly local resonances can be de-
duced from the observation of two resonances and the clearly
defined orthogonality of their respective easy symmetry
axes. If strongly coupled, the regions would resonate as a
single unit and the orthogonal easy axes energies would~to
first order!sum to produce no in-plane anisotropy. This is, in
fact, what is observed in high field torque measurements on
these samples,6 where the anisotropy is determined statically
rather than dynamically and any spatial variation is averaged
out. Note that the FMR spectral amplitudes for the 3mm
33 mm sample are approximately equal for each resonance,
indicating that the areas giving rise to each is equivalent,
consistent with what one would expect from the dipole field
simulation for a square lattice.

The rectangular mesh samples behave much like the
square mesh sample with the following exceptions. First, as

FIG. 2. Micromagnetic simulation of the 3mm34 mm sample with magne-
tization along~a! long axis (f50°) and~b! short axis~f590°!. Shading
and arrow size indicate the induced dipole field strength. The antidot sample
is approximately divided into two regions in terms of the demagnetization
field orientation and amplitude.
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seen in Fig. 1~a!the spectral amplitudes are not equal indi-
cating that the areas giving rise to the resonance are also not
equal, which is consistent with expectations from the dipole
simulations—the area between the short axis holes being less
than the area between the long axis holes. Second, as seen in
Figs. 1~d!–1~f!, the amplitude of the in-plane anisotropy is
less for the large area resonance than for the small area reso-
nance. This, along with the observed easy and hard anisot-
ropy directions, is consistent with the simulation predictions.
In addition, one observes a monotonic decrease in the large
area ~intense peak!anisotropy amplitude with increasing
long axis lattice parameter. Unlike its counterpart, the small
area~weak peak!anisotropy amplitude is almost independent
of the long axis of the mesh, further evidence that it is asso-
ciated with the area between the holes along the short axis,
whose lattice constant was fixed at 3mm.

To quantify the anisotropy fields, the FMR data were fit
to a model based upon the Landau–Lifshitz equation of
motion.10 The energy density used in the fitting for each
individual resonance~area!can be written as

E52MH sinu cos~f2fH!2Koutsin2 u

2Ku sin2 u cos2 f,

wheref and fH are the azimuthal angle of the magnetiza-
tion and applied field respectively, measured from the in-
plane easy axis; andu is the angle the magnetization makes
with the film normal. The first term is Zeeman energy. The
second term is the out-of-plane anisotropy usually dominated
by the thin film shape of the sample. The third term is the
dipole-induced, uniaxial in-plane anisotropy arising from the
antidot structure. The model fits, shown as solid lines in Figs.
1~c!–1~f!, agree very well with the data in all cases.Kout,
which sets the field about which the in-plane resonance field
oscillates~Fig. 1!, averages 1.05(60.03)3106 erg/cm3 for
the four samples presented and is accounted for by thin-film
shape anisotropy, 2pM2, with M5720 emu/cm3. The effec-
tive anisotropy field (Hk52Ku /M ) associated with the
weaker of the two resonances in each sample averages 190
620 Oe, consistent with the values from the simulation for
the small region between the holes fixed at 3mm separation
along the short direction. The intersample variation in this
field is likely due to nonuniformity in hole size between
samples. The effective anisotropy field associated with the
more intense of the two resonances decreases strongly with
increasing long-axis lattice parameterr and can be scaled as
1/r3, implying a dipolar source. In fact, this observed spatial
dependence of the anisotropy field amplitude can be modeled
as the difference in the dipole anisotropy field generated by
two adjacent holes along the long axis,~see Fig. 2!with
magnetization parallel and perpendicular to that axis, respec-
tively. The model can be expressed12 as

M

~r /b!3 F11
1

~b21!3G1h,

whereM is the magnetic moment calculated as equivalent to
that arising from a single permalloy dot with the same di-
mensions as our antidot;b is a dimensionless factor indicat-
ing the position between hole centers representing the aver-

age dipole anisotropy field acting on the magnetization; and
h is an offset, which could be attributed to effects such as
growth induced uniaxial anisotropy. The fit of the model to
the data shown in Fig. 3, whereb andh have been adjusted
to 3.8 and 17 Oe, respectively. The factor of 3.8 means that
the representative dipole anisotropy field locates at a distance
r /3.8 away from the hole centers. Much like in the simula-
tion, a point,r /3.8, representing the average dipolar field in
the long axis region lies somewhere betweenr /2 and the
edge of the hole@see point A in Fig. 2~a!#. While this simple
model is not intended to completely describe the spatial de-
pendence of the anisotropy field, it does serve to demonstrate
that the falloff of the anisotropy field has dipolar origin. It is
noteworthy that the induced anisotropy in an antidot array is
caused by hole induced dipole fields acting on the saturated
magnetization, in contrast to the case of dot array, where the
observed induced anisotropy is attributed to dipole–dipole
interaction.3

This work was supported by US DOE Grant Nos. DE-
FG02-86ER45281~MU! and NSF DMR-0213985~UA!.

1For example, R. P. Cowburn, and M. E. Welland, Science287, 1466
~2000!; T. Shinjo, T. Okuno, R. Hassdorf, K. Shigeto, and T. Ono,ibid.
289, 930~2000!.

2K. Yu. Guslienko, Appl. Phys. Lett.75, 394 ~1999!; K. L. Metlov, J.
Magn. Magn. Mater.215, 37 ~2000!.

3C. Mathieu, C. Hartmann, M. Bauer, O. Buettner, S. Riedling, B. Roos, S.
O. Demokritov, B. Hilllebrands, B. Bartenlian, C. Chappert, D. Decanini,
F. Rousseaux, E. Cambril, A. Mu¨ller, B. Hoffmann, and U. Hartmann,
Appl. Phys. Lett.70, 2912 ~1997!.

4D. Li, C. Yu, J. Pearson, and S. Bader, Phys. Rev. B66, 020404~2002!.
5R. P. Cowburn, Phys. Rev. B65, 092409~2002!.
6C. T. Yu, H. Jiang, L. Shen, P. J. Flanders, and G. J. Mankey, J. Appl.
Phys.87, 6322~2000!.

7I. Guedes, M. Grimsditch, V. Metlushko, P. Vavassori, R. Camley, B. Ilic,
P. Neuzil, and R. Kumar, Phys. Rev. B66, 014434~2002!.

8P. Vavassori, V. Metlushko, R. M. Osgood III, M. Grimsditch, U. Welp, G.
Grabtree, W. Fan, S. R. J. Brueck, B. Ilic, and P. J. Hesketh, Phys. Rev. B
59, 6337~2000!.

9M. Grimsditch, I. Guedes, P. Vavassori, V. Metlushko, B. Ilic, P. Neuzil,
and R. Kumar, J. Appl. Phys.89, 7096~2001!; I. Guedes, N. J. Zaluzec,
M. Grimsditch, V. Metlushko, P. Vavassori, B. Ilic, P. Neuzil, and R.
Kumar, Phys. Rev. B62, 11719~2000!.

10For example, R. L. Compton, M. J. Pechan, S. Maat, and E. E. Fullerton,
Phys. Rev. B66, 054411~2002!; M. J. Pechan, N. Teng, J. Stewart, J. Z.
Hilt, E. E. Fullerton, J. S. Jiang, C. H. Sowers, and S. D. Bader, J. Appl.
Phys.87, 6686~2000!.

11M. J. Donahue and D. G. Porter, http://math.nist.gov/oommf; A. Aharoni,
J. Appl. Phys.83, 3432~1998!.

12B. D. Cullity, Introduction to Magnetic Materials~Addison-Wesley, Lon-
don, 1972!, p. 614.

FIG. 3. Measured uniaxial anisotropy field amplitude associated with the
larger of the two resonances vs long-axis lattice parameter. Solid line is a fit
to the data.

3950 Appl. Phys. Lett., Vol. 83, No. 19, 10 November 2003 Yu, Pechan, and Mankey

200,---------.------------, 

150 

50 

02'--~-_._4 ___ ___.6 ___ ___,a 

Long axis (µm) 




