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We use frequency resolved magneto-optic Kerr effect to probe the spin dynamics and mode structure in
50–200-nm-diameter Ni80Fe20 nanomagnets ranging from 3 to 10 nm in thickness. We find that the intrinsic
Gilbert damping parameter is largely unaffected by the nanopatterning process despite a large linewidth
dependence on the size of the nanomagnets. In the larger nanomagnets, both end and center modes are
observed. The linewidth of these two modes differ considerably, which is most likely the result of the sensi-
tivity of the end mode to small variations and imperfection of the shape and edge materials. We show that this
effect can be exploited as a means to separately characterize the magnetic properties of the nanomagnets as
well as the size and shape variations within the array.
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I. INTRODUCTION

Magnetic nanostructures are currently being investigated
for magnetic random access memory,1,2 high-frequency spin-
tronic devices,3,4 bit patterned media,5–7 and biological
applications.8 While such technological applications are im-
portant in their own right, there is also significant interest to
understand how magnetic materials behave when confined to
nanoscale dimensions. Questions remain about how to inter-
pret ferromagnetic resonance �FMR� spectra in arrays of
nanostructures, how defects affect both the static and high-
frequency properties of nanostructures, how to measure and
characterize such defects, how micromagnetic simulations or
models can be improved to better describe nanostructures,
and how lateral confinement affects linewidths and the intrin-
sic damping parameter. As an example, there are several con-
flicting reports on the influence of nanofabrication on the
intrinsic damping parameter.9–12 Determination of the damp-
ing parameter is critical for the development of high-speed
switching technology, high-frequency devices, and theory for
spin-momentum transfer. It is also important to understand
how scaling and fabrication processes affect switching field
distributions, reversal mechanisms, and switching rates.

It was recently shown that the fabrication techniques used
to make perpendicularly magnetized nanostructures can sig-
nificantly alter the anisotropy of the edge region.5 This edge
modification has significant effects on the magnetic reversal
properties of the nanostructure that are critical for storage
technologies such as bit patterned media and magnetic ran-
dom access memory. This highlights the fact that magnetic
nanostructures cannot be realistically modeled as a homog-
enous system with uniform magnetic properties throughout.
The ability to probe the spin dynamics of nanostructures as
well as independently probe the properties at different loca-
tions within a nanostructure is thus highly desired.

In addition to modeling the spin dynamics in patterned
magnetic structures,13,14 several experimental techniques
have been used in recent years which include ferromagnetic
resonance force microscopy,10,15,16 magneto-optic Kerr effect
in the time domain,17–22 vortex core dynamics,23–25 Brillouin
light scattering �BLS�,26–29 and x-ray microscopy.30–32 How-
ever, the majority of these reports focus on determining the
frequency dependencies and/or spatial mode structure, and
do not address the measurement of linewidth, and more im-
portantly, separating the intrinsic damping from other contri-
butions to linewidth.

Recently, it was discovered that inhomogeneous dipole
fields at the edges of magnetic stripes create localized modes
at the edges confined to a few tens of nanometers.33–36 The
behavior of these edge modes differ significantly from the
bulk excitations. Extensive work has been carried out on
characterizing these edge modes as well as the edge satura-
tion field in magnetic stripes using an inductive FMR tech-
nique. It was shown that the edge saturation field, edge mode
frequency, and edge mode linewidth depend strongly on the
edge roughness and edge tapering.35,37,38 These results indi-
cate that the edge properties can be separately measured
from the bulk magnetic properties via spatially confined
modes.

In this report, we present an optical approach to measur-
ing the mode structure in magnetic nanomagnets. By exciting
spatially localized modes, we can compare regional proper-
ties of the nanostructure without the need of a probe small
enough to resolve such features. We will show that the fre-
quency resolved magneto-optic Kerr effect �FR-MOKE�
technique we developed has a considerable increase in
signal-to-noise ratio �SNR� relative to similar techniques in
the time domain which allows for careful evaluation of the
mode linewidths. We find significant variation in linewidth
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depending on the mode location and will discuss the impli-
cations of the linewidth variation.

II. EXPERIMENT

Arrays of circular and slightly elliptical nanomagnets
were fabricated from dc magnetron sputter-deposited 3 nm
Ta, x nm Ni80Fe20, and 4 nm Si3N4 films on sapphire sub-
strates, where x=3, 5, and 10 nm. Films were deposited in an
applied field to induce an easy anisotropy axis in the film
plane. This intrinsic anisotropy field, �0Hk, was measured to
be 0.3�0.1, 0.6�0.2, and 0.4�0.1 mT for the 3-, 5-, and
10-nm-thick Ni80Fe20 films. Electron beam-lithography was
then used to create a cross-linked polymethyl methacrylate
�PMMA� mask. The mask pattern was transferred to the de-
posited magnetic layer with a 300 eV Ar ion mill. The diam-
eters of the nanomagnets were varied from 50 to 200 nm
with a pitch �center-to-center spacing� of twice the diameter.
Figure 1 shows scanning electron microscope �SEM� images
of nominal 50- and 200-nm-diameter nanomagnet arrays as
well as a schematic diagram of the idealized nanomagnet
structure. The serration along the edges of the 50 nm nano-
magnet image is a result of structure on the top surface of the
much thicker PMMA masking layer left behind following the
ion mill. High-resolution SEM image analysis indicates that
the root-mean-square size variation along the short and long
axes are typically 2–3 nm.

For simplicity and ease of comparison, we use the nomi-
nal values of the nanomagnet diameters. This value corre-
sponds to the ideal value of the short axis of the slightly
elliptical structure. Unless otherwise stated, the long axis is
ideally a 20% larger value resulting in a 20% ellipticity. The
actual values of the nanomagnet sizes vary slightly from
sample to sample and are summarized in Table I as deter-
mined from SEM analysis.

The high-frequency mode structure was studied using FR-
MOKE. Figure 2 shows a schematic of the FR-MOKE setup.
A vector network analyzer �VNA� is used to generate cw
microwaves that are amplified to a maximum power of 30
dBm and directed through a coplanar waveguide �CPW� that

is 50 � terminated. The sample is placed on the CPW and
aligned with the center conductor that is 150 �m wide; sig-
nificantly wider than the 20 �m nanomagnet arrays. The
thickness of the sapphire substrate is approximately
100 �m, which sets the distance between the nanomagnet
arrays and the CPW. We estimate the maximum microwave
field in this configuration to be 0.3 mT. An external bias field
up to �500 mT is applied perpendicular to the microwave
field direction and parallel to the center conductor. For all
measurements in this report, the bias field is directed along
the long axis of the elliptical structures, and the rf field is
consequently directed along the short axis.

Detection of the magnetodynamic response of the nano-
magnets is performed using broadband photodetection of the
modulated magneto-optic Kerr effect. Here, a cw low-noise
532 nm diode-pumped solid-state laser is linearly polarized,
and focused on the sample at a 45° angle of incidence with a
spot size between 10 and 15 �m. The reflected light is col-
lected with a second lens. Because the magneto-optic Kerr
effect alters both the polarization angle and ellipticity of the
reflected light, we use a compensator to minimize the ellip-
ticity for maximum contrast. The light is analyzed with a
polarizer and focused on a broadband 12 GHz free space
photoreceiver. The signal from the photodiode is sent to the
VNA input port. In this configuration, an S21 measurement is
performed with the VNA resulting in frequency-swept spec-

TABLE I. Comparison of the nominal diameters and actual size
of the nanomagnets for the samples used in this study.

Nominal
diameter

Actual size

10 nm thickness 5 nm thickness 3 nm thickness

200 nm 235�215 nm2 220�202 nm2 228�205 nm2

150 nm 165�151 nm2 168�154 nm2

100 nm 120�110 nm2 117�103 nm2 118�106 nm2

75 nm 90�80 nm2 91�80 nm2

50 nm 71�65 nm2 67�62 nm2 69�64 nm2

3 nm Ta
Ni80Fe20

Sapphire

4 nm Si3N4

400 nm 100 nm

FIG. 1. �Color online� SEM images of �a� nominally 200 nm
nanomagnets with 20% ellipticity and �b� nominally 50 nm circular
nanomagnets. �c� Schematic diagram of a nanomagnet sample
structure.
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FIG. 2. �Color online� Schematic diagram of the FR-MOKE
experimental setup. The inset shows the sample geometry and co-
ordinate system from the perspective of the charge-couple device
camera.
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tra at a fixed bias field. Although it is reasonable to assume
some heating occurs, no effects of laser heating on the fre-
quency or linewidth were observed as verified by attenuation
of the incident laser power by two orders of magnitude. This
was found not to be the case when glass substrates were
used, which have a significantly reduced thermal conductiv-
ity compared to sapphire. Similarly, no effects of microwave
heating were observed.

The SNR for these measurements was limited by laser
noise that was approximately 20 times greater than either
shot noise or detector noise at the operational power levels
and analyzer settings. The intensity of the light reflected
from the sample varied between 10–30 mW and we subse-
quently adjusted the analyzer such that the light level on the
photoreceiver was maintained at 2 mW. Since the relative
intensity laser noise is 0.04% in a 200 kHz bandwidth, the
resulting relative optical intensity noise of the laser is
equivalent to �2 nW /Hz1/2 at the photoreceiver. The result-
ing microwave signal immediately after the detector varied
from 0.1 to 10 pW, depending on the particular sample and
applied field strength, and the microwave noise level were
3�10−18 W /Hz. The noise floor of the VNA was
3�10−19 W /Hz. Both a transimpedance amplifier with a
gain of R=370 � and a 20 dB microwave low-noise ampli-
fier were used to boost the signal relative to the VNA noise
floor.

Spurious background microwave emissions from the co-
planar waveguide assembly radiatively coupled to the optical
detector, limiting the dynamic range of the measurements. As
such, a differential measurement technique was used to sub-
tract the radiatively coupled background from the signal,
whereby a spectrum obtained at a large saturating magnetic
field of 500 mT was subtracted from the spectrum obtained
at the actual measurement field.

To compare properties of the nanomagnets to the intrinsic
unpatterned thin film, we fabricated large 20 �m pad struc-
tures alongside the nanomagnet array. We found no measur-
able difference in the magnetodynamic response of the
20 �m pad measured in the center and a continuous film of
the same thickness, and herein refer to results from the mea-
surement of the 20 �m pad as the “thin-film” data. An added
advantage to using a 20 �m pad is that it undergoes all the
same processing steps as the nanomagnets, and therefore,
provides a proper control sample to isolate the effects of
confinement in nanomagnets.

It is important to note that this work is focused on mea-
suring the properties of the quasisingle domain state since
the high-frequency properties of, for example, the vortex
state are quite different.20,39 We separately measured static
hysteresis loops using a focused magneto-optic Kerr effect
magnetometer to determine the saturation fields of each array
�typically less than 10 mT�. In order to ensure the quasisingle
domain state, we always saturate the sample at a high field
and then decrease the field to the desired value. The data we
report here are taken at applied field values above the satu-
ration field precluding the observation of a vortex mode.

Figure 3�a� shows a typical FR-MOKE spectrum and fit
where two modes are observed. The FR-MOKE spectra are
fit according to the scheme described in Ref. 9 with the ad-
dition of including an adjustable phase factor for each mode.

A significant characteristic of this spectrum is the asymmetry
of each of the two peaks and the null between the peaks. The
null is a result of interference between the modes. This dem-
onstrates the FR-MOKE technique’s sensitivity to the rela-
tive phase of modes, in contrast to techniques such as BLS.

OOMMF simulations40 were used to visualize the excited
mode structure in single nanomagnets41 and to interpret the
FR-MOKE data. Magnetostatic edge corrections were used
to compensate for the geometrical errors in curved dot
boundaries modeled on square computational grids.42 Figure
3�b� shows an example of a simulated FR-MOKE spectrum.
Two features are immediately apparent: �1� the interference
null between the two peaks is reproduced in the simulations,
and �2� the linewidth of the low-frequency mode in the simu-
lated data is significantly smaller than that of the measured
spectrum. The latter point will be addressed at length in Secs.
III and IV.

III. RESULTS

Figure 4�a� shows the contour plot of the frequency spec-
tra for a 10-nm-thick 20 �m Ni80Fe20 square pad that shows
the ferromagnetic resonance mode. Figures 4�b�–4�d� show
the spectra plots for the 50-, 100-, and 200-nm-diameter na-
nomagnet arrays, respectively, patterned from the same thin
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FIG. 3. �Color online� �a� An example of an FR-MOKE spec-
trum of an array of 100 nm nanomagnets. The fit to the data is
included and shows the asymmetry of the peaks due to a nonzero
phase relationship between the two resonances. �b� A simulated
spectrum of a 100 nm nanomagnet reproducing the asymmetry in
the peaks and showing a significantly narrower linewidth for the
lower frequency peak.
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film. The two-dimensional contour plots are generated from
individual spectra, each acquired at a given applied field.
Interpolation of the data was required to form a complete
two-dimensional data array for plotting. We caution that
some features of the contour plots are artifacts resulting from
numerical interpolation. In all cases, the mode amplitude is
normalized to the maximum value in a particular data set.
�Absolute values of amplitude are difficult to extract with
this scheme since it is very dependent on the exact optical
alignment and variation in signal due to diffraction of the
incident beam with the two-dimensional nanomagnet
lattice.19� The 50 nm arrays exhibit a broader linewidth than
the thin-film resonance that was previously attributed to an
increase in the inhomogenous component of the linewidth
due to nonuniformity of the nanomagnet size across the
array.9 In the 100 and 200 nm cases, two modes are ob-
served, with the higher frequency mode increasing in relative
amplitude as the diameter is increased.

As the thickness of Ni80Fe20 is decreased to 5 nm �Fig. 5�,
the same trend in mode amplitudes is observed except that
the higher frequency mode is barely detectable at a 100 nm
diameter. This suggests that this mode becomes further sup-
pressed as the thickness is decreased. Indeed, as the Ni80Fe20
thickness is further reduced to 3 nm �Fig. 6�, the higher fre-
quency mode is not evident until the diameter is increased to
150 nm �not shown�.

The resonance frequency f0 and frequency-swept line-
width �f of the modes are determined by the fitting routine
described in Ref. 9 for each constant field spectrum. The
field dependence of f0 is described by the Kittel equation as
follows:

f0 = ���0

2�
���Hb + Hk + H1��Hb + Hk + H2� , �1�

where

H1 = �Ny − Nz�Ms, �2�

H2 = �Nx − Nz�Ms, �3�

and �= �g�B� /	 is the gyromagnetic ratio, g=2.07 is the
spectroscopic splitting factor, �B is the Bohr magneton, 	 is
Planck’s constant, �0 is the permeability of free space, Hb is
the applied bias field, Hk is the intrinsic anisotropy field,
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FIG. 4. �Color online� Contour plots of spectra for 10-nm-thick
Ni80Fe20 for the �a� thin film, �b� 50-nm-diameter, �c� 100-nm-
diameter, and �d� 200-nm-diameter nanomagnet arrays. The scale
bar represents the normalized amplitude.
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FIG. 5. �Color online� Contour plots of spectra for 5-nm-thick
Ni80Fe20 for the �a� thin film, �b� 50-nm-diameter, �c� 100-nm-
diameter, and �d� 200-nm-diameter nanomagnet arrays. The scale
bar represents the normalized amplitude.
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FIG. 6. �Color online� Contour plots of spectra for 3-nm-thick
Ni80Fe20 for the �a� thin film, �b� 50-nm-diameter, �c� 100-nm-
diameter, and �d� 200-nm-diameter nanomagnet arrays. The scale
bar represents the normalized amplitude.
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Nx,y,z are the effective demagnetizing factors, and Ms is the
saturation magnetization. Figure 7 shows some examples of
the Kittel equation fits to frequency versus applied bias field
data. The values of H1 and H2 for each mode are determined
from these fits.

We performed micromagnetic simulations in order to un-
derstand the mode structure and trends observed in Figs.
4–6. Figure 7�a� shows data for f0 vs Hb, the associated fits
to the Kittel equation, and the simulation results for a 50-nm-
diameter 10-nm-thick sample. Both the experiment and
simulation reveal only a single mode with significant ampli-
tude within this frequency range. The inset shows a three-

dimensional plot of the relative precession amplitude across
the nanomagnet structure from the simulations. The mode
excited in this small structure has a relatively large amplitude
throughout the entire structure with larger precession at the
ends.

The simulations also reproduce the presence of two
modes in the 100- and 200-nm-diameter structures. The
simulated frequencies are plotted with the experimental data
in Figs. 7�b� and 7�c�, respectively. The field dependence of
the simulated data �blue line� agrees reasonably well with the
experimental data. We speculate that the small frequency
shifts between the simulations and the data is a result of the
fact that the simulations are performed on ideal structures,
which do not take into account such things as sidewall taper-
ing, edge roughness, lithographic defects, and nanomagnet
interactions. In contrast to the 50-nm-diameter sample, the
two modes are more spatially localized within the nanomag-
net structure: the higher frequency mode has a large ampli-
tude concentrated in the center of the nanomagnet, whereas
the lower frequency mode is concentrated at the end. As
such, we hereafter refer to the higher and lower frequency
modes as the “center” and “end” modes, respectively.

The localized mode structure explains the shift in ampli-
tude of the end mode relative to the center mode as the
nanomagnet diameter increases, as shown in Fig. 4. At the
smallest diameters �
75 nm�, the only observed mode is
concentrated at the ends although a significant amplitude is
also present throughout the entire structure. The modeling
also reveals a low-intensity center mode at higher frequen-
cies outside the experimentally accessible range �not shown�.
As the diameter increases, the low-frequency end mode be-
comes increasingly localized at the ends. Simultaneously, the
center mode emerges as its frequency drops and amplitude
increases. As the diameter is increased further, the ratio of
the volume occupied by the end mode to that of the center
mode decreases. Correspondingly, the relative amplitude of
the end mode also decreases with increasing diameter. An
interesting result is the fact that the shift of amplitude from
the end mode to the center mode occurs at different values of
diameter depending on the thickness of the Ni80Fe20. We
verified that this trend is not simply a result of differences in
the susceptibility tensor when using the experimental values
of H1 and H2 that were extracted for each mode. However,
micromagnetic simulations show the same trend in amplitude
observed experimentally and also reveal that the confinement
of the end mode decreases as the thickness is reduced.

The spatial localization of the end and center modes per-
mits some capability to independently probe the magnetic
properties at the end and interior regions of magnetic nano-
structures. We can begin by analyzing the measured line-
widths of the modes. Since the FR-MOKE technique mea-
sures the frequency-swept linewidth ��f� directly, we convert
this to the field-swept linewidth ��H� by the following rela-
tion:

�H =
�f

� � f0

�Hb
� . �4�

Here, the ��f0 /�Hb� term is taken as the slope in the Kittel
equation fits at the particular f0. Figure 8 shows the mea-
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FIG. 7. �Color� Plots of f0 vs Hb for 10-nm-thick Ni80Fe20 for
�a� 50-, �b� 100-, and �c� 200-nm-diameter nanomagnet arrays. Fits
of Eq. �1� to the experimental data ��� are included as the red solid
line. Simulations performed for single nanomagnets of the same
size �blue line� show reasonable agreement with the experimental
data. The insets in each figure show the relative amplitude of pre-
cession across the nanomagnet for each mode obtained from the
simulations. The horizontal plane in the insets indicates where the
amplitude is zero.
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sured �H as a function of frequency for the 5-nm-thick
samples. In general, the inhomogeneous broadening �H0 is
separated from the intrinsic damping � by a linear fit of the
following form:

�H�f� = �H0 +
4��

��0
f . �5�

For the 5 nm thin-film linewidth data presented in Fig. 8�a�,
a fit to Eq. �5� yields values of �=0.01�0.001 and �0�H0
=0.6 mT, which agrees with previously reported values in
unpatterned Ni80Fe20 films.43 For the 75-nm-diameter data
shown in Fig. 8�b�, there is a significant increase in
linewidth due to increased inhomogeneous broadening
�4.8 mT�0.5 mT� but the Gilbert damping remains con-
stant at �=0.01�0.002. In the case of the 200 nm sample,
where the relative amplitude of both the center and end
modes are similar, the linewidths can be independently mea-
sured and exhibit a very different behavior. Upon fitting to

Eq. �5� the higher frequency center mode yields a value of
�=0.01�0.001 and �0�H0=1.1�0.5 mT that approaches
the values measured for the thin film. The end mode, how-
ever, has a considerable increase in the linewidth, and a
fit to Eq. �5� yields values of �=0.013�0.003 and
�0�H0=6.4�1.0 mT.

The data suggest that the large increase in linewidth is
primarily due to increased inhomogeneity. This is supported
by micromagnetic simulations on single nanomagnets which
produce nearly identical values of linewidth for center and
end modes when inhomogeneity is neglected. The increased
contribution of inhomogeneity to linewidth for the end mode
is not surprising, considering that we are measuring a large
number of nanomagnets, and the edge region is defined by a
lithographic process and ion mill, both of which can lead to
variations between individual nanomagnets. In contrast, the
interior region is defined by a much more controlled thin-
film deposition process, and thus, should approach that of the
thin film.

Because of the increased scatter in the end mode data,
there is significant increase in uncertainty in � and �H0. This
increased scatter in Fig. 8�c� is a result of the fact that the
two modes overlap significantly and the SNR in the end
mode is significantly lower than that of the center mode
causing increased uncertainty in the end mode fitting. An-
other source of scatter originates from the “wiggles” present
in all the linewidth plots. These features are reproducible in
all data sets and are most likely caused by resonances in the
CPWs.

The linewidth data for the samples used in this study are
summarized in Fig. 9. We first consider the thin-film data in
Figs. 9�a� and 9�b�. The damping coefficient is seen to in-
crease from 0.008 to 0.013 as the thickness is decreased from
10 to 3 nm, consistent with other previously reported values
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FIG. 9. �Color online� Values of �a� � and �b� �H0 as a function
of thin-film thickness, and the diameter dependence of �c� � and �d�
�H0 for the 5-nm-thick patterned samples. The vertical dashed line
indicates the boundary between regions where single and multiple
modes are observed.
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over this thickness range.43,44 This variation is most likely
the result of spin-pumping effects from the NiFe/Ta
interface.45–47 A linear fit of the � versus the inverse thick-
ness yields an intrinsic value of �=0.006�0.001. The thick-
ness dependence of the inhomogeneous broadening is con-
stant within error and has a mean value of 0.5 mT indicative
of highly homogeneous Ni80Fe20 films.

Both � and �H0 are plotted as a function of nanomagnet
diameter for the 5-nm-thick case in Figs. 9�c� and 9�d�, re-
spectively. The data for the other values of thickness �not
shown� produce similar results. We clearly see in Fig. 9�c�
that the damping parameter does not vary significantly with
nanomagnet size and are within error of the thin-film value
of �=0.01. This is in contrast with an earlier report which
shows a strong size dependence in the damping parameter in
Ni nanostructures.18 However, in that work, the contribution
of the intrinsic damping and inhomogeneous term was not
separated which could explain the variation they observed.
�H0 in Fig. 9�d� is relatively large at the smallest diameters
where only a single mode is observed. When both the center
and end modes are excited, �H0 for the center mode ap-
proaches the thin-film value with increasing diameter while
�H0 for the end mode remains large.

IV. DISCUSSION

The observed inhomogeneous contribution to the end
mode linewidth broadening can come from two sources: �1�
linewidth broadening due to modification of magnetic prop-
erties at the edge, edge roughness, and any other edge-related
imperfection, and �2� dot-to-dot variations in size and shape
which yield an increased linewidth due to a sum of a distri-
bution of end mode frequencies. Correlation of the end mode
linewidth broadening with edge imperfection was observed
in magnetic stripes.38 In the next subsections, we consider
how size and shape variations from dot-to-dot affect the line-
width.

A. Size variation effect on the measured linewidth

We previously accounted for the linewidth broadening in
71�65 nm2 structures by variations in nanomagnet size.9 In

this case only a single mode was observed. We found that an
uncorrelated dot-to-dot variation of 1 nm in the two in-plane
dimensions was sufficient to explain the linewidth broaden-
ing measured in the array. This variation was consistent with
that measured with SEM image analysis as well as the
switching field distributions obtained from the hysteresis
curves of the arrays.

We experimentally observe such an effect on mode line-
width by measuring a set of arrays where the ellipticity is
varied. Figure 10 shows the frequency versus applied field
for an additional sample where the short axis is held constant
at 110 nm, and the long axis is varied from 110 to 132 nm
�corresponding to a 0–20% variation in ellipticity in the
structures�. The higher frequency center mode shows a neg-
ligible frequency shift with varying ellipticity. However, the
end mode exhibits significant frequency shift as a function of
ellipticity. �The frequency shift is as much as 1 GHz at low
fields.� This is consistent with the end mode being much
more sensitive to shape than the center mode.

The question remains as to whether such size variations
can account for the two different linewidth trends observed
in Fig. 8�c�. We apply the same method used in Ref. 9 to
both modes in the 220�202 nm2 nanostructure array. Mi-
cromagnetic simulations were performed on structure where
the dimensions were varied in each direction. The stiffness
field sensitivities for each mode were then determined
through fits of Eq. �1� to the data obtained while one dimen-
sion was varied. The resulting stiffness field sensitivities are
given in Table II.

Using a first-order approximation, the standard deviation
of the resonant field distribution is given in Eq. �6�,

�H =
Hb + H2

2Hb + H1 + H2

H1 +

Hb + H1

2Hb + H1 + H2

H2, �6�

where


Hi =�� �Hi

�z

z�2

+ � �Hi

�y

y�2

. �7�

Here, Hi is either H1 or H2, and 
z and 
y are the standard
deviations of the nanomagnet dimensions along the z and y
axes, respectively. We assume that the size variations are
uncorrelated between the two axes. For a Gaussian distribu-
tion, the inhomogeneous broadening contribution due to size
variations is then:

TABLE II. Stiffness field sensitivities to dimensional variations
for a 220�202 nm2 nanomagnet with 5-nm-thick Ni80Fe20.

End mode
�mT/nm�

Center mode
�mT/nm�

�0��H1 /�z� 0.16�0.01 −0.011�0.01

�0��H2 /�z� 0.21�0.03 0.54�0.04

�0��H1 /�y� −0.205�0.005 −0.193�0.002

�0��H2 /�y� −1.36�0.04 0.10�0.01
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FIG. 10. �Color online� Plots of f0 vs Hb for a 110-nm-diameter
nanomagnet array showing the frequency shift in the modes as the
nominal ellipticity of the nanomagnets are varied between 0% and
20%.
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�H0� = 2�2 ln 2�1/2�H = �2.355��H. �8�

SEM image analysis of this array yields values of

z=3 nm and 
y=2 nm. By combining Eq. �8� for the in-
homogenous broadening term and Eq. �5�, we can plot the
expected linewidth for such dimensional fluctuations. These
are given in Fig. 11�a� with the experimental data. It is clear
that the end mode has an increased linewidth relative to the
center mode but, for these dimensional fluctuations, it is not
enough to explain the severity of the increase that we ob-
serve. In order to fit the linewidth data for the end mode,
values of 
z=10 nm and 
y=8 nm were necessary. How-
ever, these values are not consistent with SEM images and,
as Fig. 11�b� shows, the linewidth data for the center mode
cannot be simultaneously fit using such large values for 
z
and 
y. These results show that variations in size cannot
fully explain the linewidth broadening observed for the end
modes.

We note that the slope of the linewidth data is also af-
fected by the size distributions. This is most pronounced in
the end mode linewidth as observed in Fig. 11. The effect
originates from the fact that �H in Eq. �6� is a function of the
applied bias field. This change in slope can influence the
measured value of � through a fit to Eq. �5� and may explain
the slightly higher values of � measured for the end mode
relative to the thin film �Fig. 9�c�� although enhanced damp-
ing at the edge cannot be completely ruled out.

B. Shape variation effects on linewidth

In addition to size variations, we simulate the effect of
shape variation from the ideal elliptical shape of the nano-

magnets. We define the shape of a distorted ellipse with an
egglike shape with the following relation:

z2

A
+

y2

Be−cz = 1, �9�

where A and B are constants that define the elliptical shape,
and c is a constant that defines the amount of egglike distor-
tion. Examples of the resulting shapes for c=0, 0.1, and 0.2
for a 235�215 nm2 �c=0� structure are given in Fig. 12�a�.
Micromagnetic simulations were also performed on these
three shapes. The calculated mode frequencies as a function
of in-plane applied field angle with magnitude 50 mT is
given in Fig. 12�b�. As observed with the size variations, the
center mode also shows very little change in frequency with
the distortion. However, the end mode shows large shifts in
frequency, and at certain angles, splits into two frequencies.
It is seen that the two end modes have nondegenerate fre-
quencies over a wide range of applied field angles. The fre-
quencies seem to be largely influenced by the curvature of
the nanomagnet outline wherever the end mode is localized
�insets of Fig. 12�b��. Sharper curvatures are seen to produce
higher end mode frequencies.

Although extremely difficult to quantify, variations in
shape and curvature from dot-to-dot are to be expected in
large ensembles of lithographically defined nanostructures.
Figure 12�c� shows an enhanced SEM image of a nanomag-
net with an overlaid perfect ellipse. While the nanomagnet is
seen to be close to a perfect ellipse, there is a slight distor-
tion. The location and nature of this distortion varies from
dot to dot.

These simulations suggest that the curvature of the end
region has a larger influence on the end mode frequency than
the size itself, and could explain why size variations alone
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FIG. 11. �Color online� Plot of �H0 vs f0 5-nm-thick
220�202 nm2 nanomagnet array along with data taken from the
size distribution model with �a� the size fluctuation measured in
SEM analysis, and �b� a best fit of the size fluctuations to the end
mode data.

FIG. 12. �Color� �a� Images of the nanomagnet shape used to
simulate the effect of egglike shape distortion obtained for values of
c=0, 0.1, and 0.2. �b� The simulated frequency versus applied field
angle for these three nanomagnet shapes. The insets show the am-
plitude of precession across the nanomagnet structure for each
mode where yellow is the highest amplitude and dark blue repre-
sents zero amplitude. �c� SEM image of a 220�202 nm2 nanomag-
net that has been enhanced to show the edge boundary. An ellipse is
overlaid to show the deviation of the sample from the nominal
shape.
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are not sufficient to explain our experimental data. From an
applied technology standpoint, this suggests that, if such a
center mode can be exploited for reversal or high-frequency
applications, effects due to device-to-device variation stem-
ming from lithographic variations or nonideal shape will be
minimized.

Finally, the picture is further complicated by considering
interactions among nanomagnets in a periodic array. Al-
though beyond the scope of the present work, our initial
calculations of the influence of such interactions indicate that
dipole field interactions can have a narrowing effect on the
ensemble linewidth at lower frequencies. As a result, the
amount of dot-to-dot variation required may be even greater
than that extracted from the measured linewidths via the
method described here. With the present setup, we are unable
to separate the components of �H0 originating from intrinsic
edge properties of the nanomagnets to those created by dot-
to-dot variations �with due consideration of interaction ef-
fects�. Such separation will require comparison of mode
linewidths in individual nanostructures to identical nano-
structures in large arrays. For example, an increase in end
mode linewidth in an individual nanomagnet would indicate
an intrinsic source of broadening such as edge roughness or
oxidation. Comparison of such measured linewidths in indi-
vidual nanomagnets to those measured in arrays with differ-
ing pitch can be used to determine the additional broadening
caused by dot-to-dot variations and isolate effects of interac-
tions �i.e., interaction strength will vary with the array pitch�.

While such measurements are beyond the scope of the
present work, this report demonstrates that analysis of the
measured mode structure allows for the separate determina-
tion of localized high-frequency properties at the edge and
interior regions, and that those properties can have signifi-
cant differences.

V. SUMMARY

We have measured the spin dynamics in 50–200 nm
Ni80Fe20 nanostructures using the FR-MOKE technique. The
mode structure of these nanostructures was confirmed by mi-
cromagnetic simulations, and shows that, above a critical
size, both center and end modes are observed. The increased
SNR of FR-MOKE allows us to carefully evaluate the line-
width of these excited modes which allows us to directly
measure the damping parameter and inhomogeneous broad-
ening term for each mode. The significant difference in line-
width between the two modes is most likely a result of the
end mode being highly sensitive to imperfections, size dis-
tributions, and variations in shape as opposed to a change in
intrinsic damping.
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