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The spin dynamics of sub-100-nm Ni80Fe20 nanomagnets are directly measured using the
magneto-optic Kerr effect and a broadband detection scheme. Elliptical dots approximately 68 nm
in diameter and 10 nm thick were fabricated in 20�20 �m2 arrays. There is approximately a factor
of 2 increase in the effective linewidth when compared to a 20 �m diameter continuous disk of the
same material. Using micromagnetic simulations, we model the effect of dot-to-dot size variation on
the effective linewidth and find that 2 nm size variations are more than sufficient to account for the
effective increase in linewidth. �DOI: 10.1063/1.2812541�

I. INTRODUCTION

Current research in nanomagnetism extends from the
spin transfer effects in confined systems,1 to patterned bit
recording media,2 and to molecular nanomagnets.3–5 The
magnetic damping behavior of nanomagnets is important for
patterned recording media and application in spin momen-
tum transfer. Enhancement of the Gilbert damping parameter
by a factor of 2 in the more complicated multilayer systems
has been previously reported.6–8 Proposed explanations for
the enhanced damping have included an antiferromagnetic
coupling to a native oxide,8 the influence of nonequilibrium
spin pumping effects,9–12 the imperfections present in the
edges, which make up a relatively large percentage of the
total volume of the nanomagnets,12,13 and effects of coupling
to neighboring nanomagnets when the measurement is per-
formed on an array.14

Dynamical properties of microarrays of nanodots are
measured with a broadband optical measurement technique.
We concentrate on arrays of elliptical nanodots 10 nm thick
with 71 nm major and 65 nm minor axes. To verify repeat-
ability, we performed measurements on several identically
processed samples. The resonance frequencies of the arrays
are consistent with expectations for ferromagnetic resonance
�FMR� in ellipsoidal particles, as well as micromagnetic
simulations of a single nanodot. Fits to the data yield a Gil-
bert damping parameter of �=0.011±0.002 for the arrays of
nanodots independent of the presence or absence of a surface
oxide.

II. EXPERIMENT

The measurement method presented here is an optical
version of standard, broadband, and ferromagnetic
resonance.15,16 We use a broadband optical detection scheme

based on the magneto-optic Kerr effect �MOKE�. In this
technique, the nanomagnets are excited by continuous micro-
waves traveling down a coplanar waveguide with a center
conductor that is much larger than the nanomagnet array. A
continuous wave 532 nm laser is focused and reflected off
the surface of the nanomagnet array in the longitudinal
MOKE configuration with respect to the microwave excita-
tions. A static bias field is applied transverse to the plane of
incidence. We are sensitive to motion of the magnetic mo-
ment both in the film plane parallel to the applied rf field and
perpendicular to the film plane via the longitudinal and polar
Kerr effects, respectively. A broadband detector
�100 kHz–12 GHz bandwidth� is used to resolve the mag-
netic motion directly in the frequency domain. A vector net-
work analyzer is used both to supply the microwave excita-
tion and to read the corresponding intensity at the excitation
frequency of the broadband detector. We apply a static bias
field to the nanomagnet array and sweep the microwave fre-
quency. To improve the sensitivity of the measurements, the
system background, which is measured at the maximum ap-
plied bias field of 350 kA /m, is subtracted.

The films used for the samples were dc magnetron sput-
tered in Ar on sapphire substrates in an applied dc field to
induce a uniaxial anisotropy. A 3 nm Ta seed layer was de-
posited followed by a 10 nm Ni80Fe20 �Permalloy� layer at
0.33 Pa. Some samples were capped with Si3N4 to prevent
oxidation of the surface. An etch mask consisting of cross-
linked polymethyl methacrylate �PMMA� was formed on the
surface using electron beam lithography and was subse-
quently developed in acetone. A 300 eV Ar ion mill was used
to transfer the etch mask pattern to the Ni80Fe20 layer. To
prevent oxidation on the sides of the dots, one Si3N4-capped
sample was covered with 15 nm of ion-beam deposited Al
immediately following the ion mill and before breaking
vacuum.

Figure 1�a� shows a scanning electron micrograph
�SEM� of a 65�71 nm2 elliptical nanodot array with a
100 nm pitch �center-to-center spacing�. Analysis of SEM
images yields a standard deviation in dot size of 2 nm. We
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are able to finely adjust the ellipticity of the nanodot arrays
in order to adjust the corresponding shape anisotropy and
coercivity of the dot arrays. Using conventional MOKE, we
measured hysteresis curves along the easy and hard axes to
determine the anisotropy field Hk and the coercivity Hc. Fig-
ure 1�b� shows the hysteresis curves taken on the nominally
0% ellipticity arrays, i.e., disks. Figures 1�c� and 1�d� shows
the hysteresis curves taken on the nominally 5% and 10%
elliptical arrays, respectively. The well oriented easy and
hard axis behavior of the arrays is indicative of highly or-
dered arrays of nearly identical nanomagnets. The extracted
uniaxial anisotropy Hk was 2.2±0.2, 6.6±0.6, and
9.4±0.9 kA /m for the dot arrays of 0%, 5%, and 10% ellip-
ticity, respectively. The coercivity values Hc were 0.3±0.8,
2.4±1.1, and 4.5±1.7 kA /m for the 0%, 5%, and 10% ar-
rays, respectively, where the error represents the standard
deviation of an integrated Gaussian distribution fit. From this
dependence of Hc on ellipticity we estimated the dot-to-dot
variation from the hysteresis curve and the integrated Gauss-
ian distribution to obtain a switching field distribution. As-
suming the curvature is due solely to dot-to-dot variations,
this analysis gives an upper limit to the diameter variation of
approximately 2 nm standard deviation, consistent with the
SEM image analysis.

Figure 2�a� shows typical spectra taken on an array of
65�71 nm2 Permalloy nanodots at varying applied bias
fields, whereas Fig. 2�b� shows typical spectra taken on a
Permalloy disk of 20 �m diameter 10 nm thickness that was
processed simulataneously and under the same conditions as

the nanodot arrays. The spectra are shown at various applied
bias fields. The symbols are the raw data and the lines are the
fits described below. In order to fit the resonance curve, we
consider the Polder susceptibility tensor as a function of fre-
quency,��f�, derived from the Landau-Lifshitz equation of
motion for ellipsoidal magnets:17

��f� =
fM

f0
2 − f2 − if�f

��1 + �2�fy + i�f − if

if �1 + �2�fx + i�f
� ,

�1�

where

f0 � �fxfy �2�

is the resonance frequency,

�f � ��fx + fy� �3�

is the full width at half maximum of the imaginary resonance
peak for the diagonal response, � is the damping parameter,
fx,y = ����0Hx,y /2� are the transverse stiffness frequencies,
Hx,y �Hb+Hk+ �Nx,y −Nz�Ms are the transverse stiffness
fields, Nx,y,z are the diagonal components of the demagnetiz-
ing tensor, �= �g�B� /� is the gyromagnetic ratio, g=2.07 is
the spectroscopic splitting factor, �B is the Bohr magneton,
�0=4��10−7 H /m is the permeability of free space, Hk is
the uniaxial anisotropy field, Hb is the applied field along the
z axis, and fM = ����0Ms /2�.

The optical measurement geometry detects both polar
and longitudinal MOKE signals. Since the dot array is cen-

FIG. 1. �Color online� �a� SEM image of 65�71 nm2 elliptical Permalloy dots. �b� Easy axis �open squares� and hard axis �closed circles� hysteresis loops
for an array of circular Permalloy dots, 65�65 nm2. �c� Easy axis �open squares� and hard axis �closed circles� loops for an array of 5% elliptical Permalloy
dots, 65�68 nm2. �d� Easy axis �open squares� and hard axis �closed circles� loops for an array of 10% elliptical Permalloy dots 65�71 nm2.
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tered on the coplanar waveguide used for excitation, we can
write the magnitude of the signal transmission parameter S21

as

�S21� � 	 fM

f0
2 − f2 − if�f

	�fy
2 + �	f�2, �4�

where 	 is the ratio of the polar to longitudinal MOKE sen-
sitivities. We experimentally determined 	=1.5 by simulta-
neously fitting multiple spectra for fields ranging from
4 to 116 kA /m.

Since these nanomagnets are not true ellipsoids, we re-
lied upon the use of an effective demagnetizing tensor N�,
which we determined by iteratively fitting the frequency ver-
sus applied field response. Nx� is the effective demagnetizing
component along the axis transverse to the applied field and
in the dot plane, Ny� is the effective demagnetizing compo-
nent perpendicular to the dot plane, and Nz� is the effective
demagnetizing component along the applied field direction.

Figure 2�c� shows the resonance frequency versus ap-
plied field for both the disk and the array of 65�71 nm2

nanodots. The difference between the two responses is ex-
pected due to the difference in the shape anisotropy of the
ellipses versus the induced uniaxial anisotropy of the con-
tinuous disk. We fit the raw data to Eq. �4� assuming Ms

=800 kA /m and Hk=0.4 kA /m, which is the growth-
induced anisotropy. We then fit the resonance frequency ver-
sus field data that we obtained to Eq. �2� in order to obtain
Hx and Hy and the N values. We then used these as the values

in Eq. �4� and iterated the fitting process. The values con-
verged after only three iterations: Ny�−Nz�=0.504 and Nx�
−Nz�=0.010. If we assume that the sum of these effective
demagnetizing factors is approximately equal to 1, then Nx�
=0.172, Ny�=0.666, and Nz�=0.162. The demagnetizing fac-
tors for the two in-plane directions, Nx� and Nz�, are nearly
degenerate, as expected for such dots with nearly equal in-
plane axes. The demagnetizing factor of Ny�=0.666 in the
thickness axis is equivalent to that for an oblate ellipsoid
with a ratio of width to thickness equal to 3.18 The mode
profiles calculated from micromagnetics predict that the pre-
cession is concentrated in the ends rather than completely
uniform.

Figure 2�d� shows the effective field-swept linewidth for
both the continuous disk and the 65�71 nm2 array of nan-
odots. While the overall linewidth of the nanodots is larger
than that of the continuous disk, the slope of linewidth versus
frequency is approximately the same for both the dots and
the continuous disk. This indicates that the damping param-
eter does not differ strongly between the continuous disk and
the nanodots, which is also seen in the fitted value of � of
0.011±0.002 for the nanodots and 0.008±0.001 for the con-
tinuous disk. The difference in the overall linewidth can be
explained as a larger inhomogeneous contribution to the nan-
odots, which we find as a zero-frequency intercept of
3.8±0.8 kA /m for the nanodots and 0.4±0.3 kA /m for the
continuous disk. We use micromagnetic simulations �de-

FIG. 2. �Color online� �a� Raw FR-MOKE data �open circles� and fits to Eq. �1� �solid lines� vs frequency for the nanomagnet array at several field values.
�b� Raw data �open circles� and fits to Eq. �1� �solid lines� for a 20 �m diameter 10 nm thick Permalloy disk. �c� Resonance frequency vs applied field for
65�71 nm2 dots �open squares� and 20 �m diameter 10 nm thick continuous disk �open circles�; fits are given by solid lines. �d� Effective field-swept
linewidth vs frequency for an array of 65�71 nm2 dots �open squares� and 10 nm continuous disk �open circles�; fits are shown as solid lines.
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scribed in detail below� to quantitatively explain what gives
rise to this enhanced inhomogeneous contribution to the line-
width.

III. DISCUSSION

Variation in the FMR frequency from dot-to-dot can
arise from fluctuations in the actual dot dimensions. To quan-
tify the degree to which we expect dot-to-dot variations in
the dot dimensions to affect linewidth, we performed micro-
magnetic simulations to determine the sensitivity of the reso-
nance frequency stiffness fields, H1� �Nx�−Nz��Ms and H2

� �Ny�−Nz��Ms, for individual dots as a function of exact dot
size. The dot dynamics were simulated and the resonance
frequencies extracted as a function of applied field Hb. The
resulting curve was fit to Eq. �2�, exactly as was done with
the actual data. For nominal 65�71 nm2 dots we find the
variation to be, �H1 /�x=1.76 �kA /m� /nm, �H1 /�y=
−2.06 �kA /m� /nm, �H2 /�x=0.99 �kA /m� /nm, and �H2 /�y
=0.03 �kA /m� /nm.

Quantitative analysis of SEM micrographs of the dot ar-
rays yields a standard deviation for the lateral dot dimension
variations of 2 nm. The films used to fabricate the nanodots
are sufficiently flat that we can ignore dot-to-dot thickness
variations. Thus, we calculate the standard deviation of stiff-
ness field fluctuations for uncorrelated dimensional varia-
tions and get 
H1
5.4 kA /m and 
H2
2.1 kA /m. Error
analysis shows that the standard deviation of the resonant
field distribution is given by


H =
Hb + H2

2Hb + H1 + H2

H1 +

Hb + H1

2Hb + H1 + H2

H2. �5�

The linewidth �full width at half maximum� associated with
these Gaussian resonant field distributions is �H0�
=2�2 ln 2�1/2
H. Since Eq. �5� depends on applied field, it is
important to note that inhomogeneous broadening effects
will generally affect both the slope and intercept of
frequency-linewidth versus frequency data, as will be ex-
plained below.

Using Eq. �5�, we can estimate how a variation in dot
dimension of 2 nm will affect the extracted damping and
zero-frequency–linewidth intercepts. We begin by calculat-
ing field-swept linewidth, using the expression

�H =
4��f

��0
, �6�

with a damping value of �=0.008. Then, using Eq. �5�, we
can estimate the effective linewidth intercept and effective
damping by fitting the sum of Eqs. �5� and �6� to the inho-
mogeneous linewidth model given by

�Heff = �H0� +
4���f

��0
. �7�

Using linear regression to fit our calculated data, we obtained
�H0�=13.2 kA /m and ��=0.006, while our experimental re-

sults are �H0=3.8±0.8 kA /m and �=0.011±0.002. The
measured inhomogeneous resonance line broadening is much
less than what we predicted based on dimensional variations,
while the � value is larger. Part of this difference may be
accounted for by dipolar coupling between the dots. A simple
estimate yields 4.6 kA /m maximum dipole fields due to a
nearest-neighbor dot. Note that if the dot-to-dot variation
was only 1 nm, we would be closer to agreement between
the predicted values and the experiment. For a 1 nm uncor-
related dot-to-dot variation, we would expect �H0

=6.6 kA /m and �=0.007.
It has been suggested that there is an increase in damp-

ing due to the native oxide that is present in the standard
lithography and is present in other nanopillar systems.6–8

However, we fabricated dots that were encapsulated in
12 nm of Al before exposure to ambient air to prevent oxi-
dation. We also fabricated samples that were capped with
Si3N4 on the top surface but had bare side walls. We found
no significant difference in the extracted damping parameter
with or without Al encapsulations or Si3N4 capping. There
was also no significant difference in the resonance frequency
at a given field between the encapsulated, capped, and air-
exposed samples.

IV. CONCLUSION

In conclusion, we developed a technique to directly
probe the ferromagnetic resonance of arrays of 65�71 nm2

nanomagnets. The effective damping in these dots is compa-
rable to that of thin films of the same material. In addition,
the effective shape anisotropy is in agreement with micro-
magnetic simulations of this particular dot geometry. By
comparison of the data with micromagnetic simulations, we
conclude that dot-to-dot size variations lead to a linewidth
broadening that can be seen as a nonzero intercept in the �H
versus f plot. The results of the micromagnetic simulations
and our experimental results indicate that, while we cannot
rule out a modest increase in damping for single-dot dynam-
ics due to processing, dot-to-dot size inhomogeneties on the
order of only 1 nm can significantly broaden the effective
linewidth for arrays of nanodots.
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