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We studied the microwave assisted magnetic reversal of 65�71 nm2 elliptical Ni80Fe20

nanomagnets. Hysteresis curves were measured by magneto-optical Kerr effect for a range of
microwave frequencies and amplitudes. The coercive field Hc was reduced by 26% for an rf field of
0.08Hc when the microwave frequency coincided with the minimum of the experimentally
determined ferromagnetic resonance frequency with varying dc field. The experimental results for
the fractional reduction in Hc with rf field amplitude are in good agreement with numerical
simulations for an array of interacting macrospins with a physically realistic shape anisotropy
distribution. © 2009 American Institute of Physics. �DOI: 10.1063/1.3196556�

As bit densities in magnetic hard drives approach
0.16 Tbit /cm2 �1012 bits / in.2�, the anisotropy of the media
must be significantly increased in order to maintain thermal
stability. Such high values of anisotropy will require write
fields that are beyond the fundamental limit imposed by the
saturation magnetization MS of the write head materials.
Energy assisted magnetic recording is one solution permit-
ting bits in materials with high crystalline anisotropy to be
written at fields easily attainable by existing write head tech-
nology. One form of energy assisted magnetic recording be-
ing pursued is microwave assisted magnetic recording
�MAMR�.1 In the case of MAMR, an rf field is tuned to the
ferromagnetic resonance �FMR� frequency of the recording
medium, while a quasi-dc field is also applied, where the
quasi-dc field is smaller than what the switching field would
be in the absence of microwaves. Resonant magnetic preces-
sion drives the magnetization over the energy barrier im-
posed by anisotropy, provided that the rf field amplitude is
sufficiently large.

MAMR has been studied experimentally in Co
nanoparticles,2 Permalloy elements,3–5 and magnetic tunnel
junctions.6 So far, there have been no reports of MAMR
experiments for single domain magnetic elements with di-
mensions that approach those that are required for either bit
patterned recording media or continuous media with ex-
change decoupled grains.

In this letter, we report experimental and numerical re-
sults for the dependence of the switching field on the rf field
amplitude and frequency in the case of Ni80Fe20 nanomag-
nets. Although Ni80Fe20 is too soft magnetically to serve as
an effective recording medium, it allows for a demonstration
of MAMR with nanomagnets that are sufficiently small to be
considered approximate macrospins.

A 10 nm thick film was grown by dc magnetron sputter-
ing on a sapphire substrate with a 3 nm thick Ta seed layer
and capped with 5 nm Si3N4 to prevent oxidation. An array
with 65�71 nm2 elliptical nanodots with 100 nm center-to-
center spacing was patterned by electron beam lithography.
Details of the sample preparation are given in Ref. 7.

Hysteresis curves were measured by use of the trans-
verse magneto-optical Kerr effect, whereby the Kerr signal is

proportional to the magnetization component perpendicular
to the optical plane of incidence �Fig. 1�a��. An external dc
field used to switch the elements was also aligned perpen-
dicular to the plane of incidence. The long axes of the mag-
netic elements were aligned parallel to the external dc field.
The microwave field was oriented perpendicular to the exter-
nal field. A continuous wave laser with a wavelength of 532
nm was focused onto the array at a 45° angle of incidence.
The laser power at the sample was 5 mW, and the laser spot
size 8 �m, such that approximately 5000 nanomagnets were
illuminated. A cw microwave field was applied while the
external magnetic field was swept. Microwaves were applied
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FIG. 1. �Color� �a� Setup for measuring the hysteresis curves with an ap-
plied rf-field. �b� Contour plot of the coercive field as functions of rf field
and frequency. The coercive field is strongly reduced at microwave frequen-
cies in the region around 2 GHz and decreases as the microwave field
amplitude increases.
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to the sample by a coplanar waveguide with a center conduc-
tor width of 150 �m.

Figure 1�b� shows a color contour plot of the coercive
field as a function of the microwave frequency and ampli-
tude. At 2.15 GHz, the coercive field �0Hc=5.2 mT was
reduced by 1.4 mT �a 26% reduction� with an rf field ampli-
tude of only 0.4 mT. Figure 2�a� shows hysteresis curves
with and without an rf field of 2.15 GHz and an amplitude of
0.4 mT. The reduction in the coercive field can be seen
clearly. The nucleation field shows a smaller reduction. The
dependence of the nucleation field and the coercive field on
the rf field amplitude for a frequency of 2.15 GHz is shown
in Fig. 2�c�. The maximum reduction of the nucleation field
is 0.5 mT. This is smaller than the reduction of the coercive
field; i.e., the hysteresis curves become steeper with increas-
ing microwave amplitude.

The FMR frequency as a function of dc applied field was
determined using frequency-resolved magneto-optical Kerr
effect for the same sample.7 Prior to each measurement, the
sample was saturated at a positive magnetic field. For these
measurements, the rf-field was 0.03 mT, thus excluding any
influence of the rf field on the reversal behavior. �Exclusion
of laser heating effects is discussed later in this letter.� The
measured FMR frequencies are shown in Fig. 2�b�. For clar-
ity, we plotted the branch for increasing applied field �red
triangles� by inverting the measured curve for decreasing ap-
plied field �black circles�. The magnetic field region between
the nucleation and saturation fields is indicated by the dotted
vertical lines. The inset in Fig. 2�b� shows a resonance spec-
trum for an applied dc magnetic field of �0H=−4.7 mT. For
microwave assisted magnetic reversal to occur, the magneti-
zation must be resonantly excited in the field range between
the nucleation of the switching process and Hc. The FMR
frequencies in this region range from 2.1 to 2.5 GHz. The
minimum of Hc occurred for an rf frequency of 2.15 GHz,
which is close to the minimum of the FMR frequency for
varying dc field. While Hc is reduced with increasing rf am-
plitude, the frequency at which Hc is minimized remains ap-
proximately constant with varying rf amplitude. This is un-
derstandable because the dependence of the FMR frequency
on applied field �60 MHz/mT� is too shallow to cause a
substantial change in the resonance frequency at Hc for the
range of rf amplitudes employed in this study.

To exclude laser heating effects, hysteresis curves with-
out applied microwaves were measured for a broad range of
laser powers. There were no significant changes in the coer-
cive field for a laser power of less than 10 mW.

Microwave heating effects can be excluded from simple
absorption calculations. The microwave power absorption
per unit area can be calculated in a similar way as that in
Refs. 4 and 8, and is given by P=��0f�xxh

2d, where �xx
is the imaginary part of the xx-component of the Polder
susceptibility tensor for a resonant microwave frequency f
=2.15 GHz, and d is the thickness of the magnetic layer. For
the sample parameters found in Ref. 7, we calculate �xx
=1.2�103 at the measured resonance field. If we assume
only heat conduction perpendicular to the substrate surface
and that the backside of the substrate is at room temperature,
Fourier’s law for heat conduction yields a nanomagnet tem-
perature rise of only �T= Pt /�=0.04 K, for a substrate
thickness t=120 �m and the heat conductivity for sapphire
�=35 W m−1 K−1.9

Micromagnetic simulations at T=0 K were performed
by use of OOMMF �Ref. 10� for a single element. Simulation
parameters were: saturation magnetization Ms
=800 k A m−1, exchange constant A=1.3�10−11 J m−1 and
damping constant �=0.008.7 The mode with the lowest reso-
nance frequency was localized at the ends of the ellipsoidal
element.11 The resonance frequency agrees well with the ex-
perimental value in Ref. 7. The magnetic reversal of a single
nanomagnet with an applied microwave field of �0Hrf
=0.3 mT was then simulated. The result is shown in Fig.
3�a�. The dependence of Hc on the microwave frequency is
asymmetric with respect to the frequency: on the high fre-
quency side, Hc has a sharp dependence on frequency, unlike
what was observed in our experiments.

We also used a custom simulation program to model
microwave assisted reversal in a 20�20 nanomagnet array
�also at T=0� that incorporated dipolar interactions between
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FIG. 2. �Color online� �a� Hysteresis curves with and without an applied
microwave field of 0.4 mT and a frequency of 2.15 GHz. Application of the
microwave field reduces the coercive field. The inset shows simulated hys-
teresis curves for a 20�20 array with �open red circles� and without �full
black squares� an applied microwave field of 0.4 mT and a frequency of
2.15 GHz. �b� FMR frequency vs applied magnetic field. The curve for
increasing applied field �red triangles� was obtained by inverting the mea-
sured curve for decreasing applied field �black circles�. The sample was
saturated with a positive magnetic field prior to each measurement. The inset
shows a resonance curve for an applied field of 4.7 mT. The vertical dashed
lines in �a� and �b� indicate the fields at which reversal begins and ends for
an rf field of 0.4 mT. �c� Dependence of the coercive �red squares� and the
nucleation �black circles� field on the amplitude of the rf field for a fre-
quency of 2.15 GHz.
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the nanomagnets, where we approximated each nanomagnet
as a macrospin with point dipole magnetostatic fields. For
nearest neighbors, we introduced a correction factor to ac-
count for errors in the point dipole approximation. This cor-
rection factor was calculated by dividing the nanomagnets
into 1 nm2 cells and determining the dipolar field in each
cell of the neighboring nanomagnet via numerical integra-
tion. Moreover, the magnetic moment of each nanomagnet
was reduced by 0.8 to account for the inhomogenous mag-
netization during reversal. We used a Gaussian size distribu-
tion with a standard deviation of 1.5 nm, consistent with
previous FMR linewidth measurements in the same sample.7

The external applied field was oriented 5° from the easy axis.
Hysteresis curves were determined from the average

magnetization of the array. Because the behavior of the out-
ermost nanomagnets differed significantly from that of the
interior ones, the nanomagnets in the outermost three rows
and columns were neglected. Moreover, we performed any-
where from 40 to 60 simulations, each with a different set of
random nanomagnet dimensions, and averaged the results to
construct each hysteresis curve. The inset in Fig. 2�a� shows
a simulated hysteresis curve without an applied microwave
field. In Fig. 3�b�, we show the dependence of the coercive
field on the microwave frequency for an rf field amplitude of
0.35 mT. Relative to the micromagnetic simulations for a
single nanomagnet, the reduction in Hc for the dipole array is
more symmetric with respect to frequency, the fractional re-
duction in Hc is greater, and the range of microwave frequen-
cies that reduce Hc is broader.

Figure 4 is a color contour plot of our simulation results
with varying rf field amplitude and frequency, which are
qualitatively similar to the experimental results in Fig. 1. Hc
is reduced from �0Hc=6.4 mT to 5.6 mT with an rf field
amplitude of 0.4 mT at f =1.7 GHz. However, the modeled

values of Hc are 1.3 times higher than the experimental val-
ues. The discrepancy can be explained in terms of thermal
fluctuations that assist the switching process. The measured
Hc at room temperature agrees well with the prediction of
conventional Arrhenius–Néel theory for a single domain
nanomagnet.12 The larger value of Hc for the simulations
relative to T=0 simulations also explains the reduction of the
frequency where Hc is minimized relative to the experimen-
tal data: the resonance frequency decreases with increasing
field when the dc field is applied antiparallel to the magne-
tization, resulting in a suppressed resonance frequency near
Hc for the simulations at T=0.

In summary, we demonstrated that Hc in single domain
Ni80Fe20 nanomagnets can be reduced by 26% through ap-
plication of an rf field with an amplitude of only 8% of Hc.
For the modest microwave amplitudes employed in these
experiments, the rf frequency at which Hc is minimized is
coincident with the minimum value of the FMR frequency
with varying applied dc field. Dipole array simulations that
include the effects of size distribution correctly reproduce the
fractional variation of Hc with varying rf frequency, though
the values for Hc and the frequency that minimizes Hc differ
by 20% from the experimental results due to the omission of
thermal fluctuations from the numerical models.

This work is partially supported by the US Government.
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FIG. 3. The coercive field vs microwave frequency is shown for micromag-
netic simulations for a single magnetic element �a� and for the dipole ap-
proximation of a 20�20 nanodot array �b�. The microwave amplitudes
were, respectively, 0.3 and 0.35 mT.
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FIG. 4. �Color� The coercive field was determined by simulating the mag-
netic reversal of a 20�20 nanodot array with an applied microwave field for
varying frequency and amplitude.
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