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Large amplitude magnetization dynamics of a single square nanomagnet have been studied by
time-resolved Kerr microscopy. Experimental spectra revealed that only a single mode was excited
for all bias field values. Micromagnetic simulations demonstrate that at larger pulsed field
amplitudes the center mode dominates the dynamic response while the edge mode is almost
completely suppressed. Controlled suppression of edge modes in a single nanomagnet has potential
applications in the operation of nanoscale spin transfer torque oscillators and bistable switching
devices for which the amplitude of the magnetization trajectory is often large and a more uniform
dynamic response is desirable. © 2011 American Institute of Physics. 关doi:10.1063/1.3560457兴
Large amplitude precessional magnetization dynamics of
nanoscale ferromagnetic elements are expected to facilitate
increased switching speeds in bistable magnetic storage elements and the operation of spin transfer torque oscillators.
Most dynamical studies have been performed on arrays of
nanomagnets1,2 where interelement dipolar interactions can
lead to collective excitations3–6 while structural variations
lead to inhomogeneous broadening.2,5 These phenomena can
be avoided by measuring a single nanomagnet.7 Recently,
cavity enhancement of the magneto-optical Kerr effect was
used to study magnetization dynamics in single out-of-plane
magnetized Ni共150 nm兲 disks with diameter ranging from
5 m to 125 nm.8 In Ref. 8 it was shown that the intrinsic
properties of a single nanomagnet can no longer be observed
when an ensemble of disks is measured.
The small amplitude dynamics of a square nanomagnet
magnetized in-plane and along an edge is complicated by
excitation of center- and edge-type modes.1,5,9 The two
modes coexist for a range of bias fields while maximum
amplitude shifts from center to edge mode as the bias field is
decreased.5 Large amplitude excitation can significantly
modify the spatial character.10 In this work time-resolved
共TR兲 measurements and micromagnetic simulations reveal
that the large amplitude dynamics of a single nanomagnet
can be dominated by the quasiuniform center mode, while
the nonuniform edge mode is almost completely suppressed.
TR measurements were performed on a single 440
⫻ 440 nm2 CoFe共1 nm兲/NiFe共5 nm兲/CoFe共1 nm兲 nanomagnet. The dynamics were observed experimentally by TR
scanning Kerr microscopy 共TRSKM兲 with a ⬃300 nm fullwidth at half maximum spot and enhanced mechanical stability. The 440 nm square was fabricated on top of the center
conductor of a microscale coplanar waveguide 共CPW兲 used
to generate an in-plane pulsed magnetic field from a 7 V
current pulse of ⬍40 ps rise time and 70 ps duration. The
CPW track was tapered to 4 m width at the sample to
enhance the pulsed field amplitude and induce large amplitude dynamics. The pulsed field amplitude h p was estimated
a兲
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to be ⬃90 Oe from the Karlquist equation.11 TR measurements were performed for a range of bias fields HB applied
in-plane and along either the edge of the element perpendicular to h p, or along the element diagonal.
TR measurements 共not shown兲 were also performed
upon a 2 m disk of the same composition for bias fields in
the range ⫾1 kOe applied parallel to the CPW and uniaxial
anisotropy easy axis. A macrospin model was used to fit the
precession frequency as a function of the bias field yielding
values of the saturation magnetization M s 共789 emu/ cm3兲,
g-factor 共2.05兲, and uniaxial anisotropy constant Ku
共4340 ergs/ cm3兲 that were used in micromagnetic simulations.
The simulations were performed using the object oriented micromagnetic framework 共OOMMF兲.12 A 440 nm
square with rounded corners of radius 55 nm was modeled as
a single layer using a mesh of cell size 4 ⫻ 4 ⫻ 7 nm3 and an
exchange parameter of 13⫻ 10−7 ergs/ cm. Simulations with
smaller cell sizes did not show any significant differences.
The dynamics were excited by a pulsed field of 70 ps duration, 30 ps rise time, and amplitude ranging from 5 to 100
Oe. Micromagnetic simulations of the 2 m disk were in
excellent agreement with the experimental data and macrospin fitting which confirmed the suitability of the material
parameters for the simulations.
Figure 1 shows typical TR polar Kerr signals acquired
from the square for HB ranging from 500 to 100 Oe. In the
parallel geometry 关Fig. 1共a兲兴, where HB was applied along
the edge of the square, only weak beating of some of the TR
signals was observed, indicating that either the center or
edge mode dominates the dynamic response. In the diagonal
geometry 关Fig. 1共b兲兴, where HB was applied along the diagonal the TR signals were found to exhibit enhanced damping
and have smaller amplitude due to the smaller initial torque
acting on the static magnetization.
Normalized fast Fourier transform 共FFT兲 spectra of the
TR signals are shown in Fig. 2. The experimental spectra
共dark gray shading兲 are overlaid with spectra calculated from
simulations 共solid black line兲. A schematic of the simulated
ground state is inset.13 To understand the small amplitude
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FIG. 1. TR signals acquired from the 440 nm square at different bias field
values with the field applied along 共a兲 the edge and 共b兲 the diagonal.

response of the square, the values of the damping parameter
␣ and pulsed field amplitude h p were initially set to 0.01 and
30 Oe, respectively, while M s and Ku were assumed to be
uniform throughout the element.
In the parallel geometry 关Fig. 2共a兲兴 the experimental
spectra show a single main peak at all field values. For HB of
300 Oe and below, the simulated spectra are in very good
agreement with the experimental spectra, albeit with a much
narrower linewidth. Fourier images14 calculated from the
simulated dynamic magnetization5 confirm that the lower
and higher frequency modes are of edge- and center-type
respectively and coexist with equal amplitude at a “crossover
field” of 400 Oe. For HB values from 400 to 700 Oe a discrepancy of ⬃1 GHz is seen between the frequencies of the
center mode and the main experimental peak suggesting that
the material parameters used in the simulations are not optimized.
In the diagonal geometry 关Fig. 2共b兲兴 the experimental
spectra reveal a single broad peak that is consistent with the
enhanced damping seen in Fig. 1共b兲. The frequency of the
experimental peak was found to be consistently lower than
that observed in the parallel geometry, and consistent with
the different static internal fields in the simulations for the
two geometries. Previous studies of dynamics in square elements of similar aspect ratio have also shown marked differences in dynamic behavior for the edge and diagonal
cases.15,16 Simulated spectra and Fourier images reveal at
least two modes at all field values that are not resolved experimentally and correspond to a lower frequency centertype mode with large amplitude across the element diagonal

FIG. 2. 共Color online兲 Experimental 共gray shading兲 and simulated 共black
line兲 spectra for the 共a兲 parallel and 共b兲 diagonal geometries. Simulated
spectra assume uniform M s, ␣ = 0.01, and h p = 30 Oe. The spatial character
of the modes is shown in images of FFT magnitude 共inset兲. For all HB the
square was in the S- and leaf-state 共L兲 in 共a兲 and 共b兲 respectively.
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FIG. 3. 共Color online兲 Experimental 共gray shading兲 and simulated 共black
line兲 spectra for the parallel geometry. Simulated spectra assume reduced
edge M s, ␣ = 0.03, and h p of 30 Oe 共a兲 and 80 Oe 共b兲. The spatial character
of typical modes is shown in images of FFT magnitude 共inset兲. The ground
state is shown inset in 共a兲 and changes from X to S as HB is reduced below
600 Oe. Cross sections 共see inset兲 of the difference in the internal field Hi
between successive precession antinodes of opposite polarity are shown in
共c兲 for h p = 30 and 80 Oe.

orthogonal to HB, and two higher frequency low amplitude
modes localized near to the corners along HB.
In comparing experiment and simulation for the parallel
geometry, the good agreement of the lower frequency edge
mode and poor agreement of the higher frequency center
mode is surprising. The edge mode frequency is more easily
shifted and split by shape variations or edge roughness,2,5
while the center mode frequency is dominated by the magnetic parameters of the material. Nanofabrication processes
can lead to a reduction in M s at the edges of a nanomagnet17
that affects the evolution of its spin-wave modes.18 Simulations assuming values M s and Ku reduced ⫻0.8 resulted in a
shift in the whole spectra so that the agreement at 300 Oe
and below was less good.
An improvement in the overall agreement between experiment and simulation for all values of HB was achieved by
reducing M s at the edge of the square by 20% using a twodimensional profile of form cos6共2x / l兲cos6共2y / l兲, where
l = 440 nm and x , y are the spatial coordinates. The value of
␣ was adjusted so that the simulations reproduced the relaxation observed in the experiment, yielding values of 0.03 and
0.05 for the parallel and diagonal cases, respectively. Furthermore, the value of h p was varied from 5 to 100 Oe in the
simulations to understand its effect.19
Figure 3 shows experimental spectra acquired in the parallel geometry overlaid with simulated spectra for the square
with reduced edge M s and ␣ = 0.03. In Figs. 3共a兲 and 3共b兲 the
value of h p was 30 Oe and 80 Oe, respectively. In Fig. 3共a兲
the simulated center mode and the experimental spectra are
in better agreement between 700 and 200 Oe 共now within
⬃500 MHz兲, while the edge mode is still in good agreement
below 200 Oe. Further quantitative improvement might be
achieved by tuning the profile of M s. The crossover field has
shifted from 400 to 300 Oe while the experimental linewidth
is reproduced by the larger value of ␣. However, at 200 Oe
the simulated frequency of the edge mode begins to shift
from that of the experimental spectra as HB increases 共dashed
line兲. In Fig. 3共b兲 simulated spectra for h p = 80 Oe reveal a
remarkable suppression of the edge mode amplitude between
400 and 250 Oe and improved agreement with the experimental spectra. Furthermore, the crossover field has now
shifted to 200 Oe indicating that for larger values of h p the
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FIG. 4. 共Color online兲 Experimental 共gray shading兲 and simulated 共black
line兲 spectra are shown for the diagonal geometry. Simulated spectra assume
reduced edge M s, ␣ = 0.05, and h p of 30 Oe 共a兲 and 80 Oe 共b兲. The character
of the modes is shown in images of FFT magnitude 共inset兲 for the leaf state
共L兲.

excitation of the center mode is favored at lower HB values.
The onset of edge mode suppression can be observed in the
simulated spectra for a h p value as small as 10 Oe.19
Since the laser spot size is smaller than the square highly
localized edge modes in the simulations at large HB 共e.g.,
2.75 GHz at 700 Oe兲 are probed by the Gaussian tail of the
optical probe. Therefore, sensitivity to edge modes for HB
⬎ 500 Oe is diminished so that they were not observed experimentally. The simulations also reveal instability of the
ground state following the onset of the pulsed field resulting
in variations in both the frequency and amplitude of the edge
mode for HB ⬎ 500 Oe as the value of h p was increased.19
For HB smaller than 500 Oe but greater than the crossover
field the edge mode extends more toward the central region
of the element where it is more readily detected. However,
weaker coupling of the edge mode to the large amplitude
field10 and modification of the internal magnetic field Hi lead
to the suppression of the edge mode. Cross sections of the
component of Hi parallel to HB were extracted from the
simulations at HB = 300 Oe for precession antinodes of opposite polarity. The difference in Hi is shown in Fig. 3共c兲 for
h p = 30 and 80 Oe. For h p = 80 Oe the large amplitude excitation of the center mode leads to a greater modification to Hi
in the region of the edge mode than for h p = 30 Oe. Therefore, the nonuniform profile of Hi that gives rise to edge
mode localization is continuously modified due to precession
associated with the center mode and no longer supports the
edge mode.
Figure 4 shows the experimental spectra acquired in the
diagonal geometry overlaid with simulated spectra for the
square with reduced edge M s and ␣ = 0.05. In Figs. 4共a兲 and
4共b兲 the value of h p was 30 Oe and 80 Oe, respectively.
Remarkably, the pulsed field amplitude has a negligible effect upon the spectra since Hi is more resistant to modification in the leaf state.13 Fourier images reveal that the higher
frequency mode is highly localized and may not be observed
experimentally.
A possible explanation for the observed differences in
the linewidth and the deduced values of ␣ in the parallel and
diagonal geometries may involve magnon–magnon scattering, which is not included in the micromagnetic model. In
this work, only modes that couple strongly to a uniform
pulsed field are excited and detected. However, square nanomagnets can support a large number of asymmetric modes of
similar frequency5 that offer many channels for dissipation

via magnon–magnon scattering. The efficiency of such scattering depends upon the ground state, the internal field, and
the frequencies of the modes,20 and therefore leads to differences in the relaxation for the parallel and diagonal geometries.
In summary TRSKM measurements of large amplitude
magnetization dynamics within a single nanomagnet have
been performed with excellent signal-to-noise ratio. Quantitative agreement between experimental and simulated spectra was found to depend upon the profile of M s throughout
the element while variations in the damping imply that the
micromagnetic model does not fully describe the relaxation
of the dynamics. Such effects would be difficult to isolate in
closely packed arrays. As device volumes decrease a larger
amplitude excitation is required to generate a detectable signal. This work shows that a large amplitude excitation can
modify the character of the resonant mode spectra in addition
to the magnetic ground state and yield a more uniform dynamic response.
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