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Spatiotemporally resolved experimental vector magnetometry is combined with time-domain numerical
micromagnetic simulation to investigate two, precessional-based, dynamic processes in thin-film magnetic
elements. Large angle>1809), ultrafast, magnetization vector motions compare well between experiment and
simulation and constitute a direct observation of nearly-ideal precessional switching. High-frequency spin-
wave generation is inferred by apparent reduction in the magnetization vector length. Smal(<ahgjle
nonequilibrium modal oscillations in ferromagnetic resonance are compared and show considerable agreement
in the long-wavelength magnetic spatial structure.
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The dynamical motions of magnetization on small lengthquadrant detection scheme is used to decouple and simulta-
and fast time scales are fundamental to studies in magnetismeously measure all three magnetization vector components.
Understanding magnetic switchihg(the polarity reversal of Time resolution is 50 pétrigger limited and spatial resolu-

a magnetic element or hjtwhich forms the basis of mag- tion is 0.65um (diffraction limited). The numerical simula-
netic recording and magnetoelectroniéstequires detailed tion is a time-domain two-dimensional, finite-element
knowledge of these magnetic motions. In particular, recentalculatiort® *3of the Landau Lifshitz Gilbert equation with
experimental attention has centered on coherent precessioreffective magnetic field containing external, exchange, crys-
switching®~® a phenomenon whose direct observation hagalline anisotropy, and magnetostatic contributions. The field
remained elusive, as the fastest avenue towards reversal. is calculated using fast Fourier transform methods and the

Numerically, micromagnetic simulatié™**has seen tre- equation integrated with a fourth-order Runge-Kutta method
mendous progress towards understanding the dynamics. Eand variable time stepper. The damping constaig taken
perimentally, ultrafast magneto-optic imagtfd® has given to be 0.008 and the saturation magnetization of permalloy
spatiotemporal experimental access to the nonequilibriuntaken to be 4-M¢=10.8 kOe(obtained from ferromagnetic
magnetic state¥2°The confluence of these two approachesresonance oscillation fits from Ref. 16The cell size is
holds great promise for new insight into magnetization dy-15 nmx 15 nm.
namics. The first set of resultgFig. 1), show a large angle preces-

In this paper, we report comparison of time-domain ex-sional process (also available in animated form through
perimental and simulated numerical data in elucidating mi-EPAPS®). This is the vectorial spatiotemporal magnetization
cromagnetic dynamics. In a large angle regifel80°), response at the end of the application of a bipolar, square,
magnetization motions are spatiotemporally and vectoriallyin-plane field pulse to a stadium-shaped permalloy element
resolved in a direct, though diffraction limited, “experimen- [shown in the SEM micrograph in Fig(d)]. The easy axis
tal micromagnetic” observation of coherent precessionaknd magnetic field applications are along dexis shown in
switching. Presentation of the experimental data in microperspective Fig. (b). The sample is immersed in a static
magnetic vector maps allows direct comparison to the singlenagnetic field of+100 Oe(along +x), with a 10 ns long,
damping parameter modeling, which shows satisfactoryl/2 ns rise and 1 ns fall time magnetic field pulse-6f60
agreement. Apparent reduction in the magnetization vectoDe (along —x) created by a lithographic current line directly
length suggests high-spatial frequency spin-wave generatioinderneath the sample.
during the “coherent” process. In a small angle regime The images ir(c) are 100 ps spaced frames capturing the
(<1°), similar nonequilibrium spatial patterns of small am- precessional switching just after the field condition changes
plitude modal oscillations in ferromagnetic resonance ardrom H(ty)=—60 Oe toH(t;)=+100 Oe. In each frame,
captured in simulation and experiment. The value inherent ithe three-component micromagnetic vector data is repre-
the ability to compare to experimental images is seen as thgented by cones depicting the magnetization direction. The
importance of an external field gradient is deduced and adsize of the cones and the gray scale background beneath
ditional confidence in the simulation invites conjecture oncorrespond with the length of vect|, as deduced from its
high-resolution spatial structure in the experiment. components measured under the focus spot of the qaser.

The experimental proced#&* combines an ultrafast la- The experimental data is on the left and the numerical is on
ser with a scanning optical microscope to stroboscopicallghe right?” Initially (in —60 Oe field, the spins lie along the
image the nonequilibrium magnetization states via magnetaiegativex axis, slightly canted along the negatiy@xis (not
optic Kerr effect interactions at the sample surface. Signal ishown—see movié9), after near-equilibration following the
phase-sensitively detected by low-frequency gating and eeversal process due to the front edge of the square pulse.
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the magnetization down out of they plane creating the
demagnetizing field that propels it through reversal towards
the +x axis (frames 2-4 in the “ideal precessional
reversal.”t? As the demagnetizing field falls off, the magne-
tization continues a damped resonant oscill&i@mound the
equilibrium direction(+x axis).

The unit spheres in Fig.(d) show this gyrotropic switch-
ing process clearly as the locus of points traced by the ori-
entation of the magnetization vector at 50 ps intervals over
the course of the reversal. Note that the points start on the
back half of the sphere and cross the plane before set-
tling into resonance abowt As the vector crosses thez
plane, the points become more widely spaced on the surface
of the unit sphere owing to the additional demagnetizing
field contribution(giving rise to a higher precession ratin
addition, the vector size shrinks during the crossing of the
y-z plane, as reflected by the gray-scale background in Fig.
1(c). Even in this mostly uniform motion, there is a signature
of short wavelength changes beyond the experimental spatial
resolution, as some Zeeman energy is transferred into ex-
change and some spin waves generaietf Including spa-
tial averaging of the numerical datathe simulation also
shows this dip in magnetization, signaling this energy trans-
fer as the large angle motion proceeds.

While these agreements are encouraging, we are far from
stating that coherent magnetization reversal is resolved. The
differences between simulation and experiment will be of
greatest interest as we proceed. The reversal during front
onset of the square pulgrot shown occurs similarly as the
back for numerical dat& but the experimental front data are
less uniform than their back reversal counterpart. While local
precession is still evident on the front slope, it is not coherent
across the sample as variable canting in the initial state leads
to variable sign of the torque coupling. The back reversal has
a non-equilibrium initial state to work off of which may give
enough extra energy to propel it into precessional reversal.
This would make pinning sites in the real sample less impor-
tant for the back reversal, thus giving better agreement with
the single crystal simulation.

FIG. 1. Experimental and numerical comparison of a large angle Moving to smaller precessional motions, magnetostatic
precessional magnetic switching processThe stadium shaped 15 Wave oscillation data is compared in Fig. 2. The experimen-
nm thick NiggFe,, sSample with scan area and easy axis shan.  tal data is from an &m diameter Permalloy (lNiFe,) disk
The coordinate system and magnetic field application geometrie©f 100 nm thickness, shown in the SEM image in Fi¢)2
The external field changes fromi(ty)=—60Oe to H(t;)=  (easy axis in the horizontal directiptf**The static mag-
+100 Oe to initiate the switching process showr(dp (c) 100 ps  netic field Hy. of 250 Oe applied along the easy axiwo
spaces vector image frames capturing the large angle precessior@iders of magnitude above the coerciyifylly saturates the
switch, compared between experiment and simulatidnLocus of ~ sample except for small flux closure patterns at the left and
points indicating the average magnetization trajectory. The pointgight edges. An out-of-plane transient magnetic field pulse,
are 50 ps apart and the corresponding numbered fram@3 are  provided by a fast electrical current pulse through the one-
pinpointed by diamondé< ). The trajectory starts on the back half lithographic gold loop shown in the SEM image, excites
of the sphere and crosses the plane before settling into reso- the djsk into small angle precessional magnetization oscilla-
nance about the axis. tions. The temporal shape of this magnetic field pulse is

shown schematically in Fig.(B), along with its spatial de-
The shape of the element effectively defines an extra magendence over the area inhabited by the disk, calculated us-
netic field along the long axis of the sample. As the externalng the Biot-Savart law. The features of most importance in
field condition changes te-100 Oe, the magnetization fur- the temporal shape are those containing high enough fre-
ther relaxes toward thg direction (frame 1), then starts a quency components to feed energy to magnetic oscillations
fairly uniform “rotation-in-unison” reversal process due to (two upward slopescentered around 550 and 1100 ps, re-
the torque coupling to thg component. The torque drives spectively.
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here since it is more informative visually than vector data for
these small angle motions. The rich structure arises from
extra energy pumped in by the second excitation while the
system is already in a nonequilibrium state from its first ex-
citation. The agreement between experiment and simulation
is compelling. The “unsaturated spins” in the closure areas

spatio-temparal trrsient at the left and right edges lead the resonant oscillations, and
magnetic field description . . .
the symmetry is well matched between experiment and simu-
lation.

Magnetic modes in the sample can only be excited by a
gradient in the effective field. In the simulation, the gradient
produced by the internal field due to dipole-dipole coupling
(sample shape magnetostatidéd not by itself produce sat-
isfactory modal agreement. It was necessary to accurately
incorporate the spatial variation of the transient magnetic
field to reproduce the magnetic structure shown in the ex-
periment. This variation across the sample shape must be
important in determining and/or “amplifying” the modes
that become excited in the system. Additionally, simulations
done with the exchange constant reduced from
1.05°10 % erg/cm (the value for polycrystalline permallpy
to 5.2510 7 erg/cm confirm the dominance of dipole fields
(through the sample shapever exchange in defining the
spatial response. The well-matched simulation subsequently
yields a complementary advantage by allowing further inter-
pretation of the experimental. This is demonstrated near the
edges; the high spatial frequencies and complex response
visible in numerical data is not captured in the spatial
bandwidth-limited experimenthe patches of “gray” at left
and right edges These two areas, with the most complex
initial conditions and quickest response to external magnetic
field changes, again provide an example of large energy
transfer to nonlinear high spatial frequency spin wajes’

The experimental signature of this transfer in this instance
(as well as in Fig. L are the “patches of gray,” spatially
averaged by the limited optical resolution.

Finally, a comparison of the mode profiles wittharker

FIG. 2. Experimental and numerical comparison of spatiallylmes) fmd ,\,A.”thOUt (Ilg.hter. lineg a second magnetlc field
nonuniform ferromagnetic resonance in gdNi,, disk. (a) Scan- pulse k'c_k is shown in F'g'_ 2d). In the eXper'memaI data,
ning electron micrograph of the disk in a transient magnetic fieldr’_10des W'th four local maxima are. l_:)arely evident after the
excitation coil. A permanent magnetic fihtl, is applied along the ~ Single kick. These modes are amplified after the second cur-
horizontal axis(b) Spatiotemporal description of the transient mag- 'ent pulse(a similar before and after amplification is evident
netic fieldH, . A temporal trace cartoon depicts the double-peakedn Fig. 3 of Ref. 32. This amplification effect is more pro-
transient nature oH, while the spatial dependencat maximum  nounced in the simulated data. The temporal separation of
field) is shown, calculated from the coil geometry using the Biot-the two current pulses, at 550 ps, is about 2.6 ferromagnetic
Savart law.(c) Direct comparison of the resonant modes of the resonant wavelengths, making the second neither completely
out-of-plane magnetization component imaged by time-resolved¢onstructive nor destructive to the resonant mode.
microscopy and calculated by time-domain simulation. The mag- In conclusion, we have presented a comparison of experi-
netically saturated sample is excited into the small angle modes bynental and numerical data of two micromagnetic dynamic
the transient fielcH, . (d) Averaged, horizontal line traces of the precessional-based processes in magnetic elements. In the
out-of-plane magnetization component frdm (darker lineg and  |arge angle, the first direct observation of coherent preces-
the corresponding traces from successive peaks after a single pulggynal switching was reported with satisfactory agreement to
excitation(lighter lineg. Modes with four local maxima are ampli- modeling and high-spatial frequency spin-wave generation
fied by the second field puldenore so in the simulated data detected during the coherent process. The small angle case

gave agreement and insight into modal ferromagnetic reso-

The results are shown in Fig.(@: three “snapshot” nance oscillations and demonstrated the significance of a tan-
frames at times shortly after the second excitation. A graydem approach of experiment and simulation.
scale map(of the out-of-plane magnetization component  Note added in proof\We have recently learned of related
with a narrow contrast range few percent oM,) is used  work by Rasinget al>3
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