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Modal oscillation control in internally patterned Ni ggFe,o thin film microstructures
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The broadband magnetization dynami@ddD) of lithographic, polycrystalline thin film ferromagnetic
NiggFe, elements is studied experimentally using time-resolved scanning Kerr microscopy and numerically via
micromagnetic simulation. The spatiotemporal evolution of the polar component of magnetization in response
to a small out-of-plane transient magnetic pulse is imaged in the presence of a weak in-plane static bias field.
In a uniform square platelet the spatial response is strongly controlled by the nonuniform static magnetization
distribution associated with the closure domains transverse to the bias field direction. A circular pinhole is
patterned in the center of a square platelet to show that the spatial pattern of magnetization oscillation response
also depends sensitively on weaker variations of the static magnetization. The Landau Lifshitz Gilbert model
reproduces the observed modal oscillation symmetry and reveals in detail that the observation of spatially
nonuniform damping in the experiment is a result of conversion of energy into shorter wavelength modes in the
vicinity of the domain boundaries.
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[. INTRODUCTION The structures are within an elongated loop of
300+ 15-nm-thick, 2@: 0.25-um-wide gold wire(patterned
Current studies of micromagnetic structures in the subin an initial process of optical lithography and wet chemical
nanosecond temporal regime have been stimulated by inteetching, which carries the fast current pulses. The measure-
ests in high speed information storage and spintronic appliments are performed by a conventional pump-probe optical
cations. The physics of magnetic thin films, especially whermethod, using 100 femtosecond pulses from an 80-MHz
microscopically shaped, is complicated and a comprehensive@ode-locked Ti:sapphire oscillator tuned to 780 nm. The
understanding of relaxation mechanisiisrequires exten- relative timing of the 10-mW pump beam is controlled by a
sive study on both microscopic and sub nanosecondariable optical delay line, and intensity modulated by a
scales~® The collective modes or spin waves of patternedl-kHz chopper before focusing onto a fast photodiode that
magnetic thin films have been studied intensively using fergenerates a 40-mA current pulse. The resulting out-of-plane
romagnetic resonanteé! and Kerr microscopy?~° Bril-  transient magnetic field of magnitude 637 Alwomputed
louin light spectroscop$’~2% inductive detectiod*?®> and  using the Biot-Savart methpdand rise time 200 ps
magnetic force microscopy 22 Recent results show that the (+10%) is useful for broadband excitation of oscillations
geometrical form of ultrathin magnetic films together with over a bandwidth of several GHz. The sample is biased along
ultrafast magnetic excitation can significantly affect the osthe x direction by an external dc magnetic field. A 1-mW
cillations of the direction of a magnetization vectbt’*° linearly polarized probe beam is focused onto the surface of
Further comparison of experimental results with numericathe magnetic microstructure using a 0.9 numerical aperture
simulations based on solutions of the Landau-Lifshitz-microscope objective. The waist size of the beam at the
Gilbert (LLG) equation show in greater detail how the com- sample(Airy formula) is 0.5 um based on the 1-mm radius
petition between exchange, self-magnetostatic, anisotropgf the objective’s aperture and the uniform distribution of the
and external field energies controls magnetization excitationsptical beam intensity profil@nitially 2 mm in diameter, the
on small length and short time scales. In this work, the rebeam was expanded five timeMeasurement of théolar
sults of ultrafast stroboscopic scanning Kerr microscopy exKerr componerf~*of the reflected optical signal is accom-
periments and numerical simulations on two related classeglished through polarization analysis by a Thompson prism,
of micrometer-scale thin film element are presented. Two
square samples are investigated, with and without a small
circular pinhole defect in the center. Significant changes in v J
both spatial and temporal characteristics of broadband mag-
netization dynamics response owing to the defect are shown
and discussetf X
The samples were fabricated from 15-nm-thick polycrys- dc magnetic
talline NiggFey films deposited by dc magnetron sputtering bias =——
onto a sapphire substrate and patterned using electron beam
lithography and lift-off (with two-layer resist procegsFig-
ure 1 shows an optical micrograph of a specimen hosting a FiG. 1. Optical(left) and electron microscopy images of the
family of independent elements, and a scanning electron misample structure, with the coordinate system for the field geometry.
crograph “close-up” of the 4-0.05.um square with a 240 The transient out-of-plane field is generated by current flow through
+10-nm-diameter central pinhole investigated in this studythe elongated gold loofbright in the optical image
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two detectors with integrated amplifiers, a differential 1
preamp, and a lock-in amplifiét.
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To compare experimental results with the simulations the
temporal profile of the magnetic excitatigpumping from
the transmission line was extracted from magnetization dy-
namics curvéthe magnetization oscillations at a dc bias field
of 80 kA/m (£5%) taken from the center of the sample
The filtering process was accomplished by a Fourier trans-
form of the magnetization dynamics curve, cutting off the
high frequency magnetization oscillations and leaving the
Fourier components related to the pumping pulse only. After
a final backward Fourier transform into time domain the re-
sulting data[see the inset in Fig.(3)] were used in the
numerical computation as a definition of the external excita-
tion. Due to electrical reflections several additional peaks
with smaller amplitudes propagate through the Au transmis-
sion line. The following parameters were used in the LLG
equation: exchange constant 1050 ! J/m, saturation
magnetization 57 kA/m, anisotropy field 478 A/m, dimen-
sionless damping constant 0.04B5 for initial state compu-
tation), and a lateral cell size of 7.8 nm (5%512 grid.
Some simulation data were processed by convolution with a
Gaussian kernel of width 425 nm to mimic the experimental
view, albeit at slightly higher spatial resolution.

Amplitude (normalized)

FIG. 2. The local response of the polar component of the mag-
netization at the center of the platelet for static magnetic field 4.6
lll. EXPERIMENT AND DISCUSSION kA/m (*line), and corresponding numerical simulatiolid line)

T .__..are shown in@ together with the experimentéb) and numerical
The oscillations of the polar component of magnetlzatlon(c) spatial images at 225 ifeft) and 450 psright) from the start of

measured at th(_a center of the.unlfo(rm Ce.”t.“?" pinhole magnetic excitation. Cell size in simulatifc), left] and[(c), right]
Sample,. nOI.’mallzed to the height of the initial peak, ar€yas 15.6 and 7.8 nm, respectively. Scale line igrd. The maxi-
shown in Fig. _Za)_ (SymbOIQ_ together with the num_erlc_al mum (white) corresponds to the 0.1° angle of the polar component
LLG curve (solld_llne). The first peak of the magnetization ¢ o magnetization.
dynamics curve includes the parametric response to the ex-
citation pulse, and the height of this peak relative to therespectively, while the central magnetization is aloAg
amplitude of the subsequent oscillations is very sensitive t@horizontal axi$. The response is unipolar here, and the gray
the excitation pulse shape. In the parametric contribution thgcale such that black corresponds to no chamgmess the
direction of the magnetization vector is controlled by low border around the specimgidence by the time the central
(below the resonangdrequency components of the Fourier magnetization has reached its initial peak, there has yet to be
spectra of the excitation pulse. The slight discrepancy irsignificant change along the domain boundaries. Qualita-
peak levels in the comparison between experiment andvely, the response of a uniform magnetization, having a
model for the first series of oscillations is attributable to awell-defined frequency of the oscillations, to a broadband
small difference in shape between the actual transient magulsed excitation can be visualized by separating the spectral
netic pulse and the one extracted from the magnetizatiogontent of the excitation into three frequency bands. The
dynamics curve at a dc bias of 80 kA/m. magnetizationby its “slow” frequency content in the Fou-
For low amplitude transient excitations, the closure do-rier domain parametrically follows the excitation field, be-
main structures yield an essentially static, spatially nonunitow the resonance frequency. The frequency content overlap-
form magnetization and effective field that plays a dominanfing the ferromagnetic resonance frequency peak couples to
role both in the initial response and subsequent small anglthe resonance, causing an initial precession of the magneti-
evolution of the magnetization. Two-dimensional images ofzation about the excitation field axisesultant field in the
the polar magnetization change across the entire uniformotating framé and hence an initial change of magnetization
specimen are shown in the lower panels of Figp) 2for two  vector orthogonal to the parametric response, while the re-
different instants during the first cycle of oscillation. At 225 sponse to higher frequencies is attenuated. The relative delay
ps (£5%), on theinitial peak, a strong spatial contrast has of the polar magnetization response at the closure domain
developed along the closure domain boundaftee static  boundaries implies a lower local resonant frequency and pro-
magnetization is arranged in & state) with an inclination  portionally stronger resonant response at those locations. The
towards+y and —vy in the left and right closure domains, 4-um scale of these structures is large enough that such a
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FIG. 3. The experimentdl) and simulation(b) spatial images
of polar component of the magnetization responses at 22&fs
and 450 pgright) from the start of magnetic excitation. The 4.6-
kA/m dc bias field direction is parallel with the horizontal axis of
the squares. The sample with the central pinhole is on the right. The
simulated images were blurred by convolution with a Gaussian ker-
nel. The scale line is 2m.

decomposition of the initial response into locally different
behaviors is still viable. Recognizing that the eigenmodes of
the system have a hybridized character combining magneto-
static and spin wave characteristiés/ 2223t is nevertheless
possible to distinguish the magnetostaticlike and spin-wave- — 0.5ns — 0.5ns
like excitations, existing on well-separated length scales in

this geometry, and to observe their interactions in the regions /G- 4- Spatiotemporal images of polar component of the mag-
of spatially nonuniform magnetizatiaielow). netization dynamic responses from the experini@tand(c)] and

. . . . LG equation[(b) and(d)] at, dc bias 4.6 kA/nj(a) and (b)] and
When a submicrometer pinhole is patterned in the centei&3 KA/m[(c) and (c)] based on % vs t” signal rendering. The

of the platelet, the Sta.tlc magngtlzatlon accommodates itse perimental cross-section, a 40 nm step scanning line through the
to the change by formlng C“.Sp"'k? strl_Jctur_es at the edg_es enter of the platelet, is parallel with the dc bias field direction. The
the hole no_rma_l to the bias f|_eld direction, in effect allowing sample with the defect is on the right. The compilation of succes-
the magnetization to streamline around the hole. Such strugye snapshots was obtained using 12-ps steps and simulation data

tures have been imaged by magnetic force microscopy fofere processed by convolution with a Gaussian kernel. Spatial and
larger holes in permalloy film& This has an interesting con- temporal scale lines are2m and 0.5 ns respectively.

sequence for the magnetization dynamics response. Whereas

the formerly uniform magnetization in the center of the The nonuniform magnetization at the closure domain bound-
platelet presented a flat effective field for a uniform mode Ofaries gives rise to magnon-magnon Scatteﬁ_r%;onverting
oscillation, the new “potential surface” has a quadrupolarenergy from the “uniform”(longer wavelengthmode of the
variation as a function of angle about the center. The domicentral domain into shorter spin waves where it disappears
nant spatial mode excited by the broadband magnetizatiopelow the spatial resolution of the measurement. Turning off
excitation reflects this symmetry, seen clearly in Fig. 3 forthe Gaussian blur of the simulation makes this process very

both the experimental measurements and the micromagnetigear. Additional magnons are launched from the non-
simulations. Note, in comparison with Fig. 2, that the other

(d)m

spatial features associated with the closure domains are iden- 4 4

tical, with and without a central pinhole. €3 3
A “one-dimensional movie” of the response is obtained fz 5

from assembling horizontal cross-section or line-scan mea- 2

surements for a high density of time sampling points into §1 1

single two-dimensional images, as in Fig. 4. Thegevst”
renderings of the signal provide additional insight into evo- 0 L] - 3 :
. Lo . 1617 L Time (ns) Time (ns)

lution of the nonequilibrium magnetizatidfil’ A striking

feature of these images is the apparent spatially non-uniform FIG. 5. Spatiotemporal evolution of magnon-magnon scattering
damping of the modal oscillation in the central domain. Theat a dc bias of 4.6 kA/m extracted from the numerical solution of
situation represents a cleanly realized case in point of théne LLG equation. The data were not processed by convolution with
notion of indirect damping of magnetization oscillatidhs. a Gaussian kernel.
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FIG. 6. Full trajectories of the small-angle
changes in orientation of the magnetization vec-
tor at two different points of the plateldd, a
micron from the left edge, and 2, at the ceiter
The spherical coordinatdgelta ¢ is in the plane
of the specimen and deltais perpendicular to jit
were taken from simulations with a dc bias field
of 4.6 kA/m.

Time (ns)
(]

0
0.05

8(deg) T ¢ (deg) B(deg) T T ¢ (deg)

uniform magnetization around the pinhole resulting in IV. CONCLUSION
“double-V” x-t profile. Figures 4) and 4d) (right) show

that the magnetization at a dc bias of 18.3 kAwith an A spatiotemporal study of broadband magnetization dy-

“S” initial state) is sufficiently uniform near the hole, and, namics in internally patterned thin film permalloy platelets

consequently, the magnon-magnon scattering is suppress S conducte_d ir_1 ordgr to.elucidate the excitation and decay
relative to that caused near the closure domains. Spatioter! modal oscillations in microstructures. It was shown that
poral responses extracted from non-convoluted numericd® Primary mode of magnetization oscillations in the center
data at a dc bias of 4.6 kA/m are shown in Fig(viith the  Of the platelet biased in a weak longitudinal field adapts to
results from the sample with a defect on the rigfthe en- the configuration of static magnetization, assuming a quadru-
ergy of the “uniform” mode is converted to shorter wave- polar pattern around a small pinhole defect. Moreover, the
length modes by magnon-magnon scattering in the nonunicomparison with micromagnetic simulation highlights the re-
form effective field near the domain boundary and aroundsults as a clear case in point for the concept of “indirect
the pinhole(right). The influence of this interaction propa- damping.” The transfer of energy into shorter wavelength
gates across the specimens, with and without the defect, atodes by magnon-magnon scattering in regions of nonuni-
spin-wave velocities of 850 and 610 m/s, respectidigse form magnetization is responsible for the appearance of
values were measured from experimentaVst” renderings  position-dependent decay of oscillations in the measurement.
not displayed hene Corresponding values from the simula- The work is a step towards a more elaborate manipulation of
tion are 800 and 590 m/svithin +10% error range for both  allowed magnetic modes, or “magnonics.” Continuing stud-
the experimental and simulation velocity valueBhe short  jes of these ferromagnetic “ripple tanks” will explore the
wavelength modes are below the spatial resolution of oumfluence of patterns of multiple defects, and the amplitude
microscope, giving rise to a characteristi¢™shaped enve-  dependent response in this intrinsically nonlinear system.
lope as they propagate towards the center of the specimen ghpatial control of modal oscillations is also potentially of

constant speed. Although position dependent, the apparef¥terest for applications in magnetic logic.
relaxation of precessional oscillation is accelerated every-

where in the sample as a result of this indirect damping due
to magnon-magnon scattering along the domain boundaries. ACKNOWLEDGMENTS
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