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Nonlinear magneto-optic measurement of flux propagation dynamics
in thin Permalloy films

T. J. Silva, M. R. Pufall, and Pavel Kabos
National Institute of Standards and Technology, Boulder, Colorado 80305

~Received 7 June 2001; accepted for publication 26 September 2001!

Time-resolved nonlinear optics are used to study the propagation of magnetic flux pulses in a 250
nm Permalloy film. The flux is generated in the film by coupling it to a coplanar waveguide structure
driven with broadband voltage pulses. Flux pulses propagated in the film with a phase velocity of
4.23105 m/s and a group velocity of 1.53105 m/s. Both velocities are consistent with the
predictions of Damon–Eshbach theory for magnetostatic surface waves with 200–300mm
wavelengths. Within 100mm of the excitation source, flux pulses decayed monotonically but with
no measurable delay. ©2002 American Institute of Physics.@DOI: 10.1063/1.1421040#
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I. INTRODUCTION

Transmission line models for thin-film recording hea
are based upon the assumption that flux propagates inst
neously within the head.1–3 As data rates approach gigaher
bandwidths, the need arises to quantify the validity of su
an assumption by measuring the speed of flux propagatio
recording head materials. In addition, there is a need to
derstand the roles of both large magnetization rotations
nonuniform modes possibly excited in the process of s
large excitations. To address such issues, it is not sufficien
simply apply a frequency dependence to the permeability
was done in Ref. 1. Such an improvement to recording h
models still fails to account for the time required for flu
induced at the yoke to propagate through the poles to
gap. While it is well understood that magnetization respo
to rf magnetic fields is strongly affected by precessional
namics ~for example, in ferromagnetic resonance!, the im-
portant question to answer is how magnetic flux propaga
in a regime of precession-limited dynamics.

In this article, we experimentally address some aspec
flux propagation dynamics at the surface of a magnetic fi
by using the second harmonic magneto-optic Kerr eff
~SHMOKE! to make time-resolved, vectorial measureme
of M .4,5 The magnetization of the film was driven throug
near-90° rotations by the pulsed magnetic field from a cop
nar waveguide. Quantitative assessments of the phase v
ity, group velocity, and attenuation length of a magnetic fl
excitation are presented. We show that flux propagatio
indeed precession-limited at gigahertz bandwidths. The
perimental evidence suggests that oscillatory excitati
similar to Damon–Eshbach magnetostatic surface waves
the predominant mechanism of magnetostatic flux transm
sion, albeit for conditions of large-angle excitation.

II. EXPERIMENT

Waveguide technology has been used effectively for
study of magnetodynamic response to pulsed magn
fields.6,7 The coplanar geometry is particularly well suited f
studies of planar magnetic films because the transverse
component directly above the waveguide center conducto
1060021-8979/2002/91(3)/1066/8/$19.00
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relatively uniform on the scale of the waveguide width.7,8

For the present study it was necessary to clearly distingu
between direct excitations due to the field of the wavegu
itself, and those excitations due to the propagation of fl
By minimizing the spacing between the magnetic film a
the waveguide, one can obtain a steep roll-off of the tra
verse field profile at the edge of the center conductor.7 Con-
sequently, magnetization dynamics measured above the
ter conductor will be primarily field-induced, while
dynamics measured well away from the edge of the ce
conductor will be primarily due to flux propagation effect
To minimize the sample-waveguide spacing, we placed
sample upside-down on the waveguide and used an optic
transparent substrate for the magnetic sample. This perm
placement of the sample in virtual contact with the wav
guide conductors, while still allowing optical access throu
the substrate.

The sample was a 250-nm-thick Permalloy film, sput
deposited directly onto a 131 cm3100-mm-thick sapphire
substrate, using a single Ni81Fe19 alloy target. The film depo-
sition rate was 0.8 nm/s at 300 W and 0.67 Pa~531023

Torr! Ar pressure. The base pressure for the deposition ch
ber was 1.331026 Pa~1028 Torr!. A 2.8 kA/m ~35 Oe! field
was applied with permanent magnets during deposition to
the magnetic anisotropy axis. Both the sample and mag
were rotated at one revolution per minute to maintain
isotropic texture to the polycrystalline sample. The sam
thickness is the maximum possible before eddy currents
gin to severely damp the dynamic response.9 Sapphire was
selected for its transparency at both UV and IR waveleng
and for its excellent thermal conductivity. The thermal co
duction of the substrate must be sufficient to permit the
cusing of the laser beam with 5 mW of average power to
mm diameter spot without thermally damaging the samp
The small thickness of the substrate minimized unwan
polarization effects induced by the birefringent sapphire. T
sample was a well-oriented, high-permeability, polycryst
line Permalloy film, with coercivityHc of 40 A/m ~0.5 Oe!,
and an anisotropy fieldHk of 240 A/m ~3 Oe!, as measured
with an inductive magnetometer. The air surface of the P
malloy film was spin coated with polyamide, with a nomin
6 © 2002 American Institute of Physics
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thickness of,1 mm, to avoid electrical shorting of the wave
guide by the metallic sample.

The sample was positioned film-side-down over the 4
mm-wide center conductor of a 50-V coplanar waveguide
The easy axis was aligned with the waveguide. An 80 A/m~1
Oe! easy axis field was applied during all measurements
ensure single domain behavior. The waveguide itself w
made lithographically, patterned from 25-mm-thick Cu on
Duroid.10 The edges of the ground planes on either side
the center conductor are spaced 570mm from the center of
the waveguide in order to achieve 50-V characteristic imped-
ance. The waveguide was terminated with a short to dou
the amplitude of the magnetic field pulse, because the p
reflected from the short will be superimposed on the incid
pulse. All measurements were made within 5 mm of the sh
to minimize effects resulting from the staggered arrival at
sample of the incident and reflected current pulses.11 Mea-
surements were also made no less than 2 mm from the
of the sample to avoid spurious effects due to closure
mains. 45 V pulse excitations from a commercial 50V
source were applied to the coplanar waveguide to produ
2 ns long magnetic field pulse with a rise time of 150 ps.
electronic delay line was used to synchronize the arriva
electrical excitation and the optical probe at the sample.
delay line had a measured jitter of 10–20 ps, which limit
the measurement bandwidth to 18 GHz. The temporal pro
of the voltage step, as measured with a 20 GHz samp
oscilloscope, is shown in Fig. 1. Time-domain reflectome
measurements of the electrical excitations showed
sample-induced reflections due to impedance mismatch w
less than 10%. To scan the laser spot laterally across
waveguide/sample, the entire waveguide was mounted
linear translation stage driven by a dc-servo motor w
sub-mm resolution.

The skin depth of copper at 1 GHz is 2mm. Since the
copper sheeting of the waveguide is 25mm thick, we can
assume that most of the current is concentrated within
upper and lower surfaces of the copper sheet. The sp
profile of the transverse magnetic fields is approximated w
the Karlqvist equations for two uniform current sheets

FIG. 1. Profile of transverse magnetic field 1mm above a 450-mm-wide
center conductor for a coplanar waveguide. The contribution of the se
infinite ground planes to the field is ignored. The waveguide is cente
aboutx50, calculated using the Karlqvist equation with two infinitesima
thin current sheets spaced 23mm apart. Inset shows time trace of voltag
pulse used to generate the magnetic field pulse.
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infinitesimal thickness, spaced 23mm apart.12 The calculated
field profile, for an assumed spacing above the upper cur
sheet of 2mm, is shown in Fig. 1. We ignore the field con
tribution from the ground planes for two reasons:~1! Each of
the two ground planes is 1 cm wide, resulting in a unifo
current distribution that is only 2.5% of that in the cent
conductor.~2! The fields from the ground planes should on
be significant forx.500 mm. ~For this reason, we only
present data forx,500 mm.! From such a calculation it is
clear that the transverse field falls off rapidly beyond t
edge of the center conductor~CC!. Thus dynamic data ob
tained;10 mm beyond the CC edge should represent prim
rily propagating components of flux. Measured dynamics
this region will result predominantly from the internal dipo
fields of the magnetic film.

The dynamic measurements were performed utilizing
vectorial time-resolved SHMOKE technique.4,5 The 60 fs,
p-polarized, 800-nm wavelength light pulses were genera
by a mode-locked Ti:sapphire laser. The pulse repetition
was set to 1 MHz using a pulse picker. The laser beam
focused at an angle of 45° through the sapphire substra
the Permalloy–sapphire interface of the sample. Meas
ments of the second harmonic generation~SHG! yield versus
focal point confirmed that the Permalloy–sapphire interfa
was the only significant source of SHG for these measu
ments. Similar measurements were used to keep the spot
greater than 5mm at the Permalloy–sapphire interface
order to avoid sample degradation due to excess
heating.13

SHMOKE is particularly sensitive to surface and inte
facial magnetization states as a result of the reduced sym
try required for SHG in centrosymmetric materials.14,15As a
result, our technique measures the magnetization resp
within a few nanometers of the Permalloy–sapphire int
face. Thus dynamic SHMOKE directly measures the s
dynamics in that portion of the sample where the appl
field is not screened by the eddy currents generated a
result of the time-varying magnetization.16 @The skin depth
of a metal with the resistivity of Permalloy is approximate
10 mm. Thus the applied field pulse is able to fully penetra
the magnetic film during the 150 ps rise time of the pul
but the response of the magnetization~with a rise time of'1
ns! is inhibited by the much larger eddy currents that res
from the rotation of the magnetization.#

The in-plane component of the magnetization vector w
determined from the simultaneous measurement of the
gitudinal and transverse SHMOKE signals.5 These signals
correspond to the measured polarization angle and tota
tensity of the SHG, respectively.

Dynamic response of the magnetization in a thin fi
with in-plane anisotropy generally results in a transient po
magnetization component due to elliptical precission.17 The
ellipticity of the processional motion isAH/Ms50.05. For a
90° rotation of the magnetization, the out-of-plane motion
only 4°. This is sufficiently small to be considered negligib
for these measurements.

Flux propagation effects were determined by measur
the dynamic magnetization response at 100 ps time inter
for 6 ns. These time traces were measured at several l
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tions relative to the center of the waveguide. A on
dimensional spatial map was thereby constructed, repres
ing the cross-sectional dynamic behavior ofM , both over the
center conductor, and well away from its edge.

III. RESULTS

The measured time response of the magnetization r
tion angle is shown in Fig. 2 for several locations on t
sample. The middle of the waveguide is atx50 mm, with
the edges of the center conductor atx;6225 mm. The col-
lective data set indicates both the generation of magnetic
pulses and their subsequent propagation over distance
hundreds of micrometers.

The flux pulses forx,225mm ~i.e., over the center con
ductor! closely resemble the applied field pulse profile~see
Fig. 1!. The field pulse almost saturates the magnetiza
over the center conductor, inducing a maximum rotat
angle of roughly 80° relative to the longitudinal directio
Complete saturation was expected, given a maximum m
netic pulse amplitude of 2 kA/m~25 Oe!. In the limit of an
infinitely wide sample and small excitations, the effecti
shape anisotropy due to the finite waveguide width isHk

;pMsd/4w5280 A/m ~3.5 Oe!, wherew is the waveguide
width and d is the film thickness.18 With the above-listed
Permalloy film parameters, as well as the 80 A/m~1 Oe! easy
axis stabilizing field, one would expect the applied fie
pulse to completely saturate the magnetization in the tra
verse direction directly over the waveguide. Total saturat
is achieved when a 50-nm-thick Permalloy film is measur
suggesting that the larger dipole fields produced in
thicker sample are responsible for the incomplete saturat

Damped oscillations are evident in the flux pulses for
the measured positions. However, the oscillations
strongly damped over the waveguide~x,225 mm traces!.
Fitting of the data atx50 mm to the Landau–Lifshitz–
Gilbert equation yields a damping coefficient ofa50.04. In
contrast, the oscillations~as a relative fraction of the tota
response! become substantial forx.325 mm. Thus preces-
sional dynamics are involved in the propagation of flux aw
from the waveguide. The period of the oscillations isT

FIG. 2. Time-resolved data measured at different locations relative to
waveguide center. Data forx.225mm are beyond the physical edge of th
center conductor. Clear precessional oscillations with a 650 ps period
indicated forx.300 mm. The phase of the oscillations is retarded in pr
portion tox with a measured phase velocityv54.23105 m/s.
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5650650 ps, corresponding to a precessional frequency
f 51.5460.12 GHz ~as averaged over all the present
traces!. At x5450 mm, the precessional oscillations beg
with a negative excursion. The half cycle time between
negative dip and the first oscillatory maximum is 400 p
commensurate with a frequency of 1.3 GHz and within er
bars for a single observation of the precessional period.

The position of the first maxima and minima of the ma
netization rotation angle~connected by dashed lines in Fig.
for different positions! also display retardation in time as
function of increasing distance from the edge of the wa
guide center conductor~x.225 mm!. If we consider the po-
sition of this maximum in the magnetization rotation angle
a phase front position, the calculated phase velocity isv
5420634 km/s.

The flux pulses in Fig. 2 also show substantial chan
in shape and amplitude with increasing distance fr
the waveguide. Quantitative analysis of the measured
sponse in terms of integrated pulse shape will be discusse
the next section.

IV. DISCUSSION

The experimental data in Fig. 2 exhibit many aspects
dynamic flux propagation at the surface of thin magne
films, including amplitude decay, damping, and propagat
delay. The observation of magnetization precession
phase retardation effects beyond the center conductor e
strongly suggest the presence of long wavelength~l@1 mm!
spin wave excitations. A substantial theoretical framewo
exists for describing the behavior of long wavelength s
waves, but only for oscillations of a symptotically small am
plitude about a stable equilibrium, and in the limit of dipole
dipole interactions and negligible damping, i.e., the so-ca
Damon–Eshbach magnetostatic modes of a thin slab.19,20

However, since the parameters for the present study~large
amplitude and broadband excitations! violate many of the
fundamental approximations used for conventional magn
static mode theory, there is no firm theoretical backgrou
available that is directly applicable to the present experim
tal data. Nevertheless, comparison of the data with the c
ventional magnetostatic mode theory provides insight i
the fundamental physics behind large-amplitude, high-sp
flux propagation.

The curves in Fig. 2 show that both the amplitude a
shape of the flux pulses change substantially with increas
distance from the center conductor. Peak amplitude dr
while the pulse also distorts, making peak amplitude alon
poor figure of merit for flux attenuation and propagatio
Instead, we integrate the net flux that passes a given spo
the sample and normalize the integral by the net flux gen
ated by the field pulse atx50. The result is then weighted b
the peak flux amplitude atx50.

^F~x!&5m0$Ms sin@u~0,t !#%max

E
0

6ns

Ms sin@u~x,t !#dt

E
0

6ns

Ms sin@u~0,t !#dt

.

~1!

e
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This ‘‘weighted integrated flux’’̂F& is in units of Telsa and
is shown as the solid dots in Fig. 3. The data atx50 mm and
x'220mm are roughly the center and the edge of the cen
conductor of the waveguide, respectively. We can see tha
induced flux is quite uniform~to within a few percent!,
across the center conductor, to within 20mm of the wave-
guide edge. Past the waveguide edge, the integrated flux
gins to decrease. The solid line is a simple exponential fi
the decaying flux, with a characteristic length ofj5150613
mm, given 0.05 T error bars. For comparison, the dashed
is the result of a self-consistent, micromagnetic, o
dimensional static calculation of the equilibrium flux dist

FIG. 3. Weighted integrated flux density vs the distance from the cente
the center conductor of the shorted coplanar waveguide. The dashed l
the result of the self-consistent one-dimensional micromagnetic static s
lation. The solid line is a simple exponential fit with a characteristics len
of 150 mm.
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bution, as expected from the field distribution given by t
Karlqvist equation in the dc excitation limit. The calculatio
assumes thatM varies only in the direction transverse to th
waveguide, i.e.,M is uniform along the length of the wave
guide, and also through the thickness of the film.

The micromagnetic simulation does not fit the data we
We surmise that the magnetization distribution has not
reached equilibrium during an excitation pulse of only 2 n
The detailed shape of the flux pulses measured forx.325
mm support this hypothesis: The magnetization rotat
angle does not appear to reach an asymptotic value. In a
tion, the integrated flux off the edge of the center conduc
~x.225 mm! is greater than the value expected for sta
calculations. This implies that there is a transient flow of fl
away from the center conductor, with a characteristic len
scale of 150mm.

Some form of precessional excitation, driven by t
large magnetization rotations directly over the wavegui
must mediate flux propagation at subnanosecond time sc
Since the internal dipole fields along thex axis are the pri-
mary driving force for flux propagation in this experimen
we expect any spin wave excitations to share a similar ch
acter to magnetostatic surface waves~MSSWs!,20 insofar as
the dispersion for MSSW modes is most strongly affected
the longitudinal dipole field contribution along the propag
tion direction.

For our experimental geometry, symmetry mandates
the propagation direction for any modes be perpendicula
the waveguide axis. Since the sample of thicknessd and
magnetizationMs is placed on the waveguide with the ea
axis parallel to the waveguide axis, this constrains the w
vectork parallel to the hard axis. The dispersion relation f
MSSW modes, in the limit of long wavelength~kd!1) and
weak fields~H!Ms!, is given by21

of
is

u-
h

v~x!'gm0A@Msx~k!#$Ms@12x~k!#sin2 u1Hp~x!cosu1Hb sinu2Hk cos~2u!%, ~2!
e
the
d
or.
ter

to
ter

he

f

ux
x-
with

x~k!5@12exp~2kd!#/kd, ~3!

whereg is the gyromagnetic ratio,m0 is the permeability of
free space,u is the magnetization direction relative to th
propagation direction,Hb is the applied bias field parallel t
the easy axis,Hp(x) is the pulsed field parallel to the har
axis, andHk is the uniaxial anisotropy field. The phase v
locity v is simplyv5v/k and the group velocityvg is given
by vg5dv/dk.

Because the flux pulse shape is significantly distor
with distance, determining a group velocity must be do
with some discretion. A ‘‘center-of-mass’’~Cg) approach has
been used successfully in the past to measure the group
locity of magnetostatic waves in nonlinear dispers
media.22 TheCg for a given pulse is calculated by integratin
the measured temporal pulse, with each point weighted
the time variable:
d
e

ve-

y

Cg5F E
0

6ns

t sin@u~ t !#dtG Y F E
0

6ns

sin@u~ t !#dtG . ~4!

The derivedCg for the flux propagation data in Fig. 2 ar
shown in Fig. 4. We define the flux propagation delay as
difference betweenCg for a flux pulse at a given position an
Cg for the flux pulse in the middle of the center conduct
The flux propagation delay is nominally zero over the cen
conductor of the waveguide, and remains so up tox5300
mm, at which point the propagation delay abruptly begins
increase linearly with increasing distance from the cen
conductor. The slope of the curve in Fig. 4 is simply t
inverse of the group velocity of flux propagationvg . We
performed a linear fit toCg for x.300 mm, and obtained a
group velocityvg51.560.13105 m/s, with a chi-squared o
x251.1.23

We can now compare our measured values for fl
propagation time with the theoretical values for MSSW e
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citations. Figure 5 shows the calculated dispersion of
phase velocity for MSSW modes in the long waveleng
limit l@d, whered is the film thickness. Using the measure
precessional frequency off 51.5460.12 GHz, one expect
from Fig. 5 for the phase velocity to bev5460650 km/s, in
agreement with the experimental value. The large dispa
between the measured group and phase velocities exp
the observed negative oscillation at the leading edge of
flux pulse forx5450 mm. The phase front is moving thre
times faster than the energy contained in the pulse. In
time it takes for the phase to advance a full cycle~650 ps!,
the flux pulse only moves by a third of a cycle~220 ps!. The
resultant slip between the phase and energy fronts excee
half cycle, permitting the phase front to initially undergo
negative excursion.

The mode dispersion directly over the waveguide
strongly affected by both the magnitude of the field pulse a
the magnetization rotation. Using Eqs.~2! and ~3! we plot
the calculated dispersion curves in Fig. 6 for the conditio
directly over the waveguide center~x50! during the field
pulse, and away from the center conductor~x.300 mm!,
where the field pulse is negligible. The dynamic coupli
between these two regions should be maximum for mo
that satisfy both energy and momentum conservation.

FIG. 4. Flux pulse center-of-massCg referenced to the time axis in Fig. 2
Each data point corresponds to time resolved data obtained at a given
tion. Forx.300mm, retardation inCg is evident, with a linear dependenc
of Cg on the location. The derived group velocity isvg5150 km/s.

FIG. 5. Calculated phase velocity of the DE surface magnetostatic mod
a 250-nm Permalloy film. The measured phase velocity and precess
frequency forx.300 mm are consistent with a 306-mm-wavelength DE
surface mode.
e
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two curves intersect atf 51.3760.01 GHz.~Uncertainty in
the measured angle of magnetization rotation in the mid
of the waveguide is the primary source of error in our the
retical calculation.! At this frequency, the modes generate
over the waveguide conductor are most likely to be coup
to the rest of the film. The measured precession freque
for x.300 mm is 40 MHz above the error bars for the th
oretical value of the coupling frequency, leaving us with on
a qualitative agreement between conventional MSSW the
and our results. This is to be expected, given the gross
ferences between this experiment and the conditions ap
priate for a rigorous application of Damon–Eshbach theo

The calculated frequency dependence of the MSS
group velocity is shown in Fig. 7. From the earlier-obtain
value of vg5150 km/s, we would expect a characteris
frequency of 2.1 GHz. This is well above the measured p
cession frequency forx.300 mm. However, for the presen
experiments with a 150 ps rise time, the excitation ha
characteristic bandwidth of 2.3 GHz. Thus it is possible t
the bandwidth of the entire flux pulse is proportional to t
bandwidth of the excitation itself. This hypothesis requir
further testing before any further conclusions can be ma

The resemblance of the measured flux pulses to MS
modes is also consistent with the dramatic changes in

ca-

or
al

FIG. 6. Calculated dispersion curves for MSSW modes both directly o
the waveguide center~x50! and far enough from the center conductor th
the field pulse is negligible~x.300 mm!. The two curves intersect atf
51.37 GHz. Modes at this frequency are most likely to escape from
region over the waveguide center conductor.

FIG. 7. Calculated group velocity of the DE surface magnetostatic mode
a 250-nm NiFe film. For a measured group velocity of 150 km/s, the ch
acteristic frequency is;2 GHz. This is within the bandwidth of an excita
tion pulse with a 150 ps rise time.
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measured flux profile: Damon–Eshbach magnetostatic
face waves are highly dispersive,20 resulting in a strong spa
tial dependence of the propagating pulse shape.

Fitting of the integrated flux pulse amplitude data in F
3 resulted in a characteristic decay length ofj5150613 mm.
The observation of a measurable group delay with increa
separation from the center conductor, together with the p
fit of the data to micromagnetic simulation results for t
equilibrium magnetization distribution, suggest that the o
served spatial decay is the result of purely dynamic effe
i.e., damping. We can estimate the intrinsic damping time
the flux pulses asj/vg51.1 ns. This corresponds to a LLG
damping parameter ofa50.01, in close agreement to wh
was measured for 250-nm-thick Permalloy by microwa
resonance linewidth techniques~a50.009!.24

A comparison of the data in Figs. 3 and 4 indicate d
fering spatial positions for the onset of flux pulse decay a
flux pulse delay. By extrapolation from the linear regress
in Fig. 4 we determine an onset of flux pulse delay atx0

delay

5317637 mm. The onset of flux pulse decay is determin
by the exponential fitting shown in Fig. 3, with the resu
x0

decay5194636 mm. This is within error bars of the edge o
the waveguide center conductor atx5225 mm. In contrast,
there is no measurable flux pulse delay unit the flux pul
are located 125mm beyond the center conductor edge.
appears that the flux pulses have a significant evanes
component within 125mm of the center conductor edge.

When a magnetic film is driven by a step excitatio
frequency components are generated in the film that are
low cutoff for MSSW modes. The cutoff for MSSW modes
the ferromagnetic resonance~FMR! frequency for a uniform
excitation ~i.e., k50!,25 or 560 MHz for this particular
sample. The spectral distribution for a square field pulse w
infinitely fast rise and fall time is given by

H̃~v!5H0Tp sin~vTp/2!/~vTp/2!, ~5!

whereTp andH0 are the duration and amplitude of the puls
respectively. From numerical integration of Eq.~5!, 90% of
the pulse energy is between dc and 500 MHz, well below
cutoff for MSSW modes. Nevertheless, the low frequen
components of the pulse still couple to the magnetic film,
is required to switch the magnetization into the rotated st
However, energy transmission can only occur via evanes
modes at frequencies below cutoff. Such modes, if they ex
should decay monotonically with distance from the exci
tion source, as we observe in Fig. 3. In addition, such mo
would appear to have a very rapid group velocity, since
magnetic energy is transmitted via unidirectional dipo
fields extending throughout the evanescent zone.

Evanescent MSSW modes were first observed us
Brillouin light scattering~BLS! for insulator films excited at
a single frequency~cw! with a microstrip waveguide.25 In the
BLS study, the evanescent modes were inferred from
detection of MSSW modes at a frequency below cuto
However, our result differs fundamentally from the BL
study, insofar as the excitation with a stepped field pu
must couple to the magnetization through a process medi
by the relaxation ofM into the direction of the field pulse. In
r-
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the BLS study, coupling of the magnetic signal was fac
tated by the proximity of a ground plane near the samp
which altered the mode structure.

The absence of any measurable delay due to flux pro
gation effects within 100mm of the edge of the waveguid
has favorable implications for magnetic recording. The g
of a thin-film recording head is less than 10mm away from
the coils that excite the head. We measured a magnetiza
rotation angle of 45° atx5252 mm. This position is 27mm
from the waveguide edge. The 10%–90% rise timet10– 90of
the rotation angle was;400 ps, with no measurable dispe
sion due to the flux propagation effects. In other words,
rise time is essentially unchanged relative to that measu
over the middle of the waveguide. Given the underdamp
response of the magnetization, we can approximate the b
width f 3 dB using f 3 dB'0.5/t10– 90. Thus we find that the
effective bandwidth of the magnetic excitation was 1.
GHz, with an accompanying flux density ofm0Ms sin(45°)
50.71 T. Since there is no delay of the magnetic respo
due to the distance between the waveguide and the poin
measurement atx5252 mm, the strongest contributor to th
nonzero rise time is the precessional motion of the magn
zation. The precessional frequency can be accurately
mated using the Kittel equation for ferromagne
resonance,26 where the net in-plane fields include the dipo
fields due to the excitation of Damon–Eshbach~DE! modes
~in the long wavelength limit!:

f 5
gm0

2p
A~Ms1Hk1HDE!~Hk1HDE!. ~6!

Using Ms5800 kA/m, Hk5400 A/m, and HDE

5(p/2) (Msd/w)51.1 kA/m, wherew is the width of the
waveguide, we findf 51.23 GHz. This is in good agreemen
with the measured bandwidth. Thus only the magnetic m
ment and internal fields of the pole material should u
mately limit the bandwidth of a thin-film recording head.
addition, models of recording head efficiency can safely
sume that the flux propagates instantaneously throughou
flux circuit of the head, eddy current effects notwithstandin

Fitting of the flux pulses observed over the wavegu
center conductor to LLG indicated large apparent damping
a50.04. This is almost a factor of 5 larger than was inferr
from the data in Figs. 3 and 4, as well as typical numb
obtained by resonance methods.24 The observation of an en
hanced precessional overshoot at the leading edge of the
pulses forx.300 mm indicates that the apparent dampin
may be significantly larger than the intrinsic damping. O
of the possible reasons for the larger than expected valu
the fitted damping parameter over the waveguide center c
ductor could be the transfer of energy via magnetost
modes, which carry the precessional energy away from
portion of the sample in proximity to the center conduct
Using our measured effective group velocity for the fl
pulses, we can estimate the magnitude of damping due to
transport of precessional energy away from the directly
cited portion of the sample. The energyU that is stored in the
form of the precessional motion ofM directly over the center
conductor, immediately after application of the field pulse
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U5m0MsHV, ~7!

wherem0 is the permeability of the vacuum,Ms is the satu-
ration moment,H is the in-plane component of the applie
field pulse, andV is the directly excited volume of the
sample. If the field pulse is sufficiently large to rotateM by
90°, then the magnon density is27

Nm5
Ms

2g\
, ~8!

whereg is the gyromagnetic ratio and\ is Planck’s constant
The invocation of spin-wave quanta~i.e., magnons! simpli-
fies the calculation of spin-wave flux. Assuming a spatia
uniform distribution of magnons throughout volumeV with a
single angular frequencyv, then the powerP flowing away
from the directly excited portion of the sample at group v
locity vg in the form of spin waves propagating through
cross-sectionA52 V/w is

P5Nm\vAvg5
1

g
MsvAvg . ~9!

We will approximatev with the precessional frequency ob
served directly over the waveguide, since it is the damping
this component that is directly determined through fitting
LLG. The ratio of Eqs.~7! and ~9! is the characteristic time
constantt5U/P for the excitation decay:

t5~gm0H/v!~w/vg!, ~10!

wherew is the width of the center conductor of the wav
guide. The Gilbert damping parametera in terms of the de-
cay timet for a thin film with Ms@Hk is

a52/tgm0Ms . ~11!

Substituting Eq.~10! into Eq. ~11!, we obtain

a5
2v

~gm0!2MsH

vg

w
. ~12!

Inserting the experimentally observed values for the prec
sion frequency over the center conductor~;1 GHz! and
group velocity~150 km/s! into Eq. ~12!, one gets a value o
a50.05, in comparison to the fitted value ofa50.04. This is
surprisingly good agreement given the crude nature of
above estimate. A more accurate calculation would includ
distribution of modes with varying characteristic frequenci
as well as the details of mode coupling between the dire
excited portion of the film and those sections extending
yond the waveguide conductor. It should be noted that F
man et al. have suggested a similar damping mechanism
explain time-resolved magneto-optic measurements w
YIG films.28

V. SUMMARY

We have experimentally measured dynamic flux pro
gation at the surface of a 250-nm-thick Permalloy film us
time-resolved vectorial SHMOKE. The step-like field puls
produced by a shorted coplanar waveguide were nearly
ficient to saturate the sample in the pulse-field direction. T
spacing between the sample and waveguide was kept s
in order to produce uniform, in-plane excitation fields th
-
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all
t

rapidly decayed beyond the edge of the waveguide ce
conductor. Detailed analyses of the data indicate that
propagation is facilitated by spin waves with qualities su
gestive of Damon–Eshbach surface modes. In particu
both the phase and group velocities inferred from the fl
pulse data are comparable to those obtained by conventi
magnetostatic mode theory.

The measured flux pulse decay was exponential, wit
characteristic decay length of 150mm. The profile of the flux
pulse decay did not agree with static micromagnetic calcu
tions, suggesting that flux propagation at GHz bandwidth
truly dynamic in nature and not simply quasistatic.

Flux pulse shapes were severely distorted over propa
tion distances of several hundred microns, indicating
highly dispersive spin-wave medium. To aid in the extracti
of a meaningful flux pulse delay, ‘‘center-of-mass’’ analys
methods were employed. The resultant time delays of
centers of mass of the flux pulses were linear in dista
from the waveguide, with a slope on the order of 105 m/s.

The spatial onset of flux pulse decay and delay are
coincident. Flux pulse decay begins;100 mm before any
measurable flux pulse delay. This discrepancy is interpre
as evidence for an evanescent zone, where the predom
mode of energy transmission is by way of evanescent mo
with propagation velocities greater than 106 m/s.

Large LLG damping was obtained by fitting of the tim
resolved magnetic response over the center conductor.
flux pulse decay length and observation of weakly damp
ringing away from the center conductor imply a mu
smaller intrinsic damping, one which is closer to values ty
cally obtained by FMR. We suggest that flux propagati
effects are a significant source of damping near the excita
source. A simple estimate of damping due to spin-wa
transport supports this hypothesis.

The implications of these results for magnetic data st
age applications are clear: Flux propagation delay should
affect recording head performance as long as yoke and th
lengths are kept much shorter than 100mm. However, qua-
sistatic calculations of recording head efficiency are certa
invalid at GHz frequencies, since evanescent magnetos
modes appear to act as the predominant means of en
transmission on these length scales.
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