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Nonlinear magneto-optic measurement of flux propagation dynamics
in thin Permalloy films
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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
4.2x10° m/s and a group velocity of 13510° m/s. Both velocities are consistent with the
predictions of Damon—Eshbach theory for magnetostatic surface waves with 2004800
wavelengths. Within 10um of the excitation source, flux pulses decayed monotonically but with
no measurable delay. @002 American Institute of Physic§DOI: 10.1063/1.1421040

I. INTRODUCTION relatively uniform on the scale of the waveguide width.
Transmission line models for thin-film recording headsFor the present study it was necessary to clearly distinguish

are based upon the assumption that flux propagates instan@ﬁmeen direct excitations due to the field of the _wavegmde
neously within the heat:3 As data rates approach gigahertz itself, and those excitations due to the propagation of flux.

bandwidths, the need arises to quantify the validity of sucH‘D’y minimizing the spacing between the magnetic film and

an assumption by measuring the speed of flux propagation iwe waveguide, one can obtain a steep roll-off of the trans-

. . 7 _
recording head materials. In addition, there is a need to un.erse field profile at the edge of the center conducten

derstand the roles of both large magnetization rotations anaequently, magnetization dynamics measured above the cen-

nonuniform modes possibly excited in the process of sucft\er cqnductor W'I(Ij be” pnma?ly f;(;ld-w:jduce?,th wh|Iet
large excitations. To address such issues, it is not sufficient tgynamlcs measured well away Irom the edge of the center
onductor will be primarily due to flux propagation effects.

simply apply a frequency dependence to the permeability, 0 minimize the sample-waveguide spacing, we placed the

was done in Ref. 1. Such an improvement to recording hea i . .
sample upside-down on the waveguide and used an optically

models still fails to account for the time required for flux . . :
induced at the yoke to propagate through the poles to thifansparent substrate for the magnetic sample. This permitted
lacement of the sample in virtual contact with the wave-

gap. While it is well understood that magnetization responsé . . . : .
to rf magnetic fields is strongly affected by precessional dy_gwde conductors, while still allowing optical access through

namics (for example, in ferromagnetic resonajpcthe im- the substrate.

portant question to answer is how magnetic flux propagatea Th_(t;‘\ zag)pleﬂwas ? ngl[]m'tg%(': erm;:I_oi film, iputter
in a regime of precession-limited dynamics. eposited directly onto axl cmx 1U0um-thick sapphire

In this article, we experimentally address some aspect o§ubstrate, using a single e alloy target. The film depo-

" -3
flux propagation dynamics at the surface of a magnetic fil ition rate was 0.8 nm/s at 300 W and 0.67 (Baf ?0
by using the second harmonic magneto-optic Kerr effec orr) Ar pressure. The base pressure for the deposition cham-

76 78 .
(SHMOKE) to make time-resolved, vectorial measurement erwas .1'& 1(.) Pa(10™* Tom). A2.8 kA{m (35 Oe). f|eld
of M5 The magnetization of the film was driven through was applied with permanent magnets during deposition to set

near-90° rotations by the pulsed magnetic field from a copIaJEhe magnetic anisotropy axis. Both the sample and magnets

nar waveguide. Quantitative assessments of the phase velo‘@—e[e rpta}[te(i at ?n?hrevollutlon tpﬁ_r minute Ito ?r? Intain 5}”
ity, group velocity, and attenuation length of a magnetic flux'i(_) rkoplc _extl;re 0 the po ycws_bz? wgefsampde(zj. € satmpbe
excitation are presented. We show that flux propagation jghickness Is the maximum possible before eddy currents be-

indeed precession-limited at gigahertz bandwidths. The exg'r; tot sde\f/er(?tlytdamp the dyn??cthr%s\eoﬁﬁgphlre \INaS th
perimental evidence suggests that oscillatory excitationgS ¢cted Tor Is transparency at bo an wavelengins

similar to Damon—Eshbach magnetostatic surface waves a d for its excellent thermal conductivity. The thermal con-

the predominant mechanism of magnetostatic flux transmisauction of the substrate must be sufficient to permit the fo-
sion, albeit for conditions of large-angle excitation. cusing of the laser beam with 5 mW of average power to a 5

pm diameter spot without thermally damaging the sample.
The small thickness of the substrate minimized unwanted
polarization effects induced by the birefringent sapphire. The
Waveguide technology has been used effectively for thesample was a well-oriented, high-permeability, polycrystal-
study of magnetodynamic response to pulsed magnetiine Permalloy film, with coercivityH. of 40 A/m (0.5 Oe,
fields®’ The coplanar geometry is particularly well suited for and an anisotropy fiel#H, of 240 A/m (3 Oe), as measured
studies of planar magnetic films because the transverse fieldith an inductive magnetometer. The air surface of the Per-
component directly above the waveguide center conductor imalloy film was spin coated with polyamide, with a nominal

Il. EXPERIMENT
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infinitesimal thickness, spaced 2a8n apart:? The calculated

\ 50
igm_ field profile, for an assumed spacing above the upper current
15} | $30f 120 sheet of 2um, is shown in Fig. 1. We ignore the field con-
2 S 20} 5 ~ tribution from the ground planes for two reasoffs: Each of
5 1] %10* ° 8 the two ground planes is 1 cm wide, resulting in a uniform
= edge of 0 10 =" current distribution that is only 2.5% of that in the center
= ; ;
o5 | Waveguide conductor(2) The fields from the ground planes should only

be significant forx>500 um. (For this reason, we only

0 L 1 1 0
0 100 200 300 400 500 600
x (um)

present data fok<<500 um.) From such a calculation it is
clear that the transverse field falls off rapidly beyond the
edge of the center conduct¢CC). Thus dynamic data ob-
tained~10 um beyond the CC edge should represent prima-

FIG. 1. Profile of transverse magnetic fieldudn above a 45Q:m-wide rily propagating components of flux. Measured dynamics in
center conductor for a coplanar waveguide. The contribution of the semi;

infinite ground planes to the field is ignored. The waveguide is centere&h's region will resu“. prgdomlnantly from the internal d|p0|e
aboutx=0, calculated using the Karlqvist equation with two infinitesimally fields of the magnetic film.
thin current sheets spaced 28n apart. Inset shows time trace of voltage The dynamic measurements were performed utilizing the
pulse used to generate the magnetic field pulse. vectorial time-resolved SHMOKE technig@é.The 60 fs,
p-polarized, 800-nm wavelength light pulses were generated
by a mode-locked Ti:sapphire laser. The pulse repetition rate

thickness of<1 um, to avoid electrical shorting of the wave- Was set to 1 MHz using a pulse picker. The laser beam was
guide by the metallic sample. focused at an angle of 45° through the sapphire substrate to

The sample was positioned film-side-down over the 450the Permalloy—sapphire interface of the sample. Measure-
um-wide center conductor of a 30-coplanar waveguide. ments of the second harmonic generatiShiG) yield versus
The easy axis was aligned with the waveguide. An 80 Atm focal point confirmed that the Permalloy—sapphire interface
Oe) easy axis field was applied during all measurements tavas the only significant source of SHG for these measure-
ensure single domain behavior. The waveguide itself wagents. Similar measurements were used to keep the spot size
made lithographically, patterned from 2Bn-thick Cu on  greater than 5um at the Permalloy—sapphire interface in
DuroidX® The edges of the ground planes on either side oprder to avoid sample degradation due to excessive
the center conductor are spaced i from the center of heating*®
the waveguide in order to achieve §Deharacteristic imped- SHMOKE is particularly sensitive to surface and inter-
ance. The waveguide was terminated with a short to doublécial magnetization states as a result of the reduced symme-
the amplitude of the magnetic field pulse, because the pulsigy required for SHG in centrosymmetric materigls®As a
reflected from the short will be superimposed on the incidentesult, our technique measures the magnetization response
pulse. All measurements were made within 5 mm of the shorwithin a few nanometers of the Permalloy—sapphire inter-
to minimize effects resulting from the staggered arrival at theface. Thus dynamic SHMOKE directly measures the spin
sample of the incident and reflected current puldddea-  dynamics in that portion of the sample where the applied
surements were also made no less than 2 mm from the eddield is not screened by the eddy currents generated as a
of the sample to avoid spurious effects due to closure doresult of the time-varying magnetizatidh] The skin depth
mains. 45 V pulse excitations from a commercial 80- of a metal with the resistivity of Permalloy is approximately
source were applied to the coplanar waveguide to produce EO um. Thus the applied field pulse is able to fully penetrate
2 ns long magnetic field pulse with a rise time of 150 ps. Anthe magnetic film during the 150 ps rise time of the pulse,
electronic delay line was used to synchronize the arrival obut the response of the magnetizatiavith a rise time of~1
electrical excitation and the optical probe at the sample. Thas) is inhibited by the much larger eddy currents that result
delay line had a measured jitter of 10—20 ps, which limitedfrom the rotation of the magnetizatidn.
the measurement bandwidth to 18 GHz. The temporal profile = The in-plane component of the magnetization vector was
of the voltage step, as measured with a 20 GHz samplingetermined from the simultaneous measurement of the lon-
oscilloscope, is shown in Fig. 1. Time-domain reflectometrygitudinal and transverse SHMOKE signalhese signals
measurements of the electrical excitations showed thatorrespond to the measured polarization angle and total in-
sample-induced reflections due to impedance mismatch wetensity of the SHG, respectively.
less than 10%. To scan the laser spot laterally across the Dynamic response of the magnetization in a thin film
waveguide/sample, the entire waveguide was mounted on with in-plane anisotropy generally results in a transient polar
linear translation stage driven by a dc-servo motor withmagnetization component due to elliptical precissibithe
sub-um resolution. ellipticity of the processional motion igH/M=0.05. For a

The skin depth of copper at 1 GHz is #n. Since the 90° rotation of the magnetization, the out-of-plane motion is
copper sheeting of the waveguide is 2 thick, we can only 4°. This is sufficiently small to be considered negligible
assume that most of the current is concentrated within thér these measurements.
upper and lower surfaces of the copper sheet. The spatial Flux propagation effects were determined by measuring
profile of the transverse magnetic fields is approximated wittthe dynamic magnetization response at 100 ps time intervals
the Karlgvist equations for two uniform current sheets offor 6 ns. These time traces were measured at several loca-
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90 : : ‘ ‘ ‘ ‘ . =650+50 ps, corresponding to a precessional frequency of
80 H o | e s 1 f=1.54+-0.12 GHz (as averaged over all the presented
70| Tz | 2 AR\ traces. At x=450 um, the precessional oscillations begin
| ——x=350 um with a negative excursion. The half cycle time between the
0 Iﬁiigﬁﬂ negative dip and the first oscillatory maximum is 400 ps,
commensurate with a frequency of 1.3 GHz and within error
bars for a single observation of the precessional period.
The position of the first maxima and minima of the mag-
netization rotation anglé&connected by dashed lines in Fig. 2

8 (degrees)
3

o0 [ v=42x10"mss

ol VY - T=650ps . .. . . N
0 b ‘ ! ((=154G‘pﬂz> ‘ for different position$ also display retardation in time as a
-1 0 1 2 3 4 5 6 function of increasing distance from the edge of the wave-
¢ (ns) guide center conductdgx>225 um). If we consider the po-

sition of this maximum in the magnetization rotation angle as
FIG. 2. Time-resolved data measured at different locations relative to th@ phase front position, the calculated phase velocity is
waveguide center. Data far>225 um are beyond the physical edge of the — 420+ 34 km/s.

center conductor. Clear precessional oscillations with a 650 ps period are The 1l | . ia. 2 al h b ial ch

indicated forx>300 um. The phase of the oscillations is retarded in pro- . € Tiux pulses II’! Fig. {:ISO.S ow S.u Sta,mla changes

portion tox with a measured phase velocity=4.2x 10° m/s. in shape and amplitude with increasing distance from
the waveguide. Quantitative analysis of the measured re-

sponse in terms of integrated pulse shape will be discussed in
tions relative to the center of the waveguide. A one-the next section.

dimensional spatial map was thereby constructed, represent-
ing the cross-sectional dynamic behaviomf both over the
center conductor, and well away from its edge. IV. DISCUSSION

The experimental data in Fig. 2 exhibit many aspects of

Il RESULTS dynamic flux propagation at the surface of thin magnetic

The measured time response of the magnetization rotdilms, including amplitude decay, damping, and propagation
tion angle is shown in Fig. 2 for several locations on thedelay. The observation of magnetization precession and
sample. The middle of the waveguide isxat0 um, with phase retardation effects beyond the center conductor edge
the edges of the center conductorxat = 225 um. The col-  strongly suggest the presence of long wavelertytal um)
lective data set indicates both the generation of magnetic flugPin wave excitations. A substantial theoretical framework
pulses and their subsequent propagation over distances 8¥ists for describing the behavior of long wavelength spin
hundreds of micrometers. waves, but only for oscillations of a symptotically small am-

The flux pulses fox<225 um (i.e., over the center con- plitude about a stable equilibrium, and in the limit of dipole—
ductop closely resemble the applied field pulse profilee dipole interactions and negligible damping, i.e., the so-called
Fig. 1. The field pulse almost saturates the magnetizatiof?@mon—Eshbach magnetostatic modes of a thin ‘St&b.
over the center conductor, inducing a maximum rotationHowever, since the parameters for the present stiafge
angle of roughly 80° relative to the longitudinal direction. @mplitude and broadband excitationgolate many of the
Complete saturation was expected, given a maximum magfundamental approximations used for conventional magneto-
netic pulse amplitude of 2 kA/n25 O8. In the limit of an static mode theory, there is no firm theoretical background
infinitely wide sample and small excitations, the effective@vailable thatis directly applicable to the present experimen-
shape anisotropy due to the finite waveguide widtiHjs  tal data. Nevertheless, comparison of the data with the con-
~ M ¢S/4w= 280 A/m (3.5 08, wherew is the waveguide ventional magnetostatic mode theory provides insight into
width and § is the film thickness$® With the above-listed the fundamental physics behind large-amplitude, high-speed
Permalloy film parameters, as well as the 80 AlnDe easy  flux propagation.
axis stabilizing field, one would expect the applied field ~ The curves in Fig. 2 show that both the amplitude and
pulse to completely saturate the magnetization in the transshape of the flux pulses change substantially with increasing
verse direction directly over the waveguide. Total saturatiorflistance from the center conductor. Peak amplitude drops
is achieved when a 50-nm-thick Permalloy film is measuredWhile the pulse also distorts, making peak amplitude alone a
suggesting that the larger dipole fields produced in thd?0or figure of merit for flux attenuation and propagation.
thicker sample are responsible for the incomplete saturatiodnstead, we integrate the net flux that passes a given spot on

Damped oscillations are evident in the flux pulses for allthe sample and normalize the integral by the net flux gener-
the measured positions. However, the oscillations aréted by the field pulse at=0. The result is then weighted by
strongly damped over the waveguite<225 um tracey.  the peak flux amplitude at=0.

Fitting of the data atx=0 um to the Landau-Lifshitz— 6ns

Gilbert equation yields a damping coefficient@£0.04. In f Mgsin 0(x,t)]dt
contrast, the oscillationgas a relative fraction of the total (D(X))= po{MgSIN O(0) T} max 0 _
responsgbecome substantial for>325 um. Thus preces- JGHSM Sinf 6(0)Jdt
sional dynamics are involved in the propagation of flux away S '

from the waveguide. The period of the oscillationsTs (N)
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bution, as expected from the field distribution given by the
Karlqgvist equation in the dc excitation limit. The calculation
assumes thal varies only in the direction transverse to the

08 waveguide, i.e.M is uniform along the length of the wave-
—_ guide, and also through the thickness of the film.
06} ] The micromagnetic simulation does not fit the data well.
{-} We surmise that the magnetization distribution has not yet
g 041l i reached equilibrium during an excitation pulse of only 2 ns.

The detailed shape of the flux pulses measuredkfeB25
® Data pm support this hypothesis: The magnetization rotation
—— Exponential fit angle does not appear to reach an asymptotic value. In addi-
----- Numerical static result tion, the integrated flux off the edge of the center conductor
0 ‘ » ' s (x>225 um) is greater than the value expected for static
0 100 200 300 400 500 calculations. This implies that there is a transient flow of flux
X (um) away from the center conductor, with a characteristic length
_ _ _ _ scale of 150um.
E:G. 3. Weighted integrated flux density vs the d|stan_ce from the centgr of_ Some form of precessional excitation, driven by the
e center conductor of the shorted coplanar waveguide. The dashed line js L. ) . .
the result of the self-consistent one-dimensional micromagnetic static simull-arge magnetization rotations directly over the waveguide,
lation. The solid line is a simple exponential fit with a characteristics lengthmust mediate flux propagation at subnanosecond time scales.
of 150 um. Since the internal dipole fields along tkeaxis are the pri-
mary driving force for flux propagation in this experiment,
we expect any spin wave excitations to share a similar char-
This “weighted integrated flux{®) is in units of Telsa and acter to magnetostatic surface way®SSWs,% insofar as
is shown as the solid dots in Fig. 3. The dataxat0 um and  the dispersion for MSSW modes is most strongly affected by
x=220 um are roughly the center and the edge of the centethe longitudinal dipole field contribution along the propaga-
conductor of the waveguide, respectively. We can see that thign direction.
induced flux is quite uniform(to within a few percent For our experimental geometry, symmetry mandates that
across the center conductor, to within 2én of the wave- the propagation direction for any modes be perpendicular to
guide edge. Past the waveguide edge, the integrated flux b#e waveguide axis. Since the sample of thicknésand
gins to decrease. The solid line is a simple exponential fit tanagnetizatiorM is placed on the waveguide with the easy
the decaying flux, with a characteristic lengthéef150+13  axis parallel to the waveguide axis, this constrains the wave
um, given 0.05 T error bars. For comparison, the dashed lingectork parallel to the hard axis. The dispersion relation for
is the result of a self-consistent, micromagnetic, one-MSSW modes, in the limit of long wavelengtk§<1) and
dimensional static calculation of the equilibrium flux distri- weak fields(H<My), is given by*

o
N
T

)

o(X)=yuoV[Mx(K) {M{ 1— x(k)]sir? 6+ Hp(x)cosf+Hy,sind—H, cog26)}, (2

with
x(K)=[1—exp(—k&)]/ks, (3)

Cy=

)

éns

/ [fo sin 6(t) ]dt
wherey is the gyromagnetic ratiqu is the permeability of ~ The derivedC, for the flux propagation data in Fig. 2 are
free space is the magnetization direction relative to the shown in Fig. 4. We define the flux propagation delay as the
propagation directiortly, is the applied bias field parallel to difference betweel, for a flux pulse at a given position and
the easy axisH,(x) is the pulsed field parallel to the hard Cg for the flux pulse in the middle of the center conductor.
axis, andH, is the uniaxial anisotropy field. The phase ve- The flux propagation delay is nominally zero over the center
locity v is simplyv = w/k and the group velocity 4 is given  conductor of the waveguide, and remains so upx#a300
by vy=dw/dk. pm, at which point the propagation delay abruptly begins to

Because the flux pulse shape is significantly distortedncrease linearly with increasing distance from the center
with distance, determining a group velocity must be doneconductor. The slope of the curve in Fig. 4 is simply the
with some discretion. A “center-of-mas$Cg) approach has inverse of the group velocity of flux propagatiary. We
been used successfully in the past to measure the group vperformed a linear fit t&C, for x>300 um, and obtained a
locity of magnetostatic waves in nonlinear dispersivegroup velocityv ;= 1.5+0.1X 10° m/s, with a chi-squared of
media?® The C for a given pulse is calculated by integrating x?=1.12%
the measured temporal pulse, with each point weighted by We can now compare our measured values for flux
the time variable: propagation time with the theoretical values for MSSW ex-

fGnSt sinf a(t)]dt
0
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4 , . 3 . .

— x> 300 um

3g|l | * Data 1
linear fit

f(GHz)

slope = 6.6 +/- 0.4 ps/um
- B \

. . & &

2.8 : : — : FIG. 6. Calculated dispersion curves for MSSW modes both directly over
-100 0 100 200 300 400 500 the waveguide centdk=0) and far enough from the center conductor that
X (p.m) the field pulse is negligibléx>300 um). The two curves intersect dt
=1.37 GHz. Modes at this frequency are most likely to escape from the
region over the waveguide center conductor.

0.50 100 200 300 400 500 600

k (cm™)

FIG. 4. Flux pulse center-of-mas, referenced to the time axis in Fig. 2.
Each data point corresponds to time resolved data obtained at a given loca-

tion. Forx>300 um, retardation irC is evident, with a linear dependence ) ) )
of C4 on the location. The derived group velocityig= 150 km/s. two curves intersect dt=1.37+0.01 GHz.(Uncertainty in

the measured angle of magnetization rotation in the middle
L ) _ ) of the waveguide is the primary source of error in our theo-
citations. Figure 5 shows the calculated dispersion of thgagica) calculation. At this frequency, the modes generated
Ph"?‘se velocity for. MSSW ques n the_ long V\""‘\’eIengthover the waveguide conductor are most likely to be coupled
limit \>6, wherediis the film thickness. Using the measured ;; o rest of the film. The measured precession frequency
precessional frequency df=1.54+0.12 GHz, one expects (o y~ 300 ,m is 40 MHz above the error bars for the the-
from Fig. 5 for the phase velocity to ke=460+50 km/s, in  etica| value of the coupling frequency, leaving us with only
agreement with the experimental value. The large disparity, o ,5jitative agreement between conventional MSSW theory
between the measured group and phase velocities explaingy o results. This is to be expected, given the gross dif-
the observed negative oscillation at the leading edge of the, onces petween this experiment and the conditions appro-
flux pulse forx=450 um. The phase front is moving three a6 for a rigorous application of Damon—Eshbach theory.

t?mes_ faster than the energy contained in the pulse. In the The calculated frequency dependence of the MSSW
time it takes for the phase to advance a full cy880 ps, group velocity is shown in Fig. 7. From the earlier-obtained

the flux pulse only moves by a third of a cyd220 ps. The 516 of vy=150 km/s, we would expect a characteristic
resultant slip between the phase and energy fronts exceedsfr@quency of 2.1 GHz. This is well above the measured pre-
half cycle, perm'itting the phase front to initially undergo a ession frequency far>300 um. However, for the present
negafive excursion. . experiments with a 150 ps rise time, the excitation has a
The mode dispersion directly over the waveguide iScharacteristic bandwidth of 2.3 GHz. Thus it is possible that
strongly affected by both the magnitude of the field pulse angq pangwidth of the entire flux pulse is proportional to the
the magnetization rotation. Using Eq®) and (3) we plot o qyidth of the excitation itself. This hypothesis requires
the calculated dispersion curves in Fig. 6 for the condltlonsfurther testing before any further conclusions can be made.
directly over the waveguide centéx=0) during the field The resemblance of the measured flux pulses to MSSW

pulse, and away from the center conduc®P300 um),  qes is also consistent with the dramatic changes in the
where the field pulse is negligible. The dynamic coupling

between these two regions should be maximum for modes
that satisfy both energy and momentum conservation. The

600 T T
1000 : 500 )
@ 400+ f=2.1GHz 4
ol A=306 1 é 300 (Tig.90= 170 P%)
~~ = 1M = a
< 600 " . =
E ~% 2001 :
~ 4001 p
. 100 ]
200 T O I 1 I 1 L
0 A o 1 2 3 4 5 8
0 1 2 3 4 5 6 f(GHz)
f(GHz)

FIG. 5. Calculated phase velocity of the DE surface magnetostatic mode faFIG. 7. Calculated group velocity of the DE surface magnetostatic mode for
a 250-nm Permalloy film. The measured phase velocity and precessional 250-nm NiFe film. For a measured group velocity of 150 km/s, the char-
frequency forx>300 um are consistent with a 30@m-wavelength DE  acteristic frequency is-2 GHz. This is within the bandwidth of an excita-
surface mode. tion pulse with a 150 ps rise time.
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measured flux profile: Damon—Eshbach magnetostatic suthe BLS study, coupling of the magnetic signal was facili-
face waves are highly dispersitresulting in a strong spa- tated by the proximity of a ground plane near the sample,
tial dependence of the propagating pulse shape. which altered the mode structure.

Fitting of the integrated flux pulse amplitude data in Fig. The absence of any measurable delay due to flux propa-
3 resulted in a characteristic decay lengthtefl50+=13 um.  gation effects within 10Qum of the edge of the waveguide
The observation of a measurable group delay with increasingas favorable implications for magnetic recording. The gap
separation from the center conductor, together with the pooof a thin-film recording head is less than Lon away from
fit of the data to micromagnetic simulation results for thethe coils that excite the head. We measured a magnetization
equilibrium magnetization distribution, suggest that the ob-+otation angle of 45° at=252 um. This position is 27um
served spatial decay is the result of purely dynamic effectsfrom the waveguide edge. The 10%—90% rise timg o Of
i.e., damping. We can estimate the intrinsic damping time othe rotation angle was-400 ps, with no measurable disper-
the flux pulses ag/vy=1.1 ns. This corresponds to a LLG sion due to the flux propagation effects. In other words, the
damping parameter a#=0.01, in close agreement to what rise time is essentially unchanged relative to that measured
was measured for 250-nm-thick Permalloy by microwaveover the middle of the waveguide. Given the underdamped
resonance linewidth techniqués=0.009.% response of the magnetization, we can approximate the band-

A comparison of the data in Figs. 3 and 4 indicate dif-width f5 45 using f5 4g=0.5k19_go- Thus we find that the
fering spatial positions for the onset of flux pulse decay andeffective bandwidth of the magnetic excitation was 1.25
flux pulse delay. By extrapolation from the linear regressionGHz, with an accompanying flux density pfyM¢sin(45°)
in Fig. 4 we determine an onset of flux pulse delax®t® =0.71 T. Since there is no delay of the magnetic response
=317+ 37 um. The onset of flux pulse decay is determineddue to the distance between the waveguide and the point of
by the exponential fitting shown in Fig. 3, with the result measurement at=252 um, the strongest contributor to the
xge°ay= 194+ 36 um. This is within error bars of the edge of nonzero rise time is the precessional motion of the magneti-
the waveguide center conductoryat 225 um. In contrast, zation. The precessional frequency can be accurately esti-
there is no measurable flux pulse delay unit the flux pulsemated using the Kittel equation for ferromagnetic
are located 125um beyond the center conductor edge. It resonancé® where the net in-plane fields include the dipole
appears that the flux pulses have a significant evanescefields due to the excitation of Damon—EshbdBtE) modes
component within 125%m of the center conductor edge. (in the long wavelength limjt

When a magnetic film is driven by a step excitation,
frequency components are generated in the film that are be- Yo
low cutoff for MSSW modes. The cutoff for MSSW modes is = 5 V(Ms+Hi+Hoe) (Hi+ Hog). ©)
the ferromagnetic resonaneMR) frequency for a uniform

excitation (i.e., k=0),% or 560 MHz for this particular Using M.=800 kA/m, H=400 A/m, and Hpg
sample. The spectral distribution for a square field pulse With:(w/Z)(Mssﬁlw)zl.l KA/m. wherew is the width of the

infinitely fast rise and fall time is given by waveguide, we find =1.23 GHz. This is in good agreement

~ with the measured bandwidth. Thus only the magnetic mo-

H(w)=HoT,siwTy/2)/(«Ty/2), (5  ment and internal fields of the pole material should ulti-

mately limit the bandwidth of a thin-film recording head. In

whereT, andH, are the duration and amplitude of the pulse,addition, models of recording head efficiency can safely as-
respectively. From numerical integration of E§), 90% of  sume that the flux propagates instantaneously throughout the
the pulse energy is between dc and 500 MHz, well below thdlux circuit of the head, eddy current effects notwithstanding.
cutoff for MSSW modes. Nevertheless, the low frequency  Fitting of the flux pulses observed over the waveguide
components of the pulse still couple to the magnetic film, asenter conductor to LLG indicated large apparent damping of
is required to switch the magnetization into the rotated statew=0.04. This is almost a factor of 5 larger than was inferred
However, energy transmission can only occur via evanesceifitom the data in Figs. 3 and 4, as well as typical numbers
modes at frequencies below cutoff. Such modes, if they exispbtained by resonance methddsThe observation of an en-
should decay monotonically with distance from the excita-hanced precessional overshoot at the leading edge of the flux
tion source, as we observe in Fig. 3. In addition, such modepulses forx>300 um indicates that the apparent damping
would appear to have a very rapid group velocity, since thenay be significantly larger than the intrinsic damping. One
magnetic energy is transmitted via unidirectional dipolarof the possible reasons for the larger than expected value of
fields extending throughout the evanescent zone. the fitted damping parameter over the waveguide center con-

Evanescent MSSW modes were first observed usingluctor could be the transfer of energy via magnetostatic
Brillouin light scattering(BLS) for insulator films excited at modes, which carry the precessional energy away from the
a single frequencycw) with a microstrip waveguid& Inthe  portion of the sample in proximity to the center conductor.
BLS study, the evanescent modes were inferred from th&sing our measured effective group velocity for the flux
detection of MSSW modes at a frequency below cutoff.pulses, we can estimate the magnitude of damping due to the
However, our result differs fundamentally from the BLS transport of precessional energy away from the directly ex-
study, insofar as the excitation with a stepped field pulsesited portion of the sample. The energythat is stored in the
must couple to the magnetization through a process mediatddrm of the precessional motion df directly over the center
by the relaxation oM into the direction of the field pulse. In  conductor, immediately after application of the field pulse, is
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U=uoMHV, (7) rapidly decayed beyond the edge of the waveguide center
h is th bility of th is th conductor. Detailed analyses of the data indicate that flux
where s, is the permeability of the vacuuri, is the satu- propagation is facilitated by spin waves with qualities sug-
ration momentH IS the m-p_lane component of the applied gestive of Damon—Eshbach surface modes. In particular,
field FUITfe’har]]‘q\I/d IS :he _dlre(;ft_ly_ exlcnled volumeagbthe both the phase and group velocities inferred from the flux
sa[’np e. If the field pulse is _su7|C|enty arge to rot y pulse data are comparable to those obtained by conventional
90°, then the magnon density*is magnetostatic mode theory.
M The measured flux pulse decay was exponential, with a
Nm= 2vh ' (8) characteristic decay length of 130n. The profile of the flux
) ) ) ) ’ pulse decay did not agree with static micromagnetic calcula-
wherey is the gyromagnetic ratio arfidlis Planck’s constant.  tjons, suggesting that flux propagation at GHz bandwidths is
The invocation of spin-wave quantae., magnonssimpli- - ryly dynamic in nature and not simply quasistatic.
fle_s the c_alcglat!on of spin-wave flux. Assuming a _spatlally Flux pulse shapes were severely distorted over propaga-
uniform distribution of magnons throughout voludevitha o distances of several hundred microns, indicating a
single angular frequency, then the poweP flowing away  highly dispersive spin-wave medium. To aid in the extraction
from the directly excited portion of the sample at group ve-of 5 meaningful flux pulse delay, “center-of-mass” analysis
locity vg in the form of spin waves propagating through amethods were employed. The resultant time delays of the

cross-sectiorA=2 Viw is centers of mass of the flux pulses were linear in distance
1 from the waveguide, with a slope on the order of hds.
P= NmﬁwAvg:;MswAvg- )] The spatial onset of flux pulse decay and delay are not

_ . _ . coincident. Flux pulse decay beginsl00 um before any

We will approximatew with the precessional frequency ob- measurable flux pulse delay. This discrepancy is interpreted
served directly over the waveguide, since itis the damping ofs evidence for an evanescent zone, where the predominant
this component that is directly determined through fitting tomode of energy transmission is by way of evanescent modes
LLG. The ratio of Eqs(7) and(9) is the characteristic time ith propagation velocities greater than®1@/s.
constantr=U/P for the excitation decay: Large LLG damping was obtained by fitting of the time-

7= (yuoHlw)(Wivg), (10) resolved magnetic response over the_ center conductor. The

flux pulse decay length and observation of weakly damped

wherew is the width of the center conductor of the wave- ringing away from the center conductor imply a much
guide. The Gilbert damping parameteiin terms of the de-  smaller intrinsic damping, one which is closer to values typi-
cay timer for a thin film with Ms>H, is cally obtained by FMR. We suggest that flux propagation

a=2lryuoMs. 11y  effects are a significant source of damping near the excitation
o i ) source. A simple estimate of damping due to spin-wave
Substituting Eq(10) into Eq. (11), we obtain transport supports this hypothesis.
20 vg The implications of these results for magnetic data stor-
a= (ye)MH W - (12 age applications are clear: Flux propagation delay should not
Yio)MsH w

affect recording head performance as long as yoke and throat
Inserting the experimentally observed values for the precegengths are kept much shorter than 106. However, qua-
sion frequency over the center conducterl GH2z and  sistatic calculations of recording head efficiency are certainly
group velocity(150 km/g into Eq. (12), one gets a value of invalid at GHz frequencies, since evanescent magnetostatic
a=0.05, in comparison to the fitted value ®£0.04. Thisis  modes appear to act as the predominant means of energy
surprisingly good agreement given the crude nature of th&ansmission on these length scales.
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