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Measurement of magnetostatic mode excitation and relaxation in permalloy films
using scanning Kerr imaging
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This work presents experimental results of magnetostatic mode excitation using scanning Kerr microscopy
under continuous sinusoidal excitation in the microwave frequency range. This technique was applied to
100 nm thick permalloy coupons excited in two different ways. In the first experiment, the uniftieal)
mode was excited at frequencies in 2.24—8.00 GHz. The resonant condition was effectively described with the
conventional Kittel mode equation. The LLG damping parametieicreased significantly with decreasing bias
field. It was confirmed that this increase was caused by multidomain structure and ripple domains formed under
weak bias fields, as suggested by other studies. In the second experiment, propagating magnetostatic mode
surface waves were excited. They showed an exponential amplitude decay and a linear phase variation with
distance from the drive field source, consistent with a decaying plane wave. The Damon-E$&Mbactodel
was extended to include a finite energy damping and used to analyze the results. It was found that the wave
number and the decay constant were reasonably well described by the extended DE model. In contrast to the
first experiment, no significant variation afwith frequency or bias field was seen in this second experiment,
where spatial inhomogeneities in the magnetization are less significant.
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I. INTRODUCTION GH2z), @ has been measured by using a permeance Réter.
. In the time domaing has been estimated by exciting a mag-
hetic thin film with a step pulse or impulse field and captur-

driven by the development of various high speed magnetig, yhe gecaying free oscillation of the magnetization with an
devices such as magnetic heads for hard disk drives andquctiveé-11 or optical®12 apparatus. These measurements

MRAM. These applications require very fast, often subnano-

R ; . ..._usually come up with a value af for evaporated or sput-
second magnetization reversals in soft magnetic transitiog, permalloy films within the range of 0.005-0.02 de-
metals. The dynamics of a magnetic moment behaving in . ’

.2 " Pending on the measurement condition and the sample con-
coherent fashion are expressed by the Landau-Llfshltz%gurz.mgn P
Gilbert (LLG) equation :

Generally, most FMR measurements have concluded that
v - the damping parameter is independent of frequency over
dM - - a- dM ; )
oo M XH+—M X —, (1) the relevant measurement rarfgehile low frequency per
dt dt meance measurements have suggestecithatomes larger

as the frequency is reduced, possibly due to the magnetiza-

. : ) _ tion ripple or inhomogeneity of the local magnetizatfor.
Landeg factor, ug is the Bohr magnetorf, is Planck's con Inductive time domain measurements have also shown a

stant divided by 2, u, is the permeability of vacuunM is  gimjlar behavior in the low bias field region. Additionally,
the magnetizatiortl is the magnetic field, and is the phe- these measurements showed correlation between the increase
nomenological damping parameter. In this equation, the firstf « and the higher order magnetostatic mode excitations,
and the second terms represent the precessional motion asdggesting that these magnetostatic modes may play an im-
the energy dissipation, respectively. It can be shown fronportant role in the energy dissipation proc&$34
Eqg. (1) that the magnetization switching rate is greatly af- Damon and Eshbach obtained a solution for the magneto-
fected by the energy dissipation rate, representedaby static mode waves propagating in a magnetic $tathis DE
Therefore, estimation of and understanding of underlying model has been widely used as the theoretical basis in this
physics concerning the energy dissipation mechanism arfeld. Experimentally, yttrium-iron-garnetYlG) has been
crucial for the development of high speed magnetic devicesnost commonly used as the magnetic slab for the study of
There are a number of studies that have estimated thmagnetic excitations since this material has a very small en-
damping parameter in transition metal systems using variousrgy damping and therefore magnetostatic mode waves can
techniques. In the frequency domain, ferromagnetic resopropagate over very long distances, often millimeters. How-
nance(FMR) has been most commonly used for determiningever, the DE model assumes absolutely no energy damping.
a in the relatively high frequency regioftypically above  Also, very few of the past experimental studies of the mag-
several GHz? In the low-frequency regioitbelow a few  netic excitations in YIG have addressed the decay of magne-

wherevy is the gyromagnetic constant given@sguo/#, g is
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tostatic mode waves. Hence these studies can not provide (a)
enough information about the relaxation of magnetostatic Kerr -
mode waves. Lockin | [ A/D PC
When excitation is accomplished with spatially uniform Amp- Conv. -

fields(as in conventional FMRand the response is averaged .. 1KHz
over a relatively large area of the sample, the sensitivity for Y, Ti:S Chop

/

(-

o

higher order modes tends to drop significantly. In this case, Laser
elucidation of the energy flow from the excitation field into [ 80MHz
various modes of magnetic excitation becomes model depen- GaAs RF Delay Ref.

dent, particularly with regard to higher order modes. Also, SW I Synth. [ Gen.
magnetic excitations in heavily damped systems should
quickly decay as they propagate. Therefore, it is difficult to (b) Optical Pulse

study such spatially varying magnetic excitations without Obj. lenb Glass Sub.

spatial resolution capability. For these reasons, it is highly
IIIII v x
-
y

with spatial resolution in order to better understand the mag-
netic excitation and relaxation processes. This allows direct
observation of dynamic behavior and reduces dependence on
dynamic models. Recent work in this vein has been carried
out by using propagating spin wave spectrosc@$ws,6
time domain inductive measuremeftsand time resolve
(TR) scanning Kerr effect microscopgsKEM). 17 ¢ magnetic sample while the optical pulses illuminate the
We have recently introduced a variation on TR-SKEM for sample stroboscopically at one phase point of the HF signal.
performing microscopic FMR, namely spatially resolved fer-The reflected optical pulses have a slightly rotated polariza-
romagnetic resonang8RFMR) SKEM.® This technique al- tion plane proportional to the polar magnetization due to the
lows one to capture both the spatial distribution of the amyoar Kerr effect. This Kerr rotation is detected by differen-
plitude and phase of the magnetization response Witlia| Kerr detection optics composed of a Glan laser calcite
picosecond temporal resolution and optical diffraction lim-po|arizer and two photodiodes. The HF signal is chopped at
ited spatial resolution. This capability makes this technique; kHz py a GaAs switch and the frequency component of
particularly useful for studying magnetic excitations in this chop signal in the photoinduced current is extracted by a
heavily damped systems. In this work, measurements Qbck-in amplifier. Thus, this system measures the difference
magnetic excitation in permalloy films were carried out by of the polar Kerr signal between the excited and unexcited
using SRFMR-SKEM in two canonical geometries, excita-states. By changing the relative timing between the optical
tion of a uniform precessio(Kittel) mode and plane magne- pise and the HF signal, the wave form of the magnetization
tostatic mode surface wavgsISSW's) propagating in one response over one entire cycle of the HF signal is captured.
dimension. The resonant condition and the damping behaviggepeating the process at a series of points, while scanning
in the uniform excitation are analyzed by the conventionalyyer the sample, allows the spatial distribution of the mag-
Kittel mode equation, and the modified Polder susceptibilityhetization response to be mapped.
tensor theory, respectively. The properties of the propagating Two integrated samples with different geometries were
MSSW's are analyzed by the Damon-EshbabfE) model  prepared in this work to study the magnetic excitation under
extended to include the influence of a finite damping paramgitferent conditions. Sample 1 is a 50mx 50 um square

eter. permalloy coupon with a coplanar transmission line having
600 um total and 10Qum center conductor widths. Sample
Il EXPERIMENTAL 2isalmmx1lmm square coupon with 18m total and
3 um center conductor widths. These samples are con-
Details of the SRFMR-SKEM system have been pre-structed by first sputter depositing a 100 nm thick permalloy
sented elsewher@. A block diagram of the measurement layer on a glass substrate and photolithographically pattern-
setup is shown in Fig.(d). A Ti: sapphire mode-locked laser ing it into the square shapes with the sizes described above.
generates an optical pulse train with a wavelength of 400 nmAn insulation layer of 540 nm thick alumina is next depos-
and a pulse width of 1.5 ps precisely synchronized to thated on the magnetic layer. On top of this structure is formed
80 MHz reference signal. An rf synthesizer generates a sinua coplanar transmission line of 750 nm thick copper having a
soidal HF signal whose phase is also precisely locked to theharacteristic impedance of %D and the conductor widths
reference signal. It has been confirmed that the total timings specified above. The adoption of coplanar transmission
jitter of this system is less than 5 ps, small enough to worlkine geometry allows us to fabricate a wide variety of drive
up to frequencies of several GHz. The HF signal is sent to &ield sources on one wafer only by defining the geometries
coplanar transmission line of the integrated sample situatedn the photomask without changing the thickness of the in-
beneath the magnetic sample. The drive field generated bsulation layer which would be required in the microstrip ge-
the HF signal flowing into the transmission line excites theometry. BH loop tracer measurements on the permalloy film

desirable to directly excite a mode of interest selectively with
a localized field source and measure its properties in detail
Transmission Permalloy
line coupon  Electromagnet

FIG. 1. Schematic diagram of the SRFMR-SKEM set(@.
d Entire system angb) integrate sample.
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before patterning showed that the film has a uniaxial aniso-
tropy Hy of about 320 A/ng4 Oe along the transmission
line direction. The saturation magnetization of the permalloy
layer Mg was estimated as 7.9610° A/m (Bg=1.00 T) by
SQUID measurement.

This sample is mounted on an electromagnet that gener-
ates a dc bias field along the transmission line. During mea-
surement, a bias field of 9.3210* A/m (1.15 kOg is first
applied to saturate the sample, then the field is reduced to the
measurement point. This consistent field application history
ensures a repeatable static domain structure. A relatively low
power objective lens having a numerical apert(k&\) of
0.25 was used in this study for focusing the laser pulse in
order to suppress the peak power density at the center of the
optical spot under the damage threshold without reducing the

Amplitude [deg]

Kerr rotation

Phase [rad]
o

total optical power. Using the equation for estimating the full 9 : :
width at half maximum(FWHM) d of an optical spotd DOW:
=0.6I\/NA, a spatial resolution of about 10m is expected M2 1o A Q&% "
in the current optical configuration, fine enough for imaging °© o :
the samples with the sizes specified above. Coordinate axes -“0 1

used in the following discussion are defined as shown in Fig.
1(b), as is a schematic of the sample geometry. The Sl unit
system is followed throughout this paper.

Bias field [A/m]

FIG. 2. Magnetization response at the center of theuB0
X 50 um square permalloy coupgsample 1 as a function of bias
field. (a) and (b) show the amplitude and phase variation, respec-
tively. The excitation is accomplished by a 7.04 GHz uniform HF
A. Sample 1 (uniform excitation) drive field.

The center conductor of sample 1 is twice as wide as th@amples using inductive techniqig=2.26.14 We attribute
square size of the magnetic coupon. A calculation of thepjs difference to errors in the bias field calibration in the
drive field profile assuming a uniform current density in the gREMR-SKEM system. The observed difference betwgen
conductor estimates the maximum field variation to be less-5 15 and 2.26 corresponds to an calibration error of about
than 3%. This reasonably uniform drive field should effi- 9o5 This is probably due to some uncertainty of the sample
ciently couple to the uniforniKittel) mode. Figure 2 shows placement in a rather localized dc bias field generated by an
the amplitude and phase of the magnetization response nqfpn core electromagnet used in this system, while the induc-
mal to the film plane at the center of the magnetic coupoRye technique reported in RefL4] uses a Helmholtz coil to
excited by 7.04 GHz HF drive field as a function of bias generate a very uniform bias field. However, the valug of
field. One caution in the phase plot is that the system is nok 2 16 will be used to keep the consistency with other param-
calibrated to give the absolute phase with respect to the drivgters in the following discussion.
field. Therefore the phase value may have an arbitrary offset. There are couple of possible sources which may cause the
A large peak is seen in the amplitude plot, which is thegjfference betweerH, as determined from the static mea-

resonant peak of the lowest order mode in this sample. Figsyrement of 320 A/m and the above value. The first is the
ure 3 shows the relation between the excitation frequency

Ill. RESULTS AND DISCUSSION

and the bias field at the resonant peak. The resonant condi- %70 : ; ; 3 3
tion of the uniform(Kittel) mode in a thin film under the .60 : : : : :
condition ofHg+H,<Mg is given by 5o
C
[
(2mfp)? = ¥Mg(Hg + Hy), (2) &40
wheref, is the resonant frequendyly is the bias fieldH, is % 30
the uniaxial anisotropy field, anbllg is the saturation mag- 8 20
netization, respectively. Assuming that the observed peak ki
follows the above behavior, the resonant condition was ana- g 10
lyzed by using this equation with andH, as fitting param- 3 o0 1 2 3 4 5 oy

eters. The result of fitting is also shown as a solid line in Fig.
3. The agreement between the theory and the experimental
data is good, yielding @ value of 2.16 andH, of 1.24 FIG. 3. Dependence of squared excitation frequency on the bias
X 10° A/m(15.6 Og. This g value is fairly consistent with field at the resonant peak. The open circles and the solid line show
the value widely accepted by the FMR community, butthe experimental results and the theoretical values calculated by Eq.
somewhat lower than that obtained on almost identical2) with g=2.16 andH,=1.24x 10° A/m, respectively

Bias field [A/m]

104416-3



TAMARU et al. PHYSICAL REVIEW B 70, 104416(2004)

shape induced anisotropy as a result of patterning into a 0.02 3 ; ! i ;
square shape which has fourfold symmetry. The second isthe g : ‘ : : :
dynamic demagnetization factor caused by a nonuniform dis- 20.015 @ et e RERERY RERRES
tribution of the precession amplitud&® Actually, the value o % ' :
of H=1.24x 10°* A/m is in reasonable agreement with the g ooth - 9-»%00 ................... L
value obtained on an identical sample by inductive tech- 2 0°0250:0 %,
nique, which can be accounted for by employing the mode a :
quantization condition of the MSSW and an appropriate §°'°°5 """""""""""""""""""""""""
boundary conditior? a ; ; : ; ;

As can be seen in Fig.(8), the phase variation is well % 1 2 3 P 5 6xio’
behaved and monotonic around the peak. Further analysis of Bias field [A/m]

the energy damping within the resonant peak is possible us-

ing this information about the phase variation of the magne- FIG. 4. Dependence of the damping parameteas estimated
tization precession. As the first step, the magnetization dyPy Ed.(10) on the bias field.

namics of the lowest resonant mode at the center of the

sample are assumed to be similar to the ideal Kittel mode

and therefore can be expressed by the LLG equation {=
Note that this is clearly an approximation because the mag-

netization in sample 1 at resonance is not precessing aswehere wy=y(Hg+H,) and wy=yMg, respectively. In the
single, uniform moment, but has some spatial variationrmeasurement setup for sample 1, the drive field is almost
which becomes larger as the bias field decregaesshown totally in plane, meaning that only tthg component needs to
laten. However, this approximation is supported by the factbe considered. The system is configured to detect only the
that the resonant condition is well described by the convenpolar Kerr signal which reflectsn,. Thus, the peak in the
tional Kittel mode equation. By assuming that the exchangeimplitude plot of the polar Kerr signal as a function of bias
field is much smaller than the bias field and therefore neglifield occurs when the absolute value Rf, becomes maxi-

gible, the total magnetic field is given by mum. It can be shown from Eg7) that|P, | is given by

W\

)

(0 — iaw + o) (wy - iaw) — w?’

- -

H= He+ |_—ik_ Nd|\7|1 (3) (wa)z

{w(z) + wowy — (1 - ad)w?? + (wﬁ,I +4w?) Pw®’

PP =

8
whereH, is the total external field anNy is the demagneti-
zation tensor. The field and the magnetization can be deconfrrom Eq.(8), assuming thatr dependgat mosj only very
posed into a static part and a dynamic part. The static part ofeakly on the bias field around the peak, the peak position
the magnetization, the external bias field and the uniaxialvp=yHp is determined by this equation:

anisotrppy field are aI_I aligned with tteaxis, and\y can be w2+ wpwy - (1 - a?)w? = 0. (9)
approximated as having only one nonzero component along
the x axis in the geometry of sample(hormal to the film. Note that Eq.(9) becomes essentially the same as &).

Therefore, these quantities can be expressed as under the condition thaHg+H,<Mg since « is much
- - - ] smaller than 1 in permalloy as shown below. The derivative
He+ Hi=(Hg+ HY€E, + hexp-iwt), (4 of the phase variation as a function of the bias field at the
R peak is calculated by differentiating=arg(Py,) with respect
M=MgE, + mexp—int), (5)  toHg and substitutinddg with Hp obtained by Eq(9). This
yields
1 (nn=xx)
Nd,nn = { ' (6) d_¢ - v
0 (others dHo |, wa (10)

Wher_eez is the unit vector along_the axis, m ar_ldh are the Using this equation, it is possible to estimate the damping
amplitude vectors of the dynamic magnetization and the dyparametera from the slope of the phase plot of the magne-

namic external field, respectively, andis the angular fre- i, 44i0n response around the resonant peak. Figure 4 shows
quency of the drive field. In this measurement, it is assumeg ¢ mated by this algorithm. The values aof above

that the magnitudes of the dynamic tering§ and |h| are 24 kA/m(300 O¢ in this figure are fairly consistent with
much smaller than the static terms and they have BrElpd  other studieg0.0052 0.0065'¢ 0.008412 0.00974). Below

y components. Plugging Eqe3)-6) into Eq.(1) and drop- 24 kA/m, a, as determined by the above algorithm, in-
ping the second order terms yields the modified Polder sugreases as the bias field decreases. This is qualitatively con-
ceptibility tensor for thin filmsP’:2* sistent with permeance measuremérts time domain in-
ductive measurements.

m=P'h, Other studies have attributed the increaserdb spatial
. , inhomogeneities of the local magnetizatfol?. To examine
P’ = (“’0_'““’ Tlo ) this notion, the spatial distributions of magnetization re-
iw wp—law+ wy sponse under the resonant condition at three different fre-
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2.24 GHz 4.48 GHz 8.00 GHz (a) H,=58.6 kA/m
Magnetic coupon|
% © E Scan line
= ° Transmission line
g 3
< E (H,329kA/m
L
E
£
§ M In(Amp.)=k "y+Const.
= () H,=9.15kA/m
T 9
2
[«
z
FIG. 5. 2D mapped spatial distribution of the magnetization _sﬁAMM\MAM M
response under the resonant condition measured at 2.24, 4.48, and (d) Hy=58.6 kA/m
8.00 GHz, respectively. The scan step is 138 for all images.
The amplitude images are normalized by the maximum value of
each measurement for the best contrast.
. . — (e} H=32.9 kA/m Phase=k'y+Const.
quencies 2.24, 4.48, and 8.00 GHz were captured. Figure 5 B
shows the results. The top and the bottom rows show the §
amplitude and phase distribution images, respectively. In the s
amplitude images, the brightness of each pixel represents the o
. 2 (N H,=9.15 kA/m
amplitude of the magnetization response at the resonant fre- n
quency, meaning that white areas show a large processional
motion and black areas have no magnetic activity. In the
phase images, black and white areas correspondrtand 00 = 00
relative phase, respectively. As clearly seen, the shape of the Position [um]

dormant areas around the horizontal edges is different among ) S o
4.48 GHz has slightly larger dormant areas than that at®SPOnse of 1 mrA 1 mm square permalloy coupgsample 2 ex- _
8.00 GHz. The amplitude image taken at 2.24 GHz ever?'ted by a localized HF drive field at 8.00 GHz under three bias
shows black lines slightly slanted from the horizontal edges!®!dS He=58.6, 39.2, and 9.15 kA/m. The upper thi@g(c) and
which are believed to be domain walls nucleated under V&' three(d~() plots show the amplitude and phase distribu-
weak bias field. Furthermore, weak stripe shape amplitud Ions, respectively. Scanning was performed along the center line
variations runnir.1 er endicuiarl to the bias field are foun erpendicular to the transmission line as shown in the inset of plot
in this i hg ‘;] P b bly inple d . Th a). Three segments of bold lines around the origin at the bottom of
N | 1S :ma?e,dw Ich are prcr)] ably rl[IJp_e %malns. hese "Cthe plot(f) show the conductors of the transmission line. The scan
su t.s Clearly emgnstrate the corre atIO!’] etween the MaGen is 1.1.m for all plots.

netic inhomogeneities and the apparent increase ab sug-

gested by other researchers. Inhomogeneous magnetizatio
distributions should give rise to distributed effective fields ortrﬂJUteS to the energy flow. However, SRFMR-SKEM ob-

additional coupling to higher order modes, resulting inServes the out-of-plane magnetization compomeptwhich

; ; - t directly related to the energy flow. Therefore, the direct
broadening of the resonant peak. Under this condition, thé& Not ait
assumption of coherent rotation, represented by(Bgis no comparison of peak shape between SRFMR-SKEM and con-

longer valid and therefore the anomalous increase iofthe ventional FMR is not appropriate.
lower bias field region seen in Fig. 4 should be interpreted as

an increase in aaffectivea rather than in the intinsie. We B. Sample 2 (localized excitation)
do not expect the intrinsiex to change over this range of  Propagating wave experiments were carried out on
excitation frequencies and/or bias fields. sample 2, which has a very large coupon size and a small

An important point in using SRFMR-SKEM for estimat- transmission line width. Figure 6 shows three representative
ing the damping parameter should be noted. The peak shapgots of the amplitude and the phase distributions of the mag-
measured as a function of bias field, as shown in Fig. 2petization response scanned along the center line of the mag-
appears too wide to give such a small damping parametefetic coupon perpendicular to the transmission line. These
compared to conventional FMR. This is because the plot ifyere collected during excitation at 8.00 GHz. The inset in
Fig. 2 shows the absolute value of magnetization responsgig. 6(a) clarifies the scanning orientation. It should be noted
Im’+im”|, while FMR observes’. As a consequence of this that in Fig. 6, the values of amplitude are normalized to the
difference, the peak in this measurement tends to be widgfhaximum value in each scan. Phase plots are all on the same
than that observed in FMR. Also, FMR observes the energgcale.
flow f[om the drive field to the magnetic system given as |n Figs. §a) and &d) taken atHg=58.6 kA/m, which is
mom-h. In this integrated sample geometry, the drive field isabove the field associated with the Kittel mode, well defined
almost in-plane and therefore only the, component con- amplitude and phase distributions are confined near the
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transmission line and no propagating waves are observed x10°

outside of the excitation area. For bias fields below the Kittel (a) : ' 80(') =
mode (esonant point,'propaggting plane waves are clearly FONC T L el B 542 GH2
seen with an exponential amplitude decay as indicated by the G0N : : 1A 3.20 GHz

linear slopes outside of the excitation area in the natural
logarithmic amplitude plot with positiofFigs. §b) and Gc),
respectively. Further evidence is provided by the sawtooth
like phase variations seen in Figgepand Gf), respectively.
These are the result of a linear phase variation wrapped
around at every 2. Also clearly observed in Figs( is the
asymmetric amplitude distribution between the waves propa-
gating in the positive and negatiyedirections.

A simple estimation of the strength of the exchange cou-
pling relative to the magnetostatic coupling is presented here,
to justify the assumption that the magnetostatic coupling is
dominant in this experiment. The angular frequency of the
exchange mode spin wave, is given by?

Wavenumber [1/m]

a"=.0.0085' ....... E‘.‘.‘..: ...... : .......

Decay constant [1/m]

fiwe = 2S1,a%K?, 11 ; : : : :
©e=25ba (1D 1 b s AMitheory; p=2.0x10"Qum y -
where S is the quantum number of the electron spig, is oE=—=i—— T ; : A
the exchange integral, ards the lattice constand,, can be 0 1 2 3 4 5 exic
approximately estimated as Bias field [A/m]
‘]exz 4CkB/Z! (12)

FIG. 7. Dependence of the wave number and decay constant
where O is Curie temperaturekg is Boltzmann constant, (the real and imaginary part of the complex wave numiosérthe

and z is the number of nearest neighbor Spins_ From EquSSW excited in Sample 2 on the bias field. The CirCleS, squares
(11) and(12) and the values typical for permallqp=1/2, and triangles shoyv the e).<pe.rimental result; at 8.00, 5.12, and
©.=983 K, z=12, anda=3.55 A) the wavelength which 3.20 GHz, respectively. Solid lines are theoretical values calculated

gives the resonant frequency of 2 GHz, the lowest frequencl? the extended DE modelL6). « of 0.0074, 0.0080, and 0.0085
in this work. is estimated as 130 nm. This is significantlyare used for the theoretical calculation of both the wave number and

smaller than the highest spatial resolution of the currenflC2Y constant at each of the three frequencies. Also show in
SRFMR-SKEM configuration. From this estimation, it is as- as three broken lines are decay constants calculated by the Almeida

sumed in this work that the exchange coupling can be igf’mOI Mills (AM).th?qry’fssum”lg the damping parameter0 and
; Con . "the volume resistivityp=2X 10" Om.
nored and only the magnetostatic coupling is considered in

the following discussion. ) o

According to the DE model for magnetostatic mode This measurement was made Qt three e_xutatlon _freq_uen-
waves propagating in a lossless magnetic &fabe MSSW ~ €ies 8.00, 5.12, and 3.20 GHz, while sweeping the bias field.
exists when a bias field weaker than that required for thd "€ Wave number and the decay constant at each measure-
Kittel mode is applied. Under the condition kf=0, all the ment point were determlneq from Fhe_slo_pe of the phase .and
magnetostatic volume mode wav@8SVW's) degenerate to the natural log of the amplitude dlstrlb_utlon plots assuming
the natural frequency of the Kittel mode in the magnetostatidhat the MSSW obeys the form of a simple decaying plane
approximation and therefore no mode should exist under th¥/ave
application of a bias field stronger than for the Kittel mode.
This degeneracy also leads to zero group velocity of m=my expi{(k; +ik))y - wt}, (13
MSVW'’s, meaning that these modes cannot propagate per-
pendicularly to the bias field. Thus, we interpret the observe(xivherek?’q andk’)j are the wave number and the decay constant
response around the excitation area in Figa) 6nd d) at  along they axis, respectively. These correspond to the real
Hz=58.6 kA/m as the Kittel mode or MSVW'’s excited and imaginary part of the complex wave number. The ampli-
through finite damping and the other two cases at lower biatude and phase distribution in the positive side between
fields as pure MSSW's. The source of the asymmetric am20 um-60 um from the origin are used for linear fitting to
plitude distribution observed in Figs(d is considered to be avoid the influence of the complicated magnetization profile
the field displacement nonreciprocity of the MSSW also pre-around the excitation area due to the coplanar transmission
dicted in the DE model, which becomes more promineniine geometry, and the noise which becomes dominant when
when the wave number becomes larger. Note that these fighe magnetization response becomes too weak. Figyegs 7
ures are on log scales coverig®~ 400 of amplitude range and qb) show the dependencies &f and Kk, determined
such that the small difference observed in Fi@)6s in fact ~ according to this method, on the bias field. Also shown in
significant. The amplitude decay with propagation distancehese figures as solid lines are theoretical valudg aindky
cannot be predicted by the original DE model, and is discomputed by the following extension of the DE model to
cussed below. include finite damping.
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When a finitea is introduced in the LLG equation as in extreme conditions, the amplitude of the MSSW outside of
Eq. (1), the Polder susceptibility tensé¥is given by substi- the excitation area becomes very weak and is subject to the
tuting Eqgs.(4) and (5) into Eg. (1), assuming that the dy- stray HF drive field or the noise floor level. For this reason,
namic terms are much smaller than the static terms and drojbe fitting results tend to show some deviation from the real
ping second order terms decay constant of the propagating MSSW and therefore are

. not very reliable under these conditions. The valuesxof
m=Ph, obtained by fitting td< in the measurement on sample 2 are
reasonably consistent with the values estimated in the Kittel
x -k mode measurements on sample 1 for bias fields higher than
P= ( ) 24 kA/m, and do not show very strong dependence on either
I bias field or frequency. In the experiment on sample 2, the
) static domain structure and the internal field distribution are
Y= (wo ~ iaw) oy expected to be fairly uniform under wide range of bias fields,
(wg— iaw)? - w?’ due to its much higher aspect ratio compared to sample 1.
This is considered to be the reason wiaydoes not change
wwy much over a wide range of bias fields.
K:m- (14 Silva et al. studied the magnetic flux propagat_ion in a
0 250 nm thick permalloy film. They observed that it propa-
This is equivalent to replacingy with wo—iaw in the formal ~ gates with a frequency of 1.54 GHz under a bias field of
definition of the Polder susceptibility tensor for a losslessB0 A/m. It also displayed a characteristic decay length of
magnetic syster®® The dispersion relation of the MSSW about 150um (k’=6.7x10° m™).> If the extended DE
propagating along thg axis in the original DE model is model (16) is applied to their experimental conditions and
given by observations(g=2.02, d=250 nm, f=1.54 GHz, andk”
5 ’ =6.7X 10° m™), the resulting value of is 0.015. This is in
= wo(wg + wy) + (/AL —exp= 2k}, (15 air agreement with the value ofat lower bias fields seen in
Whereky is the real wave number along ﬂy%xis andd is F|g 4, but SomeWhat. |al’ger than their estimation in Ref. 24
the film thickness. It can be shown that the DE formalismthat «=0.01. Even this level of agreement may appear sur-
holds even with a susceptibility tensor having a complgx ~ Prising at first, considering the fact that they were using a
This means that the dispersion relation derived by the origivery large drive field to attempt to show nonlinear effects,
nal DE modek15) can, in general, take a complex. Thus, ~ While the drive field in this work is very weak. However,
the real and imaginary part & are obtained by solving Eq. Covingtonet al. reported that the magnetization dynamics
(15) with respect tok, and substitutingw, with wy—iew. ~ rémain linear even when very high excitation fields are ap-

That is, plied to the magnetic sampté.Based on these observation
) ) ) results, the simple extension of the DE model presented in
K, +ik) = - iln 1-42" (0o~ iaw)(wg —iaw + wy) _ this work may have a wide range of applicability for predict-
y 2d wf,, ing the decay of MSSW'’s, even when the amplitude is quite
(16) large.

A final comment about the source of relaxation is in-

The damping parameter was used as a fitting parameter in cluded here for completeness. Almeida and Mi#éV) cal-
this calculation and the best agreement was obtained with eulated the complex wave number of the MSSW propagating
value of 0.0074 for 8.00 GHz, 0.0080 for 5.12 GHz, andalong they axis in a conducting magnetic material where
0.0085 for 3.20 GHz, respectively, as shown in Fi0)7lt  losses were due to eddy currents, ansvas assumed to be
should be noted that the curves in Fig. 7a) depend very zero?® The decay constants calculated by this model using a
weakly ona, meaning thak{, calculated by Eq(16) is es-  resistivity of 2x 1077 2 m(20 u{) cm), which is a typical
sentially the same as that calculated by the original DEvalue for sputtered permalloy, and numerically solving Eq.
model dispersion relatiol5). On the other hand, thi)  (2.11) in Ref. 25, are also shown for comparison in Fig)7
curves shown in Fig.(b) are very sensitive to the value af  as broken lines. The AM theory says that if the decay of the
and would be zero it were set to zero. Therefore the deter- MSSW is caused purely by eddy current loss, the decay con-
mination of « was performed solely by fitting to tHéy’ data  stant should be much smaller than the observed result. This
on Fig. 1b). The agreement of the wave numtk?rbetween means that although it is true that ferromagnetic metal sys-
the theory and the experimental results is fairly good, withtems are generally much more heavily damped than ferri-
small disagreement in the slope and intersection with thenagnetic insulators such as YIG or ferrite, a classical eddy
axes. This disagreement is possibly caused by errors assocurrent damping theory cannot account for the decay of the
ated with the parameters used in the theoretical calculation giropagating MSSW.
k{,, since all the parameters are given by other measurements Heinrich et al. reviewed the mechanisms of magnetic re-
and no fitting process is used. laxation in ferromagnetic meta#8.There are three principle

The decay constarl(/’ also shows fairly good agreement ones discussed, namely, eddy current damping, magnon-
between the theory and experimental results if the bias fielgphonon coupling, or phonon drag and spin-orbit relaxation.
is neither very close to the Kittel mode resonant pgthe  Our analysis using the AM theory suggests that eddy currents
bias field which givesk;=0) nor very weak. Under these contribute at most about 15% of the observed decay at
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8 GHz and even less than this at lower frequencies. Accord- IV. CONCLUSION
ing to the analysis in Ref. 26, the expected contribution from

eddy currents to FMR line width is approximately 40%. This magnetic excitation on permalloy films were performed with
discrepancy may be due to the fact that FMR operates undef’ o ansly introduced measurement technique based on a
res_onant concﬁpqns in W_hlch the pgrmeablllty is enhancedscanning Kerr microscop§SRFMR-SKEM. In the uniform

This may artificially shrink the skin depth and allow a gycitation experiment, the resonant condition of the observed
greater contribution from eddy currents to FMR linewidth gycitation agreed well with the conventional Kittel mode
than to the decay of propagating spin waves. McMicleel equation, but the damping parameter showed strong depen-
al. estimated the contribution of magnon-phonon couplingdence on the bias field. Measurement of the spatial distribu-
through anisotropy and magnetostriction to damping in pertion of the magnetization response clarified that the change
malloy and have concluded that it, too, is too small to ex-of the static domain structure and possibly the ripple domain
plain the observed resulté Recently, Ingvarssoat al. have  formation are responsible for this increase.

measured damping in permalloy films at room temperature In the localized excitation experiment, propagating
as a function of film thickness and found a strong correlatiorMSSW’s were observed. The wave number and decay con-
between film resistance and dampf§gdamping increased stant estimated from the line scanned distribution of the mag-
with increasing resistivity regardress of thickness, which ishetization response showed fairly good agreement with the
exactly the behavior expected in the spin relaxation modelPE model, when it was extended to include a finite damping
Using the analysis of Kamberslet al, and a simple Drude Parameter. The values_ ef estlmated in this measurement
model of permalloy, they conclude that spin-orbit couplingWere r_easonably consistent with the r'esult of the unlfo_rm
can quantitatively explain a damping parameieof 0.008 excitation measurement at _hlgher bias fields. The comparison
for permalloy with the resistivity of a relatively thick film of ©Of the experimental data with the AM theory suggested that
24 () cm, with one necessary assumptf8riThis assump- the eddy current pro_bably has only a modest effect on the
tion is that 10% of electron scattering events result in a spirgecay of the MSSW in this sample.

flip. This number is reasonable and consistent with spin dif-
fusion lengths in permalloy as discussed in Ref. 26. Ingvars-
son also ruled out two-magnon scattering in explaining their The author would like to thank Josh Schare for the finite
damping. These numbers are all quantitatively consisterglement method calculation of the bias field distribution and
with our own experiments, allowing the conclusion that theSeungook Min for preliminary sample fabrication. This work
observed dacay length of the MSSW observed in this work isvas supported, in part, by the National Science Foundation

In conclusion, detailed studies of two different modes of
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