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Nonlinear damping of high-power magnetostatic waves
In yttrium—iron—garnet films
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The nonlinear decay of continuous-wave magnetostatic surface wave and backward volume wave
signals has been measured for propagation in a narroywré.hick yttrium—iron—garnet film strip,

with excitation frequencies and wave numbers between 5470 and 5630 MHz and 47 and 216 rad/cm,
respectively. The results shoyt) that the onset of nonlinear damping is a threshold effect,(and

that a nonlinear decay model with two damping terms, one linear and one quadratic in the wave
power, are needed to model the measured respons€00@ American Institute of Physics.
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I. INTRODUCTION the observed nonlinear response with a power dependent re-

The losses associated with high-power spin wave excil—"s‘xatIon rate. -I(-jh?j z;malysdls IShOWS t:mibtr;]onllnear dagwplng
tations in magnetic systems involve both linear and nonlineafS"Ms are needed to model accurately the measured response,

decay processes. The nonlinear decay is primarily associatéd'® which scales with the power and the which scales with

. . : ; ; he square of the power.
with the parametric generation of spin waves at hlgh—powe} . . .
levels. Such processes were first treated in the pioneerin Section Il describes the MSW delay line structure and

work of Suhl and Schloemann on spin wave instabfiy. € measurement procedures. Section Il presents input—
More recently, there have been a number of studies ORUtpUt POWET response profllgs for bOth. surface and t.)aCk_
pulsed and continuous wayew) microwave excitations in ward vo_Iume MSW_ configurations. Section IV summarizes
ferrite films at high-power levels that demonstrate the gen:[he nonlinear dampmg_model used for the a_naly3|s anql gives
eration of parametric spin wavés® Many of the related example results and fits to the data. Section V provides a

nonlinear wave phenomena of current interest involve para§ummary and conclusion.
metric four-wave interaction processes. These processes can

lead to a variety of effects in yttrium—iron—garnetIG)
films such as self-modulational instabilfty'! induced !l DELAY LINE STRUCTURE, MEASUREMENT

modulational instability2~5 decay instability® and micro- PROCEDURES, AND PARAMETERS

wave magnetic envelope SOlitOHS_'lg The above experi- The experiments utilized a 6,8m thick low loss single-
ments were carried out for a variety of magnetostatic Waveyystal YIG film strip in a two transducer MSW delay line
(MSW) configurations and excitations in low loss single- g cture’ 18 The film strip was 3 cm long and 1.4 mm wide.
crystal YIG films. Considered as a whole, these results proThe transducers consisted of narrow/@ wide, 2 mm long
vide a qualitative picture of the nonlinear spin waves pro-microstrip line sections grounded at one end and fed by stan-
duced under high-power pulse and cw excitation. dard 50Q microstrip lines.

_In spite of the above work, there have been no quantita-  gjgnals were detected in two ways. The output power
tive measurements or analyses of the increase in the dampiRgya for the nonlinear damping analysis were obtained from
rate of propagating MSW excitations at high-power levels. e gelay line output transducer. The low-power calibration
Furthermore, recent experimental and theoretical results 0§at4 were obtained with an inductive probe technifuehe
MSW  soliton formation in YIG films through nonlinear nohe pick up section consisted of a small loop with a lateral
mode beating indicate that nonlinear damping plays a criticai;e of apout 20Qum made with 50um diameter wire. For

: ; 6,20 X X i
role in this process? _ _ MSW signal detection, the probe was scanned just above the
The present work was undertaken to provide a detailed  t5ce of the film.

and quantitative experimental and theoretical analysis of  £qr ) of the measurements described below, the applied
nonlinear damping for high-power MSW excitations. Thejy_ njane magnetic field was set at 1260 Oe to position the
specific objectives were threefol() to use cw microwave o\ wave number MSW band edge frequency at 5590 MHz.
excitations to generate high-power MSW signals in a YIGyhis hand edge frequency was selected to be high enough to
film delay line structure(2) to measure the input-output gjiminate complications at high power due to parametric spin
power response profiles for these signals, &)dto model ;-\ es at one-half of the pumping frequency.

Data were obtained for two in-plane field orientations,
dElectronic mail: mark.scott@atk.com one with the field perpendicular and one parallel to the long
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edge of the YIG strip. For the perpendicular case, the propaslopes denoted by, and Sg for the 4 and 8 mm probe
gating MSW signals along the strip correspond to magnetopositions, respectively, the low-power temporal decay rate
static surface wavéMSSW) excitations. For the parallel 7, is given byvyIn(S,/S;)/Az, wherev 4 corresponds to the
case, one has magnetostatic backward volume wavempirical group velocity.

(MSBVW) excitations. For MSSW excitations, the fre- The above analysis gave a singlg, value of
quency pass band lies above the band edge, while for M§4.4x 10°+120) s'* that is consistent with the narrow fer-
BVW excitations the pass band is below the band edge. romagnetic resonance linewidths found in low loss YIG

The measurements for each orientation were carried odilms.® This means that for a frequency change from 5540
in three stages. In Stage |, the low-power dispersion curvellHz to 5650 MHz, or one part in 60 or so, the maximum
of frequencyw versus wave numbek were obtained. In change inzq is less than about one part in 40,000. It is
Stage Il, the low-power decay rates were determined. Thed@erefore reasonable to considgg as frequency indepen-
data were obtained with the scanning probe. dent over the range of operating poif@P) frequencies in

Finally, in Stage Ill, the output versus input power re- the Stage Il measurements. This low-power relaxation rate
sponse was measured for selectegk) operating points on Will serve as a reference point for the high-power measure-
the dispersion curves for both types of MSW signals. Thesénents.
data were obtained over the full range of available power In the Stage Il measurements, transducer to transducer
levels and yielded the nonlinear decay response. These Stagata on the output power as a function of the input power
Il data were obtained from measurements at the input an#ere obtained over the full range of input powers available,
output transducers of the delay line for a transducer spacingP to about 200 mW. The responses were notably nonlinear
L of 9 mm. Details on the analysis procedure are given befor input powers above about 2 mW. The data were obtained
low. The data are presented in Sec. IIl. for four MSSW and MSBVW OP frequencies over the

For the Stage | measurements, low-power cw power wa§630—5710 MHz and 5570-5470 MHz bands, respectively.
applied simultaneously to both the input and the output transThese data on the outpline powerPq, as a function of the
ducers at the specified frequency and the scanning probe wiput line power P, were then used to determinél) a
used to measure the standing wave MSW signal amplitude dwer dependent effective relaxation ragg; over the 9 mm
a function of position along the strip. Fits to these data gavdropagation path an@) the MSW power at the output trans-
the MSW wavelength and wave number in each case witflucer,Pousw, as a function of the MSW power at the input
good accuracy. These data were obtained over portions of tHeansducerP ysy -

MSBVW and MSSW bands from 5590 to 5200 MHz and A nonlinear response fdP,above about 2 mW means
5590 to 6100 MHz, respectively. Both of these ranges spafat thePo versusP,_profiles should follow an equation of
wave numbers from approximately 10 to 1000 rad/cm. Théhe form

decay Qata presented below cover only wave numbers up to Po =AP, e 27ei/vg 1)
approximately 200 rad/cm.

Fits to these data with the well-known Damon—EshbachVhereze is power dependent and the paramétés a com-
MSSW and MSBVW dispersion formul&swere used to set bined electronic coupling coefficient for the input and output
an empirical value for an effective saturation inductiontransducers. These electronic reductions are due to imped-
47M¢ o . With the known film thickness valug of 6.9 um, ance mismatches and coupling losses. Phparameter is
the independent MSSW and MSBVW fits yielded a nominaldiven by Be*70""s, where 3 is the slope of thdinear P,
47mM o value of 1,900 G. It is likely that some part of this VersusP,_response fotow input power levelsThe empiri-
somewhat high 4M .4 value, relative to the YIG textbook Cal A values were frequency dependent. They were on the
value of 1,750 G, is due to magnetocrystalline or stressorder of 0.1 for MSSW signals and 0.01 for MSBVW sig-
induced anisotropy. The dispersion curves were then used f_@)als. Parameter values necessary for data analysis are listed

obtain MSW group velocity 4() response functions for the in Tables | anql II._Ta_bIe | lists QP independent parameters.
two configurations. Unless otherwise indicated, a given parameter has the same

In the Stage Il measurements, further scanning prob@ominal value for both the MSSW and the MSBVW configu-

data on the MSW signal spatial decay were obtained witfations. Table Il gives the four MSSW and MSBVW OP
microwave power applied to the input transducer only. Forfréduency and wave number values and the corresponding
these measurements, the operating point frequencies for tf&> dependent group velocity ardvalues. In terms of the
MSSW and MSBVW configurations were set at 5650 MHz @bove parameters, the effective relaxation rate is given by
and 5540 MHz, respectively. The corresponding operating v B
point wave numbers for these frequencies are about 74 rad/ neﬁz—gln(—) + 7. (2)
om. 2L\ Po /Py

For each configuration, the low-power linear outputAs the power increases into the nonlinear response regime
probe signal level was measured as a function of input poweaind theP, /P, ratio drops belows, 7. moves abovey,.
for probe positions at 4 and 8 mm from the input. The rela-Note thatall parametershere are accessible from experi-
tive separatiom\z of 4 mm for the two positions was accu- ment.
rate to better than 0.m. The slopes of the output versus In order to extract the nonlinear MSW response within
input power linear response curves for the two probe pointshe film, one must analyze the,, versusP, data to obtain
were then used to obtain the linear decay rate. With thesthe P,,sw andPousw powers associated with the MSW sig-
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TABLE I. Summary of thin film and delay line parameters.

Fitted effective saturation inductioBg 1900 G
Gyromagnetic constant 2.8 MHz/Oe
Film thicknessS 6.9 um
Film width W 1.4 mm
Transducer widthw 50 um
Transducer lengthf 2 mm
Transducer separatidn 9 mm
Nominal static applied magnetic field 1260 Oe
Zero-wave number band edge frequengy27 5590 MHz
Low-power relaxation ratey, 4.4x10°s?
Input line reflection coefficient 0.156 (MSSW)
0.528(MSBVW)
Power amplitude to MSW power ratiol|%/ P ysw 1.384<10™* I/mW (MSSW)

2.086x 10”4 l/mW (MSBVW)

nals at the input and output, respectively.Pysw versus the relaxation rate parametep were used to determine the
Pmsw representation has two advantages. First, these MS\&lectronic reduction factok. (c) The effective relaxation rate
powers are independent of the details of the input and outpuerr Was then obtained as a functionBf. . (d) Powsw ver-
coupling and, therefore, one may write a simple connectior$usP vsw profiles were obtained.

betweenP sy and Poysy in terms of 7y

Pomsw= Pimswe 2ref-Ivs, (3) IIl. EXPERIMENTAL NONLINEAR DAMPING RESULTS
Second, these MSW powers can be related directly to the
dynamic magnetizatiom at input and output. This conver-
sion will prove to be important for the theoretical compari-
sons in Sec. V.

The input MSW power parametét,sy iS given by

This section presents the Stage Il results in three ways,
(1) as plots of the measurd®l,, versusP, profiles, (2) as
plots of 7.4 versusP, , and(3) as plots ofPqoysw Versus
Pmsw- Each format provides its own particular perspective
on the nonlinear response as a function of power.
Pmsw=F(1-T?)Py, (4) Figure 1 shows representati®,, versusP, results.
whereF is a reciprocity/nonreciprocity factor adddenotes 1€ graphs in Figs.(®& and Xb) show results for the MSSW
the voltage reflection coefficient at the mismatch between th@nd MSBVW conflgpratlons, res.pectlvely. .The solid pqnts
input 500 line and the input transducer. TRefactor in Eq. show the data. The lines connecting th_e points are a guide for
(4) is equal to unity for nonreciprocal MSSW excitations and 1€ €yes only. For each data set in Figa)1there are three
one-half for the reciprocal MSBVW signals. Based on stan/€SPONSe regions. For input powers below about 0.5 mW, the
dard MSW and microstrip analysis techniques, Stihbihs ~ €SPOnse is linear. For 0.5 mP, <50 mW or so, there is
developed formulas foF as well as the connection between & transition region in which the o, response gradually falls

P sy and the MSW dynamic magnetization amplitude. The@Way from the low-power linear response. Finally, g
working formulas are given in the Appendix. >50mW, Py, saturates at some fixed level that decreases

The Stage Il measurements were carried out for the foulVith increasing wave number. Note that for the MSSW ge-
OP frequencies over the low wave number ends of the
MSSW and MSBVW pass bands listed in Table Il. For each

point: (a) Po, was obtained foP, values from about 0.005 (a) MSSW k (rad/cm):
mW to 200 mW.(b) The low powerP,, overP, ratio 8 and 150 v e e e e T 47
100] s R ‘% 72

99

TABLE Il. Tabulation of operating point specific parameters needed for the 50 154

data analysis and theoretical comparisons.

0 Ty x , r r T T )
0O 25 50 75 100 125 150 175 200 225

Line output power P, (nW)

Electronic
Frequency Wave number Group velocity coupling 20 (b) MSBVW k (radfcm):
wl2T k vg coefficie3nt 15 M — 35
Configuration  (MHz) (rad/cm (cm/us) AX10 10 e N . /'1/_2,9
MSSW 5630 47 5.107 69.556 51 e T — 216
5650 72 4.916 78.077 0 B e - e el
5670 99 4,719 74.186 B mE  anf 49 . - - A
5710 154 4344 122 929 0 25 50 75 100 125 150 175 200 225
Line input power P, (mW)
MSBVW 5570 35 3.597 7.676
5550 72 3.551 3.581 FIG. 1. (a) and (b) show the measured delay line output pov&y, as a
5490 179 3.417 0.691 function of the line input poweP, for the MSSW and MSBVW configu-
5470 216 3.372 0.335 rations, respectively. The applicable operating point wave nurkbeiue

for each data set is as indicated.
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FIG. 2. Graph of the effective relaxation raig; as a function of the line
input powerP, , as obtained from the data in Fig(al for k=47 rad/cm.
The inset shows the response on an expanded scale. O'O(’)

D) . 2.5, (@) MSSW k (radicm):
2 /./-/'6 s T p—,
o2 - E A =7
g x ¥ 5 g T4
S £ 6l z O
° & — Y
2= 4 ST g 0 25 50 75 100 125 150 175 200 225
s 2 & 5 (b) MSBVW k (rad/cm):
W G725 80 75 100 125 150 175 200 225 = 29 " 216
Line input power P,_(mW) s 15 T 479

2 10 72

=

é

25 50 75 100 125 150 175 200 225

Input MSW power Prsw (MW)

ometry, (1-T'?) is about 0.98, and the actuBlysy input  FIG. 3. (a) and(b) show the MSW output powe? ousy as a function of the
power is onIy 204 or so down frorﬁ’,L ' MSW input powerP ysw for the MSSW and MSBVW configurations, re-

. . . . spectively. The applicable signal wave numbhkefor each data set is as
The data in Fig. (b) show a linear region at very low jngicated.

powers followed by a gradual fall off from the linear re-

sponse folP, >0.5 mW or so, but saturation is not achieved

at the highest powers. For the MSBVW configuratiéifl  each panel shows response profiles for the appropriate OP
—T'?) is about 0.36, so that the MSW input powRfysw frequencies in Table II.

into the film is down by 28% from the input line power. The shapes of the MSW power profiles in Fig. 3 are
Because of this reduction, one cannot drive the MSBVWsimilar to the line power profiles in Fig. 1, but with two
signal to the same nonlinear levels as obtained in the MSSWritical differences. First, the data show that the ranges of
case. Pvsw values for the measurements of Figg)and 3b) are

At first glance, one might think that Fig. 1 shows a quite different. This follows from the very different values of
simple saturation effect. Thgey results show, however, that the F(1—1"?) values for the MSSW and MSBVW configu-
the data are much richer than this. By way of example, Figrations discussed above. The ability to achieve saturation in
2 shows the extractedy; versusP, response for th&k  the MSSW case proves to be quite useful. Section V will
=47 rad/cm data from Fig.(&). Data are shown only fdP,_ show that fits to the saturated MSSW data require the use of
values above about 0.3 mW. Below this limit, a low level two nonlinear damping terms, one that scales with the instan-
background signal at the output gives an anomaRgs/ P, taneous MSW power and one that scales with the square of
ratio that almost doubles a3p, drops down to the low- this power. The lack of saturation in the MSBVW case pre-
power limit of the actual measurements at 0.005 mW. Thecludes access to the second term.
main graph shows the.; versusP, response with the same Second, the ordering of the output power levels at the
horizontal power scale as in Fig(al. The inset shows the highest input powers for the different MSSW wave number
response on expanded horizontal and vertical scales. operating points is preserved between Fig&) hnd 3a),

The main graph shows the increase in the effectivavhile it is inverted for the corresponding MSBVW results in
damping as the input power is increased from the low-powethe graphs of Figs.(b) and 3b). This inversion is due pri-
limit value at nr=170. As is evident from Eq(2), the 7.x  marily to the very weak dependence of the group velocity on
versusP,_ response will never saturate. The expanded scalevave number for the MSBVW excitations relative to the
data in the inset demonstrates the threshold nature of tH#SSW dependence.
nonlinear response, an aspect of the results not directly evi-
dent.from the Fig. 1 data or the main graph in Fig. 2. Wh'lelv. NONLINEAR DAMPING ANALYSIS
7eft 1S constant at the low-power value fét, less than

about 1.5 mW, there is a rather abrupt increase inRhe The key assumption for this section is that parametric
range from 1.5 to 2.5 mW. spin wave processes are responsible for the nonlinear damp-
The inset data demonstrate very clearly that the respondag responses documented in Sec. Ill. Such processes are

here is more than a manifestation of saturation or limiterknown to: (1) show a threshold effect an@) commence at
action. The fact that the relaxation rate sticks at the low-wery low microwave powers for single crystal YIG materials.
power level for a nonzero range of input power and thenThe results in Fig. 2 show these same characteristics. Mea-
increases somewhat abruptly shows that this is an inheresurements of the output power versus frequency spectra in
nonlinear threshold process. the high-power saturation regime suggest that the primary
Figure 3 shows the entire ensemble of results on outputechanism responsible for nonlinear damping is a decay in-
MSW power Poysw Versus input MSW poweP sy Ob-  stability process.
tained from the line power data in Fig. 1. The displays follow  The starting point for the analysis is the Landau-
the same format as Fig. 1; the top and bottom panels are fdginzburg (LG) equation used extensively in nonlinear
the MSSW and MSBVW configurations, respectively, andoptics?* For the steady-state cw amplitude decay problem of
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ear decay calculation. If only one damping term that scale UgEﬁL(ﬂoJr va|ul?+wolul)u
linearly with the mode power is included, the problem can b
solved analytically. If one includes both a linear term and
one that scales with the square of the mode power, numerical
solutions are required.

As already noted, it will prove convenient to work with The first square bracket term gives the decay for the reduced
a reduced amplitude parametgfz) in place of the line or  scalar amplitudéu|. The second square bracket term gives a
MSW powers used in Sec. Il. The parameter convention nonlinear phase shift. While this phase shift is critical to the
used here follows Kalinikos and othérsln this convention, analysis of nonlinear pulse dynamics and solitons, for ex-
u(z,t) is connected to the actual dynamic magnetizationrample, these terms have no effect on the decay response for
m(z,t) through the relatiom(z,t):m(z,t)/\/EMS. In the  cw excitation.
Kalinikos conventionm is a scalar complex magnetization The term in parenthesis in E() is the full amplitude
amplitude for whichjm|? is equal to the sum of the squares dependent nonlinear relaxation rate
of the two components ah that are transverse to the static
field. The Mg parameter denotes the saturation magnetiza-

tion. Nonlinear effects usually come in fgu|—values and  For cw signals, the instantaneous spatial decaykitel) at
corresponding [m|/Ms ratios in the 0.01 range. The a given amplitude is equal tg(|u|)/vy. Without loss of
u—parameter format makes it easy to see the relative size Qfenerality, one may taka as real, writes(u)= 7o+ v,u?
the dynamic response comparedMq. For the analysis be- 1 ,,y4 and drop the second square bracket term in(BJ.
low, m andu will be taken as real. entirely. One then obtains a simple equation tw, the

The cw nature of the experiments eliminates explicitchange in the reduced amplitudet positionz+dz in terms
time dependencies from the analysis. A steady-state spatigf the u—value at positiore

decay response is assumed. The calculations yield decay pro- ) A
files of u(z) versusz for given initial values ofu at z=0. du=—u[ 7o+ viu=+vou"](dzvg). (8)

Eyaluations ofu(z:'L)zuout as a function ob(z='0)= Ui For low amplitude signals where,u?< 7, and v,u*< 7o,
give response profiles that may be compared with the datay,, decay response is exponential with a decay ratg,of

As stated above, Stantllhas given a detailed analysis £ 5196 amplitude signals, however, the decay is nonlinear
of the calibration between the MSW power in the film and ;4 more rapid.

|m|. The Stancil formulas for this conversion are given in the Without the v,u* term, Eq.(8) can be integrated to ob-
Appendix. For the comparisons below, thusw Versus ioin an analytical expression foz) given by

Pmsw data from Fig. 3 have been recast g, versusu;,

format based on these connections. For the parameters in Uj,e” "07vg

Tables | and Il and the formulas in the Appendix, the con-  U(2)= 5 =7 :

versions from Py OF Pousw to U or u?, are Vitrui(l-e 910
1.38x10 *mwW ! for the MSSW configuration and If the »,u* term is included in Eq(8), one obtains a tran-
2.09x 10" *mw* for the MSBVW case. These coefficients scendental equation far(z),

have a weak dependence on the operating point wave num-

interest here, the LG formulation reduces to a simple nonlin} Ju

D #%u
= —— 2 — 4
i 2 372 N |u|?u—Ny|ul*u

=0. (6)

n(|u]) = 5o+ vi|u|?>+ vy|ul*. (7)

€)

ber at the 107 level that has been neglected. ”_ﬂzln(i) 1 n 7 Uin] ﬂ( an—lw
For the present purposes, the LG equation may be writ- vy u(z)) 4 |9fu(2)]] 2G G
ten as Q)
—tan” 1T'") (10)
[ au au D 4%u _ )
W5t Vo ToU |t 5 E_(Nl_”’lﬂ‘” u where 7[u] is defined through Eq7) with |u| replaced by

the now positive real, G is equal to (4yov,— v3)*?, and
—(Ny—ivy)|ul*u=0. (5  Q(u) is given byv;+2v,u?
Computed decay profiles af,,=u(L) versusu;, were

The D parameter corresponds to the curvature of the MSWbbtained for parameters and conditions which match the val-
frequencyw versus wave number dispersion evaluated at ues and operating points in Tables | andd|.and v, were
|ul?>=0 and the appropriate OP frequency. THe andN,  varied to yield best fits to power response profiles in Sec. Il.
represent nonlinear frequency shift parameters given by thEor the MSSW geometry, the ability to go to high enough
change in the mode frequency with respecfuty and|u|4, input powers to achieve output saturation made it possible to
respectively, also evaluated at the mode operating point. Thebtain best-fit values for both; and v,. For the MSBVW
v, and v, parameters represent the corresponding nonlinearases, the lack of a saturation response precluded any deter-
damping coefficients. Iy, v¢, v, andN, are set to zero, minations forv,.

Eqg. (5) matches the well-known nonlinear Schiger equa- Figure 4 shows a series of representatiyg versusu,
tion used extensively in nonlinear optics and nonlinear spircomputations and companion data that demonstrate the
wave and MSW dynamics. MSSW fitting procedure for the&k=47rad/cm operating

For a steady-state analysis, one may rewrite (Bpas point. The open circles show the data. The solid lines in Fig.
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k= linear K k (rad/cm):
5 0.04 47 radicm 0.8 1/ns —— A7
3 — 72
-8 0.03 _ ~— 09
V —
2 ) v 154
o 0.02- 0.8 1/ns,
E \Y =
© 2 H]
= 0.014 =)
2 MSSW data 1.7 1/ps 2
8 0.00 2 e
000 005 010 015 020 g o5
Input amplitude u,_ - k (rad/em):
g 2 +—— 216
FIG. 4. Computed and experimental profiles of the reduced output ampli- g O +——— 179
tude ugy, as a function of the reduced input amplitudg for the MSSW 14

operating point at a wave numbkrof 47 rad/cm and other parameters as
listed in Tables | and Il. The solid curves show the linear response and
nonlinear responses for values of the damping nonlinear damping coeffi-
cientsv, andv,, as indicated. The open circle points correspond to the data
for k=47 rad/cm in Figs. 1 and 3 after conversion to thg, versusu,
format.

™

000 005 010 015

4 show computed curves for thg and v, values as indi- Reduced amplitude u,

cated. The _sha_pe of the experlment_al response IS_ dlﬁereerG. 5. (a) and(b) show the reduced output amplitudg,; as a function of
from those in Fig. 3 because teamplitudes scale with the the reduced input amplituds, for the MSSW and MSBVW configurations,
square rootof the MSW powers. The linear response line in respectively. The applicable signal wave numkeor each data set is as
Fig. 4 is obtained when only the relaxation ragg is in- indicated. The symbols show_ the data and the solid curves show best fits
cluded in the modeling. The rounded but nonsaturated cury@Sed on the nonlinear damping model.
shows a typical computed response if a nonzagraonlinear
term is included but thes, parameter is set to zero. The nnjinear responses all occur for dynamic magnetization am-
saturated curve shows the result with both nonlinear termBlitudes that are about 1% of .
included. _ o As with the data in Fig. 4, the shapes of the curves in
The fits to the data required a two-parameter optimizaygth graphs of Fig. 5 have a different appearance and scaling
tion with careful attention to the shape of the bend-over rexg compared to the results in Fig. 3. As noted, this is because
gion and the saturation levels. The curves in Fig. 4 demong,e |, amplitudes scale with the square root of the corre-
strate the rr_1ain points. First, it is genera!ly found that_the Us&ponding MSW powers. Because of this scaling, the initial
of the nonlinearr, term alone cannot give a saturation re- yagponses in Fig. 5 have more of a linear appearance than the
sponse that matches the data and the bend over region at thgsfiles in Fig. 3, the bend over extends out farther along the
same time. Av; term alone can give a saturation at high horizontal axis, and the region with a saturation response in
values ofuj,, but the resultant saturatiom,,—values are  rig 5g) is reduced. The fits in Fig. 5 show that the nonlinear
then below those found experimentally and the bend ovegamping model provides a reasonable match to the data.
region matches poorly to the data. Moreover, such forced  The |istings in Table IIl demonstrate possible wave num-
saturation requires very large values:gf. When both non- per dependences for the fitted nonlinear damping parameters.
linear terms are included, one can obtain reasonable fits fQ¢eep in mind that the errors in the listed parameters from the
the bend over and the saturation regions for all of the MSSVYitting procedure given above are in thed.2 ns * range for
data, with uncertainties in the optimum fit values:gfand v, and+0.2 ps’t for »,. The trends shown in Table Il are

71 71 .
Vo of.aboutiO_Z ns* and+0.2 ps respect!vely- well beyond these error limits. The fits indicate that for
Figure 5 shows the same data as in Figs. 1 and 3 but

recast in theuy, vs. u;, format of Fig. 4, along with best fits

of the nonlinear response model to the data. The open synTABLE lil. Tabulation of the nonlinear damping parametessand v, as

bols show the data and the solid lines show the fits Thé)btained from best fits of the model to the data and listed as a function of
. ) increasing wave numbé«

format follows that of Figs. 1 and 3. The curves were ob-

tained through numerical analysis based on @), along  wave numbek MSSW v, MSSW v, MSBVW v,
with a one- or two-parameter best fit to the appropriate datgrad/icm) (Iing (1/ps (1ing
Table Il lists the best fitv; and v, values as appropriate to 35 4.0
the two configurations. 47 0.8 1.7
Theu,, in Fig. 5 extend up to values of about 0.15 and 72 0.6 2.3 2.7
0.12 for the MSSW and the MSBVW cases, respectively. In 99 0.6 2.5
both cases, the nonlinear responses set inforalues in the i?g 18 33 08
0.03 range. In terms ofi,,, the nonlinear responses all 216 05

come in at values in the range of 0.01. This means that the
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MSSW excitations, the; and v, parameters both show an the input line is the microstrip input arfig; is 50 () and the
increase with wave number. For MSBVW excitations, inload is the transducer element with the YIG film strip on top.
contrast,v, appears to decreases with wave number. For the MSSW configuration, with the in-plane static

It is important to keep in mind that, up until now, there is field parallel to the transducer line element and perpendicular
no fundamental theory for the, and v, parameters. In the to the propagation direction along the YIG strig, may be
LG equation, these parameters are introduced simplgdas written as
hocimaginary parts for the first- and second-order nonlinear ,

kw

to quantitatively define the nonlinear damping parameters as "~ 2kd JO(?)
a function of the MSW configuration, frequency, and wave
number. It will also be critical to obtain a fundamental theorywhere . is the permeability of free space. Tlheand « are

coefficientsN; andN,. Further experimental work is needed Mool (A2)

1+yx
(1+ ;()2—(1-i-)()2

for the origin of these values. infinite medium susceptibility functio”R® given by yx
=wHwM/(wE|—w2) and K=wwM/(wa—w2), where wy
V. CONCLUSIONS =|y|H and wy,=|y|47M g specify the static in-plane field

H and saturation magnetizatidvig in frequency units.

Nonlinear damping for two types of cw MSW signals For the MSBVW configuration with the in-plane static
has been studied in a thin yttrium—iron—garnet film in thefield along the propagation direction and perpendicular to the
regime when parametric spin wave generation is allowedtransducer line element, there is more than one possible
First, the nonlinear MSW decay was measured and analyzeehode. In the Stancil analys?s,the radiation resistance for
Second, a phenomenological model was developed, based ¢is case is obtained for the lowest-order mode only. The
the assumption that the nonlinear damping originates fronfinal result may be written as
parametric decay processes. Third, the nonlinear decay coef-
ficients in the model were obtained from fits to the data. The _ powl sin’(arctari B))
model and the coefficients should prove useful for future r 43 arctari 8)
work on nonlinear MSW propagation and decay. In this re-
gard, recent experimental results on the simultaneous formaith 3 equal tof — (1+ x)]¥2 Over the frequency range that
tion of bright and black solitons through the nonlinear modeSupports MSBVW excitations in a filmg is real.

beating of copropagating MSW signals can be described by ~The connection between the MSW powefsy at a
this modelt6:20 given point along the YIG strip and the dynamic magnetiza-

tion amplitudem defined in Sec. IV may be obtained through
a straightforward analysis of the MSW scalar potential. The
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the inductive probe. Bwadu,W
d/r2

APPENDIX X f V(T4 aZe= Y dy. (A4)
—d/2

This appendix gives working expressions fdt) the
voltage reflection coefficierff introduced in Sec. Il an€g) ~ The « parameter denotes the functiom(w,k)=(x—«
conversion from the MSW poweP,,e, at any propagation +2)e"Y(x+ k). The y and x denote the same infinite me-
point in the YIG strip, and the corresponding scalar dynamic,dium susceptibility functions defined above. Over the range
magnetization amplituden needed for the conversion from Of wave numbers used for the MSSW measurements, the
MSW power to the reduced amplituderesponse in Sec. V. integral was approximately constant at 1.41. This value was
These expressions are derived from the microstrip line MSwesed for the conversions in Sec. V.

coupling analysis by Standif. All expressions are given in The correspondingm—Pys,, connection for lowest-
Systeme Internationalnits. order mode MSBVW signals may be written in the form

For transmission lines in generdl,is given by

8 R 8Pyswarctart 8) («k2+ x?)
- Mysevw =

r= R: — RZ‘ (A1) wd?uW
whgrg Ry is 'Fhe impedance of the input line am} is the % fdlz cos<2 arctarG,BX) )dy. (A5)
radiation resistance of the load. In the MSW setup used here, —dr2 d
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