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The direct observation of nonlinear spin-wave decay in thin yttrium iron g&¥fi&) films is reported. The
second-order parametric spin waves were excited by a series of nonlinear magnetostatic backward volume
wave (MSBVW) pulses propagated in a microstrip structure at 5 GHz. Brillouin light-scattering techniques
were used to detect spin waves in the YIG at a point along the propagation path. Data were obtained as a
function of the input pulse duty cycle and peak power level. These data yielded the decay#&be the
parametric spin waves vs input powf,. This 7. was equal to the usual spin-wave relaxation rate at low
power, but decreased rapidly with increasiRg,. As P;, approached the threshold power for complete
MSBVW soliton formation at the observation poinge; leveled off to a relatively constant value that was
about a factor of 5—10 smaller than the low power value. The initial decreagg; with power is due to the
compensation of the usual spin-wave decay by the simultaneous parametric pumping of the spin waves by Suhl
processes. The leveling off ing at the soliton threshold is due to the spin-wave shedding that is needed to
maintain order one eigenmode soliton propagation at high input power levels. These experiments demonstrate
the reduction in the spin-wave decay rate with powetow the threshold for spin-wave instability. This
reduction is a key element in spin-wave instability theory that has never been observed directly. The data also
demonstrate the enhanced production of parametric spin waves that accompanies microwave magnetic enve-
lope soliton formation.

[. INTRODUCTION consistent with the evidence of a wake signal that follows an
MME soliton found from soliton collision experiments.
The discovery of microwave magnetic envelopéME) Reference 19 provided two suggestions about the origin

soliton generation in magnetic films was reported over a deof the high-wave-number spin waves produced during soli-
cade agd=2 Since these initial reports, a substantial experi-ton propagation. The first involved a possible shedding of
mental and theoretical effort has been devoted to the study &ergy in the form of spin waves as the initial rectangular
MME pulse propagation and soliton formation in yttrium inPUt magnetostatic waveMSW) pulse signal evolves into
iron garnet(YIG) films. This work has addressed soliton @ €igenmode envelope soliton. The second was the genera-
propagation and decdy’ dark soliton€® soliton order and  tion Of spin waves through parametric Suhl proceséage
a power-dependent soliton velociy*! soliton phase fact that the spin waves gave maximum scgtterlng for a wave
profiles!? soliton modeling based on the nonlinear Schro numberk around 3._4<1.04 rad/cm and for discrete in-plane
S el 1 s s, coraaioe MEveeclorGeors e st of s sortof
. 6 . e . .
Lie(ljv?a%k %iﬂgﬁ;e}géogﬁﬁht:e&ﬁﬁmftr;%ﬁ? srzzlgltf:rtilr?g The realization that MSW _soliton pulse_s generate high-
(BLS) detection of soliton wave-vector distributiohsand wave number spin waves during propagation and that these

h ) | distributi ¢ soliton bulfd spin waves have many of the characteristics of the paramet-
the spatio-temporal power distributions of soliton bullets. ¢ excitations found in Suhl processes poses an interesting
The Brillouin light-scattering measurements of the Wave-ysssibility—the direct measurement of the spin-wave relax-

vector distributions for the magnetic excitations associateGion rate. Such a determination can be made quite easily
with MME solitons in Ref. 19 revealed more than the ex-from data on the BLS scattering intensity at a localized point
pected Fourier transform makeup of the nonlinear MMEg|ong the MSW pulse propagation path. All that is needed is
wave packet. These data indicated that soliton formationio measure the cw BLS intensity as a function of the duty
propagation, and decay was accompanied by the generati@ycle for the MSW pulse excitation. There is no need for the
of high-wave-number spin waves. The detected spin wavesanosecond scale temporal resolution of the scattered light
included excitations with wave numb&rmuch larger than described in Ref. 20. The technique will be described in Sec.
1/S, whereSis the spatial width of the soliton pulse. The 1I.

wave-numbek distribution for the scattered spin waves was The results are presented in Sec. Ill. They turn out to be
sharply peaked arounki=3—4x 10*rad/cm, and shown to rather surprising. If the generation of spin waves is intrinsic
evolve from a broad distribution for cw microwave excita- to the soliton formation process, one should see scattering
tion as found in Ref. 21. These highmodes had discrete from such modes as soon as one exceeds the power threshold
wave-vector directions that were perpendicular to the propafor soliton formation. The decay rate for these excited
gation direction and at angles at about 22°-23° and 45° awasnodes, moreover, should correspond to the intrinsic spin-
from perpendicular. Such soliton generated spin waves ar@ave relaxation ratey,. The data show that the measured
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In Collection lens tion in duty cycle from 10% to 0.5%. As will be discussed
shortly, the duty cycle for the microwave input pulse train
signal is a critical control parameter for the spin-wave decay
time measurements. The microwave signals were analyzed
through a Hewlett Packard HP71500A Microwave Transi-
tion Analyzer.

The microwave system could also be used to perform ac-
curate measurements of the MME pulse velocity, decay
rates, and output pulse peak pofér! These data were
obtained as a function of pulse power and duty cycle. The
duty cycle had no effect on the output pulse response. In-
creasing power resulted in the usual nonlinear output power
creased, however, the spin-wave relaxation idgereases response, change in pu_lse shap(_a, change in decay rate, and

change in pulse velocity associated with MME solitons.

rapidly, and levels off at a small value of about a factor of . . .
These effects are described in the references cited above.
5-10 smaller thany, as one approaches and exceeds the o .
The BLS measurements utilized an optical system set up

input power needed for complete order one soliton formation , . '
at the output antenna for the MSW delay line structure. in the forward scattering configuration, and a Sandercock

; six-pass tandem Fabry-Perot interferontétéor the detec-
tonThSrSne ggtz siml\cva\t/r;e;t it:ioetﬁﬁcetl\illir?r?sﬁgysr?rtfvx]:g:/éhfefgl:don of spin-wave scattered light. The BLS set up was essen-
n pump P . 1C SP tially the same as in Ref. 19, except that there were no wave-
ation rate at all. Rather, the excited spin waves appear to . . . ; . . .
" vector selection slits or irises in the collection optics. With

decay much slower as one approaches some critical power

threshold for spin-wave instability, as found for Suhl pro- no wave-vector selective apertures, the BLS system collects

cesses, and then saturate as one exceeds the power neegﬁ routes this light signal to the Sandercock Fabry-Perot

for compl_ete sollt_on formation at the point of Ol?Serv.at'on'interferometer. The BLS data were obtained for an incident
The possible basis for these unexpected results in spin-way

e .
instability processé&? will be considered in Sec. IV. aser power level of about 1015 mW. The upper limit on
the accessible spin-wave wave number was about 3

FIG. 1. YIG film transducer structure and optical configuration
for the BLS spin-wave measurements.

spin-wave relaxation rate does start out at this intringic
value for low-power input pulses. As the input power is in-

ssentially all of the scattered light within the lens aperture

X 10* rad/cm.
Il. EXPERIMENT AND RELAXATION RATE Care was taken to obtain BLS data and microwave data
DETERMINATION corresponding to one and the same area of the YIG film

The microwave/optical system is shown schematically in2/0nd the propagation path. In order to do this, the movable

Fig. 1. The experiment used a long, 2-mm-wide, 8- output antenna was first positioned at the distance of 3 mm
thick YIG film grown by liquid phase epitaxy and a special from the input antenna, and microwave data were obtained.

open-design microstrip transducer structure for microwave NeN: the output antenna was moved to a distance of 6 mm
excitation and simultaneous microwave and optical detecl’om the input antenna to monitor the microwave signal dur-
tion. The film had a 10-GHz ferromagnetic resonance lineiNg the BLS data collection, and the incident laser beam was

width below one Oe and magnetostatic wave transmissiofPcused in the middle of the YIG film strip at the same po-

profiles indicative of unpinned surface spins. The YIG film Sition used for the previous microwave data collection. In
strip is shown positioned across the two s+wide trans- this way, one obtains BLS data and microwave data for the

ducer sections in Fig. 1, one for input and one for outputS@Me location along the MSW pulse propagation path from
The propagating MSW wave pack@/P) is also indicated. 'MPut to output.
The static magnetic fielé was aligned parallel to the long . 1N€ Spin-wave decay measurements are based on two
dimension of the YIG film and the MSW propagation direc- simple assumptlon.s. First, it is assumed that the prqpagatmg
tion. This corresponds to the magnetostatic backward volMME magnetostatic wave pulse serves to excite spin waves
ume wave(MSBVW) configurationz.“ Ipcally at all pom_ts along the propagatmn path a_nd, in par-
The input microwave pulse signals were obtained with at|cuI:?1r, at the point of observation for the BLS signal. The
microwave synthesizer followed by a high speed microwavd€latively low-wave-number MSW pulse serves the same
switch, a microwave amplifier, and an attenuator. The puls&C!® as the uniform mode ferromagnetic resonance signal in
carrier frequency was set at 5 GHz. The fieldvas adjusted the st_andard Suhl resonance saturation experiment. For such
so that the MSBVW pulses at low power had a group Vebc_expen_mentsl, the generation of parametric spin waves is W_eII
ity v close to 3.%10°cm/s. This corresponds to an established! The §econd assumption is that these spin
MSBVW carrier wave numbek close to 100 rad/cm. These Waves that are excited as the MSW pulse passes the point of
relatively long-wavelength MSW signals could be excitedObservat'Qn,W'” decay' foIIlowmg t_hls passage and e>§h|b|t a
and detected efficiently by the 5@m-wide microstrip trans- characteristic decay with time. This decay may be written as
ducer elements. The nominal fieldd for these MSW
operating-point conditions was 1090 Oe. All experiments Syce” et (N
were done with an input pulse width of 20 ns.
Although Fig. 1 shows single pulses at input and outputwhere S, represents the spin-wave signal level; repre-
the experiments were done with continuous pulse trainsents the decay or relaxation rate for the excited spin waves,
rather than single-shot pulses. The pulse repetition periodndt represents the time referenced to the time at which the
could be varied from 0.2 to 4s, corresponding to a varia- MSW pulse passes the BLS observation point.



524 ZHANG, KABOS, XIA, KOLODIN, AND PATTON PRB 61
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FIG. 2. Schematic diagram of the pulse timing for the BLS FIG. 3. Grapfia) shows typical data on the output peak detected

. . . . o P input k P;, for the 20-ns MSBVW pul
detection of decaying spin-wave signals after excitation by the? OWEr T out VS INPUT pEAK POWEH iy TOF the £nS puises

MSW pulses. Tracda) shows the repetitive train of microwave in the 7.2um-thick YIG film with a transducer spacing of 3 mm.
inout pllj .tr &) show \t/;/1 del %trl I\i/n fl\/IISW II Wt\:h Graph(b) shows the average pulse velocity®s . The static mag-
put puises, tractb) shows the delayed train o W pUises altne oiic field was 1090 Oe. The input pulse carrier frequency and
BLS probe point, and trac&) shows the expected time-dependent . . ;
. . : width were 5 GHz and 20 ns, respectively.
spin-wave signal level at the BLS probe point.

é)bservation, so thdj, 5 derives from the average spin-wave

signals and the form of the transient spin-wave signal ar§'9nal or the time average of the response shown in k@. 2

shown schematically in Fig. 2. The horizontal time scale and _Equation(Z) demonstrates the basic principlg behind the
pulse profiles are more-or-less representative of the datgP'n-wave decay-rate measurements. Namely, if all the pulse

with 20-ns-wide input pulses, somewhat narrowed SO|itoncondition$ are maintained constant except th.e duty cycle, one
pulses at the BLS observation point, and a spin-wave decay?" YS¢€ time gveraged BLS da_ta as a function of duty cycle
time of about 170 ns/rad. The pulse spacing or duty cycl eriod to qbtaln adwect determlnatlonl of the decay rate. The
period Ty, is shown as 200 ns. This is at the lower limit of only practical requirement for a meaningful measurement of
the duty cycle period used in the measurements. Ttace 7eft ffom @ sequence afme-averagedLS measurements is

shows the repetitive input pulse and trad® shows the th_at the incident light intensity., the inpu_t pulse power and
MSW pulse at the BLS observation point. These traces repidth, and the total collection time remain constant.
resent observable microwave signals. Tr&ck shows the AS note_d above, thé term in Eq.(2) is associated with
expected transient population of the parametrically pumpe&"Y BLS signal due o the IQW-Wave_-number magnons asso-
spin waves at the BLS observation point as well. The deca lated W'th.the MSW pqlse itself. This _S|gnal .VVO,Uld a’.“"“”t
shown in(c) corresponds to typical the intrinsic spin-wave 0 an additional scattering that would just coincide with the
decay rates MSW pulses in traceb) of Fig. 2. For such scattering, if

Note thaf the MSW pulses ifb) and the peaks in the present, it is reasonable to assume that the time-averaged
transient response ift) are displaced in time from the input BLS Signal would scale with the pulse power and@ig/ The
pulse timing points. This displacement is due to the group?ffeCt of such scattering, therefore, would be simply to add
velocity for the MSW pulses. For the MSBVW group veloc- the constanB term on the right-hand side. This direct MSW
ity of 3.5x 10° cm/s and the 3-mm transducer separation foPU/Se scattering has no effect on the exponential ddgay

the experiment, the corresponding MSW pulse travel time iéer(n.in Eq.(2). The extent_of such scattering, as well as the
about 85 ns. validity of the simple spin-wave decay model described

It is clear from Fig. 2 that as the duty cycle peridg is above and corresponding relaxation-rate determination, can

increased, the average spin-wave signal will decrease. If or}%-fe :\es;[jed thro‘ljgh B.L%lntensn%/ (;neasuremen_tg asdat;‘ulnctlon
neglects the finite-time spin-wave response at the beginning' € duty cycle periodp, . Such data are considered below.

of the MSW pulse signals and assumes a simple-step in-

crease each time the MSW pulse passes the BLS observation Ill. EXPERIMENTAL RESULTS
point, and further assumes that the measured BLS intensity
Ig s IS proportional to the time-averaged spin-wave signal
level, one obtains a simple expression for the BLS Before considering the duty cycle results, it will be useful

The time sequencing for the input and propagating puls

A. MSW pulse-power response characteristics

intensity—duty cycle period produtg, sTp, to consider first the MSW pulse-power response characteris-
tics at the BLS observation point. As discussed in Refs. 4
lgsTp=C(1—e "fiTD)+ B, 2 and 11, the output peak power vs input power profile and the

change in the average pulse group velocity with power allow
The paramete€ relates to the light intensity, the MSW pulse one to clearly define the pulse experiment. Such data serve to
shape and amplitude, and the corresponding coupling to theentify the threshold power for the onset of soliton forma-
spin waves. Thd parameter relates to any BLS signal duetion and the input power needed for complete order one soli-
to the low-wave-number Fourier component spin waves thaton formation.
make up the MSW pulse itself. Note that the photo detector Figure 3 shows representative data(anthe MSW out-
in the BLS system essentially collects the photons that arput peak powerP, vs the input peak poweP;, and (b)
scattered by the magnetic excitations present at the point dfiISW pulse velocity vaP;, for the transducer structure and
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YIG film combination used for the BLS spin-wave decay - . —
measurements. As noted in Sec. I, these data were obtained T P, =5mW
with the output microstrip transducer positioned 3 mm from ; - s . .

the input transducer, the same as the probe point for the BLS g " 110 mw
measurements. Of course, the details of the responses shown f% - - —

in Fig. 3 will change if the transducer separation is changed. = = 207 MW
The inset in(a) shows the initialP,; vs P;, response on an é’ . . ; .
expanded scale, along with a linear fit to the data at very low e W
input peak powers. The vertical dashed lines identify charac- o et o B/mW
teristic threshold power point8g; and Py, for solitons that '7,, .

will be important in the interpretation of the spin-wave & 1650 mwW

decay-rate data. The two horizontal dashed linef)rindi-
cate(i) the limiting pulse velocity in the low power limit and
(i) the slightly higher velocity plateau for order one solitons.
Graph (a) shows the typicalP,, vs P;, power profile FIG. 4. Graphs of the product of the time-averaged BLS inten-
associated with MME solitons in magnetic films. First, theresity 15, 5 and the duty cycle period as a function of the duty
is the initial linear response at input peak powers belowcycle period for a series of increasing input peak poRgrievels,
about 100 mW. The arrow in the inset shows this subtle bugs indicated. For each set of measurements, the BLS collection
distinct 100-mW transition point from a linear to a nonlinear time, incident light intensity, and other factors that affect the BLS
response. Above;,= P, =100 mW, there is a growing de- Signal level were held constant. The BLS probe point was 3 mm
viation from the linear response as the soliton formation pro_from the input tran;ducer and other MSW pulse conditions were the
cess begins. Then, fd?;, above about 800 mW, there is a Same as for the microwave measurements.
falloff in the response when the power is sufficient to gener-
ate higher-order soliton$:*® cycle periodTp. The five graphs show data in the format
Graph (b) shows the small but distinct change in pulsesuggested by Ed2), namely, plots of thég sTp product as
velocity that accompanies soliton formatibhith the onset a function of Tp. From top to bottom, the graphs are for
of the soliton formation process for power levels ab&¢ increasing input peak powd?;, levels. These levels range
=P, the average pulse velocity increases from the baselinfom 5 mw for the top panel, a value well below tiRe;
low power linear MSBVW pulse velocity. At the power in- =100 mW threshold in Fig. (@), to 1650 mW for the bottom
dicated byPs,, this small but distinct increase in the pulse panel, a value well beyond the,, point in Fig. 3b) and the
velocity pauses momentarily and then resumes the gradugtoad peak in the output peak power response in Fig. 3
increase above this secorl, baseline. The power level The graphs show no vertical scales, since the BLS collection
Pin=Ps,=450 mW may be taken as the power threshold forparameters varied somewhat from run to run. For a given
complete order one soliton formation at the 3-mm detectiontun, of course, these settings were maintained constant. The
point. solid curves in the graphs represent best fits to the respective
The intrinsic spin-wave relaxation ratg, will play an  data based on the functional response in @y.
important role in Secs. llIB and IV. Two low-power mea-  As indicated by Eq(2), the measuredlg sTp vs Tp re-
surements, one of the ferromagnetic resonance linewidth anshonse is expected to have a characteristic time constant
one of the spatial decay rate for the MSW pulses, were beesqual to the effective relaxation time for the spin waves that
used to determiney, independent of the duty cycle results. are excited by the MME pulse as it passes the BLS probe
These measurements plaggat about 6< 10° rad/s for long-  point. All of the data in Fig. 4 exhibit the expected form for
wavelength MSW signals at 5 GHz. Direct microwave cavitythe transient response, with an initial riselig sTp as the
spin-wave instability threshold measurements for paralletuty cycle period increases from zero followed by a leveling
pumping at 10 GHz, properly scaled for the factor of 2 in-off at large T, values. The fact that the data extrapolate to
crease in frequency, also give gpvalue in this same range. | T;=0 in the T,—0 limit indicates that the spin-wave
scattering generally dominates and that there is little if any
scattering from low-wave-number spin waves associated
with the MSW pulse itself. This correspondsBe=0 in Eq.
For the spin-wave decay measurements, BLS data wer@). The solid line exponential fits shown in Fig. 4 were
obtained at a point 3 mm from the input transducer for aobtained from Eq(2) with B set to zero.
range of duty cycle periods from 0.2 to 4s. The input The characteristic spin-wave relaxation times evident
microwave pulse width was maintained at 20 ns for all of thefrom the exponential fits in Fig. 4 clearly increase with the
measurements. For eadh, setting, data were obtained at a input pulse-power level. These exponential response times
fixed level of the microwave input power and with the mul- range from about 0.2s for the top graph to more thanué
tichannel acquisition time, incident light intensity, and otherfor the bottom graph. The corresponding relaxation naig
BLS collection parameters also held constant. Such dateanges from around $10°rad/s for the top graph and;,
were obtained for a range of input peak power levels from a=5 mW to less than 0.8 10° rad/s for the lowest graph and
few tens of mW to 1.6 W. These power levels covered theP;,=1650 mW.
entire range of powers used in microwave measurements. The above results are remarkable in several aspects. First,
Figure 4 shows a series of typical results from the measurehey show that integrated or time-averaged BLS data can be
ments of the BLS intensityg s as a function of the duty used in combination with a repetitive sequence of narrow

0 1 2 3 4
Duty cycle period Tp (ps)

B. Spin-wave decay measurements
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<. below threshold as one approaches the point at which un-
et stable spin-wave growth occurs.

Finally, the data in Fig. 5 show that as one approaches the
(b) Pin=P<,=450-mW point, the effective decay rate bottoms
out at a value of 0.5—% 10° rad/s, with a gradual movement
to the lower end of this range at the highest powers available
for the measurements. These power levels are well into the
regime of higher-order soliton formation as well as the non-
linear regime well above the Suhl threshold. Here, one would
LI expect some sort of steady-state nonlinear response. The data
et suggest a nonlinear spin-wave decay rate that is reduced be-

0 500 1000 1500 2000 low the intrinsic relaxation rate by a factor on the order of
Input peak power Py, (mW) five to ten.

nest ( 108 rad/s)

Effective decay rate

FIG. 5. Graph(a) shows the measured effective spin-wave de-
cay raten.x as a function of the input peak powe,. Graph(b) IV. CONNECTIONS WITH SUHL PROCESSES
and(c) show the velocity and output peak powry,; data from Fig.

3. TheP,; andP, thresholds are the same as in Fig. 3. The dashed AS already indicated, the above results on a spin-wave
arrow andP; point indicate the spin-wave instability threshold r€laxation rate that decreases as the input power increases are

power point apparent from the data. somewhat surprising. The initial expectation was that the
data would yield a decay rate that reflected the intrinsic spin-
MSW pulse signals launched with different duty cycles towave relaxation rate for the parametrically excited spin
determine experimentally the decay rate of the accessibl&aves. The experimental result suggests that the decay de-
spin-wave excitations associated with these MSW pulsedicted in Fig. 4 is not simply this intrinsic relaxation rag.
Second, the fact that the decay rate obtained for these spfather, there is aeffectivedecay rate due to the combined
waves in the |0w-power limit is very close to the intrinsic effect of the intrinsic relaxation that serves teduce the
relaxation rate underscores the validity of the measuremenpopulation of the parametric magnons and the parametric
Third, and most remarkable, is the clear evidence for a rapigoupling that serves timcreasethe population of these mag-
decrease in the effective relaxation rate fram, as the NONS.
MSW pulse power is increased. Through the spin-wave instability theory developed by
Figure 5 shows results on ttfe,, dependence of the ef- Suhf? and by Schlmann?® one obtains a decay rate for
fective spin-wave relaxation ratg; obtained from a large Parametrically pumped spin waves given by
number of individual data runs of the sort shown in Fig. 4. _
Graph (a) shows thezes vs P;, results. Graphgb) and (c) Npp= M~ Gk (©)
repeat the velocity andP,, vs P;, results and thé,; and . ) o )
P., identifications from Fig. 3. These results are shownwhereGy™" is a coupling rate coefficient for the parametric
again in order to demonstrate clearly the correlations bePumping induced energy flow into these modes. The general
tween the soliton response characteristics and the spin-wa@Uupling coefficieniGy is discussed in detail in Ref. 23 and
decay properties. The dashed arrow a@hg, point in (a) in various extensions of the S_clrman_n analysis to d|f_ferent .
show the spin-wave instability threshold power point apparg€ometries, —pumping configurations, and anisotropic
ent from the data. The possible origin of this threshold will materials®~%®
be considered in Sec. IV. The main point for this work is thas, in its most general
The rapid falloff in the effective relaxation rate with the form represents the coupling of energy from a microwave
input MSW pulse power for the spin waves detected by thoump field into spin waves at a particular wave vedta@nd
BLS system is clearly evident from graggh) in Fig. 5. Itis  frequencyw, . The more specialized coefficie@,"" corre-
interesting that this falloff starts even befdPg, reaches the sponds to thaGy for spin waves at some specikcand wy,
initial nonlinear thresholdP; point. Recall that this thresh- which represents the maximum coupling among all of the
old point corresponds to the power at which soliton forma-available spin waves for the given geometry, microwave

tion begins. This means that whatever processes are respdpmping configuration, and apani_Sd magnetic field. For the
I

sible for the drop inye;, some or all of them are unrelated to experiments considered her&,™ corresponds to spin
soliton formationper se waves atw,=w, where w is the 5-GHz MSBVW signal

As P, increases abovEg,, the drop in7e; continues at  frequency. ThisGy"" also corresponds to second-order or
about the same rate of decrease out to about 250—300 m\ibur-wave processes in which two low—wave-number
The extrapolation of the data froR;,=Py;=100mW to MSBVW magnons at frequency are destroyed and two
Pin=250 mW or so gives a zero decay ®=0 power point  parametric magnons are created. For such processes, one
at P.;;=300 mW. It is suggested in the next section that thismay show thaG, is proportional to the square of the micro-
P.it point for zero decay corresponds to the Suhl thresholdvave pumping field amplitude, or equivalently, to the input
for spin-wave instability. In the conventional high-power mi- microwave power. One may write, therefore,
crowave experiment, this threshold marks the threshold for
the unstable growth of parametrically excited spin waves and G'"=Q"p,,, (4)
the onset of additional microwave loss. In these experiments, A
the power dependence of the effective decay rate is evidemthereQy" is a power-independent coupling coefficient.



PRB 61 BRILLOUIN LIGHT-SCATTERING OBSERVATION CF . .. 527

In the Schlonann spin-wave instability formalism, one tion of spin waves. The order one soliton is a fully formed
assumes a time-dependent spin-wave amplitude of the formpropagating nonlinear eigenmode of the system. The addi-
B tional energy that feeds this pulse above g threshold
byxe” 7o, must go somewhere. Both the wave-vector selective BLS
where 7,, is defined in Eq(3). One obtains the spin-wave experiments in Ref. 19 and the present decay results indicate
instability threshold power leveP.;, as the input power at that this energy goes into spin waves that are pumped by the
which 7,, changes from positive to negative and at whichnonlinear MSW pulse. _ _
the spin-wave amplitude begins to exhibit an exponential 1he empirical connection between the behaviongf in
growth characteristic. The conditiom,,=0, in combination ~Fig. 5 and the form ofy,, in Egs.(3) and(7) notwithstand-

with Egs.(3) and(4), gives a spin-wave instability threshold ing, one critical problem remains. The parametric pumping
power, of spin waves in the Suhl and Schiann analyses give a

power-dependent spin-wave decay rate of the form shown in
Peic= 7/ Q™. (6)  EQq.(3) during the time that microwave power is being ap-
. . . . . plied to the spin system. In the present experiments, the input
In the usual microwave spin-wave mstablllty experiment, thepulse microwave power generates propagating MSW pulses
thresholdP; is the power at which nonlinear loss becomes;;, ihe vIG film, and the dynamic magnetization associated
apparent. For powersbove R, one sees the effect of the i, these propagating pulses generates the spin waves ob-
increase in the spin-wave amplitude above thermal levels a8gyeqd by light scattering in Ref. 19 and as described above.
an abrupt change in the microwave loss of the sample. |, these instances, the observed decay in the spin-wave sig-
The data in Sec. lll and, in particular, the rapid drop inp5| takes place mostipfter the passage of the nonlinear
77eit With power shown in Fig. 5 wheR, is less than i,  \vsw generating pulse. The dilemma here is clear. How
indicate that_the effective decay rate obtaln_ed from_the dutypes the decaying spin-wave remember its parametric origin
cycle analyslls Corresponds to the parametric-pumping decagy tne propagating MSW pulse?
rate 77pp. This drop in 7y, therefore, may be taken as an  pyrther BLS measurements of the fundamental spin-wave
experimental signature for the parametric-pumping procesgecay processes presented above will be needed in order to
belowthreshold. address the above question. It will be important to obtain
_ _ min time and spatially resolved measurements of the actual spin-
7= 7Tefi= 7 Qi Pin - (Pin<Peri)- D wave deca?/ foIIo)\Cving the techniques of Ref. 20, but with tﬁe
The dashed arrow in Fig. 5 is intended to indicate this basi@ddition of wave-vector selection procedures from Ref. 19.
response. The slope for this decrease corresponds @tfle These techniques will allow ong) to follow the spin-wave
factor defined above. decay in time at a fixed BLS probe point as the generating
The present results represent the first direct demonstratiod SW pulse moves by(ii) to follow the spatial decay at
that the parametric-pumping process actually servedeto fixed time as one moves away from a specific generation
creasethe effective spin-wave relaxation rate for power lev- point in time and position, andii) to identify the specific
els belowthe instability threshold. The role of such paramet-critical spin-wave modes that are excited.
ric pumping processes in nonlinear MSW devices, such as It is expected that the details of the decay processes re-
the magnetostatic surface wave signal-to-noise enhdhcervealed by these new measurements will differ from those for
for example, is well known. However, all previous data onSuhl processes alone and direct parametric spin-wave exci-
spin-wave instability processes show only the effect of thdation from a continuous MSW signal or microwave pump.
parametric pumpingbovethreshold, when the pumped spin These later processes are already well documefitéd.
waves become unstable. These differences will provide additional insight into the
Turn now to thez results at the highest powers avail- parametric spin-wave processes associated with MSW pulse
able for the measurements. Based on spin-wave instabilit9r soliton excitation.
considerations alone, one would expegl; to follow the
dashed arrow in Fig.(8) all the way to7.4=0 at the thresh-
old power pointP;,= P;;. The data, however, show that the
effective decay rate levels off at a small but nonzero value. This work was supported by the National Science Foun-
This leveling off occurs when the input power level ap-dation, Grants No. DMR-9400276 and No. DMR-9801649,
proaches and exceeds the threshBld for complete order and the United States Army Research Office, Grants No.
one soliton formation at the BLS probe point. One mayDAAHO4-95-1-0325 and No. DAAG55-98-1-0430. The
speculate that when the order one soliton power threshold isamples were provided by Dr. J. D. Adam, Northrop Grum-
exceeded, the additional microwave energy that is providethan Science and Technology Center, Pittsburgh, PA. Dr.
to the initial nonlinear MSW pulse as it is launched from theValeri T. Synogach and Dr. Christoph Mathieu are acknowl-
input transducer must eventually be shed through the generadged for a critical review of the manuscript.
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