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Brillouin light-scattering observation of the nonlinear spin-wave decay
in yttrium iron garnet thin films
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Department of Physics, Colorado State University, Fort Collins, Colorado 80523

~Received 24 June 1999!

The direct observation of nonlinear spin-wave decay in thin yttrium iron garnet~YIG! 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 rateheff for the
parametric spin waves vs input powerPin . This heff was equal to the usual spin-wave relaxation rate at low
power, but decreased rapidly with increasingPin . As Pin approached the threshold power for complete
MSBVW soliton formation at the observation point,heff leveled off to a relatively constant value that was
about a factor of 5–10 smaller than the low power value. The initial decrease inheff 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 inheff 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 powerbelow 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.
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I. INTRODUCTION

The discovery of microwave magnetic envelope~MME!
soliton generation in magnetic films was reported over a
cade ago.1–3 Since these initial reports, a substantial expe
mental and theoretical effort has been devoted to the stud
MME pulse propagation and soliton formation in yttriu
iron garnet ~YIG! films. This work has addressed solito
propagation and decay,4–7 dark solitons,8,9 soliton order and
a power-dependent soliton velocity,10,11 soliton phase
profiles,12 soliton modeling based on the nonlinear Sch¨-
dinger equation and inverse scattering considerations,13,14

feedback generated solitons,15,16 the parametric amplification
of MME solitons,17,18 and the Brillouin light-scattering
~BLS! detection of soliton wave-vector distributions,19 and
the spatio-temporal power distributions of soliton bullets.20

The Brillouin light-scattering measurements of the wav
vector distributions for the magnetic excitations associa
with MME solitons in Ref. 19 revealed more than the e
pected Fourier transform makeup of the nonlinear MM
wave packet. These data indicated that soliton format
propagation, and decay was accompanied by the gener
of high-wave-number spin waves. The detected spin wa
included excitations with wave numberk much larger than
1/S, whereS is the spatial width of the soliton pulse. Th
wave-numberk distribution for the scattered spin waves w
sharply peaked aroundk53 – 43104 rad/cm, and shown to
evolve from a broadk distribution for cw microwave excita
tion as found in Ref. 21. These high-k modes had discrete
wave-vector directions that were perpendicular to the pro
gation direction and at angles at about 22°–23° and 45° a
from perpendicular. Such soliton generated spin waves
PRB 610163-1829/2000/61~1!/522~7!/$15.00
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consistent with the evidence of a wake signal that follows
MME soliton found from soliton collision experiments.6

Reference 19 provided two suggestions about the or
of the high-wave-number spin waves produced during s
ton propagation. The first involved a possible shedding
energy in the form of spin waves as the initial rectangu
input magnetostatic wave~MSW! pulse signal evolves into
an eigenmode envelope soliton. The second was the gen
tion of spin waves through parametric Suhl processes.22 The
fact that the spin waves gave maximum scattering for a w
numberk around 3 – 43104 rad/cm and for discrete in-plan
wave-vector directions is very suggestive of the sort of cr
cal mode considerations associated with Suhl processes

The realization that MSW soliton pulses generate hig
wave number spin waves during propagation and that th
spin waves have many of the characteristics of the param
ric excitations found in Suhl processes poses an interes
possibility—the direct measurement of the spin-wave rel
ation rate. Such a determination can be made quite ea
from data on the BLS scattering intensity at a localized po
along the MSW pulse propagation path. All that is needed
to measure the cw BLS intensity as a function of the d
cycle for the MSW pulse excitation. There is no need for t
nanosecond scale temporal resolution of the scattered
described in Ref. 20. The technique will be described in S
II.

The results are presented in Sec. III. They turn out to
rather surprising. If the generation of spin waves is intrin
to the soliton formation process, one should see scatte
from such modes as soon as one exceeds the power thre
for soliton formation. The decay rate for these excit
modes, moreover, should correspond to the intrinsic sp
wave relaxation ratehk . The data show that the measure
522 ©2000 The American Physical Society
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spin-wave relaxation rate does start out at this intrinsichk
value for low-power input pulses. As the input power is i
creased, however, the spin-wave relaxation ratedecreases
rapidly, and levels off at a small value of about a factor
5–10 smaller thanhk as one approaches and exceeds
input power needed for complete order one soliton format
at the output antenna for the MSW delay line structure.

These data show that the effective decay rate for the s
ton pumped spin waves is not the intrinsic spin-wave rel
ation rate at all. Rather, the excited spin waves appea
decay much slower as one approaches some critical po
threshold for spin-wave instability, as found for Suhl pr
cesses, and then saturate as one exceeds the power n
for complete soliton formation at the point of observatio
The possible basis for these unexpected results in spin-w
instability processes22,23 will be considered in Sec. IV.

II. EXPERIMENT AND RELAXATION RATE
DETERMINATION

The microwave/optical system is shown schematically
Fig. 1. The experiment used a long, 2-mm-wide, 7.2-mm-
thick YIG film grown by liquid phase epitaxy and a spec
open-design microstrip transducer structure for microw
excitation and simultaneous microwave and optical de
tion. The film had a 10-GHz ferromagnetic resonance li
width below one Oe and magnetostatic wave transmiss
profiles indicative of unpinned surface spins. The YIG fi
strip is shown positioned across the two 50-mm-wide trans-
ducer sections in Fig. 1, one for input and one for outp
The propagating MSW wave packet~WP! is also indicated.
The static magnetic fieldH was aligned parallel to the lon
dimension of the YIG film and the MSW propagation dire
tion. This corresponds to the magnetostatic backward
ume wave~MSBVW! configuration.24

The input microwave pulse signals were obtained with
microwave synthesizer followed by a high speed microwa
switch, a microwave amplifier, and an attenuator. The pu
carrier frequency was set at 5 GHz. The fieldH was adjusted
so that the MSBVW pulses at low power had a group vel
ity v close to 3.53106 cm/s. This corresponds to a
MSBVW carrier wave numberk close to 100 rad/cm. Thes
relatively long-wavelength MSW signals could be excit
and detected efficiently by the 50-mm-wide microstrip trans-
ducer elements. The nominal fieldH for these MSW
operating-point conditions was 1090 Oe. All experime
were done with an input pulse width of 20 ns.

Although Fig. 1 shows single pulses at input and outp
the experiments were done with continuous pulse tra
rather than single-shot pulses. The pulse repetition pe
could be varied from 0.2 to 4ms, corresponding to a varia

FIG. 1. YIG film transducer structure and optical configurati
for the BLS spin-wave measurements.
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tion in duty cycle from 10% to 0.5%. As will be discusse
shortly, the duty cycle for the microwave input pulse tra
signal is a critical control parameter for the spin-wave dec
time measurements. The microwave signals were analy
through a Hewlett Packard HP71500A Microwave Tran
tion Analyzer.

The microwave system could also be used to perform
curate measurements of the MME pulse velocity, dec
rates, and output pulse peak power.4,7,11 These data were
obtained as a function of pulse power and duty cycle. T
duty cycle had no effect on the output pulse response.
creasing power resulted in the usual nonlinear output po
response, change in pulse shape, change in decay rate
change in pulse velocity associated with MME soliton
These effects are described in the references cited abov

The BLS measurements utilized an optical system se
in the forward scattering configuration, and a Sanderc
six-pass tandem Fabry-Perot interferometer25 for the detec-
tion of spin-wave scattered light. The BLS set up was ess
tially the same as in Ref. 19, except that there were no wa
vector selection slits or irises in the collection optics. W
no wave-vector selective apertures, the BLS system coll
essentially all of the scattered light within the lens apert
and routes this light signal to the Sandercock Fabry-Pe
interferometer. The BLS data were obtained for an incid
laser power level of about 10–15 mW. The upper limit
the accessible spin-wave wave number was abou
3104 rad/cm.

Care was taken to obtain BLS data and microwave d
corresponding to one and the same area of the YIG fi
along the propagation path. In order to do this, the mova
output antenna was first positioned at the distance of 3
from the input antenna, and microwave data were obtain
Then, the output antenna was moved to a distance of 6
from the input antenna to monitor the microwave signal d
ing the BLS data collection, and the incident laser beam w
focused in the middle of the YIG film strip at the same p
sition used for the previous microwave data collection.
this way, one obtains BLS data and microwave data for
same location along the MSW pulse propagation path fr
input to output.

The spin-wave decay measurements are based on
simple assumptions. First, it is assumed that the propaga
MME magnetostatic wave pulse serves to excite spin wa
locally at all points along the propagation path and, in p
ticular, at the point of observation for the BLS signal. T
relatively low-wave-number MSW pulse serves the sa
role as the uniform mode ferromagnetic resonance signa
the standard Suhl resonance saturation experiment. For
experiments, the generation of parametric spin waves is w
established.21 The second assumption is that these s
waves that are excited as the MSW pulse passes the poi
observation will decay following this passage and exhibi
characteristic decay with time. This decay may be written

Sk}e2hefft, ~1!

where Sk represents the spin-wave signal level,heff repre-
sents the decay or relaxation rate for the excited spin wa
and t represents the time referenced to the time at which
MSW pulse passes the BLS observation point.
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The time sequencing for the input and propagating pu
signals and the form of the transient spin-wave signal
shown schematically in Fig. 2. The horizontal time scale a
pulse profiles are more-or-less representative of the d
with 20-ns-wide input pulses, somewhat narrowed soli
pulses at the BLS observation point, and a spin-wave de
time of about 170 ns/rad. The pulse spacing or duty cy
periodTD is shown as 200 ns. This is at the lower limit
the duty cycle period used in the measurements. Trace~a!
shows the repetitive input pulse and trace~b! shows the
MSW pulse at the BLS observation point. These traces r
resent observable microwave signals. Trace~c! shows the
expected transient population of the parametrically pum
spin waves at the BLS observation point as well. The de
shown in ~c! corresponds to typical the intrinsic spin-wav
decay rates.

Note that the MSW pulses in~b! and the peaks in the
transient response in~c! are displaced in time from the inpu
pulse timing points. This displacement is due to the gro
velocity for the MSW pulses. For the MSBVW group velo
ity of 3.53106 cm/s and the 3-mm transducer separation
the experiment, the corresponding MSW pulse travel tim
about 85 ns.

It is clear from Fig. 2 that as the duty cycle periodTD is
increased, the average spin-wave signal will decrease. If
neglects the finite-time spin-wave response at the begin
of the MSW pulse signals and assumes a simple-step
crease each time the MSW pulse passes the BLS observ
point, and further assumes that the measured BLS inten
I BLS is proportional to the time-averaged spin-wave sig
level, one obtains a simple expression for the B
intensity—duty cycle period productI BLSTD ,

I BLSTD5C~12e2heffTD!1B. ~2!

The parameterC relates to the light intensity, the MSW puls
shape and amplitude, and the corresponding coupling to
spin waves. TheB parameter relates to any BLS signal d
to the low-wave-number Fourier component spin waves
make up the MSW pulse itself. Note that the photo detec
in the BLS system essentially collects the photons that
scattered by the magnetic excitations present at the poin

FIG. 2. Schematic diagram of the pulse timing for the BL
detection of decaying spin-wave signals after excitation by
MSW pulses. Trace~a! shows the repetitive train of microwav
input pulses, trace~b! shows the delayed train of MSW pulses at t
BLS probe point, and trace~c! shows the expected time-depende
spin-wave signal level at the BLS probe point.
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observation, so thatI BLS derives from the average spin-wav
signal or the time average of the response shown in Fig. 2~c!.

Equation~2! demonstrates the basic principle behind t
spin-wave decay-rate measurements. Namely, if all the p
conditions are maintained constant except the duty cycle,
can use time averaged BLS data as a function of duty cy
period to obtain a direct determination of the decay rate. T
only practical requirement for a meaningful measuremen
heff from a sequence oftime-averagedBLS measurements is
that the incident light intensity, the input pulse power a
width, and the total collection time remain constant.

As noted above, theB term in Eq.~2! is associated with
any BLS signal due to the low-wave-number magnons as
ciated with the MSW pulse itself. This signal would amou
to an additional scattering that would just coincide with t
MSW pulses in trace~b! of Fig. 2. For such scattering, i
present, it is reasonable to assume that the time-avera
BLS signal would scale with the pulse power and 1/TD . The
effect of such scattering, therefore, would be simply to a
the constantB term on the right-hand side. This direct MSW
pulse scattering has no effect on the exponential decayTD
term in Eq.~2!. The extent of such scattering, as well as t
validity of the simple spin-wave decay model describ
above and corresponding relaxation-rate determination,
be tested through BLS intensity measurements as a func
of the duty cycle periodTD . Such data are considered belo

III. EXPERIMENTAL RESULTS

A. MSW pulse-power response characteristics

Before considering the duty cycle results, it will be use
to consider first the MSW pulse-power response characte
tics at the BLS observation point. As discussed in Refs
and 11, the output peak power vs input power profile and
change in the average pulse group velocity with power all
one to clearly define the pulse experiment. Such data serv
identify the threshold power for the onset of soliton form
tion and the input power needed for complete order one s
ton formation.

Figure 3 shows representative data on~a! the MSW out-
put peak powerPout vs the input peak powerPin and ~b!
MSW pulse velocity vsPin for the transducer structure an

e

t

FIG. 3. Graph~a! shows typical data on the output peak detec
power Pout vs input peak powerPin for the 20-ns MSBVW pulses
in the 7.2-mm-thick YIG film with a transducer spacing of 3 mm
Graph~b! shows the average pulse velocity vsPin . The static mag-
netic field was 1090 Oe. The input pulse carrier frequency a
width were 5 GHz and 20 ns, respectively.
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YIG film combination used for the BLS spin-wave dec
measurements. As noted in Sec. II, these data were obta
with the output microstrip transducer positioned 3 mm fro
the input transducer, the same as the probe point for the
measurements. Of course, the details of the responses s
in Fig. 3 will change if the transducer separation is chang
The inset in~a! shows the initialPout vs Pin response on an
expanded scale, along with a linear fit to the data at very
input peak powers. The vertical dashed lines identify char
teristic threshold power pointsPs1 and Ps2 for solitons that
will be important in the interpretation of the spin-wav
decay-rate data. The two horizontal dashed lines in~b! indi-
cate~i! the limiting pulse velocity in the low power limit and
~ii ! the slightly higher velocity plateau for order one soliton

Graph ~a! shows the typicalPout vs Pin power profile
associated with MME solitons in magnetic films. First, the
is the initial linear response at input peak powers bel
about 100 mW. The arrow in the inset shows this subtle
distinct 100-mW transition point from a linear to a nonline
response. AbovePin5Ps15100 mW, there is a growing de
viation from the linear response as the soliton formation p
cess begins. Then, forPin above about 800 mW, there is
falloff in the response when the power is sufficient to gen
ate higher-order solitons.10,13

Graph ~b! shows the small but distinct change in pul
velocity that accompanies soliton formation.7 With the onset
of the soliton formation process for power levels abovePin
5Ps1 , the average pulse velocity increases from the base
low power linear MSBVW pulse velocity. At the power in
dicated byPs2 , this small but distinct increase in the puls
velocity pauses momentarily and then resumes the gra
increase above this secondPs2 baseline. The power leve
Pin5Ps25450 mW may be taken as the power threshold
complete order one soliton formation at the 3-mm detect
point.

The intrinsic spin-wave relaxation ratehk will play an
important role in Secs. III B and IV. Two low-power mea
surements, one of the ferromagnetic resonance linewidth
one of the spatial decay rate for the MSW pulses, were b
used to determinehk independent of the duty cycle result
These measurements placehk at about 63106 rad/s for long-
wavelength MSW signals at 5 GHz. Direct microwave cav
spin-wave instability threshold measurements for para
pumping at 10 GHz, properly scaled for the factor of 2
crease in frequency, also give anhk value in this same range

B. Spin-wave decay measurements

For the spin-wave decay measurements, BLS data w
obtained at a point 3 mm from the input transducer fo
range of duty cycle periods from 0.2 to 4ms. The input
microwave pulse width was maintained at 20 ns for all of
measurements. For eachTD setting, data were obtained at
fixed level of the microwave input power and with the mu
tichannel acquisition time, incident light intensity, and oth
BLS collection parameters also held constant. Such d
were obtained for a range of input peak power levels from
few tens of mW to 1.6 W. These power levels covered
entire range of powers used in microwave measureme
Figure 4 shows a series of typical results from the meas
ments of the BLS intensityI BLS as a function of the duty
ed
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cycle periodTD . The five graphs show data in the form
suggested by Eq.~2!, namely, plots of theI BLSTD product as
a function of TD . From top to bottom, the graphs are fo
increasing input peak powerPin levels. These levels rang
from 5 mW for the top panel, a value well below thePs1
5100 mW threshold in Fig. 3~a!, to 1650 mW for the bottom
panel, a value well beyond thePs2 point in Fig. 3~b! and the
broad peak in the output peak power response in Fig. 3~a!.
The graphs show no vertical scales, since the BLS collec
parameters varied somewhat from run to run. For a giv
run, of course, these settings were maintained constant.
solid curves in the graphs represent best fits to the respe
data based on the functional response in Eq.~2!.

As indicated by Eq.~2!, the measuredI BLSTD vs TD re-
sponse is expected to have a characteristic time cons
equal to the effective relaxation time for the spin waves t
are excited by the MME pulse as it passes the BLS pr
point. All of the data in Fig. 4 exhibit the expected form fo
the transient response, with an initial rise inI BLSTD as the
duty cycle period increases from zero followed by a leveli
off at largeTD values. The fact that the data extrapolate
I BLSTD50 in the TD→0 limit indicates that the spin-wave
scattering generally dominates and that there is little if a
scattering from low-wave-number spin waves associa
with the MSW pulse itself. This corresponds toB50 in Eq.
~2!. The solid line exponential fits shown in Fig. 4 we
obtained from Eq.~2! with B set to zero.

The characteristic spin-wave relaxation times evid
from the exponential fits in Fig. 4 clearly increase with t
input pulse-power level. These exponential response tim
range from about 0.2ms for the top graph to more than 4ms
for the bottom graph. The corresponding relaxation rateheff
ranges from around 53106 rad/s for the top graph andPin
55 mW to less than 0.33106 rad/s for the lowest graph an
Pin51650 mW.

The above results are remarkable in several aspects. F
they show that integrated or time-averaged BLS data can
used in combination with a repetitive sequence of narr

FIG. 4. Graphs of the product of the time-averaged BLS int
sity I BLS and the duty cycle periodTD as a function of the duty
cycle period for a series of increasing input peak powerPin levels,
as indicated. For each set of measurements, the BLS collec
time, incident light intensity, and other factors that affect the B
signal level were held constant. The BLS probe point was 3 m
from the input transducer and other MSW pulse conditions were
same as for the microwave measurements.
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526 PRB 61ZHANG, KABOS, XIA, KOLODIN, AND PATTON
MSW pulse signals launched with different duty cycles
determine experimentally the decay rate of the access
spin-wave excitations associated with these MSW puls
Second, the fact that the decay rate obtained for these
waves in the low-power limit is very close to the intrins
relaxation rate underscores the validity of the measurem
Third, and most remarkable, is the clear evidence for a ra
decrease in the effective relaxation rate fromhsw as the
MSW pulse power is increased.

Figure 5 shows results on thePin dependence of the ef
fective spin-wave relaxation rateheff obtained from a large
number of individual data runs of the sort shown in Fig.
Graph ~a! shows theheff vs Pin results. Graphs~b! and ~c!
repeat the velocityv andPout vs Pin results and thePs1 and
Ps2 identifications from Fig. 3. These results are sho
again in order to demonstrate clearly the correlations
tween the soliton response characteristics and the spin-w
decay properties. The dashed arrow andPcrit point in ~a!
show the spin-wave instability threshold power point app
ent from the data. The possible origin of this threshold w
be considered in Sec. IV.

The rapid falloff in the effective relaxation rate with th
input MSW pulse power for the spin waves detected by
BLS system is clearly evident from graph~a! in Fig. 5. It is
interesting that this falloff starts even beforePin reaches the
initial nonlinear thresholdPs1 point. Recall that this thresh
old point corresponds to the power at which soliton form
tion begins. This means that whatever processes are res
sible for the drop inheff , some or all of them are unrelated
soliton formationper se.

As Pin increases abovePs1 , the drop inheff continues at
about the same rate of decrease out to about 250–300
The extrapolation of the data fromPin5Ps15100 mW to
Pin5250 mW or so gives a zero decay orheff50 power point
at Pcrit5300 mW. It is suggested in the next section that t
Pcrit point for zero decay corresponds to the Suhl thresh
for spin-wave instability. In the conventional high-power m
crowave experiment, this threshold marks the threshold
the unstable growth of parametrically excited spin waves
the onset of additional microwave loss. In these experime
the power dependence of the effective decay rate is evi

FIG. 5. Graph~a! shows the measured effective spin-wave d
cay rateheff as a function of the input peak powerPin . Graph~b!
and~c! show the velocity and output peak powerPout data from Fig.
3. ThePs1 andPs2 thresholds are the same as in Fig. 3. The das
arrow andPcrit point indicate the spin-wave instability thresho
power point apparent from the data.
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below threshold as one approaches the point at which
stable spin-wave growth occurs.

Finally, the data in Fig. 5 show that as one approaches
Pin5Ps25450-mW point, the effective decay rate bottom
out at a value of 0.5– 13106 rad/s, with a gradual movemen
to the lower end of this range at the highest powers availa
for the measurements. These power levels are well into
regime of higher-order soliton formation as well as the no
linear regime well above the Suhl threshold. Here, one wo
expect some sort of steady-state nonlinear response. The
suggest a nonlinear spin-wave decay rate that is reduced
low the intrinsic relaxation rate by a factor on the order
five to ten.

IV. CONNECTIONS WITH SUHL PROCESSES

As already indicated, the above results on a spin-w
relaxation rate that decreases as the input power increase
somewhat surprising. The initial expectation was that
data would yield a decay rate that reflected the intrinsic sp
wave relaxation rate for the parametrically excited sp
waves. The experimental result suggests that the decay
picted in Fig. 4 is not simply this intrinsic relaxation ratehk .
Rather, there is aneffectivedecay rate due to the combine
effect of the intrinsic relaxation that serves toreduce the
population of the parametric magnons and the parame
coupling that serves toincreasethe population of these mag
nons.

Through the spin-wave instability theory developed
Suhl22 and by Schlo¨mann,23 one obtains a decay rate fo
parametrically pumped spin waves given by

hpp5hk2Gk
min , ~3!

whereGk
min is a coupling rate coefficient for the parametr

pumping induced energy flow into these modes. The gen
coupling coefficientGk is discussed in detail in Ref. 23 an
in various extensions of the Schlo¨mann analysis to differen
geometries, pumping configurations, and anisotro
materials.26–28

The main point for this work is thatGk in its most general
form represents the coupling of energy from a microwa
pump field into spin waves at a particular wave vectork and
frequencyvk . The more specialized coefficientGk

min corre-
sponds to thatGk for spin waves at some specifick andvk ,
which represents the maximum coupling among all of
available spin waves for the given geometry, microwa
pumping configuration, and applied magnetic field. For
experiments considered here,Gk

min corresponds to spin
waves atvk5v, where v is the 5-GHz MSBVW signal
frequency. ThisGk

min also corresponds to second-order
four-wave processes in which two low–wave-numb
MSBVW magnons at frequencyv are destroyed and two
parametric magnons are created. For such processes
may show thatGk is proportional to the square of the micro
wave pumping field amplitude, or equivalently, to the inp
microwave power. One may write, therefore,

Gk
min5Qk

minPin , ~4!

whereQk
min is a power-independent coupling coefficient.
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In the Schlo¨mann spin-wave instability formalism, one
assumes a time-dependent spin-wave amplitude of the fo

bk}e2hppt, ~5!

wherehpp is defined in Eq.~3!. One obtains the spin-wave
instability threshold power levelPcrit as the input power at
which hpp changes from positive to negative and at whic
the spin-wave amplitude begins to exhibit an exponent
growth characteristic. The conditionhpp50, in combination
with Eqs.~3! and~4!, gives a spin-wave instability threshold
power,

Pcrit5hk /Qk
min . ~6!

In the usual microwave spin-wave instability experiment, t
thresholdPcrit is the power at which nonlinear loss become
apparent. For powersabove Pcrit , one sees the effect of the
increase in the spin-wave amplitude above thermal levels
an abrupt change in the microwave loss of the sample.

The data in Sec. III and, in particular, the rapid drop
heff with power shown in Fig. 5 whenPin is less than Pcrit ,
indicate that the effective decay rate obtained from the d
cycle analysis corresponds to the parametric-pumping de
rate hpp. This drop inheff , therefore, may be taken as a
experimental signature for the parametric-pumping proce
below threshold.

hpp5heff5hk2Qk
minPin ~Pin,Pcrit!. ~7!

The dashed arrow in Fig. 5 is intended to indicate this ba
response. The slope for this decrease corresponds to theQk

min

factor defined above.
The present results represent the first direct demonstra

that the parametric-pumping process actually serves tode-
creasethe effective spin-wave relaxation rate for power lev
elsbelowthe instability threshold. The role of such parame
ric pumping processes in nonlinear MSW devices, such
the magnetostatic surface wave signal-to-noise enhance29

for example, is well known. However, all previous data o
spin-wave instability processes show only the effect of t
parametric pumpingabovethreshold, when the pumped spi
waves become unstable.

Turn now to theheff results at the highest powers avai
able for the measurements. Based on spin-wave instab
considerations alone, one would expectheff to follow the
dashed arrow in Fig. 5~a! all the way toheff50 at the thresh-
old power pointPin5Pcrit . The data, however, show that th
effective decay rate levels off at a small but nonzero valu
This leveling off occurs when the input power level ap
proaches and exceeds the thresholdPs2 for complete order
one soliton formation at the BLS probe point. One ma
speculate that when the order one soliton power threshol
exceeded, the additional microwave energy that is provid
to the initial nonlinear MSW pulse as it is launched from th
input transducer must eventually be shed through the gen
U

h

m

l

e

as

ty
ay

ss

ic

on

-
s
,

e

ity

.

is
d

ra-

tion of spin waves. The order one soliton is a fully forme
propagating nonlinear eigenmode of the system. The a
tional energy that feeds this pulse above thePs2 threshold
must go somewhere. Both the wave-vector selective B
experiments in Ref. 19 and the present decay results indi
that this energy goes into spin waves that are pumped by
nonlinear MSW pulse.

The empirical connection between the behavior ofheff in
Fig. 5 and the form ofhpp in Eqs.~3! and~7! notwithstand-
ing, one critical problem remains. The parametric pump
of spin waves in the Suhl and Schlo¨mann analyses give a
power-dependent spin-wave decay rate of the form show
Eq. ~3! during the time that microwave power is being a
plied to the spin system. In the present experiments, the in
pulse microwave power generates propagating MSW pu
in the YIG film, and the dynamic magnetization associa
with these propagating pulses generates the spin waves
served by light scattering in Ref. 19 and as described ab
In these instances, the observed decay in the spin-wave
nal takes place mostlyafter the passage of the nonlinea
MSW generating pulse. The dilemma here is clear. H
does the decaying spin-wave remember its parametric or
in the propagating MSW pulse?

Further BLS measurements of the fundamental spin-w
decay processes presented above will be needed in ord
address the above question. It will be important to obt
time and spatially resolved measurements of the actual s
wave decay following the techniques of Ref. 20, but with t
addition of wave-vector selection procedures from Ref.
These techniques will allow one~i! to follow the spin-wave
decay in time at a fixed BLS probe point as the generat
MSW pulse moves by,~ii ! to follow the spatial decay a
fixed time as one moves away from a specific genera
point in time and position, and~iii ! to identify the specific
critical spin-wave modes that are excited.

It is expected that the details of the decay processes
vealed by these new measurements will differ from those
Suhl processes alone and direct parametric spin-wave e
tation from a continuous MSW signal or microwave pum
These later processes are already well documented.30–40

These differences will provide additional insight into th
parametric spin-wave processes associated with MSW p
or soliton excitation.
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