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Brillouin light scattering analysis of three-magnon splitting processes in yttrium iron garnet films
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Wave vector and frequency selective Brillouin light scatteriB§S) has been used to measure the wave
vector make up for the dipole exchange spin w&i&ESW) modes which are parametrically excited by
propagating magnetostatic surface waMiSSW) pulse signals in a long and narrow yttrium iron garnet film
strip through three magnon splitting processes. The signal frequgnegis 2.65 GHz, the input pulse width
was 100 ns, and the in-plane applied field was 340 Oe. In addition, time and space ré3@®RMBLS
techniques were used to map the spatio-temporal propagation properties of the MSSW and DESW modes as
they evolve as a result of three magnon processes. The film thicknesses wergub-—B8pecific data are
reported for an 8.7um thick film. The DESW mode frequencies are at abio/®2. The DESW wave vectdt
directions form lobes at in-plane angles of 5°—15° relative to the fieldkMadues are in the TOrad/cm range
and are quantized. The frequencies &wdlues match those predicted from the dispersion relations and energy
and momentum conservation. Specific critical powers are associated with parkicidares. The TSR data
show that the MSSW pulses propagate with a wedge shaped wave front and quench in such a way as to
produce the ultra short 1-2 ns wide output pulses reported previously. The quench is connected with the
appearance of a corresponding half frequency DESW wedge which is nearly stationary, has a response time of
a few nanoseconds, and has a decay time in excess of the 100 ns MSSW pulse width.

DOI: 10.1103/PhysRevB.67.104402 PACS nunt®er75.30.Ds, 76.50:g, 78.35+c, 85.70.Ge

[. INTRODUCTION ting and the experimental identification of the properties of
the product magnons. The wave vector selective BLS mea-
Synogachet al! showed recently that the launch and surements provide direct wave number and directional distri-
propagation of a relatively wide high-power magnetostatidoutions for the product,/2 spin waves which are generated
surface wave(MSSW) pulse in a thin yttrium iron garnet by the MSSW pulse. The time and space resolved BLS data
(YIG) film can, under certain conditions, give an ultrashortdive the temporal and spatial characteristics of the actual
pulse at an output transducer with a width as low as 2 ns. Theplitting processes as the MSSW signal couples energy into
necessary conditions noted in Ref. 1 include one key condithe DESW excitations.
tion: operation with an input pulse carrier frequerfgybe- While the data clearly show that DESW magnons are pro-
low 3.3 GHz. This cutoff effect was taken as an indicationduced by the input MSSW signal through a splitting process,
that three magnon splitting and confluence processes wefvidence for the reverse con.fluence process is more indirect.
involved. Energy conservation requires that magnons inThe ultrashort pulse formation process in Ref. 1 was ex-
volved in the splitting be close to one-half the frequency ofPlained by a combination of splitting to produce DESW
the signal magnons, and this is possible in YIG films onlymagnons and confluence to give a broadened MSSW spec-
below 3.3 GHZ?3 trum and a corresponding narrowing. The time and space
Reference 1 focused on microwave experiments. Brillouifesolved images at the end of this paper show clearly that the
light scattering(BLS) has now been used to demonstrate theMSSW pulse narrowing involves more than simple decay.
presence of such half-frequency magnons in the films. Somé&he correlation between the narrowing and the DESW re-
preliminary results were reported in Refs. 4 and 5. The inSponse supports the presence of confluence as well as split-
tensity of the half-frequency light scattering signals in-ting.
creased as the input power was increased and the response
correlated well with the ultrashort pulse formation docu-
mented in Ref. 1. Through the use of wave vector selective
BLS techniques, it was also possible to determine the actual The microwave measurements were performed with a
wave vectors associated with the half-frequency dipole extong and narrow YIG film strip with pulse microwave exci-
change spin wavéDESW) excitations. The wave numbers tation from a 50um wide microstrip transducer at one point
were precisely at the values required for energy and momeren the strip and detection by a second transducer 7 mm dis-
tum conservation in the splitting process. Additional data bytant from the firs€ Typical film strips were 3 mm wide, and
time and space resolved BLS techniques also gave flow pa20 mm long. The films were prepared by standard liquid
terns for the signals. phase epitaxy(LPE) techniques. Films with three thick-
This paper presents the full results of the BLS investiganesses, 5.m, 7.2um, and 8.7um, were studied. The films
tions on the three magnon processes responsible for the shdvad low microwave loss typical of LPE YIG, with narrow
microwave pulse formation reported in Ref. 1. The results gderromagnetic resonance linewidths in the range of 0.5 Oe at
far beyond the elucidation of the pulse shortening mechal0 GHz. The data below are for the im sample. Similar
nism. To our knowledge the data given below represent theesults were obtained on the other films as well.
first clear and explicit demonstration of three magnon split- The films were magnetized in-plane by a static field ap-

II. EXPERIMENT
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plied perpendicular to the long side of the strip. For the data (a) (b)
below, the static field was set at a nominal value of 340 Oe. (mW) -3
For this perpendicular field geometry, spin wave signals 2.0 P =50mW || 2

propagating along the strip correspond to MSSW excitations. : [ 2
The input pulse duty cycle was kept below 5% in order to 1.04 +/2 14
avoid heating effects. The output pulse signals were observed -f, lL

and analyzed with standard microwave detection equipment, 0.0 . , it Pt - ()
as in Ref. 6. The cw response of the transducer structure was 0 100 200 -8 -4 0 4 8
first measured as a function of frequency to determine an 0.84 (mW) r 3
optimum operating point frequency for maximum transmis- | -ff2

sion. This operating point was setfat= 2.65 GHz. The cor- Pa=10mW I A1 A 2

responding MSSW wave number was about 100 rad/cm,
similar to the situation in Ref. 1. For the microwave and BLS
results given below, 100 ns wide input microwave pulses at
frequencyfs were applied to the input transducer. 100 200 -8 4 0 4 8

The BLS measurements were made with a multipass tan- (LW) -3
dem Fabry-Pet (TFP) interferometer similar to the system P =10 uW
in Ref. 7. The system was used in the forward scattering "
wave vector selective configuration discussed in Ref. 8. The
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514.5 nm wavelength linearly polarized argon ion laser light 04 f \ ) 1
was focused by a 12 cm focal length lens onto the YIG film 0.0 J L 0
at normal incidence with an incident power of 10 mW. The 0 100 200 8 4 0 4 8
YIG film was mounted on a stepper motor controlled trans- Time (ns) Frequency shift (GHz)

lation stage in order to obtain spatial profiles of the signal . ]

over the sample. An F1.4 photographic lens with a 50 mm__FIG. 1. (& Output power vs time profiles for the detected
focal length was used to collect the directly transmitted and'SSW pulse signals for different input peak power levels, as indi-
forward scattered light. Crossed polarizers were used to s&2€d by theP;, values for the three graphgb) Brillouin light

lect out the magnon scattered light from the direct forwardscattering spectra corresponding to the adjacent pulse responses in
beam (a). These results are reproduced from Ref. 4. The signal frequency

The wave vector selective forward scattering data were. > 2.65 GHz, the input pulse width was 100 ns, and the applied
. . g Static field was 340 Oe. The yttrium iron garf¥iG) film was 8.7
obtained with an aperture placed after the collection lens to

. . . m thick.
define the range of the wave vectors which contribute to thé"

scattering, as in Ref. 8. These data were collected in Wy itations atf, and/or the DESW excitations dt/2. The
ways. In method |, different sized on-axis circular aperturegjme resolution for this system is about 2 ns, and is on the
were placed after the collection lens. The diaphragm diamgqer of the photon time of flight in the TFP interferometer.
eterd defines a maximum wave numbigg,, for the detected  The space resolved data were obtained with a step size of 0.1
spin waves. Data obtained asis stepped in small incre- mm_As will be evident from the images given in Figs. 4 and
ments, all for the same incident light level and measuremert ihis 0.17<0.1 mm pixel size was more than adequate to
time, then give the wave number distribution for the scatteryggolye the fine structure in the propagation patterns for both

ing. For the collection lens used here, in combination withiye MSSW and DESW signals. The interpolated spatial reso-
the 514.5 nm laser wavelength, one obtain&a,/d re- | iion was below 5Qum.

sponse of 1.22 10° rad/cm per mm and an upper linkif, .,
value of 4x 10* rad/cm. The diaphragm diameter was typi-
cally incremented in steps of 1 or 2 mm. In method I, data
were collected with a slit-type aperture behind the collection
lens. The slit selects only those scattered magnons at a well- Figure 1 shows microwave pulse and Brillouin light scat-
defined in-plane propagation direction. This propagation ditering data preliminary reported in Ref. 4. These data show
rection will be defined in terms of the usual polar spin wavethe pulse narrowing effect discussed above and the correla-
propagation angl®,, measured relative to a reference axistions with the production of half frequency magnons. The
along the in-plane static field. The slit width was 1 mm.  left side panels undgi@) show the microwave output pulse
The time and space resolved measurements utilized théevelopment as a function of the microwave input peak
time-of-flight technique described in Ref. 9. Each time apower P;,. The right side panels undéb) show the corre-
MSSW pulse is launched at the input antenna, a time countesponding BLS spectra. These BLS measurements were done
is started. The first detected photon after this trigger themvith no wave-vector selectivity and with a probe point in the
stops the counter. After many repetitions, the register omiddle of the YIG strip and about 1.5 mm from the launch
counts vs clock bin number yields a time resolved profile oftransducer.
the spin wave signal. At the same time, one can select the The data in the bottom graph in Fig(al show a low-
frequency of the detected magnons through the scan windopower output pulse a;,=10 W which has the same 100
settings for the TFP system in order to monitor the MSSWhs width as the input pulse. A distinct narrowing of the pulse

Ill. PULSE NARROWING
AND HALF-FREQUENCY MAGNONS
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sets in asP;, is increased. The top graph (@ shows an () 10 P,=32mW
output pulse aP;,=50 mW which has a width below 5 ns or , }_‘A—"““"’"‘ 4-a
so. Data such as these constitute the pulse narrowing effect 101 T

first reported in Ref. 1. As noted in Sec. | the effect was » 1 /"“"‘w--—'"
P, =64 YW

BLS signal at -f,/2

found only for a signal frequency below 3.3 GHz, the cutoff 10
for three magnon processes. It was this cut-off effect which 2
first pointed to the origin of the pulse narrowing as a three 107
magnon effect. 10
The BLS spectra in Fig.(b) document the appearance of —— T
the product=f,/2 magnons associated with the three mag- Diaphragm wave number limit Kyax (103 rad/cm)

non splitting as the power is increased. Note that all of the  (b) ' |

. b ...........
BLS panels show strong central and ghost Rayleigh peaks at < 2-51
zero frequency and-7.5 GHz. These peaks correspond to
photons at the laser frequency and the spacing correspondsto 7 2.0

- ke

the free spectral range of the interferometer. All of the spec- §
tra also show peaks at a frequency shift-of ;. These peaks $ 15-
correspond to the propagated MSSW signal. Extended mea- §
surement times also lead to a weak signal frequency peak at L 1.0-

+fs. o ) "
The key features of the data in Fig. 1 g9 the emer- 0 10 20 330 40
gence of the additional peaks in the BLS spectra at approxi- Wave number k (10" rad/cm)

mately ?—LfS/Z as the power level is increased, af@l the FIG. 2. (a) BLS scattering signal for the-f4/2 peak as a func-
correlation b_etween the appearance of these peaks and th&, of the maximum allowed wave numbler,., for two input peak
pulse narrowing effect. At the highest power levels used hergowerp,, levels, as indicatedb) Dispersion diagrams of frequency
with Pj;=50 mW, the BLS magnon peak atfy/2 in the  yersus wave numbek for the three lowest DESW dispersion
upper right panel isactually four times largerthan the pranches for film parameters that match the experiment. The solid
MSSW signal peak at fs. These half frequency peaks con- circles, in combination with the counterpart modes at negative
stitute direct experimental evidence for the half-frequencyalues, indicate the allowed pairs of DESW modes for splitting.
DESW magnons produced in the splitting process.
the input power and the actukldistribution for the DESW
IV, WAVE VECTOR SELECTIVE DESW ANALYSIS signals are shown in Fig_. 2. Graph) shows repr_esentative
data on the scattering signal atf¢/2 as a function of the
The BLS evidence for- f /2 magnons in Fig. (b) repre- maximum allowed wave numbét,,,. Recall from the cali-
sents a first step in the analysis of the product DESW spitbration given above thét,,,/d is 1220 rad/cm mm. The data
waves in the splitting process associated with the pulse nain Fig. 2(@) were obtained from incremental increasesliim
rowing effect in Fig. 1a). This section presents quantitative 2 mm steps, except in the vicinity of jumps where the incre-
data on the wave vector makeup of the DESW signals. ment was 1 mm. The actual BLS signal levels shown repre-
First consider method I. Spectra similar to those in the topsent normalized intensities.
graphs of Fig. tb) were obtained for different diaphragm Figure Zb) shows computed DESW dispersion curves of
diameters and input power levels. There were two main effrequency vs wave numbée These curves are for an in-
fects. First, the scattering signal for the peak=t, in Fig.  plane wave vector which is parallel to the static field and
1(b) was independent af, even for values below 1 mm. This perpendicular to the MSSW propagation direction in the ex-
response is as one would expect for the directly excitegheriment. They were obtained from the prescription given in
MSSW signals with wave numbers in the 100 rad/cm rangeRef. 10 for YIG film parameters that match the experiment.
The cutoffd value here would be below 0.1 mm. The method The small angle between the actual DESW wave vectors and
| diaphragm could only be closed down to about 1 mm. the field axis, which is needed to conserve momentum has
Second, the scattering signals for thé /2 DESW peaks been ignored for these computations. The horizontal scale in
appearonly for diaphragm diameters of about 10 mm or (b) is set to match the scale in grap®. The dashed hori-
greater. Repeated spectra measurements of the type shownziontal line labeledfs denotes the MSSW mode frequency
the top two graphs of Fig.(lh) were made ad was gradually and the solid point on this line &~0 indicates the driven
increased. These spectra showed the sudden appearanceM8SW mode in the experiment. The dashed line labél&
the —f4/2 scattering peak at specific and power dependenindicates the half-frequency cut. The solid circles which
aperture diameters. The criticdivalue at which these peaks decorate the DESW dispersion curvesk &alues of approxi-
appeared was found to decrease as the input power was imately 12 000 and 20 000 rad/cm denote those modes which
creased. This response shows that there are different threstembine with their counterparts at negativéo satisfy en-
old power levels for the different half frequency magrion ergy and momentum conservation for three magnon splitting
values which satisfy the energy and momentum constraintsom the MSSW mode atg andk~ 0. Strictly speaking, the
for three magnon splitting. DESW modes, which satisfy momentum conservation will
The above threshold effect and the correlation betweehave wave vectors which are in plane but tilted at a small
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angle away from the field direction. 90 P, =250 pW
As the data in Fig. @) show, a gradual increase in dia-

phragm diameter leads to sudden onsets in-tHfg/2 peak 100;

intensities at specific wave number values. From the two sets > 10

of data shown, it is clear that these onset pointkiare 2 11

power dependent. When the input peak power is low, as for E

the P;,=64 uW data set, the- f/2 scattering was relatively g 01

weak until the wave number exceeded about 20 000 rad/cm. T

When k exceeds this value, the scattering level increases 2

abruptly by almost three orders of magnitude. When the in- 101

put peak power is high, as for th&,=32 mW data set, the 100!

onset of strong scattering occurred at a somewhat lower criti-

cal wave number of about 12 000 rad/cm.
The origin of the jumps in the- f/2 scattering signal &

values around 12 000 and 20 000 rad/cm in Fig) & made 10001

clear from the dispersion curve diagramglm. The pairs of 1001

solid circle points on the dispersion curves equally spaced %’ 10

from the f4/2 line represent the allowed product magnon s 1 ' Q

wave numbers and frequencies which can be produced by the £ 0.11 180 &_&\‘ (B 0

three magnon splitting process. The modes lat 2 =

~12000 rad/cm represent tHewest allowed kvalues for g !

this splitting processNo lower k modes can be excitéthe 103 330

data in panela) show that it takes a relatively high input 100

peak power to excite these modes. The exact mininkum 1000 240 300

points are at 118 10° rad/cm, in very good agreement with 270 P, =6.3 MW

the onset points irfa) for P;,=32 mW. Figure 2b) shows
that the next lowest allowed values are at about 20000  FIG. 3. Polar graphs of the BLS signal for thefy/2 DESW
rad/cm. The exact computed value is 2020° rad/cm. This  magnon peaks as a function of the slit diaphragm rotation angle for
k matches nicely with the lower power onset datdan two different input power levels, as indicated. The right angle arrow
Reference 1 shows a more elaborate set of dispersion didiagram shows the directions of the static fieldand the MSSW
grams than shown in Fig.(8) with more DESW dispersion Wave vectorks, as indicated.
branches and mode points which extend out to much higher
k values, both positive and negative. The main result fronprocess havé vectors which are constrained to lobes which
the data in Fig. @) and these diagrams is that the very highare oriented at small but distinct angles relative to the field
k nominal half frequency modes are excited at relatively lowdirection. The shapes and orientations of these lobes also
power, and ad$j, is increased, critical modes at lower and appear to change with power. FB,=250uW, there are
lower k values are also excited. It was noted above that th¢hree strong lobes. Fd?;,= 6.3 mW, there appear to be four
wave vectors for the DESW modes, which satisfy momensuch lobes. These lobes are all directed at angles of about
tum conservation, are expected to lie at some small angle°—15° to the field axis. They are also found in four more-
relative to the axis defined by the applied static field. In orderr-less symmetric complementary directions relative to the
to obtain a directional map of the product DESW magnons irfield axis. As the power is increased, the lobes broaden. The
the splitting process, additional BLS data were obtained wittabsence of a fourth lobe in the top panel may be due to a
the method Il slit diaphragrk selection scheme. In this se- poorly resolved measurement for the low-power level used
ries of measurements, the scattering signal for thi/2  here. As noted above, momentum and energy conservation
peak was recorded as a function of the slit orientation angleequire the excitation of pairs of modes wkhvectors which
relative to the field. project both parallel and antiparallel to the field direction. All
Figure 3 shows polar plots with results from these DESWour expected lobes appear in the high power data. Keep in
angular distribution measurements at two different inputmind that these data are specifically for magnon signals at or
peak power levels. The top graph is for a relatively low inputclose to—f¢/2. Also keep in mind that the method | data
peak power of 250uW. The bottom graph is forP, have already defined the range of wave numbers which are
=6.3 mW. The horizontal 180°-0° axis denotes the fieldexcited at a given power.
axis. The right angle arrow insert indicates the direction of The off axis lobe patterns in Fig. 3 are qualitatively con-
the field H and the orientation of the MSSW signal wave sistent with wave vector conservation considerations. The
vectork. The solid points show normalized count data. Thenominal half-frequency condition which gives rise to the
net sample time per point was about 20 s. The detection poifDESW modes in the first place was addressed above. The
was about 2 mm from the launch transducer and close to th@ave vector analysis is more complicated. Consider the situ-
middle of the YIG strip. ation with the two product DESW magnons with wave vec-
The data in Fig. 3 demonstrate very clearly that the halftors which are nearly opposite and which make small angles
frequency DESW magnons which are excited in the splittingd; and 6, with the field axis. At first glance, the fact that the
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(a) Time and space resolved MSSW signal
5ns 12 ns 19 ns

(a) MSSW

Distance from antenna (mm)

Distance from antenna (mm)

Distance across width of film strip (mm)

FIG. 4. (Color) The left(a) and right(b) panels show represen-
tative BLS space resolved intensity profiles for the MSSW and
DESW signals, respectively. The images span the 3 mm wide YIG
strips anl a 4 mmpropagation distance, as indicated by the hori- (b) Time and space resolved DESW signal
zontal and vertical scales, respectively. The pixel size for the indi- 19 ns 26 ns 33 ns
vidual point by point measurements wasX®@.1 mnt. The launch 4
transducer is located 1 mm below the bottom edge of the panels and
the propagation direction is upward. The static field was horizontal.
The MSSW input peak power was 30 mW.

DESWk values are in the Trad/cm range and the MSSW
k values are in theéyssyw~100 rad/cm range suggests that
these angles are very small, with;~7— 6,~0.01 rad
~0.5°. The lobe data, on the other hand, show evidence for
oppositely directed DESW wave vectors with and 6, in
the 5°-15° range. One can envision a situation in which the
DESW magnons are oppositely directed fat=15° andé,
~195°, for example, but with some small deviation from a
strict antiparallel configuration. A deviation in the 0.5° range
allows for total wave vector conservation at the lobe angles
found in the data. These relatively large observed lobe angles 4
indicate that this is the active process here. 2 3
It is to be noted that the number of observed lobes and Distance across width of film strip (mm)
their power thresholds depend very strongly on the position
of the observation point along the strip. It is important to  FIG. 5. (Color) The panels in@ and(b) show time and space
keep in mind that the half-frequency DESW modes observedesolved BLS data for the MSSW pulse signal and the DESW prod-
here are actually critical modes similar to those excited iruct magnons, respectively. The images span the 3 mm wide YIG
spin-wave instability experimentdIn such experiments, the strips anl a 3 mmpropagation distance, as indicated by the hori-
expected wave vector for the observed mode is usually ohlzontal and vertical scales, respectively. The launch transducer is
tained from a minimization procedure to determine the criti-'°cated at the bottom edge of the panels and the propagation direc-
cal mode with the lowest threshold. Kazakevall? re- tion is upward. The numbers above each snapshot denote the time
ported such a calculation for somewhat different film angafter launch of the MSSW input signal. The static field was hori-
operating point parameters than used here, and have obtain&y@- The MSSW input peak power was 30 mW.
angles about the same as indicated in Fig. 3. Further theoret-
ical work on such processes for thin films is needed here. tative timeandspace resolved data. In both figures, the static
field H is horizontal and the MSSW wave vectky is di-
V. TIME AND SPACE RESOLVED SIGNALS rected upward. All data were obtained with no wave vector
selective diaphragms in the collection optics. All wave vec-
The most spectacular results from the BLS analysis of theéors within the range of the forward scattering collection op-
MSSW to DESW generation process come from the spactcs were detected. The static field and the MSSW signal
and time resolved responses for these modes. Figure 4 shodsquency and pulse width for both sets of data were the
representative space resolved data. Figure 5 shows represesame as for the results given above. Recall that the spatial

Distance from antenna (mm)
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scans were for a pixel size of 0<D.1 mnf. the 3 mm propagation point to some value greater than 15 ns
In Fig. 4, the left and right panels show spatially resolved(41—26) and less than 33 ns (526). These data show,
power profiles for the MSSW signal atf and the DESW  quite spectacularly, how the MSSW signal initially propa-
signal at— f¢/2, respectively. For a given profile, every pixel gates and then simply vanishes about 50 ns after launch.
was measured for the same number of BLS scans, typicalli}{ote that even for the last panel at 59 ns, approximately 60
50-100. There was no time selection for these data. Thes after launch, the input microwave power still appears in
panels show the power profiles for the MSSW pulse propathe input transducer. Even with this input power, however,
gation and DESW signal generation over the full lifetime for the actual MSSW signal in the film at the output transducer
the signals over the film area shown. The input MSSW pulsdias self-limited and is essentially zero.
peak power was about 30 mW. In the panels, the horizontal The panels inb) reveal additional features of the DESW
scale spans the 3-mm width of the YIG film and the verticalproduction which are also rather spectacular. Note that the
axis maps the range between 1 and 5 mm along the YIG stripme steps for the panels ifb) span a much greater range
from the launch transducer below the bottom edge for eacthan in(a). Taken as a whole, the panels(b) show the same
image. wedge shaped response as(&), but with three important
In Fig. 5, the series of panels undey and(b) are for the differences. One obvious difference is that the DESW wedge
MSSW and the DESW signals, respectively. The horizontatakes about 5-10 ns to form. The MSSW wedge is fully
span is over the 3 mm width of the YIG strip, as in Fig. 4, resolved in the 19 ns panel i@, while the DESW wedge
but the vertical axis maps only the range between 1 and fakes shape in the 33 ns panel (. It is clear that this
mm from the launch antenna at the bottom edge of eacformation is driven by the power in the MSSW drive signal.
panel. The absolute time values on top of each panel in Fig-rom the original pulse narrowing effect illustrated in Fig. 1,
5 indicate the time difference in nanoseconds upon launch afne can infer that the DESW formation time is an inverse
the MSSW input signal. The time frames extend only tofunction of the peak input power. Note that for a typical spin
about 50 ns after launch for the MSSW snapshot@jrand  wave line width in the 0.5 Oe range, one has an actual re-
to about 550 ns after launch for the DESW snapshot®)n  laxation time of about 200—300 ns. This time is consistent
The spatial pixel size is the same as before. Each pixel wasith the decay of the DESW signals. The formation process,
measured for the same number of BLS scans, typically 50.driven by the power level of the MSSW signal, is much
The BLS intensity profiles in Fig. 4 show the direct spa-faster.
tial correlation between the MSSW and DESW excitations A second difference is that the DESW wedge appears to
over the film. Perhaps the most interesting features here atee almost stationary rather than propagating. All six panels
in the focused energy profile for the MSSW signala@and  in (b) show about the same topology. At 19 ns, one sees the
the focused cross pattern which is in evidencéin Keep in  semblance of the wedge taking shape, and by 33 ns, it is
mind that the profiles ina) and (b) are for a factor of 2 fully visible. At 41, 215, and 562 ns, the wedge fades. All six
difference in frequency, completely different types of spinwedge images, however, are at about the same place in the
wave excitations, and completely different wave vectorsfilm. This topology is somewhat surprising. It seems that the
These data show very clearly the spatial correlation betweeBESW wedge is “nucleated” when the propagating wedge
the input signal MSSW magnons and the product DESWshaped MSSW wave front reaches some critical amplitude.
magnons. At least over the range of wave numbers accessib@nce nucleated, these DESW wedge power profiles over the
by the forward scattering BLS technique, the product DESWilm remain more or less fixed in position.
magnon profile does not extend significantly beyond the re- There are two things to keep in mind with regard to these
gions where there is a strong MSSW response. The intensitistationary” DESW signals. First, note from Fig. 2 that the
profile in Fig. 4 is consistent with the microwave data in Ref.slopes of the dispersion curves at the solid circle mode points
1, in that the apex in both intensity wedges is at about 3 mnare rather small. These slopes correspond to group velocities
from the input transducer. This point coincides with the po-which are in the 1®cm/s range, an order of magnitude or
sition of highest microwave output peak power noted in Refmore smaller than typical MSSW group velocities. Second,
1. note also that the Fig. 3 data show that the actual DESW
The time and space resolved data in Fig. 5 yield addisignals consist of paired, oppositely directed wave vectors.
tional results on the signal and product magnons. Considerhis suggests that the DESW magnons may consist of stand-
first the MSSW response ifa). The top three panels i@ ing modes. The data here support this suggestion rather
show the same focused triangular shaped wave front for thelearly.
leading edge of the MSSW pulses evident from Fig. 4. After A final difference between the wedge signals(@ and
about 20 ns, however, this triangular wave front evolves intdb) is that the standing wave DESW wedges appear to be
a more or less uniform hourglass shape, as in the panel at 4bllow. The MSSW wedge at 19 ns is a filled wedge and the
ns, and then the signal level rapidly decays, as in the lasttrong signal region is inside the wedge. The DESW wedge
panel for 59 ns. power profiles all have strong signals only at the perimeter,
Keep in mind that the vertical viewing region in Fig. 5 is with essentially nothing in the middle.
only 3 mm in length, not the full 7-mm distance between There is an additional point of contrast between the
transducers. The input peak power was 30 mW, well belonMSSW and DESW signals. The MSSW signal level as a
the 50 mW level needed for the extreme pulse narrowing irfunction of time gives only a single maximum over the time
Fig. 1(a). The data in Fig. &) suggest a pulse narrowing at range shown, independent of the spatial probe point. In con-
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trast, one can see up to three peaks of different intensitiel®bes oriented at angles of about 5°—15° relative to the field
and at different times for the DESW excitations. This obser-axis.
vation provides further corroboration for the existence of a The time and space resolved data also yield new insights
number of parametrically excited DESW modes. Recall thainto the dynamics of the splitting process. While the spatially
two of these modes have been identified explicitly from theresolved intensity distributions for the two types of spin
wave vector selective measurement results in Fig. 2. waves match quite closely, the time profiles for these excita-
The responses shown in Fig. 5 clearly demonstrate thregons are very different. The MSSW magnons propagate as
magnon splitting. Do the data also show confluence? Fronene continuous pulse. The shortening appears to occur as the
elementary transition probability and scattering cross-sectioDESW magnon signal is produced. The DESW magnons,
arguments, it is clear that the splitting process must be amnce produced, seem to be almost stationary, with group ve-
companied by a reverse confluence process. As discussedlotities which are at least five times smaller than those for
Ref. 1, the frequency spread in the DESW magnons tranghe MSSW signal.
lates into a frequency spread for the back reaction MSSW The significance of this work goes beyond the elucidation
magnons of about 1 GHz. The pulse narrowing in the topof one particular nonlinear spin-wave generation process in a
graph of Fig. 1a) is attributed to this spread spectrum of YIG film. This work demonstrates that time and spatially
confluence-produced signals. Can one actually discern comesolved, wave vector selective Brillouin light scattering is a
fluence from Fig. 5? The answer to the confluence questiopowerful and versatile tool for the investigation of high-
is not completely obvious from the data. The spatio-temporafrequency magnetization dynamics in magnetic thin films.
MSSW response is clearly complex. The filed MSSW Note added in proofProfessor G. A. Melkov, Kiev Taras
wedge propagates as the hollow DESW wedge is establishe8hevchenko National University, Ukraine, has kindly pointed
But in the frames from 26 to 59 ns for the MSSW profiles in out three important references. Pulse narrowing due to non-
Fig. 5@), one sees a more-or-less hourglass shape enerdyear spin wave interactions was observed by Sansalone and
profile take shape and then simply disintegrate. This disinteSpencer? and the related limiter effect was discussed by
gration occurs as the DESW wedges fade. This responsstern'* Three magnon splitting for magnetostatic surface
does imply some kind of back interaction. Otherwise, onewaves at high power was reported in Ref. 15, along with
would expect the MSSW wedge simply to fade due to normeasurements of the small frequency shifts of the spin waves
mal decay. Confluence of the sort proposed in Ref. 1 is théom f/2.
most logical option for this reverse effect.
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