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Brillouin light scattering analysis of three-magnon splitting processes in yttrium iron garnet films

Christoph Mathieu,* Valeri T. Synogatch,† and Carl E. Patton
Department of Physics, Colorado State University, Fort Collins, Colorado 80523

~Received 24 September 2002; published 5 March 2003!

Wave vector and frequency selective Brillouin light scattering~BLS! has been used to measure the wave
vector make up for the dipole exchange spin wave~DESW! modes which are parametrically excited by
propagating magnetostatic surface wave~MSSW! pulse signals in a long and narrow yttrium iron garnet film
strip through three magnon splitting processes. The signal frequencyf s was 2.65 GHz, the input pulse width
was 100 ns, and the in-plane applied field was 340 Oe. In addition, time and space resolved~TSR! BLS
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 were 5–10mm. Specific data are
reported for an 8.7mm thick film. The DESW mode frequencies are at aboutf s/2. The DESW wave vectork
directions form lobes at in-plane angles of 5°–15° relative to the field. Thek values are in the 104 rad/cm range
and are quantized. The frequencies andk values match those predicted from the dispersion relations and energy
and momentum conservation. Specific critical powers are associated with particulark values. 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 number~s!: 75.30.Ds, 76.50.1g, 78.35.1c, 85.70.Ge
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I. INTRODUCTION

Synogachet al.1 showed recently that the launch an
propagation of a relatively wide high-power magnetosta
surface wave~MSSW! pulse in a thin yttrium iron garne
~YIG! film can, under certain conditions, give an ultrash
pulse at an output transducer with a width as low as 2 ns.
necessary conditions noted in Ref. 1 include one key co
tion: operation with an input pulse carrier frequencyf s be-
low 3.3 GHz. This cutoff effect was taken as an indicati
that three magnon splitting and confluence processes w
involved. Energy conservation requires that magnons
volved in the splitting be close to one-half the frequency
the signal magnons, and this is possible in YIG films on
below 3.3 GHz.2,3

Reference 1 focused on microwave experiments. Brillo
light scattering~BLS! has now been used to demonstrate
presence of such half-frequency magnons in the films. So
preliminary results were reported in Refs. 4 and 5. The
tensity of the half-frequency light scattering signals
creased as the input power was increased and the resp
correlated well with the ultrashort pulse formation doc
mented in Ref. 1. Through the use of wave vector selec
BLS techniques, it was also possible to determine the ac
wave vectors associated with the half-frequency dipole
change spin wave~DESW! excitations. The wave number
were precisely at the values required for energy and mom
tum conservation in the splitting process. Additional data
time and space resolved BLS techniques also gave flow
terns for the signals.

This paper presents the full results of the BLS investi
tions on the three magnon processes responsible for the
microwave pulse formation reported in Ref. 1. The results
far beyond the elucidation of the pulse shortening mec
nism. To our knowledge the data given below represent
first clear and explicit demonstration of three magnon sp
0163-1829/2003/67~10!/104402~8!/$20.00 67 1044
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ting and the experimental identification of the properties
the product magnons. The wave vector selective BLS m
surements provide direct wave number and directional dis
butions for the productf s/2 spin waves which are generate
by the MSSW pulse. The time and space resolved BLS d
give the temporal and spatial characteristics of the ac
splitting processes as the MSSW signal couples energy
the DESW excitations.

While the data clearly show that DESW magnons are p
duced by the input MSSW signal through a splitting proce
evidence for the reverse confluence process is more indi
The ultrashort pulse formation process in Ref. 1 was
plained by a combination of splitting to produce DES
magnons and confluence to give a broadened MSSW s
trum and a corresponding narrowing. The time and sp
resolved images at the end of this paper show clearly that
MSSW pulse narrowing involves more than simple dec
The correlation between the narrowing and the DESW
sponse supports the presence of confluence as well as
ting.

II. EXPERIMENT

The microwave measurements were performed with
long and narrow YIG film strip with pulse microwave exc
tation from a 50mm wide microstrip transducer at one poi
on the strip and detection by a second transducer 7 mm
tant from the first.6 Typical film strips were 3 mm wide, and
20 mm long. The films were prepared by standard liqu
phase epitaxy~LPE! techniques. Films with three thick
nesses, 5.1mm, 7.2mm, and 8.7mm, were studied. The films
had low microwave loss typical of LPE YIG, with narrow
ferromagnetic resonance linewidths in the range of 0.5 O
10 GHz. The data below are for the 8.7mm sample. Similar
results were obtained on the other films as well.

The films were magnetized in-plane by a static field a
©2003 The American Physical Society02-1
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MATHIEU, SYNOGATCH, AND PATTON PHYSICAL REVIEW B67, 104402 ~2003!
plied perpendicular to the long side of the strip. For the d
below, the static field was set at a nominal value of 340
For this perpendicular field geometry, spin wave sign
propagating along the strip correspond to MSSW excitatio
The input pulse duty cycle was kept below 5% in order
avoid heating effects. The output pulse signals were obse
and analyzed with standard microwave detection equipm
as in Ref. 6. The cw response of the transducer structure
first measured as a function of frequency to determine
optimum operating point frequency for maximum transm
sion. This operating point was set atf s52.65 GHz. The cor-
responding MSSW wave number was about 100 rad/
similar to the situation in Ref. 1. For the microwave and B
results given below, 100 ns wide input microwave pulses
frequencyf s were applied to the input transducer.

The BLS measurements were made with a multipass
dem Fabry-Pe´rot ~TFP! interferometer similar to the system
in Ref. 7. The system was used in the forward scatter
wave vector selective configuration discussed in Ref. 8.
514.5 nm wavelength linearly polarized argon ion laser lig
was focused by a 12 cm focal length lens onto the YIG fi
at normal incidence with an incident power of 10 mW. T
YIG film was mounted on a stepper motor controlled tra
lation stage in order to obtain spatial profiles of the sig
over the sample. An F1.4 photographic lens with a 50 m
focal length was used to collect the directly transmitted a
forward scattered light. Crossed polarizers were used to
lect out the magnon scattered light from the direct forwa
beam.

The wave vector selective forward scattering data w
obtained with an aperture placed after the collection len
define the range of the wave vectors which contribute to
scattering, as in Ref. 8. These data were collected in
ways. In method I, different sized on-axis circular apertu
were placed after the collection lens. The diaphragm dia
eterd defines a maximum wave numberkmax for the detected
spin waves. Data obtained asd is stepped in small incre
ments, all for the same incident light level and measurem
time, then give the wave number distribution for the scat
ing. For the collection lens used here, in combination w
the 514.5 nm laser wavelength, one obtains akmax/d re-
sponse of 1.223103 rad/cm per mm and an upper limitkmax
value of 43104 rad/cm. The diaphragm diameter was typ
cally incremented in steps of 1 or 2 mm. In method II, da
were collected with a slit-type aperture behind the collect
lens. The slit selects only those scattered magnons at a w
defined in-plane propagation direction. This propagation
rection will be defined in terms of the usual polar spin wa
propagation angleuk , measured relative to a reference ax
along the in-plane static field. The slit width was 1 mm.

The time and space resolved measurements utilized
time-of-flight technique described in Ref. 9. Each time
MSSW pulse is launched at the input antenna, a time cou
is started. The first detected photon after this trigger th
stops the counter. After many repetitions, the register
counts vs clock bin number yields a time resolved profile
the spin wave signal. At the same time, one can select
frequency of the detected magnons through the scan win
settings for the TFP system in order to monitor the MSS
10440
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excitations atf s and/or the DESW excitations atf s/2. The
time resolution for this system is about 2 ns, and is on
order of the photon time of flight in the TFP interferomete
The space resolved data were obtained with a step size o
mm. As will be evident from the images given in Figs. 4 a
5, this 0.130.1 mm pixel size was more than adequate
resolve the fine structure in the propagation patterns for b
the MSSW and DESW signals. The interpolated spatial re
lution was below 50mm.

III. PULSE NARROWING
AND HALF-FREQUENCY MAGNONS

Figure 1 shows microwave pulse and Brillouin light sca
tering data preliminary reported in Ref. 4. These data sh
the pulse narrowing effect discussed above and the corr
tions with the production of half frequency magnons. T
left side panels under~a! show the microwave output puls
development as a function of the microwave input pe
power Pin . The right side panels under~b! show the corre-
sponding BLS spectra. These BLS measurements were d
with no wave-vector selectivity and with a probe point in t
middle of the YIG strip and about 1.5 mm from the laun
transducer.

The data in the bottom graph in Fig. 1~a! show a low-
power output pulse atPin510mW which has the same 10
ns width as the input pulse. A distinct narrowing of the pu

FIG. 1. ~a! Output power vs time profiles for the detecte
MSSW pulse signals for different input peak power levels, as in
cated by thePin values for the three graphs.~b! Brillouin light
scattering spectra corresponding to the adjacent pulse respons
~a!. These results are reproduced from Ref. 4. The signal freque
was 2.65 GHz, the input pulse width was 100 ns, and the app
static field was 340 Oe. The yttrium iron garnet~YIG! film was 8.7
mm thick.
2-2
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BRILLOUIN LIGHT SCATTERING ANALYSIS OF . . . PHYSICAL REVIEW B 67, 104402 ~2003!
sets in asPin is increased. The top graph in~a! shows an
output pulse atPin550 mW which has a width below 5 ns o
so. Data such as these constitute the pulse narrowing e
first reported in Ref. 1. As noted in Sec. I the effect w
found only for a signal frequency below 3.3 GHz, the cut
for three magnon processes. It was this cut-off effect wh
first pointed to the origin of the pulse narrowing as a th
magnon effect.

The BLS spectra in Fig. 1~b! document the appearance
the product6 f s/2 magnons associated with the three ma
non splitting as the power is increased. Note that all of
BLS panels show strong central and ghost Rayleigh peak
zero frequency and67.5 GHz. These peaks correspond
photons at the laser frequency and the spacing correspon
the free spectral range of the interferometer. All of the sp
tra also show peaks at a frequency shift of2 f s . These peaks
correspond to the propagated MSSW signal. Extended m
surement times also lead to a weak signal frequency pea
1 f s .

The key features of the data in Fig. 1 are~1! the emer-
gence of the additional peaks in the BLS spectra at appr
mately 6 f s/2 as the power level is increased, and~2! the
correlation between the appearance of these peaks an
pulse narrowing effect. At the highest power levels used h
with Pin550 mW, the BLS magnon peak at2 f s/2 in the
upper right panel isactually four times largerthan the
MSSW signal peak at2 f s . These half frequency peaks co
stitute direct experimental evidence for the half-frequen
DESW magnons produced in the splitting process.

IV. WAVE VECTOR SELECTIVE DESW ANALYSIS

The BLS evidence for6 f s/2 magnons in Fig. 1~b! repre-
sents a first step in the analysis of the product DESW s
waves in the splitting process associated with the pulse
rowing effect in Fig. 1~a!. This section presents quantitativ
data on the wave vector makeup of the DESW signals.

First consider method I. Spectra similar to those in the
graphs of Fig. 1~b! were obtained for different diaphragm
diameters and input power levels. There were two main
fects. First, the scattering signal for the peak at2 f s in Fig.
1~b! was independent ofd, even for values below 1 mm. Thi
response is as one would expect for the directly exc
MSSW signals with wave numbers in the 100 rad/cm ran
The cutoffd value here would be below 0.1 mm. The meth
I diaphragm could only be closed down to about 1 mm.

Second, the scattering signals for the2 f s/2 DESW peaks
appearonly for diaphragm diameters of about 10 mm
greater. Repeated spectra measurements of the type sho
the top two graphs of Fig. 1~b! were made asd was gradually
increased. These spectra showed the sudden appearan
the 2 f s/2 scattering peak at specific and power depend
aperture diameters. The criticald value at which these peak
appeared was found to decrease as the input power wa
creased. This response shows that there are different th
old power levels for the different half frequency magnonk
values which satisfy the energy and momentum constra
for three magnon splitting.

The above threshold effect and the correlation betw
10440
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the input power and the actualk distribution for the DESW
signals are shown in Fig. 2. Graph~a! shows representative
data on the scattering signal at2 f s/2 as a function of the
maximum allowed wave numberkmax. Recall from the cali-
bration given above thatkmax/d is 1220 rad/cm mm. The dat
in Fig. 2~a! were obtained from incremental increases ind in
2 mm steps, except in the vicinity of jumps where the inc
ment was 1 mm. The actual BLS signal levels shown rep
sent normalized intensities.

Figure 2~b! shows computed DESW dispersion curves
frequency vs wave numberk. These curves are for an in
plane wave vector which is parallel to the static field a
perpendicular to the MSSW propagation direction in the
periment. They were obtained from the prescription given
Ref. 10 for YIG film parameters that match the experime
The small angle between the actual DESW wave vectors
the field axis, which is needed to conserve momentum
been ignored for these computations. The horizontal scal
~b! is set to match the scale in graph~a!. The dashed hori-
zontal line labeledf s denotes the MSSW mode frequenc
and the solid point on this line atk'0 indicates the driven
MSSW mode in the experiment. The dashed line labeledf s/2
indicates the half-frequency cut. The solid circles whi
decorate the DESW dispersion curves atk values of approxi-
mately 12 000 and 20 000 rad/cm denote those modes w
combine with their counterparts at negativek to satisfy en-
ergy and momentum conservation for three magnon split
from the MSSW mode atf s andk'0. Strictly speaking, the
DESW modes, which satisfy momentum conservation w
have wave vectors which are in plane but tilted at a sm

FIG. 2. ~a! BLS scattering signal for the2 f s/2 peak as a func-
tion of the maximum allowed wave numberkmax for two input peak
powerPin levels, as indicated.~b! Dispersion diagrams of frequenc
versus wave numberk for the three lowest DESW dispersio
branches for film parameters that match the experiment. The s
circles, in combination with the counterpart modes at negativk
values, indicate the allowed pairs of DESW modes for splitting.
2-3
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MATHIEU, SYNOGATCH, AND PATTON PHYSICAL REVIEW B67, 104402 ~2003!
angle away from the field direction.
As the data in Fig. 2~a! show, a gradual increase in dia

phragm diameter leads to sudden onsets in the2 f s/2 peak
intensities at specific wave number values. From the two
of data shown, it is clear that these onset points ink are
power dependent. When the input peak power is low, as
the Pin564mW data set, the2 f s/2 scattering was relatively
weak until the wave number exceeded about 20 000 rad
When k exceeds this value, the scattering level increa
abruptly by almost three orders of magnitude. When the
put peak power is high, as for thePin532 mW data set, the
onset of strong scattering occurred at a somewhat lower c
cal wave number of about 12 000 rad/cm.

The origin of the jumps in the2 f s/2 scattering signal atk
values around 12 000 and 20 000 rad/cm in Fig. 2~a! is made
clear from the dispersion curve diagrams in~b!. The pairs of
solid circle points on the dispersion curves equally spa
from the f s/2 line represent the allowed product magn
wave numbers and frequencies which can be produced by
three magnon splitting process. The modes atk
'12 000 rad/cm represent thelowest allowed kvalues for
this splitting process.No lower k modes can be excited. The
data in panel~a! show that it takes a relatively high inpu
peak power to excite these modes. The exact minimumk
points are at 11.63103 rad/cm, in very good agreement wit
the onset points in~a! for Pin532 mW. Figure 2~b! shows
that the next lowest allowedk values are at about 20 00
rad/cm. The exact computed value is 20.23103 rad/cm. This
k matches nicely with the lower power onset data in~a!.

Reference 1 shows a more elaborate set of dispersion
grams than shown in Fig. 2~b! with more DESW dispersion
branches and mode points which extend out to much hig
k values, both positive and negative. The main result fr
the data in Fig. 2~a! and these diagrams is that the very hi
k nominal half frequency modes are excited at relatively l
power, and asPin is increased, critical modes at lower an
lower k values are also excited. It was noted above that
wave vectors for the DESW modes, which satisfy mom
tum conservation, are expected to lie at some small an
relative to the axis defined by the applied static field. In or
to obtain a directional map of the product DESW magnons
the splitting process, additional BLS data were obtained w
the method II slit diaphragmk selection scheme. In this se
ries of measurements, the scattering signal for the2 f s/2
peak was recorded as a function of the slit orientation an
relative to the field.

Figure 3 shows polar plots with results from these DES
angular distribution measurements at two different in
peak power levels. The top graph is for a relatively low inp
peak power of 250mW. The bottom graph is forPin
56.3 mW. The horizontal 180°–0° axis denotes the fi
axis. The right angle arrow insert indicates the direction
the field H and the orientation of the MSSW signal wav
vectorks . The solid points show normalized count data. T
net sample time per point was about 20 s. The detection p
was about 2 mm from the launch transducer and close to
middle of the YIG strip.

The data in Fig. 3 demonstrate very clearly that the h
frequency DESW magnons which are excited in the splitt
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process havek vectors which are constrained to lobes whi
are oriented at small but distinct angles relative to the fi
direction. The shapes and orientations of these lobes
appear to change with power. ForPin5250mW, there are
three strong lobes. ForPin56.3 mW, there appear to be fou
such lobes. These lobes are all directed at angles of a
5°–15° to the field axis. They are also found in four mor
or-less symmetric complementary directions relative to
field axis. As the power is increased, the lobes broaden.
absence of a fourth lobe in the top panel may be due t
poorly resolved measurement for the low-power level us
here. As noted above, momentum and energy conserva
require the excitation of pairs of modes withk vectors which
project both parallel and antiparallel to the field direction. A
four expected lobes appear in the high power data. Kee
mind that these data are specifically for magnon signals a
close to2 f s/2. Also keep in mind that the method I da
have already defined the range of wave numbers which
excited at a given power.

The off axis lobe patterns in Fig. 3 are qualitatively co
sistent with wave vector conservation considerations. T
nominal half-frequency condition which gives rise to th
DESW modes in the first place was addressed above.
wave vector analysis is more complicated. Consider the s
ation with the two product DESW magnons with wave ve
tors which are nearly opposite and which make small ang
u1 andu2 with the field axis. At first glance, the fact that th

FIG. 3. Polar graphs of the BLS signal for the2 f s/2 DESW
magnon peaks as a function of the slit diaphragm rotation angle
two different input power levels, as indicated. The right angle arr
diagram shows the directions of the static fieldH and the MSSW
wave vectorks , as indicated.
2-4
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BRILLOUIN LIGHT SCATTERING ANALYSIS OF . . . PHYSICAL REVIEW B 67, 104402 ~2003!
DESWk values are in the 104-rad/cm range and the MSSW
k values are in thekMSSW'100 rad/cm range suggests th
these angles are very small, withu1'p2u2'0.01 rad
'0.5°. The lobe data, on the other hand, show evidence
oppositely directed DESW wave vectors withu1 and u2 in
the 5°–15° range. One can envision a situation in which
DESW magnons are oppositely directed, atu1'15° andu2
'195°, for example, but with some small deviation from
strict antiparallel configuration. A deviation in the 0.5° ran
allows for total wave vector conservation at the lobe ang
found in the data. These relatively large observed lobe an
indicate that this is the active process here.

It is to be noted that the number of observed lobes
their power thresholds depend very strongly on the posi
of the observation point along the strip. It is important
keep in mind that the half-frequency DESW modes obser
here are actually critical modes similar to those excited
spin-wave instability experiments.11 In such experiments, the
expected wave vector for the observed mode is usually
tained from a minimization procedure to determine the cr
cal mode with the lowest threshold. Kazakovet al.12 re-
ported such a calculation for somewhat different film a
operating point parameters than used here, and have obta
angles about the same as indicated in Fig. 3. Further the
ical work on such processes for thin films is needed here

V. TIME AND SPACE RESOLVED SIGNALS

The most spectacular results from the BLS analysis of
MSSW to DESW generation process come from the sp
and time resolved responses for these modes. Figure 4 s
representative space resolved data. Figure 5 shows repr

FIG. 4. ~Color! The left ~a! and right~b! panels show represen
tative BLS space resolved intensity profiles for the MSSW a
DESW signals, respectively. The images span the 3 mm wide
strips and a 4 mmpropagation distance, as indicated by the ho
zontal and vertical scales, respectively. The pixel size for the in
vidual point by point measurements was 0.130.1 mm2. The launch
transducer is located 1 mm below the bottom edge of the panels
the propagation direction is upward. The static field was horizon
The MSSW input peak power was 30 mW.
10440
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tative timeandspace resolved data. In both figures, the sta
field H is horizontal and the MSSW wave vectorks is di-
rected upward. All data were obtained with no wave vec
selective diaphragms in the collection optics. All wave ve
tors within the range of the forward scattering collection o
tics were detected. The static field and the MSSW sig
frequency and pulse width for both sets of data were
same as for the results given above. Recall that the sp
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FIG. 5. ~Color! The panels in~a! and ~b! show time and space
resolved BLS data for the MSSW pulse signal and the DESW pr
uct magnons, respectively. The images span the 3 mm wide
strips and a 3 mmpropagation distance, as indicated by the ho
zontal and vertical scales, respectively. The launch transduce
located at the bottom edge of the panels and the propagation d
tion is upward. The numbers above each snapshot denote the
after launch of the MSSW input signal. The static field was ho
zontal. The MSSW input peak power was 30 mW.
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MATHIEU, SYNOGATCH, AND PATTON PHYSICAL REVIEW B67, 104402 ~2003!
scans were for a pixel size of 0.130.1 mm2.
In Fig. 4, the left and right panels show spatially resolv

power profiles for the MSSW signal at2 f s and the DESW
signal at2 f s/2, respectively. For a given profile, every pix
was measured for the same number of BLS scans, typic
50–100. There was no time selection for these data.
panels show the power profiles for the MSSW pulse pro
gation and DESW signal generation over the full lifetime f
the signals over the film area shown. The input MSSW pu
peak power was about 30 mW. In the panels, the horizo
scale spans the 3-mm width of the YIG film and the verti
axis maps the range between 1 and 5 mm along the YIG s
from the launch transducer below the bottom edge for e
image.

In Fig. 5, the series of panels under~a! and~b! are for the
MSSW and the DESW signals, respectively. The horizon
span is over the 3 mm width of the YIG strip, as in Fig.
but the vertical axis maps only the range between 1 an
mm from the launch antenna at the bottom edge of e
panel. The absolute time values on top of each panel in
5 indicate the time difference in nanoseconds upon launc
the MSSW input signal. The time frames extend only
about 50 ns after launch for the MSSW snapshots in~a! and
to about 550 ns after launch for the DESW snapshots in~b!.
The spatial pixel size is the same as before. Each pixel
measured for the same number of BLS scans, typically 5

The BLS intensity profiles in Fig. 4 show the direct sp
tial correlation between the MSSW and DESW excitatio
over the film. Perhaps the most interesting features here
in the focused energy profile for the MSSW signal in~a! and
the focused cross pattern which is in evidence in~b!. Keep in
mind that the profiles in~a! and ~b! are for a factor of 2
difference in frequency, completely different types of sp
wave excitations, and completely different wave vecto
These data show very clearly the spatial correlation betw
the input signal MSSW magnons and the product DES
magnons. At least over the range of wave numbers acces
by the forward scattering BLS technique, the product DES
magnon profile does not extend significantly beyond the
gions where there is a strong MSSW response. The inten
profile in Fig. 4 is consistent with the microwave data in R
1, in that the apex in both intensity wedges is at about 3 m
from the input transducer. This point coincides with the p
sition of highest microwave output peak power noted in R
1.

The time and space resolved data in Fig. 5 yield ad
tional results on the signal and product magnons. Cons
first the MSSW response in~a!. The top three panels in~a!
show the same focused triangular shaped wave front for
leading edge of the MSSW pulses evident from Fig. 4. Af
about 20 ns, however, this triangular wave front evolves i
a more or less uniform hourglass shape, as in the panel a
ns, and then the signal level rapidly decays, as in the
panel for 59 ns.

Keep in mind that the vertical viewing region in Fig. 5
only 3 mm in length, not the full 7-mm distance betwe
transducers. The input peak power was 30 mW, well be
the 50 mW level needed for the extreme pulse narrowing
Fig. 1~a!. The data in Fig. 5~a! suggest a pulse narrowing a
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the 3 mm propagation point to some value greater than 1
(41226) and less than 33 ns (59226). These data show
quite spectacularly, how the MSSW signal initially prop
gates and then simply vanishes about 50 ns after lau
Note that even for the last panel at 59 ns, approximately
ns after launch, the input microwave power still appears
the input transducer. Even with this input power, howev
the actual MSSW signal in the film at the output transdu
has self-limited and is essentially zero.

The panels in~b! reveal additional features of the DESW
production which are also rather spectacular. Note that
time steps for the panels in~b! span a much greater rang
than in~a!. Taken as a whole, the panels in~b! show the same
wedge shaped response as in~a!, but with three important
differences. One obvious difference is that the DESW wed
takes about 5–10 ns to form. The MSSW wedge is fu
resolved in the 19 ns panel in~a!, while the DESW wedge
takes shape in the 33 ns panel in~b!. It is clear that this
formation is driven by the power in the MSSW drive signa
From the original pulse narrowing effect illustrated in Fig.
one can infer that the DESW formation time is an inver
function of the peak input power. Note that for a typical sp
wave line width in the 0.5 Oe range, one has an actual
laxation time of about 200–300 ns. This time is consist
with the decay of the DESW signals. The formation proce
driven by the power level of the MSSW signal, is muc
faster.

A second difference is that the DESW wedge appears
be almost stationary rather than propagating. All six pan
in ~b! show about the same topology. At 19 ns, one sees
semblance of the wedge taking shape, and by 33 ns,
fully visible. At 41, 215, and 562 ns, the wedge fades. All s
wedge images, however, are at about the same place in
film. This topology is somewhat surprising. It seems that
DESW wedge is ‘‘nucleated’’ when the propagating wed
shaped MSSW wave front reaches some critical amplitu
Once nucleated, these DESW wedge power profiles over
film remain more or less fixed in position.

There are two things to keep in mind with regard to the
‘‘stationary’’ DESW signals. First, note from Fig. 2 that th
slopes of the dispersion curves at the solid circle mode po
are rather small. These slopes correspond to group veloc
which are in the 105 cm/s range, an order of magnitude
more smaller than typical MSSW group velocities. Seco
note also that the Fig. 3 data show that the actual DE
signals consist of paired, oppositely directed wave vect
This suggests that the DESW magnons may consist of st
ing modes. The data here support this suggestion ra
clearly.

A final difference between the wedge signals in~a! and
~b! is that the standing wave DESW wedges appear to
hollow. The MSSW wedge at 19 ns is a filled wedge and
strong signal region is inside the wedge. The DESW wed
power profiles all have strong signals only at the perime
with essentially nothing in the middle.

There is an additional point of contrast between t
MSSW and DESW signals. The MSSW signal level as
function of time gives only a single maximum over the tim
range shown, independent of the spatial probe point. In c
2-6
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trast, one can see up to three peaks of different intens
and at different times for the DESW excitations. This obs
vation provides further corroboration for the existence o
number of parametrically excited DESW modes. Recall t
two of these modes have been identified explicitly from
wave vector selective measurement results in Fig. 2.

The responses shown in Fig. 5 clearly demonstrate th
magnon splitting. Do the data also show confluence? F
elementary transition probability and scattering cross-sec
arguments, it is clear that the splitting process must be
companied by a reverse confluence process. As discuss
Ref. 1, the frequency spread in the DESW magnons tra
lates into a frequency spread for the back reaction MS
magnons of about 1 GHz. The pulse narrowing in the
graph of Fig. 1~a! is attributed to this spread spectrum
confluence-produced signals. Can one actually discern
fluence from Fig. 5? The answer to the confluence ques
is not completely obvious from the data. The spatio-tempo
MSSW response is clearly complex. The filled MSS
wedge propagates as the hollow DESW wedge is establis
But in the frames from 26 to 59 ns for the MSSW profiles
Fig. 5~a!, one sees a more-or-less hourglass shape en
profile take shape and then simply disintegrate. This disin
gration occurs as the DESW wedges fade. This respo
does imply some kind of back interaction. Otherwise, o
would expect the MSSW wedge simply to fade due to n
mal decay. Confluence of the sort proposed in Ref. 1 is
most logical option for this reverse effect.

VI. SUMMARY AND CONCLUSIONS

The above results show that Brillouin light scattering
the method of choice to study magnon processes in yttr
iron garnet thin films. The frequency and wave vector sel
tivity capabilities of the BLS technique are seen to give
direct and unambiguous correlation between the ultra s
microwave pulse formation and three-magnon processes
the input MSSW pulses propagate at high power and
pulse shortening sets in, the product half-frequency magn
are shown to be dipole exchange spin wave~DESW! excita-
tions with large wave vectors in the 104 rad/cm range.
Further wave vector selective measurements show
the in-plane DESW wave vectors are limited to angu
o
ss

ot
.c
ys
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lobes oriented at angles of about 5°–15° relative to the fi
axis.

The time and space resolved data also yield new insig
into the dynamics of the splitting process. While the spatia
resolved intensity distributions for the two types of sp
waves match quite closely, the time profiles for these exc
tions are very different. The MSSW magnons propagate
one continuous pulse. The shortening appears to occur a
DESW magnon signal is produced. The DESW magno
once produced, seem to be almost stationary, with group
locities which are at least five times smaller than those
the MSSW signal.

The significance of this work goes beyond the elucidat
of one particular nonlinear spin-wave generation process
YIG film. This work demonstrates that time and spatia
resolved, wave vector selective Brillouin light scattering is
powerful and versatile tool for the investigation of hig
frequency magnetization dynamics in magnetic thin films

Note added in proof. Professor G. A. Melkov, Kiev Taras
Shevchenko National University, Ukraine, has kindly point
out three important references. Pulse narrowing due to n
linear spin wave interactions was observed by Sansalone
Spencer,13 and the related limiter effect was discussed
Stern.14 Three magnon splitting for magnetostatic surfa
waves at high power was reported in Ref. 15, along w
measurements of the small frequency shifts of the spin wa
from f s/2.
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