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Velocity characteristics of microwave-magnetic-envelope solitons

Hua Xia,* Pavel Kabos,† Reinhold A. Staudinger, and Carl E. Patton
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Andrei N. Slavin
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~Received 20 January 1998!

The propagation properties of nonlinear microwave-magnetic-envelope~MME! wave packets, or MME
solitons, have been measured as a function of input microwave power in a 7.56mm-thick yttrium ion garnet
film at 5 GHz with the static magnetic field of 1088 Oe parallel to the propagation direction in the backward
volume wave configuration. Input pulse widths ranged from 13 to 38 ns. While linear MME wave packets at
low power levels propagate at the usual group velocityng , the velocity of MME solitons increases with input
power and shows characteristic plateaus at values given byns

(n)5ng1knD, whereD is the dispersion coef-
ficient andkn5(2n21)p/Tng is an effective wave-number parameter obtained from modulational instability
considerations. The parametern51, 2, 3, etc., indexes the soliton order andT is the width of the input pulse.
In between the plateau regions, the velocity increases more-or-less linearly with power, and the slope of the
response generally increases with the initial pulse widthT.
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I. INTRODUCTION

The propagation properties of microwave-magne
envelope ~MME! magnetostatic wave~MSW! packets
change significantly at high power levels due to nonlin
effects. The main effect is the production of soliton wa
packets with a characteristic steepening and narrowing
nonlinear power response, a more rapid temporal and sp
decay than for linear MME pulses, and multiple peaks in
output profiles at very high powers. These MME solit
properties have been studied both experimentally and th
retically for yttrium iron garnet~YIG! films at frequencies in
the GHZ range.1–6

One property of these MME pulses that has not yet b
examined in a systematic way is the propagation velocity
a function of the various parameters of the experiment, s
as input power and pulse width. It is known that veloc
effects are small, no more than a few percent of the us
low power group velocity, and these effects were not cons
ered in the references cited above. Moreover, theore
analyses based on the nonlinear Schro¨dinger equation give
no change in the wave packet velocity with increasing a
plitude or power. In the course of the work reported in R
6, however, small but systematic changes in the wave pa
velocity as a function of input power were noted. The p
pose of the present paper is to report on the further stud
the velocity as a function of the input power, input pul
width, and propagation distance for these MME solitons. I
found that the velocity typically increases with the pow
and exhibits characteristic plateaus. These plateau le
match velocity values calculated from a simplead hocmodel
based on modulational instability considerations. These
fects are small, with velocity changes from the usual lin
MSW group velocities on the order of a few percent. T
quantitative determination and analysis of these effects
quired a careful and somewhat formal definition of veloc
PRB 580163-1829/98/58~5!/2708~8!/$15.00
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for wave packet shapes that may become distorted or m
fied during propagation.

II. EXPERIMENT

Background information on MSW pulse signal propag
tion in YIG films and measurement procedures is given
the references cited above. The measurements here
done according to the techniques given in Ref. 6. The MM
pulses were excited through the application of microwa
pulse power to a microstrip transducer across and clos
one end of a long and narrow YIG film strip. The puls
power was supplied by a microwave synthesizer, a hi
speed microwave switch, and a power amplifier. The pow
level was controlled by a variable attenuator. The static m
netic field was applied parallel to the long direction of t
YIG film and the MSW pulse propagation direction. Th
arrangement corresponds to the magnetostatic backward
ume wave~MSBVW! configuration. The microwave outpu
signal or temporal profile for the propagated MSBVW pul
was detected by a second transducer placed across the
film strip at some distance away from the input transduc
The separation of the input and output transducer ante
could be varied in order to make time-of-flight measu
ments for different propagation distances. The input and o
put pulse signals were analyzed and stored through a mi
wave transition analyzer and a computer. Addition
measurement were made with CW~continuous wave! micro-
wave excitation in order to determine the MSBVW passba
characteristics and establish an appropriate operating poi
field and frequency. These details are discussed in Ref
and 6.

The YIG film strip was the same as used for the work
Ref. 6. This film was provided by the Northrop-Grumma
Science and Technology Center. The original film w
grown on a~111! single-crystal gadolinium gallium garne
2708 © 1998 The American Physical Society
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PRB 58 2709VELOCITY CHARACTERISTICS OF MICROWAVE- . . .
substrate by liquid phase epitaxy. The film had a nomi
thickness of 7.2mm and a fitted thickness of 7.56mm, as
discussed in Ref. 6. The strip used for these experiments
1.5 mm wide and 15 mm long. The input end of the strip w
tapered to minimize reflections.

The transducer structure consisted of one fixed and
movable 50mm-wide microstrip transducer. These tran
ducer lines were positioned across the film and held firm
against the film surface. The input transducer was positio
about 4 mm from the tapered end of the film. The mova
output transducer was positioned down the film at distan
from 3 to 8 mm from the input line.

An operating point frequency of 5 GHz was chosen
the velocity experiments. The value of the external sta
magnetic field was then set by monitoring the MSBVW pa
band of CW transmitted power vs frequency for the abo
MSBVW configuration. A field value of 1088 Oe yielded
pass band with an upper cutoff frequency point of 5.06 G
This arrangement positioned the 5 GHz operating point
MHz below the cutoff and yielded an acceptable transm
sion loss of about 20 dB. The calculated operating po
MSBVW carrier wave number under these conditions w
about 100 rad/cm. The input microwave pulse widths for
velocity measurements reported here were from 13 to 38
The 13 ns width corresponds to a frequency spread of
proximately640 MHz, so that the entire power spectrum
the signal is within the MSBVW pass band.

This paper is concerned with precision measurement
the velocity of MME soliton pulses. As is evident from man
of the references cited above and the data to follow,
actual waveform of the detected pulses can become com
cated, particularly at high powers. It is necessary, theref
to pay particular attention to the way in which the propag
tion time for the MME pulse from input to output is dete
mined.

Figure 1 shows, in schematic form, the kind of situati
that is encountered experimentally. The diagrams show
files of power vs time for typical input and output puls
under different conditions. The upper trace in~a! shows a
typical situation when the input pulse width is relatively na

FIG. 1. Schematic diagram to illustrate the determination of
MSW pulse propagation timetc . Diagram~a! shows the situation
for a narrow input pulse centered at zero time and a symme
output pulse with a peak at timetc . Diagram~b! shows the situation
for a wider input pulse and a highly structured output pulse
which the timetc is defined from ‘‘time-of-flight’’ considerations,
as discussed in the text.
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row and the lower trace in~b! is for a wider input pulse.
For case~a!, the output pulse is symmetric and shows

single, well-defined peak. In this case, the propagation t
is easily defined as, for example, the separation in time
tween the input and output pulse center points. This time
indicated in the diagram astc . For initial pulse widths below
20 ns or so and peak powers below about 0.5 W, relativ
uncomplicated pulse shapes of this sort were obtained
these situations, a relatively simple procedure could be u
to determine pulse propagating times.~1! The exact center
point for a given output pulse was determined by fitting t
measured profile to a hyperbolic secant function.~2! The
peak position in time for the fitted function, relative to cent
of the input pulse, was then taken as the timetc .

As shown in~b!, the situation can be more complicate
when the pulse width is increased. The output pulse in~b!
shows two peaks and significant distortion. This situation c
occur in soliton experiments when the input power is lar
the input pulse width is large, and for various combinatio
of these conditions. Such complicated output pulse sha
present a problem for precision velocity measureme
While the separation of the input and output transducers
well-defined parameter, how can one define the propaga
time tc in this case?

The solid circle that decorates the output pulse in diagr
~b! of Fig. 1 is intended to indicate the ‘‘time of flight’’ of
the pulse. For the purposes of this work, an operational d
nition of the propagation timetc has been adopted, based o
this ‘‘time-of-flight’’ idea. In analytical form,tc is taken as
the ‘‘time of flight’’ and written according to

tc5
* uU~L,t !ut dt

* uU~L,t !udt
. ~1!

The U(L,t) function denotes the measured microwave o
put pulse profile,L is the transducer separation, andt repre-
sents the time of the measurement relative to the cente
the input pulse. For the results reported below,U has been
taken as the detected voltage due to the microwave ou
signal. One could also use the detected microwave powe
the profile function in the evaluation of Eq.~1!. These two
approaches, however, yield differences in the determinetc
values of a few tenths of a nanosecond only.

Propagation times measured according to the proced
given above were measured for input pulse widths from
to 40 ns, input peak powers from 5 mW to 1.2 W, and tra
ducer separation from 3 to 8 mm. This range of control p
rameters yields output signals that range from line
MSBVW pulse signals to nonlinear MME pulses in the ord
one to order three soliton regime.3–5 Pulse widths greate
than 40 ns yielded extremely complicated output pulse p
files. For such very wide pulses, meaningful determinatio
of pulse propagation times as well as the soliton format
were not possible. Results are shown below based on dat
input pulse widths of 13, 25, and 38 ns.

The above data were used to obtain velocity values for
various combinations of experimental parameters lis
above, based on an operational definition of velocity acco
ing to nc5L/tc . At low power levels, allnc determinations
led to a common value, 3.513106 cm/s. This value will be
taken as the usual MSBVW linear excitation group veloc
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2710 PRB 58XIA, KABOS, STAUDINGER, PATTON, AND SLAVIN
vg . It was found thatvc typically increases slightly as th
input power is increased, with changes on the order of a
percent for the range of powers available for the meas
ments. As will be shown in the next section, these increa
albeit small, show correlations with input power and pul
width that reveal important soliton effects.

Propagation time data and velocity determinations w
also obtained as a function of the operating point car
frequency at low power levels. These measurements w
needed to determine the dispersion coefficientD for the
MSBVW excitations at the 1088 Oe, 5 GHz operating po
indicated above. The procedure is described in Ref. 6. ThD
parameter corresponds to the second derivative of
MSBVW angular frequency with respect to the wave nu
ber. This parameter was determined to be 1.363103

cm2/rad s.

III. RESULTS

A. Output profiles

Some typical output pulse profile measurement results
shown in Figs. 2–4. Each figure shows a sequence of
profiles of output power vs time for increasing values of t
input pulse peak power levelPin , as indicated. The trans
ducer separations were 3 mm for the Fig. 2 data and 6.1
for the Fig. 3 and Fig. 4 data. The input pulse widths we
13, 25, and 38 ns, for Figs. 1, 2, and 3, respectively. T
solid circles in each diagram indicates the time-of-flig

FIG. 2. Profiles of output power vs time for 13 ns-wide inp
pulses and input peak powerPin values as indicated. The carrie
frequency, static field, and transducer separation were 5 GHz, 1
Oe, and 3 mm, respectively, with the 7.2mm nominal thickness
YIG film in the MSBVW configuration. The solid circles show th
time-of-flight position of the profiles or propagation time, as d
cussed in the text. The vertical dashed lines show the time-of-fl
position for the lowest power in~a! on all the diagrams. The arrow
in ~d!, ~e!, and~f! indicate the additional peak that emerges at h
power.
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point for the profile as discussed above. The vertical das
lines in the diagrams for each figure show the output pu
time-of-flight position at the lowest power, and matchup w
the solid circles for the~a! diagrams in each figure. Thes
circles and dashed lines provide reference points to un
stand the effect of power on propagation time. Because
the very low power levels used for the~a! diagrams, these

88

ht

FIG. 3. Profiles of output power vs time for 25 ns-wide inp
pulses and input peak powerPin values as indicated. The transduc
separation was 6.1 mm. Other conditions were the same as for
2. The solid circles show the time-of-flight positions and the ve
cal dashed lines show the time-of-flight position for the lowe
power in ~a! on all the diagrams, as in Fig. 2.

FIG. 4. Profiles of output power vs time for 38 ns-wide inp
pulses and input peak powerPin values as indicated. The transduc
separation was 6.1 mm. Other conditions were the same as for
3. The solid circles show the time-of-flight positions and the ve
cal dashed lines show the time-of-flight position for the lowe
power in ~a! on all the diagrams, as in Fig. 2.
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PRB 58 2711VELOCITY CHARACTERISTICS OF MICROWAVE- . . .
profiles have been magnified by a factor of ten, as indica
The arrows in~d!–~f! of Fig. 2 indicate the additional pea
that emerges at high power.

Figures 2–4 demonstrate common features that reflec
change in soliton velocity with power and special featu
that demonstrate the effect of the input pulse width on
pulse structure and evolution in the soliton order. As the la
discussion will show, these features are tied together i
consistent way.

Consider first the common features. Note that each se
diagrams shows a decrease in the time-of-flight point w
increasing power. This is shown by the gradual downshif
the solid circles relative to the vertical dashed lines from
~a! diagrams to the~d! diagrams in each figure. The size
these shifts is about 6–7 ns for Fig. 2, compared to the t
propagation time at low power of about 87 ns. For Figs
and 4, the shifts are about 5 ns, compared to a propaga
time of about 177 ns. These shifts correspond to velo
changes of 3–7%. It is now clear why it is necessary to p
careful attention to the definition of the propagation tim
More casual definitions, based on peak positions, for
ample, would result in effects that obscure the small chan
evident from the time-of-flight points. In the case of the m
tipeaked profiles in Figs. 4 and 5, peak positions would p
vide no useful timing points whatsoever.

The actual velocities evident from the above data will
important for the analysis to follow. The diagram~a! data for
Fig. 2 give a velocity at low power of about 3.53106 cm/s.
For Figs. 3 and 4, the lower power velocity is about 3
3106 cm/s.

Now consider the different features for Figs. 2–4. Figu
2 is for a relatively narrow input pulse width of 13 ns. In th
case, all of the output profiles exhibit a single peak on
apart for a very small secondary peak at high powers
will be considered shortly. For the two lowest input pow
levels of 0.01 and 0.18 W, as for~a! and~b!, the output peak
power scales more or less with the input powerPin and there
is no downshift in the peak time-of-flight position. As th
power is increased further, however, the output pulse sho
consistent downshift in the time-of-flight position. For~d!,
and an input peak power of 0.55 W, the downshift amou
to about 6–7 ns. These downshifts in the time-of-flight p
sition for diagrams~c! through ~f! are accompanied by th
steepening and narrowing usually associated with MM
solitons.1,3 As will be evident shortly, these downshifts co
respond to an increase in MME pulse velocity that is alm
linear in input power and closely matches the changes
pected for solitons.

The additional feature of the data in Fig. 2 is the sm
secondary peak that comes in at the highest powers, as
cated by the arrow in diagrams~d!–~f!. This small peak
evolves from the tail-like traces in~d! and ~e! to the small
peak evident in~f!. For the range of powers available, up
1.2 W, this secondary peak is unable to develop significa
for the 13 ns input pulse width used here. This situation w
be different for wider input pulses and the Fig. 3 and Fig
data considered below.

If the input pulse width is wider than the 13 ns value us
for Fig. 2, the output pulses show a much more complica
behavior. The data in Figs. 3 and 4 for input pulse widths
25 and 38 ns, respectively, illustrates these changes.
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main feature of note from all the diagrams in both figures
the multipeaked nature of the output profiles. Diagram~a! in
Fig. 3, for example, shows an initial output profile at th
lowest input power with a small, poorly resolved, peak f
times just before the main peak. As the power is increas
this small peak becomes better resolved and shifts to ti
after the main peak. At the highest powers shown in Fig
one clearly has a two peak output profile and a peak ou
power vs input power response that is highly nonlinear.

Similar comments apply to the 38 ns input pulse wid
data in Fig. 4. Here the evolution is even more accentua
Initially, the rather pronounced secondary peak is below
main peak but is well resolved even at the lowest power.
input powers above 0.10 W, this peak moves above the m
peak. For diagrams~d! and ~e!, the main peak decreases
amplitude as the power is increased, the secondary p
grows somewhat, and athird peak emerges at larger times

The consistent drop in the peak power for the main pe
as the input power is increased for diagrams~d!–~f! in both
figures, the concurrent growth in the secondary peaks,
the emergence of the third peak for Fig. 4 suggest that
increased power is going more and more into these hig
order peaks. This kind of behavior is, in fact, one signat
of a multisoliton response. The velocity data to be cons
ered shortly, and the analysis of these data in Sec. IV,
demonstrate these multisoliton effects quite clearly.

The time-of-flight points in Figs. 3 and 4 show an add
tional effect that will be important for the multisoliton re
sponse analysis. If one notes the relative positions of
solid circles and the vertical dashed lines as one moves f
~a! to ~f! in each figure, it is seen that the downshift in th
solid circle time-of-flight pointstabilizesat high power. That
is, the shift in the time-of-flight point relative to the propa
gation time at low power approaches a constant value
terms of velocity, this means that the soliton velocitysatu-
ratesat high powers. This will also turn out to be an impo
tant multisoliton signature.

B. MME pulse velocity

The pulse profile data in Figs. 2–4 allow one to obta
accurate values of the relevant velocities for the MME pul
discussed above. As specified in Sec.II, these velocities
obtained asL/tc , where the propagation timetc is the time-
of-flight point defined by Eq.~1!. As noted above, narrow
pulses yieldtc values that match the time points obtained
hyperbolic secant line shape fitting procedures to better t
0.2 ns. For broader and more complicated output profi
only the time-of-flight approach can yield consistent tim
points for velocity determinations.

Figures 5 and 6 show representative results on pulse
locity vs input peak power. The solid circles show measu
velocities based on the time-of-flight values discussed abo
The horizontal dashed lines show special velocity values c
responding to the low power group velocityng , and different
order soliton limit velocities, as indicated. The labelsn51,
n52, andn53 correspond to solitons of ordern, as will be
discussed in the next section. The carrier frequency and fi
conditions were the same as for Figs. 2–4; 5 GHz and 1
Oe, respectively. Figure 5 shows one set of measurem
for a single input pulse width of 13 ns and a 3 mmtransducer
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2712 PRB 58XIA, KABOS, STAUDINGER, PATTON, AND SLAVIN
separation. Figure 6 shows three sets of data for diffe
pulse widths of~a! 13 ns, ~b! 25 ns, and~c! 38 ns. The
transducer spacing was kept at 6.1 mm for the Fig. 6 d
The vertical dashed line in Fig. 6 indicates an approxim
power threshold for the increase in pulse velocity.

Figure 5 and graph~a! in Fig. 6 show a velocity that is
essentially constant below a power of about 0.10 W a
increases in a more or less linear fashion for higher pow
Note that the transducer separation of 6.1 mm for Fig. 6~a! is

FIG. 5. Propagation velocity vs input peak power for MSBV
pulses propagated in the 7.56mm-thick YIG film at a carrier fre-
quency of 5.00 GHz. The input pulse width was 13 ns and
transducer separation was 3 mm. The static magnetic field par
to the propagation direction was 1088 Oe. The horizontal das
lines denote special velocities, as indicated. The vertical dashed
denotes the estimated threshold velocity for a nonlinear respon

FIG. 6. Propagation velocity vs input peak power for MSBV
pulses propagated in the 7.56mm-thick YIG film. For graphs~a!,
~b!, and~c! the input pulse widths were 13, 25, and 38 ns, resp
tively. The carrier frequency was 5.00 GHz, the transducer sep
tion was 6.1 mm, and the static magnetic field parallel to propa
tion direction was 1088 Oe. The horizontal dashed lines den
special velocities, as indicated. The vertical dashed line denote
estimated threshold velocity for nonlinear response.
nt

a.
e

d
s.

double the separation for the Fig. 5 data, while the pu
widths are the same. Linear fits to the regions of the d
where the velocity is increasing yields slope of (2.
60.03)3105 cm/s W and (2.7860.04)3105 cm/s W for
Figs. 5 and 6~a!, respectively. These results indicate th
there is no significant difference in the velocity-power r
sponse for the same pulse width and a factor-of-2 chang
transducer spacing.

The additional feature of these Fig. 5 and Fig. 6~a! data
concerns the data points near then51 horizontal reference
line. Both sets of measurements give an indication of a p
sible leveling off in the velocity response around this lin
This effect is not particularly distinct for Figs. 5 and 6~a!. It
provides, nevertheless, an important indication of soliton
fects. Graphs~b! and ~c! in Fig. 6 show related but more
pronounced leveling off features. These features are
cussed below, and their theoretical implications are con
ered in the next section.

The main point of comparison between Figs. 5 and 6~a! is
in the demonstration that the velocity response for a giv
pulse width is essentially independent of the transducer s
ration. The main point of comparison for the three graphs
Fig. 6 is to demonstrate that the input pulse width ha
dramatic effect on the velocity response. There are three
fects:~i! the velocity versus power response;~ii ! the velocity
saturation;~iii ! the low power limit velocity.

Consider the velocity versus power response first. Lin
best fits to the velocity vs power data between input pow
of 0.1 and 1 W for~a! and between 0.1 and 0.3 W for~b! and
~c! yield slopes of (2.7860.04)3105 cm/s W, (8.8860.01)
3105 cm/s W. It is clear from these values that the inp
pulse width has a critical effect on the velocity respon
Over the range of the available data, the response is ne
linear, with a slope of 3.431025 cm/ns2 W.

Turn now to the velocity saturation evident in Fig.
While graph~a! shows no saturation for the range of powe
available, graphs~b! and ~c! show that the MME pulse ve
locity saturates abruptly at 3.663106 cm/s for 25 ns-wide
pulses and 3.683106 cm/s for 38 ns-wide pulses. While
these saturation values are about the same, the different p
widths lead to very different threshold velocities for differe
order solitons, as indicated by the horizontal dashed lin
The significance of these thresholds will be discussed in
next section. The main point for this discussion of the d
alone is that the velocity saturation for different pulse widt
appear~i! to be at about the same velocity values and~ii ! to
be related to different order soliton processes.

Consider, finally, the low power limit velocity chang
with input pulse width. As discussed above, the group vel
ity value for these experiments, 3.513106 cm/s, is taken
from the measurement for low power and short 13 ns pu
widths. By definition, therefore, thisng value and the low
power limit velocity for the data in~a! are the same. Graph
~b! and~c!, however, show data that indicate low power lim
velocity values that aresmaller than ng . These low power
limit velocity shifts are an artifact of the low power defo
mation in the output pulse shape at low powers and the ti
of-flight algorithm for the determination oftc from Eq. ~1!.
Note the pulse shapes in Figs. 3~a! and 4~a!, for example. For
both graphs, these low power profiles show a small peak
comes earlier in time than a larger peak. As the powe
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increased, the small and large peaks first change places
then the small peak evolves to exhibit the multsoliton ch
acter discussed above.

IV. DISCUSSION

The results presented above reveal an important, new,
heretofore undiscovered MME soliton property, a pow
dependent soliton velocity that exhibits distinct plateaus
saturation effects. The effect is small, on the order of fi
percent. The quantitative observation of these effects
pends, to some extent, on a careful and self-consistent
nition of pulse position in time as contained in Eq.~1!, for
example.

The purpose of this section is threefold:~a! To examine
problems that are posed for this experimental effect in te
of the usual theory that is used to analyze MME solit
properties, based on the nonlinear Schro¨dinger ~NLS! equa-
tion; ~b! To consider some recently published theoretical
sults by Slavin7 that connect soliton formation threshold
with modulational instability, and which may explain the o
served saturation velocities;~c! To consider experimenta
correlations between the pulse profiles in Sec. III A and
soliton order indices inferred from Ref. 7.

A. Soliton solutions from the nonlinear Schrödinger equation

The propagation properties of MME wave packets may
analyzed on the basis of the NLS equation

i S ]u

]t
1ng

]u

]z
1huD1

1

2
D

]2u

]z22Nuuu2u50. ~2!

The parameteru corresponds to a scalar normalized comp
one-dimensional envelope functionu(z,t) that represents the
dynamic microwave magnetization response. The param
z defines the propagation axis andt represents propagatio
time. The parametersng andD denote the low power wave
packet group velocity and the MSW dispersion coefficie
respectively, as defined above. The parameterh denotes the
relaxation rate. A low amplitude plane-wave MSW sign
would decay according tou}e2ht. The parameterN is a
nonlinear frequency shift coefficient defined as the chang
the MSW frequency with the square of the modulus ofu.
The nomenclature for Eq.~2! and the above parameters
discussed in Ref. 3, among others.

For the case of zero relaxation orh50, one may obtain an
exact, analytical single soliton solution to Eq.~2! in the
form8,9

u~z,t !5uu~z,t !uei ~ksz2Vst !. ~3!

The amplitudeuu(z,t)u is given by

uu~z,t !u5u0 sechFu0AUNDU~z2nst !G . ~4!

The frequency shift parameterVs is given by

Vs5ngks1
1

2
~Dks

21Nu0
2!. ~5!
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The wave packet or soliton velocityns for the above so-
lution is given by

ns5ng1ksD. ~6!

For the above solution, there are two free parameters,
soliton amplitudeu0 and the wave number parameterks.
Note that the complex exponential term in Eq.~3! doesnot
represent the carrier signal for this nonlinear MME wa
packet. The functionu(z,t) is already the envelope of the
wave packet. Thei (ksz2Vst) term represents the additiona
phase which is added to the carrier phase term for the ove
complex wave packet signal.

For the purposes of this work, the important property
the above solution is that the soliton velocityns is indepen-
dent of the soliton amplitudeu0 . This velocity, while con-
stant, need not be the same as the group velocityng for a
linear wave packet. That is,ns may differ from ng through
the free parameterks in accordance with Eq.~6!. It should
also be noted that Eqs.~3!–~6! are only for a single peaked
order one envelope soliton. In a strict sense, therefore,
above NLS equation solution is applicable only to the d
presented in Fig. 2, where one sees a profile that consis
a single peak.

For the purposes of this section, however, Eq.~6! will be
taken as the operational equation for the soliton veloc
regardless of the soliton order. Subject to this assumpt
the results from Figs. 5 and 6 may be used to obtain
empirical indication of the power-dependent behavior ofks ,
and hence, the soliton velocity. The data in Figs. 5 and
establish four empirical facts. First, it is clear the solit
wave-number parameterks is a function of the input power
and, hence, on the amplitudeu0 . Second, the data indicat
that the size of theksD term in Eq.~6! is on the order of 5%
of ng . Third, the effect of the input pulse width on the v
locity change with power, as shown in Fig. 6, suggests t
ks is an inverse function of the pulse width. Fourth, the cle
velocity saturation effects noted in Fig. 6 indicate thatks
takes on discrete values.

The theoretical dilemma, therefore, may be stated as
lows: On what physical basis may the soliton velocity, d
fined in terms of the soliton wave-number parameterks , be
assigned dependences on input power, pulse width,
which are consistent with the results of the experiments?

B. Discrete soliton wave-number parameters
and soliton velocity

A recently published theoretical analysis by Slavin7 on
thresholds for envelope soliton formation speaks directly
the question posed above. This analysis is based on the
served similarity between the threshold condition for the f
mation of an ordern soliton from a rectangular input pulse o
duration timeT, and the threshold condition for modula
tional instability of a spin-wave excitation in a nonline
dispersion medium. A comparison of these related but d
tinctly different processes leads to a prescription that gi
discrete values of the solition wave-number parameterk and
that corresponds to the threshold conditions for solitons
order n51, 2, 3, etc. If these discretek values are used in
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Eq. ~6!, the resulting velocity values closely match the v
locity plateaus apparent from the experimental data of S
III.

The input pulse threshold amplitudeun
th for the formation

of an nth order envelope soliton from a rectangular inp
pulse of widthT in the medium where the Lighthill criterion
ND,0 is satisfied, may be obtained from the inverse sc
tering formalism.8 In the limit of zero dampingh50, this
threshold amplitude may be written as

un
th5

1

2
AUDNUS ~2n21!p

ngT D . ~7!

A nonlinear propagating plane-wave magnetic excitation
the same medium will have a threshold amplitude for mo
lational instability. Letumod

th denote the threshold at whic
such a wave becomes unstable to a modulational pertu
tion with the modulation wave numberkmod. From Ref. 7,
this threshold may be written as

umod
th 5

1

2
AUDNUkmod. ~8!

As noted in Ref. 7, the forms of the threshold expression
Eqs. ~7! and ~8! are quite similar. If one assumes that t
process of envelope soliton formation from a rectangular
put wave packet is analogous to the process of modulati
instability for a nonlinear plane wave, then the quality in t
square bracket in Eq.~7! can be interpreted as a solito
wave-number parameter, analogous tokmod.

If one equates the thresholds in Eqs.~7! and ~8!, one
obtains a simple expression for the wave-number param
kmod applicable to an ordern soliton. Let this wave-numbe
parameter be denoted asks

(n) . The result is

ks
~n!5

~2n21!p

vgT
. ~9!

Note that then-dependent threshold amplitude for solito
formation leads directly to ann-dependent effective wave
number parameter for solitons as well. Substitution of Eq.~9!
into Eq. ~6! yields a simple prescription for then-dependent
soliton velocityns

(n) ,

ns
~n!5ng1

~2n21!pD

ngT
. ~10!

Equation ~10! provides a simple working equation for th
velocity associated with a soliton of ordern. It is to be
emphasized that this equation does not derive from the
but only from a comparison of the thresholds for solit
formation and for modulational instability. However, it
also to be noted that~1! this working equation is consisten
with the four empirical points listed above, and~2! there are
no adjustable parameters. These connections will be con
ered in more detail shortly.

Based on the above analysis and the result of Eq.~10!, the
significance of the horizontal dashed lines in Figs. 5 an
labeled n51, n52, and n53 are now clear. These line
-
c.

t

t-

n
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a-

in
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ter
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6

represent the values of thens
(n) velocity values expected fo

n51, n52, andn53 solitons, respectively.
First consider the results in Fig. 5 for a 13 ns input pu

width. In this case, the calculated first- and second-or
soliton velocities from Eq.~10! are 3.603106 cm/s and
3.793106 cm/s, respectively. As pointed out in Sec. III B
the measured pulse velocities as a function of input p
power show a slight leveling off at an input peak power
0.5 W and precisely at the velocity corresponding tons

(1)

from Eq. ~10!. As will be discussed shortly, this power lev
is significant. It corresponds to the power level for which
order one soliton is completely formed at the position of t
output transducer. As the input power is further increas
the measured velocity continues to increase but does
reach the second dashed line atns

(2) .
The velocity saturation effects and the correlation b

tween experiment and theory are even more clear in Fig
Keep in mind that the main difference between Figs. 5 an
is in the separation between transducers, 3 mm for Fig. 5
6.1 mm for Fig. 6. As discussed in Ref. 5, the longer prop
gation distance provides better access to the propertie
completely formed solitons.

The results in Fig. 6~a! for 13 ns input pulse width are
essentially the same as just discussed. For Fig. 6~b!, the cal-
culated ns

(1) and vs
(2) values for n51 and n52 are 3.56

3106 cm/s and 3.663106 cm/s, respectively. Here, howeve
the wider input pulse width of 25 ns leads to a clear satu
tion in the measured soliton velocity. As the data and
n52 dashed line in Fig. 6~b! show, this saturation occur
precisely atns

(2) . Again, it is to be emphasized that thens
(n)

values for the dashed lines are obtained with no adjusta
parameters. For Fig. 6~c!, the calculatedns

(1) , ns
(2) , andns

(2)

values forn51, n52, andn52 are 3.543106 cm/s, 3.61
3106 cm/s, and 3.673106 cm/s, respectively. Here, the in
put pulse width is 38 ns. This extremely wide input wid
leads to an experimental soliton saturation velocity atns

(3) .
The above results demonstrate the correlation between
observed saturation velocities of nonlinear soliton wa
packets obtained through the data and the time-of-flight
gorithm of Eq.~1! and an ad hoc theoretical prediction fo
velocities ofnth order envelope solitons given by Eq.~10!.

In addition to the above, it is important to specify clear
what isnot explained by the above considerations. First,
simple soliton-modulational instability connection doesnoth-
ing to model the observed increase in velocity with power.
these transition power intervals, the velocity of the propag
ing nonlinear wave packet increases more-or-less line
with input power, and the slope of this increase is larger
wider input pulse widthT. Presently, there is no theory t
explain the wave packet velocity in these intervals. Seco
the time-of-flight approach to soliton velocity ignores th
multipeaked nature of the actual pulse profiles evident
Figs. 3 and 4 for the higher power levels. The connect
between multipeaked profiles and higher-order solitons
been considered in detail in Ref. 4. The connections p
sented above simply extend these considerations to velo
saturation.

V. CONCLUSION

The evolution of pulse shape and propagation time
MSBVW nonlinear wave packets excited by rectangular
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put pulses of peak powerPin and withT in YIG films have
been studied as a function of peak power of the input pul
Through a time-of-flight analysis, propagation time has be
converted to a group velocity of a nonlinear wave pack
and this power-dependent group velocity is found to have
number of important properties. First, the effect of power o
the group velocity is found to be small, but significant. Fo
the powers available experimentally, which extend we
above the threshold power of first-order soliton formatio
the velocities are found to increase with power by about 5
Second, one obtains a direct correlation between the num
of peaks associated with a given output pulse at a giv
power, the soliton order, and an experimentally observ
saturation velocity. Third, the measured saturation velocit
of MME solitons are found to match values obtained from
prescription based on predicted wave numbers for modu
c

o

.

e.
n
t,
a

l
,
.
er
n
d
s
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tional instability and connections with the single soliton so
lution to the NLS equation.
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