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The propagation properties of nonlinear microwave-magnetic-envelME) wave packets, or MME
solitons, have been measured as a function of input microwave power in am8bick 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 velogjfy the velocity of MME solitons increases with input
power and shows characteristic plateaus at values givezrr‘gri?)yt vyt k,D, whereD is the dispersion coef-
ficient andx,=(2n—1)m/ Ty is an effective wave-number parameter obtained from modulational instability
considerations. The parameter1, 2, 3, etc., indexes the soliton order ahds 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 width
[S0163-182698)02029-3

I. INTRODUCTION for wave packet shapes that may become distorted or modi-
fied during propagation.

The propagation properties of microwave-magnetic-
envelope (MME) magnetostatic wave(MSW) packets
change significantly at high power levels due to nonlinear
effects. The main effect is the production of soliton wave Background information on MSW pulse signal propaga-
packets with a characteristic steepening and narrowing, &on in YIG films and measurement procedures is given in
nonlinear power response, a more rapid temporal and spatitie references cited above. The measurements here were
decay than for linear MME pulses, and multiple peaks in thedone according to the techniques given in Ref. 6. The MME
output profiles at very high powers. These MME soliton pulses were excited through the application of microwave
properties have been studied both experimentally and thegulse power to a microstrip transducer across and close to
retically for yttrium iron garnetYIG) films at frequencies in one end of a long and narrow YIG film strip. The pulse
the GHZ rangé® power was supplied by a microwave synthesizer, a high-

One property of these MME pulses that has not yet beespeed microwave switch, and a power amplifier. The power
examined in a systematic way is the propagation velocity atevel was controlled by a variable attenuator. The static mag-
a function of the various parameters of the experiment, suchetic field was applied parallel to the long direction of the
as input power and pulse width. It is known that velocity YIG film and the MSW pulse propagation direction. This
effects are small, no more than a few percent of the usuarrangement corresponds to the magnetostatic backward vol-
low power group velocity, and these effects were not considume wave(MSBVW) configuration. The microwave output
ered in the references cited above. Moreover, theoreticaignal or temporal profile for the propagated MSBVW pulse
analyses based on the nonlinear Sdimger equation give was detected by a second transducer placed across the YIG
no change in the wave packet velocity with increasing am{film strip at some distance away from the input transducer.
plitude or power. In the course of the work reported in Ref.The separation of the input and output transducer antenna
6, however, small but systematic changes in the wave packebuld be varied in order to make time-of-flight measure-
velocity as a function of input power were noted. The pur-ments for different propagation distances. The input and out-
pose of the present paper is to report on the further study qgfut pulse signals were analyzed and stored through a micro-
the velocity as a function of the input power, input pulsewave transition analyzer and a computer. Additional
width, and propagation distance for these MME solitons. It ismeasurement were made with Cldbntinuous wavemicro-
found that the velocity typically increases with the powerwave excitation in order to determine the MSBVW passband
and exhibits characteristic plateaus. These plateau levetharacteristics and establish an appropriate operating point in
match velocity values calculated from a simptthocmodel  field and frequency. These details are discussed in Refs. 3
based on modulational instability considerations. These efand 6.
fects are small, with velocity changes from the usual linear The YIG film strip was the same as used for the work in
MSW group velocities on the order of a few percent. TheRef. 6. This film was provided by the Northrop-Grumman
guantitative determination and analysis of these effects reScience and Technology Center. The original film was
quired a careful and somewhat formal definition of velocitygrown on a(111) single-crystal gadolinium gallium garnet

Il. EXPERIMENT
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! row and the lower trace ifb) is for a wider input pulse.

J (@) For case(a), the output pulse is symmetric and shows a
-— L single, well-defined peak. In this case, the propagation time
’:\ " is easily defined as, for example, the separation in time be-

E tween the input and output pulse center points. This time is

' indicated in the diagram ds. For initial pulse widths below

' 20 ns or so and peak powers below about 0.5 W, relatively

' (b) uncomplicated pulse shapes of this sort were obtained. In

E these situations, a relatively simple procedure could be used

. to determine pulse propagating timé&) The exact center

' . A point for a given output pulse was determined by fitting the

X t‘ : - measured profile to a hyperbolic secant functi@®. The

0 ¢ Time peak position in time for the fitted function, relative to center

of the input pulse, was then taken as the time

FIG. 1. Schematic diagram to illustrate the determination of the X ; - .
MSW pulse propagation time,. Diagram(a) shows the situation As shown in(b), the situation can be more complicated

for a narrow input pulse centered at zero time and a symmetrivhen the pulse width is increased. The output pulseébjn
output pulse with a peak at tintg. Diagram(b) shows the situation ~Shows two peaks and significant distortion. This situation can
for a wider input pulse and a highly structured output pulse foroccur in soliton experiments when the input power is large,
which the timet, is defined from “time-of-flight” considerations, the input pulse width is large, and for various combinations
as discussed in the text. of these conditions. Such complicated output pulse shapes
present a problem for precision velocity measurements.
IWhile the separation of the input and output transducers is a
well-defined parameter, how can one define the propagation
ime t¢ in this case?

The solid circle that decorates the output pulse in diagram

substrate by liquid phase epitaxy. The film had a nomina
thickness of 7.2um and a fitted thickness of 7.56m, as
discussed in Ref. 6. The strip used for these experiments wd

1.5 mm wide and 15 mm long. The input end of the strip was ; T Lo . .
tapered to minimize reﬂectio?qs. P P (b) of Fig. 1 is intended to indicate the “time of flight” of

The transducer structure consisted of one fixed and oni! Pulse. For the purposes of this work, an operational defi-
movable 50 um-wide microstrip transducer. These trans-Nition of the propagation timg, has been adopted, based on
ducer lines were positioned across the film and held firmpy[nis "time-of-flight” idea. In analytical formt; is taken as
against the film surface. The input transducer was positioneff'® “time of flight” and written according to
about 4 mm from the tapered end of the film. The movable
output transducer was positioned down the film at distances _JIUL, Dt dt 1
from 3 to 8 mm from the input line. ¢ Jlu(L,bldt -

An operating point frequency of 5 GHz was chosen for
the velocity experiments. The value of the external staticThe U(L,t) function denotes the measured microwave out-
magnetic field was then set by monitoring the MSBVW passput pulse profileL is the transducer separation, ancepre-
band of CW transmitted power vs frequency for the abovesents the time of the measurement relative to the center of
MSBVW configuration. A field value of 1088 Oe yielded a the input pulse. For the results reported beldvhas been
pass band with an upper cutoff frequency point of 5.06 GHztaken as the detected voltage due to the microwave output
This arrangement positioned the 5 GHz operating point 6&ignal. One could also use the detected microwave power as
MHz below the cutoff and yielded an acceptable transmisthe profile function in the evaluation of E¢l). These two
sion loss of about 20 dB. The calculated operating poingpproaches, however, yield differences in the determiped
MSBVW carrier wave number under these conditions wasvalues of a few tenths of a nanosecond only.
about 100 rad/cm. The input microwave pulse widths for the Propagation times measured according to the procedure
velocity measurements reported here were from 13 to 38 ngliven above were measured for input pulse widths from 10
The 13 ns width corresponds to a frequency spread of ago 40 ns, input peak powers from 5 mW to 1.2 W, and trans-
proximately =40 MHz, so that the entire power spectrum of ducer separation from 3 to 8 mm. This range of control pa-
the signal is within the MSBVW pass band. rameters yields output signals that range from linear

This paper is concerned with precision measurements d¥ISBVW pulse signals to nonlinear MME pulses in the order
the velocity of MME soliton pulses. As is evident from many one to order three soliton regime® Pulse widths greater
of the references cited above and the data to follow, théhan 40 ns yielded extremely complicated output pulse pro-
actual waveform of the detected pulses can become complfiles. For such very wide pulses, meaningful determinations
cated, particularly at high powers. It is necessary, thereforeyf pulse propagation times as well as the soliton formation
to pay particular attention to the way in which the propaga-were not possible. Results are shown below based on data for
tion time for the MME pulse from input to output is deter- input pulse widths of 13, 25, and 38 ns.
mined. The above data were used to obtain velocity values for the

Figure 1 shows, in schematic form, the kind of situationvarious combinations of experimental parameters listed
that is encountered experimentally. The diagrams show praabove, based on an operational definition of velocity accord-
files of power vs time for typical input and output pulsesing to v.=L/t.. At low power levels, allv. determinations
under different conditions. The upper trace (@ shows a led to a common value, 3.5110° cm/s. This value will be
typical situation when the input pulse width is relatively nar- taken as the usual MSBVW linear excitation group velocity
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FIG. 3. Profiles of output power vs time for 25 ns-wide input

FIG. 2. Profiles of output power vs time for 13 ns-wide input pulses and input peak powey, values as indicated. The transducer
pulses and input peak pow&;, values as indicated. The carrier Separation was 6.1 mm. Other conditions were the same as for Fig.
frequency, static field, and transducer separation were 5 GHz, 1088 The solid circles show the time-of-flight positions and the verti-
Oe, and 3 mm, respectively, with the 7x@n nominal thickness cal dashed lines show the time-of-flight position for the lowest
YIG film in the MSBVW configuration. The solid circles show the power in(a) on all the diagrams, as in Fig. 2.
time-of-flight position of the profiles or propagation time, as dis-
cussed in the text. The vertical dashed lines show the time-of-fligh
position for the lowest power ife) on all the diagrams. The arrows
in (d), (e), and(f) indicate the additional peak that emerges at high
power.

boint for the profile as discussed above. The vertical dashed
lines in the diagrams for each figure show the output pulse
time-of-flight position at the lowest power, and matchup with
the solid circles for thda) diagrams in each figure. These
vy. It was found thaw typically increases slightly as the circles and dashed lines provide reference_ points to under-
stand the effect of power on propagation time. Because of

input power is increased, with change_s on the order of a feVYhe very low power levels used for thie) diagrams, these
percent for the range of powers available for the measure- '

ments. As will be shown in the next section, these increases,

albeit small, show correlations with input power and pulse 0.8 - gfgcfw 0.8 T’S;W
width that reveal important soliton effects. - ' - '
Propagation time data and velocity determinations were 0.4 © 04 U]
also obtained as a function of the operating point carrier - -
frequency at low power levels. These measurements were 00 , 0.0
needed to determine the dispersion coefficiBntfor the — : I
MSBVW excitations at the 1088 Oe, 5 GHz operating point % 0.8 grow 087
indicated above. The procedure is described in Ref. 6.0The ~ | o i
parameter corresponds to the second derivative of the g 047 04
MSBVW angular frequency with respect to the wave num- 3 ]
ber. This parameter was determined to be X36° 5 007 ! 0.0
cné/rad s. Z o0s- do1w 08+
_ N (@ N
lll. RESULTS 04 04
h x 10 7
A. Output profiles 0.0 0.0
Some typical output pulse profile measurement results are 50 100 150 200 ;i‘r’rze (sz) 100150 200 250

shown in Figs. 2—4. Each figure shows a sequence of six

proﬁles of output power vs time for incrgasing values of the  Fi1g. 4. Profiles of output power vs time for 38 ns-wide input
input pulse peak power leve?;,, as indicated. The trans- pyises and input peak powBy, values as indicated. The transducer
ducer separations were 3 mm for the Fig. 2 data and 6.1 Migeparation was 6.1 mm. Other conditions were the same as for Fig.
for the Fig. 3 and Fig. 4 data. The input pulse widths were3. The solid circles show the time-of-flight positions and the verti-
13, 25, and 38 ns, for Figs. 1, 2, and 3, respectively. Theal dashed lines show the time-of-flight position for the lowest
solid circles in each diagram indicates the time-of-flightpower in(a) on all the diagrams, as in Fig. 2.
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profiles have been magnified by a factor of ten, as indicatednain feature of note from all the diagrams in both figures is

The arrows in(d)—(f) of Fig. 2 indicate the additional peak the multipeaked nature of the output profiles. Diagr@nin

that emerges at high power. Fig. 3, for example, shows an initial output profile at the
Figures 2—4 demonstrate common features that reflect tHewest input power with a small, poorly resolved, peak for

change in soliton velocity with power and special featuredimes just before the main peak. As the power is increased,

that demonstrate the effect of the input pulse width on thdhis small peak becomes better resolved and shifts to times

pulse structure and evolution in the soliton order. As the late@fter the main peak. At the highest powers shown in Fig. 3,

discussion will show, these features are tied together in &n€ clearly has a two peak output profile and a peak output
consistent way. power vs input power response that is highly nonlinear.

Consider first the common features. Note that each set of Similar comments apply to the 38 ns input pulse width
diagrams shows a decrease in the time-of-flight point witrp"%t_a in Fig. 4. Here the evolution is even more z_iccentuated.
increasing power. This is shown by the gradual downshift ofMitially, the rather pronounced secondary peak is below the
the solid circles relative to the vertical dashed lines from thd"&in peak but is well resolved even at the lowest power. For
(a) diagrams to théd) diagrams in each figure. The size of input powers above 0.10 W, this peak_ moves above the main
these shifts is about 6-7 ns for Fig. 2, compared to the totdi€@K. For diagramed) and (e), the main peak decreases in
propagation time at low power of about 87 ns. For Figs. qamplitude as the power is increased, the secondary peak

and 4, the shifts are about 5 ns, compared to a propagatidH©Ws somewhat, andtaird peak emerges at larger times.
time of about 177 ns. These shifts correspond to velocity 1€ consistent drop in the peak power for the main peak

changes of 3—7%. It is now clear why it is necessary to payS € input power is increased for diagrafds-(f) in both
careful attention to the definition of the propagation time.i9ures, the concurrent growth in the secondary peaks, and
More casual definitions, based on peak positions, for ext€ emergence of the third peak for Fig. 4 suggest that the

ample, would result in effects that obscure the small changel§creased power is going more and more into these higher-

evident from the time-of-flight points. In the case of the mul-°'der peaks. This kind of behavior is, in fact, one signature

tipeaked profiles in Figs. 4 and 5, peak positions would pro_of a multisoliton response. The velocity data to be consid-

vide no useful timing points whatsoever. ered shortly, and the analysis of these data in Sec. IV, will
The actual velocities evident from the above data will bedemonstrate these multisoliton effects quite clearly. _
important for the analysis to follow. The diagram) data for The time-of-flight points in Figs. 3 and 4 show an addi-

Fig. 2 give a velocity at low power of about 38.0° cm/s. tional effect that will be important for the multisoliton re-
For Figs. 3 and 4, the lower power velocity is about 3.45PONse analysis. If one notes the relative positions of the
% 10f cmis. ’ solid circles and the vertical dashed lines as one moves from

Now consider the different features for Figs. 2—4. Figure(a) to (f) in each figure, it is seen that the downshift in the

2 is for a relatively narrow input pulse width of 13 ns. In this SC!id circle time-of-flight poinstabilizesat high power. That

case, all of the output profiles exhibit a single peak onIy,'S’ the shift in the time-of-flight point relative to the propa-

apart for a very small secondary peak at high powers thagation time atllow power approaches a constant yalue. In
will be considered shortly. For the two lowest input powerterms of _velocny, this means that the soliton velocstytu-
levels of 0.01 and 0.18 W, as fé) and(b), the output peak ratesat h_lgh_powe_rs. This will also turn out to be an impor-
power scales more or less with the input pogrand there ~ tant multisoliton signature.
is no downshift in the peak time-of-flight position. As the
power is increased further, however, the output pulse show a
consistent downshift in the time-of-flight position. Fa),
and an input peak power of 0.55 W, the downshift amounts The pulse profile data in Figs. 2—4 allow one to obtain
to about 6—7 ns. These downshifts in the time-of-flight po-accurate values of the relevant velocities for the MME pulses
sition for diagrams(c) through (f) are accompanied by the discussed above. As specified in Sec.ll, these velocities are
steepening and narrowing usually associated with MMEobtained ad /t;, where the propagation tintg is the time-
solitons' As will be evident shortly, these downshifts cor- of-flight point defined by Eq(1). As noted above, narrow
respond to an increase in MME pulse velocity that is almospulses yield, values that match the time points obtained by
linear in input power and closely matches the changes exiyperbolic secant line shape fitting procedures to better than
pected for solitons. 0.2 ns. For broader and more complicated output profiles,

The additional feature of the data in Fig. 2 is the smallonly the time-of-flight approach can yield consistent time
secondary peak that comes in at the highest powers, as ind#oints for velocity determinations.
cated by the arrow in diagram@&)—(f). This small peak Figures 5 and 6 show representative results on pulse ve-
evolves from the tail-like traces ifd) and (e) to the small locity vs input peak power. The solid circles show measured
peak evident inf). For the range of powers available, up to velocities based on the time-of-flight values discussed above.
1.2 W, this secondary peak is unable to develop significantlyl he horizontal dashed lines show special velocity values cor-
for the 13 ns input pulse width used here. This situation willresponding to the low power group velocity, and different
be different for wider input pulses and the Fig. 3 and Fig. 4order soliton limit velocities, as indicated. The labals 1,
data considered below. n=2, andn= 3 correspond to solitons of ordar as will be

If the input pulse width is wider than the 13 ns value useddiscussed in the next section. The carrier frequency and field
for Fig. 2, the output pulses show a much more complicated@onditions were the same as for Figs. 2—4; 5 GHz and 1088
behavior. The data in Figs. 3 and 4 for input pulse widths ofOe, respectively. Figure 5 shows one set of measurements
25 and 38 ns, respectively, illustrates these changes. THer a single input pulse width of 13 ns @@ 3 mmtransducer

B. MME pulse velocity
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BB o n=2 double the separation for the Fig. 5 data, while the pulse
13.ns widths are the same. Linear fits to the regions of the data
. where the velocity is increasing yields slope of (2.55
. +0.03)x10° cm/s W and (2.780.04)x10° cm/s W for
36— -q-------- T e n=1 Figs. 5 and @), respectively. These results indicate that
E, .o there is no significant difference in the velocity-power re-
i ‘s sponse for the same pulse width and a factor-of-2 change in
: transducer spacing.
T The additional feature of these Fig. 5 and Figa)&data
000 025 050 075 1.00 concerns the data points near the 1 horizontal reference
Input peak power (W) line. Both sets of measurements give an indication of a pos-
_ ) _ sible leveling off in the velocity response around this line.
FIG. 5. Propagation velocity vs input peak power for MSBVW Thjg effect is not particularly distinct for Figs. 5 anda§ It
pulses propagated in the 7.36n-thick YIG film at a carvier fre-  yides, nevertheless, an important indication of soliton ef-

quency of 5.00 GHz. The input pulse width was 13 ns and ther cts. Graphgb) and (c) in Fig. 6 show related but more
transducer separation was 3 mm. The static magnetic field parall§

to the propagation direction was 1088 Oe. The horizontal dashe ronounced leveling off features. These features are dis-

lines denote special velocities, as indicated. The vertical dashed Iin%ussed below, and their theoretical implications are consid-

denotes the estimated threshold velocity for a nonlinear response.ered in the_ nex_t section. . .
The main point of comparison between Figs. 5 afa) &

separation. Figure 6 shows three sets of data for differen'F[] the demonstration that the velocity response for a given
oulse widths of(a) 13 ns, (b) 25 ns, and(c) 38 ns. The ulse width is essentially independent of the transducer sepa-

transducer spacing was kept at 6.1 mm for the Fig. 6 dat ration. The main point of comparison for the three graphs in

: A - . ig. 6 is to demonstrate that the input pulse width has a
The vertical dashed line in Fig. 6 indicates an approximate . .
. . . dramatic effect on the velocity response. There are three ef-
power threshold for the increase in pulse velocity.

Figure 5 and graplta) in Fig. 6 show a velocity that is fects: (i) the velocity versus power responsi) the velocity

. aturationjiii ) the low power limit velocity.
_essentlally_ constant below a power O.f about_O.lO W and Consider the velocity versus power response first. Linear
increases in a more or less linear fashion for higher powers;

i . st fits to the velocity vs power data between input powers
Note that the transducer separation of 6.1 mm for FHg). & 0f 0.1 and 1 W for(a) and between 0.1 and 0.3 W fé) and

(c) yield slopes of (2.78 0.04)x 10° cm/s W, (8.88-0.01)
X 10° cm/s W. It is clear from these values that the input
pulse width has a critical effect on the velocity response.
Over the range of the available data, the response is nearly
linear, with a slope of 3410 ° cm/ng W.

Turn now to the velocity saturation evident in Fig. 6.

Velocity (10 6cm/s)

3.8

: (a) While graph(a) shows no saturation for the range of powers
" g;g_ Ty TTTTrT TR e available, graphgb) and (c) show that the MME pulse ve-
€ 25,ns locity saturates abruptly at 3.66L0° cm/s for 25 ns-wide
<& 1. e _%%en=2 pulses and 3.6810° cm/s for 38 ns-wide pulses. While
o these saturation values are about the same, the different pulse
‘_; -------------------- C=1 widths lead to very different threshold velocities for different
B Res T 9 order solitons, as indicated by the horizontal dashed lines.
2 S '(l?)u The significance of these thresholds will be discussed in the
> next section. The main point for this discussion of the data

alone is that the velocity saturation for different pulse widths
appeari) to be at about the same velocity values dingdto
be related to different order soliton processes.

Consider, finally, the low power limit velocity change
with input pulse width. As discussed above, the group veloc-
4™ '(')| ity value for these experiments, 3.81C° cm/s, is taken

0.00 0.95 0.50 0.75 1.00 from the measurement for low power and short 13 ns pulse
widths. By definition, therefore, thig, value and the low
power limit velocity for the data irfa) are the same. Graphs

FIG. 6. Propagation velocity vs input peak power for MSBVW (b) an_d(c)' however, show data that indicate low power limit
pulses propagated in the 7.58n-thick YIG film. For graphg(@,  Velocity values that aremaller than »4. These low power
(b), and(c) the input pulse widths were 13, 25, and 38 ns, respeclimit velocity shifts are an artifact of the low power defor-
tively. The carrier frequency was 5.00 GHz, the transducer separdnation in the output pulse shape at low powers and the time-
tion was 6.1 mm, and the static magnetic field parallel to propaga©f-flight algorithm for the determination df from Eq. (1).
tion direction was 1088 Oe. The horizontal dashed lines denotdNote the pulse shapes in FiggaBand 4a), for example. For
special velocities, as indicated. The vertical dashed line denotes tHzoth graphs, these low power profiles show a small peak that
estimated threshold velocity for nonlinear response. comes earlier in time than a larger peak. As the power is

Input peak power (W)
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increased, the small and large peaks first change places, and The wave packet or soliton velocity for the above so-
then the small peak evolves to exhibit the multsoliton chardution is given by
acter discussed above.

V=gt kD. (6)
IV. DISCUSSION

The results presented above reveal an important, new, arfebr the above solution, there are two free parameters, the
heretofore undiscovered MME soliton property, a power-soliton amplitudeu, and the wave number parametey.
dependent soliton velocity that exhibits distinct plateaus antNote that the complex exponential term in E8) doesnot
saturation effects. The effect is small, on the order of fiverepresent the carrier signal for this nonlinear MME wave
percent. The quantitative observation of these effects depacket. The functionu(z,t) is already the envelope of the
pends, to some extent, on a careful and self-consistent defivave packet. The(k.z— Qt) term represents the additional
nition of pulse position in time as contained in E@), for  phase which is added to the carrier phase term for the overall
example. complex wave packet signal.

The purpose of this section is threefold To examine For the purposes of this work, the important property of
problems that are posed for this experimental effect in termghe above solution is that the soliton velocity is indepen-
of the usual theory that is used to analyze MME solitondent of the soliton amplitude,. This velocity, while con-
properties, based on the nonlinear Sciimger (NLS) equa-  stant, need not be the same as the group velagjtjor a
tion; (b) To consider some recently published theoretical re{inear wave packet. That is;; may differ from v4 through
sults by Slavif that connect soliton formation thresholds the free parametek in accordance with Eq6). It should
with modulational instability, and which may explain the ob- glso be noted that Eq$3)—(6) are only for a single peaked
served saturation velocitiesr) To consider experimental order one envelope soliton. In a strict sense, therefore, the
correlations between the pulse profiles in Sec. Il A and theghove NLS equation solution is applicable only to the data

soliton order indices inferred from Ref. 7. presented in Fig. 2, where one sees a profile that consists of
a single peak.
A. Soliton solutions from the nonlinear Schralinger equation For the purposes of this section, however, &j}.will be

taken as the operational equation for the soliton velocity,
eregardless of the soliton order. Subject to this assumption,
the results from Figs. 5 and 6 may be used to obtain an

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

2 empirical indication of the power-dependent behaviokgf
i a_u+yga_u+ U +—D0—I;—N|u|2u=0. 2) and hgnce, the soljtpn velocity. 'The 'da.lta in Figs. 5 and 6
at Jz 2 9z establish four empirical facts. First, it is clear the soliton

. wave-number parameted; is a function of the input power
The parameten corresponds to a scalar normalized compleXang hence, on the amplitudgy. Second, the data indicate

one-dimensional envelope functioiiz,t) that represents the 1 the size of the,D term in Eq.(6) is on the order of 5%
dynamic microwave magnetization response. The parametgy vg. Third, the effect of the input pulse width on the ve-

z defines the propagation axis abdepresents propagation |ocity change with power, as shown in Fig. 6, suggests that
time. The parameters, andD denote the low power wave . s an inverse function of the pulse width. Fourth, the clear
packet group velocity and the MSW dispersion coefficient, gocity saturation effects noted in Fig. 6 indicate that
respectively, as defined above. The paramegteenotes the ;1 es on discrete values.

relaxation rate. A low amphtu_dn? plane-wave MSW ssignal e theoretical dilemma, therefore, may be stated as fol-
would decay according taxe"”. The parameteN is @  |os: On what physical basis may the soliton velocity, de-
nonlinear frequency shift coefficient defined as the change ihad in terms of the soliton wave-number parameter be

the MSW frequency with the square of the modulusuof assigned dependences on input power, pulse width, etc.,

The nomenclature for Eq2) and the above parameters is yhich are consistent with the results of the experiments?
discussed in Ref. 3, among others.

For the case of zero relaxation gr=0, one may obtain an
exact, analytical single soliton solution to E@®) in the B. Discrete soliton wave-number parameters
form®® and soliton velocity

_ (kz—O) A recently published theoretical analysis by Sldvan
u(z,t)=lu(z,t)|e't ", (3 thresholds for envelope soliton formation speaks directly to
The amplitudéu(z,1)| is given by the ques'tio'n posed above. This analysis is t_Jased on the ob-

' served similarity between the threshold condition for the for-
mation of an orden soliton from a rectangular input pulse of
lu(z,t)|=ug Sec%uo‘ /’E (z—vgt) (4) QUratio_n tim_e_T, and the_ threshold gon_ditio_n for m0(_1ula-
D tional instability of a spin-wave excitation in a nonlinear
) o dispersion medium. A comparison of these related but dis-
The frequency shift parametél; is given by tinctly different processes leads to a prescription that gives
discrete values of the solition wave-number parametand
that corresponds to the threshold conditions for solitons of
ordern=1, 2, 3, etc. If these discrete values are used in

1 2 2
Q= Vng+§(DKS+NU0). (5)
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Eqg. (), the resulting velocity values closely match the ve-represent the values of thé" velocity values expected for
locity plateaus apparent from the experimental data of Seqi=1, n=2, andn=3 solitons, respectively.
Il First consider the results in Fig. 5 for a 13 ns input pulse
The input pulse threshold amplitudﬁ‘ for the formation ~ width. In this case, the calculated first- and second-order
of an nth order envelope soliton from a rectangular inputsoliton velocities from Eq.(10) are 3.60<10° cm/s and
pulse of widthT in the medium where the Lighthill criterion  3.79x10° cm/s, respectively. As pointed out in Sec. Il B,
ND<O is satisfied, may be obtained from the inverse scatthe measured pulse velocities as a function of input peak
tering formalisn® In the limit of zero dampingy=0, this  POWer show a slight leveling off at an input peak power of

threshold amplitude may be written as 0.5 W and precisely at the velocity correspondingi{y
from Eqg. (10). As will be discussed shortly, this power level

is significant. It corresponds to the power level for which an
w1 [ID|[@2n=1)m7 order one soliton is completely formed at the position of the
U=5VIN vgT : (7) output transducer. As the input power is further increased,
the measured velocity continues to increase but does not
A nonlinear propagating plane-wave magnetic excitation irnreach the second dashed |ine1/é1),
the same medium will have a threshold amplitude for modu- The velocity saturation effects and the correlation be-
lational instability. Letul , denote the threshold at which tween experiment and theory are even more clear in Fig. 6.
such a wave becomes unstable to a modulational perturb#eep in mind that the main difference between Figs. 5 and 6

tion with the modulation wave numbex,,.q. From Ref. 7, is in the separation between transducers, 3 mm for Fig. 5 and
this threshold may be written as 6.1 mm for Fig. 6. As discussed in Ref. 5, the longer propa-

gation distance provides better access to the properties of
completely formed solitons.
4t _} / E ®) The results in Fig. @ for 13 ns input pulse width are
mod— 2\ | | *mod- essentially the same as just discussed. For Rig, &he cal-
_ __culated »(") and v{® values forn=1 andn=2 are 3.56
As noted in Ref. 7, the forms of the threshold expressions in, 16 ¢m/s and 3.6& 10° cm/s, respectively. Here, however,

Egs. (7) and (8) are quite similar. If one assumes that the e yiger input pulse width of 25 ns leads to a clear satura-
process of envelope soliton formation from a rectangular iN%ion in the measured soliton velocity. As the data and the

put wave packet is gnalogous to the process of mo.dullation =2 dashed line in Fig. ®) show, this saturation occurs

ety o 8 onlnest lne v, hen e Wl precsely ). Again, i o be emphsize tht )

wave-number paramefer analogouscig,. values for the da;hed lines are obtained with no adjustable
' d parameters. For Fig.(6), the calculated{"), »*), and»{®

If one equates the thresholds in Edg) and (8), one
obtains a simple expression for the wave-number parametd@lues forn=1,n=2, andn=2 are 3.5& 10° ems, 3.61
P b P %X 10° cm/s, and 3.6%10° cm/s, respectively. Here, the in-

g;rogrzgf;rc izlz(t; :tr;(;) fg .S.?::tg?é SLj: :2'3 wave-number put pulse width is 38 ns. This extremely wide input width
leads to an experimental soliton saturation velocity&t .
The above results demonstrate the correlation between the
(2n=1)m observed saturation velocities of nonlinear soliton wave
vgT ©) packets obtained through the data and the time-of-flight al-
gorithm of Eqg.(1) and an ad hoc theoretical prediction for
Note that then-dependent threshold amplitude for soliton yvelocities ofnth order envelope solitons given by E4.0).
formation leads directly to an-dependent effective wave- In addition to the above, it is important to specify clearly
number parameter for solitons as well. Substitution of@0.  what isnot explained by the above considerations. First, the
into Eq. (6) yields a simple prescription for the-dependent  simple soliton-modulational instability connection doesh-
soliton velocity v{"”, ing to model the observed increase in velocity with power. In
these transition power intervals, the velocity of the propagat-
(2n—1)7D ing nonlinear wave packet increases more-or-less linearly
—_— (100  with input power, and the slope of this increase is larger for
wider input pulse widthT. Presently, there is no theory to
explain the wave packet velocity in these intervals. Second,
velocity associated with a soliton of order It is to be the time-of-flight approach to soliton velocity ignores the
emphasized that this equation does not derive from theorynultipeaked nature of the actual pulse profiles evident in
but only from a comparison of the thresholds for soliton Figs. 3 and 4for the h|gh_er power .Ievels. The connection
formation and for modulational instability. However, it is between m_ultlpeal_<ed prqﬁlgs and higher-order sol_ltons has
also to be noted thdfl) this working equation is consistent been conS|dere'd in detail in Ref. 4. The connectlons pre-
with the four empirical points listed above, af@) there are sented_above simply extend these considerations to velocity
no adjustable parameters. These connections will be consigaturation.
ered in more detail shortly.
Based on the above analysis and the result of(Eg), the
significance of the horizontal dashed lines in Figs. 5 and 6 The evolution of pulse shape and propagation time for
labeledn=1, n=2, andn=3 are now clear. These lines MSBVW nonlinear wave packets excited by rectangular in-

o=

V(Sn): Vgt

vgT

Equation (10) provides a simple working equation for the

V. CONCLUSION



PRB 58 VELOCITY CHARACTERISTICS OF MICROWAVE. .. 2715

put pulses of peak powd?;, and withT in YIG films have tional instability and connections with the single soliton so-
been studied as a function of peak power of the input pulsdution to the NLS equation.

Through a time-of-flight analysis, propagation time has been
converted to a group velocity of a nonlinear wave packet,
and this power-dependent group velocity is found to have a
number of important properties. First, the effect of power on  This work was supported by the National Science Foun-
the group velocity is found to be small, but significant. Fordation, Grant Nos. DMR-9400276 and DMR-9701640, the
the powers available experimentally, which extend wellU.S. Army Research Office, Grant No. DAAHO4-95-1-
above the threshold power of first-order soliton formation,0325, a Cottrell College Science Award from the Research
the velocities are found to increase with power by about 5%Corporation, Grant No. CC-3401, and the Oakland Univer-
Second, one obtains a direct correlation between the numbsity Foundation. H. X. acknowledges partial support by the
of peaks associated with a given output pulse at a giveNational Science Foundation of China, and P. Kabos ac-
power, the soliton order, and an experimentally observednowledges partial support by the National Science Founda-
saturation velocity. Third, the measured saturation velocitiesion of Slovakia. The YIG film sample was provided by Dr.
of MME solitons are found to match values obtained from aJ. D. Adam, Northrop-Grumman Science and Technology
prescription based on predicted wave numbers for modula€enter, Pittsburgh, Pennsylvania.
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