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Phase profiles of microwave magnetic envelope solitons
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A new method for the analysis of microwave magnetic enveldd®E) solitons has been
developed. This method is based on the determination and analysis of output microwave pulse phase
profiles. Simple analytical results based on the nonlinear ‘Safger equation show that MME
soliton phase profiles contain the necessary and sufficient information needed to define a particular
pulse as a linear dispersive pulse or a fully formed soliton. The effects are demonstrated both
theoretically and experimentally for magnetostatic backward volume wave and magnetostatic
surface wave pulse signals. Theoretical phase profiles are considered for Gaussian, hyperbolic
secant, and rectangular pulse shapes. Experimental profiles are obtained for rectangular input pulses.
The measured phase profiles compare favorably with the numerical results. Both the data and the
theory show that a constant phase profile across the pulse provides a consistent and quantitative
criterion for an MME soliton. ©1998 American Institute of Physids$S0021-89768)03305-2

I. INTRODUCTION persion and nonlinear response coefficients. When the dis-
persion and the nonlinear response are such that an MME
soliton is formed, the phase profile across the pulse will be

constant. That is, the cw signal inside the MME wave packet

will be purely harmonic and not subject to additional phase

shifts.

Microwave magnetic envelopéMME) solitons were
first predicted by Zvezdin and Popkdlased on an analysis
of the nonlinear Schidinger equation. The first observation
of MME solitons formed from magnetostatic way®ISW)
pulses was later reported by Kalinikos, Kovshikov, and
Slavin? Since then, strong experimental and theoretical evi-
d_ence has__been present(_ed which indicates that, under_ the MME SOLITON IDENTIEICATION
right conditions, MME solitons can form and propagate in
magnetic thin films~1° Solitons in magnetic films hold The MME soliton experiments of interest here are de-
promise for radar signal processing applications. Referencecribed in detail by Cheat al.” In short, a square microwave
15, for example, describes a generator which can produce pulse is applied to the input port of a microstrip transducer
train of soliton pulses which is maintained without a changestructure, such as the one shown in Fig. 1. A long and narrow
in pulse shape of decay in amplitude for tens of microsecstrip from a single crystal low loss yttrium iron garn®iG)
onds. film is placed YIG-side down across the two narrow sections

Although the above works were for different magnetic of the striplines. These narrow sections act as input and out-
thin films parameters and external magnetic field orientaput transducers for the generation and detection of MME
tions, they all depended on some determination of whether gpulses. The entire structure is placed between the poles of an
not a given output pulse was a soliton. Five basic techniqueslectromagnet so that the magnetic film is subject to a static
were used in Refs. 2—15 to make this identification, eaclapplied field.
based on measurements of different output pulse character- For the field parallel to the propagation direction, as in
istics. These techniques involve® the evolution in the Fig. 1, one has the magnetostatic backward volume wave
shape of the pulse envelopé,(ii) the output peak power (MSBVW) configuration discovered by Damon and
versus the input peak power respofdé,(iii) the effect of Eshbach® The propagation of MME solitons for this case
collision between two pulsés'? (iv) decay propertie®'*  has been studied in detail by Chenal,’ Kalinikos et al,*?
and (v) phase profile§11315 and Xiaet all* If the static field is applied perpendicular to

This article presents a discussion of the phase profiléhe plane of the YIG film, one has the forward volume wave
approach to soliton identification. Some preliminary theoretconfiguration first analyzed by Damon and Van der Vaart.
ical and experimental results were presented in Refs. 11 anthis configuration was used for the first magnetic film soli-
13. The basic idea is based on the result that MME pulseton experiments by Kalinikos and co-workers, as described
subject to dispersion or the effects of the nonlinear responsé@ Ref. 2. For these two configurations, the so-called Light-
alone will exhibit characteristic phase profiles as well as thenill criterion'® is satisfied and the relationship between the
usual amplitude profiles. These phase profiles will have chardispersion and the nonlinear response is such that MME soli-
acteristic dependences which depend on the signs of the ditens can be formed and propagated in low loss YIG films.

References 2-5 and 7—15 describe a wide variety of experi-
dpresent address: Department of Information Systems, Montemorelos Unlr-ne_ntal results for th,ese,cases', FO!’ a third configuration, in
versity, Montemorelos, Nuevo Leon, Mexico. which the external field is applied in the plane of the YIG
YElectronic mail: kabos@lamar.colostate.edu film but the propagation direction is perpendicular to the
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W‘@ the YIG film transducer structure of Fig. 1 in the MSBVW
configuration for different input power levels as indicated.
The film thickness was 7.2m and the external applied field
was 1343 Oe. The carrier frequency was 5.8 GHz and the
input pulse width was held constant at 13 ns. The dashed
curve for output profilg§a) shows the pulse with the vertical
response expanded by a factor of 5. The steepening and nar-
rowing of the output pulse profile seen in tragby (c), and
(d) were used to demonstrate MME soliton formation.
The steepening and narrowing of the pulses shown in
Ground Plane Dielectric Fig. 2 provide one qualitative indication of soliton formation.
 —— | There are further characteristics which can be exploited to
support the formation of solitons in these experiments. One
FIG. 1. Diagram of the yttrium iron garnéY1G) film magnetostatic wave  such characteristic is obtained from measurements of the

(MSW) propagation structure. The long and narrow YIG film on the gado- ot ; :
linium gallium garne{GGG) substrate supports the propagating MSW pulse variation in the peak output powet,,, as a function of the

signal from left to right as indicated. The film is positioned YIG side down p?ak input powerP;,. A t)_/plcal Pout VS Pin me_asure_ment
over the two strip line transducers as shown. The strip line circuits are on thglives a response curve with three characteristic I‘edl'S’r]lé.

b%ttotr;;l S_inglet grfllund Dlins min%WﬁVte dtiele::tfiCdSthF;Qrt StTrﬁct;J_re andhpfoThe first region corresponds to low input power levels and
N Sfaticerfa'[’;neﬂfcsﬁemcgggﬁg dagargﬁeﬁ“t’o Ft’ﬁesimiae;ggﬁ droctor - "Bonsists of the expected linear response. At some relatively
low power level, however, this linear response changes to a
nonlinear response in which the output peak power increases
field, the Lighthill criterion is not satisfielThe fundamental more rapidly than before. The response in this second region
modes of propagation which are supported now consists df still monotonic and more-or-less linear. At even higher
magnetostatic surface wave or MSSW excitatithi this  power levels, one has B, vs P, response in whictP
case, MME solitons cannot be formed. The focus in thisgoes through a maximum and then decreases. The onset of
article will be on MSBVW and MSSW wave packets and thethe nonlinear response in the second region corresponds to
phase features for soliton and nonsoliton pulses. The differthe formation of order one solitons and the steepening and
ences between these configurations will be discussed shortlgarrowing shown in Fig. 2. The peak effect in the third re-

Figure 2 is reproduced from Fig. 7 of Ref. 7. This figure gion is connected with the formation of higher order solitons,
shows the results of a typical magnetostatic backward volthe evolution of additional peaks in the pulse profiles, and
ume wave MME soliton experiment. Grapk®—(d) show the kind of response shown in tracés and (d) of Fig. 2.
input and output profiles of detected power versus time fofThe power at the boundary between the first to the second
region may be taken to represent the threshold input power
for soliton formation. Such threshold powers have been
found to be in reasonable agreement with predictions based
on the nonlinear Schdinger(NLS) equation and predictions
from inverse scattering theol§. Discussions of threshold
powers and connections with soliton theory are given in
Refs. 7, 8, 10, and 14.

The third technique for soliton identification is based on
the property that solitons which undergo collisions will re-
main unchanged, except for an overall shift in phase. Mea-
surements of soliton pulse profiles before and after collision
have been reported in Refs. 8 and 12. The profiles of the two
C usw ] pulses were found to be unaffected by the collision.

(b) The fourth technique concerns decay. As discussed in

m 7 Refs. 10 and 12, soliton pulses are expected to decay more
e rapidly than linear pulses. Reference 14 provides the most
(a) recent quantitative measurements and theoretical analyses of

03w S decay effects. Decay measurements require data for many
) S o W S S S\ RS 1Y pulses as a function of propagation time and power level. It
0 20 40 60 80 100 120 140 160 180 is possible to follow the formation of a MME soliton on the
Time (ns) basis of detailed decay data for both the pulse amplitude and
FIG. 2. Input and output profiles of detected power vs time for the YIG film the integrated pulse energy. The results are based on many
and transducer structure of Fig. 1 and four different input power levels adlifferent measurements and not on a single pulse signal.
indicated. The film thickness was 7@n and the external applied field was In contrast with the above approaches, phase profiles

1343 Oe. The carrier frequency was 5.8 GHz and the input pulse width wa ; ; PRSI ; ;
held constant at 13 ns. The dashed curve for output préishows the provide a direct indication of the soliton or nonsoliton nature

pulse with the vertical response expanded by a factor of 5. This figure is th@f. a single pUISe- Recall that _the wave paCI.(Et which is ap-
same as Fig. 7 in Ref. 7. plied to the input transducer in Fig. 1 consists of a carrier
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signal at a specified microwave frequency and an envelope
defined by the input pulse shape. As this microwave pulse H
energy is coupled into the film, an MSW pulse is formed and
propagated. The shape of the pulse will evolve in some form
as indicated by the data in Fig. 2. At the same time, there
will be some evolution in the relative phase of the carrier
signal inside the pulse envelope. One may define the devia-
tion in phase at a particular point on the pulse signal, relative
to the phase for an undisturbed carrier for a perfectly linear
and dispersion free medium, as the phase profile for the
pulse. Hence, there are two profiles for the pulse signal, the
one for amplitude or power as shown in Fig. 2 and one for
phase. The objective of this report is to describe the physical
effects which determine the various phase profiles which can
be obtained from MSW pulses and to examine such phase
profiles both t_heoretlca"y and experimentally. . FIG. 3. Dispersion diagrams of magnetostatic weM&W) frequencyf vs
Why consider phase? The other approaches given aboVgyve numbek for the two basic MSW configurations for in-plane magne-
for soliton identification present various problems. Thetized films, the magnetostatic surface wdMSSW) configuration, and the
“steepening and narrowing” characteristic is purely qualita-magnetostatic backward volume watddSBVW) configuration. The rela-
. . . tive orientations of the net static magnetic fieldand the wave vectdr are
tive. There are more serious problems as well. Pulse dIStO%‘hown by the inset diagrams for the two dispersion curves. The curves
tions can occur, for example, for input pulses which containshown are actual calculated curves for a jr-thick yttrium iron garnet
Fourier Components Wh|Ch extend outside the MSW band_ film with a fielq H of 1407. Qe. The horizontal dashed lines indicate the
The threshold approach is subject to the problem three characteristic MSW limit frequenciég, fg, andf.
poorly defined thresholds because the change from the linear
to the nonlinear regime can be rather gradidihe problem  phase profile of the output pulse is a direct consequence of
here is that, even though the threshold for soliton formatiornsgliton formation.
may be well defined, the time required for the soliton to  The results below are divided into four sections. Section
actually form may be rather long on the time scale of prac4|l presents basic considerations for linear and nonlinear
tical microwave pulse experiments with YIG films. This magnetostatic wave pulse propagation, dispersion effects,
means that the onset point may be difficult to measure wittand nonlinear effects. Section IV and V present theoretical
high accuracy. results on phase profiles and Sec. VI presents experimental
There are also problems with the collision criterion. Toresults. The presentation here is for bright pulses only. Dark
date, only the output pulse profiles have been compared bgulses are not considered.
fore and after collision. Such results are unable to distinguish
uniquely between collisions of pulses which are in the lowlll. LINEAR AND NONLINEAR MSW EXCITATIONS
power linear regime and pulses which are solitons. Both lin-

) L . The starting point for the discussion of MME wave
ear pulses and soliton pulses are expected to maintain theﬁ%ckets is the frequenay, vs wave numbek response for

shapes upon collision. i the lowest order dispersion branch of the fundamental mag-
Decay measurement; pr'owde pgrhaps the best method [Rtostatic wave excitation for the thin film geometry of in-
date to clearly and quantitatively define an MME soliton. In . aqt. Figure 3 shows representative MSSW and MSBVW
order to do so, however, it is necessary to perform detailed | signal dispersion curves for an in-plane magnetized
measurements of both the amplitude decay and the decay if12_,m.thick YIG film with an in-plane static magnetic field
the total energy of the pulse as a function of propagationy of 1407 Oe. The top curve is for the MSSW case and
qistancel.4 Such experiments are tedious and time consumpropagation perpendicular to the in-plane static magnetic
Ing. field and static magnetization direction. The bottom curve is
A quantitative criteria for soliton pulses based on phasgor the MSBVW case and propagation parallel to the static
profiles would provide a clear and relatively simple way tofield. The inset diagrams show these configurations. The
identify solitons. This approach was applied to a limited ex-above curves may be obtained directly from the theory of
tent to the MSSW dark soliton observed in Ref. 6 and tomagnetostatic waves developed by Damon and Esh§ach.
MSBVW soliton trains in Ref. 15. For the dark solitons, The Damon—Eshbach theory has been revisited in a recent
measurements of the phase across the central part of the owfticle by Hurben and Pattdf.The horizontal dashed lines
put pulse profile showed that there was a phase shift of indicate the three characteristic MSW limit frequencigs
across the middle of the pulse when a dark soliton was fullyfg, andf.
formed. For the soliton train measurements, each soliton in  For the present purposes, two properties of the disper-
the pulse train was found to have a constant phase profilgion curves in Fig. 3 are importanl) the common limit
The phase approach to soliton identification does not suffefrequencyfg for zero wave number an¢?) the different
from the problems noted above for amplitude or power proshapes and curvatures of the dispersion relations. First con-
files. Only one output pulse needs to be measured, and tleder the commorig frequency point. This frequency corre-

MSW frequency f, (GHz)

0 2 4 6 8 10
MSW wave number k (10°rad/cm )
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sponds to the uniform mode ferromagnetic resonance frashingly small dynamic magnetization response. As the am-
guency for an in-plane magnetized film. From the originalplitude of the dynamic magnetization components increase,
Kittel analysis?® this ferromagnetic resonand€MR) fre-  there is a corresponding change in the MSW frequency.

guency is given by These nonlinear shifts in the MSW frequency have been
theoretically investigated by a number of authors. The sim-
fe=wp/2m=(|y|/2m) VH(H+47My). (1) plest approach, first used by Zvezdin and Popkivto ap-

Equation(1), y denotes the electron gyromagnetic ratio andProximate the nonlinear frequency shift for a MSW signal at
47M, denotes the saturation induction of the material. Ford relatively low wave number by the corresponding shift in
YIG materials, y is close to the free electron value of the FMR frequency with the amplitude of the uniform mode
—1.76x 10° rad/Oe and one has®M ~1750 G. In practi- Of k=0 response. Operational equations for this shift are
cal units, one also hasy|/2m=2.8 GHz/kOe. Equatioril) =~ Summarized in Ref. 7.
and the analysis to follow is based on cgs or Gaussian units. The remainder of this section will establish basic equa-
Frequencies Specified in terms bfsymbois are in Hz or tions for the dynamiC magnetizaticm associated with an
GHz and frequencies specified in termswofire taken to be MME wave packet, define a complex dimension less scalar
in rad/s. wave packet amplitude functiam and introduce the opera-
The FMR frequency in Eq(l) is important to the non- tional nonlinear differential equation, the nonlinear Sehro
linear frequency response for MSW excitations. Typically,dinger (NLS) equation, which will be used to evaluate the
MSW excitations are utilized at relatively small values of thea@mplitude and phase properties of these linear wave packets
wave numberk on the order of 100 rad/cm or so. On the and soliton pulses of interest here.
scale of the dispersion curves in Fig. 3, this range of wave = One begins with the dynamic magnetization response for
numbers is very close ta=0. This means that one may & general MSW one dimensional wave packet. The vector
estimate the frequency shift for MSW excitations of largedynamic magnetization is written in the form
amplitude from theM ¢ dep(_endence of_the FMR frequency in m=my(z,t)e 1z o), 3)
EqQ. (1). This procedure will be described shortly. The point
to be noted here is that this shift will be negative for bothThe z direction is taken as the direction of propagation. For
MSSW and MSBVW excitations. The direction of this shift MSBVW signals, the dynamic magnetizatiomis superim-
is clear from theM dependence in Eql). The effective posed on az-directed static magnetization vectdvl,
static magnetization will decrease as the FMR precessiofr M Z. For MSSW signals, the dynamic magnetizatiaris
angle increases. This decrease translates into a decreaseskperimposed on static magnetization vector which is still in
the FMR frequency and a corresponding downshift in thethe plane of the YIG film but transverse to the propagation

dispersion curves of Fig. 3. direction. If this transverse direction is taken as xhdirec-
Turn now to the dispersion curves in Fig. 3. It will be tion, the static magnetization vector for the MSSW configu-
useful to introduce a dispersion coefficiddt defined as ration is given adl,= M,X. In general, it is assumed that the

L, ) total magnetization vectoM is conserved such thaM|
D=0 w\/ ok*. 2 =My is true, whereM represents the saturation magnetiza-

For the MSSW case in Fig.(8, f, initially increases from  tion of the material. _ o
the f point ask increases, the dispersion curve has negative ~1he transverse dynamic magnetization response may be
curvature, and is negative. For the MSBVW case in Fig. further broken down according tmo=mi,x+m,,y for the
3(b), f initially decreases from thég point ask increases, Packward volume wave case andmg=mi,z+ M,y for the
the dispersion curve has positive curvature, &nds posi- Mmagnetostatic surface wave configuration. hing and mo,
tive. These opposite signs f@ for MSSW and MSBVW ~ represent comple_x scalar dynamic magnetization response
excitations play a critical role in the nonlinear pulse responséunctions for the in-plane and out-of-plane components of
characteristics. Recall from the brief discussion above thafo(Z1)- ) )
the nonlinear frequency response, that is, the change in the If the wave numbek is small, such thak/L <1 is sat-
MSW frequency with signal amplitude, for the two cases isisfied, whereL represents the film thickness, the ratio of the
about the same. out-of-plane component of the dynamic magnetization

In addition to the dispersion paramefr a second im- Mo(Z,t), Moy, 0 the transverse in plane componeny, is
portant MSW property derives from the dispersion curve @PProximately the same as obtained for free precession fer-
This is the group velocity;, which is the speed of propa- rpmagngtlc rgspnam{EMR) for an in-plane magnetized thin
gation for a linear MSW wave which is reasonably wide film. This ratio is given by
spatially or temporally, and reasonably narrow in frequency Moyt . H
content. This group velocity is determined by the slope of the =Fi ——.

. . ) . ; . Min H+47Mg

wy Vs k dispersion relation at a given operating point accord-
ing to vg=dwy/dK. A typical low amplitude or linear wave The upper and lower signs on the right hand side apply to the
packet will travel at the group velocityy and spread as it MSBVW and MSSW cases, respectively, and are chosen
propagates. The spreading is due to the nonzero dispersiauch that the sense of precession of the dynamic magnetiza-
coefficientD. tion is in the Larmor sense. Note that,(z,t) andmg,(z,t)

Now consider the nonlinear response. The dispersiomepresent wave packet functions in their own right. These
curves of Fig. 3 are strictly valid only in the limit of a van- functions are scalar and complex.

4
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Return now to the nonlinear response. This response The general approach is to prescribe some real input
may be characterized in terms of the shift in the MSW fre-envelope functioru(z,t=0) and obtain analytic or numeri-
guency with the amplitude of the MSW signal. The nonlinearcal solutions foru(z,t). These complexu(z,t) functions
coefficient,N, is a measure of the shift in the actual spin may be expressed in the form
wave or MSW frequency with the amplitude of theT dynamic U(zt) = u(z,1)e ), (11)
magnetization response. The standard approach is to assume
that this shift is approximately the same as the shift in thevhere bothu(z,t) and 6(z,t) are taken as real functions.
FMR frequency. One introduces a reduced, dimension lesg,he w(z,t) function represents the amplitude of the MSW
complex scalar function parameigfz,t) which is related to wave packet and)(z,t) represents the phase of the local
the dynamic magnetization response. For the present pucarrier signal inside the wave packet relative to the original
poses, this connection will be taken as carrier specified through Ed3). For a purely linear and

nondispersive wave packet, the phase functignt) will be

Min(2,0)=U(z,H)Ms. ®) identicglly zero. As vr\)/ill be demonstrated below, dispersion
With mg,; defined through Eq(4), the complex dynamic and nonlinear frequency shifts with local amplitude intro-
responseamg(z,t) is now defined in terms of a scalar com- duce characteristic phase profiles which can be related to
plex wave packet envelope functioifz,t). This connection soliton formation in a simple and intuitive, yet quantitative
betweermy(z,t) andu(z,t) is the same as defined in Ref. 7. way.

Note that because of thd factor in Eq.(5), the numerical For the theoretical results to be presented in the next two
values for u(z,t) will correspond roughly to the ratio sections, numerical values of tlleandN parameters estab-
[mo(z,t)|/Ms. lished above have been used which represent typical values

With u(z,t) now given in terms ofmy(z,t), one may for MSW wave packets. The physical basis for these values
now establish a nonlinear response coefficidnaccording s discussed in Refs. 6—8 and 12, among others. Profiles have
to been computed foD=*=3x10° cnf/rad s andN==*=7.4

N= 90 /3|u[2]y—. ©) X 10° rad/s. The computations were done for zero damping

u=0 and zero group velocity. Real MSW wave packets will, of
A useful analytical expression fad for the MSBVW and  course, be moving and be subject to decay because of damp-
MSSW cases may be obtained in a simple way. One firsing. The objective of the next two sections, however, is to
replaceswy in Eq. (6) with wg . One then replace®sin EqQ.  demonstrate the effects @ and N on phase profiles. In
(1) with an effectivez-component static magnetizatids  order to do this in the simplest way, propagation and decay
given by have been set to zero. Wave packet amplitudes and widths
have also been adjusted to optimally demonstrate the effects

|mi] + M3 - o ,
- (7 on phase profiles. These numerics will be considered shortly.

2M,

Finally, one uses the connection betweeandm;, andmg,;
given above, and evaluat®dsaccording to

— 2
N=dwg/3|ul*u-o. ® The purpose of this section is to use a particularly simple
The result of these operations is a closed form expression faind analytically solvable input envelopéz,t=0) function,
N given by and obtain analyticali(z,t) solutions to the NLS equation
for the two cases(a) dispersion only, withN=0, and both

M,= \/Mg_lmm_lmgutl%wls

IV. DISPERSIVE AND NONLINEAR GAUSSIAN WAVE
PACKETS

47M H H 2 ; _ .
N=— [7[47Ms (9) signs for theD parameter(b) nonlinear response only, with
4(H+47My) H+47M; D=0, and both signs for thdl parameter. These computa-

This is the same result as stated by Zvezdin and Popkov itions will utilize a Gaussian input pulse.

Ref. 1. Consider a reali(z,t=0) input pulse of the form
The operational parameters for linear and nonlinear — 242

MSW wave packet propagation have now been established. u(z,t=0)=uoe % (12

Actual solutions for wave packet are generally obtained fromwhere u, is the amplitude of the pulse arm) is a width

some variation of the nonlinear Schiinger equation. One parameter for the pulse. With the group velocity, the

useful form of this equation, based on the harmonic convendamping », and the nonlinear response coefficidhtset to

tion of Eq. (3), may be written as zero, Eq.(10) reduces to
_ 1~7uJr au+ 1D(92u+N 240 10 ou 1 Fu
| E VQE nu E F |U| u=~0. ( ) IE—EDF—O. (13

The only parameter in Eq10) has not yet been established Subject to the initial condition of Eq12), Eq. (13) has a
is the relaxation ratep. This relaxation rate parameter de- complex u(z,t) dispersion only solution with the separate
scribes the losses or damping of the microwave magnetiamplitude and phase functiopgz,t) and 6(z,t) given by
response. This relaxation rate is related to the usual half-

power ferromagnetic resonance line widttd according to up(z,t)= 2UoZo

221522 4
—2z52°/(Dt=+4z)) 14
AH=27l|y]. (D?t%+4z5)Y 19
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and Case (a) Case (b)
1 (Dt Dtz? N=0 D=0
Op(z,t)= tan (2_23) —2(D2t2+4zg) . (15 2 10 . :
2 ]
Notice that both the amplitude and the phase functions de- & 98 ;": -
pend onD. It is clear from the form of Eq(14) that the g 06} :; -
w#p(z,t) amplitude profile decays and broadens with time 2 04l :': f
and does not depend on the sign@f The phase profile B L " !
0p(z,t) function, on the other hand, is an odd function of the 3 92[ ﬁ i
dispersion parametdd. Plots of these profiles will be con- & 00| —d ]
sidered shortly.
It will prove useful at this point to consider the shape of 50 ¢ _
the spatial phase profile for fixed time. This shape is defined 40 F -
by the second term on the right hand side of Hdp). For a S gg : 3 N>0
positive D, the phase profile will be a parabola with a high & 10F F
point atz=0 and negative curvature. For a negative the a2 _18: F ——
phase profile will be a parabola with a low pointzat 0 and & -20F g N<O
positive curvature. jg : F
Turn now to the nonlinear response only case. Hege, -50 11—
», andD are set to zero and E¢L0) reduces to 04 02 00 02 04 04 02 00 02 04
Position (cm) Position (cm)
[ {9_"' N|U|2U 0. (16) FIG. 4. The top left and right graphs show plots of the reduced power

amplitude vs positiorz from Eqgs.(14) and(17). The bottom left and right

Subject to the initial condition of Eq.12) Eq. (16) has a graphs show plots of the corresponding phase values vs positiom Egs.
' (15) and (18). All graphs are based on an initial Gaussian pulse as defined

complex u(z,t)_ nonlinear response o_nly solution with the through Eq.(12) with uy=1x 102 andzo=0.021 cm. The dashed curve in

separate amplitude and phase functigr(g,t) and 6(z,t) the top left graph shows the initial reduced power amplitude ysofile.
given by The solid curves are all far=150 ns. The solid amplitude and phase curves

i in the graphs on the left are for the casg scenario in the text for disper-

un(Zt)=upe ? fazy (17 sion only, withD ==3X 10° cn?/rad; andN=0. The solid curves in the
graphs on the right are for cagh), with N=+7.4x 10° rad/s andD=0.
and The solid curves in the top graphs do not depend on the sigBsafdN.
The solid curves in the bottom graphs depend on the sigi3 ahdN as

On(zZ,t)= Nu%te’zz’zzg. (18  indicated.

For this case, the wave packet amplitude functiogz,t)

stays precisely the same as specified by the initial profilein the upper left graph shows the initial reduced power am-
This is reasonable because there is no dispersion. The phagiitude as a function ok at t=0. All of the solid curves
profile, however, is an odd function of the nonlinear param-show profiles at=150 ns. Note that all profiles remain cen-
eterN, increases linearly with time, and has a spatial Gausstered atz=0, due to the choice of a zero group velocity

ian shape of the same form as the square of the initiafor the analysis. The only effect of a nonzergwould be to
u(z,t=0) profile. The form of Eq.(18) is consistent with produce a uniform translation of the centewvalue by vgt.
simple considerations of an amplitude dependent frequenciteep in mind as well that the damping has been set to zero.
shift. There are no decay effects due to damping.

Figure 4 demonstrates the above results. The four graphs The graphs in Fig. 4 reinforce the observations from the
show plots of the solutions contained in E¢B4), (15), (17), equations. Consider the caé®, dispersion only andN=0
and(18). The initial Gaussian pulse shape parametgrand left side graphs first. From the upper left graph, it is clear
z, Were set atiy=1x10"2 andz,=0.021 cm, respectively. that the power amplitude versus profile att=150ns is
This choice ofzy would correspond to a pulse width at half broadened and reduced in amplitude relative to the initial
power of 13 ns forv,=3.8X 10° cm/s. This is a typical profile. Only one solid curve is shown. The shape of the
MSW situation. power amplitude profile is the same for both signs of the

The top plots show the square of the amplitude functiondispersion parameted. The decay in amplitude and the
or u(z,t)?, multiplied by 1d, as a function of for fixed t. broadening are a direct result of the nonzero dispersion.
For Fig. 4 and later figures, thig(z,t)2x 10* vertical axis  From the lower left graph, it is clear that the sign of e
plot parameter will be denoted as the reduced power ampliparameter does have an important effect on the companion
tude. The bottom plots are of the phase functitfm,t) as a phase profiles. WheD is positive, the phase profile has a
function of z for fixedt. Here, as well as in later figures, the maximum atz=0 and negative curvature. Whénis nega-

vertical axis plot parameter will be denoted as phase. tive, the phase profile has a minimumzt 0 and positive
The left side plots are for cas@) with N=0 andD curvature.
=+3x10* cn?/rad s. The right side plots are for cag® The situation is different for the ca$b), nonlinear re-

with D=0 andN= +7.4x 10° rad/s. The dashed line curve sponse only and=0 right side graphs. As shown in the
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upper right graph, the power amplitude profilé &t150 ns is Case (a) Case (b)
exactly the same as the initial pulse. Even though there are D>0,N<0 DN<O0 D<0,N<0 DN>0

position dependent frequency shifts due to the non2¢ro °
3

parameter, there is no broadening because there is no disper:
sion. These position dependent frequency shifts do show up &
in the phase profiles in the lower right graph. The phase <
profiles for the plus and minus values Mffollow the same %
scenario as for the positive and negative valueB ofVhen o
N is positive, the phase profile has a maximunzat0 and g
negative curvature. Whel is negative, the phase profile has E
a minimum atz=0 and positive curvature.
40r 100
V. PROFILES FOR DISPERSIVE NONLINEAR PULSES _ 28: ! 28:
o)
The results presented above considered the effects of & -38- ! gg-
dispersion and the nonlinear response separately. These re-§ -60[- i or I
sults suggest that soliton formation involves phase change & _1'38: jg: Il
compensation wheB andN have opposite signs. In order to -120} 60} m
examine this possibility directly, it is necessary to solve the '14% 05 060 O O 80 F———————
NLS equation with both dispersion and the nonlinear re- ©0:30-015 0.00 015 0.30 -0.30-015 0.00 0.15 0.30
Position (cm) Position (cm)

sponse included in the analysis. When, however, Bo#ind
N are nonzero, it is not possible to obtain simple analyticaFIG. 5. The top left and right graphs show plots of reduced power amplitude
expressions for the time and space dependent amplitude aMEi positionz. The bozﬁm |efthaﬂd riggﬂ grgphs show _ColrrgSpon_ding pllots of
. H H ase Vs positionz. raphs are based on an initia aussian pulse as
phase profile fun.CtI0n$L(Z,t) anq 0(2.’0’ even for S|mple. gefined thr?)ugh Eql2) \?vithpzo=0.021 cm. The labels 1, 1I, and 1lI fgr the
input pulse functions. In such situations, the NLS equation, iy curves in each graph designate output profiles tge0.01, u,
can best be solved numerically. This section presents somep.021, andu,=0.035, respectively. All curves are far=150ns. All
representative results for this problem_ These phase compegurves were obtained by numerical solution of the NLS equation with the
sation effects are demonstrated explicitly for Gaussiargroup velocity and damping parameteqsand set to zero. All graphs are

ulses. The numerical evaluations are done under the sa for a nonlinear response coefficieNt= —7.4x 10° rad/s. The amplitude
P ’ Ma phase plots in the left side graphs under dageare for D=+3

zero group velocity and zero damping conditions as emsx 1¢* cnifrad s, such that the conditiddN<0 is satisfied. The amplitude
ployed in Sec. IV, and the same choices brand N are  and phase plots in the right side graphs under are for D=—3
used. Similar results are found for hyperbolic secant anck 10" cnfirad s, such that the conditiddN>0 is satisfied.
rectangular pulses.

The Fourier split step method used to solve the NLS
equation is described in Ref. 21. The method is implementedell known hyperbolic secant single soliton solution to the
by splitting the NLS equation into a linear and a nonlinearNLS equation obtained from inverse scatterfAg.
part and introducing a discrete timg=n- At, whereAt is a Figure 5 shows the results of the numerical NLS evalu-
time step parameter and the indexcontrols the time span ations for a Gaussian input pulse. The format and layout of
for the simulation. For the calculations presented below, thehe figure is similar to that of Fig. 4. The top plots show
step sizeAt was chosen to be 0.1 ns. For a given initial reduced power amplitude as a functionzofor fixedt. The
profile,u(z,t=0), the linear part of the NLS equation can be bottom plots show the phase as a functioredbr fixed t.
solved by discrete Fourier transform methods. The step sizAll plots are based on a negative nonlinear response coeffi-
Az which is used for this transform must be chosen in a waycient, N=—7.4x 10° rad/s. The left side plots under cas
that so-called aliasing effects is avoided and the resultingre for a positive dispersion coefficientD=+3
pulse shape in Fourier space accurately represents the origic10* cné/rad s, so that the Lighthill criterion for soliton
nal u(z,t=0) pulse in real space. For the results given beformation, DN<O is satisfied. The right side plots under
low, Az was taken as 0.0008 cm. The solution to the linearcase(b) are forD=—3x10* cn?/rad s, so that the Lighthill
part of the NLS equation is then used as an initial conditioncriterion is not satisfied. The Gaussian width parameter for
to step forward the nonlinear part in time and obtain thethe input pulses was kept a;=0.021 cm. The output pro-
solution att=At. This u(z,t=At) solution is then used as files were all evaluated for a net time evolution of 150 ns,
an initial condition for the next linear step and so on. In thisand the group velocityy and the relaxation ratg were both
way, the initial profileu(z,t=0) can be stepped forward in set to zero. These conditions all match the conditions used in
time to obtain a series af(z,t,) profiles which converge, in Sec. IV. Calculations were done for three values of the input
principle, to some solutiomi(z,t) att=t, if At is chosen pulse amplitudely. The solid curves and the labels I, I, and
small enough. That value of 0.1 ns was found to be small Il for each graph in Fig. 5 designate the output profiles for
enough to yield good convergence and still keep the compudy=0.01,uy=0.021, anduy=0.035, respectively.
tation time within practical limits for a standard personal The situation when botld and N are nonzero lead to
computer. The numerical results were checked against thienportant differences for both power amplitude and phase
analytic solutions obtained in the previous section and for the@rofiles which depend on the sign of tBeN product. Con-
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sider the power amplitude profiles first. For case and u(z,t=0)=u, sectiz/z,), (20)

DN<O0, increasing values ai, result in an increase in the . .
\%here the parametey, now controls the spatial width of the

in a clear narrowing and steepening of the wave packet. Thlg"t'aI profile independent of the amplitudg,. Simulations
ere done for threely values, one below, one above, and

steepening and narrowing in the amplitude response gorpne precisely at the critical amplitude for solitons implicit in
hand in hand with the evolution in the phase profiles show
P P Eqg. (19). The width parametez;, was held fixed.

in the | left h. The ph I f . . .
in the lower left casda) grap © phase evoes rom a The amplitude and phase profiles for hyperbolic secant

dispersion dominated profile at I, to a compensated phase | follow the basi S b for the G
profile over the pulse center at Il, to a nonlinear respons uises follow he basic scenario given above for the 5auss-

dominated profile at Ill. As will be shown in Sec. VI, phase lan pulse. When the conditiodN<0 is satisfied, the phase

measurements show plateau regions over certain poWé)lrofile starts out as a positive going peak with negative cur-

ranges for MSBVW pulses which indicate the formation ofvamr,e whenug is small anq becomes negative going with
MME solitons. positive curvature whemy is large. The calculated phase

profile curves have the same basic appearance as the curves
increasing values difi; also result in an increase in the am- in the lower cas¢a) diagrams of Fig. 5, but with one differ-

plitude of the propagated pulse. However, these increasingnce' ,If one chooses the particular soIiFon specific vglue of
initial amplitudes now result in increased broadening of the © which corresponds to the chosen width paramegein

propagated signal as well. There is no steepening and naj‘,)_rder to calculate curve Il, the phase change across the pulse

rowing of the sort which is in clear evidence from the case’® premsgly ZEr0. : L .
The final example to be considered in this section is the

(a) power amplitude profiles. The accompanying phase pro- ) o L
files, moreover, do not change in character nor do they Sh()\;;ﬁctangular input pulse case. This is the case which is closest
' ’ the experimental situation, since the input microwave

any compensation effect. The negative peaks and positi : ; .
curvature phase profiles simply become more and more a(p_ulses used fo_r typ|_cal M.ME soliton experiments are rectan-
centuated. From the results of Sec. 1V, this is to be expecteé’.UIar pulses with widths in the 10-30 ns range:

The negativeD and the negativ&l both produce this type of Nume.rical analysis for rectangular input pulses show the .
phase profile. The increase in leads to an increase in the same basic phase effect as the other shapes when the condi-

nonlinear contribution to this phase response. tion DN<O is satisfied. Smalliy values give positive going

It is noteworthy that for cas) in Fig. 5, even when the phase profiles with negative curvature. Larggvalues give
negative going phase profiles with positive curvature. A

amplitude is set properly as for Il, the phase profile is con- v ch int di | . ; f
stant only across the very center of the corresponding powé}ropery chosen intermediatg value gives a region of con-

amplitude profile. This localized region of fixed phase js Stant phase across the center region of the pulse. For the

closely related to the choice of a Gaussian shape for the inpr ctangular pulse, this center region is wider than_ for the
pulse. The tails of the Gaussian correspond to low ampli- aussian exa“_"p'e but does not extend over the entire power
tudes. In these tail regions, the phase character is dominat .plltude proﬂlle as found fqr thg hyperbolic secant shape.
by the dispersion and is positive going. The negative going;1 is evolution in .phase profiles IS accompanied by a pro-
phase peak character associated with neg&tive effective ounced steepening and narrowing of the power amplitude

in compensating the phase response only over the large arR[ofll.es,.las .for tktle otthe;hcases.hThe gpquﬁcSresponse curves
plitude region near the pulse center. are simiiar in nature fo those shown in 9. >.

It is useful to contrast the results in Fig. 5 with results The above results demonsrate the effect of phase change

for an input pulse shape with the functional dependence 0<1,?ompensation when the Lighthill criterion is satisfied, and

an hyperbolic secant. The hyperbolic secant functional fornJihe steepe_ning a_nd narrowing of the gmplitude profile_s which
is known to provide an analytic solution to the NLS equationaccompames this phase compensation. The analysis so far,

in the limit »=0.2% This occurs when the reduced amplitude however, has been purely theoretical and somewhat ideal-

of the hyperbolic secant input pulse,, is set equal to ized. Keep in mind that the amplitude and phase profiles

[2 In(/2+ 1)/T]J[DIN], whereT is the spatial half width of WE'e obtained only in the limit of zero damping and for
the power amplitudgu(z,t) ]2 profile. The reader may easily stationary pulses. The next section will pres_ent experimental
verify that the corresponding order one soliton function, results for MSBVW and MSSW pulses which demonstrate

the phase compensation effects shown above.
N
ug(z,t)=uq sechug D (z—wg4t)

is an exact solution to Eq10) if 7 is set to zero. It is The purpose of this section is to demonstrate the phase
important to emphasize that EQ.9) is soliton specific. The compensation effects presented above with actual MME
width of the soliton pulse is proportional tdD/N[/u, ac-  pulse data. The measurement procedures are discussed in
cording to the form of Eq(19). Note that the soliton ampli- detail in the references cited above. This section will focus
tude functionug(z,t) has no spatial phase term. It does haveon two types of MME pulse measurements which parallel the
a linear temporal phase. previous discussion(i) the MSBVW case for which the
The hyperbolic secant numerical simulations were done.ighthill criterion is satisfied and MME bright solitons are
for an unrestricted input profile function of the form, obtained at sufficient input power levels, afid the MSSW

Turn now to casghb) and theDN>0 situation. Here,

;2
et/2uoNt, (19 VI. EXPERIMENTAL PROFILES AND PHASE
COMPENSATION
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FIG. 6. Experimental phase and power profiles for a MSBVW signal de-
tected at the output of a transducer structure of the sort shown in Fig. 1. The 190
solid lines show phase and the dashed lines show power. The input pulse g ,: .
width was 10 ns and the carrier frequency was 5.8 GHz. Gréphsd) are 0. ?00 12 14'0 ' 16'0 ! 188

for increasing values of the input power as indicated.
Time (ns)

FIG. 7. Experimental phase and power profiles for a MSBVW signal de-
. . . L. . Lo tected at the output of a transducer structure of the sort shown in Fig. 1. The
case for which the Lighthill criterion is not satisfied and viG fim thickness was 7.2um. The solid curves show phase and the

bright solitons are not obtained. Many of the details con-dashed curves show power. The input pulse width was 26 ns, the carrier
tained in the earlier MME soliton references are omittedfrequency was 5.0 GHz, and the static field was 1.088 kOe. Grphed)
here. The focus is on the experimental phase profiles fofe for increasing values of the input power as indicated.
these bright pulse situations and the correlation with theory.
Typical experiments involve rectangular temporal input
pulses applied to an input transducer and temporal outputient N is negative, and the Lighthill criterion is satisfied.
pulses detected at an output transducer. The experiment8blitons are expected.
results, therefore, consist of plots of power and phase versus For the lowest power level situation in gragh), the
time rather than position. The time scales are also shiftedyutput power pulse profile is accompanied by a phase profile
since these real pulses propagate at a specific group velocityhich has a positive going peak and negative curvature. This
which is controlled by the experimental conditions. Typical phase profile is not as pronounced as the simulations in the
arrival times at the output transducer, relative to the launcliast section, presumably due to the presence of damping. As
time, are in the 100—-200 ns range. the power level is increased and one moves up to gfbph
Figure 6 shows a series of four power profiles and phasand then to grapkc) and graph(d), the flattening out of the
profiles for MSBVW pulses generated at the output antenn@hase response is clear. Here too, the effect is not as pro-
of a transducer structure of the type shown in Fig. 1. Thenounced as shown by the basic decay free narrow pulse
YIG film was 7.2 um thick. The carrier frequency was 5.8 simulations of the last section. The phase compensation with
GHz and the in-plane static external magnetic field wadncreasing power is clear, nevertheless.
1.343 kOe. The input pulse width was 10 ns. The propaga- The relatively short input 10 ns pulse width for the data
tion distance from launch was 4 mm. The peak input powersn Fig. 6 was needed to bring out the dispersion dominated
are increasing from graphs)—(d) and had the values indi- phase response at low powers. In order to accentuate, the flat
cated. The power and phase profiles are indicated by dashgthase response is realized in the soliton regime. Similar data
lines and the solid lines, respectively. were obtained for a wider input pulse width of 26 ns. These
The data in Fig. 6 follow the scenario established in thedata are shown in Fig. 7. The details were not exactly the
previous sections. Recall that the dispersion coeffidiziié  same as for the Fig. 6 data. The same g2-thick film was
positive for MSBVW signals, the nonlinear response coeffi-used. In this case, however, the carrier frequency was 5.0
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4r 1600 concave downward for the main peak and concave upward
3r () J4s0 for the second smaller peak.
2 <300 Graph(d) is for the highest peak power level used for
1F 0'7,\41 W J1s0 these measurements. Both peaks now appear to have stabi-
0 Ao o lized. The phase profile curve is particularly interesting here.
4 r 1600 The flat response region across the main peak has returned
g 3¢f (c) {450 _§’ and asecondflat region across the second smaller peak has
§ 2 4300 formed. Graph(d) provides a striking demonstration of the
% 1+ ‘0,"5\72W 1150 § zero phase change effect in the context of a multisoliton
s 0 Lo enbintionl o o response.
2 3r 1450 2 As a last experimental example, consider the case of
T .l ®) 100 & MSSW pulse propagation. Here, the Lighthill criterion is not
g 2 satisfied and one expects to see phase profiles of the sort
o 'r 031zW 150 = shown in the lower right graphs of Fig. 5. Some representa-
0 1 L 0 tive MSSW data are shown in Fig. 8. The configuration was
10+ ) 450 the same as shown in Fig. 1, except that the in-plane static
N 300 magnetic fieldH was perpendicular to the propagation direc-
o5} tion. The film thickness for these data was 4u#. The
. 0.103W 4150 carrier frequency was 5.1 GHz and the static field was 1.070
0.0 L e 0 kOe. The format of the figure is the same as for Figs. 6 and
50 100 150 200 250 7. Graphs(a)—(d) are for increasing values of the input
Time (ns) power. The solid lines show the phase profiles and the

FIG. 8. Experimental phase and power profiles for a MSSW signal detectegaShed lines ShOW the correspondlng pOV\_/er pt.‘OflleS.
at the output of a transducer structure of the sort shown in Fig. 1, but with The same basic amplitude character is evident from all
el W s AR AT A
and the dashed curves show power. The input pulse width was :{)0 ns, ton the enV(_alo_pe, there is no Slgmflcant. change in shape QS
carrier frequency was 5.1 GHz, and the static field was 1.070 kOe. Graptrﬁle power is increased. At the same time, the same basic
(a)—(d) are for increasing values of the input power as indicated. phase character is evident from all the graphs. All phase
profiles show negative going peaks and are concave upward.
The overall size of the phase change across the pulse in-
creases somewhat with power. Just as the data of the previ-
GHz and the static field was 1.088 kOe. The format of thePUS two figures demonstrate phase compensation for soliton
figure is the same as for Fig. 6. Grapt@—(d) are for in- fqrmaﬂon when the Lighthill criterion is satisfied, the datain
creasing values of the input power. The solid lines show th&19: 8 demonstrate the lack of such compensation and no
phase profiles and the dashed lines show the companicﬁP“ton formation when this condition is not satisfied.
power profiles.
It is clear that the power profile in the bottom graph of
Fig. 7 is broader than the rest. This is one indication that &/, sUMMARY AND CONCLUSION
soliton has not formed. The phase profile is irregular and is
not particularly indicative of the expected dispersion domi-  The effects of dispersion and the nonlinear response has
nated phase character. This is a result of the significantlpeen examined both analytically and numerically, based on
wider input pulse width of 26 ns, relative to the experimentalthe formalism of the nonlinear Schiinger equation and
situation for Fig. 8 or the simulations in Sec. V. propagation parameter values which correspond to micro-
Graph(b), for an input power of 0.25 W, shows a power wave magnetic envelope wave packets formed from magne-
profile which has narrowed and steepened considerably. Thisstatic backward volume waves and magnetostatic surface
profile is accompanied by a phase profile which shows a flatvaves. When these effects are considered separately, they
response over the center portion of the power profile. Both ofead to phase profiles which suggest the possibility of com-
these effects provide indications of soliton formation. Thepensation. That is, positive values of eiti@ror N yield
flat phase response is in accord with the results of Sec. V. positive going peaks with negative curvature, while negative
is also important to note the pronounced shoulder on th&alues yield negative going peaks with positive curvature.
right side of the power profile. This shoulder is the beginning ~ When bothD andN are nonzero, one does obtain phase
of a second peak associated with an order two soliton. compensation at particular values of the pulse amplitude
Graph(c) in Fig. 7 shows an intermediate response pro-when these parameters are of opposite sign. This phase com-
file which is clearly above the order one soliton threshold.pensation when the conditidbN< 0 is satisfied provides a
The power profile for the main peak has about the sam@ew perspective on the criteria for MME soliton identifica-
width as in(b) and the amplitude has not increased, in spitetion and the Lighthill criterion. The compensation effect is
of the factor of three increase in the input power. The addidemonstrated for Gaussian, hyperbolic secant, and rectangu-
tional energy is manifested in the second peak which hakar pulse shapes. These theoretical results are supported by
evolved from the shoulder noted above. The phase profile imeasurements on MSBVW and MSSW pulse signals.
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