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Excitation of bright and dark envelope solitons for magnetostatic waves with attractive
nonlinearity
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Dark and bright envelope solitons have been generated from a single magnetostatic carrier wave with
attractive nonlinearity. The solitons were formed through the mode beating of two microwave input signals
with frequency separations of 3—30 MHz for an in-plane magnetized single crystal yttrium-iron-garnet film in
the magnetostatic backward volume wave configuration. Numerical modeling based on the Ginzburg-Landau
equation model gave good agreement with the data.
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Two different types of envelope solitons, bright and dark,ways a key factor in the excitation of bright or dark solitons.
can propagate in nonlinear dispersive media. The descriptiowhen the conditionDN<0, was satisfied, one obtained
of these envelope solitons is typically given by the cubicbright solitons. For the conditioN>0, one always ob-
one-dimensional nonlinear SchrodindBi_S) equation. The tained dark solitons.
key factors, which determine the solutions of the NLS equa- The present realization of MSBVW dark solitons for
tion, are the dispersioD and nonlinearN coefficients. DN<0 was obtained with two balanced equal amplitude co-
Physically these two coefficients represent the curvature dropagating high power cw input signals. Unbalanced input
the frequency versus wave number dispersion and the changé&nals give the expected bright solitons. These results show
in the carrier frequency with signal amplitude, respectively.that, dependent only on the amplitude of the input signals,
It is convenient to use these factors to characterize wav@n€ can have bright or dark solitons for a single carrier wave
propagation in nonlinear dispersive waveguiding mediaconfiguration and a given sign of tfiEN product. Numerical
When the sign of the product of the dispersion parambter modeling based on the Glnzburg-Landau_ equation gives
and nonlinear parametey is opposite, one has attractive good agreement with the data. This theoretical confirmation
nonlinearity, which describes media where bright soliton for_lnd|(|;ates tgat the res%(_)nhse_ 'Sd Cloi’ehé related tto bs'lptm wave
mation is possible. When the sign of this product is positive,2(225'(r;S(:""’lr amping, which 1S due fo decay instability pro-

one has repulsive nonlinearity, which describes media wheré The experiments utilized a long and narrow @@ thick

dark soliton formation is possiblesee, €.g., Refs. 1 and.2  giyq16 crystal YIG film strip in a MSBVW transducer struc-
In the situations that could _pe_ theoretically t_reated in the re The low loss liquid phase epitaxy film had unpinned
frames of the nonlinear Schroding@LS) equation model, gy rface spins. A 5&m wide input microstrip antenna was
the formation of bright and dark solitons under these condiysed for excitation. The cw microwave input signals were
tions is well established. Examples include deep water, plagptained from synchronized stable frequency sources. A
mas, optical fibers, electrical transmission lines, and madmovable output antenna in the form of a small 200 diam
netic films2-4 Some of the evident demonstrations have beennductive |ooﬁ;3 was used to measure the signal level in the
for magnetostatic wave solitons in magnetic filn¥.A the-  strip as a function of distance from the input antenna. These
oretical treatment of magnetostatic wave soliton formation irsignals were analyzed in the time and frequency domains
magnetic films leading to the NLS equation model and conwith a fast oscilloscope and a microwave spectrum analyzer,
sequently to the existence of both bright and black envelopeespectively.
solitons was given in Ref. 12. The YIG film was magnetized in-plane by an applied field
This paper reports the experimental generation of two difH along the long edge of the film and the propagation direc-
ferent envelope solitons trains for a single carrier wavetion. The choice of frequency and wave number operating
propagating in a magnetic medium with attractive nonlinearpoints was based on low power measurements of the MS-
ity. The soliton trains are generated through the nonlineaBVW frequencywy as a function of wave numbde These
mode beating of two copropagating magnetostatic backwardy(k) dispersion data were obtained with a single cw fre-
volume wave(MSBVW) excitations in a thin yttrium—iron— quency applied to two microstrip lines at opposite ends of
garnet(YIG) film. Furthermore, a theoretical model based onthe YIG film. For a givenw, value, the standing wave MS-
the Ginzburg-Landau equation is presented to explain th8VW interference response profile along the film was mea-
observed phenomena. sured with the movable probe to obtain the waveleng#nd
These results contrast significantly with previous micro-wave numbek=27/\. These data also yielded the MSBVW
wave magnetic envelopéMME) soliton work as cited band edge frequency at zekptaken aswg, and the group
above. In those works, it was possible to explain the experivelocity vy=dawy/dk as a function ofw, andk. A nominalH
mentally obtained results by applying the NLS equationvalue of 1310 Oe was used to set the band edgégat
model. In other words, the sign of the prodi@N was al- =wg/27=5690 MHz.
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For the soliton experiments, the two input frequencies {a-) P, = 25 dBm (a-il) ;
were varied over the lovk region of thew,(k) dispersion $1.0¢ A ]
curve, with input power levels up to 25 dBm. The MSBVW % M
signals were measured at distances from approximately £ 038 —
4-8 mm from the input. Input cw powers above about ° (b-i) P, =24 dBm (b-ii) )
18 dBm were needed to produce a pronounced instability 51,0- ) §
response. Results similar to those shown below could be ob- g \/\/\M v\NM\'\/w Q
tained for f; and f, frequency values from about 3 09] A P
5597 to 5567 MHz, and corresponding nominal wave num- = S (cii) %
ber values from 100 to 200 rad/cm. The separation fre- E o S ] e
quency, Af=|f,—f,|, where f, was varied, ranged from 2k g V\/\/\/W\'V\/L
3 to 30 MHz. ForAf values below about 3 MHz, the output 8 ]
signals became severely distorted. Fdf values above 0.0 100 200 300 400 0 = 5580 5610
30 MHz, there was no multiharmonic instability response for Time (ns) Frequency (MHz)

the available input powers.

The interference between the copropagating MSBVW sig- FIG. 1. Normalized voltage amplitud@\) versus time traces
nals atf, andf, gave the expected harmonic response at lowand corresponding power versus frequency profiles for a probe de-
power and a nonlinear response at high power. The form dtfection point 5 mm from the input transducer, with two cw input
the nonlinear response was found to depend critically on theignals at frequencie$;=5590 MHz and f,=5595 MHz. The
relative values of the two input power levels. When the twopower scales irfa-ii), (b-ii), and(c-ii) correspond to the right hand
powers were unequal, the nonlinear response was in the forwertical axes. The input powé; was 19 dBm for all traces. THe,
of cnoidal waves or bright soliton trains. When the two pow-input powers were as indicated for each set of graphs. Gah
ers were balanced, the nonlinear response was in the form fso shows a phas®) vs time profile.
dark soliton trains.

This bright/dark changeover is the key result of this re-this background and give a further steepening and narrowing
port. Heretofore, and as noted above, the MSBVW configuof the pulses. The train of dips ifc-i) corresponds to the
ration and the corresponding attractive nonlinearity haveype of profile expected for dark solitons. The fact that the
been used to produce only bright solitons or bright solitondips in (c-i) are sharp and go essentially to zero voltage
trains. From the standard notion based on the nonlineameans that these are black solitons. This black soliton char-
Schrodinger equation model, one would expect to see onlgcter is further supported by the phase profil€ds). The
bright solitons for the magnetization waves with an attractivedashed curve here shows a clear and distinct 180° jump in
nonlinearity. The present data, however, clearly show thathe phase at the cusp points in the amplitude profile. This is
one can generate dark solitons for this configuration. Therea well-established signature for a black soliton.
fore, in the course of these experiments, it became clear that The power versus frequency profiles (a-ii)—(c-ii) pro-
another theoretical model should be used to explain the obyide further insight into the effect of the input signal makeup
served phenomena. on the soliton response. Whé is 6 dB greater thal®,, as

Figure 1 shows representative results on the transitioin (a), the dominant peak in the power spectrum i$.aand
from bright to dark soliton trains that is obtained due tothe temporal response is in the form of a cnoidal wave or
relative changes in the two input power levBlsandP,. For  bright soliton train. The key here is in the unbalanced high
all of the traces shownf; and f, were set to 5590 and power cw input signals. In contrast, when the input powers
5595 MHz, respectively, with corresponding low power MS-are equal, as ir{c), the power spectrum shows two main
BVW k; andk; values of 180 and 170 rad/cm, respectively. peaks with equal amplitudes and the temporal response is in
The probe position was 5 mm from the input transducer. Thehe form of a dark soliton train. The data show that this
solid curves in the left and right side graphs show the departicular combination of powers and frequencies gives
tected voltage amplitudéA) versus time and power versus black solitons, a specific subclass of dark soliton as dis-
frequency profiles, respectively, for differeif andP, com-  cussed above. The key here is in the balanced high power
binations. All time profiles are scaled to the maximum am-input signals.
plitude. The frequency profiles are shown with uncalibrated A simple explanation for the formation of dark solitons
decibel scales. The dashed curve(dd) shows a phaséP)  for magnetostatic spin waves with attractive nonlinearity is
profile as well. Graphga-i) and (a-ii) correspond toP;  given here, based on the fact that the soliton trains are de-
=19 dBm andP,=25 dBm and an input power ratio of 1:4. rived from cw excitation and mode beating rather that the
Graphs(c-i) and (c-ii) are for equal input powers &,=P,  pulse inputs used for most of the previous MME soliton
=19 dBm. Graphdb-i) and (b-ii) are for an intermediate experiments. In the cw mode beating process, parametric
case at?;=19 dBm andP,=24 dBm. spin wave interactions with large wave-number transfer are

The time traces in Fig. 1 show the key result, namely, thepossible!* These scattering processes, where a low wave-
evolution from a train of bright solitons ifa-i) for unequal number spin wave scatters into a high wave-number excita-
cw input powers to a train of dark solitons (o-i) when the  tion, create the possibility for additional nonlinear loss pro-
two cw input powers are equal. The train of bright pulses incesses, often called decay instability processes. The time
(a-i) appears against a substantial background. Higher powscale for these processes is on the order of the low power
ers than those available here would be expected to reducelaxation time. For YIG films, this time is in the range of
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hundreds of nanoseconds. Such nonlinear decay processes (a) F,=29.0 dBm (cal)
can, in principle, play an important role in the formation of
solitons from cw input signals, even though they are not
important for the production of MME solitons from short
input pulses with typical durations in the 10—20 ns range.

In order to examine the quantitative effects of nonlinear
damping on soliton train formation in mode beating experi-
ments, numerical modeling based on the one-dimensional
nonlinear evolutional equation with linear and nonlinear
damping terms has been performed. Note that, physically 10
nonlinear damping terms come from the parametric pro-
cesses, such as four wave decay and higher-order instabili-
ties, which may occur simultaneously with modulational in- 0.0
stability of the solitonic type. These parametric processes can
contribute significantly to the total decay of the intense initial
waves!® FIG. 2. Normalized amplitude versus time traces obtained from

The starting equation was the full torque equation of mo-the numerical analysis for cw input signals at frequencigs
tion for the magnetization. It proves convenient to work with=5590 MHz andf,=5595 MHz. The input poweP; was set at
a reduced scalar complex response parametedefined 19.4 dBm for all traces. The, input powers were set as indicated
throughu:m/21/2MS, wherem is the root mean squafems) for each graph. The “cal” denotes that these powers are calibrated
transverse dynamic magnetization response. A series oflues, based on a theoretical reduced input pdwg vs input

Normaiized amplitude
o = o =
& 8 8 8

(b) P, = 28.3 dBm (cal)

(c) P, = 19.4 dBm (cal)

0.5

0 200 400
Time (ns)

transforms yields a working equation of the form power Py, calibration of 7.7< 10> mw™".
au au 1 D&u _ ) 4.4x 10° rad/s, based on direct probe measurements of the
o T ag, T U E&—Zz—(N—IV)|U| ul=U(zt). spatial decay of the low power MSW amplitude with cw

input at one end of the film only. THe parameter was set at
(8] -1.1x 10 rad/s, based on the linear theoretical MSBVW
. L , , k) dispersion response, but witklg replaced byM(1
This equation is a particular case of the Glnzburg-LandaLf_ui(L(”z)/2)_12 The nonlir?ear damping p:sarangeterwasydest(er-

quation_l,ﬁ previ_ously stu_died, for example, in the context of inay from a full analysis of the input power dependent
solitons in nonlinear opticslt also may be termed the one- 1t response for a single cw input signal followighis
d!r_nensm_nal nonlinear Schrodlngé\qLS) equation with ad- analysis gaver=2x 10° rad/s.
ditional linear and nonlinear damping terms. Thg D, N, The computations were done for the experimental input
and v parameters denote, respectively, the low power relaXgreq enciesf, andf,. The input drive amplitudes controlled
ation rate, the dispersiotfawy/ k2, _the nonllne_ar response p . and R were varied to give a range of corresponding
coeff|C|enf[aw_k/a|u|2, and the nonlinear damping. All indi- 5\t amplitudess; andu, at z=0. Output amplitude versus
cated derivatives are evaluated at the approptia®) P~ time profiles were obtained at various distances from the
erating point and gti|=0. TheU(z,1) term has a form simi- iyt point for differentu; and u, amplitude combinations.
lar to the time varying magnetic driving fieldh(z,t)  These amplitudes were adjusted to give output profiles that
=hy(2)€ (2“2 +Re'2), wherez is the propagation co- mimicked the experimental responses as close as possible.
ordinate, o=m(f,+f,) is the average angular frequency, As a quantitative point of contact with the experiment, the
Aw=27|f,-f,| is the frequency separatioR is a relative  input |u? values, taken afi|?, were also converted to the
amplitude control parameter, ands time. It is importantto  corresponding input poweP;,, based on a full MSBVW
note that this driving magnetic field is highly localized in microstrip transducer coupling analy3fstor the transducer
space. It is defined by electric current, which is specifiedand film parameters in the experiment, thig|?/ P;, conver-
only in the narrow spatial zone where the input antenna ision is 7.7x 107> mw,
positioned. In other words, the right-hand term of Ed) Figure 2 shows representative results from the modeling
describes a localized excitation source. for choices of theu; and u, input amplitudes that give a
For the analysis, Eq1) was Fourier transformed to yield reasonable match to the experimental time traces in Fig. 1.
a system of nonlinearly coupled first order differential equa-The format is the same as for seri@straces in Fig. 1, with
tions for the spatial Fourier amplitudes of the dynamic mag-all signals normalized to the peak values. The (b), and(c)
netization. These equations were then solved numerically byraphs were obtained for a commanp value of 0.082, and
the Runge-Kutta method. At each temporal step, the spatialith u, set at 0.246, 0.227, and 0.082, respectively. From the
MSBVW wave form profile was constructed from the com- |u, |?/P;, calibration, these amplitudes correspond Rg
puted Fourier spectrum by inverse fast Fourier transform=19.4 dBm andP, values of 29.0, 28.3, and 19.4 dBm, re-
techniques. spectively. TheP, values are shown above their respective
The calculations were done witld and »y set to  graphs. Note, in particular, th&,> P, for (a) and (b) and
1300 rad/crh and -3.6x 10° cm/s, respectively, based on P,=P, for (c), with the same sequence as in Fig. 1.
the low poweraw,(k) dispersion curve data and MSBVW fits  The evolution of the time traces frofa), whereu, andu,
to these data. The low power relaxation rajgwas set to are unbalanced, t¢c), where these input amplitudes are
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equal, is strikingly similar to the results in Fig. 1. F@), bright soliton trains from a single magnetostatic carrier wave
with u,>u; and P,>P;, the nonlinear mode beating re- with attractive nonlinearity. The MSBVW dark and bright
sponse is close to the bright soliton train signal in Fig).l  soliton trains were obtained from the induced modulational
For (c), with u, set equal tou;, the computed trace almost instability, which resulted from the mode beating of two cw
perfectly reproduces the black soliton train in Figc)l — Signals at moderate power. The observed responses can be
While the match up in the time traces is impressive, onénodeled from the Ginzburg-Landau equation. The qualita-
should also note that the corresponding input powers in twdVe agreement between the theoretical and measured traces
cases are approximately 4 dB too high, relative to the experindicates that nonlinear damping and decay instability con-
ment. It is important to keep in mind that the calibration Siderations are the key to this type of spin wave soliton re-
from theu values to power in dBm is purely theoretical, and SPO"S€-

the errors here could be substantial. The important point is Thjs work was supported in part by the U.S. Army Re-
that the inclusion of nonlinear damping can lead to darksearch Office, Grant Nos. DAAGS55-98-1-0430 and
solitons, as seen experimentally, even when such signalsAAD19-02-1-0197, the National Science Foundation,
would not be formed based on the basic evolutional equatioGrant No. DMR-0108797, the North Atlantic Treaty Organi-
without damping. zation, Grant Nos. PST.CLG.978096 and PST.CLG980077,

In summary, this work reports on experimental observaand the Russian Foundation for Basic Research, Grant No.
tion of the simultaneous formation of temporal dark and02-02-16485.
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