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Self-Generation of Fundamental Dark Solitonsin Magnetic Films
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The self-generation of single, fundamental, stable, spin-wave-envelope black and gray dark solitons
has been realized for the first time. These solitons were generated from microwave magnetostatic surface
waves (MSSWs) propagated in an in-plane magnetized yttrium iron garnet film MSSW delay line in a
resonant ring. These fundamental dark solitons were made possible by a new and genera filtering
technique for a high gain nonlinear resonant ring. The amplitude and phase profiles together with the
power spectra of the self-generated microwave pulses confirm their fundamental dark soliton nature.

PACS numbers: 75.30.Ds, 76.50.+g, 85.70.Ge

Two different types of envelope solitons, bright solitons
and dark solitons, can propagate in nonlinear waveguiding
dispersive media. Bright and dark solitons may be classi-
fied as dynamical and topological, respectively. The term
“dynamic” for bright solitons means that these pulses are
essentially nonlinear wave packets for which the carrier
signal maintains a constant phase over the pulse. Theterm
“topological” denotes the fact that the passage of a single
dark soliton modifies the medium or the medium response
in some critical way. Dark envelope solitons may be de-
scribed in terms of a carrier signa of constant amplitude
which hasa dip in amplitude at the soliton position. If this
dip goes completely to zero, one has a black soliton. If the
minimum power at the dip is nonzero, one has a gray soli-
ton. Dark envelope solitons have a nonzero jump in phase
for the carrier signal as one crosses the dip. In the case of
black solitons, this jump in phase is exactly 180°.

The main experimental results on envelope solitons in
solid state media have been for optical solitons in fibers
and microwave magnetic envelope (MME) solitonsin fer-
rite films. References [1-3] provide reviews of general
properties and optical soliton results. Optical dark solitons
are considered specifically in Ref. [4]. References [5—14]
are representative of work on MME solitons. Dark MME
solitons are considered in Refs. [6,12-14]. Dark MME
solitons may be created from cw input signals by switch-
ing off the input signal for a short time [6]. In the case
of dark MME solitons, however, they must be produced in
pairs [12,13]. Thisis because the jump in phase across a
single dark MME soliton is nonzero, while the total phase
change for the output signal must be zero.

Because of these phase constraints, the single funda-
mental dark MME soliton has been an entirely theoretical
concept. This Letter reports the first experimental demon-
stration of the self-generation of MME dark single soliton
pulses, namely, black single soliton trains as well as gray
single soliton trains. These solitons are produced, more-
over, through a new technique which is of general validity
and not limited to nonlinear microwave signalsin magnetic
films. One need apply only the proper filtering character-
istic to a comb of frequencies obtained through feedback
in a nonlinear system under conditions of high gain and
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the correct nonlinear response. This technique produces
fundamental solitons without the use of input pulse sig-
nals or feedback modulation. The experimental proof for
single dark solitons is contained in the phase profiles for
the pulses. Each dark pulse is accompanied by the ex-
pected jump in phase, 180° for black solitons and less for
gray solitons.

These new excitations were produced with the resonant
ring arrangement shown in Fig. 1. The feedback circuit
is shown in the dashed line box. The ring contains the
yttrium iron garnet (Y1G) film delay line, an amplifier, and
an attenuator. The shaded rectangleindicatesthe YIG film.
The input and output microstrip lines connect to the spe-
cial two element microstrip antennas A;, and A, used for
excitation and detection. The magnetic field H is in the
plane of the film and perpendicular to the magnetostatic
wave propagation direction. This isthe magnetostatic sur-
face wave (MSSW) configuration. For this arrangement,
the nonlinear frequency response and the dispersion have
the same sign and combine to support dark MME solitons
in the film [6].
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FIG. 1. Diagram of the YIG film delay line structure with two
element input and output antennas labeled A;, and A, the
in-plane magnetic field H perpendicular to the propagation di-
rection, the resonant ring feedback circuit, and associated instru-
mentation for the generation of single black and gray solitons.
The resonant ring consists of the elements within the dashed
line box.
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The microwave instrumentation is shown at the top of
the figure. The microwave source was used only to mea-
sure the passband characteristics of the delay line and the
ring at low power, and as a reference for the soliton phase
profile measurements. It was not an essential element for
soliton generation.

The key difference between this experiment and those
in Refs. [10-13] is in the two element microstrip anten-
nas used for MSSW signal excitation and detection. This
antenna design provides the filtering response needed to
produce solitons. The ring contains none of the switching
or modulating elements which were used to produce soli-
ton trains in Refs. [10-12].

TheYIGfilmwasa6.9 umthick, 1.4 mmwide, 55 mm
long strip cut from alarger film grown by liquid phase epi-
taxy. This film had unpinned surface spins and a narrow
ferromagnetic resonance linewidth. Each antenna element
was 50 pm wide and 2 mm long. The separation between
the two elements for one antennawas 0.26 mm. The sepa-
ration L between the two antennas was 2 mm. The micro-
wave amplifier had a bandwidth greater than 5 GHz, a
30 dB dynamic range, and a high peak power. This en-
sured that the nonlinear response of the ring was deter-
mined solely by the YIG film.

Figure 2 showsthree output power vsfrequency response
profiles. These data were obtained for H = 970 Oe, a
low level input microwave power of about —30 dBm, and
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FIG. 2. Freguency characteristics of the MSSW YIG film
structure and resonant ring for an input power of about
—30 dBm. The nomina static magnetic field was 970 Oe. The
applicable ring gains in dB are indicated. The black dots in (c)
identify the two largest ring resonance spikes.
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ring gains as indicated. The zero dB gain point, or unity
gain, was determined as the point at which the ring would
just break into oscillation. Graph (a) of Fig. 2 shows the
response of the YIG film delay line alone. Graphs (b) and
(c) of Fig. 2 show the effect of feedback on the response.

The profile in Fig. 2(a) is typica of the delay line re-
sponse for MSSW excitations [15], but with a reduced
bandwidth due to the two element antenna response. The
MSSW passband starts for signals at zero wave number at
about 4660—4670 MHz. As the frequency increases from
this point, the wave number k increases. The upper edge
of the passband near 4920 MHz corresponds to the point
in k at which the MSSW signals from the two elements of
the antenna are out of phase by 180°. This passband was
made dlightly broader than the expected width of the single
soliton power frequency spectrum, in order to enhance the
conditions for soliton formation.

The well defined spikes in Figs. 2(b) and 2(c) corre-
spond to the resonant frequencies of the ring. At these
spike points, the phase matching condition kL + ¢ = 27n
is satisfied, where kL is the phase change for the delay
line, ¢ is the electronic phase associated with the rest of
the ring, and n is any integer. The spike spacing is about
14.6 MHz. The envelope of these spikesisjust thetwo ele-
ment antenna filter response in Fig. 2(a). The two spikes
inFig. 2(c) which areidentified with black dotsareright at
the passband center and have equal amplitudes. The next
spike to the right is lower by about 3 dB. Since the feed-
back threshold for oscillation in the ring is determined by
the spikes with the highest power level, the two equal am-
plitude spikes will dominate any linear self-oscillation re-
sponse. At high ring gain, these spikes provide the seed re-
sponse for the formation of fundamental dark solitons. The
filtered MSSW passband and the nonlinear MSSW modu-
lational instability response combine to shape the spectral
response to produce such solitons.

Because of the MSSW dispersion, small changesinfield
can serveto shift the relative position of the comb of spikes
in Fig. 2(c) relative to the passband. Such field tuning
can be used to change the relative heights of the dominant
spikesin the power spectrum. Equal spike amplitudes pro-
vide the seed response needed to produce black solitons.
If the dominant spikes have different amplitudes, one ob-
tains gray solitons. The details involve the selective high
level response for two closely spaced frequencies. If the
ring gain is sufficient to produce self-oscillation, the seed
response and the nonlinear response of the MSSW signals
combine to produce trains of the appropriate solitons.

Asastarting point, consider two equal amplitude propa-
gating cw signals with different frequencies f; and f,. The
combination of these signals yields a nonzero background
with dips to zero amplitude at the beat points. The beat
repetition period T is1/| f1 — f2l|. Thereisalso acarrier
phase jump of 180° across each dip. The pulse sequence
produced by the interference of these two signals, there-
fore, can provide the seed response for a train of single
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fundamental dark solitons. As indicated above, small
changes in the field could cause an imbalance in these two
equal amplitude signals. One still obtains dips at the repe-
tition period T given above. Now, however, the dips do
not go to zero amplitude and the phase jumps across the
dips are less than 180°. This s the seed response for gray
solitons.

The procedure outlined above was used to produce both
black and gray fundamental dark solitons. For black soli-
tons, the structure was first configured to produce the
response shown in Fig. 2(c) with the two largest ring reso-
nance spikes at equal amplitude. The gain was then in-
creased to the point needed to (i) produce a self-generated
microwave response in the circuit and (ii) allow the nonlin-
ear process to develop. The result was a narrowing of the
envelope response to yield the cusplike dips characteristic
of fundamental black solitons.

Figure 3 shows representative black soliton results.
These data were obtained for aring gain of +0.5 dB and
the other conditions as specified above. Except for the
phase data, these results are representative of data obtained
with no microwave input signal whatsoever. A low level
microwave reference at 4785 MHz was used for the phase
measurements. The power level for this reference signal
was 35 dB below the power levels for the self-generated
frequency harmonicsin the ring. Care was taken to ensure
that this reference did not affect the ring signal response
in any way. The top four graphs show the experimental
black soliton amplitude and phase profiles, respectively.
The voltage levels indicated were measured at the signal
analyzer. The dashed line curve in (a-€) of Fig. 3 shows
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FIG. 3. Fundamental black soliton pulse train characteristics.
Graphs (@) and (b) show the microwave voltage and phase pro-
files, respectively, for the self-generated signal in the ring struc-
ture with aring gain of +0.5 dB. Graphs (a-€) and (b-€) show
the same signals asin (a) and (b) but on an expanded time scale.
The dashed curve in (a-€) shows a theoretical profile. Graph (c)
shows the corresponding power-frequency spectrum of the ring
signal.

a theoretical amplitude profile as well. The bottom graph
shows the power frequency spectrum for the measured
signals.

The signal characteristics for these data match those
expected for single black solitons. The cusps in (@) and
(a-€) of Fig. 3 are sharp and distinct and fall precisely to
zero at the pulse center. The datain (b) and (b-€) of Fig. 3
also show the 180° jumps in phase across the dips ex-
pected from theory. The power spectrum in Fig. 3(c)
shows multiple harmonics over a bandwidth which is nar-
rower than the passband in Fig. 2. Note that the two pri-
mary peaks in Fig. 3(c) have equal amplitudes. Note also
that the self-generated black soliton sequence has a power-
frequency spectrum with peaks which coincide with the cw
resonance frequencies of the ring. The 14.6 MHz spacing
in the frequency peaks corresponds to a repetition period
of 68.5 ns. This value matches the observed repetition pe-
riod for the black soliton train in (a) and (b) of Fig. 3.

It is to be emphasized that these signals consist of
trains of single isolated fundamental black solitons, not the
double cusp dips which have been previously reported for
pairs of dark solitons [12,13]. It is aso to be emphasized
that these fundamental soliton signals were obtained with
no external microwave signal applied to the ring. These
single black solitons were self-generated solely through
the nonlinear feedback process within the ring. The 180°
phase jumps at the dip positions give an unambiguous sig-
nature for black solitons.

Figure 4 shows representative data on gray soliton self-
generation. The conditions were the same as for the data
in Fig. 3, except that the static magnetic field was reduced
from 970 to 968 Oe. This small change served to im-
bal ance the amplitudes of the two dominant spikes in the
power spectrum of Fig. 2(c), and this imbalance gave the
seed signal needed for gray solitons. The format for Fig. 4
isthe same asfor Fig. 3, except that here both graphs (a-€)
and (b-e) show theoretical profiles.

The gray soliton data show different characteristics com-
paredtotheFig. 3data. (i) Thedipsinamplitude do not go
to zero. (ii) The dips are more rounded and less cusplike,
compared to the black solitons. (iii) The phase changes
around each dip are no longer abrupt. (iv) The overal
phase change associated with a given dip is smaller than
180°. (v) The two main peaks in the power spectrum are
dlightly imbalanced. ThefeaturesshowninFig. 4 arethose
expected for gray solitons. The particular data in Fig. 4
show phase changes for each dip of about 150°. The width
of the gray soliton dips was also found to change with the
ring gain setting. Higher gainsyielded somewhat narrower
widths.

The dark soliton response characteristics shown in
Figs. 3 and 4 could be maintained only over alimited 1 dB
or so range of gain settings. When the gain in the ring
is increased much above the +0.5 dB value used for the
above data, the amplitude and phase profiles become dis-
torted and the power-frequency spectrum is also modified.
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FIG. 4. Gray soliton pulse train characteristics. Graphs (a)
and (b) show the detected microwave voltage and phase profiles,
respectively, for the self-generated signal in the ring structure for
againof +0.5 dB. Graphs (a-€) and (b-€) show the same signals
as in (&) and (b) but on an expanded time scale. The dashed
curves in (a€) and (b-e) show theoretical profiles. Graph (c)
shows the corresponding power-frequency spectrum of the ring
signal.

With an increase of the gain factor above the stable soliton
self-generation range, the power spectra showed a series
of bifurcations and the onset of chaotic behavior. These
features of the response at high gain levels require further
study. In addition to the achievement of fundamental dark
soliton generation, the technique has potentia applications
to the study of chaos in these systems.

The dashed curvesin Figs. 3 and 4 were obtained from
the standard dark soliton amplitude and phase solutions
to the nonlinear Schradinger (NLS) equation [3], based on
values for the dispersion and nonlinear coefficients and the
modulation levels appropriate to the data. For the black
soliton curves, the theoretical background level off-soliton
response was obtained from the measured width of the
cusp and this background level was scaled to the data. For
the gray soliton response, the modulation level shown by
the data was used to calculate the theoretical response and
this was then scaled to match the data. The fits show that
the simple NL'S equation dark soliton solutions provide a
reasonable match to the data. It may be noteworthy that
this match is obtained without the inclusion of damping in
the model. The NLS equation with damping included has
been shown to provide an accurate model for bright MME
solitons in YIG films [16].

In summary, this Letter reports on the first self-
generation of isolated, single, fundamental dark microwave
magnetic envelope solitons. The filtered feedback tech-
nigque is shown to provide a powerful way to self-generate
such fundamental dark signals, even though the phase con-
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straints imposed on fundamental dark solitons preclude
their creation from conventional input microwave signals.
The combination of a properly devised filtering response
for the MSSW signal, feedback in the resonant ring struc-
ture, and the modulational instability which derives from
the nonlinear response make possible the creation of such
fundamental dark soliton signals. This technique repre-
sents a completely new approach to dark soliton produc-
tionin general for nonlinear dispersive waveguiding media.
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