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We demonstrate the dissipative spatiotemporal patterns that are generated by an active ring resonator
based on a magnonic quasicrystal (MQC) with Fibonacci-type structure. The dissipative patterns are
formed through the magnetostatic surface spin-wave (MSSW) parametric decay into exchange spin waves
(SWs), temporal dispersion of the ring resonator and amplification. In the spatial domain, the MSSW and
SW parametric patterns measured with the help of Brillouin light spectroscopy have the quasiperiodic
spatial localization in crests and grooves of the MQC, respectively. In contrast to the optical quasiperiodic
parametric spatial conservative solitons, the amplitude profiles of the magnonic quasiperiodic parametric
spatial dissipative patterns correspond to the profiles of the crests and grooves of the MQC. In the time
domain, the packets of the chaotic parametric pulses, which are analogs of temporal solitons, are generated
at each point of the spatial patterns. The chaotic nature of such pulses is confirmed by an estimate of a
highest Lyapunov exponent from the experimental time series. The pulse packets are formed through the
time-filtering technique using the external microwave (MW) pulses to control a ring gain. It is shown that
at a certain duty factor of the external MW pulses, the parametric MSSW pulses have the amplitude and

phase profiles corresponding to the profiles of a conservative bright envelope soliton.
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I. INTRODUCTION

The spatiotemporal patterns and chaos are the most
common natural phenomena that are observed in the open,
highly nonequilibrium systems related to the various fields
of science: hydrodynamics [1,2], plasma physics [3,4],
vacuum electronics [5], chemistry [6,7], biology [8], etc.
Both phenomena are the traditional objects of the research
in synergetics [9]. In dissipative systems with energy
inflow from outside and outflow (dissipation), the dissi-
pative solitons are formed due to a balance between gain
and loss [10]. The solitons are asymptotically stable states
of a dynamical system, while dynamic chaos is a result
of the development of Lyapunov instability. In nonlinear
optics and magnonics, the chaotic solitons [11-14] and
chaotic multisoliton complexes [15,16] were discovered in
the time domain. The patterns with chaotic spatiotempo-
ral localization were observed in optical experiments with
a liquid crystal covered by a feedback loop [17,18] and in

*sergrsh@yandex.ru

2331-7019/21/16(5)/054029(7)

054029-1

semiconductor lasers with saturable absorption [19]. Such
chaotic states were called chaoticons [17,18].

Besides the chaotic spatiotemporal patterns, the
quasiperiodic spatial solitons were theoretically predicted
for an optical Fibonacci superlattice at both a signal
wave and a second harmonic frequencies [20]. They were
obtained through three-wave parametric interaction and
spatial dispersion of the Fibonacci superlattice. The para-
metric spatial patterns were the spatial conservative bright
envelop solitons and did not have chaotic temporal dynam-
ics. Their width was comparable with a width of one of the
two building blocks of the Fibonacci superlattice.

In nonlinear magnonics, a magnonic quasicrystal
(MQC) with Fibonacci-type structure was used in a feed-
back loop of an active ring resonator to self-generate the
dissipative parametric solitons, which are the analogs of
the optical temporal solitons [21—24]. The temporal pat-
terns were formed in the time domain due to the parametric
decay of a magnetostatic surface spin wave (MSSW) into
the parametrically excited exchange spin waves (SWs) and
due to temporal dispersion of the active ring resonator.
The MSSW had a linear amplification and the exchange
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SWs were dissipated in the MQC. The MSSW paramet-
ric solitons had a noiselike spectrum and the chirped phase
profiles, because an instantaneous frequency was changed
within the pulses. However, the spatiotemporal dynamics
of such parametric patterns has not been investigated. We
know of only one paper [25] in which SW localization in
a MQC consisting of dipolar coupled permalloy nanowires
was investigated. But, here SW localization was studied in
the linear case.

In the paper, we demonstrate the spatiotemporal para-
metric patterns that have both chaotic temporal and
quasiperiodic spatial localizations at the MSSW and SW
frequencies. In the spatial domain, the amplitude profiles
of the quasiperiodic MSSW and SW dissipative patterns
correspond to the groove and crest profiles of the MQC,
respectively. The packets of the chaotic dissipative tem-
poral solitons with the amplitude and phase profiles cor-
responding to a conservative bright envelope soliton are
generated at each point of the spatial patterns. The tem-
poral solitons possessing such profiles are formed with the
help of a time-filtering technique exploiting the microwave
(MW) pulses to control a ring gain.

II. EXPERIMENTAL SETUP

A. Magnonic quasicrystal with Fibonacci-type
structure

The MQC with Fibonacci-type structure is a quasiperi-
odic sequence of crests and grooves that are formed on a
surface of an yttrium-iron-garnet (Y1G) film by the etching
technique. The YIG film has a thickness of 7.7 um, a width
of 4 mm, a length of 8 mm, and a saturation magnetization
of 1750 G. The width of the grooves is a; = 130 um and
2a; = 260 pm. Their height is #; = 5.7 um. The width of
the crests is a; = 145 um and their height /4, corresponds
to the thickness of the YIG film. The quasiperiodic struc-
ture with a length of 4.485 mm is constructed on the base
of the first six iterations of Fibonacci algorithm: s, =
Sj_18j, 80 = az, S1 = a (j > 1). Following this algorithm,
the quasiperiodic sequence of crests and grooves is given
as

S = {a2a1a22a1a2a1a22a1a22a1a2a1a22a1a2a1a2-

. 2a1a22a1a2a1a22a1a2a1 }

The MQC with Fibonacci-type structure is both a mul-
tiresonant and nonlinear element. It was found [22], that
the MQC has a higher density of stop bands in contrast
to a magnonic crystal (MC) possessing strict periodicity.
This MQC feature allows use of it in a feedback loop of
an active ring resonator to control not only the frequency
interval between the ring eigenmodes, which determines
the temporal dispersion of the ring resonator, but also their
intensity. As shown in Ref. [23], the intermode interval

is decreased with increasing strength of a biased mag-
netic field both for the MQC and the MC. However, for
the MC this interval is always larger than for the MQC.
Besides, the MQC can support parametric decay of the
MSSW into exchange SWs [21]. It is well known that the
MSSW parametric instability leads to a self-generation of
the relaxation-type pulse sequences, when a YIG film with-
out the quasiperiodic structure is contained in the feedback
loop of the active ring resonator [26]. However, the filter-
ing properties of the MQC allows control of the amplitude
profiles of such pulses and formation from them of the
bell-shaped pulses.

B. Magnonic quasicrystal active ring resonator

In Fig. 1, the scheme of an active ring resonator contain-
ing the MQC with Fibonacci-type structure, an amplifier,
and a variable attenuator is presented. The excitation and
detection of the MSSWs propagating in the MQC is real-
ized by the use of two (input and output) microstrip trans-
ducers. Each transducer is 30 um wide and 6 mm long. The
distance between them is L = 4.5 mm. The external static
magnetic field Hy = 560 Oe is in the plane and it is perpen-
dicularly to the direction of the MSSW propagation. The
amplifier is a wideband transistor amplifier operating in the
2—4 GHz frequency band. An external MW pulse generator
forms the external MW pulses that are used both to syn-
chronize the operation of the MQC active ring resonator
with an interferometer included in the Brillouin-light-
scattering (BLS) setup and to realize the time filtration
of the self-generated dissipative solitons. The BLS setup
operates on the Mandelstam-Brillouin scattering of light
by inhomogeneities. In our case, such inhomogeneities are
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FIG. 1.

Scheme of a MQC active ring resonator.
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the quasiparticles—magnons. The main part of the MW
pulse power is applied to the amplifier input and their
smaller part enter to the interferometer input. The char-
acteristics of the external and self-generated pulses are
measured by a real-time oscilloscope, a spectrum analyzer
and a power meter. The variable attenuator controls a ring
gain G = K — A, where 4 is the total loss in the ring and
K is an amplifier gain.

A nonlinear dependence of the amplifier gain K ver-
sus input power Pj, presented in an insert in Fig. 1 is a
key role for the time-filtering method [27]. The amplifier
operating in the linear amplification mode has a maximum
gain K;, when Pj, < P2 (where P3" = +0.5 dBm is an
input power at which the output-power saturation mode is
achieved). The peak power of the external MW pulses Pyt
(see red circle in the insert in Fig. 1) is set higher than
Pfr‘l“, when the nonlinear gain Ky is much smaller than the
K;. Thus, the MW pulses modulate both the amplifier gain
and the ring gain. In the time intervals corresponding to
the external MW pulses, when the amplifier gain is equal
to Kni, the dissipative solitons are not self-generated. In
contrast, in the pauses between the MW pulses, when the
amplifier gain is equal to K, the dissipative solitons are
self-generated.

The main advantage of the proposed method of the ring
gain modulation by saturating the microwave amplifier in
comparison with the breaking of the ring by a microwave
switch [28] is the lower level of the generator’s noise in the
pauses between the dissipative solitons. In the generator
scheme with the microwave switch, an amplifier operates
in the linear amplification mode and its own noise level
will always be higher than the analogous noise level of an
amplifier operating in the output-power saturation mode.
Moreover, the proposed method always ensures the pres-
ence of a signal at the amplifier input. Such an operation
mode of some solid-state microwave amplifiers is recom-
mended by the manufacturers for the reasons of reliability
of their operation.

The external MW pulses are also fed to the interferom-
eter input of the BLS setup in order to start the process of
counting photons reflected from the MQC. The counting
of the reflected photons starts in the pauses between the
MW pulses, when the dissipative parametric solitons are
self-generated in the active ring resonator. A carrier fre-
quency of the external MW pulses is set outside the MSSW
frequency band, but within the amplifier frequency band.
This is necessary for the frequency separation of the spec-
tra of both pulse signals and for the subsequent frequency
filtering of the external MW pulses.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Microwave spectroscopy

In the microwave experiment, the parametric pulse
trains are measured only at the MSSW frequencies for

two values of G. One of them (G = 0) corresponds to the
single-mode generation and the other (G = 2.1 dB) cor-
responds to the multimode generation. In both cases, a
carrier frequency of the external MW pulses foxt = 2 GHz
is located outside the MSSW frequency band but inside the
amplifier frequency band. The pulse width and peak power
are chosen in such a way that each MW pulse can sup-
press one parametric pulse of the sequence. The external
MW pulses have the width 7, = 800 ns and a repetition
interval T,, = 10.752 us that determines a time interval
between the parametric pulse packets.

In Fig. 2, the frequency and temporal characteristics of
the parametric pulses measured in the single-mode gener-
ation are demonstrated. As shown in Fig. 2(a), a carrier
frequency of the parametric pulse train is fosc; = 3241.3
MHz that coincides with a central frequency of a MQC
first passband. The generated signal has a noiselike spec-
trum [see an insert in Fig. 2(a)] because it average power
P,y = +4.3 dBm is significantly greater than a three-wave
parametric threshold (Py, = —18 dBm). In the time domain
[see Fig. 2(b)], the parametric pulse train contains the
packets of four parametric pulses with a duration T, =
440 ns measured at the 0.7 level of the peak amplitude.
The parametric pulses are formed after many rounds of
the signal around the ring because the pulse width signifi-
cantly exceeds a signal trip time around the ring (z, ~ 100
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FIG. 2. Characteristics of the dissipative solitons generated in
the single-mode regime under the external MW pulses: (a) the
microwave power spectrum (solid line) of the dissipative soli-
tons, (b) the time series of the envelope of the MW pulses (upper
panel), the dissipative solitons (middle panel) and their phase
profiles (lower panel), (c) the projections of a phase portrait on
the parameter plane [4(?), A(t + t4)], where 7; = 27,, and (d)
the iteration diagram of the envelope phase. In (a), the MQC
transmission is marked with a dashed line.
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ns). The first parametric pulse of each packet is gener-
ated in a nonstationary mode and has a significantly higher
amplitude than the subsequent pulses generated in a sta-
tionary mode. It is explained that the SWs parametrically
excited by the MSSW pulses of a previous packet have
the time to return back to the initial nonexcited state and
do not influence the first MSSW pulse of a following
packet.

As shown in Fig. 2(c), the attractor of the paramet-
ric pulse train is similar to the limit cycle of double
period. One of them corresponds to the “gigantic” ampli-
tude pulses, and the other is determined by the smaller
amplitude pulses, which are generated in the stationary
mode. However, the phase trajectories of the attractor do
not exactly repeat each other that indicates the possibility
of chaotic nature of the generated pulses.

In Fig. 2(d), an iteration phase diagram shows a viola-
tion of the phase synchronization of the harmonics of a
modulation frequency fun,, which is a result of a modulation
of the MSSW by the SWs. The phase values are deter-
mined on the attractor in the Poincaré section. The ampli-
tude values of the envelope lying on the secant plane of the
attractor are assigned the values of the phase calculated
using the Hilbert transform. The iteration phase diagram
clearly demonstrates the violation of the phase synchro-
nization of the harmonics of f;;, that may be connected
with the chaotic dynamics.

The self-generated parametric pulses are the analogs
of optical temporal bright envelope solitons because tem-
poral dispersion of the ring resonator takes part in their
formation. It was theoretically shown [23] that the active
ring resonator is an artificial distributed medium with tem-
poral dispersion, if a resonant element is used in a feedback
loop. In our case, the MQC is such a resonant element.
It affects the amplitude profile of parametric pulses, mak-
ing them bell shaped. The phase profiles of parametric
pulses calculated with the help of the Hilbert transform
have a clear chirp corresponding to the chirped dissipative
solitons [10].

The increase of the ring gain to G = 2.1 dB leads to the
multimode generation (see Fig. 3). In this case, the pack-
ets of parametric pulses are formed in the same manner
as in the single-mode generation [Fig. 2(b)], but the para-
metric pulse power is increased and their phase profiles are
changed. To form the parametric pulses with the amplitude
and phase profiles similar to the bright conservative enve-
lope solitons, a duty factor g of the MW pulses is varied. At
q = 15, the average power is increased to P,, = +5.6 dBm
and concentrated basically at the frequencies fosci, fosc2s
and f,sc3 that correspond to three ring eigenmodes. The fre-
quencies foscr = 3268.2 MHz and fosc3 = 3297.3 MHz are
located near the central frequencies of the MQC first and
second passbands [see Fig. 2(a)]. Each packet of the train
contains the eight parametric pulses with rapidly changing
phase.
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FIG. 3. Characteristics of the dissipative solitons generated in

the multimode regime at three values of the duty factor ¢ of
the external MW pulses: (a-i), (b-i), (c-1) 15; (a-ii), (b-ii), (c-ii)
8.25 and (a-iii), (b-iii), (c-iii) 3.125. In (a-i), (a-ii), and (a-iii)
the microwave power spectra of the dissipative solitons, in (b-i),
(b-ii), and (b-iii) the time series of the envelope of the MW pulses
(upper panel), the dissipative solitons (middle panel), and their
phase (lower panel), in (c-i), (c-1), and (c-iii) the projections of a
phase portrait on the parameter plane [A4(¢), A(t + t4)].

The further decrease of ¢ leads to the signal suppression
at the frequencies fosco and fosc3 and to the phase-profile
transformation. At g = 8.25, the phase profiles of four
parametric pulses are flat across their width and are sim-
ilar to the phase profile of the bright conservative envelope
soliton [29]. In this case, the power level P,, = +6.2 dBm
is the bright envelope soliton threshold. At ¢ = 3.125, the
train consists only of the “gigantic” pulses with P,, =
+7.4 dBm. Now, the main power is concentrated only at
the frequency fosc1. The pulse phase profiles have clear
chirp that corresponds again to the chirped dissipative
solitons [see Fig. 2(b)].

Following the results presented in Figs. 3(c-i) and
3(c-ii), the attractor structure for the small amplitudes
becomes strongly “blurred,” because the envelope of the
smaller pulses fast oscillates. In contrast, the envelope of
the “gigantic” pulses do not have such a variation. At
q = 3.12 [see Fig. 3(c-iii)] the attractor structure becomes
clearly distinguishable at all amplitude values, when the
generation of the smaller amplitude pulses is absent.

The chaotic nature of the generated dissipative solitons
is evidenced by the estimates of the highest Lyapunov
exponent (HLE) from the experimental time series. To
estimate the HLE, two methods are used [30,31]. One of
them [31] is adapted for short time series. The results
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FIG. 4. Dependences of the highest Lyapunov exponent A on
the duty factor g calculated based on the experimental time
series by two methods: (a) Wolf method and (b) Rosenstein
method. Circles correspond to the single-mode and squares cor-
respond to the multimode generation regime. For both methods,
the calculations are performed for the embedding dimension
Demp = 9.

of such assessments are shown in Fig. 4. It can be seen
that both methods give the positive values of HLE for
both the single-mode and multimode generation, that accu-
rately indicate the chaotic dynamics. Differences between
the results can be caused by the features of characteriz-
ing the instability of the phase-space trajectories for noisy
data sets, especially under external forces. For both gener-
ation modes, the values of HLE practically coincide only
for small values of ¢, when the multimode generation is
significantly suppressed. The increase of g of the external
MW pulses leads to the influence of several ring eigen-
modes on the parametric pulse generation. As a result, the
HLE for the multimode generation becomes smaller than
for the single-mode generation.

B. BLS spectroscopy

For the BLS experiment, the multimode generation at
q = 8.25 is chosen. However, the chaotic dynamics of
the solitonlike pulses is a factor that can limit the inves-
tigation of their spatiotemporal dynamics using the BLS
setup. At the same time, the deviations of the amplitude
and pulse repetition interval are characterized by rela-
tively small values, which do not exceed 10% of the
maximum value. Within these deviations, the study of
the spatiotemporal dynamics of the parametric patterns is
acceptable.

Figure 5 demonstrates the spatial and temporal distribu-
tions of the light radiation intensity, that are proportional to
the square of the magnetization amplitude. These distribu-
tions are measured at both the MSSW and SW frequencies.
The spatial map of the MSSW magnetization distribution
measured at the frequency fosc1 [see Fig. 5(a-1)] corre-
sponds to the superposition of the MSSW odd (first and
third) width modes propagating in a ferromagnetic waveg-
uide [32]. However, in contrast to the spatial distribution
of the MSSW magnetization observed in a homogeneous
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FIG. 5. The spatial (a-i), (b-i) and temporal (a-ii), (a-iii), (b-ii),
(b-iii) distributions of the square of the magnetization ampli-
tude measured (a) at the MSSW frequency fosc1 = 3241.3 MHz
and (b) at the SW frequency fisc1/2. In both cases, the tempo-
ral distributions are obtained for grooves (a-ii), (b-ii) and crests
(a-iii), (b-iii). The symbols x; — x4 correspond to six values of
the spatial coordinate: x; = 0.2 mm, x; = 0.4 mm, x3 = 0.65
mm, x4 = 0.75 mm, xs = 1.9 mm, x¢ = 2.15 mm. Even symbols
correspond to the grooves, and odd symbols correspond to the
crests.

ferromagnetic film placed in a feedback loop of an active
ring resonator [33], the MSSW magnetization in the MQC
active ring resonator has clear maxima localized only in
the MQC grooves. Besides, as follows from Fig. 5(b-i),
the SW excitation at a frequency fos.1/2 is also observed
in the region of the MSSW first and third width modes.
However, in contrast to the MSSWs, the maxima of the
SW magnetization are localized only in the crests of the
MQC.

As follows from Fig. 5, the packets of the MSSW and
SW pulses are formed at each spatial point of the crests
and grooves. Each packet consists of four pulses, one of
which (the first pulse) has the largest amplitude. For the
MSSW pulses [see Figs. 5(a-ii) and 5(a-iii)], their ampli-
tudes are maximum in grooves and minimum in crests.
For the SW pulses [see Figs. 5(b-ii) and 5(b-iii)], the sit-
uation is exactly the opposite. The amplitudes of the SW
pulses are maximum in crests and minimum in grooves.
Moreover, the amplitudes of all pulses are decreased with
increasing a distance from the input microstrip, but the
number of pulses in a packet remains the same for both
MSSWs and SWs. It should be noted that similar spa-
tial localization of parametrically interacting waves was
theoretically predicted earlier for the optical Fibonacci
superlattice, in which the quasiperiodic sequences of spa-
tial parametric bright envelope solitons were formed [20].
However, such quasiperiodic parametric solitons were the
conservative solitons, which had not a chaotic temporal
dynamics.
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IV. CONCLUSION

In conclusion, we note that similar spatiotemporal
patterns can be obtained not only in magnonics, but also in
optics, hydrodynamics, and plasma, if the dissipative sys-
tem with the wave turbulence appearing due to parametric
wave instability is described by the Vyshkind-Rabinovich
model [34], and the spatial ordering of the medium is
changed according to a quasiperiodic law. The obtained
results may be of interest to specialists involved in the
creation of pulse sources for microwave and optical com-
munications.
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