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Gap solitons in nanoscale YIG magnonic crystals
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The main features of the nonlinear pulse propagated in iron-yttrium-garnet magnonic crystal with thickness
100 nm and a periodic system of grooves on the surface are studied. We have demonstrated the possibility of
the formation of gap solitons at a frequency inside the band gap of the magnonic crystal when the input signal
power is increased. A further increase in the duration and power of the input pulse leads to the formation a series
of gap solitons with a duration of about 10 ns. We have discovered that the threshold power of the gap solitons’
generation is determined by the magnitude of the magnetic field.
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I. INTRODUCTION

The most important parameters of modern semiconductor
electronics, such as high processing speed, small element
size, low power consumption, and low thermal radiation have
fundamental physical limitations. The rapid development of
information technologies (IT) dramatically increases the re-
quirements for systems for generation, intelligent processing,
and transmission of large amounts of data. This, in turn,
places higher demands on the element base of IT systems. The
need to improve the element base stimulates the search for
fundamentally new approaches and methods of information
processing. One of the alternative concepts to overcome these
limitations lies in the field of magnonics, in which magnons
rather than electrons are used as information carriers [1–3]. At
the same time, the choice of an adequate transmission medium
is a fundamental issue for creating functional devices and
solving the problems. The most promising approach in this
direction is based on the use of shortwave magnon excitations
in nanoscale periodic magnetic structures [4–6].

From the point of view of microwave electronics re-
quirements, the most commonly used materials for practical
applications are films of ferrite garnet (in particular, iron yt-
trium garnet [Y3Fe5O12, YIG)] of micron [7,8] and nanometer
[3,9] thickess on nonmagnetic garnet [usually gadolinium-
gallium (Gd3Ga5O12, GGG) substrates]. The successful use
of this material is due to extremely low microwave losses
and weak magnetic anisotropy [8,10]. Modern technologies
of magnetron sputtering and liquid-phase epitaxy allow one
to grow YIG films with thickness from 5 nm [11,12].

*Contact author: mamorozovama@yandex.ru

The use of periodic inhomogeneities in ferromagnetic
waveguiding structures leads to a significant change in the
characteristics of propagating waves, additional resonance in-
teractions, and the appearance of new physical effects. Such
structures, called magnonic crystals (MCs), due to the for-
mation of band gaps (BGs)—nontransmission bands in the
spectrum of spin waves (SW), are functionally more flexi-
ble and have more possibilities for controlling the spin-wave
characteristics [8,13]. To date, the possibility of controlling
the band gaps by means of electric and magnetic fields in
MCs based on micron-thick YIG films, including a periodic
system of grooves [14–16], a system of semiconductor [17]
and ferroelectric [18,19] strips on the surface, and films with
periodically changing width [20,21], has been demonstrated.
MCs based on nanometer-thick films are also currently under
active investigation [22–24]. Low losses in YIG films lead to
the fact that, at relatively low levels of input power (about
1 µW), nonlinear effects of self-interaction are manifested
during the propagation of spin waves in micron-thick YIG
films. The main role in nonlinear processes in ferromagnetics
is played by the increase in the precession angle of magnetic
moments of atoms with increasing signal power, which leads
to a change in the longitudinal component of the magnetic
moment. As is known, the ferromagnetic medium is a medium
with the Kerr type of cubic nonlinearity [25,26]. In recent
years, there has been a growing interest of researchers in
nonlinear effects in the propagation of spin waves, due to the
active search for new approaches for the realization of neu-
romorphic computing [27–29]. In particular, nonlinearity is a
prerequisite for a reservoir-based neuromorphic architecture,
in which nonlinear mapping of low-dimensional sequential
input data into higher-dimensional spatiotemporal data is re-
alized in a physical reservoir based on a magnetic film and a
feedback loop [29].
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Nonlinear phenomena in periodic ferromagnetic struc-
tures have so far been considered only for micron-thick
films [30–33] and for nanometer-thick films [34]. To date,
three-magnon parametric interactions in MCs [8,30] and four-
magnon processes in such systems [31–33] have been studied.
The main nonlinear effect in the field of four-magnon pro-
cesses is the nonlinear shift of the band gaps by 5–15 MHz
to the low-frequency region when the input signal power
increases up to 80 mW [15]. As shown in that work, the trans-
mission coefficient at the frequency of the band gap grows
with increasing input signal power, which leads to the effect
of “nonlinear MC switching,” in which the periodic structure
begins to transmit a high-power signal at frequencies lying
inside the band gap. By employing the nonlinear effects in
YIG on dielectric substrates (GGG), the variety of tunable
spin-wave devices was realized, e.g., intensity-dependent non-
linear phase shifters, filters, switching devices, etc. [32,35,36].

Another nonlinear phenomenon is the formation of enve-
lope solitons—gap solitons (GSs) [31,33,37]. The concept of
gap solitons was first introduced when describing pulses that
are formed at the frequency of the input signal lying in the
BG of a periodic structure. The GS is a certain combination
of direct and reflected from periodic inhomogeneities’ waves,
which are combined in such a way that they move together
with reduced velocity [38]. One of the main properties of
such GSs is that their velocity is smaller than the wave group
velocity in a nonperiodic structure [39,40]. Nonlinear effects,
in particular, the formation of envelope solitons, have so far
been studied in ferrite nonperiodic structures [37,38]. The
observation of GSs in periodic structures has been reported
only for thick 10- to 15-µm-thick YIG films. In particular,
in Ref. [37], gap solitons were experimentally observed in a
10-µm-thick YIG film with a periodic system of grooves on
the surface at an input power of about 16 dBm. It should be
expected that the formation of gap solitons is also possible in
a nanometer-thick YIG film at lower input powers.

In the present work, we consider nonlinear phenomena in a
100-nm-thick YIG film with a periodic system of grooves on
the surface. The possibility of the formation of nanosecond-
long GSs, nonlinear switching, and nonlinear shift of the
BG during the propagation of nonlinear spin waves has been
investigated. The characteristics of the GSs depending on the
amplitude and duration of the input pulse are revealed, as well
as the possibility of controlling the GSs with the help of an
external magnetic field.

The paper is structured in follows. Section II contains the
experimental results for nonlinear spin waves propagating in
a MC based on YIG film with a periodic system of grooves on
the surface. Section III describes the theoretical model. The
model was built using the method of coupled waves. Section
IV contains the calculating results and discussions. Section V
concludes the work.

II. EXPERIMENTAL INVESTIGATION

Figure 1(a) shows the layout of the investigated structure.
The experimental layout was made on the base of YIG film
with a thickness of a = 100 nm and a saturation magneti-
zation of 4πM0 = 1750 G grown on the GGG substrate. On
the surface of the YIG film with the ferromagnetic resonance

FIG. 1. (a) Secondary electron micrographs of the experimental
layout. (b) The scheme of the experimental setup.

line-width 0.3 Oe, the periodic structure was created with
the period L = 4 µm in the form of grooves with the depth
� = 10 nm and the width b = 2 µm. The length of MC l = 80
µm, and the width is w = 50 µm. To excite spin waves, copla-
nar ground-signal-ground (GSG) antennas (Au) with 2.4-µm
stripe width and 2.5-µm stripe spacing were placed. The ex-
citation and reception of spin waves was carried out due to
coplanar GSG antennas (Au) deposited on the surface of the
YIG film by optical lithography. The width of the strips was
2.5 µm, and the distance between the signal conductor and the
grounding contacts was 2 µm. Microphotographs of the layout
obtained in the electron microscope are shown in Fig. 1(a).
The experimental setup included the layout of a transmission
line based on MC, a microwave analyzer ENA 5062A circuits,
a four-channel real-time oscilloscope Agilent DSO81004B,
a microwave signal generator Agilent ESG E4438, and a
low-noise power amplifier MAHW010120-01 [Fig. 1(b)]. An
amplified signal from the output of the transmission line was
applied to one of the channels of the oscilloscope, and a
branched microwave signal from the generator was applied
to the other. Microwave probes the Form Factor PC-GSG-150
mounted on precision positioners were used to connect the
layout with signal sources and receivers. The external mag-
netic field was created by a quadrupole electromagnet. An
external constant magnetic field H0 was applied in parallel to
the coplanar antennas, and surface spin waves were excited in
the MC.

Figures 2(a) and 2(b) show the amplitude-frequency char-
acteristics and the corresponding dispersion characteristics
obtained from the phase-frequency characteristics of the spin
waves at different input signal powers and a magnetic field
magnitude of 560 Oe. It can be seen from Fig. 2(a) that,
at P0 = −30 dBm (green curve), a pronounced minimum is
observed at the frequency f l

B = 4.459 GHz, marked by gray
fill. At the frequency f l

B, a jump in the dispersion characteristic
is also observed [Fig. 2(b)], with the wave number coinciding
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FIG. 2. The MSSW transmission in the MC and different input
power P0 at (a) H0 = 560 Oe and (c) H0 = 780 Oe. The S21 parameter
was obtained with a vector network analyzer. The gray shading
shows the band-gap regions. Symbols f l

B and f nl
B denote the center

frequencies of the band gaps in the linear and nonlinear cases, respec-
tively. (b) Dispersion characteristics at input power P0 = −30 dBm
and H0 = 560 Oe. The inset shows an enlarged fragment of the
dispersion characteristics in the BG region. The symbol kB denotes
the wave number corresponding to the center of the BG.

with the wave number of the second Bragg resonance kB =
2π/L = 15 708 1/cm. In the vicinity of f l

B, a BG is formed,
i.e., a band of nontransmittance of spin waves. When the input
power is increased up to −5 dBm [orange curve in Fig. 2(a)],
there is a nonlinear shift of the BG down the frequency by the
order of 6 MHz and it is observed at f nl

B = 4.453 GHz. This
effect has been observed previously for 10-µm-thick MCs
[15,37,41]. Figure 2(c) shows the amplitude-frequency char-
acteristics of the spin waves at different input signal powers

FIG. 3. Time profiles of output pulses at H0 = 560 Oe, input
pulse duration τ = 50 ns, and different levels of pulse: (a), (b) P0 =
−6 dBm, (c), (d) P0 = 2 dBm, and (e), (f) P0 = 10 dBm. The left
column shows profiles of output pulses with frequency inside the
band gap f = 4.459 GHz, and the right column shows profiles of
output pulses with frequency outside the band gap f = 4.383 GHz.
Label “1” is the splash corresponding to the leading edge, label “2”
is the splash corresponding to the trailing edge, and label “GS” is the
gap soliton.

and a magnetic field magnitude of 780 Oe. It can be seen that
the nonlinear shift down the frequency is 3 MHz.

At the next stage we consider the features of pulse signals
passing through the investigated structure at different input
signal powers P0. For this purpose, rectangular microwave
pulses of 50- to 300-ns duration, 1- to 2-µs repetition rate,
and carrier frequency lying inside the BG as well as outside
the BG were fed to the input of the transmission line.

Let us first consider the passing of a rectangular microwave
pulse with 50-ns duration through the MC and a magnetic field
magnitude of 560 Oe. Figure 3 shows the envelope amplitude
of the output pulse with the carrier frequency lying outside
the BG f = 4.383 GHz (Fig. 3, right column) and inside the
band gap f = f l

B = 4.459 GHz (Fig. 3, left column). It can be
seen that, at the frequency outside the BG, the shape of output
pulse close to the shape of the input pulse. When the input
power is increased, the pulse shape changes insignificantly.
At the frequency inside the BG, the shape of the output pulse
differs from that of the input pulse.

In the vicinity of frequencies near the BG, the amplitude
frequency characteristic (AFC) of the transmission line is
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FIG. 4. Spectral characteristics of the input pulses with a dura-
tion of (a) 50 ns and (b) 300 ns. The BG area is marked with a gray
fill. (H0 = 560 Oe, P0 = −10 dBm).

equivalent to the AFC of a notch microwave filter. Figure 4
shows the spectral characteristics of input pulses. The fre-
quency area corresponding to the BG is marked with a gray
fill. It can be seen that a large part of the pulse spectrum
is located below the lower boundary of the BG. When a
microwave signal with a finite width of the frequency spec-
trum, for example, a rectangular microwave pulse, is passing
through the MC, its spectral components lying inside the band
gap will be removed (significantly attenuated). In this case the
carrier frequency f = f l

B will be removed and in the frequency
domain there will be a splitting of the original signal spectrum
into two regions lying above and below the center frequency
of the BG. In this case the shape of the output envelope will be
determined by the rate of amplitude change at the leading and
trailing edges of the input pulse [42]. For time intervals where
the envelope amplitude of the input signal is constant, the out-
put signal will be zero. In the linear mode, only two splashes
are observed in the output signal, corresponding to the leading
and trailing edges of the input rectangular microwave pulse
[Fig. 3(a)]. The interval between them is equal to the duration
of the input pulse. These splashes are observed at any value of
P0 (marked by the arrows 1 and 2 in Fig. 3, left column).

As the input power increases to P0 = 2 dBm, an additional
pulse is formed in the output signal, which is not related to
either the trailing or the leading edge of the input pulse. The
occurrence of the additional pulse can be explained by the
influence of the nonlinear precession of the magnetization
vector in the MC, which is determined by the instantaneous
power of the spin wave. This leads to the BG shift and the
appearance of gap solitons. The physical mechanism of soli-
ton formation is the mutual compensation of dispersion and
nonlinearity [43]. The dispersion grows as we approach the
center of the BG. If the pulse frequency coincides with the
BG center frequency, dispersion prevails over nonlinearity and
the input pulse becomes broadened. When the input power
increases, the BG shifts and the carrier frequency of the pulse
falls on the right slope of the BG, while the nonlinearity
compensates the dispersion, which is necessary for soliton
formation. The duration of the gap soliton is of the order of
10 ns. The amplitude of the gap soliton also increases with in-
creasing input power. Previously, gap solitons were observed
experimentally in optics for nonlinear Bragg gratings [38,43]
and for 10-µm-thick MCs [37,41]. Figure 5 shows the spectra
of output pulses at frequency inside and outside the BG at
different input pulse power. It can be seen that at frequency
inside the BG the amplitude of higher harmonics increases
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FIG. 5. Spectral characteristics of the output pulses with a dura-
tion of 50 ns at input power P0 = −6 dBm (green curve) and P0 =
10 dBm (red curve) at (a) frequency inside the BG f = 4.459 GHz
and (b) frequency outside the BG f = 4.383 GHz.

with the increasing input pulse amplitude that is related to the
BG shift.

Figure 6 (left column) shows the envelope amplitude of the
output pulse for the input pulse with a duration of 100 ns at
the frequency inside the BG f = f l

B = 4.459 GHz. It can be
seen that, at the input power P = −16 dBm, the formation
of the GS is observed. Thus, the threshold power for the
GS formation decreases compared to the case of 50-ns pulse
duration. When the input signal power increases up to 6 dBm,
the number of GSs increases, and their amplitude, width, and
position on the time axis change (i.e., their speed).

FIG. 6. Time profiles of output pulses with the frequency inside
the band gap f = 4.459 GHz at H0 = 560 Oe and input pulse dura-
tions of τ = 100 ns (left column) and τ = 200 ns (right column) and
different levels of pulse P0.
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FIG. 7. Time profiles of output pulses at H0 = 560 Oe and input
pulse duration τ = 300 ns and different levels of pulse: (a), (b) P0 =
2 dBm and (c), (d) P0 = 10 dBm. The left column shows profiles of
output pulses with the frequency inside the band gap f = 4.459 GHz,
and the right column shows profiles of output pulses with the fre-
quency outside the band gap f = 4.383 GHz.

Figure 6 (right column) shows the envelope amplitude of
the output pulse for the input pulse with a duration of 200 ns
at the frequency inside the BG. It can be seen that the forma-
tion of the GS is observed at a lower input signal power of
−18 dBm in comparison with the previous cases.

Figure 7 shows the envelope amplitude of the output pulse
for the input pulse with a duration of 300 ns. It can be seen
that the input signal with the frequency outside the BG with
increasing input power leads to the insignificant change of the
output pulse shape (Fig. 7, right column). When the input
signal with the frequency lies inside the BG and the input
power is 2 dBm, in contrast to the pulse duration of 50 ns
[Fig. 3(c)], a sequence of pulses is formed, not one pulse.
When the power is increased up to 10 dBm, the shape of
the output pulse is close to the shape of the input pulse; i.e.,
the input pulse passes through the structure with insignificant
distortions. This feature indicates a nonlinear shift of the BG
and the carrier frequency a falling of the carrier frequency
into the region lying outside the BG in the nonlinear case
[Fig. 2(a)].

Figure 8 shows the envelope amplitude of the output pulse
for the input pulse with a duration of 200 ns and another
magnitude of the external magnetic field of 870 Oe. It can be
seen that, at this magnitude of the magnetic field and an input
signal power of −8 dBm, the GSs are not formed [Fig. 8(a)],
in contrast to the magnitude of 560 Oe [Fig. 6(e)]. This feature
is related to the fact that at this magnitude of the magnetic
field the nonlinear shift of the BG is smaller and the frequency
of the input signal lies closer to the center frequency of the
BG [see Fig. 2(c)]. Consequently, the GS formation threshold
at this magnitude of the magnetic field is higher than that in
the case of the 560-Oe field. When the power is increased to
−2 dBm, the formation of a series of GSs is observed. At the

FIG. 8. Time profiles of output pulses at H0 = 870 Oe and in-
put pulse duration τ = 200 ns and different levels of pulse: (a), (b)
P0 = −8 dBm and (c), (d) P0 = −2 dBm. The lLeft column shows
profiles of output pulses with the frequency inside the band gap
f = 5.155 GHz, and the right column shows profiles of output pulses
with the frequency outside the band gap f = 5.096 GHz.

frequency outside the BG (Fig. 7, right column), the shape of
the output pulse replicates the shape of the input signal and
changes insignificantly.

III. THEORETICAL MODEL

To develop the theoretical model, we use the dispersion
equation for spin waves in a ferromagnetic film without pa-
rameter modulation [39,40]. We apply the procedure of wave
equation reconstruction from the dispersion equation. We in-
troduce the following substitutions ω → i ∂

∂t and k → −i ∂
∂y ,

and at small kd for an infinite width film, we obtain the
equation of magnetization vector motion in a ferromagnetic
film in the following form:

∂2m

∂t2
= − ω2

⊥m ± ω2
M

2
d

∂m

∂y
− γ

2Aex

M

∂2m

∂y2

+ 2α0(ωH + iα0ω)
∂m

∂t
, (1)

where the “−” sign refers to the wave propagating in the
positive y direction, the “+” sign refers to the wave propagat-
ing in the negative y direction, m = mx/M0 is the normalized
high-frequency component of magnetization, ω2

⊥ = (ωH +
iα0ω)(ωH + iα0ω + ωM), ωM = 4πγ M (in the linear case a
longitudinal component of magnetic moments M = M0), Aex

is the exchange constant, γ is the gyromagnetic ratio, H0 is the
external magnetic field, d is the ferromagnetic film thickness,
α0 = �H

H is the parameter of dissipation, and �H is the the
width of the ferromagnetic resonance curve.

Nonlinear processes in ferromagnetics are caused by
the decrease of the effective saturation magnetization with
the increase of the amplitude of magnetization dynam-
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ics. Thus, taking into account Kerr-type nonlinearity, the
longitudinal components of magnetic moments can be pre-
sented as [25,26,44]:

M ≈ M0(1 − q|m|2), (2)

where q = 1
2 (1 + ω2

H

ω2
⊥

) is the parameter of nonlinearity.
At the next stage, we take into account that a periodic

system of grooves is placed on the surface of the ferromag-
netic film. If the ferromagnetic film has the variable thickness,
the value d in Eq. (1) is the periodic function that depends
on the longitudinal coordinate y and has the following form
[17,45]: d = d0 + δ cos(πy/L), where d0 = a − � + � b/L,
δ = 2�

πd0
sin(πb/L), L is the period, � and b are the depth and

the width of grooves, and a is the height of stacks. Thus,
Eq. (1) has periodically varying coefficients. To solve this
equation (for � � d0), an approach based on the method of
coupled waves is used, which consists of the fact that waves
propagating in the forward and backward directions (wave re-
flected from spatial inhomogeneities) in a periodic system are
considered independently, and the periodic structure provides
their coupling [46].

The solution of wave equation (1) with Eq. (2) can
be presented as a sum of spatial harmonics [46]: m =∑∞

n=−∞ An exp[ikny], where An are complex amplitudes of
harmonics, and kn are propagation constants. In the first Bril-
louin zone 0 � knL � 2π , n = · · · − 2,−1, 0, 1, 2 . . ., only
zero harmonics of direct waves (n = 0) and “−1” wave har-
monics of the waves reflected from spatial inhomogeneities
(n = −1) are taken into account. In this case, the solution of
wave equation (1) can be presented as the sum of direct and
reflected waves:

m = A exp [i(ωt − k0y)] + B exp [i(ωt + k−1y)], (3)

where A and B are slowly changing complex amplitudes of
envelopes of direct and reflected waves, k0 is the propagation
constant of zero harmonic, k−1 refers to “−1” harmonic, and
ω = 2π f is the frequency of input signal (carrier frequency).
Propagation constants k0 and k−1 are connected by the Bragg
condition: k−1 = −k0 + 2π/L.

Substituting Eqs. (2) and (3) into Eq. (1) and considering
∂2A
∂t2 � ω∂A

∂t , ∂2B
∂t2 � ω∂B

∂t , ∂2A
∂y2 � ω∂A

∂y , and ∂2B
∂y2 � ω∂B

∂y , we ob-
tain the following equations:

i

(
∂A

∂t
+ V

∂A

∂y

)
+ η0A + κ0B + γ0(|A|2

+2|B|2)A + iαA = 0,

i

(
∂B

∂t
− V

∂B

∂y

)
+ η−1B + κ−1A + γ−1(|B|2

+2|A|2)B − iαB = 0, (4)

where V = ω2
Md0/2ω is the group velocity, κ0,−1 =

δV k0,−1/2 is the periodicity coefficient, γ0,−1 =
−q ωH ωM+8ω2

M d0k0,−1

4ω
is the nonlinearity coefficient, η0,−1 =

ω2
⊥−ω2+ω2

M d0k0,−1

2ω
is the frequency detuning, α = α0ωH

2ω
is the

dissipation coefficient, and ωH = γ H0 + iα0ω − γ 2Aex
M k2

0,−1
is the ferromagnetic resonance frequency. Equation (4) is a
nonlinear coupled-wave equation and describes the dynamics
of the spin-wave envelopes in the MC.
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FIG. 9. (a) Transmission coefficient dependence on the fre-
quency at input pulse amplitudes A0 = 0.03 (black curve) and A0 =
0.04 (red curve). (b) The envelope amplitude at the output of MC
at the distances l = 22 µm (dashed curve) and l = 80 µm (solid
curve) (the frequency corresponding, to the BG center, H = 560 Oe,
τ = 300 ns). Contour plots of evolution of the pulse envelope am-
plitude at (c) A0 = 0.03 and (d) A0 = 0.04. Label “1” is the splash
corresponding to the leading edge, label “2” the splash corresponding
to the trailing edge, and label “GS” is the gap soliton.

IV. NUMERICAL CALCULATION

Numerical solution of the equations was carried out un-
der the following initial and boundary conditions: A(y, 0) =
B(y, 0) = B(l, t ) = 0, where A0 is the amplitude of the input
pulse; the function f (t ) = {A0, at τ0 − τ/2 < t < τ0 + τ/2

0, at t > τ0 − τ/2, t < τ0 + τ/2 defines
the rectangular shape of the input pulse; τ and τ0 are the
duration and delay of the input pulse, respectively; and l is
the length of the structure.

Let us introduce the transmission coefficient of the MC
in the following form: T = ∫ tmax

0 |A(l, t )|2dt/
∫ tmax

0 |A(0, t )|2dt,
where tmax is the observation time. Figure 9(a) shows the
dependence of the transmission coefficient on the signal fre-
quency for the linear case (A0 = 0.01, black curve) and the
nonlinear case (A0 = 0.04, red curve). It can be seen that in
each case the transmission coefficient has a pronounced min-
imum, which corresponds to the center of the band gap. The

band gap is formed at k0 = k−1 = π/L and ω2
B = ω2

⊥+ω2
M d0k0

2ω
.

In the linear case at small input signal amplitude, the cen-
ter frequency of the BG is f l

B. When the input amplitude
increases, there is a nonlinear shift of the BG to the low-
frequency region. The center frequency of the BG in this case
is f nl

B . Note that the effect of the nonlinear shift of the BG is
theoretically described for spin waves in single and coupled
MCs [15,37,47].

If the frequency of the input signal lies near the center
frequency of the BG, we can assume k0 = k−1, and then
V0,−1 = V , κ0,−1 = κ , γ0,−1 = γ , and η0,−1 = η. We choose
the input signal frequency in the center of the BG in the
linear case ( f = f l

B). In this case, in Eq. (4) we have η = 0
as the detuning of the signal frequency from the BG center
frequency.
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FIG. 10. The envelope amplitude at the output of MC (l =
80 µm) at H0 = 560 Oe at the frequency corresponding to the BG
center, input pulse amplitude A0 = 0.05, and input pulse durations
100 ns (a), 200 ns (b), and 300 ns (c). (d) Dependence of the
threshold amplitude for the GS formation on the duration of the
input pulse (green curve). Dependence of the threshold amplitude
for the GS formation on the parameter of nonlinearity γ (blue curve)
(H = 560 Oe, τ = 300 ns).

Let us consider the features of rectangular pulse propaga-
tion depending on the amplitude of the input signal according
to the results of numerical calculation of Eq. (4). Figures 9(c)
and 9(d) show the contour plots of evolution of the envelope
amplitude at different input signal amplitudes. When the in-
put signal amplitude is small, the pulse is almost completely
reflected from the MC as a linear Bragg grating. Only two
splashes with an interval equal to the input pulse duration
can be observed in the output signal. These splashes cor-
respond to the leading and trailing edge of the rectangular
pulse [marked by the arrows 1 and 2 in Figs. 9(c) and 9(d)].
When the input amplitude exceeds the threshold amplitude,
an additional pulse—a gap soliton—is formed in the output
signal between the splashes [marked with an arrow, GS, in
Fig. 9(d)]. Figure 9(b) shows the envelopes of the pulses at
different distances from the input. It can be seen that the delay
between the maximum of the GS and the leading edge splash
�τ increases along the propagation direction; i.e., the speed
of the GS propagation is less than the group velocity in a
homogeneous film (with which the leading and trailing edges
of the input pulse propagate).

Figures 10(a)–10(c) show the amplitude of the output pulse
envelope at different input pulse durations. Figure 10(a) shows
that, at the input pulse duration of 100 ns, a single gap soliton
is formed, which is consistent with the experimental data in
Fig. 10(a). Figure 10(b) shows that, at the input pulse duration
of 200 ns, two gap solitons are formed, which corresponds
to the data in Fig. 6(d). Figure 10(c) shows that at the input
pulse duration of 300 ns, six gap solitons are formed, which
corresponds to the data in Fig. 7(a). It can be seen that in-
creasing the input pulse duration increases the number of GSs.
The threshold amplitude for GS formation decreases with the
increasing input pulse duration, as shown by the green line in
Fig. 10(d). With increasing the nonlinearity parameter γ , the
threshold for the gap soliton formation decreases, as shown by
the blue line in Fig. 10(d).

Thus, the developed theoretical model allows us to reveal
the mechanism of gap soliton formation associated with the
capture of spin-wave excitations on direct and reflected waves
at the frequency of the band gap when the amplitude of the
input signal increases. The model also describes the shift of
the MC band gap due to nonlinear changes in the magnetiza-
tion of the ferromagnetic medium, the increase in the number
of gap solitons with increasing input signal amplitude, and
the dependence of the gap soliton formation threshold on the
input pulse duration, as observed in the experiment.

V. CONCLUSION

Thus, in summary, the main nonlinear features of spin
waves propagating in a magnonic nanoscale magnonic crystal
based on YIG film with a periodic system of grooves on the
surface were investigated and described. The theoretical re-
sults were obtained using the coupled-waves method for direct
wave and wave reflected from the spatial inhomogeneities of
the periodic structure. The microwave method for measuring
the frequency response and envelope amplitudes of propa-
gating spin-wave pulses was applied. It was shown that the
Bragg resonance condition is fulfilled in the spectrum of spin
waves in the investigated structure and that the BG formation
at the Bragg frequency and Bragg wave number takes place.
When the input power increases from −8 to 10 dBm, there is
a nonlinear shift of BG down the frequency by the order of
10 MHz. It was shown that at propagation of pulses of 50-
to 300-ns duration in the investigated structure at frequen-
cies inside the BG a special type of envelope soliton—gap
solitons—can be formed. The formation of gap solitons was
observed at increasing the input signal power in the range
from −8 to 10 dBm. The threshold power for the formation
of solitons decreased with increasing the input pulse duration.
When increasing the duration and power of the input pulse,
a series of GSs with a duration of about 10 ns was formed.
It was found that the threshold power of the formation of
GSs depends on the magnetic field magnitude. When pulses
propagated at frequencies outside the BG, the pulse shape
changed insignificantly.

A theoretical model describing the spatiotemporal evo-
lution of the spin-wave pulse envelope in the investigated
structure was constructed. This model allows us to reveal
the mechanism of the GS formation due to the capture of
spin-wave excitations of the direct and reflected waves at the
frequency inside the BG when the amplitude of the input
signal increases. The velocity of the GS is smaller than the
group velocity of a spin wave in a homogeneous film and
the velocity of a linear pulse in an MC and increases with
increasing amplitude.

The results obtained in this work allow us to consider
nanoscale periodic YIG structures as promising candidates for
frequency-selective devices for information transmission and
encoding using gap solitons.
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