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Topic. In this work, we experimentally explore the spin waves (SW) propagation in tangentially magnetized cross-like
structure in the shape of two orthogonal waveguides on the base of yttrium iron garnet (YIG) film for the conditions when the
first order parametric processes take place. Aim. We studied the influence of parametric processes on spectrum of SW in the
tangentially magnetized cross-like structure in the filtration band defined as the frequency interval A fl' of the overlapping
spectra of SWs in longitudinally and transversely magnetized waveguides. Methods. The experiments were carried out with
the cross-like structure from YIG film with the thickness d =~ 3.8 um, having the form of two orthogonal waveguides with
the width w ~ 500 um, length L ~ 3 mm, and wire SW antennas placed at the ends of waveguides. One of the antennas was
considered as the input and was used to excite SW in the structure, and the other three were used to analyze the spectrum of
output signals with the frequencies inside the filtration band A fIh+ . Results. It was shown that the shape of SW spectrum
obtained at the output antennas of orthogonal waveguides could be significantly changed when the SW parametric instability
takes place. Discussion. We attribute this effect to the formation of secondary SW-satellites in the spectrum of the pump
signal and the influence of lateral quantization effects on SW spectrum in the studied cross-like structure.
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Introduction

One of the significant drawbacks of the electronic element base of information systems based on
CMOS technologies is the rapid increase in Joule losses associated with charge transfer as the number
of transistors and interstitial connections in microprocessors increases. An approach based on using the
direction of the electron spin [1-3] is considered as one of the alternatives allowing one to abandon the
use of an electron charge as a logical “0” or “1”.

The use of spin current (not related to charge transfer) opens up a wide range of possibilities
to create energy-efficient information processing technologies on the principles of spintronics and
magnonics, where the spin waves (SW) are utilized as a source for the spin current and as an
information carrier [4-5]. Such technologies can be based on effects of constructive and destructive
interference of SW during propagation in magnonic networks, in particular, based on a system of
orthogonal waveguides [6-9]. For this reason, the features of the propagation of SW in cross-shaped
structures from orthogonal waveguides recently received considerable attention [9-18]. It was shown
that in nodes of the magnetized cross-shaped structure, the effective transmission of the SW signal to the
orthogonal channel is carried out in a certain frequency band AfI:, in order of magnitude coinciding
with the frequency difference of the long-wavelength boundaries of the spectra of longitudinally ( f(|)|)
and transversely ( fOL) magnetized waveguides (AfI- ~ A f(‘)"J‘ = (|J| — fol). Thanks to such filtering
properties, the magnetic cross with four SW antennas located at the ends will act as a Mach-Zehnder
type interferometer at frequencies f € AfI-. In this case, the effects of microwave interference in
magnetic crosses can be used to create magnonic holographic memory [19], reversible logic [20],
database processing technologies [21], magnetic field sensors [22], and to determine the properties of
magnetic microparticles [23].

Note that in most experiments, the propagation of SW in crosses based on films of yttrium iron
garnet (Y1G) and at power levels of input signals P;,, below threshold values P, for the development of
parametric instability (P, < P;;,) was studied. Meanwhile, it is well known [24-31] that, in YIG films,
which are characterized by the lowest relaxation rate for SW the threshold of parametric instability of
the first order does not usually exceed P;, ~ 1...10 mW, which is easily realized experimentally. It is
essential that for the development of parametric instability, in addition to the condition P;, > P, the
pump frequency f, and the magnetization field I must be chosen in such way that the conservation
laws are satisfied [24]

o=+ fo, (1)
Ep = ];;1 -+ ];;2. 2)

In conservation laws (1), (2), the frequencies fy 12 and the wave vectors EP’LQ correspond
to pumping and parametric spin waves. The development of such parametric instability leads to a
limitation of the power of the SW signal at the pump frequency and to the appearance of satellite-
frequencies in the output signal spectrum [27, 28]. Both of these processes can influence the result
of interference of waves in the cross. On the other hand, the influence of parametric instability on
the propagation of SW in cross-like structures may differ from the cases of film structures considered
earlier [27-31]. Indeed, the presence of filtering properties in cross-shaped structures, on the one hand,
as well as the presence of a pair of output antennas oriented orthogonally to the input transducer, on
the other hand, can lead to qualitative differences in the spectra of output signals. It should be added
that in cross-shaped structures made of waveguides of finite width w, the propagation of SW can be
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affected by the lateral quantization of the SW spectrum [32], which can also affect the conditions for
the formation of satellite waves in the spectrum. In addition, it should be noted that nonlinear spin-wave
effects in planar magnonic structures were also studied in [33, 34]. The features of the transformation
of surface SW into backward volume SW in curved magnetic waveguiding structures were considered
in [35].

The aim of this work was an experimental study of the influence of the development of the first
order parametric instability on the propagation of SW in cross-like structures based on a YIG film.

1. The investigated structure and experimental results

The propagation of SW in the cross-like structure shown in Fig. 1. was studied. 1. The cross
was formed by laser ablation from a YIG film with a thickness d ~ 3.8 um grown by liquid-phase
epitaxy on a substrate of gadolinium-gallium garnet with a thickness of 500 um. The film had an
effective saturation magnetization 4nMy ~ 1876 G and a ferromagnetic resonance (FMR) linewidth
AH = 0.5 Oe. The waveguides had a width w =~ 500 um and a length L ~ 3 mm (see the inset in Fig.
1). The structure was located on a non-magnetic metal base, where coaxial junctions were also built-up,
connected to four SW antennas in the form of a gold wire with a diameter of 30 um and a length of
about 0.6 mm, located at a distance of 100...200 um from the edges of the waveguides. Antenna 1
was used to excite SW, and the remaining antennas 2, 3, 4 were as receiving ones. The sample was
placed in the gap between the poles of the electromagnet so that the magnetic field H was directed in
the plane of the structure and oriented either parallel (Fig.2,a) or perpendicularly (Fig.2,5) to input
transducer 1.

Fig. 2 shows a block diagram of an experimental setup. The input signal from the network
analyzer 1 ENA Agilent ES071C through the power amplifier 3 “Mikran” MAHWO010120 and adjustable
attenuator 5 was fed to port 1 of the structure. In this case, the maximum level of incident power was
P, = 100 mW in the frequency range of 1...8 GHz. The output signals from ports 2, 3, 4 of the studied
structure through the microwave switch and microwave broadband amplifier 4 Agilent Technologies
Preamplifier 87405C were fed to an Agilent N9320A spectrum analyzer 2.

While investigating the influence of parametric processes on the propagation of SW in the YIG
structure under considiration, an approach, typical for the study of nonlinear SW in films, was used
[24-31]. The influence of the power of the input signal P;, on the form of the spectrum of the output
signal at a fixed frequency f, was considered, as well as the frequency dependence of the transmission
parameters S;;(f) = 10log(PP*/ P]m) between ports with number j, where the input signal was
received, and with number ¢, from where the output signal with the power P,,; was taken. It was taken
into account that conservation laws (1), (2), the fulfillment of which is necessary for the development
of the first order parametric instability (three-magnon), are allowed only in the range of frequencies
and bias fields, where condition [27] is satisfied

Here finin is the minimum frequency (bottom frequency) in the SW spectrum, which, neglecting
the influence of inhomogeneous exchange and anisotropy fields, coincides with the short-wavelength
(k — o0) boundary of the spectrum of backward volume spin waves (BVSW) traveling along the field
direction H [24, 25], the frequency fg = vH, where y = 2.8 MHz/Oe is the gyromagnetic ratio in
the YIG. Note that the effect of inhomogeneous exchange on the position of the “bottom” of the SW
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Fig. 1. View of the studied structure and experimental wiring. Inset shows the planar dimensions of the structure. Numbers
1,...,4 denote the gold wire antennas with the diameter of 30 um and length of 0.6 mm, spaced by 100...200 wm from the
sample edges
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Fig. 2. Block diagram of the experimental setup: / — vector network analyzer Agilent ENA E5071C; 2 — Agilent N9320A
spectrum analyzer; 3 — power amplifier «Mikran» MAHW010120; 4 — wideband amplifier Agilent Technologies Preamplifier
87405C; 5 — attenuator. Figure fragments a and b correspond to the position of studied sample between the poles of
electromagnet, so that the field produced by the electromagnet is parallel and perpendicular to antenna 1, respectively
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spectrum begins to noticeably affect films with thickness d < 1 um [36]. For the structure considered
here based on a YIG film with a thickness d ~ 3.8 um, the “exchange” shift of the “bottom” to the
high-frequency region will be approximately 90 MHz [30] (see Fig. 7 below).

Below, we will consider the results obtained at pump frequencies fj; ~3 GHz and fj2 ~ 2.7 GHz.
In this case, the interval of the bias fields was chosen to take into account the need to fulfill the
condition (3) and was in the range 390 < H < 510 Oe.

Figure 3 shows the transmission spectra Sil(f) of the structure for the bias field H = 470 Oe
when using antenna 1 as input and antennas with numbers ¢ = 2,3,4 as output. Fig. 3, a, b, ¢, d
correspond to the orientation of the magnetic field parallel and perpendicular to antenna 1 (see also
Fig. 2). Dependences S;1(f) in Fig. 3, a, ¢ were obtained at the input power level P;, below the
threshold P, for the development of parametric instability P;,, < P, while the results presented in
Fig. 3, b, d, reflect the case of P;, > Py,.

In the linear mode, the shape of the transmission spectra S;;(f) is consistent with the results of
[11], where a cross with similar parameters was studied. From the shape of the transmission spectra
S31,41(f) shown in Fig. 3, a, ¢, we can conclude that there are filtering properties for the structure
under consideration. If we take the frequency range limited by the level of —20 dB from the level of
minimum losses in the characteristics S31 41(f) as the “working” band AQ, then the “working” filtering
band will be AQ" ~ 0.18 GHz for Fig. 3, a and AQ!l ~ 0.31 GHz for Fig. 3, p.

For P;, > Py, the values S;1(f) decrease significantly (see Fig. 3, b, d). Such behavior under
the conditions of the development of three-magnon decays is well known [24-26] and reflects the
nonlinear character of the Py, (F;,) dependence due to the limitation of the SW amplitude beyond the
threshold of development of the instability of the pump wave with respect to three-magnon decays.
For this reason, the amplitude of the characteristics S;1(f) in Fig. 3, b, d noticeably decreases at those
frequencies where the processes (1), (2) for the excited SW are allowed. Moreover, this decrease occurs
non-uniformly in the frequency range, which is explained by the non-uniformity of the nonlinear losses
introduced by the three-magnon processes in the analyzed frequency band. Therefore, it is not possible
to use the approach proposed for the case of P, < P, to determine the cross filtration band AQ in
the case of P;, > P;. In this case, the degree of influence of parametric processes on the filtering
properties of the structure in the region of intersection of waveguides, which determines the “working”
frequency band AQ, remains unclear.

To answer this question, we measured the parameters S31(f) and Sy1(f) in the linear mode
(Pin < Pip), but in the presence on the antenna 2 of the pump signal P, at a frequency f, ~ 3 GHz
with power P, > Py,. It turned out that their characteristics are close to the linear case shown in
Fig. 3, a, c (see curves 3 and 4 in Fig. 3, e, f). At the same time, pumping from antenna 2 did
not affect the width of the “working” frequency band. Therefore, at the used incident power levels
P;, =~ 100 mW, the dimensions of the nonequilibrium portion of the film, where the magnon density
differs markedly from the equilibrium, do not capture the region of intersection of the waveguides.

Figures 4-6 show the spectra of the pump signal at the output antennas 2, 3, 4, depending on the
magnitude H of the bias field and at different above-critical values of pumping C' = 101og(P;,,/ Pip)-
For Fig. 4 and 5, the magnetic field is directed parallel to the input transducer 1. The spectra shown
in Fig. 6 are obtained when the sample was oriented in the electromagnet gap in such a way that the
field H was perpendicular to antenna 1. From the figures 4-6 one can see that under conditions of the
development of three-magnon decays, the spectra of the output SW signals at different ports of the
studied cross-shaped structure can noticeably differ. Let us consider the possible mechanisms of this
behavior of the spectra of output signals.
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Fig. 3. a, ¢ — SW transmission spectra in the structure at the input power level P below the threshold Py, for parametric
instability launching P < Pi; b, d — just the same for the case when P > P,;,. Fragments a, b correspond to the field
H direction when it is parallel to the transducer 1 (see Fig. 2, a); fragments ¢, d correspond to the field H direction as
shown in Fig. 2, b; in fragments e, f the arrow on the frequency axis shows the position of the pump frequency f, for the
corresponding magnetization geometries; f, is the frequency at which the dependencies of the spectrum on the input power
level were studied. The numbers 2, 3, 4 in the figures denote the transmission spectrum S;1 (f) from the output antennas 2,
3 and 4, which locations are shown in Fig. 1, 2
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2. Discussion of the experimental results

First of all, we obtain the estimated expressions for the filtering band AQ of the structure,
determined from the experimental results in Fig. 3. For this, we consider the SW propagation mechanism
in cross-shaped structures and take into account that the SW spectrum is essentially determined by the
orientation of the SW wave vector k with respect to the magnetic field H [24, 25]. For the bias field
direction shown in Fig. 2, a and b, the input transducer 1 excites respectively, surface (SSW) and
backward volume (BVSW) spin waves. In infinite uniformly magnetized films, the SSW and BVSW

spectra occupy non-overlapping frequency ranges [fs, fo] and [fo, fu], where fo = /% + fi fm.
fm = v4aMy, fs = fg + 0.5f,. In cross-shaped structures based on waveguides of width w due to
demagnetization fields and lateral quantization along the width w, overlapping of the SSW and BVSW
spectra is possible. Indeed, if the sections of the structure on which the SW antennas are located are
considered as uniformly magnetized ellipsoids, then, for them, the frequency of uniform ferromagnetic
resonance can be represented as [24]

fo=+/1fn + (N1 — N33) ful[fu + (Na2 — N33) fm), 4)

where IV;; are the components of the demagnetization tensor of the anisotropy of the form ), NV;; = 1.
It is believed that magnetization and the external field are directed along the €3 axis. If we further
assume that the relation L > w > d is fulfilled for the length L, width w, and thickness d of
the waveguide, then the main contribution to (4) will be the demagnetization coefficients along the
thickness Ny and the waveguide width N, (Ng > N,, N4y ~ 1 — N,,) Then, for a longitudinally
magnetized waveguide, expression (4) takes the form

) = Vi + (0= No) ful it + NuoF] = \/F3 + Nu(L = No) fit fn, 5)

and for a transversely magnetized waveguide

f(% = \/[fH + (1= 2Nw) fm][fir = Nwfm] = \/f02 = Nofm(3fu + 2Nw frn + fn)- (6)

Therefore, the overlap of the SSW and BVSW spectra will be in the frequency interval A f(‘)"J‘ =
g‘ — fOL, defined as

Af(\)\,J_ ~ 2wam(f?0+ 0~25fm)

For a cross with selected parameters and with the magnitude of the components of the demagnetization
tensor along the waveguide width NV, ~ 0.015 calculated using the formulas of [37], expression (7)
gives the value A f(|)|’J‘ ~ 0.14 GHz.

The effects of spectrum quantization along the width of the waveguide will lead to the appearance
of “width” SSW and BVSW modes supported by waveguides. Such “width” modes are characterized

: (7

by a continuous series of values of the projections of the longitudinal component k| of the wave
vector k onto the axis of the waveguide, and a discrete set of values of the projections &, into the
direction perpendicular to the axis of the waveguide. The transverse component in the approximation
of uniformity of the ground state of the waveguide takes values [32]

kJ_ = (8)
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Fig. 4. View of the signal spectrum at the output antennas 2, 3 and 4 at the pump frequency of 3.0 GHz and magnetic field
of: a — 400 Oe, b — 430 Oe, ¢ — 450 Oe. The numbers at the curves correspond to the antenna number. The magnetic field
His parallel to the input antenna 1 (see Fig. 2, a). Above-critical value of pumping is = 21...29 dB. The dotted lines show
the positions of the frequency f(l)l corresponding to the uniform ferromagnetic resonance in the longitudinally magnetized
waveguide that is 3 mm long, 0.5 mm wide, 4 pum thick, and the frequency flH of the first width mode in this waveguide
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indicate the positions of the frequencies of uniform ferromagnetic resonance in the longitudinally ( fé‘) and transversely (fa")

magnetized waveguide that is 3 mm long, 0.5 mm wide, 4 um thick. Frequency flH is the first width mode in this waveguide.
The arrow in the fragment ¢ shows the position of the frequency 2 fmin ~ 2.61 GHz
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where n is an integer, and corresponds to the number of SW half-waves that fit along the width of the
waveguides.

In the case shown in Fig. 2a, input transducer 1 can excite the SSW width mode of number
n, which in the limit k| — 0 has a “cutoff” frequency that coincides with the BVSW frequency and
propagates along the magnetic field H with the wave number defined by expression (8). When the
magnetic field H is oriented along the axis of the waveguide, the input antenna 1 will excite the
width BVSW modes, for which the cutoff frequency for mode number n will coincide with the SSW
frequency running perpendicular to the field with the wave number (8). With this in mind, in the
long-wavelength approximation (kd < 1), the position of the cutoff frequencies in the spectrum of
waveguides can be estimated using the relations

[

fi m fo = Vygos )
n
o+ Vo (10)

where Vg”’L are the group velocities of SSW and BVSW in infinite films for which in the long-wave
approximation, one can obtain an estimate using the relations [38]

27 find fm
V=2 J;O (1)
Vg” _ 2n£md}”o. (12)

It can be seen from (9) and (10) that for the width modes, the region of overlap of the SSW and
BVSW spectra expands, and for the case when modes with n = 1 are excited in the waveguides, the
region of overlap of the SSW and BVSW spectra is

L _

[
, L Vg +V
fl 1H flL_ f(‘]‘ J g .

2w

(13)

For the selected structural parameters for modes with n = 1, the overlap region le’L R
~ 0.3 GHz. If we compare the width of the “working” frequency bands AQI" defined according
to the measurement results, in Fig. 3 with an estimate of the intervals A f1”’L and A f(l)"L, then we can
see that A f[‘)"L < AQIHL <A fll"L. This suggests that the experimentally recorded the signal filtering
range in the cross-shaped structure under consideration is mainly determined by the overlapping region
of the SW spectra A f(|]|’L of mutually orthogonal waveguides forming a cross.

We now consider the spectra of the output signals in Fig. 4-6. Results shown in Fig. 4 and 5
correspond to the “SSW geometry” when the external field is directed along the antenna 1, which
is optimal for excitation of the SSW. Fig. 6 shows the spectra for the “BVSW geometry”, when the
orientation of the external field is typical for the excitation of the BVSW. Here, the position of the
“working” band AQ relative to the pump frequency f, is taken into account. For clarity, in Fig. 4-6,

the positions of the frequencies f0”71 and foL are marked by dashed line segments.

2.1. "SSW geometry". The spectra shown in Fig. 4 and 5 correspond to the case when antenna
1 excites SSW at a frequency fp1 ~ 3 GHz. The spectra in Fig. 4 correspond to pumping with a above-
critical value C' = 21...29 dB. Fig. 5 shows the results for C' ~ 31...38 dB.
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Note that the spectra of the signal from the output transducer 2 have a typical form for the
selected ranges of above-critical values of pumping [27-31]. The appearance of satellines with the
frequencies Fy # f, in the spectrum of SSW signal (see Fig. 4) is associated with thresholdless fusion
of parametric spin waves with each other, which causes the appearance of secondary SSW, according
to conservation laws [28]

fi+ fo=F,, (14)
ki + ky = ks, (15)

where the frequency F; and the wave vector ks of the secondary SSW correspond to some eigenmode
(wave) of the structure, which is able to “reach” and be received by the output antenna. Note that
the occurrence of secondary SSWs in the spectrum of intrinsic excitations of the structure ensures the
resonant accumulation of the signal and allows it to be distinguished above the thermal noise level of
the system. The fact that the condition F; # f, turns out to be fulfilled in this case should be related
to the fact that parametric spin waves with frequencies f1 # fo participate in processes (14) and (15),
and one of them has the frequency fi = f,,/2, and the other fo = Fs — f,/2 [31]. The aforesaid is
illustrated in Fig. 7, where the region of the phase space of the spectrum of spin waves is shown, which
is populated by the parametric spin waves generated as a result of the decay processes (1), (2). The
sections of the dispersion curves highlighted by circles and asterisks can satisfy the condition for the
formation of satellites with frequencies F§ # f,,.

The appearance of the noise spectrum at high above-critical values (see Fig. 5) is associated
with instability of parametric SW in the system [26]. In this case, the noise signal is characterized by
a maximum near the frequency 2 f,,,;,, which is tuned linearly by the magnetic field H.

BVSW

0 0.5 1.0 1.5 2.0 £-10%cm?!

Fig. 7. The spectra of the SSW and BVSW modes with the numbers m = 1,...,20, calculated similar to [31], in the
continuous film with the parameters corresponding to the studied YIG film placed in the field H = 450 Oe. The circle on the
frequency axis indicates the position of the pump frequency f, ~ 3 GHz. The horizontal dashed lines indicate the position
of the frequencies fx and fp/2. Asterisks and circles in the spectrum indicate the regions producing parametric spin waves
merging of which can lead to the formation of satellites with frequencies F # f,
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Let us compare the output spectra of signals from the antenna 2 with the spectra from the
antennas 3 and 4 (Fig. 4). It can be seen that the spectra can differ markedly, and the degree of
difference is determined by the position of the pump frequency f, relative to the “working filtering
band” AQ'. In this case, the farther the filtering band AQ" from the pump frequency fp, the smaller
the number of satellites and their amplitude in the spectrum of output signals from antennas 3 and 4.
This behavior is consistent with the presence of filtering properties of the cross-shaped structure. The
mechanism of formation of secondary SWs (14), (15) should also be taken into account. Indeed, if
the momentum conservation law (15) is fulfilled, the direction of the wave vector ks can noticeably
differ from the direction of the wave vector of the pump wave Ep [39]. Moreover, such waves can be
received by an output transducer oriented orthogonally to the input. We note that the presence of ES
components perpendicular to the waveguide axis can lead to an increase in the satellite amplitude when
its parameters (F, ES) correspond to the lateral mode of the structure.

The presence of filtering properties in the cross-shaped structure is most noticeable in the case
of high above-critical values of the pump signal when a noise spectrum is generated in the spectrum
(see Fig. 5). It can be seen that the frequency band AQT ~ A fcl)"J‘ determines the width of the noise
spectrum from the output of the antenna 3. It is also interesting to note that on the output antenna 2,
the relative noise intensity in the spectrum of the output signal in the band AQL ~ A f(|)|’l is lower than
in the spectrum of the signal at antenna 3. This should be related to the nature of the lateral modes of

the transversely magnetized waveguide on which antenna 1 is located. Indeed, the bandwidth A fol"J' is

determined by the frequency shifts of f(l)l and fOL relative to the frequency fo. Using expressions (5)
and (6), it is easy to show that it is the shift A foL that is the main in the case under consideration.

Remind that the frequency range A f(l)"L also corresponds to the SSW width modes having component
of wave vector k| in the direction of the field defined by formula (8). In the case when, as a result
of thresholdless fusion of parametric spin waves (14), (15), the wave vector ks will have a projection
onto the field direction close to k&, the secondary SW will have the character of a width BVSW.
Moreover, due to the proximity of Fj to the long-wavelength boundary fi-, the condition k| > K
can be fulfilled, and the secondary SW will correspond to the BVSW, “running” along the waveguide
width. The orientation of its wavefront better corresponds to the effective reception of such a wave
by transducers 3 and 4 than antenna 2. The proposed explanation is partly confirmed by the higher
relative noise intensity at antenna 2 in the frequency range | (‘)‘, fp) in Fig. 5. Indeed, in the waveguide

on which the antenna 1' is located, in the interval of frequencies f > f(|]|, the resulting secondary
SWs will have a longitudinal component of the wave number k| > (27A )/ VgL ~ 130 cm~!. In
this case, for secondary satellite waves at frequencies F; corresponding to “width” modes with n < 5,
characterized in the case under consideration by values k£, < 300 cm™!, the direction of the vector
ks will be within the SSW cutoff angle [24,25] , and thereby a greater correspondence between the
secondary SW and SSW at the frequency F will be achieved.

However, the proposed signal filtering mechanism does not explain the significant difference in
Fig. 5 in the spectra of signals at antennas 3 and 4, which in Fig. 4 was not so noticeable. In order to
find out the possible connection of the indicated differences in the spectra from outputs 3 and 4 with
the design features of the sample” (see Fig. 1), as well as with the heterogeneity and disorientation of
field H with respect to the structure plane, experiments were carried out when antennas from 1 to 4
alternately acted as an input transducer. Qualitatively, the picture remained the same.

In order to show that the cross-shaped waveguide structure under consideration at high above-
critical values of pumping can demonstrate different spectra of the output signals, micromagnetic

1Secondary SW are formed as the result of thresholdless processes of fusion (14), (15) that happen just close to the
antenna 1.
2Position with respect to the ends of cross structure, orientation and parameters of antennas 1-4 differ, see Fig. 1.
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Fig. 8. Results of micromagnetic simulation having parameters analogous to experimental one. a — linear natural spectrum of
the structure at field H = 410 Oe calculated in analogy with the method described in [37]. Field H is assumed to be directed
along the input transducer 1 like it is shown in Fig. 2, a. Calculation of output signal spectra was carried out according to the
method described in [37] for the different values of the amplitude of exciting field %, Oe at the input transducer 1: b — 20,
¢-30,d-50

simulation of the propagation of SWs in the structure under consideration was carried out within the
framework of the approach described in [40]. Fig. 8 shows the results of micromagnetic modeling
of the spectra of the output signals from antennas 2, 3, 4 with the field orientation H = 410 Oe,
corresponding to the geometry of the experiment (see Fig. 2, a). In calculations, the antennas were
assumed to be the same and had the same location relative to the ends of the cross. It can be seen that
at high above-critical values, the spectra of the output signals on antennas 3 and 4 have qualitative
differences. This, in our opinion, confirms the presence of mechanisms that can explain the difference
in the spectra of the signals (shown in Fig. 4, 5) from the outputs 3 and 4 of the cross-shaped structure.

2.2. “BVSW geometry”. The difference between this experiment geometry and the SSW case
is a significant depletion of the spectra of the output signals. Moreover, due to the wider filtering
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band AQIl ~ 0.3 GHz, its effect on the shape of the spectrum is much less pronounced. However, this
geometry is notable for the fact that here it is possible to observe the decay processes of width modes
of the BVSW of the cross excited at frequencies f, > f(l)| (see Fig. 6, a). At the field H = 390 Oe in
a longitudinally magnetized waveguide with parameters corresponding to the cross-like structure, the
frequency is fOH ~ 0.268 GHz. In this case, the pump frequency f, ~ 2.7 GHz is in the SSW frequency
range occupied in the case of longitudinally magnetized waveguides with “width” BVSW modes. The
satellites in the spectrum of the output signals in this case are secondary spin waves formed by the
fusion of parametric spin waves into the SSW width modes, with frequencies F; ~ 2.66 GHz, which
corresponds to estimates of the cutoff frequency of the first BVSW width mode defined by expression
(10). Satellites with frequencies Fy ~ 2.58...2.6 GHz fall into the frequency range A f(‘)"J‘ and can
correspond to secondary BVSW.

Another feature of the considered geometry, in comparison with the geometry of SSW, is in
reducing the number and amplitude of satellites in the spectrum of the output signal from antenna 2
relative to the case of antennas 3 and 4 (see Fig. 6, a, b). This is partly due to the fact that the orientation
of the antenna 2 is not suitable for receiving the BVSW width modes at frequencies f > f(‘)‘. Another
circumstance that can affect the signal amplitude is the inhomogeneity of the ground state of the
equilibrium magnetization of the cross-shaped structure, which, for the considered case of field H
orientation leads to a decrease in the internal effective magnetic field in the center of the cross. In this
case, for the BVSW with frequencies f = fé', the center of the structure will be perceived as a below
cutoff section of the waveguide. It is possible that a low level of signal S9;(f) is also associated with
this, as compared with the level of S31(f) and S41(f) signals (see Fig. 3, ¢, d).

From Fig. 6, b, ¢, one can see that, with an increase in the field, accompanied by the approach of
the pump frequency f, to the doubled frequency of the “bottom” of the spectrum 2 f,,;,, the satellites
broaden and form a noise-like pedestal near the pump frequency. For fields H > 440 , for the selected
pump frequency, condition (3) ceases to be satisfied, and three-magnon decay processes are forbidden
by conservation laws (1), (2).

Conclusion

The effect of the first-order parametric processes on the propagation of spin waves in a tangentially
magnetized cross-shaped structure based on a film of yttrium iron garnet has been experimentally
studied.

e [t is shown that due to the presence of filtering properties in structures based on orthogonal
waveguides, the spectra of output signals under the conditions of the development of parametric
instability are substantially determined by the position of the cross pass band in the frequency
band of the analyzed spectrum.

e For the investigated structure from a film of yttrium iron garnet with a thickness d ~ 3.8 um in
the form of two orthogonal waveguides with a width of w ~ 500 pm and a length L. ~ 3 mm, a
significant influence of lateral quantization effects in the structure on the shape of the spectrum
was established.

e For the first time, the processes of parametric decay of width modes of a longitudinally magnetized
waveguide were investigated.

e [t is also shown that with high above-critical values of pumping the types of signal spectra at the
output antennas of orthogonally located cross-shaped waveguides can significantly differ.
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