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Abstract. The purpose of this work is to study the influence of four-magnon (4M) parametric instability on spin
pumping by dipole-exchange magnetostatic surface waves (MSSW) with the help of the inverse spin Hall effect
(ISHE) in structures based on yttrium-iron garnet (YIG) and platinum (Pt). Methods. The experiments were
carried out using the delay line structures based on YIG(900 nm)/Pt(9 nm) where electromotive force (EMF)
induced by ISHE demonstrates a growth at the frequencies of the resonant interaction between MSSW and volume
exchange modes. The frequency dependencies of the amplitude and phase for the delay line structure and EMF
(𝑈(𝑓)) from the platinum layer were studied as a function of the MSSW power. Results. It was shown that the
resonant EMF growth at the frequencies of dipole-exchange resonances is caused by the presence of Van Hove
singularities in the density of states for spin waves at such frequencies that leads to an increase in the efficiency
of electron-magnon scattering at the YIG–Pt interface. A growth in MSSW power beyond the threshold of 4M
instability development results in a “smoothing” of resonant particularities in the EMF frequency dependence 𝑈(𝑓)
that can be explained by decreasing efficiency of spin pumping due to destruction of dipole-exchange resonances
and related singularities in the density of states of spin waves. Conclusion. Obtained results may be of interest for
the development of highly sensitive spin current detectors, as well as for the implementation of spintronic devices.
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Introduction

The generation and detection of spin currents in heterostructures based on films of uttrium
garnet (YIG) and platinum (Pt) attract great attention in both fundamental and applied spintronics
[1–4]. Spin currents in such heterostructures are generated using spin pumping by coherent [5–9]
or incoherent (thermal) [10,11] or parametric [12–15]) spin waves (SW). The density of the spin
current 𝐽S injected into the Pt film is determined by the processes of electron-magnon scattering
at the YIG/Pt boundary [16]. To detect the spin current injected into platinum, the inverse spin
Hall effect (ISHE) [17,18] is used. It converts the spin current 𝐽S into electric current

𝐽𝑐 ∼ |𝐽S| · [�⃗�× σ⃗], (1)

where �⃗� and σ⃗ are unit vectors along the normal to the YIG/Pt interface and the magnetization �⃗�
of the YIG film at the interface [1,5–15]. In experiments on spin pumping by coherent microwave
spin waves, the EMF 𝑈 ∼ |𝐽𝑐| generated at the ends of the film is measured. In this case, the
efficiency of spin pumping is usually characterized by the ratio 𝑆 of the EMF value 𝑈 to the
incident microwave power (𝑆 = 𝑈/𝑃 ) [5].

One of the parameters determining the efficiency of electron-magnon scattering at the
YIG/Pt boundary is the density of states η(𝑓) in the spin wave spectrum of the YIG/Pt [16]
structure. A special role is played by the frequencies 𝑓* of Van Hove singularities [19] in the
density of magnon states (η(𝑓*) → ∞), which correspond to frequencies with small values of
group velocity 𝑣g SW (𝑣g(𝑓*) → 0). Examples of such frequencies 𝑓*, in relation to the pumping
of spin current by MSSW, are the long-wave (𝑓0) and short-wave (𝑓𝑠) boundaries in the spectrum
[20–22], as well as the frequencies 𝑓𝑁 , at which MSSW resonantly interacts with the exchange
modes of the YIG film and dipole exchange waves are formed [23–25]:

𝑓𝑁 =
√︀
(𝑓𝐻 + 𝑓𝑒𝑥)(𝑓𝐻 + 𝑓𝑒𝑥 + 𝑓𝑚), (2)

where 𝑓𝑒𝑥 = 2γ𝐴𝑄2/𝑀 , 𝐴 is the exchange stiffness in the YIG, γ = 2.8 MHz/Oe is gyromagnetic
ratio in YIG, 𝑓𝐻 = γ𝐻, 𝑓𝑚 = γ4π𝑀 , 𝑄 =

√︁
𝑘2 + 𝑘2⊥,𝑁 is total wave number of SW, 𝑘 and

𝑘⊥,𝑁 = π𝑁/𝑑 are components of the wave number 𝑄 in the plane and in thickness 𝑑 of the
film, 𝑁 is the number of the exchange mode characterizing the number of half-waves of the
exchange wave across the thickness 𝑑. The values of the volt-watt sensitivity parameter 𝑆 of spin
current detectors at frequencies 𝑓* can increase by almost an order of magnitude [24, 25]. This
is important for the successful design of spintronics devices using microwave spin pumping. The
purpose of this work is to study the influence of four-magnon (4M) parametric instability on spin
pumping by dipole-exchange MSSW in the YIG/Pt structures.

4M parametric instability occurs when the power of the pump wave is above a certain
threshold level 𝑃 4M

th (𝑃 > 𝑃 4M
th ) and when the conservation laws [26–28]:

2𝑓𝑝 = 𝑓1 + 𝑓2, 2�⃗�𝑝 = �⃗�1 + �⃗�2, (3)

where the frequencies 𝑓𝑝,1,2 and the wave vectors �⃗�𝑝,1,2 correspond to the pump wave and
parametric SWs (PSW). The effect of the processes (3) on spin pumping in the YIG/Pt structures
was studied both under conditions of excitation by ferromagnetic resonance (FMR) [12–15,29–33]
and traveling dipole magnetostatic waves (MSW) [6, 22]. It has been shown that the decrease
in microwave magnetic susceptibility at 𝑃 > 𝑃 4M

th , as well as self-oscillations and bistability in
the PSW system [26–28] in the YIG/Pt structures lead to a nonlinear dependence 𝑈 = 𝑈(𝑃 )
[6, 12,22,29–31], to oscillations [32] and EMF bistabilities [33].
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Spin pumping by dipole-exchange MSSW with a power below the 4M instability threshold
(𝑃 < 𝑃th) was considered in [5, 24, 25]. At the same time, in the work [5], an increase in the
sensitivity 𝑆 of spin pumping was observed during resonant excitation of the standing mode of
a rectangular YIG resonator at the frequency of hybridization between the lateral and thickness
modes in the YIG film with 𝑑 ≈ 2.1 microns [12]. In the works of [24, 25], spin pumping by
traveling dipole-exchange MSSW was considered in the delay line structures based on YIG/Pt
structures. At the same time, in the work [25], the studies were carried out with a structure
based on a two-layer exchange-coupled YIG film. In [24], a structure based on a YIG film with
𝑑 ≈ 0.9 microns was used. This paper presents the results of a study of the influence of processes
(3) on the generation of spin current by traveling dipole-exchange MSSW in the YIG/Pt structure
with the parameters of a YIG film identical to the work of [24].

1. The studied structures and methods of the experiment

Fig. 1 schematically shows the delay line (DL) structure for the MSSW based on the
integrated YIG/Pt structures. The DL structure was made on the basis of a YIG film with
a thickness 𝑑 ≈ 0.9 microns with an effective saturation magnetization 4π𝑀 ≈ 1800 G, an
exchange stiffness 𝐴 = 4.7·10−7 erg/cm and a relaxation parameter α ≈ 3·10−4 (FMR line width
2∆𝐻 ≈ 0.5 Oe) grown on a substrate of gadolinium-gallium garnet (GGG) with a crystallographic
orientation (111).

Pt-film of thickness 𝑡 ≈ 9 nm and resistivity ρ ≈ 0.41 · 10−6 Om·m (𝑅□ ≈ 50.1 Om) was
grown on the YIG surface by magnetron sputtering. A microstrip with length 𝐿 ≈ 220 µm and
width 𝑊 ≈ 200 µm was formed from Pt film by photolithography and ion etching.

Then, by the lift-off technique, copper microantennas for SW and contacts to the Pt film
were formed on the surface of the YIG, indicated by the numbers 1, 2 and 3, 4 in Fig. 1. The
antennas had an aperture 𝑤 ≈ 250 microns, a width 𝑏 ≈ 4 microns, a thickness ℎ ≈ 0.5 microns
and were located at a distance 𝐷 ≈ 250 microns from each other. The copper contacts had
a width of about 15 microns and overlapped the platinum film with a width 𝑊 . Also, a DL
structure without a platinum film and copper contacts 3 and 4 was fabricated to define the
characteristics of the MSSW in the YIG film and analyze changes in characteristics caused by
Pt and contacts 3 and 4.

Fig. 1. The delay line on MSSW based on a YIG/Pt microstructure: 1, 2 — copper microantennas of spin waves
(SW); 3, 4 — copper contacts to Pt film. Direction of magnetic field 𝐻 is denoted by an arrow. In the inset,
a character of magnetization |𝑚(𝑧)| distribution across the thickness is schematically shown for dipole Damon–
Eshbach MSSW, exchange volume and surface modes [23] by pink, blue and light-blue colours, respectively (color
online)
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The structure under study was placed between the poles of the electromagnet in a in-
plane magnetic field �⃗� that was oriented along microantennas and could vary within −2473 <
𝐻 < 2473 Oe. The used geometry corresponds to the excitation and propagation of the Damon–
Eshbach MSSW [20]. To measure the transmission coefficients of the DL structure, the Keysight
M9374A vector circuit analyzer was used, which was connected to microantennas 1 and 2 using
Picoprobe Model 50A microwave microprobes. The frequency dependences of the coefficients
of transmission 𝑆12(𝑓) between antennas 1 and 2 and reflection 𝑆22(𝑓) from antenna 2 were
measured at various levels of incident power 𝑃in and values 𝐻. The incursion of the MSSW
phase Θ(𝑓) in the structure was defined as Θ(𝑓) = arctg( Im [𝑆12(𝑓)]/Re [𝑆12(𝑓)]) and was used
to calculate the MSSW wave number 𝑘(𝑓) = Θ(𝑓)/𝐷 [34].

The measurement of the EMF 𝑈(𝑓) generated at contacts (3, 4) to the Pt film during
the propagation of MSSW at a frequency 𝑓 was carried out using a selective voltmeter (SR830)
in the mode of modulation of incident microwave power 𝑃in by a meander with a frequency
Ω𝑡 ≈ 11.33 kHz. This approach to measure the 𝑈(𝑓) signal makes it possible to reduce the
influence of noise and spurious signals on the measurement process, to reduce the contribution
from the thermal EMF caused by inhomogeneous heating of the structure by microwave power.
At the same time, the contribution to EMF from electron-magnon scattering processes, characterized
by the times τ𝑒−𝑚 ∼ 10−12 s [35], tracks power modulation without inertia.

To study the effect of 4M parametric processes on spin current generation, it is necessary to
create conditions under which parametric processes of three-magnon (3M) decay are prohibited
at the pump frequency 𝑓𝑝. These processes are characterized by the lowest levels of threshold
power 𝑃 3𝑀

th (𝑃 3𝑀
th ≪ 𝑃 4M

th ) [26–28]. This can be achieved if the following condition is met [36–38]:

𝑓𝑝 > 2(𝑓𝐻 + 𝑓𝑒𝑥). (4)

Regarding the dipole MSSW, when the contribution of the frequency 𝑓𝑒𝑥 of the exchange
shift of the “bottom” of the spectrum can be neglected, the condition (4) in the YIG films is
fulfilled in the entire frequency band of the MSSW at a field 𝐻 > 2π𝑀 ≈ 875 Oe [36–38]. Further,
the results of experiments at 𝐻 = 939 Oe will be discussed. At the same time, the achievement
of the conditions for the development of 4M instability of the MSSW was determined by the
standard method [22, 39, 40] tracking the magnitude decrease for the transmission coefficient
|𝑆12(𝑓, 𝑃 )|
at 𝑃 > 𝑃 4M

th .

2. Results and discussion

In this section, we discuss the results proving that the studied YIG/Pt structures support
the propagation of dipole-exchange MSSW. At the frequencies of dipole exchange resonances,
a resonant increase in the efficiency of spin pumping is observed, associated with van Hove
singularities. In order to discuss in more detail the effect of 4M parametric processes on spin
pumping by dipole-exchange MSSW in YIG/Pt structures, nonlinear dipole-exchange MSSWs in
the DL structure based on a YIG film without Pt are preliminarily considered.

2.1. Nonlinear dipole-exchange MSSW in a YIG film. Fig. 2, a shows the transmission
spectra of the DL structure based on the YIG film measured at various levels of incident power
𝑃in. It can be seen that at the power level 𝑃in = −20 dBm, resonant “dips” are observed at
frequencies marked with asterisks in the dependencies |𝑆12(𝑓, 𝑃 )|. This is typical for the resonant
interaction [23, 41] of dipole MSSW with exchange volume modes of the film at frequencies 𝑓𝑁 ,
which can be calculated according to the formula (2).
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Fig. 2. Measurements results of frequency dependencies of transmission coefficient 𝑆12(𝑓) (a) and dispersions
𝑘(𝑓) (b) in the structures based on YIG films at 𝐻 = 939 Oe and 𝑃in = −20 (1 ), −10 (2 ), 0 (3 ) dBm; curve 4
shows the measured dispersion in the YIG/Pt structure at 𝑃in = −20 dBm; the inset to Fig. b shows the part
of dispersion with anomalous behavior; c — calculated spectrum of dipole-exchange MSSW in the YIG film with
the numbers of exchange modes 𝑁 = 1...7 where the curve 5 shows the dispersion of Damon–Eshbach MSSW;
the inset to Fig. c demonstrates the character of dispersion repulsion in the vicinity of the resonance of MSSW
with the exchange mode with number 𝑁 = 6 and formation of a spectrum “gap” δ𝑓 ≈ 5 MHz; d — micromagnetic
modeling of the frequency dependencies in the vicinity of the dipole-exchange resonance with the number 𝑁 = 5:
the curve 6 corresponds to 𝑆12(𝑓), the curves 7 and 8 correspond to the amplitude of magnetization |𝑚(𝑧)| at
the border 𝑧 = 0 and to the amplitude of volume exchange mode, respectively. The character of volume mode
distribution is shown by blue color in the inset to Fig. 1 (color online)

The resonant increase in losses at frequencies 𝑓𝑁 is accompanied, in accordance with
the Kramers–Kronig ratio, by the formation of anomalous regions in the law of dispersion
𝑘(𝑓) for MSSW [41, 42]. This can be seen from the inset to Fig. 2, b, which presents the
measurement results for 𝑘(𝑓) in a YIG film at the frequency of the resonance between MSSW
and exchange mode with the number 𝑁 = 3. The measured dispersion outside the frequencies of
dipole exchange resonances is shown in Fig. 2, b curve 1. In general, it corresponds to Damon–
Eshbach [20] law of dispersion:

𝑓2 = 𝑓2
0 + 1/4𝑓2

𝑚(1− exp(−2𝑘𝑑)). (5)

where 𝑓2
0 = 𝑓2

𝐻 + 𝑓𝐻 · 𝑓𝑚.
In Fig. 2, c the calculated spectrum 𝑓 = 𝑓(𝑘) of the dipole exchange MSSW in a film with

selected parameters are shown. The calculation was performed in a non-dissipative approximation
within the framework of the [23] approach. In the inset to Fig. 2, c the character of the dispersion
in the vicinity of the MSSW resonance with the exchange mode having number 𝑁 = 6 is given.
It can be seen that the dispersion curves repulse each other and form a “gap” δ𝑓 ≈ 5 MHz in
the spectrum. With a sufficiently large dissipation [41,42], the “gap” in the spectrum disappears.
But there is an abnormal area in dispersion (inset to Fig. 2, b) and a resonant increase in losses
(see narrow “dips” in |𝑆12(𝑓, 𝑃 )| dependence in Fig. 2, a). It should be noted that at frequencies
𝑓𝑁 , dispersion regions 𝑓 = 𝑓(𝑘) with a low group velocity 𝑣g(𝑓𝑁 ) = 2π𝜕𝑓/𝜕𝑘 → 0 are formed
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in the spectrum. One should expect that Van Hove singularities η(𝑓𝑁 ) → ∞ [19] will occur at
frequencies 𝑓𝑁 in the density of states for SW.

Fig. 2, d presents the results of micromagnetic modeling (performed according to the
approach [43–45] for the frequency dependence of the wave transmission coefficient (curve 6 ) as
well as magnetization magnitudes at YIG film surface |𝑚(𝑧 = 0)| (curve 7 ) and magnitude of
volume exchange wave (curve 8 ) in the vicinity of the frequency of the dipole-exchange resonance
with 𝑁 = 5. The character of the amplitude distribution of the volume mode |𝑚(𝑧)| over the
film thickness is illustrated by the oscillating blue inset to Fig. 1. At the frequency of the dipole
exchange resonance, a resonant increase in losses occurs (curve 6 ). It is accompanied by the fact
that the magnetization amplitude at the boundary 𝑧 = 0, to which the Damon–Eschbach MSSW
is “pressed”, decreases (curve 7 ). At the same time, the amplitude of the volume exchange mode
increases (curve 8 ). This behavior of magnetization reflects the redistribution of energy between
two oscillatory subsystems under resonance conditions.

When the power of the MSSW is above the threshold of parametric instability 𝑃 > 𝑃 4M
th ,

the amplitude of the coefficient 𝑆12 decreases due to the influence of nonlinear attenuation and
a drop in high-frequency magnetic susceptibility. This can be seen from the comparison of the
curves 1, 2 and 3 in Fig. 2, а. With the growth of 𝑃 , the resonant features in the dependence
|𝑆12(𝑓, 𝑃 )| are smoothed out. At the same time, the “amplitude” ∆𝑘 of the anomalous region
in the law of dispersion at frequencies 𝑓𝑁 decreases (Fig. 2, b). In general, this behavior of the
dependencies |𝑆12(𝑓, 𝑃 )| and 𝑘(𝑓) with an increase in 𝑃in indicates the destruction of dipole
exchange resonances by processes (3). For the DL structure based on a YIG film, the value of
𝑃 4M
th is 𝑃 4M

th ≈ 20 µW. The specified threshold power values can be related with the threshold
values of the magnetization amplitude 𝑚4M

th MSSW using the ratio [39,40]:

𝑚4M
th =

√︃
𝑃th

𝑣g · 𝑤 · 𝑑
, (6)

where the product 𝑤 · 𝑑 determines the cross-sectional area of the film through which the power
of the MSSW is transferred. Values of 𝑚th calculated using (6) for parameters corresponding to
Fig. 1, are in the case of 4M processes 𝑚4M

th ≈ 1.2 G. This is consistent with an estimate within the
framework of Suhl’s theory for homogeneous pumping [26–28] 𝑚4M

th ≈
√︀
𝑀 · ∆𝐻/(4π) ≈ 1.7 G.

2.2. The effect of 4M parametric processes on spin pumping by dipole-exchange
MSSW in the YIG/Pt structure. Before discussing the influence of processes (3) on the
generation of EMF in the YIG/Pt structure due to spin pumping by dipole-exchange MSSW, let
us consider some changes in the characteristics of the MSSW propagation caused by metallization
of the YIG film. Firstly, the deposition of Pt film and contacts 3, 4 between the input and output
transducers (Fig. 1) leads to a noticeable reduction of the MSSW compared to the case of the
DL structure based on the YIG film (curves1 and 2 in Fig. 3, a). We found out that the
mentioned increase in MSSW losses is mostly due to copper contact microstrips to platinum.
This was proven with the help of the DL structure without a Pt film, but with copper contacts
3 and 4, and obtaining for it the dependence 𝑆12(𝑓), which differs from the curve 1 in Fig. 3, a
within 1-2 dB. It should be noted that the effect of conduction electrons on the dispersion and
attenuation of MSSW is characterized by the spin-electron coupling parameter 𝐺 = ℎ/(𝑘·𝑙2sk) [46].
With a metal thickness ℎ = 500 nm, a skin layer depth 𝑙sk ≈ 1 µm and a wave number range
1500 < 𝑘 < 8000 sm−1 the parameter 𝐺 takes the values 3 > 𝐺 > 0.6. At such values of 𝐺, there
are no propagating MSSW in the metallized YIG film [47,48].

However, the results of measurement of the dependence 𝑘 = 𝑘(𝑓) for the YIG/Pt structure
turned out to be close to the case of a non-metallized film (curve 4, Fig. 2, b). This can be
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a b c
Fig. 3. YIG/Pt structure. a — Frequency dependencies 𝑆12(𝑓) and 𝑈(𝑓) (curves 1 and 3 ) at 𝑃in = −10 dBm; the
curve 2 shows the 𝑆12(𝑓) dependence in the delay line structure based on YIG film; b — 𝑆12(𝑓) at 𝑃in = −20 (4 ),
−10 (5 ) and 0 (6 ) dBm; c — The frequency dependence of volt-watt sensitivity 𝑆(𝑓) at 𝑃in = −10 dBm (color
online)

explained as follows. The width of the copper contact of the order of 15 microns fits no more
than four wavelengths of MSSW. The length of the film area under the copper contacts in the
direction of MSSW propagation is approximately 12% of the distance between the input and
output antennas. For the part of the DL structure that is covered with a Pt film at 𝑡 ≈ 9 nm
and 𝑙sk ≈ 7 µm, parameter 𝐺 < 0.1 and the effect of platinum on the dispersion of MSSW is
extremely small [22].

Secondly, the introduced electronic losses lead to a noticeable increase in the level of input
power 𝑃in, which is necessary to reach the 4M threshold of parametric instability of the MSSW.
Let’s compare the transmission spectra of |𝑆12(𝑓, 𝑃 )| at 𝑃in = −20 dBm and 𝑃in = −10 dBm,
which are shown by the curves 1 and 2 in Fig. 2, a and fig. 3, b. We see that in the YIG/Pt
structure, changes caused by the development of parametric instability at 𝑃in = −10 dBm are
observed only in a narrow frequency range. While in the YIG film without platinum, they are
visible much more in the entire frequency band.

With this in mind, let us now turn to the results of measurements of the effect of EMF
generation in the YIG/Pt structure depending on the power level 𝑃 . In Fig. 3, a the curve 3
shows the frequency dependence of the EMF 𝑈(𝑓) at the level of incident power 𝑃in = −20 dBm.
One can see that at the frequencies marked with «*», the EMF increases resonantly. At the same
time, the volt-watt sensitivity 𝑆 also demonstrates an increase in values by almost an order
of magnitude (Fig. 3, c). We associate this increase in EMF with the occurrence of van Hove
singularities in the density of states η(𝑓) at frequencies 𝑓𝑁 . This should lead to an increase in
the efficiency of electron-magnon scattering [16].

Indeed, if we try to explain the EMF growth by the proportionality of the spin current
density |𝐽𝑠| to the magnetization amplitude at the interface |𝑚(𝑧 = 0)|, then according to the
results of micromagnetic modeling (curve 6 in Fig. 2, d) the EMF value should decrease in
proportion to the decrease in |𝑚(𝑧 = 0)| at the resonance frequency 𝑓𝑁 . Besides, from the
comparison of the values of EMF or sensitivity 𝑆 for resonances with different numbers 𝑁
(Fig. 3, c), it follows that these values are not directly related to the values of the projection of
the wavenumber on the normal to the film 𝑘⊥,𝑁 = π𝑁/𝑑.

Let us now consider the influence of 4M parametric processes on the generation of EMF
by dipole-exchange MSSW. In Fig. 4, а the results of measurement of 𝑈(𝑓) dependencies at
various levels of incident power are given. The EMF at resonant frequencies 𝑓𝑁 decreases with
an increase in 𝑃in. With a further increase in 𝑃in, the resonant features in the dependence 𝑈(𝑓)
may disappear. This is illustrated in Fig. 4, b, where the dependencies 𝑈 = 𝑈(𝑃in) are given for
the frequency 𝑓1 ≈ 4.952 GHz, located between the resonant frequencies 𝑓𝑁=3 and 𝑓𝑁=4, and
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a b c
Fig. 4. a — The curves 1–5 show the 𝑈(𝑓) dependencies at 𝑃in = −10; −5; 0; 5; 10 dBm; b — the dependencies
𝑈 = 𝑈(𝑃in) at frequencies 𝑓1 ≈ 4.582 GHz and 𝑓2 ≈ 4.631 GHz, which position is shown by vertical dash lines in
Fig. a; c — the influence of MSSW power on position of dipole-exchange resonances with the numbers 𝑁 = 3 and
𝑁 = 4; vertical dash lines show the EMF peak position at frequencies 𝑓𝑁=3 and 𝑓𝑁=4 at 𝑃in = −10 dBm (color
online)

𝑓2 ≈ 4.631 GHz, which at 𝑃in = −10 dBm corresponds to the resonant frequency 𝑓𝑁=4. It can be
seen that the dependencies 𝑈 = 𝑈(𝑓1,2, 𝑃in) are nonlinear and tend to saturate with the growth
of 𝑃in. At the same time, the dependence 𝑈(𝑃in) for the frequency 𝑓1 grows faster with the input
power of 0.2 < 𝑃in < 1 mW.

This behavior can be explained by the relationship between the magnitude of the EMF
peak and the amplitude ∆𝑘 of the anomalous dispersion region at the frequency of the dipole
exchange resonance (inset to Fig. 2, b). The disappearance of abnormal regions in the MSSW
spectrum reflects the shutdown of the process of population of spectral regions by propagating
dipole-exchange MSSW and, as a consequence, a decrease in the efficiency of electron-magnon
scattering at the interface. This does not mean that the number of magnons on the interface is
decreasing. On the contrary, the destruction of the dipole exchange resonance at the pumping
frequency leads to a decrease in the number of magnons “moving away” from the surface into the
volume of the film. The reason for the decrease in the efficiency of electron-magnon scattering is
a decrease in the number of states into which a fermi particle (electron) can scatter due to the
disappearance of singularities in the spin wave spectrum.

In some cases, processes (3) can contribute conversely and cause a faster growth of dependence
𝑈(𝑃in). This is illustrated by the dependence 𝑈 = 𝑈(𝑓1, 𝑃in) in Fig. 4, b at 0.2 < 𝑃in < 1 mW.
Such behavior of 𝑈 = 𝑈(𝑓1, 𝑃in) is explained by the fact that parametric SW generated as a
result of processes (3) populate regions of the SW spectrum with singularities in the density of
states. It is important to note that, at the frequencies of van Hove singularities, the effective
mass of magnons 𝑚def ∼ ℏ𝜕2𝑓

𝜕𝑘2
. It may be greater than the mass of electrons in platinum. It is

intuitively clear that “heavy” magnons scatter electrons more efficiently.
We should note that the distruction of dipole-exchange resonances is caused not only

by the growth of nonlinear losses resulted from the processes (3). Nonlinearity and dissipation
lead to the fact that the YIG film becomes inhomogeneous in the direction of wave propagation
[22,39,40,49]. The dependences ∆𝑘(𝑓, 𝑃in) measured in the experiment reflect the integral phase

incursion of the nonlinear wave in the DL structure [40]. At the same time, local changes in the
dispersion characteristics may be much larger in magnitude.

It is also necessary to take into account the nonlinear shift of the spin wave spectrum
caused by a decrease in the projection of the magnetization of the film 4π𝑀𝑦(𝑥) to the direction
of the magnetic field �⃗� due to the heating of the film with microwave power and the effect of
dynamic demagnetization [22,49]:

4π𝑀𝑦(𝑥) = 4π𝑀0 · (1−
𝑚(𝑥)2

𝑀2
0

), (7)
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where the amplitude 𝑚(𝑥 = 0) is related to 𝑃in through the ratio (6), and the dependence on the
coordinate 𝑥 reflects the attenuation of the amplitude of the MSSW 𝑚(𝑥) during propagation
(Fig. 1). At the same time, all characteristic frequencies that determine the frequencies of dipole
exchange resonances depend on 𝑃in and the 𝑥-coordinate:

𝑓0(𝑥) =
√︁

𝑓2
𝐻 + 𝑓𝐻 · 𝑓𝑚(𝑥), 𝑓𝑚(𝑥) = γ4π𝑀𝑦(𝑥), (8)

𝑓𝑁 (𝑥) =
√︀

(𝑓𝐻 + 𝑓𝑒𝑥(𝑥))(𝑓𝐻 + 𝑓𝑒𝑥(𝑥) + 𝑓𝑚(𝑥)). (9)

Fig. 4, c shows the dependences on 𝑃in of the position of the maxima in the frequency
dependence of the EMF for dipole exchange resonances at frequencies 𝑓𝑁=3 and 𝑓𝑁=4. We see
that with increasing power and simultaneously with the “destruction” of the resonant peaks, their
shift “down” in frequency occurs.

Conclusion

Thus, the influence of the processes of four-magnon parametric instability on the generation
of spin current during spin pumping by dipole-exchange surface magnetostatic waves propagating
in a delay line structure based on a YIG(900 nm)/Pt(9 nm) film. We have shown that the pumping
efficiency increases resonantly at the frequencies of dipole exchange resonances using the detection
of spin current via the EMF generated by the inverse spin Hall effect. This increase is explained
by an increase in the efficiency of electron-magnon scattering due to van Hove singularities in
the density of spin wave states and a large effective mass of magnons at the frequencies of
dipole exchange resonances. We found that an increase in the power of surface magnetostatic
waves beyond the threshold 𝑃 4𝑚

th of the development of 4M instability leads to a “smoothing” of
resonant features in the frequency dependence of EMF 𝑈(𝑓). Such an influence of 4M processes
on the dependence 𝑈(𝑓) is explained by a decrease in the efficiency of spin pumping due to the
destruction of dipole exchange resonances and associated singularities in the density of spin wave
states in the spectrum of the YIG/Pt structure at 𝑃 > 𝑃 4M

th . The obtained results may be of
interest for the development of highly sensitive spin current detectors and spintronics devices.
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