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Parametric Excitation and Instabilities of Spin Waves Driven
by Surface Acoustic Waves

Moritz Geilen, Roman Verba, Abbass Hamadeh,* Alexandra Nicoloiu, Daniele Narducci,
Adrian Dinescu, Milan Ender, Morteza Mohseni, Florin Ciubotaru, Mathias Weiler,
Alexandru Müller, Burkard Hillebrands, Christoph Adelmann, and Philipp Pirro*

The parametric excitation of spin waves by coherent surface acoustic waves in
metallic magnetic thin film structures is demonstrated experimentally using
Brillouin light scattering spectroscopy. Complementary micromagnetic
simulations and analytical modeling reveal that, depending on the
experimental conditions, the spin-wave instabilities originate from different
phonon-magnon and magnon-magnon scattering processes. This opens novel
ways to create micro-scaled nonlinear magnonic systems for logic and data
processing that profit from the efficient excitation of phonons
using piezoelectricity.

1. Introduction

Magnetoelasticity, the interaction between magnetism and
elastic strain, is a promising mechanism for compact and
energy-efficient spintronic devices. In particular, the influence
of elastic strain on spin waves, the fundamental excitations in
a magnetic solid, is a crucial topic. Many studies have shown
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that a magnetic field is generated by
static strain due to the Villari effect,
which can be used to manipulate the
ferromagnetic resonance or the prop-
agation of spin waves.[1–4] The inter-
action between dynamic strain, in the
form of bulk acoustic waves (BAWs),
and spin waves, and accordingly the
formation of hybrid magneto-elastic
waves has been studied extensively
already in the 1950s and 1960s. As
theoretically suggested by Kittel,[5] the
excitation of BAWs by spin waves[6]

and conversely the excitation of spin waves by BAWs has been
demonstrated.[7] In the linear regime of magneto-elastic cou-
pling, it is proven that the frequency and momentum of the
initial wave is transferred during the excitation. In the nonlinear
regime, the parametric excitation of BAWs has been shown in
high-power ferromagnetic resonance experiments.[8] The para-
metric interaction of spin waves by BAWs, on the other hand,
has been theoretically described[9] and indirectly demonstrated
by Morgenthaler.[10] Parametric pumping of magnons by BAWs
has been detected by inductive microantennas[11] and by the
inverse spin Hall effect.[12,13]

In recent years, however, magneto-elastic[14–18] and magneto-
rotational[19] coupling of surface acoustic waves (SAWs) with spin
waves has attracted significant interest. Since SAWs are local-
ized on the surface of a substrate, they are particularly sensi-
tive to changes in surface conditions caused by (magnetic) films,
opening up new possibilities for hybrid systems and devices.[20,21]

This, together with efficient and narrow-band excitation of SAWs
on piezoelectric substrates and their low propagation losses, has
led to their commercial success in RF filters and sensors.[22,23]

The excitation of spin waves by SAWs and the associated ef-
fects on SAWs have been demonstrated in various material sys-
tems, magnetic configurations and by different experimental
techniques.[24–32] SAW to SW conversion represents a realistic
path toward energy efficient, voltage-controlled spin-wave excita-
tion, which is a key requirement for the application of magnonic
circuits,[33–35] as opposed to standard direct SW excitation by mi-
crowave transducers, suffering from high Ohmic losses at micro-
and nanoscale. However, previous works are all in the linear ex-
citation regime. Although theoretically predicted,[36,37] nonlinear
parametric interaction between spin waves and SAWs has rarely
been investigated.[38,39] Such nonlinear interactions would be in-
teresting for neuronal networks where non-linear processes with
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Figure 1. a) Schematic illustration of the experimental setup. SAWs are excited by the IDT and propagate toward a 350 × 350 𝜇m2 square pad made
from a Co40Fe40B20 thin film with thickness hCoFeB = 18 nm. b) Normalized BLS intensity at the frequency of the fundamental mode f0 = 6.3 GHz as a
function of the applied magnetic field for the linear and non-linear case. The maxima correspond to the resonant excitation of spin waves by the SAWs.
The change in the resonance field with power is caused by the nonlinear shift.

concomitant threshold are a crucial feature,[40] or for multitone
microwave emission,[41] and it is an open question if SAW-SW in-
teraction could be strong enough to reach the nonlinear regime
of SW dynamics.

2. Experimental Setup and Methodology

In this article, we study spin-wave instabilities, in particular
the parametric excitation of spin waves by coherent SAWs in a
thin metallic ferromagnetic film of CoFeB. Depending on the
bias magnetic field, the magnetization dynamics is directly, or
alternatively, parametrically driven by the magneto-elastic field
generated by SAWs. Micro-focused Brillouin light scattering
spectroscopy (𝜇BLS, see Figure 1a) is used to study the different
spin-wave modes in a frequency-resolved manner and to reveal

the threshold behavior of the instability processes. Analytical
modeling combined with full micromagnetic simulations is
used to reveal the complex excitation schemes of the different
instability processes by identifying the involved mechanisms and
magnon modes. Depending on the experimental conditions, a
four-magnon instability of the magnon mode, linearly driven by
the phonon, is observed as well as a direct first-order parametric
phonon-to-magnon instability, which is enhanced by three-
magnon splitting of the non-resonantly driven magnon, and even
three-wave magnon and magnon-phonon confluence processes.

3. Results and Discussion

In our experiment, an interdigital transducer (IDT) is used to
generate surface acoustic waves with a frequency fSAW = 6.31 GHz
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and a wave vector |kSAW| = 9.2 rad 𝜇m−1 in a 1.3 𝜇m thick GaN
layer on a silicon substrate. Details on the SAW excitation and
propagation can be found in ref. [42]. The spin waves are excited
in a 350 × 350 𝜇m2 rectangular pad made from a Co40Fe40B20
thin film[43] with thickness hCoFeB = 18 nm and are measured by
𝜇BLS.[29,44,45] We have chosen CoFeB as a magnetic material since
it provides a good compromise between magneto-elastic coupling
and spin-wave damping. For an in-plane magnetized film, the
excited Rayleigh waves create an effective magnetoelastic field
𝜇0Hmel = −(2B1SxxMx∕M2

s ex + B2SxzMx∕M2
s ez), where Sij is the

SAW strain and B1 and B2 are the magneto-elastic coupling con-
stants of the ferromagnet. In this work, we have set B1 = B2 =
−8.8 MJ/m3 in both the numerical simulations and the analytical
model, which is a natural assumption for a polycrystalline CoFeB
film. Thus, any anisotropy in the magneto-elasticity is ignored in
our study. To ensure that the torque acting on the static magne-
tization due to magneto-elastic interaction is close to its maxi-
mum, the external static magnetic bias field is applied in-plane
at an angle of 𝜑 = 45° with respect to the propagation direction
of the SAWs, as shown in Figure 1a (note, that for a SAW |Sxz| ≪

|Sxx| near the surface).

3.1. Resonant Spin-Wave Excitation

Recently, we have demonstrated the excitation of spin waves by
SAWs in the linear excitation regime.[29] A strong increase in the
spin-wave intensity was observed at the resonance field, where
both the frequency and the wave vector of the SAWs are trans-
ferred to the spin wave (fSAW, kSAW) = (f0, k0). This increase can
also be observed in the case presented in this article as shown
in Figure 1b. For low excitation powers a resonant spin-wave ex-
citation is observed at a magnetic bias field of 4mT. For higher
excitation powers the spin-wave dispersion relation is shifted to
lower frequencies, due to the nonlinear shift.[46]

First, the case of approximately resonant spin-wave excitation
by the magneto-elastic field beyond the linear regime is studied.
The magnetic field is kept constant at μ0Hext = 6mT – as follows
from Figure 1b, this selection ensures the resonance conditions
for energy and momentum conservation are met at larger power,
i.e., in the nonlinear regime. The BLS spectrum for magnons is
measured as a function of the RF power P applied to the IDT,
which is varied between 0dBm and + 30 dBm (see Figure 2a).
For low power levels, only the directly excited mode f0 is present.
(Please note that the signal at f0 also includes a residual signal
from SAW, which cannot be completely suppressed.[29]) If the
power is increased, the appearance of two additional secondary
modes f1 = 5.7 GHz and f2 = 6.9 GHz can be observed close
to f0. These two modes satisfy the energy conservation law 2f0
= f1 + f2 and, thus, can be attributed to a parametric instability
of the second-order.[47] For P ≳ 22dBm (see Figure 2b, blue line),
spin waves are excited throughout a broad range of the spin-wave
band. These spin waves are caused by further, higher-order scat-
tering channels. This region, which is referred to as the super-
critical regime,[47,48] will not be considered further. Instead, we
will restrict ourselves to the region close to the threshold where
only a single instability process occurs.

A characteristic property of nonlinear instability processes is
the existence of a threshold in the initial spin-wave mode‘s am-

Figure 2. a) Evolution of BLS spectra with the applied RF power and b) ex-
emplary BLS spectra showing linear, critical and supercritical regimes at an
external magnetic field of μ0Hext = 6mT on a logarithmic intensity scale. c)
Logarithmic intensity for directly excited spin waves at f0 = 6.3 GHz (blue)
and the intensity of the secondary modes f1 = 6.9 GHz (purple) and f2 =
5.7 GHz (green). A linear progression is indicated by the blue dashed line
and the threshold by the vertical black dotted line. d) Schematic illustration
of the second order instability process.

plitude. This threshold is determined by the minimum of the ra-
tio between the effective relaxation frequency and the coupling
strength between the involved magnon modes.[46,47,49,50] The BLS
intensity around the three involved modes is extracted, in a way
that the secondary modes lay within the spectral range even
though their frequencies are changing due to non-linear effects
(Supporting Information). The power dependency of the three in-
volved modes is presented in Figure 2c. Once the threshold (Pth

= + 13 dBm) is overcome a sufficient energy flow into the sec-
ondary modes appears and an abrupt increase of the intensity of
f1 and f2 is visible. The deviation of the mode f0 from the linear
power law is mainly due to nonlinear processes in the SAW ex-
citation. It should be mentioned that SAWs themselves can also
exhibit nonlinear processes at sufficiently high amplitudes.[51,52]

These would also lead to a deviation from the linear behavior that
is usually caused by the generation of higher harmonics, which,
however, have not been observed in our experiment.

Conclusively, we attribute this observation to the following
mechanism: Spin waves are resonantly excited by the SAWs, and
subsequently undergo a four-magnon scattering process, leading
to the second-order spin-wave instability (see Figure 2d). In prin-
ciple, another four-wave process could be considered, where two
SAWs split directly into two spin waves. This process, however,
is very unlikely since the Hamiltonian for such a process is de-
scribed by  ∼ a2

kc∗k1
c∗k2

, where ak and ck are the SAW and spin-
wave amplitudes respectively.[53] Usually, the magneto-elastic en-
ergy is considered to be a linear function of the strain S, which is
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Figure 3. a) Evolution of BLS spectra with the applied RF power a) and ex-
emplary BLS spectra showing linear and critical regimes b) at an external
magnetic field of μ0Hext = 2mT on a logarithmic intensity scale. c) Loga-
rithmic intensity at f0 = 6.3 GHz (blue) and the intensity of the secondary
modes f1 (red), f2 (black), f3 (green) and f4 (purple). A linear progression
is indicated by the blue dashed line and the threshold by the vertical black
dotted line.Schematic illustration of d) the acoustic pumping process and
e) the non-resonant three-magnon process.

in turn proportional to ak, so such term in Hamiltonian is absent.
Such a process of direct (SAW + SAW)→(SW + SW) instability
may only appear at very high SAW amplitudes, not reached in
our experiment, at which the linear approximation of the strain
(Sij = 1/2(∂ui/∂xj + ∂uj/∂xi)) becomes invalid and/or magnetoe-
lastic coupling becomes strain-dependent.[54]

3.2. Non-Resonant Spin-Wave Excitation and Instability
Processes

After considering the case where spin waves are resonantly ex-
cited by the SAWs, we will now focus on the non-resonant case.
Here, the external magnetic field is reduced to μ0Hext = 2mT.
As shown in Figure 1b, the spin-wave intensity for the directly
excited mode at f0 is drastically reduced compared to the reso-
nant case. However, instability processes can be observed in this
case as shown in Figure 3a. In the linear regime, only a signal
for the initial mode f0 is present, which is non-resonantly driven
by the SAWs. At high powers, four additional modes with differ-
ent frequencies f1 to f4 are excited and are symmetrically spaced
around f0. Similar to the case of the second-order instability pro-
cess, it can be stated that all four secondary modes show a com-
mon threshold value (Pth = + 15 dBm) within the measurement
accuracy (see Figure 3c). These modes are present as dynamical
degrees of freedom in the low power regime as well; however,
they are not excited at low power.

Figure 4. Scheme of first-order instability process. The color patches show
the simulated spin-wave intensity while the lines show the isofrequency
curves for frequencies f0 to f2. The magneto-elastic field is driven with f0 =
6.3 GHz (blue) and leads to pumping of the spin-wave modes f1 = 2.2 GHz
(red) and f2 = 4.1 GHz (black) while conserving momentum and energy.

In the following, the origin of the secondary modes f1 and f2
will be discussed, while the tertiary modes f3 and f4 are addressed
in the Supporting Information, since these originate from the in-
teraction between the primary mode and the secondary modes.
Near the threshold (see Figure 3b), the secondary modes have fre-
quencies of f1 = 2.25 GHz and f2 = 4.05 GHz, which satisfy the
conservation of energy for a three-wave process f0 = f1 + f2, i.e.,
they are equally spaced around half the frequency of the initial
mode f0/2. In materials with reciprocal dispersion relation, such
frequency nondegenerate splitting, when f1 ≠ f2, is typically ob-
served if the initial mode or correspondingly, the driving field has
a non-zero wave vector.

3.3. Micromagnetic Simulations and Theoretical Analysis

In order to determine the wave vectors excited in the observed
instability process, micromagnetic simulations were carried out
using MuMax3[55] and the software platform Aithericon.[56] The
parameters used for the simulations can be found in the Sup-
porting Information.[43] The Rayleigh mode is implemented as a
plane wave of the strain components Sxx and Sxz.[43]

For all simulations a magnetization dynamics with (fSAW, kSAW)
= (f0, k0) is observed. Once the threshold is exceeded, two sec-
ondary spin-wave modes emerge in the simulation: (i) f1 = 2.2
GHz, k1 = (− 2.5, −0.5) rad/𝜇m and (ii) f2 = 4.1 GHz, k2 =
(11.6, 0.5) rad/𝜇m (see Figure 4). These spin-wave modes pre-
serve, within the accuracy of the simulation, the wave vector of
the pumping field, in order to fulfill momentum conservation.
In addition, there is a good agreement with the experimentally
measured frequencies. The simulated threshold (as well as that
theoretically calculated below) corresponds to effective magne-
toelastic field |𝜇0Hmel ≈ 1 mT, while the maximal effective field
magnitude (at 30 dBm power) is expected to be |𝜇0Hmel ∼ 10 mT
– high values enough for realization of many nonlinear SW pro-
cesses.

In Figure 4, the isofrequency curves of the frequencies in-
volved are plotted as lines, which indicate the linear spin-wave
eigenmodes at the given frequency. From the simulations, the ex-
cited spin wave modes at the frequencies f0 to f2 were extracted by
means of the Fourier transformation of the magnetization com-
ponent mz. While the modes f1 and f2 lie on the corresponding
isofrequency curves and are thus eigenmodes of the spin-wave
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system, this is not the case for the mode f0. This means that the
magneto-elastic field leads to a forced magnetization dynamics
with the frequency and wave vector of the SAW (fSAW, kSAW) = (f0,
k0), which is not an eigenmode of the spin-wave system.

Based on the findings from the experiment and the micromag-
netic simulations, two different three-wave processes are conceiv-
able: (i) acoustic parametric pumping, which can be understood, in
analogy to the parallel pumping of spin waves by electromagnetic
waves[57] as the conversion of one phonon into two magnons
(see Figure 3d), and (ii) three-magnon splitting of spin waves, where
in our particular case the excitations at f0 are forced excitations by
the SAW (see Figure 3e). In order to determine which of the two
processes is more efficient, the threshold value was theoretically
determined for both cases individually. The acoustic pumping
of spin waves by SAWs is described by the following rate equa-
tion for c1 and a corresponding equation for c2:[36]

dc1

dt
+ i𝜔1c1 + Γ1c1 = i SAW,12 c∗2 aSAW e−i𝜔SAWt (1)

where c1 and c2 are the spin-wave amplitude of the first and sec-
ond spin-wave mode, Γ1 the corresponding relaxation rate and
aSAW the SAW amplitude. The parametric coupling efficiency con-
sists of two contributions and is given by:

0,12 =
2𝛾B1

MS
S̄0,xx

(
m∗

1,xm∗
2,x − m∗

1 ⋅ m∗
2 cos2(𝜙M)

)
(2)

Here, S̄0,xx is the thickness average of the SAW strain S0, xx,
and mk is the spin-wave structure (see details in Supporting
Information[43]). The first part of the term within the parenthe-
ses, m∗

1,xm∗
2,x, is proportional to the ellipticity of the magnetiza-

tion trajectory and can be interpreted in analogy to the para-
metric pumping with electromagnetic waves. The second part,
m∗

1 ⋅ m∗
2 cos2(𝜙M), depends on the dynamic magnetization com-

ponents m1 and m2. This term is characteristic of anisotropy-
type pumping, which has been reported for magneto-elastic[36] or
magneto-electric[58] drives. The minimal threshold for the acous-
tic pumping aSAW−SW

th,min is found for the splitting into magnons with
k1 = (8.1, −0.5)rad𝜇m−1, k2 = (1.2, 0.5) rad𝜇m−1 and frequen-
cies of [4.2] and 2.1 GHz. The wavevector of these secondary
modes differs significantly from those predicted by the micro-
magnetic simulations.

The second process that needs to be considered is the SAW-
driven first order instability, with a forced excitation at (fSAW,
kSAW). Just as for the acoustic pumping, a rate equation can be
formulated to determine the threshold of this instability. For this
purpose, the SAW amplitude aSAW is replaced by the spin-wave
amplitude of the non-resonant mode c0 and the standard three-
magnon scattering coefficient V0,12

[46] is used as the coupling
parameter. The link between aSAW and c0 can be found in the
Supporting Information. It turns out that the minimum thresh-
old for this instability process a3−magnon

th,min is about 64% larger than
for the acoustic pumping process. Hence, we conclude that the
experimentally observed instability is a combination of the two
mentioned three-wave processes. The instability is caused by the
acoustic pumping of magnons by SAW phonons. However, even
below the threshold of the three-magnon instability a3−magnon

th,min
an energy flow changes the occupation, and thus, the effective

Figure 5. Calculated threshold for the combined process of acoustic
pumping influenced by three-magnon scattering. The spin-wave modes
with minimal threshold for the direct SAW-SW process aSAW−SW

th,min
(dia-

mond) and the combined process aComb
th,min

(star) are indicated. The modes
extracted from the micromagnetic simulations are shown by the black
squares.

damping of the secondary modes. The combination of these two
mechanisms results in the threshold values shown in Figure 5.
The modes with the lowest threshold value for the combined
process aComb

th,min are marked with stars, the ones for pure acoustic
pumping with diamonds and the secondary modes obtained by
micromagnetic simulations by squares. The small residual dis-
crepancy between the micromagnetic simulations and the com-
bined process can be attributed to the fact that the threshold
varies little in this range (less than 6%). As a result, even small dif-
ferences in the modeling, for instance in the calculation of the de-
magnetization field, can explain this small discrepancy between
analytical modeling and micromagnetic simulation.

4. Conclusion

In summary, in this article we have studied spin-wave insta-
bilities driven by the magneto-elastic field generated by SAWs.
We have investigated two different situations. In the reso-
nant case, where spin waves are excited with the wave vector
and the frequency of the SAWs, the second-order instability
process due to four-magnon scattering process was observed
above a certain SAW amplitude threshold. The second case
was the non-resonant excitation of the magnetic system by
SAWs. Here, we observed a complex combination of scatter-
ing processes, which were identified by a combined study of
micromagnetic simulations and analytical modeling. The dom-
inant process is the acoustic parametric pumping process of
magnons by the SAWs, which is enhanced by three-magnon
scattering channels from the forced excitation at the SAW
frequency. This contribution of the three-magnon process is
crucial for the determination of the secondary modes. It should
be emphasized that in contrast to the case of adiabatic par-
allel pumping, the initial nonzero wave vector of the SAWs
leads to a frequency non-degenerate splitting of the secondary
modes. This provides an efficient control of the wave vector spec-
trum of pumped magnons and can be used, e.g., to construct
nonlinear frequency converters.[59] Our findings demonstrate
that SAW-driven magneto-elastic interaction is sufficiently
efficient and large—it allows to reach up to 10 mT effective mag-
netoelastic field and, thus, observe various nonlinear magnon
and magnon-phonon phenomena, which are prerequisites for
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magnon information processing systems like phonon-based
magnon amplifiers. In combination with well-established low-
loss microwave-to-SAW transduction, our work is a step toward
efficient nonlinear hybrid magnon-phonon systems.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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