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Three-magnon scattering, a nonlinear process in which a high-energy magnon splits into two low-energy magnons
with energy and momentum conservation, has been widely studied in the magnonics community. Here, we report ex-
perimental observation of nonlinear three-magnon scattering in La0.67Sr0.33MnO3 thin films with low magnetic damping
(∼ 10−4) by all-electric and angle-resolved spin wave spectroscopy. The reflection spectra of the spin wave resonance
with high-power excitation at Damon–Eshbach configuration demonstrate a scattering regime with gradual signal disap-
pearance, where a magnon of Damon–Eshbach mode decays into two magnons of volume mode above the threshold power
(−10 dBm) of the injected microwave. The nonlinear scattering is only allowed at low-field regime and the calculated
dispersions of dipole-exchange spin wave claim the mechanism of allowed and forbidden three-magnon scattering. The
films and heterostructures of La0.67Sr0.33MnO3 have been already demonstrated with rich physical phenomena and great
versatility, in this work the nonlinear magnetic dynamics of La0.67Sr0.33MnO3 thin films is revealed, which offer more
possibility for applications to oxide magnonics and nonlinear magnonic devices.

Keywords: spin wave resonance, nonlinear scattering, LSMO films, microwave antenna
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1. Introduction
Nonlinear effects have attracted much attention in a wide

variety of physical systems, such as optical frequency comb,[1]

acoustics,[2,3] magnetic dynamics,[4,5] plasmonics[6] and so
on. Spin waves are collective excitations of the magnetic order
and their quanta are called magnons, which are regarded as the
next generation of information carriers for low-power process-
ing in spintronics and magnonics.[7] Nonlinear magnons have
been studied in a lot of magnetic systems for many decades,[8]

such as whispering gallery magnons in textures,[9] parallel
pumping,[10] Bose–Einstein condensation,[11] magnon Kerr
effect[12] and nonlinear level attraction[13] in cavity-magnon
systems, and the scattering between magnons and phonons,
electrons and themselves,[14] which provides rich physics and
further potential in technological applications.[15,16]

Three-magnon scattering is one major nonlinear effect, in
which a magnon with energy }ω1 and finite momentum 𝑘1 de-
cays into two lower energy levels, and two scattered magnons
have lower energies (h̄ω2 and h̄ω3) and opposite wave vec-

tors (𝑘2 and 𝑘3), respectively. The energy and momentum
are conserved in this process,[17] satisfying ω1 = ω2 +ω3 and
𝑘1 = 𝑘2 + 𝑘3, as shown in Fig. 1(a). It has been demon-
strated to generate ultrashort microwave pulse,[18] enhance
spin current emission[19] and transfer magnon between dif-
ferent magnets[20] for future application. Three-magnon scat-
tering processes are observed in yttrium iron garnet (YIG)
films[21] and heterostructure CoFeB/YIG,[20] NiFe/Cu/CoFe
spin valve,[22] NiFe magnetic vortex[23] and so on. The emer-
gence of this phenomenon put forward high requirements for
the properties of materials, such as magnetic damping and dis-
persion relations, making this process generally be driven to
half frequency (ω2 = ω3 = ω1/2) and become allowed only
when half frequency exceeds the minimum of the spin-wave
band.[24]

The oxide ferromagnetic material La0.67Sr0.33MnO3

(LSMO) has also attracted a lot of attention and demon-
strates the multiple functionalities for potential applica-
tion in spintronics[25–27] and magnonics.[28–30] The current-
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controlled propagation of spin waves is demonstrated
in stripe domains of LSMO/LaAlO3 films.[31] and the
magnon-polarons with long decay length (≥ 1 mm) in
BiFeO3/LSMO heterostructures are realized by magnon–
phonon coupling.[32,33] The ultra-low Gilbert damping ∼
10−4 of LSMO films is reported with orthorhombic (110)o-
orientation NdGaO3 (NGO) substrate.[34] Recently, the room-
temperature and zero-field magnetic skyrmions are stabi-
lized by strain-driven Dzyaloshinskii–Moriya interaction in
LSMO/NGO (110) films and the hybrid nonreciprocities of
spin-wave propagation are reported.[35] But its nonlinear mag-
netic excitations are not yet reported.

Here, we report the experimental observation of nonlin-
ear three-magnon scattering in low-damping LSMO thin films
on NGO (110) substrate by the all-electric and angle-resolved
spin wave spectroscopy. The three-magnon scattering can be
tuned by microwave power, strength and angle of external
field, and it is driven only in low-field regime where the dis-
persion of exchange-dipolar spin waves satisfies that half fre-
quency exceeds the minimum of the spin-wave band.

2. High-quality thin films
LSMO thin films with a thickness of∼ 150 nm have been

grown on NGO (110)o substrates by pulsed laser deposition
with a KrF excimer laser (248 nm). The substrates were heated
up to 780 ◦C and films were deposited under 25 Pa oxygen
atmosphere with laser energy density of ∼ 0.65 J/cm2 and

laser frequency of 5 Hz, then the samples were slowly cooled
(5 ◦C/min) with 1 am oxygen. The pseudo-cubic (002)pc peaks
of θ–2θ x-ray diffraction (XRD) show the single-crystal epi-
taxial growth of LSMO films with in-plane compressive strain
on NGO (110) substrate. The topography was characterized by
atomic force microscopy (AFM) as shown in Fig. 1(c), which
shows a step terrace and good surface roughness (< 1 nm).
The magnetic properties of the LSMO thin films were charac-
terized by vibrating sample magnetometer (VSM) and ferro-
magnetic resonance (FMR). The in-plane magnetic hysteresis
loop shows a saturated field of∼ 40 mT along [010]pc orienta-
tion as shown in Fig. 1(d). The FMR power absorption spectra
were measured with fixed excitation frequencies and sweeping
external magnetic field as shown in Fig. 1(f). The linewidths
∆H were fitted by the Lorentzian function and the damping pa-
rameter of the LSMO thin films is estimated by the following
equation:[36]

|γ|
2π

µ0∆H = δ f −2α f , (1)

where |γ|/2π = 27.2 GHz/T is the gyromagnetic ratio, which
is estimated from the FMR experimental results. ∆H is the
line broadening due to extrinsic mechanisms and film inho-
mogeneities and α is the intrinsic damping parameter. The
damping of α ∼ 9× 10−4 is estimated by the linear fitting of
experimental data as shown in Fig. 1(e), which is consistent
with previous reports.[34] The structural and magnetic charac-
terizations reveal the high quality of the LSMO thin films.
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Fig. 1. (a) Schematic of three-magnon scattering with energy and momentum conservation. (b) The x-ray diffraction of LSMO/NGO (110) thin
films and schematic of epitaxial relation. The subscript pc and o represent pseudo-cubic and orthorhombic phase. (c) The surface topography
of LSMO/NGO (110) thin films captured by atomic force microscopy. The color scale represents surface roughness. (d) The in-plane magnetic
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function of resonance frequency f . Error bars indicate the uncertainty of the linewidth extraction from FMR spectra.
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3. Experimental results
3.1. Driving nonlinear scattering

The LSMO thin films were fabricated to hundred-micron
sized parallelogram waveguides by laser writing lithography
and ion beam etching. Then the patterns of integrated coplanar
waveguide (CPW) antennas were fabricated by e-beam lithog-
raphy and Ti (5 nm)/Au (90 nm) stacks were deposited by
magnetron sputtering on top of LSMO waveguides, the sig-
nal and ground line widths and edge-to-edge separation are all

0.8 µm, which are characterized by AFM (inset of Fig. 2(a)).
The alternating magnetic field is hrf generated by the injected
microwave from a vector network analyzer (VNA) and the
wavevector k of the excited spin wave is perpendicular to
the CPW and along [100]pc direction, and θ is the angle be-
tween external magnetic field H and k, as shown in Fig. 2(a).
The spatial k distribution of the dynamic field can be calcu-
lated by the dimensions of CPW and a Fourier transform as
shown in Fig. 2(b), which contains the main excitation at k1

(∼ 1.9 rad/µm) and high-order k2 (∼ 5.5 rad/µm).
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Fig. 2. (a) Sketch of reflection spectra S11 measurement, the integrated CPW antenna is fabricated on the top of LSMO/NGO thin films. The inset is the
AFM image of CPW. (b) The wavevector k excitation profile of the CPW antenna calculated by Fourier transformation. The amplitude is normalized to
that of the k1 excitation. (c) Field-dependent reflection spectra with low microwave power of −20 dBm and k perpendicular to H. (d) The lineplots of
single reflection spectrum taken from (c) at −60 mT and −130 mT. (e) Field-dependent reflection spectra with high microwave power of 10 dBm and
k perpendicular to H, the scattering regime is separated by dashed white line. (f) The lineplots of single reflection spectrum taken from (e) at −60 mT
and −130 mT.

The field-dependent reflection spectra S11 of spin wave
resonance are measured by VNA at θ = 90◦ configuration
when magnetization M is saturated. The magnetostatic sur-
face waves (MSSWs), also known as Damon–Eshbach (DE)
modes, are excited with k being perpendicular to the magne-
tization M. The two branches, which vary characteristically
with H, are observed under low excitation with microwave
power of−20 dBm (0.01 mW), as shown by color-coded spec-
tra in Fig. 2(c), and lower and higher branches of DE modes
are corresponding to the k1 and k2 excitations, respectively.
The two lineplots of single spectrum extracted at −60 mT
and −130 mT are shown in Fig. 2(d) and resonance peaks
are clearly visible. The spectra under high excitation with mi-
crowave power of 10 dBm (10 mW) are shown in Fig. 2(e) and
the image is separated by a dotted white line for eye guidance.
The resonance signals are almost gone due to nonlinear scat-
tering around the low-field regime, which is called scattering

regime to the right of the dotted line. When the single spec-
trum under high excitation is extracted at −60 mT as shown
in Fig. 2(f), the significant differences can be observed com-
paring the high excitation at −130 mT or the low excitation
at −60 mT. So, this nonlinear scattering can be tuned by the
strength of the external magnetic field.

3.2. Mechanism of three-magnon scattering

To clarify the mechanism of nonlinear scattering, the
angle-dependent spin wave spectra are measured. Figure 3(a)
shows the spectra measured at −60 mT with low excitation of
−20 dBm, with the transition from θ = 90◦ to θ = 0◦, the
backward volume magnetostatic waves (BVMSWs) are ex-
cited with k being parallel to the magnetization M, which is
called BV modes simplistically. The spectra of spin wave res-
onance depend strongly on the angle θ due to the contribu-
tion of dipole–dipole interaction when the thin film is in-plane
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magnetized. The dipole–dipole interaction will be dominant
in the regime with small k and the isotropic exchange inter-
action begins to be dominant in the regime with large k. The
dipole–dipole contribution to the dispersion relation leads to a
negative group velocity of the BV modes and a positive group
velocity of the DE modes, this is the reason that the high-order
mode is excited with lower frequency at BV (θ = 0◦) configu-
ration, which is opposite to DE (θ = 90◦) configuration.

When the microwave power is increased to 10 dBm as
shown in Fig. 3(b), the BV spin wave resonance modes are still
clearly visible but the DE spin wave resonance modes are al-
most gone, which means that the nonlinear scattering is mainly
driven for MSSWs around θ = 90◦. So, this nonlinear scatter-
ing can be tuned by the angle of external magnetic field. The
color scales of the two spectra are unified but they have dif-
ferent noise levels due to the large difference of the injected
microwave power.

So, the dispersions of DE and BV modes are calculated

to further clarify the physical mechanism. Considering the
∼ 150 nm thickness of the LSMO film and finite k excitation
over ∼ 1 rad/µm, the dispersion equation of dipole-exchange
spin waves derived by Kalinikos and Slavin[37,38] is used as
follows:

fDE =
|γ|µ0

2π

[(
H +

2A
µ0Ms

k2
)
×
(

H +
2A

µ0Ms
k2 +Ms

)
+M2

s

(
1− e−2kt

4

)] 1
2
, (2)

fBV =
|γ|µ0

2π

[(
H +

2A
µ0Ms

k2
)

×
(

H +
2A

µ0Ms
k2 +Ms

1− e−kt

kt

)] 1
2
, (3)

where A = 1.92 J/m is the exchange constant,[39] Ms =

260 emu/cc is the saturated magnetization extracted from
VSM, and t = 150 nm is the thickness of the LSMO thin film.
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Fig. 3. (a) The angle-dependent reflection spectra with low microwave power of −10 dBm and external field of −60 mT, where nonlinear
scattering is not driven. (b) The angle-dependent reflection spectra with high microwave power of 10 dBm and external field of−60 mT, where
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dots in (b) and (c) represent resonance frequency excited with k1 in experiments. The blue dot represents the minimum energy position of
magnon at k ‖ H configuration. The green arrows represent that three-magnon scattering is allowed from frequency f to half-frequency f/2,
which are marked by two dashed black lines.

The calculated dispersions at −60 mT are shown in
Fig. 3(c), the red and blue lines are the dispersion of dipole-
exchange spin waves at DE and BV configurations, respec-
tively. The resonance frequency of operating point at DE
mode with k1 is f ∼ 5.4 GHz, which is marked by green dots
( fres) both in experimental result and calculation of Figs. 3(b)
and 3(c). The dashed black lines represent the positions of
frequency f and half-frequency f/2. The minimum energy
position of BV mode is ∼ 2.57 GHz, which is lower than
half-frequency f/2 ∼ 2.7 GHz, which means that the magnon
scattering from frequency f to half-frequency f/2 is allowed
in this configuration. One nonlinear magnon with f at DE
mode splits into two parametric magnons with f/2 and oppo-
site k, which satisfy energy and momentum conservation un-

der three magnon splitting. The wavevectors of half-frequency
magnons are as high as ±15 rad/µm and the wavelength is
about 420 nm.

Then, the power-dependent spin wave spectra are mea-

sured at both −60 mT and −130 mT. As shown in Fig. 4(a),

the nonlinear effect is gradually driven with the increasing mi-

crowave power and scattering can be observed clearly over

about −10 dBm. But the same experimental phenomenon is

not observed at −130 mT as shown in Fig. 4(b), there is still

negative nonlinear frequency shift with high excitation, which

means that the magnons go into the nonlinear regime. With the

increase of the external field from −60 mT to −130 mT, the

resonance frequency of operating point at DE mode with k1 is
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f ∼ 8.1 GHz, which is also marked by green dots ( fres) both
in experimental result and calculation of Figs. 4(b) and 4(c).
The dispersions of dipole-exchange spin waves at −130 mT
are shown in Fig. 4(c), the minimum energy position of BV

mode is ∼ 4.68 GHz, which is larger than the half-frequency
f/2 ∼ 4.05 GHz and means that the magnon scattering from
frequency f to half-frequency f/2 is not allowed in this con-
figuration.
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4. Conclusion and perspectives
In conclusion, the nonlinear three-magnon scattering of

LSMO films with low magnetic damping is excited and de-
tected by nanoscale CPW antennas and VNA. The scattered
magnons are driven with microwave power over −10 dBm,
and one DE magnon splits into a pair of volume mode
magnons with opposite wavevectors. This nonlinear splitting
process can be also tuned by the strength and angle of the
in-plane external field. The calculated dispersion of dipole-
exchange spin waves claims that the three-magnon scattering
will be only allowed at the low-field regime, where the mini-
mum energy level of BV mode is lower than the half-frequency
of the resonant magnon. The nonlinearity in magnetization dy-
namics of LSMO films demonstrates its application potential
in functional oxide magnonics and provides one more material
platform for nonlinear magnonics.[40] Considering the advan-
tage of strained LSMO films in magnetic textures and electric
reconfigurability, the experimental implementation of nonlin-
earity in nontrivial magnetic spirals and skyrmions[41–43] and
current-controlled scattering process[22] in LSMO films are
promising in future.
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