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A leading nonlinear effect in magnonics is the interaction that splits a high-frequency magnon into two
low-frequency magnons with conserved linear momentum. Here, we report experimental observation of
nonlocal three-magnon scattering between spatially separated magnetic systems, viz. a CoFeB nanowire
and a yttrium iron garnet (YIG) thin film. Above a certain threshold power of an applied microwave field, a
CoFeB Kittel magnon splits into a pair of counterpropagating YIG magnons that induce voltage signals in
Pt electrodes on each side, in excellent agreement with model calculations based on the interlayer dipolar
interaction. The excited YIG magnon pairs reside mainly in the first excited (n ¼ 1) perpendicular standing
spin-wave mode. With increasing power, the n ¼ 1 magnons successively scatter into nodeless (n ¼ 0)
magnons through a four-magnon process. Our results demonstrate nonlocal detection of two separately
propagating magnons emerging from one common source that may enable quantum entanglement between
distant magnons for quantum information applications.

DOI: 10.1103/PhysRevLett.130.046701

Nonlinear effects are ubiquitous in a variety of physi-
cal systems, such as lasers [1], electron beams [2], cold
atoms [3], and water waves [4]. Magnons are the quanta of
spin waves, the collective excitations of the magnetic order.
In magnon spintronics or magnonics [5–9] they are
employed as information carriers for low-power processing
and transmission [10–12]. Nonlinearities in the magnetiza-
tion dynamics have been known for many decades [13–23].
New nonlinear phenomena have been discovered in
magnetic textures [24–28], nanoscale magnets [29–31],
and hybrid systems [32,33]. Nonlinearity provides rich
physics [34] and is relevant for technological applica-
tions [35], such as mechanical force sensors [36]. Optical
nonlinearities enable the coupling of LC resonators with a
superconducting qubit [37]. A nonlinear magnetostrictive
interaction may generate magnon-photon-phonon entangle-
ment in cavity magnetomechanics [38]. Nonlinearities
generate magnon interaction that leads to “squeezing” of
magnon amplitudes [39] and continuous variable quantum

entanglement [40]. The latter is distillable [41] only when
nonlocal and quantum entangled over a distance. Separation
of entangled magnons appears to be a formidable task, but
could be useful in information technologies such as quantum
key distribution [42] and quantum teleportation [43].
One leading nonlinear effect in magnetic systems is the

three-magnon interaction [18–26], in which a magnon with
energy ℏω and zero momentum (Kittel mode) decays into
two lower energy (frequency) magnons ℏω=2with opposite
wave vectors (ℏk and −ℏk). It has been observed in yttrium
iron garnet (YIG) films [18–21], spin-valve nano-
contacts [22], and magnetic vortices [24,25]. In all studies,
the three magnons are part of the same magnet. Indeed, the
magnon interactions are usually assumed to be short-
ranged. However, this is not self-evident, since the long-
range dipolar interaction contributes too. An interaction
between different material systems, e.g., a magnon of
system A that decays into two magnons in system B,
would offer additional functionality for hybrid [44] and 3D
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magnonics [45]. Here, we demonstrate interlayer three-
magnon interactions in a CoFeBjYIG hybrid nanostructure,
in which a magnon in a CoFeB nanowire splits into two
counterpropagating magnons in a YIG thin film, that are
then detected nonlocally at two separated Pt electrodes
placed on each side.
We excite the magnetic system that consists of a CoFeB

nanowire (200 nm wide, 30 nm thick, and 100 μm long)
on top of a YIG film with a thickness d ¼ 80 nm [see
Fig. 1(a)] by a stripline antenna [46] (1.3 μm wide, 0.1 μm
thick, and 100 μm long). The width of CoFeB wire is
characterized by the scanning electron microscope (SEM)
shown in the Supplemental Material (SM), Sec. I [47]. The

YIG films are deposited on gadolinium gallium garnet
substrates by radio-frequency magnetron sputtering. We
detect propagating magnons by their spin pumping [53–57]
into Pt contacts placed on each side of CoFeB at a distance
s ¼ 2.5 μm, in which the inverse spin Hall effect (ISHE)
generates a transverse voltage. Figure 1(b) is a microscopic
image of the device. A magnetic field applied at an angle
θ ¼ 45° [55] with respect to x allows both efficient
excitation of the nanowire (maximal for 90°) and detection
by ISHE (best for 0°). Moreover, this configuration at 45° is
also optimal for the first-order Suhl instability [13,58].
Figure 1(c) shows the ISHE voltage at the left Pt electrode
(VL) as a function of excitation frequency and applied field
for a small microwave power of 10 mW, which is safely in
the linear regime. The red (blue) color represents negative
(positive) voltage response. The relatively strong negative
ISHE voltage (∼ − 6 μV, marked by the green arrow)
corresponds to the antiparallel magnetization of the
CoFeB and YIG layers with large interlayer magnon-
magnon (2M) coupling [59]. The yellow dots denote the
CoFeB resonance frequencies extracted from the reflection
spectra S11 in SM Fig. S2(b) [47] measured by the vector
network analyzer (VNA). Figure 1(d) shows VL under high
excitation (microwave power 32 mW). The strong intensity
area corresponds to the linear magnon-magnon coupling at
the antiparallel configuration of CoFeBjYIG with its
nonsaturated color map shown in SM Fig. S3 [47]. We
observe additional modes indicated by blue and orange
arrows in Fig. 1(d). We argue below that an interlayer three-
magnon (3M) process causes the former ones [blue arrows
in Fig. 1(d)] and attribute them to parametric pumping of
the first excited perpendicular standing spin waves
(PSSWs) in YIG by the stray field of the CoFeB Kittel
mode [blue arrows in Fig. 2(a)]. The latter one [orange
arrows in Fig. 1(d)] should originate from an intralayer
four-magnon (4M) scattering [31,60,61] [orange dashed
arrows in Fig. 2(a)] following the interlayer three-magnon
process (blue arrows). The comparison of VL in Fig. 1(d)
with VR in Fig. 1(e) confirms the strong chirality of the
linear-response modes [62,63] (areas marked by green
arrows), while the nonlinear signals (blue and orange
arrows) are nearly equally strong for VL and VR.
Figure 2(a) shows the dispersion of the nodeless (n ¼ 0)

and single-node (n ¼ 1) perpendicular standing spin
waves. The frequency of a spin wave with momentum k
in mode n reads [64,65]

fnðkÞ ¼
μ0γ

2π
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In calculations, we use the YIG exchange constant
Λex ¼ 3 × 10−16 m2, saturation magnetization Ms ¼
140 kA=m [66], and film thickness d ¼ 80 nm. Fn is
the dipolar array factor [67]. For the n ¼ 1 mode at

θ ¼ 45° with kd ≪ 1, one can derive Fn ≈ 1 (see SM,
Sec. IV [47]). According to our modeling explained below,
the CoFeB Kittel mode at ∼10 GHz couples primarily with
the high-k single-node mode as indicated by the green
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FIG. 1. (a) Schematic (side view) of spin pumping by a CoFeB
nanowire detected nonlocally by two Pt electrodes on the left
(VL) and right (VR) sides. Magnetic field H is applied in the xz
plane with an angle θ ¼ 45° with respect to x. s denotes the
distance between the CoFeB wire and a Pt bar. (b) Optical
microscopic image of the three-terminal device. The center line is
a CoFeB nanowire covered by a gold stripline antenna. Pt
electrodes on both sides detect nonlocal spin pumping from
the CoFeB wire. (c) VL measured with field swept from negative
to positive values. At an input microwave power of 10 mW, we
are still in the linear regime. Green arrow marks the spin pumping
induced by the linear magnon-magnon (2M) coupling when the
magnetizations are antiparallel. Yellow dots mark the CoFeB
resonance frequencies with error bars representing the ferromag-
netic resonance (FMR) linewidth. (d) VL measured at a high input
power of 32 mW. The field sweep is the same as in (c). Light blue
arrows indicate a mode associated with the interlayer three-
magnon (3M) coupling. We attribute another mode (orange
arrows) to a secondary nonlinear four-magnon (4M) process.
(e) VR measured at the same condition with (d) for comparison.
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arrow in Fig. 2(a). This linear interlayer magnon coupling is
strongly enhanced in the antiparallel configuration, here in
the field interval 0–20 mT [59,63]. The linear process by
this “two-magnon” scattering is strongly unidirectional due
to the interlayer dipolar interaction [62,63], with voltage
signals in the left Pt electrode VL [green arrow in Fig. 1(d)]
but not in the right one VR [Fig. 2(b)]. In this process, the
nanometric width of CoFeB wire generates a broad k
distribution and thus enables efficient scattering between a
k ¼ 0 CoFeB magnon and a high-k n ¼ 1 YIG magnon
given by the dispersion in Fig. 2(a). In the studied system,

the magnon-magnon coupling is mainly contributed by the
dynamic dipolar interaction [59,68,69] dominating the
interlayer exchange interaction (see SM Fig. S5 [47] for
results on control samples with a MgO spacer). The latter
plays a more important role in extended bilayer films
[70–72]. We derive the interlayer magnon-magnon cou-
pling strength by the magnetodipolar interaction for the
n ¼ 0 and n ¼ 1 modes with þk and −k wave vectors in
the SM, Sec. VI-C [47]. The chiral spin pumping signal
scales linearly with the microwave power and can be
detected down to 1 mW (see SM, Sec. VII [47]). At
powers above 10 mW, nonlinear effects emerge.
Figure 2(b) shows the spin pumping signals measured
on the right Pt electrode at 32 mW with microwave
excitation frequencies set from 1 to 13 GHz. The Pt bar
serves as a broadband detector. We observe multiple new
features associated with the n ¼ 0 mode (1f) including
parametric pumping at 2f microwave excitation [54]
(calculated as white circles) and 3f (calculated as violet
open triangles) as well as 1

2
f (calculated as magenta open

squares) comb excitations [22,28]. The n ¼ 1 PSSW mode
is observed in Fig. 2(b) indicated by the red arrows and
calculated as the black dotted line. By varying the YIG film
thickness from 80 to 40 nm, the n ¼ 1 mode shifts to
∼12 GHz as shown in the SM, Sec. VIII [47]. Evidence for
parametric pumping of the higher n ¼ 1 mode appears at
high frequencies around 10 GHz as marked by blue arrows
and calculated as black open circles. The interaction
coefficient of the intermagnet three-magnon scattering is
proportional to the square of the YIG magnon mode
amplitudes normal to the film and therefore depends only
weakly on the mode number n. Figure 1(e) presents an
enlarged measurement in the dashed square region with
finer field sweeping steps. The inset of Fig. 2(b) shows two
line plots atþ14 mT (blue squares) and −14 mT (red dots)
with positive and negative ISHE voltage signals. Open blue
squares and open red circles show data obtained from a
bare YIG sample without CoFeB wire on top (see SM,
Sec. IX [47]). If we replace the 200-nm-wide CoFeB wire
by a 800-nm-wide one, the CoFeB Kittel mode frequency
drops significantly and no longer matches twice the frequ-
ency of the n ¼ 1 mode. As a result, no signal is observed
around 10 GHz (see SM, Sec. X [47]). The signals in
Fig. 2(b) marked by blue arrows are therefore caused by
parametric pumping of n ¼ 1 YIG magnons by the stray
field from the CoFeB dynamics but not the stripline. In
general, one may replace CoFeB by other materials such as
CoFe possessing large saturation magnetization [73] and
low magnetic damping [74,75] to enhance the interlayer
three-magnon coupling efficiency.
Our experiments uniquely combine the advantages of

microwave and electrical magnon transport studies. The
observable is S21ðω1;ω2Þ, the bichromatic scattering matrix
of a magnon injected at frequency ω1 at contact or stripline
1 to a magnon with frequency ω2 at contact or stripline 2.
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FIG. 2. (a) Spin-wave dispersion of the nodeless (n ¼ 0 black
curve) and single-node (n ¼ 1 red curve) modes for a YIG film
with thickness d ¼ 80 nm and applied field of 10 mT at θ ¼ 45°.
Spin pumping induced by the interlayer two-magnon scattering
(green arrow) is unidirectional, while spin pumping by the
interlayer three-magnon scattering (blue arrows) is not. Dashed
orange arrows: interband secondary four-magnon scattering from
the n ¼ 1 to n ¼ 0 mode. (b) VR measured at an input power of
32 mW. Black arrows denote excitations of n ¼ 0 modes at
frequencies 1

2
f (magenta open squares), f (white solid lines), 2f

(white circles), and 3f (violet open triangles). Red arrows
indicate direct excitation of the n ¼ 1 modes (black dotted line),
while blue arrows indicate their parametric pumping (black
circles). The field is swept from negative to positive values.
Blue (red) line plot in the inset presents the frequency-dependent
ISHE voltage 14 mT (−14 mT). Blue open squares (red circles)
are data measured on a bare YIG film without CoFeB wire.
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Propagating magnon spectroscopy [7] studies the coherent
magnons at frequency ω in terms of S21ðω;ωÞ. Electrical
injection and detection of magnons by heavy metal
contacts [8] is the method of choice to study diffuse
magnon transport. However, this method senses onlyR jS21ðω1;ω2Þjdω1dω2, so all spectral information is lost.
Here we measure the coherent response to inductive
magnon injection at frequency ω and electrical detection
at a distant contact, i.e.,

R jS21ðω;ω2Þjdω2. In the linear
regime this does not provide new information. However,
the emergence of a magnon frequency comb leads to an
increased signal at a magnon resonance ω ¼ ωk, while new
signals due to parametric pumping emerge when ω ¼ 2ωk.
When the magnon decay length is larger than the contact
distance, we can interpret the experiments simply in terms
of the magnon spectrum generated by the microwaves
under the stripline since the electrical detection is not
sensitive to the propagation phase. Here we model the
observed nonlinearities by the leading terms in the
Holstein-Primakoff expansion with Hamiltonian

Ĥ ¼ Ĥð0Þ
C þ Ĥð0Þ

Y þ Ĥ3M
CY ; ð2Þ

Here Ĥð0Þ
C ¼ εCc†c and Ĥð0Þ

Y ¼ P
n;k εn;ka

†
n;kan;k are the

excitations of the Kittel mode in the magnetic wire and spin
waves in mode n, k of the film. ĉ (ân;k) is the annihilation
operator of the CoFeB nanowire Kittel magnon (YIG
magnon of n ¼ 0, 1 with wave vector k ¼ k⃗�). In
principle, all states may be excited by the microwaves
emitted by the stripline with mode-dependent efficiencies.
The leading nonlinear term is the three-magnon interaction
Ĥ3M

CY . In the following, we model the nonlinear excitations
observed around the CoFeB resonance frequency (10 GHz)
by the magnetodipolar field of the nanowire in the
YIG thin film with an interlayer three-magnon interaction

Ĥh3Mi
CY ¼ DðnÞ

k⃗þk⃗−
ĉ†ân;k⃗þ ân;k⃗− þ H:c:, where DðnÞ

k⃗þk⃗−
is a coef-

ficient, and k⃗þ ≈ −k⃗− (see SM, Sec. VI-D [47]). The
efficiency of the parametric excitation scales with the
ellipticity of the excited magnon pairs, which decreases

with k, so jDð1Þ
k⃗þk⃗−

j > jDð0Þ
k⃗þk⃗−

j. Therefore, the CoFeB Kittel

mode excites n ¼ 1 YIG magnon pairs at a lower threshold
than that of n ¼ 0 pairs. The parallel magnetic pumping by
the Zeeman interaction (μ0γm⃗Y

k · h⃗dip) does not depend on
the polarization of either the magnon nor the dipolar field,
in contrast to the chiral spin pumping [62,63]. The three-
magnon interaction is therefore not chiral and the signals in
both Pt contacts are nearly the same [Figs. 2(b) and 2(c)].
In Fig. 3 we address the power dependence of the signals

at 5 and 10 GHz. We focus on the VISHE on the right Pt
electrode for input powers from 1 to 47 mW (see SM,
Sec. XI [47]). The signal attributed to the interlayer three-
magnon interaction at microwave powers above 20 mW
(light green area in Fig. 3) is nearly the same in both

contacts. The signal associated to the excitation of the
low-k n ¼ 1 mode deviates from a linear power depend-
ence (black open squares) at ∼20 mW, which we interpret
as an evidence for the Suhl instability [13]. The spin
pumping signal drops above the threshold, because the
confluence scattering opposes the Kittel magnon decay in
the wire. When the power reaches 32 mW, an additional
mode [orange arrows in Fig. 1(d)] emerges. We attribute
this additional mode to a four-magnon process [31,60]
during which two n ¼ 1 YIG magnons scatter to two
n ¼ 0 YIG magnons, i.e., a†1a

†
1a0a0 þ H:c: [orange dashed

arrows in Fig. 2(a)]. The drop in the n ¼ 1 mode intensity
(black open squares) accompanies a new signal (orange
open triangles), similar to a four-magnon scattering signal
reported for a YIG nanoconduit [31]. We explain the
increased slope of the orange mode as a function of field
as follows; see also SM, Sec. VI-E [47]. The four-magnon
interaction scales like ∝ jk⃗0�j2, where k⃗0� are the momenta
of the n ¼ 0 magnons degenerate with the n ¼ 1 magnons
that are efficiently excited by the CoFeB Kittel mode when
their k⃗� is small. The amplitude of the n ¼ 1 magnons
therefore decreases with excitation frequency higher than
≈2 min ω

1;k⃗, but jk⃗0�j of the n ¼ 0magnons increases. The
secondary maximum of the spin pumping signals seen in
experiments and calculations reveals that the four-magnon
scattering can win this competition in a narrow frequency
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FIG. 3. ISHE peak voltages of the right Pt electrode as a
function of the input microwave power measured at 5 GHz for the
low-k n ¼ 1 PSSW mode (black open squares) and at 10 GHz for
the nonlinear modes (light blue open circles and orange open
triangles). The red line is a linear fit up to 20 mW. The dark blue
double-sided arrow marks the deviation from linearity. The light
green area represents the nonlinear regime of interlayer three-
magnon processes (light blue open circles) above 20 mW (blue
dashed line). An additional feature [orange arrows in Fig. 1(c)
and orange open triangles] observed above 32 mW (orange
dashed line) is attributed to a secondary four-magnon process as
indicated by orange dashed arrows in Fig. 2(a).
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interval. We do not observe indications for an intralayer
three-magnon process in which one n ¼ 1 YIG magnon
splits into two n ¼ 0 YIG magnons, because the overlap
integrals are suppressed due to the different parity of the
standingwave amplitudes (see SM, Sec. VI-B [47]). Finally,
we demonstrate in Fig. 2(b) and SM Fig. S8 [47] excellent
agreement of the calculated resonance energies with the
observed spectra at both low and high excitation powers.
In conclusion, we detect nonlinear interlayer magnon in-

teractions in a hybrid magnetic nanostructure (CoFeBjYIG)
by nonlocal spin pumping. The leading nonlinearity is a
three-magnon process in which one CoFeB Kittel magnon
splits into a pair of single-node (n ¼ 1) YIG magnons with
oppositewave vectors (þk and−k). By comparing the ISHE
voltage signals on two Pt electrodes, we find nearly
symmetric magnon emission to the left and right in contrast
with the almost perfect chirality of linear excitations in
agreement with model calculations based on purely mag-
netodipolar couplings. The theoretical analysis also indi-
cates that the nonlinear interlayer coupling with single-node
(n ¼ 1) YIG magnons dominates over that with nodeless
(n ¼ 0) ones.We attribute an additional signal at evenhigher
power to a cascade of interlayer three-magnon and intra-
layer four-magnon processes. Understanding the dynamics
in hybridmagnetic systemsmay help engineer dissipation in
nanomagnonic devices, which is a necessary step in the
prospect of quantum magnonics for entanglement distilla-
tion through nonlinear coupling of local nanowire magnons
and pairs of long-distance propagating magnons.
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