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We theoretically study the electromagnetic wave radiation of magnons driven by acoustic phonons in
systems with strong magnon-phonon interaction. We evaluate the field dependence of radiation intensity
spectra that exhibits the avoided crossing, a characteristic of strongly coupled systems. At the crossover
where the magnon and phonon eigenstates are hybridized, we demonstrate the existence of two resonant
radiation frequencies with circular polarization and the enhancement of antenna radiation efficiency by
over 100 times. We can also reconfigure the ellipticity of the antenna polarization by changing the applied
out-of-plane magnetic field. Our results open up possibilities of developing ultracompact antennas by
using the hybridized magnon-phonon mode.
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I. INTRODUCTION

Magnons are the quanta of spin waves, the collec-
tive excitation of magnetically ordered materials [1,2],
which can be used for low-dissipation information process-
ing and communications without moving charges [3–7].
Magnons can be excited by means of electrical currents
or microwave pulses for the generation of electromag-
netic (EM) waves [8–10]. The more efficient excitation of
magnons can be realized in coupling with phonons, the
quanta of lattice vibrations, which allows the hybridiza-
tion of magnon and phonon modes in the strong-coupling
region, referred to as a magnon-polaron [11–18]. Fer-
romagnetic magnons with their intrinsic magnetization
dynamics in the GHz range can couple to mechanical
vibrations at the same frequency generated from acous-
tic transducers, which has attracted growing attention in
microwave devices [19–21]. However, the radiation of
EM waves by utilizing magnon-phonon coupling has not
been studied. Here we propose a magnon-polaron antenna
that can radiate EM waves by magnetization precession
driven by mechanical vibrations when magnetic and acous-
tic resonances are synchronized. Because such antennas
are driven by acoustic resonances, their size is compara-
ble to the acoustic wavelength and no longer limited by the
EM wavelength, leading to a significant miniaturization of
antennas.

This magnon-polaron antenna is in stark contrast to
the recently demonstrated magnetoelectric (ME) anten-
nas [22–26], since the EM radiation from ME antennas
is far from the magnetic resonance condition, which is
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evidenced by the insensitivity of radiation power to exter-
nal magnetic fields [27,28]. In analytical models of ME
antennas [29–31], although the Landau-Lifshitz-Gilbert
(LLG) equation [32,33] that governs the micromagnetic
dynamics has been considered [34–37], the theory of EM
radiation induced by strong magnon-phonon coupling is
elusive. It is expected that the hybridization of magnon and
phonon modes can significantly boost the radiation power;
however, the analytical model of EM wave radiation in the
strong-coupling region has not been established.

Here, we theoretically investigate the EM wave radia-
tion of magnetic resonances in a low-damping ferrimag-
netic insulator driven by bulk acoustic waves (BAWs)
using a one-dimensional multiscale finite-difference time-
domain (FDTD) model. We show the frequency splitting
of antenna radiation peaks resulting from magnon-phonon
coupling when the magnetic resonance is brought into
the acoustic resonance by tuning the external magnetic
field. The field dependence of radiation intensity spectra
exhibits the avoided crossing, which reveals the magnon
and phonon dispersion relation at the crossover, a direct
evidence of strongly coupled systems. At the magnon-
polaron mode, the antenna radiation efficiency can be
enhanced by over 100 times compared with that outside the
strong-coupling region. In addition, we demonstrate that
the antenna polarization mode can be reconfigured from
circular to elliptical polarization depending on the strength
of applied out-of-plane magnetic fields.

II. NUMERICAL METHODS

The magnon-polaron antenna structure and the EM
wave radiation mechanism are illustrated in Fig. 1(a). The
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FIG. 1. (a) Schematic of the proposed magnon-polaron antenna and the EM radiation mechanism. (b) Normalized Fourier amplitude
spectra of radiation magnetic field (along the x axis) hx as a function of the magnetic bias field H0. (c) Frequency spectra of hx at
different magnetic bias fields. (d) Frequency spectra of the input impedance Zin = U/ID at different magnetic bias fields. (e) Frequency
spectra of the reflection coefficient � = (Zin − Z0) / (Zin + Z0) for various Gilbert damping constants α of YIG. (f) Magnon-phonon
coupling factor fc as a function of α. The insets are the representative radiation field spectra with different α.

antenna is composed of a ferrimagnetic/piezoelectric het-
erostructure, in which a voltage excitation U is applied on
the piezoelectric layer to stimulate a mechanical vibration
that can be immediately transferred to the upper ferrimag-
netic layer. This consequently produces a bulk acoustic
wave along the z direction of the heterostructure. An in-
plane magnetic bias field H 0 is applied in the y direction
to saturate the magnetization and modify the ferromagnetic
resonance (FMR) frequency. Due to the strain-mediated
ME coupling, the piezoelectric driven oscillating strain
induces magnetization dynamics M in the magnetostric-
tive layer whose precession is governed by the LLG
equation as

∂M
∂t

= μ0γ (M × H eff) − α

|M |M × ∂M
∂t

, (1)

where μ0, γ , and α are the permeability of vacuum, the
gyromagnetic ratio constant, and the Gilbert damping con-
stant, respectively. H eff is the effective magnetic field,
which includes the magnetic bias field H 0, the radiation
magnetic field H , and the piezomagnetic induced field H m.
When the magnon and phonon modes are hybridized, the
magnon-polarons efficiently radiate EM fields E and H
with dynamic components ey and hx propagating into free

space, which is described by Maxwell’s equations as

∇ × H = εrε0
∂E
∂t

, (2)

∇ × E = −μ0
∂(H + M )

∂t
, (3)

where ε0 and εr are the permittivity of vacuum and the rel-
ative dielectric constant, respectively. In our FDTD model,
the LLG equation and Maxwell’s equations are interac-
tively coupled with Newton’s equations that govern the
dynamics of acoustic waves (see Supplemental Material
[38] for a detailed description of the FDTD model).

III. RESULTS

A. Strong magnon-phonon coupling

We choose a model system of aluminum nitride
(AlN)/yttrium iron garnet (YIG) heterostructure, because
AlN thin film is a widely used piezoelectric material for
BAW resonators [39] and YIG is the benchmark fer-
rimagnetic insulator with ultralow damping [40–42]. In
our 1-μm AlN/750-nm YIG heterostructure, the standing
phonon mode or the mechanical resonance frequency fp is
governed by the thickness of AlN and the sound velocity

064050-2



MAGNON-PHONON-INTERACTION-INDUCED... PHYS. REV. APPLIED 18, 064050 (2022)

of YIG and AlN, which is simulated to be 2.39 GHz (see
Supplemental Material [38] for the material parameters).
The magnon mode or the FMR frequency fm of YIG can
be shifted by the in-plane magnetic bias H0 following the
Kittel equation fm = μ0γ /2π

√
H0(H0 + Ms), where Ms is

the saturation magnetization. Figure 1(b) shows the calcu-
lated radiation field hx as functions of magnetic bias field
and frequency, which exhibits the avoided crossing, indi-
cating the hybridization of magnon and phonon modes in
the strong-coupling region and the formation of magnon-
polarons. The numerically calculated field dependence of
radiation spectra can be fitted to a characteristic equation
for strongly coupled systems: (f 2 − f 2

m )(f 2 − f 2
p ) − f 4

c =
0, where fc is the coupling factor [43,44]. The coupling
factor that determines the strength of the magnon-phonon
coupling is directly associated with the magnetostriction
coefficient, the magnetic moment, and wave vectors of
magnons and phonons [45].

To evaluate the radiation properties of the magnon-
polaron antenna, we compare the frequency spectra of
the radiation field [Fig. 1(c)] and the input impedance
Zin = U/ID [Fig. 1(d)] at different magnetic bias fields.
When fm is away from fp (fm < fp or fm > fp ), one radi-
ation peak is presented in Fig. 1(c), which corresponds
to the mechanical resonance in Fig. 1(d) at the same fre-
quency. This is consistent with what has been observed in
ME antennas [27,28]. As the magnon resonance is brought
closer to the phonon resonance (fm ≈ fp ), the radiation
peak is split into two peaks [Fig. 1(c)] with their intensities
enhanced by over 10 dB, which leads to possible appli-
cations of magnon-polaron antennas with radiation field
much higher than that of ME antennas. Interestingly, in
the hybridized mode, the impedance spectra also show two
mechanical resonances [Fig. 1(d)], because the hybridized
mode does not exist in a specific eigenstate, but rather has
both magnonic and phononic characters. The impedance
measurement of magnon-phonon systems might therefore
serve as a sensitive probe for the observation of magnon-
phonon dynamics.

The antenna resonance of the hybridized mode is sen-
sitive to the Gilbert damping constant, since the magnon-
phonon coupling strongly depends on the loss rate of the
system. To better illustrate the evolution of antenna reso-
nance characteristics, we show the spectra of the reflection
coefficient defined as � = (Zin − Z0) / (Zin + Z0) for vari-
ous Gilbert damping constants α in Fig. 1(e), where Z0 is
the characteristic impedance of 50 �. As the Gilbert damp-
ing constant increases from 3.0 × 10−4 (typical damp-
ing constant of YIG) to 1.0 × 10−2 (typical damping
constant of ferromagnetic metals), two symmetric reso-
nances in � induced by the hybridized mode are gradually
merged into one resonance solely induced by the phonon
mode. Figure 1(f) summarizes the magnon-phonon cou-
pling factor fc and the corresponding representative profiles
of radiation field spectra as a function of Gilbert damping

constants α. We find that the magnon-phonon coupling fac-
tor fc drastically decreases when α exceeds 1.4 × 10−3,
which implies a thresholdlike behavior.

B. Enhanced radiation efficiency

We calculate the antenna radiation efficiency, which is
defined by the ratio of the radiated power per unit area to
the input power per unit area, as

ηrad = Prad

Pin
=

1
2η0 |hx| × |hx|
1
2 Re

[
U × J ∗

D

] , (4)

where η0 is the intrinsic impedance of free space and JD is
the displacement current density. It should be noted that the
radiation efficiency here is independent of the shape and
size of antennas, because our model is in one dimension.
We evaluate the radiation efficiency of the magnon-polaron
antenna with and without the hybridization mode by tak-
ing proper loss mechanisms into account. For conventional
antennas, the radiation efficiency is determined by the
Ohmic loss, while for the magnon-polaron antenna, the
radiation efficiency is dominated by the mechanical vis-
cosity and the magnetic damping. We consider a resonable
mechanical quality factor of the acoustic structure to be
around 500 and the Gilbert damping constant of YIG to
be 3.0 × 10−4 in numerical simulation. Figure 2 shows
the antenna radiation efficiency as a function of mag-
netic bias field H0. Beyond the strong-coupling region,
the radiation efficiency is of the order of 0.04%. While
in the strong-coupling region, the radiation efficiency can
be enhanced by over 2 orders of magnitude with a max-
imum value of around 7.0%. When fm ≈ fp at H0 = 34.9
mT, the new eigenfrequencies are fp ± g, where the fre-
quency splitting g is related to fc as g = f 2

c /2fp . The strong
magnon-phonon coupling starts at H0 = 34.5 mT (fm =
fp − g) and ends at H0 = 35.3 mT (fm = fp + g), spanning
across a field range of 0.8 mT. We note that the antenna
radiation efficiency is mainly affected by magnetostric-
tion and phonon damping in the noncoupling region, while
being mainly affected by phonon damping and magnon
damping in the strong-coupling region (see Supplemental
Material [38] for the analytical radiation efficiencies ver-
sus the magnetostriction constant, the mechanical viscosity
constant, and the Gilbert damping constant).

C. Circularly polarized radiation

To study the polarization modes of antennas, the x and
y components of the radiation field need to be simulta-
neously analyzed. We construct an out-of-plane magnetic
bias field model, which allows us to calculate the radiation
magnetic field hx and hy (see Supplemental Material [38]).
Under the out-of-plane magnetic field bias as shown in
Fig. 3(a), the hybridization of magnon and phonon modes
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FIG. 2. Antenna radiation efficiency as a function of magnetic
bias field H0. Beyond the strong-coupling region, we drive at
the mechanical resonance frequency corresponding to each H0,
which is very near the intrinsic phonon frequency fp . In the
strong-coupling region with two obvious radiation peaks, we
drive the radiation peak of strong mechanical resonance whose
frequency is much closer to fp . When fm ≈ fp at H0 = 34.9 mT,
we drive at fp ± g, and their radiation efficiencies are 7.309%
and 6.908%, respectively. We illustrate the efficiency of 6.908%
at H0 = 34.9 mT.

takes place in a different field region since the FMR con-
dition is different with the in-plane scenario. We find that
the polarization modes are strongly dependent on the mag-
netic bias field, where Figs. 3(b)–3(d) show the evolution
of the antenna polarization mode with increasing magnetic
field across the strong-coupling region. In the strong-
coupling region (fm ≈ fp ), right-hand circular polarization
is observed. Such polarization mode induced by magnon-
phonon coupling is in sharp contrast to ME antennas,
which have been demonstrated to have linear polarization
[27]. From the antenna application point of view, circularly
polarized antennas are of special interest as EM trans-
mitting and receiving are locally omnidirectional, which
can combat signal fading from a pair of misaligned lin-
early polarized antennas [46]. Outside the strong-coupling
region (fm �= fp ), the magnon-polaron antenna shows right-
hand elliptical polarization, in which the axial ratio (AR)
of elliptical polarization (the ratio between radiation field
amplitude of long axis and short axis) strongly depends
on the out-of-plane magnetic bias field. These behaviors
can be attributed to the circular or elliptical magnetization
precession under different magnetic bias fields. The numer-
ical results of the polarization mode with both isotropic
and anisotropic magnetostriction constant are in a good

hx z
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FIG. 3. (a) Schematic of magnon-polaron antenna under out-
of-plane magnetic bias field. Polarization modes of the antenna
under different out-of-plane magnetic bias fields of (b) 85.0 mT
with fm ≈ fp , (c) 40.0 mT with fm < fp , and (d) 130 mT with
fm > fp . The unit of hx and hy is A/m. Note that the radiation field
strength in (b) is about 100 times larger than that in (c) and (d).

agreement with our analytical calculations (see Supple-
mental Material [38]). The magnetic-field-tunable polar-
ization mode in the magnon-polaron antenna suggests
applications in reconfigurable antennas [47,48].

IV. CONCLUSION AND DISCUSSION

We theoretically demonstrate that hybridized magnon-
phonon dynamics can lead to efficient EM wave radia-
tion in a ferrimagnetic/piezoelectric heterostructure. In the
strong magnon-phonon coupling region, we show that the
antenna radiation efficiency can be enhanced by 2 orders
of magnitude. The formation of magnon-polarons leads to
the frequency splitting of antenna radiation peaks, which
can be tuned by engineering the magnetostriction coeffi-
cient or the Gilbert damping constant of the magnets. Such
dual splitting resonances can be used to transmit binary
information with frequency shift keying modulation [49],
which effectively broadens the bandwidth of the antenna.
Our results are in sharp contrast to those for ME antennas
in which the magnetic and acoustic resonances are sig-
nificantly mismatched. The magnon-polaron-induced EM
radiation opens up intriguing perspectives for developing
highly efficient electrically small antennas that have a size
comparable to the acoustic wavelength, and sheds light on
magnonic devices for information communications.
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We briefly discuss the experimental realization of a
magnon-polaron antenna with hybridized modes. It is chal-
lenging to achieve high-quality epitaxial AlN/YIG het-
erostructures because of large lattice mismatch [50]. Free-
standing single-crystalline YIG membranes with ultralow
damping can be used to construct AlN/YIG heterostruc-
tures [51,52]. On the other hand, metallic ferromagnetic
thin-film materials with generally large magnetostriction
constant and low damping constant comparable to those of
YIG such as Co-Fe alloys are alternatives [53], which can
be directly sputtered on the AlN layer.
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