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Terahertz (THz) spin waves or their quanta, magnons, can be efficiently excited by acoustic phonons
because these excitations have similar wave vectors in the THz regime. THz acoustic phonons can be
produced using photoacoustic phenomena but typically have a low population, and thus, a relatively low
displacement amplitude. The magnetization amplitude and population of the acoustically excited THz
magnons are thus usually small. Using analytical calculations and dynamical phase-field simulations, we
show that a freestanding metal/magnetic insulator (MI)/dielectric multilayer can be designed to produce
large-amplitude THz spin waves via cavity-enhanced magnon-phonon interactions. The amplitude of the
acoustically excited THz spin wave in the freestanding multilayer is predicted to be more than 10 times
larger than in a substrate-supported multilayer. Acoustically excited nonlinear magnon-magnon interac-
tions are demonstrated in the freestanding multilayer. The simulations also indicate that the magnon modes
can be detected by probing the charge current in the metal layer generated via spin-charge conversion
across the MI/metal interface and the resulting THz radiation. Applications of the freestanding multilayer
in THz optoelectronic transduction are computationally demonstrated.
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I. INTRODUCTION

One challenge in the field of magnonics is to gener-
ate coherent magnons, quanta of spin waves with distinct
wavelengths and phases, in the terahertz (THz) frequency
range [1]. The generation of coherent THz spin waves
has the potential to enable wave-based computing circuits
[2] with orders-of-magnitude-higher operation speed than
existing gigahertz (GHz) technologies. THz spin waves,
due to their nanometer (nm) scale wavelength, are domi-
nated by Heisenberg exchange interactions and, therefore,
are called exchange magnons [3]. Strategies for excit-
ing such nm-scale-wavelength THz exchange magnons
include establishing an external stimulus with a temporal
frequency spectrum that overlaps the target THz frequen-
cies.

Experimentally, the excitation of coherent THz
exchange magnons by a pulsed THz spin current has been
demonstrated in ferromagnetic metal thin films via inter-
facial spin-transfer torque [4,5] or spin-orbit torque [6].
In parallel, a bulk excitation approach involves having
THz acoustic phonons propagating inside the magnet and
inducing coherent magnetization oscillation via magnon-
phonon interactions [7]. Since the wave number of acoustic
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phonons (kph) is similar to the wave number of exchange
magnons (km) in the THz regime [8], the magnon-phonon
coupling strength, which is proportional to (kphkm)1/2, can
be high [9] and can lead to highly efficient magnon exci-
tation. Experimental efforts have been pursued based on
the Al(back electrode)/GaAs(substrate)/(Ga, Mn)As(film)
heterostructure [10,11], in which a THz acoustic pulse
is generated by femtosecond (fs)-duration optical excita-
tion of the Al film. The acoustic pulse propagates across
the GaAs substrate and induces magnetic excitation in the
(Ga, Mn)As film. The frequency window of the acous-
tic pulse reaches up to about 0.15 THz in Ref. [10] and
0.3 THz in Ref. [11]. Although magnon modes in the same
frequency range should, in principle, be excited, the fre-
quencies of the experimentally observed magnon modes
were below 30 GHz. It appears possible that the displace-
ment amplitude of the THz acoustic phonon modes is
small in the photoinduced acoustic pulse and that, as a
result, the amplitudes of the THz magnon modes could
be too small to be detected using the methods reported
in Refs. [10,11]. Moreover, the optical penetration depth
in the time-resolved magneto-optical Kerr effect (MOKE)
measurements used in Refs. [10,11] exceeds the nm-scale
wavelength of THz spin waves. The MOKE signal is thus
likely reduced because of spatial averaging over multiple
spin-wave wavelengths.
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Here, we computationally demonstrate that these limi-
tations in magnon excitation and detection can be over-
come by employing a hybrid magnon-photon cavity that
leverages cavity-enhanced resonant magnon-phonon inter-
actions and spin-charge conversion. Moreover, the sim-
ulations indicate that the hybrid magnon-phonon cavity
structure can enable the conversion of a fs optical pulse
to a nanosecond (ns) THz electric current pulse, which
can potentially be exploited to achieve high-quality-factor
THz optoelectronic transduction for high-data-rate wire-
less communication.

The proposed hybrid magnon-phonon cavity consists
of a freestanding metal/magnetic insulator(MI)/dielectric
multilayer, as shown in Fig. 1(a). This structure specif-
ically enables the excitation of large-amplitude THz
standing exchange spin waves via long-duration spa-
tially extended resonant magnon-phonon interactions. The
paramagnetic metal layer serves as both a photoacous-
tic transducer for generating the THz acoustic phonons
via fs laser irradiation and a spin–charge-current trans-
ducer to enable the electrical detection of the acoustically
excited THz magnons. Compared to all-metallic THz cav-
ity structures, including a freestanding Ni single layer
[12,13], Ni/Au bilayer, and Au/Ni/Au multilayer [14],
the proposed metal/MI/dielectric multilayer should have
a smaller eddy-current loss, and therefore, is more suit-
able for high-frequency applications. From a fundamental
perspective, we computationally reveal the principle of
resonant magnon-phonon interactions in the freestanding
multilayer using a recently developed dynamical phase-
field model [8,15,16] that incorporates nonlinear mag-
netoacoustic dynamics (i.e., nonlinear relations between
the excited spin-wave amplitude and the driving acoustic
strain), which was omitted in previous theoretical stud-
ies [12–14,17,18]. Incorporating such nonlinearity not only
enables a more accurate calculation of the magnon dynam-
ics and population, but also allows us to model and design
nonlinear magnonic devices (e.g., magnon-based recurrent
neural network [19] and nonlinear switches [20]) with an
acoustic drive.

The phase-field simulation results show that the pro-
posed freestanding multilayer can enable frequency-
selective excitation of coherent exchange-magnon modes
in the 0.1–1 THz range. Comparative simulations show
that the predicted amplitude of the THz standing spin
wave in the freestanding multilayer is more than 10 times
larger than that in a substrate-supported multilayer. For
magnon detection, the simulations show that both the
time-dependent electric current in the metal layer and the
resultant free-space electromagnetic radiation retain spec-
tral information of the acoustically excited THz magnon
population. The simulation results also indicate that both
the amplitude and frequency of the acoustically excited
THz spin waves, and the resulting THz electric current,
can be tuned by varying a bias magnetic field. The quality

(a)

(b)

FIG. 1. (a) Schematic of the freestanding multilayer on a sub-
strate patterned with an air cavity at its surface. An acoustic pulse
is injected into the multilayer by irradiating the metal film with a
fs laser pulse. (b) Illustration of the standing longitudinal acous-
tic phonons, εzz , with modes of n in the multilayer, and standing
magnons, �m, with modes of m in the magnetic insulator film.
J s

zj is the spin-current tensor injected from the magnet/metal
interface, where subscripts “z” and “j ” (=x,y,z) refer to the direc-
tion of spin-current flow and spin polarization, respectively. J c

i is
the charge-current vector in the metal layer converted from J s

zj

via the inverse spin Hall effect. A bias magnetic field, Hbias, with
nonzero z component is applied to (1) lift the initial equilibrium
magnetization off the x-y plane (for enhancing the torque from
the magnetoelastic field), and (2) dynamically tune the frequen-
cies of the ferromagnetic resonance (m = 0 mode magnon) and
thereby higher-order magnons. Acoustically excited magnons
can be detected by measuring J c

i or the resulting THz emission.

factor of a THz optoelectronic transducer based on the
present freestanding multilayer is computationally evalu-
ated.

II. DESIGN RATIONALE

The freestanding metal/MI/dielectric multilayer, shown
in Fig. 1(a), enables the formation of multiple harmonic
modes of standing-wave acoustic phonons and magnons.
The modes describing the angular wave numbers of the
phonon and magnon are labeled by integer values (n,
m = 0, 1, 2, . . . , ∞), as shown in Fig. 1(b). The param-
agnetic metal layer allows for (i) converting the incident
fs optical pulse into a picosecond (ps) acoustic pulse via
electron-phonon coupling and thermal expansion [21–24],
and (ii) converting the longitudinal spin current into a
transverse charge current via the inverse spin Hall effect
(ISHE) [25]. The excited magnon modes can be detected
by measuring the THz current pulse in the metal (via a
coplanar probe tip [26], for frequencies up to 100 GHz)
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or the free-space electromagnetic (EM) radiation generated
by the THz current pulse (via electro-optical sampling)
[27].

There are three main principles for selecting the com-
position of the MI component of the multilayer. First, the
MI needs to have a sufficiently large magnetoelastic cou-
pling to enable a high magnon-phonon coupling strength
[9]. Second, the MI needs to have a high effective spin-
mixing conductance to inject a large spin current into the
adjacent metal layer. Third, the MI layer needs to have a
low effective magnetic damping coefficient, which is the
sum of the Gilbert damping and other extrinsic contribu-
tions, such as two-magnon scattering and spin pumping
at the MI/metal interface [28]. A low effective magnetic
damping yields a larger magnetization amplitude and a
longer lifetime for the magnon. The composition of the
metal layer is selected to ensure an efficient photoacoustic
transduction and a spin-to-charge conversion for magnon
detection. The role of the dielectric layer in the multi-
layer stack is to provide additional mechanical support for
the metal/MI bilayer. Direct integration of the metal/MI
bilayer onto a patterned substrate, which enables concen-
trating a larger portion of the standing acoustic wave in the
MI layer, would otherwise be preferred. All layers are best
to have low elastic damping to extend the lifetime of the
driving acoustic phonons.

It is challenging to find MI and metal materi-
als that simultaneously meet these requirements. Here,

we use a freestanding Pt/MgAl0.5Fe1.5O4(001)/SiN
multilayer to illustrate the physical principles. The
MgAl0.5Fe1.5O4(001) (MAFO) layer is selected because it
has a relatively large magnetoelastic coupling coefficient
(B1= 1.2 MJ m−3) and a low Gilbert damping (α0 = 0.0015
for uniform spin precession, or the m = 0 mode magnon)
at room temperature [29]. Additionally, a large spin Hall
angle (θPt ∼ 0.83) was previously measured at room tem-
perature for Pt in a MAFO/Pt bilayer [30], which would
result in a high-efficiency spin-to-charge conversion. Other
promising MI materials include (i) yttrium iron garnet,
which has an ultralow Gilbert damping (α0 ∼ 8 × 10−5

[31]) but weak magnetoelastic coupling (B1= 0.3 MJ m−3,
B2= 0.55 MJ m−3 [16]) at room temperature; (ii) the
rare-earth iron garnet Tb3Fe5O12 (TbIG), which has a
high magnetoelastic coupling (B1 = −283.32 MJ m−3,
B2 =−499.815 MJ m−3) at cryogenic temperature (4.2 K)
[32] and a moderate room-temperature Gilbert damping
(α0 = 0.01–0.02, extrapolated from measurements of sim-
ilar Tm3Fe5O12 films and Tm3Fe5O12/Pt bilayers [33]).

III. ANALYTICAL CALCULATIONS

By solving a set of linearized elastodynamic equations
under appropriate boundary conditions (see Appendix A),
we derive an analytical formula for the frequencies of
the standing acoustic phonon modes in a freestanding
Pt/MAFO/SiN multilayer as a function of the thickness of
the individual layers. The formula is

cPtcSiN
(−1 + e(2idPtωn/vPt)

)(−1 + e(2idMAFOωn/vMAFO)
)(−1 + e(2idSiNωn/vSiN)

)
v2

MAFO

+ c2
MAFO

(
1 + e(2idPtωn/vPt)

)(−1 + e(2idMAFOωn/vMAFO)
)(

1 + e(2idSiNωn/vSiN)
)
vPtvSiN

+ cMAFOcSiN
(
1 + e(2idPtωn/vPt)

)(
1 + e(2idMAFOωn/vMAFO)

)(−1 + e(2idSiNωn/vSiN)
)
vPtvMAFO

+cPtcMAFO
(−1 + e(2idPtωn/vPt)

)(
1 + e(2idMAFOωn/vMAFO)

)(
1 + e(2idSiNωn/vSiN)

)
vMAFOvSiN = 0, (1)

where dmater, cmater, and vmater (mater = Pt, MAFO, SiN)
refer to the thickness, elastic stiffness component c11, and
longitudinal sound speed of the individual layer, respec-
tively, and ωn is the angular frequency of the standing-
wave acoustic phonon modes, with n = 1, 2, 3, . . . , ∞.
A list of symbols for the main physical quantities used
here is provided in the Supplemental Material [34]. The
first nonzero nontrivial solution of Eq. (1) yields the angu-
lar frequency value of the n = 1 acoustic phonon mode
(ωn = 1), and so forth for the higher-order modes. Equation
(1) can be applied to a freestanding bilayer (single layer)
by setting zero thickness for one (two) layer(s). When the
thickness of one layer is set to zero, Eq. (1) is reduced to an

expression for a bilayer that is equivalent to that provided
in Ref. [14].

Previously, Zhuang and Hu derived the dispersion rela-
tion of the exchange magnons where the initial equi-
librium magnetization vector, m0, can align along any
direction, i.e., f = (γ /2π)

√
D2k4

m + 	Dk2
m − 
 [15]. For

standing-wave magnon modes, the angular wave num-
ber, km = mπ /dMAFO (m = 0, 1, 2, . . . , ∞), depends on
the MAFO layer thickness, dMAFO. Here, the exchange
stiffness is D = 2Aex/μ0Ms, where Aex is the exchange
coupling coefficient and M s is the saturation magnetiza-
tion; γ is the gyromagnetic ratio and µ0 is the vacuum
permeability; and 	 and 
 are functions of the initial
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FIG. 2. Analytically calculated frequencies of the standing
m = 1 and m = 2 magnon modes and the n = 1,2,. . . ,8 acoustic
phonon modes, as a function of the magnetic insulator (MAFO)
film thickness, dMAFO. Thicknesses for the Pt and SiN layers
are fixed and indicated by the numbers in parentheses with a
unit of nm. Another inset indicates the tilted initial equilibrium
magnetization m0, with θ = ϕ = 45° in this calculation.

equilibrium magnetization vector, m0, and bias magnetic
field, Hbias. Detailed formulae for 	 and 
 are given in
Appendix B. In this study, we consider the case in which
m0 is 45° off the [110] direction (θ =ϕ = 45°, see the inset
of Fig. 2), which maximizes the torque from the effective
magnetoelastic field [8]. Figure 2 shows the frequencies of
the standing acoustic phonons, m = 1, and the m = 2 mode
standing magnon as a function of dMAFO, where dPt and
dSiN are fixed at 6.6 and 31.5 nm, respectively. When the
frequency of the m = 1 (or m = 2) magnon mode is equal
to the frequency of the driving acoustic phonon mode, as
indicated by the circles, the magnon mode can be reso-
nantly excited. Since the fs-laser-induced acoustic pulse
has a broad temporal frequency spectrum, the excitation of
the m = 2 magnon mode would occur simultaneously with
the excitation of both m = 1 and m = 0 magnon modes.
For simplicity, we focus on resonant, selective excitation
of the m = 1 magnon mode by keeping the frequency win-
dow of the injected acoustic pulse below the frequency of
the m = 2 magnon mode [15].

IV. DYNAMICAL PHASE-FIELD SIMULATIONS

To simulate the acoustic excitation of magnons and
the resulting spin-charge conversion in the freestand-
ing metal/MI/dielectric multilayer in a coupled fashion,
we employ the recently developed dynamical phase-field
model that incorporates the coupled dynamics of acous-
tic phonons, magnons, photons, and plasmons [8,15,16].
The photons (EM waves) result from both the precessing
magnetization in the MI (via magnetic dipole radiation)
and the oscillating charge-current density in the metal (via
electric dipole radiation). The magnetic field component of

the EM waves will affect—albeit not significantly in this
case—the magnetization dynamics in the MI layer. Fur-
thermore, since the emitted EM wave can induce a large
eddy current density (Jp) in the metal layer, Jc in the metal
layer is the sum of both JISHE (the contribution from the
spin-charge conversion via the ISHE) and Jp. By coupling
the dynamics of plasmons in the metal with the photon
dynamics, both Jc and the EM wave can be accurately
simulated [15].

In our dynamical phase-field model, the Landau-
Lifshitz-Gilbert (LLG) equation is used to describe the
temporal evolution of the normalized magnetization,
m = M/M s, in the MI layer:

∂m
∂t = − γ

1+α2 m × Heff − αγ

1+α2 m × (m × Heff), (2)

where α is the effective magnetic damping coefficient
of the MI layer. In the proposed structure, α = α0+αs,
where α0 is the Gilbert damping coefficient for the
m = 0 mode magnon, and αs = (gμB/4πMs)G

↑↓
eff (1/d)

[35] describes the magnetic damping induced by spin
pumping from the metal/MI interface into the paramag-
netic metal. Here, g = 2.05 is the g factor [29], µB is the
Bohr magneton, and G↑↓

eff is the real part of the effec-
tive spin-mixing conductance. The total effective magnetic
field, Heff = Hanis + Hexch + Hdip + Hbias + Hmel + HEM, is
the sum of the magnetocrystalline anisotropy field, Hanis;
the magnetic exchange coupling field, Hexch; the magnetic
dipolar coupling field, Hdip; the bias magnetic field, Hbias;
the magnetoelastic field, Hmel; and the magnetic field com-
ponent, HEM, of the EM wave. Expressions for Hanis and
the Hdip, which are both are a function of m, and Hexch, a
function of ∇2m, can be found in Ref. [15]. Hbias is applied
to stabilize the initial equilibrium magnetization, m0, to be
45° off the [110] direction, as mentioned in Sec. III. Hmel

is a function of m and local strain, ε, given by [15]

H mel
i = − 2

μ0Ms
[B1miεii + B2(mj εij + mkεik)], i, j

= x, y, z; j �= i, k �= i, j . (3)

It is noteworthy that the LLG equation [Eq. (2)] is intrinsi-
cally nonlinear, e.g., the frequency of magnetic excitation
can double the frequency of the driving effective field
when the amplitude of magnetic excitation is sufficiently
large. Such nonlinearity can be analytically understood
based on the conservation of magnetization vector length
(i.e., m2

x + m2
y + m2

z = 1) and the method of successive
approximation (see details in Ref. [36]).

The local strain, ε, is

εij = 1
2

(
∂ui

∂j
+

∂uj

∂i

)
(i, j = x, y, z).
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The evolution of the mechanical displacement, u, is gov-
erned by the elastodynamics equation:

ρ ∂2u
∂t2

= ∇ · (σ + β ∂σ
∂t

)
, (4)

where stress is σ = c(ε − ε0); ρ, β, and c are the mass
density, stiffness damping coefficient, and elastic stiffness
coefficient, respectively. The stress-free magnetostrictive
strain, ε0, is

ε0
ii = 3

2
λM

100

(
m2

i − 1
3

)
,

ε0
ij = 3

2
λM

111mimj ,

with i,j = x,y,z, where λM
100 and λM

111 are the magnetostric-
tive coefficients of the MI layer (assuming cubic sym-
metry). To model the injection of a fs-laser-induced ps-
duration acoustic pulse, a Gaussian-shaped stress pulse,
σ zz(z = dMAFO+ dPt, t) = σ maxexp[−t2/2τ 2], is applied at
the top surface of the Pt layer, where σ max is the peak
magnitude of the applied stress and τ is a free parameter
that controls the pulse duration. Varying these two param-
eters allows us to tune the peak amplitude and frequency
window of the acoustic pulse injected into Pt. Based on
existing experiments, the frequency window of such a fs-
laser-induced acoustic pulse is typically in the sub-THz
range [10,11] but covers up to nearly 3 THz [37]; the peak
strain amplitude is typically in the order of 10−3 [22,23,37]
but can reach 1% [38].

The EM wave is described by Maxwell’s equations. The
two governing equations for the magnetic and electric field
components are

∇ × EEM = −μ0

(
∂HEM

∂t + ∂M
∂t

)
, (5)

∇ × HEM = ε0εr
∂EEM

∂t + Jf + Jp , (6)

where EEM is the electric field component of the EM wave;
M = M sm is the local magnetization in the MI layer, and
m is obtained by solving the LLG equation [Eq. (2)]; ε0
and εr are vacuum and relative permittivities, respectively;
Jf and Jp are the free current density and polarization cur-
rent density, respectively, in the metal. Jp is induced by
the electric field, EEM, in the dispersive medium, such as
metallic Pt, which leads to the absorption and reflection of
the EM wave. Jp is obtained by solving a time-dependent
auxiliary differential equation based on the Drude model:

∂Jp

∂t + Jp

τe
= ε0ω

2
pEEM, (7)

where ωp and τe are the plasma frequency and electron
relaxation time in the metal, respectively.

These coupled equations of motion for M, u, EM fields,
and Jp are numerically solved in a one-dimensional (1D)
simulation system consisting of Pt/MAFO/SiN with free
space above and below the multilayer. The physical quan-
tities describing the system only vary along the z axis. To
demonstrate that the use of a 1D system is a reasonable
approximation, we built a two-dimensional (2D) multi-
phase system, as shown in Fig. 1(a), and simulated the
evolution of the distributions of the acoustic phonons and
magnons after acoustic pulse injection. It is found that both
the acoustic phonons and magnons have the same ampli-
tude and phase within the x-y plane, with nonuniformity
only arising near the lateral surfaces of Pt and MAFO, as
shown in Appendix C.

Since the local magnetization, m, is spatially uniform in
the x-y plane, the free current density, Jf, in the Pt layer,
which is converted from the spin current density, Js, via
the ISHE (Jf = JISHE), is also spatially uniform in the x-y
plane. The spin current density, Js,0(t) = Js(z = dMAFO, t),
at the MAFO/Pt interface is calculated via [39]

en · Js,0 = �

4π
G↑↓

eff

(
m × ∂m

∂t

)
, (8)

where en is the unit vector normal to the MAFO/Pt inter-
face and points to Pt, i.e., en= [0,0,1]; ïÿĂ is the reduced
Planck constant. Note that Js = J s

ij is a second-rank ten-
sor, where the subscript “i” refers to the direction of the
spin-current flow and “j ” denotes the direction of spin
polarization [40]. Thus, en · Js,0 = J s,0

zj . The spin current
density in the Pt layer, J s

zj (z, t), decays as a function of the
distance from the MAFO/Pt interface (z = dMAFO):

J s
zj (z, t) = J s,0

zj (t)
sinh[(dMAFO + dPt − z)/λSD]

sinh(dPt/λSD)
,

which is obtained by solving the 1D spin-diffusion
equation under the boundary conditions of J s

zj (z = dMAFO, t)
= J s,0

zj (t) and J s
zj (z = dMAFO + dPt,t) = 0 [35,41], with

dPt indicating the thickness of the Pt layer, and λSD
is the spin-diffusion length in Pt. JiSHE in the Pt
layer is calculated based on JISHE(z, t) = θPt(2e/�)en ×
J s

zj (z, t), where θPt is the spin Hall angle of Pt and
e is the elementary charge. Specifically, J ISHE

x (z, t) =
−θPt(2e/�)J s

zy(z, t), J ISHE
y (z, t) = θPt(2e/�)J s

zx(z, t), and
J ISHE

z (z, t) = 0. Equation (8) and the formulae of JISHE(z, t)
together indicate that magnons of higher frequency but
smaller amplitude of magnetization variation can still
induce a larger peak spin current density and resulting
ISHE charge-current density (see the detailed analysis in
Appendix D). For the MAFO/Pt interface [30], the effec-
tive spin-mixing conductance is G↑↓

eff = 3.36 × 1018 m−2,
the spin-diffusion length in Pt is λSD = 3.3 nm, and the
spin Hall angle of Pt is θPt= 0.83.

When irradiating the Pt film with a fs laser pulse, the
temperature difference between the phonons of MAFO and
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the electrons of Pt can also lead to the injection of spin cur-
rent into Pt via the interfacial spin Seebeck effect [42–45].
However, such a thermally pumped spin current remains
significant typically for tens of ps after fs laser excitation
[46], which is 1–2 orders of magnitude shorter than the
lifetime of the spin current from acoustic spin pumping
(10−10–10−9 s, as shown in Sec. V). Therefore, thermal
spin pumping is not modeled herein for simplicity. The
other material parameters used for simulations are listed in
Appendix E. The numerical methods for solving the LLG,
elastodynamic, and Maxwell’s equations are described in
Appendix F.

V. RESONANT ACOUSTIC EXCITATION OF THz
MAGNONS BY DYNAMICAL PHASE-FIELD

SIMULATIONS

Figure 3(a) shows the evolution of strain, εzz(t), at the
MAFO/Pt interface of the freestanding Pt(6.64 nm)/MAFO
(12.45 nm)/SiN(31.54 nm) multilayer and a substrate-
supported multilayer of Pt(6.64 nm)/MAFO(12.45 nm)/
SiN. In the latter structure, the absorbing boundary con-
dition is applied on the bottom surface of SiN to make it a
perfect acoustic sink (see details in Appendix F). The two
parameters determining σ zz(t) (see Sec. IV) are selected to
be σ max= 3 GPa and τ = 1.5 ps; this leads to an acoustic
spectrum covering up to 300 GHz and a peak strain pulse,
εzz(t), amplitude of 0.85% in Pt. As shown in Fig. 3(a),
εzz(t) consists of multiple cycles of acoustic oscillation that
persist for more than 1 ns in the freestanding multilayer.
The acoustic frequency spectrum [Fig. 3(b)] displays three
peaks at 67, 154, and 240 GHz, which agree well with the
analytically calculated frequencies of the n = 1, 2, 3 acous-
tic phonon modes, respectively. In contrast, εzz(t) exhibits a
single cycle of oscillation that persists for only about 9 ps
in the substrate-supported Pt/MAFO/SiN multilayer, and
there is no peak in its frequency spectrum.

Figure 3(c) shows the numerically simulated change in
magnetization, �mx(t), at the MAFO/Pt interface of the
freestanding multilayer. Its frequency spectrum, shown in
Fig. 3(d), indicates the presence of three magnon modes at
67, 154, and 240 GHz that are induced by the n = 1, n = 2,
and n = 3 acoustic phonon modes, respectively. Remark-
ably, the peak at 154 GHz has a larger spectral amplitude
(i.e., larger magnon population) than the peak at 67 GHz,
even though the driving 154-GHz (n = 2) phonon mode
has a smaller spectral amplitude than the 67-GHz (n = 1)
phonon [cf. Fig. 3(b)]. The large response at 154 GHz
clearly indicates the resonant interaction between the driv-
ing n = 2 phonon mode and the m = 1 magnon mode. In
contrast, for the substrate-supported Pt/MAFO/SiN mul-
tilayer, the temporal profile of �mx(t) is dominated by
a low-frequency variation corresponding to the m = 0
magnon mode (the ferromagnetic resonance, FMR). The
simulated FMR frequency is about 0.5 GHz, see the inset

(a) (b)

(c) (d)

(e) (f)

FIG. 3. Evolution of (a) strain εzz(t); (c) normalized
magnetization change, �mx(t) = mx(t) − mx(t = 0); and (e)
charge-current density, J c

x (t), at the Pt/MAFO interface in
both a freestanding Pt/MAFO/SiN and a substrate-supported
Pt/MAFO/SiN(acoustic sink) multilayer. t = 0 is the moment
the acoustic pulse is injected from the top surface of the Pt
film. (b),(d),(f) Frequency spectra of εzz(t), �mx(t), and J c

x (t),
respectively. Vertical axes are plotted on a log scale. Vertical
dashed line emphasizes the resonant interaction between the
n = 2 phonon mode and the m = 1 magnon mode at 154 GHz.

of Fig. 3(d), which agrees well with the analytically cal-
culated value of 0.53 GHz. The 154-GHz m = 1 mode
magnon, in this case, adds to the profile of �mx(t) in the
form of a small-amplitude high-frequency oscillation [see
Fig. 3(c)]. To extract the real-space amplitude of magne-
tization variation for the m = 1 mode magnon in both the
freestanding and substrate-supported multilayers, we per-
formed inverse Fourier transform of the 154-GHz peaks.
As shown in Appendix G, the amplitude of magnetiza-
tion variation for the m = 1 magnon mode in MAFO has
a maximum peak amplitude of �mx ∼ 0.082 in the free-
standing multilayer, which is 12 times larger than that in
the substrate-supported multilayer.

For the freestanding multilayer, Fig. 3(d) also indi-
cates the presence of multiple magnon modes that do not
have counterparts in the frequency spectrum of acoustic
phonons. These additional magnon modes are attributed to
the acoustically excited nonlinear magnon-magnon inter-
actions. Specifically, the effect of each standing-wave
acoustic phonon mode on magnetic excitation is equiva-
lent to the effect of applying a sinusoidal magnetic field
of a distinct frequency, fn (n = 1,2,3. . . ). When the mag-
netization amplitudes of the acoustically excited magnon
modes are sufficiently large, the nonlinearity of the LLG
equation [36] would lead to nonlinear effects, such as fre-
quency mixing (f = n1f1 ± n2f2 ± . . . , n1,2= 0,1,2. . . ) and
frequency doubling (f = cfn, c = 1,2,3. . . ). As shown in
Fig. 3(d), there are three magnon modes arising from fre-
quency mixing, all involving the resonantly excited m = 1
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magnon mode (f2= fm = 1), which has a large magneti-
zation amplitude. There is one magnon mode resulting
from second-harmonic generation of the f1 magnon mode.
Notably, the f1+ f2 magnon mode, induced through the
mixing of two dominant magnon modes, has a larger spec-
tral amplitude than the linearly excited f3 (m = 3) magnon
mode.

Figure 3(e) shows the evolution of the total charge-
current density, Jc(z = dMAFO, t), at the Pt/MAFO interface
in the freestanding multilayer, which is the sum of the
ISHE charge current, JISHE(z = dMAFO, t), and the polar-
ization current, Jp(z = dMAFO, t). Jp has a similar temporal
profile to that of JISHE, but it has a smaller amplitude and is
180° out of phase (see Appendix H). Similarly to the pro-
file of �mx(t) in Fig. 3(c), the total current density, J tot

x (t),
contains a mixture of low-frequency and high-frequency
components and persists for several ns. The two dominant
frequencies (67 and 154 GHz) in the frequency spectrum of
the current [Fig. 3(f)] are the same as those in the spectrum
of �mx(t). As shown in Fig. 3(f), the spectral amplitude
of the 154-GHz peak is about 10 times larger than the
67-GHz peak. This enhancement is even more significant
than that shown in Fig. 3(d), because the 154-GHz magnon
leads to a larger JISHE via spin pumping [see Eq. (8)] com-
pared to the 67-GHz magnon. The spectral information of
all nonlinearly excited magnon modes is also retained in
the frequency spectrum of J c

x (t). By comparison, J c
x (t) in

the substrate-supported Pt/MAFO/SiN multilayer has a 1-
order-of-magnitude-smaller amplitude and a much shorter
lifetime. The frequency spectrum of J c

x (t) shows a sin-
gle peak at 154 GHz, which corresponds to the m = 1
magnon mode. There are no peaks corresponding to non-
linear THz magnon modes due to the relatively small
magnetization amplitudes of the acoustically excited THz
magnons. The temporal profile of the electric field compo-
nent, EEM(t), of the EM wave emitted into free space, as
shown in Appendix I, is similar to that of J c

x (t). The peak
amplitude of EEM is about 400 V m−1 in the freestanding
multilayer and about 36 V m−1 in the substrate-supported
multilayer. These peak electric fields are large enough for
measurement by free-space electro-optical sampling [47]
and their frequencies (154 and 67 GHz) are also within
the detectable range [27]. Alternatively, it may be possi-
ble to directly measure the charge current in this frequency
range in the Pt layer using a coplanar probe tip followed by
fs laser irradiation (known as ultrafast ISHE measurement
[26]).

It is possible to dynamically tune the frequencies and
temporal profile of Jc in the Pt layer, and hence, the free-
space EM radiation, by varying the bias magnetic field.
Figure 4(a) shows the analytically calculated frequencies
(f ) of the m = 0 and m = 1 magnon modes as a function
of the magnitude of the bias magnetic field, |Hbias|, in
the freestanding Pt(6.64)/MAFO(12.45)/SiN(31.54) mul-
tilayer. The direction of Hbias is varied to keep the

(a)

(b) (c)

(d) (e)

FIG. 4. (a) Analytically calculated frequencies of the m = 0
and m = 1 magnon modes as functions of the magnitude of bias
magnetic fields, Hbias, with the frequencies of the standing acous-
tic phonon modes n = 1–5. Circles indicate |Hbias| that leads to
resonant magnon-phonon interactions. Evolution of (b) strain,
εzz(t), and (d) charge-current density, J c

x (t), at the Pt/MAFO
interface. (c),(e) Corresponding frequency spectra where the
vertical axes are plotted on a linear scale.

equilibrium magnetization 45° off the [110] direction
(θ =ϕ = 45°). The frequencies of the standing acoustic
phonon modes, which do not vary with the magnetic field,
are plotted as horizontal lines. At |Hbias| = 0.087 T (as
in Fig. 3), the m = 1 magnon mode has a frequency of
154 GHz, which leads to a resonant interaction with the
n = 2 phonon mode. At |Hbias| = 3.02 T, the m = 1 magnon
mode shows an increased frequency to 240 GHz, and
hence, can resonantly interact with the n = 3 phonon mode,
and so forth.

To demonstrate resonant excitation of the m = 1 magnon
mode by the higher-order n = 3 phonon mode, we inject a
strain pulse with a frequency window reaching 500 GHz
by setting the parameter τ in the applied stress, σ zz(t), to be
0.8 ps and keeping σ max= 3 GPa the same as that in Fig. 3.
The acoustically excited magnon dynamics and charge-
current dynamics are then simulated under |Hbias| = 3.02 T.
Figure 4(b) shows the evolution of injected εzz(t) at the
MAFO/Pt interface. As shown by its frequency spectrum
in Fig. 4(c), phonon modes n = 1–5 can all be excited, and
their frequencies agree well with the analytical calculations
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TABLE I. Thicknesses of the MAFO and SiN layers used in Fig. 5; the simulated resonant frequency, f ; linewidth, �f ; and
Q (=f /�f ) for both the freestanding and substrate-supported multilayers. The thickness of Pt is fixed at 6.6 nm.

f = fn
(GHz)

�f (GHz) Q f = fm = 1
(GHz)

�f (GHz) Q

dMAFO
(nm)

dSiN
(nm)

α (magnetic
damping)

Freestanding multilayer Substrate-supported multilayer

5.4 7.8 0.011 177 97 814.5 18.615 242 1 43.754 467 27 814.75 33.103 212 5 24.612 414 9
6 19.2 0.010 371 47 659.5 13.116 623 8 50.279 706 89 659.5 25.659 880 2 25.701 600 9
6.6 12.6 0.009 689 05 546 9.395 509 74 58.112 866 15 546 18.581 092 3 29.384 709 5
7.2 27.3 0.008 791 62 459.25 6.930 234 04 66.267 603 29 458.75 14.019 772 6 32.721 643 5
8.4 29.1 0.007 762 22 337.5 4.126 326 47 81.791 880 09 337.25 9.483 856 09 35.560 429 9
9.6 84.9 0.007 044 67 259 2.543 337 09 101.834 712 1 258.75 6.360 880 8 40.678 328 7
9.9 33.3 0.006 822 88 243.5 2.284 380 56 106.593 447 8 243.5 5.809 176 86 41.916 437 7
10.5 39.6 0.006 618 16 216.75 1.874 326 42 115.641 543 6 216.5 5.014 717 26 43.172 922 6
11.4 49.5 0.006 169 2 184 1.383 018 41 133.042 335 8 184 4.007 924 91 45.909 043 7
12.6 63.9 0.005 658 5 150.75 0.946 466 36 159.276 658 9 150.75 3.015 103 39 49.998 285 5
15 8.4 0.005 048 59 106.75 0.493 794 16 216.183 198 1 106.75 1.945 983 41 54.856 582 9
18.6 22.8 0.004 346 46 70 0.230 742 35 303.368 668 1 69.75 1.117 678 9 62.406 117
21.6 129.6 0.003 964 3 52 0.134 377 17 386.970 495 1 52 0.779 376 14 66.720 030 6
24.9 300 0.003 637 7 39.4 0.086 338 33 456.344 228 9 39.4 0.509 469 45 77.335 354
27.3 78 0.003 442 66 32.75 0.060 456 72 541.709 847 33 0.398 058 86 82.902 312 4

via Eq. (1). The evolution of total current density J c
x (t) at

the MAFO/Pt interface is shown in Fig. 4(d). The dura-
tion of J c

x (t) is shorter than that in the case of 154 GHz
[cf. Fig. 3(e)] due to the shorter lifetime of the driving
240-GHz phonon. Remarkably, as shown in Fig. 4(e), the
spectral amplitude of the 240-GHz magnon peak is largest,
even though the 240-GHz phonon peak has a negligibly
small spectral amplitude [cf. Fig. 4(c)]. The other two
frequency peaks in Fig. 4(e) are contributed to by the non-
resonant m = 0 magnon (FMR) mode (86 GHz) and the
nonexchange magnon mode (67 GHz) induced by the n = 1
phonon mode. Likewise, nonlinear magnon modes result-
ing from frequency mixing or doubling are also induced
(see Appendix J).

Due to this capability of converting a fs laser pulse into
a ns-lifetime charge current with oscillation frequencies
over 100 GHz, the proposed freestanding multilayer can
potentially be utilized to develop a dynamically tunable
on-chip THz optoelectronic transducer, which can further
be used to design an on-chip THz optoelectronic oscillator
(OEO) for next-generation wireless communication appli-
cations. The maximum achievable operation frequency of
existing OEO systems is usually below 100 GHz [48–50],
for which one key limitation is the relatively low opera-
tion frequency of the optoelectronic transducer (typically a
semiconductor-based photodetector) [48,49,51]. There are
other approaches that permit converting a fs laser pulse
into a THz charge-current pulse, including a photoconduc-
tive (Auston) switch [52,53] and spintronic THz emitter
(STE) [54–57], but the THz current pulses are broadband
and typically persist for at most a few ps. For compari-
son, we evaluated the frequency (f ) dependence of the

quality factor (Q = f /�f ) of the freestanding multilayer.
First, we perform analytical calculations (similarly to
Fig. 2) to identify dMAFO and dSiN (see Table I in Appendix
K for values) that enable resonant excitation of the m = 1
magnon mode by acoustic phonons of different modes
within the 0.03–1 THz range. dPt is fixed at 6.6 nm. Sec-
ond, dynamical phase-field simulations are performed to
obtain the charge-current density at the MAFO/Pt inter-
face for each combination of dMAFO and dSiN, which allows
for extracting the linewidth, �f (full width at half max-
imum), of the target peak frequency. For an oscillatory
time-domain signal, a longer lifetime leads to a narrower
linewidth, �f, and hence, a larger Q. For further compari-
son, we also evaluate the Q-f relationship in the substrate-
supported Pt/MAFO/SiN(acoustic sink) multilayer, which
also displays a multicycle charge-current pulse but with
fewer cycles (hence, it should have a smaller Q) and a
smaller amplitude.

In both the freestanding and substrate-supported mul-
tilayers, the lifetime of the charge-current pulse is
determined largely by the lifetime of the acoustically
excited magnons at the MAFO/Pt interface. In the
freestanding multilayer that involves extended resonant
magnon-phonon interactions, the magnon lifetime is deter-
mined by both elastic damping and magnetic damping,
and both damping terms become more significant at
higher frequencies. Specifically, the lifetime of the driving
acoustic phonon (τ ph), which can be analytically calcu-

lated as tph = β/
(√

1 + ω2β2 − 1
)

, is shorter at larger
ω, indicating enhanced elastic damping. Moreover, the
spin-pumping-induced damping (αs), which is part of the
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FIG. 5. Simulated quality factor, Q, versus resonant frequency,
f, of the magnonic optoelectronic transducer based on both free-
standing and substrate-supported multilayers. Typical Q values
of the Auston switch and the STE, both of which permit the
conversion of a fs optical pulse into a THz charge-current pulse
as well. Inset illustrates the definition of Q. Literature sources
of data points for the Auston switch and STE are provided in
Ref. [8].

effective magnetic damping coefficient (α), is proportional
to 1/dMAFO. To obtain the higher-frequency m = 1 mode
magnon, a smaller dMAFO needs to be used (see Fig. 2),
resulting in a more significant magnetic damping at higher
operation frequencies.

As shown in Fig. 5, the Q of the freestanding mul-
tilayer decreases largely linearly with f, with a high
Qf product of above 10 THz, which is 1-order-of-
magnitude higher than both the Auston switch and STE.
To evaluate the role of elastic and magnetic damp-
ing, two control simulations were performed for the
Pt(6.64 nm)/MAFO(12.45 nm)/SiN(31.54 nm) freestand-
ing multilayer by individually setting β = 0 or α = 0, with
a resonant frequency of about 154 GHz (the same as
in Fig. 3). As shown in Appendix L, Q increases from
about 155 to 428 under α = 0, while it increases to 588
under β = 0, suggesting a more substantial role of elastic
damping in the freestanding multilayer. By contrast, in the
substrate-supported multilayer, the lifetime of the acousti-
cally excited magnons is largely determined by magnetic
damping alone because the injected acoustic pulse only
stays in the MAFO layer briefly (∼1.55 ps for a 12.5-nm-
thick film). For this reason, Q of the substrate-supported
multilayer decreases less drastically with increasing f
compared to the Q-f relation of the freestanding multi-
layer. Nevertheless, both Q and the charge-current ampli-
tude of the freestanding multilayer, due to the resonant
magnon-phonon interaction, are substantially larger than
the substrate-supported multilayer, even at relatively high
frequencies [similarly to those in Fig. 3(e)].

It is also worth comparing the acoustic-to-magnetic
energy-conversion efficiency of the freestanding and

substrate-supported multilayers, which critically deter-
mines the overall efficiency of the THz optoelectronic
transducer. The areal energy of the injected acoustic wave
is evaluated using

Fa =
∫ t0

0

[

−∂uz(z = z0, t)
∂t

K
∂uz(t)

∂z

∣∣∣∣
z=z0

]

dt

in single-layer Pt, where the Gaussian-shaped stress pulse,
σ zz(t), is applied to its top surface (z = z0), yet the absorb-
ing boundary condition is applied to the bottom surface to
avoid acoustic wave reflection. Here, uz is the mechanical
displacement obtained from the simulations, K is the bulk
modulus of Pt, and t0 is the duration of the applied stress
pulse. For a stress pulse with σ max= 3 GPa and τ = 1.5 ps
(the same as those used in Fig. 3), Fa ≈ 0.2256 J/m2. The
magnetic energy converted from the acoustic wave is eval-
uated by calculating the magnetic energy dissipation over
the entire process of excitation and relaxation, i.e.,

Fm =
∫ t1

0

∫ d

0

∂f (z, t)
∂t

dzdt,

where d is the thickness of the magnetic layer, t1 is
the overall duration of the magnetic excitation, and the
dissipation rate of the magnetic energy density is [39]

∂f
∂t

= ∂f
∂m

∂m
∂t

= −μ0Ms(Hanis + Hdip + Hbias

+ Hmel)
∂m
∂t

.

After some algebra and omitting the contribution from
Hanis due to the relatively weak magnetocrystalline
anisotropy of the MAFO, one has

Fm ≈
∫ t1

0

∫ dMAFO

0
(μ0M 2

s �mz + 2B1mzεzz)
∂mz

∂t
dzdt.

Using the simulated m(z,t) and εzz(z,t) in the case of Fig. 3
as the input, Fm is calculated to be 9.26 × 10−5 J m−2

for the freestanding multilayer and 1.26 × 10−7 J m−2 for
the substrate-supported multilayer. Thus, the acoustic-to-
magnetic energy-conversion efficiency in the freestanding
multilayer (∼4 × 10−4) is approximately 3 orders of mag-
nitude higher than that in the substrate-supported multi-
layer (∼5.6 × 10−7). From the analytical formula of Fm,
the conversion efficiency in the freestanding multilayer
can be further improved by (i) using a MI layer with a
larger magnetoelastic coupling coefficient, B1, and satu-
ration magnetization, M s (such as TbIG [32]); and (ii)
optimizing the spatial profile overlap between the magnon
and acoustic phonon modes such that a larger portion of
εzz(z, t) can be located within the MI layer (e.g., using a
freestanding metal/MI bilayer) along with wave-number
matching.
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VI. CONCLUSIONS

We have computationally designed a hybrid magnon-
phonon cavity, which consists of a freestanding metal/MI/
dielectric multilayer and can enable the frequency-
selective excitation of large-amplitude THz spin waves via
cavity-enhanced magnon-phonon interactions. We devel-
oped an analytical formula to identify the individual layer
thickness (Fig. 2) and the bias magnetic field [Fig. 4(a)]
that led to the resonant magnon-phonon interaction. We
performed dynamical phase-field simulations to model the
spatiotemporal profiles of the acoustically excited magnon
modes and the resulting charge-current pulse and free-
space EM radiation, both of which are found to retain the
spectral information of both the linearly and nonlinearly
excited THz magnon modes. The simulation results sug-
gest that it is possible to excite and detect large-amplitude
THz spin waves in the proposed freestanding multilayer
by ultrafast ISHE measurements or THz emission spec-
troscopy with a fs optical pump.

From a fundamental perspective, the proposed free-
standing multilayer would be a well-suited platform for
studying the damping mechanisms of magnons in the THz
regime (e.g., the possible inertial effects [58–61]) due to
the capability of enabling ns-lifetime THz magnons. Fur-
thermore, the extended magnon-phonon interaction time in
the freestanding multilayer makes it possible to realize the
hybridization of magnons and phonons in the THz regime
by matching both their frequency and wave number via
geometrical design (see Appendix M).

For applications, the proposed freestanding multilayer
can potentially be used to design a THz optoelectronic
transducer, due to its unique capability to convert a fs
laser pulse into a ns charge-current pulse with a dominant
frequency peak in the 0.1–1 THz range. It has a 1-order-of-
magnitude-higher Q factor than previously existing tech-
nologies (Auston switch [52,53], spintronic THz emitter
[54–57]) that also involve the use of a fs optical pump to
generate THz current pulses. Combined with the dynami-
cal tunability, such a high-Q magnonic THz optoelectronic
transducer provides attractive potential for THz wireless
communication [62] and narrowband THz spectroscopy
[8] applications.
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APPENDIX A: DERIVATION OF FREQUENCIES
OF STANDING ACOUSTIC PHONON MODES IN A

FREESTANDING TRILAYER

The frequencies of the acoustic standing waves are
obtained by solving the system of linear equations that
describe the boundary conditions of the acoustic wave.
First, we consider an elastically heterogeneous trilayer
structure, as shown in Fig. 6, with dξ being the thickness
of each layer ξ = A, B, C, and assume that the mechani-
cal displacement waves propagating in the structure only
have z components, considering that they are produced by
laser-induced thermal expansion. The solutions of the (z-
component) mechanical displacement are assumed to be
the combination of the plane waves, u+

ξ ei(ωt−kξ z) propagat-
ing along +z and u−

ξ ei(ωt+kξ z) along −z in each layer, where
u +

ξ and u−
ξ are the amplitudes of the wave components, ω is

the angular frequency, and kξ = ω/vξ is the angular wave
number with vξ being the longitudinal sound speed. With
these, the out-of-plane normal strain,

εξ (z, t) = ∂uξ

∂z
,

and stress, σξ (z, t) = cξ εξ (z, t), in each layer can be
calculated as ikξ [u−

ξ ei(ωt+kξ z) − u+
ξ ei(ωt−kξ z)] and icξ kξ [u−

ξ

ei(ωt+kξ z) − u+
ξ ei(ωt−kξ z)], respectively, where cξ denotes the

elastic stiffness component, c11, of each layer ξ here.
The stress-free boundary condition at the bottom surface

of layer A, σA(z = 0, t) = 0, gives

cAkA(u−
A−u+

A) = 0. (A1)
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Similarly, the stress-free boundary condition at the top
surface of layer C, σC(z = d, t) = 0, gives

cCkC[u−
C eikξ d − u+

C e−ikξ d] = 0, (A2)

where d = dA+ dB + dC is the total thickness of the entire
structure.

Regarding the interfaces between two elastically dif-
ferent materials, stress σ and displacement u should be
continuous across the interfaces. At the A/B interface,
the continuous displacement, uA(z = dA, t) = uB(z = dA, t),
gives

u+
Ae−ikAdA + u−

AeikAdA = u+
B e−ikBdA + u−

B eikBdA, (A3)

and the continuous stress, σA(z = dA, t) = σB(z = dA, t),
gives

cAkA[u−
AeikAz − u+

Ae−ikAz] = cBkB[u−
B eikBz − u+

B e−ikBz].
(A4)

Similarly, the continuous displacement at the B/C inter-
face, uB(z = dA+ dB, t) = uC(z = dA+ dB, t), gives

u+
B e−ikB(dA+dB) + u−

B eikB(dA+dB) = u+
C e−ikC(dA+dB)

+ u−
C eikC(dA+dB), (A5)

and the continuous stress, σB(z = dA + dB, t) = σC
(z = dA + dB, t), gives

cBkB[u−
B eikB(dA+dB) − u+

B e−ikB(dA+dB)]

= cCkC[u−
C eikC(dA+dB) − u+

C e−ikC(dA+dB)]. (A6)

Equations (A1)–(A6) form a system of linear equations
with u +

ξ and u−
ξ being six variables to be solved, and the

corresponding coefficient matrix is given by

⎛

⎜⎜⎜⎜⎜⎜
⎝

1 −1 0 0 0 0
e−ikAdA eikAdA −e−ikBdA −eikBdA 0 0

cAkAe−ikAdA −cAkAeikAdA −cBkBe−ikBdA cBkBeikBdA 0 0
0 0 e−ikB(dA + dB) eikB(dA + dB) −e−ikC(dA + dB) −eikC(dA + dB)

0 0 cBkBe−ikB(dA+dB) −cBkBeikB(dA+dB) −cCkCe−ikC(dA + dB) cCkCeikC(dA+dB)

0 0 0 0 e−ikCd −eikCd

⎞

⎟⎟⎟⎟⎟⎟
⎠

.

To obtain a nontrivial solution to the linear-equation sys-
tem, the determinant of this matrix should be equal to 0,
which gives

cAcC
(−1 + e2idAω/vA

)(−1 + e2idBω/vB)(−1 + e2idCω/vC
)
v2

B

+ c2
B

(
1 + e2idAω/vA

)(−1 + e2idBω/vB
)(

1 + e2idCω/vC
)

× vAvC + cBcC
(
1 + e2idAω/vA

)(
1 + e2idBω/vB

)

× (−1 + e2idCω/vC
)
vAvB + cAcB

(−1 + e2idAω/vA
)

× (
1 + e2idBω/vB

)(
1 + e2idCω/vC

)
vBvC = 0, (A7)

where all wave numbers kξ are replaced by ω/vξ .

APPENDIX B: EXPRESSIONS OF � AND � IN THE
ANALYTICAL FORMULA OF THE DISPERSION

RELATION OF THE EXCHANGE MAGNON

Assume the magnetization at the initial equilibrium state
is (m0

x , m0
y , m0

z ), the expressions of 	 and 
 are given by

	 = (�23 − �32)m0
x + (�31 − �13)m0

y + (�12 − �21)m0
z

(B1)

and


 = Ψ23Ψ32 + Ψ31Ψ13 + Ψ12Ψ21, (B2)

where

Ψ12 = H bias
z − Msm0

z − 2K1

μ0Ms
(3m0

y
2
m0

z − m0
z

3
), (B3)

Ψ13 = −H bias
y − Msm0

y − 2K1

μ0Ms
(m0

y
3 − 3m0

ym0
z

2
), (B4)

Ψ21 = −H bias
z + Msm0

z − 2K1

μ0Ms
(m0

z
3 − 3m0

z m0
x

2
), (B5)

Ψ23 = H bias
x + Msm0

x − 2K1

μ0Ms
(3m0

z
2
m0

x − m0
x

3
), (B6)

Ψ31 = H bias
y − 2K1

μ0Ms
(3m0

x
2
m0

y − m0
y

3
), (B7)

Ψ32 = −H bias
x − 2K1

μ0Ms
(m0

x
3 − 3m0

xm0
y

2
), (B8)

with K1 being the magnetocrystalline anisotropy coef-
ficient. The magnon dispersion relationship, ωm(km), is
obtained analytically from the linearization of the LLG
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(a) (b)

(c) (d)

FIG. 7. (a) Distribution of strain, εzz , in the x-z cross section of
the freestanding Pt/MAFO(001)/SiN multilayer at t = 54 ps after
strain injection, and (b) enlarged section of the dashed rectan-
gles in (a). Freestanding multilayer is integrated on Si substrate
with an air cavity at its surface. (c) Distribution of magnetiza-
tion change, �mx, in x-z cross section of the MAFO layer at
t = 54 ps after laser-pulse excitation, and (d) enlarged section of
the dashed rectangles in (c). All physical quantities are assumed
to be uniform along the y axis.

equation under zero magnetic damping (α = 0). Detailed
procedures can be found in our previous work [15].

APPENDIX C: ACOUSTIC EXCITATION OF
MAGNONS IN THE 2D MULTIPHASE SYSTEM

The laser-induced acoustic pulse injection is assumed to
be uniform on the Pt top surface. As shown in Fig. 7(a),
strain εzz is almost uniform along the x axis after the
standing acoustic wave forms inside Pt/MAFO(001)/SiN.
As a result, the acoustically excited magnons, �mx(r, t)
(r = x,y,z), are also almost uniform along the x axis, as
shown in Fig. 7(c). Near the stress-free lateral surfaces of
the Pt and MAFO layers, an acoustic wave with mechani-
cal displacement ux is produced and propagates along the
x axis due to the time-varying tension (positive εzz) and
compression (negative εzz) along the z axis from strain
injection. This induces a nonuniform in-plane strain, εxx,
and hence, εzz in the region across which acoustic wave
ux propagates, as shown in Fig. 7(b). Accordingly, the
distribution of magnons, �mx (r, t), is also nonuniform
near the lateral surfaces of Pt and MAFO, as shown in
Fig. 7(d). However, the standing acoustic waves and the
excited magnons in most regions of the membrane are
uniform along the x axis. This is because in MAFO with
an in-plane size of 1 × 1 mm2 for example, εxx can only
travel for about 20 μm in 2 ns from the lateral surfaces
of MAFO towards its center, even if we use a high lon-
gitudinal sound speed of 9462 m s−1 (the same as that in
SiN). This means that the phonons and magnons in 92%
[=(1 mm–0.02 mm × 2)2/1 mm2] of the area should still
be uniform in the x-y plane in 2 ns.

The simulation results above were obtained by discretiz-
ing the entire heterostructure (including the freestanding

multilayer, air, and the Si substrate) into a 2D system of
computational cells. The numbers of computational cells
along the x and z axes are nx = 50 000 and nz = 93, respec-
tively. The cell sizes along the x and z axes are �x = 1 nm
and �z = 0.83 nm, respectively. Starting from the top sur-
face of the simulation system, the top 2 layers of the cells
(2�z) are designated as free space. The following Pt and
MAFO layers are discretized into 8 layers and 15 layers
of computational cells along the z axis, respectively. Next,
the following 38 layers of the computational cells are all
designated as SiN. In the last 30 layers of the computa-
tional cells, the bottom 20 layers are all designated as the
Si substrate and the remaining 10 layers are designated as
either Si or air, as shown in Fig. 7(a), which makes the
SiN bottom surface stress-free and enables it to reflect the
acoustic wave. The air below the SiN, Pt, and MAFO lay-
ers is all discretized into 40 000 computational cells along
the x axis.

In the 2D simulations above, the dynamics of the EM
waves [Eqs. (5) and (6)], and hence, the induced eddy cur-
rent [Eq. (7)] are not considered. The LLG equation [Eq.
(2)] and the elastodynamic equation [Eq. (4)] are solved in
a coupled fashion with a real-time step of �t = 2 × 10−15 s.
For the boundary conditions of the elastodynamics in the
2D system, σ ix= 0 (i = x,y,z) is applied on the stress-
free lateral surfaces of the Pt and MAFO layers, and
σ iz= 0 is applied on the stress-free top surface of the Pt
layer. To model the injection of a ps-duration acoustic
pulse, a Gaussian-shaped stress pulse, σ zz(z = dMAFO+ dPt,
t) = σ maxexp[−t2/2τ 2], is applied at the top surface of the
Pt layer at t = 0 ps, where σ max= 3 GPa and τ = 1.5 ps are
the same as those used in Fig. 3. The absorbing bound-
ary condition, ∂ui/∂z = −(1/v)(∂ui/∂t) (i = x, y, z), is
applied at the bottom surface of the Si substrate to make
it a perfect sink for acoustic waves. Here, v is the trans-
verse sound velocity in Si for ux and uy and the longitudinal
sound velocity for uz. The magnetic boundary condition,
∂m/∂n = 0 [63], is applied on all surfaces of the MAFO
layer, where n is the unit vector normal to the surface. The
physical validity of our in-house 2D elastodynamic solver
is demonstrated by a benchmarking test against the results
obtained from COMSOL Multiphysics, as shown in Fig. 8.

APPENDIX D: DERIVATION OF THE
INTERFACIAL SPIN CURRENT DENSITY AND

THE RESULTING ISHE CHARGE-CURRENT
DENSITY

Equation (8) can be expanded into

en · Js,0 = [0, 0, +1] ·
⎡

⎣
J s,0

xx J s,0
xy J s,0

xz
J s,0

yx J s,0
yy J s,0

yz
J s,0

zx J s,0
zy J s,0

zz

⎤

⎦

= [J s,0
zx , J s,0

zy , J s,0
zz ],
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FIG. 8. Comparison between the simulations from COMSOL
Multiphysics and our in-house solver in temporal evolution of the
out-of-plane strain, εzz; in-plane strain, εxx; and in-plane stress,
σ xx, at the cell illustrated by the dot (in the middle layer of
the MAFO film, 10 nm away from the edge) in the inset strain
distribution [which is a section of Fig. 7(b)].

= �

4π
G↑↓

eff

[(
my

∂mz

∂t
− mz

∂my

∂t

)
,

(
mz

∂mx

∂t
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∂mz

∂t

)
,
(
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∂my

∂t
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∂mx
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.

(D1)

Since J ISHE
x (z, t) = −θPt(2e/�)J s

zy(z, t), J ISHE
y (z, t) = θPt

(2e/�)J s
zx(z, t), and J ISHE

z (z, t) = 0, one can further write

⎡

⎣
J ISHE,0

x
J ISHE,0

y
J ISHE,0

z

⎤

⎦ =

⎡

⎢⎢
⎣

θPtG
↑↓
eff e

2π

(
mx

∂mz
∂t − mz

∂mx
∂t

)

θPtG
↑↓
eff e

2π

(
my

∂mz
∂t − mz

∂my
∂t

)

0

⎤

⎥⎥
⎦ , (D2)

where m and ∂m/∂t are based on the time-varying mag-
netization at the MAFO/Pt interface. If omitting damping,
one can write under the plane-wave assumption that

mi = meq
i + �mi; �mi = |�m0

i |ei(kz−ωt), i = x, y, z,
(D3)

for a specific magnon mode, or �mi(z, t) = |�m0
i |cos(kz −

ωt) in the real-space and time domain, where k is the wave
number and |�m0

i | is the peak amplitude of magnetization-
component variation. meq

i are the normalized magnetiza-
tion components at initial equilibrium, with

(meq
x , meq

y , meq
z ) =

(
1
2

,
1
2

,

√
2

2

)

FIG. 9. Evolution of filtered J ISHE,0
x resulting from the 154-

GHz m = 1 mode magnon [orange, contributing to total J c
x in

Fig. 3(e)] and the 240-GHz m = 1 magnon mode [blue, corre-
sponding to total J c

x in Fig. 4(d)]. In the filtering process, a
third-order bandpass filter, with a bandwidth of 5 GHz, was
employed to isolate the frequency components near 154 GHz
(i.e., from 151.5 to 156.5 GHz) and near 240 GHz (i.e., from
237.5 to 242.5 GHz) from time-domain data. These two fre-
quency ranges were carefully chosen to capture the target signal
while minimizing extraneous frequency interference. Zero-phase
technique was also applied to maintain the temporal integrity of
the original signal.

herein. Plugging Eq. (D3) into Eq. (D2), J ISHE,0
i can be

further written as

⎡

⎣
J ISHE,0

x
J ISHE,0

y
J ISHE,0

z

⎤

⎦

=

⎡

⎢⎢
⎣

θPtG
↑↓
eff e

2π
(meq

x |�m0
z | − meq

z |�m0
x |)ω sin(kz − ωt)

θPtG
↑↓
eff e

2π
(meq

y |�m0
z | − meq

z |�m0
y |)ω sin(kz − ωt)

0

⎤

⎥⎥
⎦ .

(D4)

Thus, the peak magnitude of J ISHE,0
i depends not

only on |�m0
i | but also the angular frequency, ω.

Based on the simulated �mi(z = dMAFO, t), we extract
(|�m0

x |, |�m0
y |, |�m0

z |) = (0.085, 0.0849, 0.0693) for the
154-GHz m = 1 mode magnon [corresponding to Fig. 3(c)]
and (|�m0

x |, |�m0
y |, |�m0

z |) = (0.0672, 0.0669, 0.0546) for
the 240-GHz m = 1 magnon mode [corresponding to
Fig. 4(d)]. Based on Eq. (D4), one can predict, for example,
the peak magnitude of J ISHE,0

x resulting from the 240-GHz
m = 1 magnon mode is about 1.24 times larger than that
from the 154-GHz m = 1 magnon mode. This is consistent
with the ratio of 1.22 obtained from the time-domain pro-
file of the filtered J ISHE,0

x data, as shown by Fig. 9. It is
noteworthy that the 240-GHz ISHE charge-current density
has a larger peak amplitude than its 154-GHz counterpart
but faster attenuation.
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APPENDIX E: A LIST OF MATERIAL
PARAMETERS USED IN ANALYTICAL

CALCULATIONS AND DYNAMICAL
PHASE-FIELD SIMULATIONS

The following parameters for MAFO(001) are taken
from Refs. [29,64], including the Gilbert damping
coefficient, α0 = 0.0015, for the m = 0 magnon mode;
mass density, ρ = 4355 kg m−3; gyromagnetic ratio,
γ = 0.227 rad MHz A−1 m; saturation magnetization, M s=
0.0955 MA m−1; magnetocrystalline anisotropy coeffi-
cient, K1= −477.5 J m−3; and magnetoelastic coupling
coefficients, B1= 1.2 MJ m−3 and B2= 0 [29]. The elas-
tic stiffness coefficients of MAFO, c11= 282.9 GPa,
c12= 155.4 GPa, and c44= 154.8 GPa, are assumed to be
the same as those of MgAl2O4 [65], while the exchange
coupling coefficient, Aex= 4 pJ m−1, is assumed to be same
as that of CoFe2O4 [39].

For SiN, c11= 283.81 GPa, c12= 110.37 GPa, and
c44= 86.72 GPa are calculated using a Young’s modulus
of 222 GPa and Poisson’s ratio of 0.28 [66] by assuming
isotropic elasticity, which is appropriate for an amorphous
solid. The mass density is ρ = 3170 kg m−3.

For Si [67], which is incorporated as the support-
ing substrate in the 2D simulations (see Appendix C),
c11= 167.4 GPa, c12= 65.2 GPa, c44= 79.6 GPa, and
ρ = 2330 kg m−3.

For Pt [68], c11= 347 GPa, c12= 250 GPa, c44= 75 GPa,
and ρ = 21 450 kg m−3. The plasma frequency, ωp= 9.1 rad
fs−1, and electron relaxation time, τ e = 7.5 fs, are taken
from Ref. [69].

Acoustic attenuation data for MAFO is not yet available,
so the phenomenological stiffness damping coefficients, β,
of all materials are assumed to be same as that of the
Si substrate, with β = 4.48 × 10−15 s, which is compara-
ble to the value previously extracted for Ga3Gd5O12(001)

single crystals [16]. The value of β for Si was obtained
by fitting the experimentally determined attenuation coef-
ficient, λ = 9 cm−1, of a 7.2-GHz transverse acoustic wave
in Si [67] to an analytical formula, β = 2kλ/(ω(k2 − λ2))

[16], where ω = 2π×7.2 GHz and k =ω/v are the angu-
lar frequency and angular wave number, respectively;
and v = 5090 m s−1 is the longitudinal speed of sound
in Si [67]. From the formula for β(k), we calculate λ

for other frequencies and wave numbers, which enables
the analytical calculation of the lifetime of the acoustic
phonon modes, τ ph= 1/(λv). The relative permittivity, εr,
is assumed to be 1 for all materials.

APPENDIX F: NUMERICAL METHODS FOR
SOLVING THE COUPLED LLG,

ELASTODYNAMIC, AND MAXWELL’S
EQUATIONS

For the simulations of Figs. 3–5, the system is dis-
cretized into a 1D grid of computational cells along the

z axis, with a cell size of �z = 0.83 nm (in Figs. 3 and 4)
or �z = 0.3 nm (in Fig. 5). Equations (2)–(7) are solved
simultaneously with a real-time step of �t = 2 × 10−18 s.
When solving the equations, the central finite-difference
method is used to numerically calculate the spatial deriva-
tives and the classical Runge-Kutta method is used for time
marching.

When solving the LLG equation [Eq. (2)], the mag-
netic boundary condition ∂m/∂n = 0 [63] is applied on
all surfaces of MAFO, where n is the unit vector normal
to the surface. When solving the elastodynamic equation
[Eq. (4)], the continuity of mechanical displacement u and
stress σ are applied at any interface between two elastically
different materials. The boundary condition of continuous
stress at the Pt top surface and the SiN bottom surface
becomes the stress-free boundary condition, since stress
σ in the free space is 0, specifically, σ iz= 0 (i = x,y,z).
As mentioned in the main text, the injection of the ps
bulk acoustic pulse, εzz(z,t), is simulated by applying time-
varying stress σ zz(t) (time-dependent boundary condition)
at the top surface of the Pt layer. Note that the applied
stress, σ zz(t), converges to 0 over the course of time,
which enables the top surface of the Pt layer to be stress-
free again after injection of the ps acoustic pulse. For the
substrate-supported Pt/MAFO/SiN multilayer (the control
simulation), the absorbing boundary condition, ∂ui/∂z =
−(1/v)(∂ui/∂t) (i = x, y, z), is applied at the top surface
of the SiN layer to make it a perfect sink for acoustic
waves. Here, v is the transverse sound velocity for ux and
uy and the longitudinal sound velocity for uz.

Maxwell’s equations [Eqs. (5) and (6)] are solved using
the conventional finite-difference time-domain method.
In the 1D system, the absorbing boundary condition,
∂EEM/∂z = −(1/c)(∂EEM/∂t) [70], is applied on both the
bottom and top surfaces of the computational system to
prevent the emitted EM waves from being reflected to the
system, where c is light speed in the free space.

APPENDIX G: TEMPORAL PROFILES OF THE
m = 1 MODE MAGNON EXTRACTED FROM

Fig. 3(c)

Using inverse Fourier transform (similarly to the pro-
cedures in Fig. 9), we extract the temporal profiles of
the m = 1 mode magnon in both the freestanding and
substrate-supported multilayers, as shown in Fig. 10.

APPENDIX H: TEMPORAL PROFILES OF JISHE(t)
and Jp(t) AT THE Pt/MAFO INTERFACE
CORRESPONDING TO Jc(t) IN Fig. 3(e)

The polarization (eddy) current, Jp(t), has a 180°
phase difference from JISHE(t) and is not negligible,
as shown in Fig. 11. As a result, the amplitude of
Jc(t) = JISHE(t) + Jp(t) is smaller than that of JISHE(t).
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FIG. 10. Evolution of extracted magnetization variation,
�mx(t), for the m = 1 magnon mode in the freestanding
Pt/MAFO/SiN multilayer (blue) and substrate-supported (yel-
low) Pt/MAFO/SiN(substrate, acoustic sink) heterostructure.

APPENDIX I: TEMPORAL PROFILE AND
FREQUENCY SPECTRUM OF FREE-SPACE EEM(t)

CORRESPONDING TO Jc(t) IN Fig. 3(e)

Both the temporal profile and the frequency spectrum
of the emitted electric field, EEM(t), are similar to those of
Jc(t), as shown in Fig. 12.

APPENDIX J: NONLINEAR MAGNON MODES
INDUCED BY THE ACOUSTIC PHONON MODES

IN Fig. 4(c)

Under multiple driving standing acoustic phonon modes
(up to sixth order) in the freestanding multilayer, the acous-
tically excited magnon modes display complex frequency
mixing and doubling behaviors, as shown in Fig. 13.

APPENDIX K: TABULAR DATA RELATED TO
Fig. 5 AND EXTENDED DISCUSSION

In the substrate-supported multilayer, the absorbing
boundary condition is applied to the bottom surface of

FIG. 11. Evolution of ISHE charge-current JISHE (in red)
and polarization current Jp (in blue) at the Pt/MAFO inter-
face (z = dMAFO) in the freestanding multilayer. Inset shows an
enlargement of their evolutions during t = 300–340 ps to show
the phase difference between them.

(a)

(b)

FIG. 12. (a) Evolution of electric field component EEM
x (t) of

the EM wave in free space or, more specifically, at 4 nm above
the Pt top surface (z = dMAFO+ dPt+ 4 nm), which are emit-
ted from the freestanding (blue) and substrate-supported (red)
Pt/MAFO/SiN multilayers. (b) Frequency spectra of EEM

x (t) data.

the SiN layer to make SiN a perfect acoustic sink. The
dominant magnon mode in the freestanding multilayer
has the same frequency as the driving standing acoustic
phonon mode (fn), while the dominant magnon mode in the
substrate-supported multilayer has the same frequency as
the m = 1 mode exchange magnon (fm= 1). Under the exact
resonant magnon-phonon condition, one has fn = fm= 1. As

FIG. 13. Frequency spectra of (top) strain, εzz(t); (middle)
magnon component, �mx(t); and (bottom) total charge-current
density, J c

x (t), at the Pt/MAFO interface, where the vertical axes
are plotted on a log scale. Time-domain data of εzz(t) and J c

x (t)
are shown in Figs. 4(b) and 4(d).
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shown in Table I, in some cases, there is a small dis-
crepancy between fn and fm = 1 because (i) dMAFO and
dSiN used in numerical simulations cannot exactly match
those predicted analytically via Eq. (1); and (ii) there is
an unavoidable numerical error in the discrete Fourier
transform. Here, both frequency f and linewidth �f are
extracted from the frequency spectra of the time-domain
ISHE charge-current density, J ISHE

x (t), data, rather than
total J c

x (t) = J ISHE
x (t) + J p

x (t) at the MAFO/Pt interface.
Our tests have shown that Q extracted from the frequency
spectra of J ISHE

x (t) and J c
x (t) are almost the same. J ISHE

x (t)
can be acquired from coupled phonon-magnon dynamics
simulations, while obtaining J c

x (t) requires the use of cou-
pled phonon-magnon-photon dynamics simulations that
are computationally more expensive.

APPENDIX L: INFLUENCE OF ELASTIC
DAMPING AND MAGNETIC DAMPING ON THE

QUALITY FACTOR OF THE FREESTANDING
MULTILAYER

As shown in Fig. 14(a), turning OFF either type of damp-
ing enhances both the amplitude and the lifetime of J c

x . A
longer lifetime results in an increase in the quality factor
(Q). Moreover, turning OFF magnetic damping (gray curve)
leads to a larger peak amplitude for J c

x than the case of
turning OFF elastic damping (green curve). This is reason-
able because J c

x results from the spin current density, and
hence, the magnetization amplitude, at the MAFO/Pt inter-
face. However, turning OFF elastic damping (green curve)
leads to an even longer lifetime, which should lead to a
larger Q. This expectation is consistent with the frequency
spectra in Fig. 14(b), which show that the green curve (zero
elastic damping) has the narrowest linewidth, and thus, the
largest Q.

In our numerical simulations, the layer thickness must
be equal to N�z, where �z = 0.83 nm is the cell size, and
the integer number N is the number of cells. Under the
present thickness setup (see Fig. 14 caption), the frequen-
cies of the n = 2 mode acoustic phonon and m = 1 mode
exchange magnon are 153.8 and 154.407 GHz, respec-
tively, which are calculated analytically via Eq. (1) in
the main paper. As shown in Fig. 14(b), when the mag-
netic damping is ON (green and blue curves), the m = 1
mode exchange magnon will decay and vanish. The dom-
inant magnon mode in the freestanding multilayer is the
“acoustic” magnon mode, which is excited by an acous-
tic pulse via magnetoelastic coupling and, therefore, has
the same frequency as the driving n = 2 mode acoustic
phonon (the simulated peak at 153.75 GHz agrees very
well with the analytical calculation). When the magnetic
damping is OFF (gray curve), the m = 1 mode exchange
magnon, with a peak at 154.4 GHz (which is again almost
the same as that of the analytically calculated value), is

(a)

(b)

FIG. 14. (a) Evolution of total charge current
J c

x (t) at the Pt/MAFO interface in a freestanding
Pt(6.64 nm)/MAFO(12.45 nm)/SiN(31.54 nm) multilayer.
t = 0 ns is the moment the acoustic pulse was injected from the
top surface of the Pt film. (b) Frequency spectra obtained by
Fourier transform of time-domain J c

x (t) data from t = 0–4 ns.
Blue curve, both magnetic and elastic damping are turned on
(α �= 0, β �= 0), with Q = 154.6; gray curve, zero magnetic
damping (α = 0, β �= 0), with Q = 428.1; green curve, zero
elastic damping (α �= 0, β = 0), with Q = 588.0.

significantly amplified and becomes the dominant magnon
mode instead.

APPENDIX M: MODELING THE FORMATION OF
THz MAGNON POLARONS

The thicknesses of the Pt, MAFO, and SiN films are set
as 6.6, 5.9, and 18.1 nm, respectively, to enable formation
of the n = 6 mode phonon and the m = 1 mode magnon,
which have the same frequency of 682.8 GHz. Meanwhile,
the phonon and the magnon have almost the same spa-
tial profiles in the MAFO film [as shown in Fig. 15(a)],
leading to the same wave number for the two waves and
the formation of a magnon polaron. The formation of the
magnon polaron is demonstrated by the two frequency
peaks (678 and 688 GHz) split from that at 682.8 GHz
in the spectra of both the magnon and phonon [as shown
in Fig. 15(e)]. In this simulation, the free parameters in
σ zz(t) (see Sec. IV) are σ max= 3 MPa and τ = 0.5 ps, which
lead to a frequency window covering up to 800 GHz and
a peak amplitude of 8.5 × 10−6 in the strain pulse, εzz(t),
in Pt. The effective magnetic damping, α, and the stiffness
damping coefficients, β, are both set to 0, and a scaled-
up magnetoelastic coupling coefficient, B1 = 25B0

1, is used
to enhance the magnon-phonon coupling strength, where
B0

1 = 1.2 MJ m−3 is the value given in Appendix E.
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(a)

(b) (c)

(d) (e)

FIG. 15. (a) Numerically extracted spatial profiles of the
n = 6 mode (blue) standing phonon mode, εzz , in the
Pt(6.6 nm)/MAFO(5.9 nm)/SiN(18.1 nm) freestanding multi-
layer and the m = 1 mode (black) magnon, �mx, in the MAFO
film. Spatial profiles are extracted by performing inverse Fourier
transform of the 682.8-GHz peaks in their own frequency spec-
tra with the backaction of �m on εzz being turned OFF. εzz and
�mx have approximately the same spatial profile in the MAFO
film. Evolution of (b) strain, εzz(t), and (c) magnetization change,
�mx(t), at the Pt/MAFO interface. t = 0 is the moment the acous-
tic pulse is injected from the top surface of the Pt film. Frequency
spectra of both εzz(t) and �mx(t) in (d) 0–700 GHz, and (e)
670–700 GHz.
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