Hybrid magnon-phonon cavity for large-amplitude terahertz spin-wave excitation
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Abstract

Terahertz (THz) spin waves or their quanta, magnons, can be efficiently excited by acoustic
phonons because these excitations have similar wavevectors 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 wave via cavity-
enhanced magnon-phonon interaction. The amplitude of the acoustically excited THz spin wave
in the freestanding multilayer is predicted to be more than ten times larger than in a substrate-
supported multilayer. Acoustically excited nonlinear magnon-magnon interaction is 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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1. Introduction

One challenge in the field of magnonics is to generate 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 dominated by Heisenberg exchange
interactions and therefore called exchange magnons [3]. Strategies for exciting such nm-scale
wavelength THz exchange magnons include establishing an external stimulus with a temporal
frequency spectrum that overlaps the target THz frequencies.

Experimentally, the excitation of coherent THz exchange magnons by a pulsed THz spin current
has been demonstrated in ferromagnetic metal thin films via interfacial spin transfer torque [4,5]
or spin-orbit torque [6]. In parallel, a bulk excitation approach is to have THz acoustic phonons
propagating inside the magnet and inducing coherent magnetization oscillation via magnon-
phonon interaction [7]. Since the wavenumber of acoustic phonons (kpn) is similar to the
wavenumber of exchange magnons (k) in the THz regime [8], the magnon-phonon coupling
strength, which is proportional to (kphkm)'’2, can be high [9] and can lead to highly efficient magnon
excitation.  Experimental  efforts have been  pursued based on  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 excitation 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 acoustic pulse reaches up to ~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 frequencies of the experimentally observed magnon modes were below 30 GHz. It appears
possible that displacement 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] and [11]. Moreover, the
optical penetration depth in the time-resolved magneto-optical Kerr effect (MOKE) measurements
used in [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. In this article,
we computationally demonstrate that these limitations in magnon excitation and detection can be
overcome by employing a hybrid magnon-photon cavity that leverages cavity-enhanced resonant
magnon-phonon interaction and spin-charge conversion. Moreover, the simulations 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 wireless 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 specifically enables the
excitation of large-amplitude THz standing exchange spin waves via long-duration, spatially



extended, resonant magnon-phonon interaction. The paramagnetic metal layer serves both as a
photoacoustic transducer for generating the THz acoustic phonons via fs laser irradiation and a
spin-charge current transducer to enable the electrical detection of the acoustically excited THz
magnons. Compared to all-metallic THz cavity structures, including freestanding Ni single-
layer [12,13], Ni/Au bilayer and Au/Ni/Au multilayer [14], the proposed metal/MI/dielectric
multilayer should have smaller eddy current loss, and therefore is more suitable for high-frequency
applications. From a fundamental perspective, we computationally reveal the principle of resonant
magnon-phonon interaction in the freestanding multilayer using a recently developed dynamical
phase-field model [8,15,16] that incorporates nonlinear magnetoacoustic dynamics (i.e., nonlinear
relations between the excited spin wave amplitude and the driving acoustic strain), which was
omitted in previously existing theoretical studies [12—-14,17,18]. Incorporating such nonlinearity
not only enables a more accurate calculation of the magnon dynamics and population, but also
allow us to model and design novel nonlinear magnonic devices (e.g., magnon-based recurrent
neural network [19] and nonlinear switch [20]) with acoustic drive.

The phase-field simulation results show that the proposed 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 THz standing spin wave in the
freestanding multilayer is more than ten times larger than 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 the spectral 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 factor of a THz optoelectronic
transducer based on the present freestanding multilayer is computationally evaluated.

I1. Design Rationale

The freestanding metal/MlI/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 wavenumbers of the phonon and magnon are labeled by integer values (n, m=0, 1,
2, ...), as shown in Fig. 1(b). The paramagnetic 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 to a transverse charge current
via the inverse spin Hall effect (iISHE) [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) 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 composition of the MI component of the
multilayer. First, the MI needs to have a sufficiently large magnetoelastic coupling to enable high



magnon-phonon coupling strength [9]. Second, the MI needs to have a high effective spin-mixing
conductance to inject 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 contributions such as two-magnon scattering and the 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 multilayer 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
concentrating 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 materials that simultaneously meet these requirements. Here,
we use a freestanding Pt/(001)MgAlo.sFe1.504/SiN multilayer to illustrate the physical principles.
The (001) MgAlosFei1.504(MAFO) layer is selected because it has a relatively large magnetoelastic
coupling coefficient (Bi=1.2 MJ m) and a low Gilbert damping («°=0.0015 for uniform spin
precession, or the m=0 mode magnon) at room temperature [29]. Additionally, a large spin Hall
angle (6p~0.83) has previously been measured at room temperature for the Pt in a MAFO/Pt
bilayer [30], which will result in a high-efficiency spin-to-charge conversion. Other promising MI
materials include: (i) YIG, which has an ultra-low Gilbert damping (a’~8x10 [31]) but weak
magnetoelastic coupling (B1=0.3 MJ m™, B,=0.55 MJ m~ [16]) at room temperature; (ii) the rare-
earth iron garnet Tb3FesO12 (TbIG) which has high magnetoelastic coupling (B1=-283.32 MJ m?,
B>=-499.815 MJ m™) at cryogenic temperature (4.2 K) [32] and a moderate room-temperature
Gilbert damping (a°=0.01-0.02, extrapolated from measurements of similar Tm3FesO1> films and
TmsFesO12/Pt bilayers [33]).

ITI. 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,
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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, respectively and w, is the
angular frequency of the standing-wave acoustic phonon modes, with n =1, 2, 3, ...c0. A list of
symbols for the main physical quantities used in this paper is provided in Supplemental
Material [34]. The first nonzero nontrivial solution of Eq. (1) yields the angular frequency value
of the n=1 acoustic phonon mode (w,=1), and so forth for the higher-order modes. Equation (1) can
be applied to a freestanding bilayer (single layer) by setting a zero thickness for one (two) layers.
When the thickness of one layer is set to zero, Eq. (1) is reduced to an expression for bilayer that
is equivalent to that provided in [14].

Previously, Zhuang and Hu derived the dispersion relation of the exchange magnons where the
initial equilibrium magnetization vector m°  can align along any directions, i.e.,
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magnetization; y is gyromagnetic ratio and uo is vacuum permeability; and Q and A are functions
of the initial equilibrium magnetization vector m® and bias magnetic field H*. Detailed formulae
for Q and A are in Appendix B. In this study, we consider the case in which m° is 45° off the [110]
direction (&=¢=45°, see 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 m=2 mode standing magnon as a function of the dmaro, where the dp; and dsin are fixed at 6.6
nm 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 resonantly excited. Since the fs-laser-induced acoustic pulse has a broad temporal frequency
spectrum, the excitation of m=2 magnon mode would occur simultaneously with the excitation of
both m=1 and m=0 magnon modes. For simplicity, we will focus on resonant, selective excitation
of m=1 magnon mode by keeping the frequency window 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
freestanding metal/MI/dielectric multilayer in a coupled fashion, we employ the recently
developed dynamical phase-field model that incorporates the coupled dynamics of acoustic
phonons, magnons, photons, and plasmons [8,15,16]. The photons (EM waves) result from both
the precessing magnetization in the MI (via the magnetic dipole radiation) and the oscillating
charge current density in the metal (via the 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. Furthermore, since the emitted EM wave can induce large eddy current



density (JP) in the metal layer, the J° in the metal layer is a sum of both the J'SHE (the contribution
from the spin-charge conversion via the iSHE) and the JP. By coupling the dynamics of plasmons
in the metal with the photon dynamics, both the J° 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; in the MI layer,
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where a is the effective magnetic damping coefficient of the MI layer. In the proposed structure,
a=o'+a* where a’ is the Gilbert damping coefficient for the m=0 mode magnon, and
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interface into the paramagnetic metal. Here g = 2.05 is the g-factor [29], us is the Bohr magneton;

a [35] describes the magnetic damping induced by spin pumping from the metal/MI

Geff is the real part of the effective spin-mixing conductance. The total effective magnetic field
Hef=Hz"is+Hexeh+ Hdir+HPas+ ™+ HEM is the sum of the magnetocrystalline anisotropy field H*"s,
the magnetic exchange coupling field H™", the magnetic dipolar coupling field H¥P, the bias
magnetic field HY, the magnetoelastic field H™! and the magnetic field component HEM of the
EM wave. Expressions for H*s and the HYP | which are both are a function of m, and the H*°, a
function of Vm, can be found in [15]. The H® is applied to stabilize the initial equilibrium
magnetization m° to be 45° off the [110] direction, as mentioned in Section III. H™! is a function
of m and local strain g, given by [15],

Hmel = — [Bymiey + By(myei; + mye)| i j = x, v,z # i,k #i,j,  (3)
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It is noteworthy that the LLG equation (Eq. (2)) is intrinsically nonlinear, e.g., the frequency of
magnetic excitation can double the frequency of the driving effective field when the amplitude of
the magnetic excitation is sufficiently large. Such nonlinearity can be analytically understood
based on the conservation of magnetization vector length (i.e., mZ+m3+mZ=1) and the method of
successive approximation (see details in [36]).

The local strain € is ¢;;== (% %) (i,j = x, y, z). The evolution of the mechanical displacement u
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is governed by the elastodynamics equation,
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where stress 6 = ¢(e-£°); p,  and ¢ are the mass density, stiffness damping coefficient and elastic
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stiffness coefficient, respectively. The stress-free magnetostrictive strain g° is )= /1100( 2 5)’

U 2/1111”1 m;, with i, j=x,y,z, where Mo and A1}, are the magnetostrictive coefficients of the MI

layer (assuming a cubic symmetry). To model the injection of fs-laser-induced ps-duration acoustic



pulse, a Gaussian-shaped stress pulse 0.2(z = dyarotdpi, 1) = Omax exp[-ztz?] is applied at the top
surface of the Pt layer, where omax is the peak magnitude of the applied stress and 7 is a free
parameter that controls the pulse duration. Varying these two parameters allows us to tune the peak
amplitude and frequency window of the acoustic pulse injected into the Pt. Based on existing
experiments, the frequency window of such 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~ [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,

oH™ oM
VxEM=. +—
EM
Vx HM =g, pr +J4+ g’ , (6)

where EEM is the electric field component of the EM wave; M = Msm is the local magnetization

in the MI layer, and m is obtained by solving the LLG equation (Eq. (2)); €0 and & are vacuum and
relative permittivity, respectively; J* and JP are the free current density and polarization current
density, respectively, in the metal. JP is induced by the electric field EEM in dispersive medium
such as the metallic Pt, which leads to the absorption and reflection of the EM wave. J? is obtained
by solving a time-dependent auxiliary differential equation based on the Drude model,
p g
% +i—e = eoa)f)EEM, @)

where wp and 7., are the plasma frequency and electron relaxation time in the metal, respectively.

These coupled equations of motions for M, u, EM fields, and the 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 quantities describing the system vary only along the z axis. To
demonstrate that the use of a 1D system is a reasonable approximation, we built a 2D multiphase
system as shown in Fig. 1(a) and simulated the evolution of the distributions of the acoustic
phonons and magnons after the acoustic pulse injection. It is found that both the acoustic phonons
and magnons have the same amplitude and phase within the xy plane, with nonuniformity arising
only near the lateral surfaces of the Pt and MAFO, as shown in Appendix C.

Since the local magnetization m is spatially uniform in the xy plane, the free current density Jin
the Pt layer, which is converted from the spin current density J® via the iISHE (J* = JSHE), is also
spatially uniform in the xy plane. The spin current density J%°(¢) = J*(z=dyaro, 1) at the MAFO/Pt
interface is calculated via the relation [39],
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where e, is the unit vector normal to the MAFO/Pt interface and points to Pt, i.e., e,=[0,0,1]; % is
the reduced Planck constant. Note that J*=/J; is a second-rank tensor, where the subscript ‘i” refers
to the direction of the spin current flow and °;° denotes the direction of the spin polarization [40].
Thus, e,-J5° = ]ZS}-O. The spin current density in the Pt layer J; | (z,t) decays as a function of the

distance from the MAFO/Pt interface (z=dwmaro), ]ZSj(Z,t)=]ZS}° 3) Sinh[(jxﬁf;ijp ")Z)Ms‘i], which is
Pt/Asd

obtained by solving the 1D spin diffusion equation under the boundary conditions of
Jz;(z=dwmaro,t) = ]ZS}-O (t) and J;;(z=dmarotdp, ©) = 0 [35,41], with dp indicating the thickness

of the Pt layer and Ay is the spin diffusion length in Pt. The J''F in the Pt layer is calculated based

on JSHE(Z ) = th%enszs ;(2,t), where 0, is the spin Hall angle of Pt and e is the elementary
charge. Specifically, J’HE (z,0) = —Hpt%IZSy(z, t), J3E () = Hptflzsx(z, t), and JPHE(z,0) = 0.

Equation (8) and the formulae of J ISHE (2 1) together indicate that magnons of higher frequency but
smaller amplitude of magnetization variation can still induce a larger peak spin current density and
the resulting iSHE charge current density (see detailed analysis in Appendix D). For the MAFO/Pt

interface [30], the effective spin-mixing conductance Gl= 3.36x10'8 m?2, the spin diffusion
length in Pt A4 = 3.3 nm, and the spin Hall angle of Pt 6p, = 0.83.

When irradiating the Pt film with a fs laser pulse, the temperature gradient across the MAFO/Pt
interface can also lead to the injection of spin current into the Pt via the interfacial spin Seebeck
effect [42—45]. However, such thermally pumped spin current typically persists for at most tens of
ps after the fs laser excitation [46], which is one-to-two order of magnitude shorter than the lifetime
of spin current from acoustic spin pumping (1071°-10 s, as will be shown later). 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 the strain ¢.-(¢) at the MAFO/Pt interface of 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 condition is applied on
the bottom surface of SiN to make it a perfect acoustic sink (see details in Appendix F). The two
parameters determining o--(7) (see Section IV) were selected to be omax=3 GPa and 7 =1.5 ps, which
lead to an acoustic spectrum covering up to 300 GHz and a peak strain pulse ¢.-(f) amplitude of
0.85% in the Pt. As shown in Fig. 3(a), --(¢) 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 GHz, 154 GHz, and 240 GHz, which agree well with the
analytically calculated frequencies of the n=1, 2, 3 acoustic phonon modes, respectively. In
contrast, &--(¢) exhibits a single-cycle of oscillation that persists for only ~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 Am,(¢) 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 GHz, 154 GHz, and 240 GHz that are induced by the n=1,
n=2, and n=3 acoustic phonon modes, respectively. Remarkably, 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 (c.f., Fig. 3(b)). The large response at 154 GHz clearly indicates the resonant interaction
between the driving n=2 phonon mode and the m=1 magnon mode. In contrast, for the substrate-
supported Pt/MAFO/SiN multilayer, the temporal profile of Am.(f) is dominated by a low-
frequency variation corresponding to the m=0 magnon mode (the ferromagnetic resonance, or
FMR). The simulated FMR frequency is ~0.5 GHz, see Fig. 3(d) inset, which agrees well with the
analytically calculated value 0.53 GHz. The 154 GHz m=1 mode magnon, in this case, adds to the
profile of Am,(¢) in the form of a small-amplitude, high-frequency oscillation (see Fig. 3(c)). To
extract the real-space amplitude of magnetization variation for the m=1 mode magnon in both the
freestanding and substrate-supported multilayer, we performed inverse Fourier transform of the
154 GHz peaks. As shown in Appendix G, the amplitude of magnetization variation for the m=1
magnon mode in the MAFO has a maximum peak amplitude of Am,~0.082 in the freestanding
multilayer, 12 times larger than that in the substrate-supported multilayer.

For the freestanding multilayer, Figure 3(d) also indicates 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 interaction.
Specifically, the effect of each standing-wave acoustic phonon mode on magnetic excitation is
equivalent to the effect of applying a sinusoidal magnetic field of a distinct frequency fa
(n=1,2,3...). When the magnetization amplitudes of the acoustically excited magnon modes are
sufficiently large, the nonlinearity of the LLG equation [36] would lead to nonlinear effects such
as frequency mixing (f=nifitnafot..., n1,=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 frequency mixing, all involving the
resonantly excited m=1 magnon mode (f2=fm-1) that has a large magnetization amplitude. There is
one magnon mode resulting from the second harmonic generation of the /i magnon mode. Notably,
the f1+/2 magnon mode, induced through the mixing of two dominant magnon modes, has a larger
spectral amplitude than the linearly excited /3 (m=3) magnon mode.

Figure 3(e) shows the evolution of the total charge current density J(z=dmaro, ) at the Pt/MAFO
interface in the freestanding multilayer, which is a sum of the iISHE charge current J'SHE(z=dwiaro,
f) and the polarization current JP(z=dwmaro, f). The JP has a similar temporal profile to that of the
JSHE but it has a smaller amplitude and is 180° out of phase (see Appendix H). Similarly to the
profile of the Am.(f) in Fig. 3(c), the total current density J °(f) contains a mixture of low-
frequency and high-frequency components and persists for several ns. The two dominant



frequencies (67 GHz and 154 GHz) in the frequency spectrum of the current (Fig. 3(f)) are the
same as those in the spectrum of the Am.(¢). 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 J'SHE via
spin pumping (see Eq. (8)) as compared to the 67 GHz magnon. The spectral information of all
nonlinearly excited magnon modes is also retained in the frequency spectrum of J¢ (7). By
comparison, J(f) in the substrate-supported Pt/MAFO/SiN multilayer has one order of magnitude
smaller amplitude and a much shorter lifetime. The frequency spectrum of the J;°(f) shows a single
peak at 154 GHz which corresponds to the m=1 magnon mode. There are no peaks corresponding
to nonlinear THz magnon modes due to the relatively small magnetization amplitudes of the
acoustically excited THz magnons. The temporal profile of the electric field component EEM(7) of
the EM wave emitted into free space, as shown in Appendix I, is similar to that of the J(¢). The
peak amplitude of EEM is ~400 V/m in the freestanding multilayer and ~36 V/m 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 GHz and 67 GHz) are also within the
detectable range [27]. Alternatively, it may be possible 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 the J¢ 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 [H"®)| in the freestanding Pt(6.64)/MAFO(12.45)/SiN(31.54)
multilayer. The direction of the H%? is varied to keep the equilibrium magnetization 45° off the
[110] direction (&=¢=45°). The frequencies of the standing acoustic phonon modes, which do not
vary with the magnetic field, are plotted as horizontal lines. At [H*#=0.087 T (as in Fig. 3), the
m=1 magnon mode has a frequency of 154 GHz, which leads to resonant interaction with the n=2
phonon mode. At [H*®5|=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 =3 phonon
mode, we inject a strain pulse with a frequency window reaching 500 GHz by setting the parameter
7in the applied stress o-(¢) to be 0.8 ps and keeping the omax=3 GPa the same as that in Fig. 3. The
acoustically excited magnon dynamics and charge current dynamics are then simulated under
|H"35|=3.02 T. Figure 4(b) shows the evolution of the injected --(¢) at the MAFO/Pt interface. As
shown by its frequency spectrum in Fig. 4(c), phonon modes n=1 to 5 can all be excited, and their
frequencies agree well with the analytical calculations via Eq. (1). The evolution of the total current
density J () at the MAFO/Pt interface is shown in Fig. 4(d). The duration of J(¢) is shorter than
that the case of 154 GHz (c.f., Fig. 3(e)) due to the shorter lifetime of the driving 240 GHz phonon.
Remarkably, as shown in Fig. 4e, the spectral amplitude of the 240 GHz magnon peak is the largest
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even though the 240 GHz phonon peak has a negligibly small spectral amplitude (c.f., Fig. 4(c)).
The other two frequency peaks in Fig. 4(e) are contributed by the non-resonant m=0 magnon (FMR)
mode (86 GHz) and the non-exchange magnon mode (67 GHz) induced by the n=1 phonon mode.
Likewise, nonlinear magnon modes resulting from frequency mixing or doubling are also induced
(see Appendix J).

Due to this capability of converting a fs laser pulse to 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 (OEQO) for next-generation wireless
communication application. 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
operation frequency of the optoelectronic transducer (typically a semiconductor-based
photodetector) [48,49,51]. There are other approaches that permit converting a fs laser pulse to a
THz charge current pulse, including photoconductive (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 comparison, we evaluated the frequency (f) dependence of the quality factor (O=f/Af)
of the freestanding multilayer. First, we perform analytical calculations (similarly to Fig. 2) to
identify the dmaro and dsin (see Table 1 in Appendix K for values) that enable resonant excitation
of m=1 magnon mode by acoustic phonons of different modes within the 0.03-1 THz range. dbp: is
fixed at 6.6 nm. Second, dynamical phase-field simulations are performed to obtain the charge
current density at the MAFO/Pt interface for each combination of dvaro and dsin, which allows
for extracting the linewidth Af (full width half maximum) of the target peak frequency. For an
oscillatory time-domain signal, a longer lifetime leads to a narrower linewidth Af and hence a
larger Q. For further comparison, we also evaluated the O-f relation in the substrate-supported
Pt/MAFO/SiN(acoustic sink) multilayer, which also displays multi-cycle charge current pulse but
with fewer cycles (hence should have a smaller Q) and smaller amplitude.

In both the freestanding and substrate-supported multilayer, 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 interaction, the
magnon lifetime is determined by both the elastic damping and the magnetic damping, and both
damping terms become more significant at higher frequencies. Specifically, the lifetime of driving

acoustic phonon (zn), which can be analytically calculated as zn= 0 is shorter at larger

B
w, indicating an enhanced elastic damping. Moreover, the spin-pumping-induced damping (o),
which is part of the effective magnetic damping coefficient (), is proportional to 1/dmaro. To
obtain higher-frequency m=1 mode magnon, smaller duaro needs to be used (see Fig. 2), resulting

in a more significant magnetic damping at higher operation frequencies.
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As shown in Fig. 5, the Q of the freestanding multilayer decreases largely linearly with the f, with
a high Qf product of above 10 THz which is one order-of-magnitude higher than both the Auston
switch and STE. To evaluate the role of elastic and magnetic damping, two control simulations
were performed for the Pt(6.64 nm)/MAFO(12.45 nm)/SiN(31.54 nm) freestanding multilayer by
individually setting =0 or o=0, with a resonant frequency of about 154 GHz (the same as in Fig.
3). As shown in Appendix L, the Q increases from about 155 to 428 under o=0 while increases to
588 under =0, suggesting a more substantial role of the elastic damping in the freestanding
multilayer. By contrast, in the substrate-supported multilayer, the lifetime of the acoustically
excited magnons is largely determined by the 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 the increasing f°
compared to the QO — frelation of the freestanding multilayer. Nevertheless, both the O and the
charge current amplitude 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 multilayer, which critically determines the overall efficiency
of the THz optoelectronic transducer. The areal energy of the injected acoustic wave is evaluated

. to du,(z=z,t) ,, 0u,(t)
g F, = — K
using fq fo ot oz

]dt in a single-layer Pt where the Gaussian-shaped

z=2
stress pulse oy,(t) is applied to its top surface (z=zo) yet the absorbing boundary condition is applied
to the bottom surface to avoid acoustic wave reflection. Here u, is the mechanical displacement
obtained from the simulations, K is the bulk modulus of the Pt, and ¢, is the duration of the applied
stress pulse. For a stress pulse with omax=3 GPa and 7 =1.5 ps (the same as those used in Fig. 3),
F, ~ 0.2256 J/m*>. The magnetic energy converted from the acoustic wave is evaluated by
calculating the magnetic energy dissipation over the entire process of excitation and relaxation,

) dof(z, ) ) ) ) )
Le, F™ = f 0t1 f 0 faitt) dz dt, where d is the thickness of magnetic layer; t; is the overall duration

: o D . ., @
of the magnetic excitation; the dissipation rate of the magnetic energy density a—{ = %aa—l: =

—uoM; (H2"s 4 P 4 gRiaspgmel) Z—T [39]. After some algebra and omitting the contribution from

H* due to the relatively weak magnetocrystalline anisotropy of the MAFO, one has F™ =~
[ 0t1 [ OdMAFO (uoM2Am, + 2B;m,e,,) % dz dt. Using the simulated m(z,f) and &,,(z,?) in the case
of Fig. 3 as the input, F™ is calculated to be 9.26x10 J/m? for the freestanding multilayer and
1.26x107 J/m? for substrate-supported multilayer. Thus, the acoustic-to-magnetic energy
conversion efficiency in the freestanding multilayer (~4x10#) is approximately three orders of
magnitude higher than that in the substrate-supported multilayer (~5.6x1077). From the analytical
formula of F™, the conversion efficiency in the freestanding multilayer can be further improved
by (i) using a MI layer with larger magnetoelastic coupling coefficient B; and saturation
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magnetization Ms (such as TbIG [32]) and (ii) optimizing the spatial profile overlap between the
magnon and acoustic phonon modes such that a larger portion of ¢,,(z,f) can locate within the MI
layer (e.g., using a freestanding metal/MI bilayer) along with the wavenumber matching.

V1. Conclusions

In summary, 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 interaction. We
developed an analytical formula to identify the individual layer thickness (Fig. 2) and the bias
magnetic field (Fig. 4(a)) that leads to the resonant magnon-phonon interaction. We performed
dynamical phase-field simulations to model the spatiotemporal profiles of the acoustically excited
magnon modes, 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 suggest that it is possible to excite and detect large-amplitude THz
spin wave in the proposed freestanding multilayer by ultrafast iSHE measurement or THz emission
spectroscopy with fs optical pump.

From a fundamental perspective, the proposed freestanding 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. Furthermore,
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 wavenumber 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 dominant frequency peak in the 0.1-1 THz range. It has a one-order-of-
magnitude higher QO factor than previously existing technologies (Auston switch [52,53],
spintronic THz emitter [54—57]) that also involve the use of fs optical pump to generate THz
current pulses. Combined with the dynamical tunability, such high-QO magnonic THz
optoelectronic transducer provides attractive potential for the 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. Firstly, we consider an elastically heterogeneous
trilayer structure as shown in Fig. 6, with de being the thickness of each layer £ =A, B, C, and assume that
the mechanical displacement waves propagating in the structure have only the z components, considering
that they are produced by the laser-induced thermal expansion. The solutions of the (z-component)
i(@-ke?) propagating

along -z in each layer, where ug and u; are amplitudes of the wave components, @

mechanical displacement are assumed to be the combination of the plane waves uge
along +z and uéei(“’”kiz)
is the angular frequency, and k; = w/v; is the angular wavenumber with ve being the longitudinal sound
speed. With these, the out-of-plane normal strain eg(z,f) = % and stress 0¢(z,f) = czee(z,t) in each layer can

i(rthe?)

be calculated as ik; [u%e gei(“’"kiz)] and icékg[uéei(“’”kiz)—ugei(“”'kiz)], respectively, where c; denotes

the elastic stiffness component ci:1 of each layer £ here.
The stress-free boundary condition at the bottom surface of the layer A, o,(z=0, ¢) = 0, gives
eaka(up-uy) = 0. (A1)
Similarly, the stress-free boundary condition at the top surface of the layer C, oc(z=d, ¢) = 0, gives
ccke|upe®e-uieted] = 0, (A2)
where d = da + dp + dc s the total thickness of the entire structure.

Regarding the interfaces between two elastically different materials, the stress ¢ and the
displacement u should be continuous across the interfaces. At the A/B interface, the continuous
displacement, ua(z=da, t) = us(z=da, ), gives

e kA4, eikada—yd erikndayy eiknda, (A3)
and the continuous stress, o, (z=da, t) = og(z=dAa, t), gives
ek [ure e ul e = ek, [up e -ul e k). (A4)
Similarly, the continuous displacement at the B/C interface, us(z=da+ds, t) = uc(z= datds, t), gives
e B (A Tdn) 1y eikn(dntdp)—y ¢ ke (datdn) gy 7 gikc(datdn) (A5)
and the continuous stress, og(z=da+ds, t) = oc(z=da+ds, ), gives

ek, [z e nTdn) Lyt b (atdn) | = e [z ke (atdn) ik datds)] (A6)

The Equations (A1-6) above form a system of linear equations with ug and u; being six variables to be
solved, and the corresponding coefficient matrix is given by,

e-ikAdA eikAdA _e_ideA —eideA 0 0
-ikad iknd -ikpd ikpd
CAkAC AYA —CAkAe AYA _chBe BUA CBkBe BAA O O
0 0 e-iks(da+dp) cikB(da+dp) _eikc(da+dp) _eikc(dn+dg)
0 0 ¢,k etkBldatds) ¢ [ oiksldatds) ¢ | erikcldatdp) ¢ | oikc(datdp)
B B BB He e
0 0 0 0 e-lkcd _elkcd
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To obtain non-trivial solution to linear equations system, the determinant of this matrix should be equal to
0, which gives the following equation,

2idaw 2idgw 2idcw
c,c. | -1+e va -1+e '8 -le e v
2idaw 2idgw 2idcw
+eh | 1+e va |[-14+e v | 14+e ¢ vy,
2idaw 2idgw 2idcw
+c,c. | 1+e va I+e '8 -1+e ¢ v,

2idAa) ZidB(/J 2idca)
+c,c, <—1+e VA )(He VB )(He ve )vaC =0, (A7)

where all wavenumbers k; are replaced by w/ve.
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Appendix B. Expressions of 2 and A in the analytical formula of the dispersion relation of
exchange magnon

Assume the magnetization at initial equilibrium state is (m2, mg, m?), the expressions of the Q and A are

given by,

Q = (V3-3)m)+(¥31-¥13)m)+(¥y5- ¥ )m2, (B1)
and
A=V Vst V31, ¥, (B2)
where
i 2K, 2 3
W), =HS-Mm?- 9 m0-m? B
12744z sz /uOMS (3my m;-m; )a ( 3)

. 2K1 3 2
W, =-HS A - m9 -3m0m?” ), (B4)
13 v sfty ,UOMS< y V )
. 2K
Wy =-HO+ M m?- 1 (mg3—3mgmg2), (Bs)
1o Ms
. 2K
¥y =H2+ M m0- A/; (3m22mg—m23) , (B6)
Hyg
. 2K1 2 3
1 :Hblas_ 04.,0_,..0 B
I M, (3 m-my”). (B7)
. 2K1 3 2
¥’32=—H§‘as—m(m2 —3m2m3 ), (BS)

with K; being magnetocrystalline anisotropy coefficient. The magnon dispersion relation wy,(ky,) is
obtained analytically from the linearization of the LLG equation under zero magnetic damping (a=0).
Detailed procedures can be found in our previous work [15]
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Appendix C. Acoustic excitation of magnons in 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), the strain ¢ is almost uniform along the x axis after the standing acoustic wave forms inside the
Pt/(001)MAFO/SiN. As a result, the acoustically excited magnons Am.(r, f) (r=x,y,z) is also almost uniform
along the x axis, as shown in Fig. 7(c). At near the stress-free lateral surfaces of the Pt and the MAFO layers,
acoustic wave with mechanical displacement u, is produced and propagates along the x axis due to the time-
varying tension (positive &.-) and compression (negative ¢::) along the z axis from the strain injection. This
induces a non-uniform in-plane strain &, and hence the ¢.. in the region which the acoustic wave u;
propagated across, as shown in Fig. 7(b). Accordingly, the distribution of magnons Am. (r, ?) 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 the most regions of the membrane are uniform along the x axis. This is
because, in MAFO with an in-plane size of 1x1 mm? for example, the &, can only travel for ~20 pm in 2
ns from the lateral surfaces of MAFO towards its center, even if we use a high longitudinal sound speed of
9462 m 5! (the same as that in SiN). This means that the phonons and the magnons in 92% [=(1 mm - 0.02
mmx2)*1 mm?] of the area should still be uniform in the xy plane in 2 ns.

The simulation results above were obtained by discretizing the entire heterostructure (including the
freestanding multilayer, the air, and the Si substrate) into a 2D system of computational cells. The numbers
of the computational cells along x and z axes are n, = 50,000 and 7. = 93, respectively. The cell size along
x and z axes are Ax = | nm and Az = 0.83 nm, respectively. Starting from the top surface of the simulation
system, the top 2 layers of the cells (2Az) are designated as the free space. The following Pt and MAFO
layers are discretized into 8 layers and 15 layers of the computational cells along z axis, respectively. Next,
the following 38 layers of the computational cells are all designated as SiN. In the last 30 layers of the
computational 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 layers are all discretized into
40,000 computational cells along the x axis.

In the 2D simulations above, the dynamics of the EM waves (Egs. (4-5)) and hence the induced
eddy current (Eq. (7)) are not considered. The LLG equation (Eq. (2) in the main text) and the elastodynamic
equation (Eq. (4)) are solved in a coupled fashion with a real-time step Az = 2x10™"* s. For the boundary
conditions of the elastodynamics in the 2D system, i = 0 (i=x,y,z) is applied on the stress-free lateral
surfaces of the Pt and MAFO layers, and ;- = 0 is applied on the stress-free top surface of the Pt layer. To
model the injection of ps-duration acoustic pulse, a Gaussian-shaped stress pulse o::(z = dyiarotdps, 1) =

Omax exp[—%] is applied at the top surface of the Pt layer at /=0 ps, where omax=3 GPa and =1.5 ps are the

. . . .. 6 [ 1 a l
same as those used in Fig. 3. The absorbing boundary condition, = =- ;a—i
74

surface of the Si substrate to make it a perfect sink for acoustic waves. Here v is the transverse sound

(i=x,y,2), is applied at the bottom

velocity in Si for u, and u, and the longitudinal sound velocity for u.. The magnetic boundary condition
cém/cn =0 [63] is applied on all surfaces of the MAFO layer where n is unit vector normal to the surface.
The physical validity of our in-house 2D elastodynamic solver is demonstrated by benchmarking test
against the results obtained from COMSOL Multiphysics, as shown in Fig. 8.
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Appendix D. Derivation of the interfacial spin current density and the resulting iSHE charge
current density

Equation (8) can be expanded into,
Jx ¥ i
)0 = [0,0,+1] 5 Ty Jyz | =l )5y oz ]

s,0 s,0 s,0
zx ]zy ]zz

h om om om om om om
B EG‘% [(mya_tz — M c’)ty>' (mz TR a_tz) ’ (m" L atx>]' (P1)

Since JISHE(z,t) = _Hpt p ]Zy(z t), ]‘SHE(Z 1) = Bpt p °J5.(z,t), and JISHE(z.1) = 0, one can further write,

| OnGlye( om,  om,

SHE,0 _
f»chHEO 2n ( Tt at)

I = 0pGlle  om, amy\ | (D2)
ISHE,0 2w " T Mgt

0

where m and 6—“: are based on the time-varying magnetization at the MAFO/Pt interface. If omitting the

damping, one can write under plane-wave assumption that,
m; = m? + Amy; Am; = |[Am|eikZ=9D i = x,y, 7, (D3)

for a specific magnon mode, or Am;(z,t) = |Am?| cos(kz — wt) in real space and time domain, where k

is the wavenumber and |Am9| is the peak amplitude of magnetization component variation. meq are the
normalized magnetization component at the initial equilibrium, with (mx ,my ,meq) 2 > ) herein.
Plugging Eq. (D3) into Eq. (D2), the ]l} SHEO can be further written as,
) GTl
]J‘CSHE 0 i eﬁe —— (mam?| — mgqlAmgl)w sin(kz — wt)
ISHE,0 i effe( 9am?| — m§q|Am§’,|)w sin(kz — wt)

0

iSHE,0

Thus, the peak magnitude of the J; depends not only on the |Am0| but also the angular frequency w.

Based on the simulated Am;(z = dyaro,
o) =

(0.0672,0.0669,0.0546) for the 240 GHz m=1 magnon mode (correspondmg to Fig. 4(d)). Based on Eq.

(D4), one can predict, for example, the peak magnitude of ],lcSHE 0 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 profile of the filtered ],ICSHE 0 data, as shown by Fig. 9. It is

noteworthy that the 240-GHz iSHE charge current density has a larger peak amplitude than the 154-GHz
counterpart but a faster attenuation.
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Appendix E. A list of material parameters used in analytical calculation and dynamical phase-field
simulation

The following parameters for (001) MAFO are taken from [29,64], including the Gilbert damping
coefficient «’°=0.0015 for m=0 magnon mode, mass density p = 4355 kg m™; gyromagnetic ratio y = 0.227
rad MHz A" m; saturation magnetization M; = 0.0955 MA m™'; magnetocrystalline anisotropy coefficient
K1 = -477.5 ] m”; and magnetoelastic coupling coefficients B; = 1.2 MJ m™ and B,=0 [29]. The elastic
stiffness coefficients of the MAFO, c11 = 282.9 GPa, c12 = 155.4 GPa, and c44 = 154.8 GPa, are assumed to
be the same as those of MgALO4 [65], while the exchange coupling coefficient Ae=4 pJ m™ is assumed to
be same as that of CoFe;O4 [39].

For SiN: ¢11 =283.81 GPa, c12=110.37 GPa and c44 = 86.72 GPa are calculated using its Young’s modulus
of 222 GPa and Poisson’s ratio of 0.28 [66] by assuming isotropic elasticity, as is appropriate for an
amorphous solid. The mass density p = 3170 kg m>.

For Si [67] which was incorporated as the supporting substrate in the 2D simulations (see Appendix C): c11
=167.4 GPa, c12 = 65.2 GPa, cas = 79.6 GPa and p = 2330 kg m™.

For Pt [68]: c11 = 347 GPa, c12 = 250 GPa, cas = 75 GPa and p = 21450 kg m™. The plasma frequency w,=
9.1 rad fs "' and electron relaxation time 7, = 7.5 fs are taken from [69].

Acoustic attenuation data for MAFO is not yet available so the phenomenological stiffness damping
coefficients A of all materials are assumed to be same as that of the Si substrate, with #=4.48x10"° s which
is comparable to the value previously extracted for (001) Ga;GdsO1. single crystals [16]. The value of S for

Si was obtained by fitting the experimentally determined attenuation coefficient A = 9 cm™ of a 7.2 GHz

transverse acoustic wave in Si [67] to an analytical formula, § = w(%iz) [16], where the w = 21x7.2 GHz

and the k£ = w/v are the angular frequency and angular wavenumber, respectively; and v=5090 m/s is the
longitudinal speed of sound in Si [67]. From the formula for Ak), we calculate the A for other frequencies
and wavenumbers, which enables the analytical calculation of the lifetime of the acoustic phonon modes
h=1/(Av). The relative permittivity ¢, is assumed to be 1 for all materials.
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Appendix F. Numerical methods for solving the coupled LLG, elastodynamic, and Maxwell’s
equations

For the simulations of Figs. 3-5, the system is discretized into a 1D grid of computational cells along
the z axis, with a cell size Az = 0.83 nm (in Figs. 3 and 4) or Az = 0.3 nm (in Fig. 5). Equations (2-6) are
solved simultaneously with a real-time step At = 2x10"'® s. When solving the equations, the central finite
difference method is used to numerically calculate the spatial derivatives and the classical Runge-Kutta
method is used for time marching.

When solving the LLG equation (Eq. (2)), the magnetic boundary condition ém/cn = 0 [63] is applied
on all surfaces of the MAFO where n is unit vector normal to the surface. When solving the elastodynamic
equation (Eq. (4)), the continuity of the mechanical displacement u and stress ¢ are applied at any interface
between two elastically different materials. The boundary condition of continuous stress at Pt top surface
and SiN bottom surface becomes stress-free boundary condition since the stress ¢ in the free space is 0,
specifically, i = 0 (i=x,y,z). As mentioned in the main text, the injection of the ps bulk acoustic pulse ¢-:(z.f)
is simulated by applying a time-varying stress o.-(¢) (time-dependent boundary condition) at the top surface
of the Pt layer. Note that the applied stress o-(f) converges to 0 in the course of time, which enables the top
surface of the Pt layer to be stress-free again after the injection of the ps acoustic pulse. For substrate-
1 Ou;

supported PtYMAFO/SiN multilayer (the control simulation), the absorbing boundary condition, %:; P

(i=x,y,2), 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 u, and u, and the longitudinal sound velocity for ..

Maxwell’s equations (Egs. (5-6)) are solved using the conventional finite-difference time-domain (FDTD)

1 9EEM . .
[70] is applied on both the

. ... OE™M
method. In the 1D system, the absorbing boundary condition x _1
74
bottom and top surfaces of the computational system to prevent the emitted EM waves from being reflected

0. c Ot

to the system, where c is the light speed in the free space.
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Appendix G. Temporal profiles of the m=1 mode magnon extracted from Fig. 3(c)

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

Appendix H. Temporal profiles of JS"E(7) and JP(7) at the Pt/MAFO interface corresponding to the
J¢() in Fig. 3(e)

The polarization (eddy) current J°(z) has a 180° phase difference with the J"5(¢) and not negligible, as
shown in Fig. 11. As a result, the amplitude of J%(¢) = JS"5(¢) + J°(¢) is smaller than that of the JS"E(z).

Appendix 1. Temporal profile and frequency spectrum of the free-space E*™(#) corresponding to
the J°(¢) in Fig. 3(e)

Both the temporal profile and the frequency spectrum of the emitted electric field E*™(#) are similar to those
of J°(¢), 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 the sixth order) in the freestanding

multilayer, the acoustically excited magnon modes display complex frequency mixing and doubling
behaviors, as shown in Fig. 13.
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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
the SiN layer to make the SiN a perfect acoustic sink. The dominant magnon mode in the freestanding
multilayer has the same frequency as the driving standing acoustic phonon mode (f;), 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 f;=fm-1. As shown in Table 1,
in some cases, there exists a small discrepancy between f; and fn-1 because (i) the dvaro and dsix used in
numerical simulations cannot exactly match those predicted analytically via Eq. (1); and (ii) the unavoidable
numerical error in discrete Fourier transform. Here, both the frequency f and linewidth Af are extracted
from the frequency spectra of the time-domain iSHE charge current density JISHE(7) data, rather than the
total JS(1)=JiSHE(£)+JP(f) at the MAFO/Pt interface. Our tests have shown that the Q extracted from the

frequency spectra of JISHE(7) and JS() are almost the same. The JISHE(7) can be acquired from coupled
phonon-magnon dynamics simulations, while obtaining the J5(¢) requires the use of coupled phonon-
magnon-photon dynamics simulations that are computationally more expensive.
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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 damping enhances both the amplitude and the lifetime of
the J5. A longer lifetime results in an increase in the quality factor (Q). Moreover, turning off the magnetic
damping (gray curve) leads to a larger peak amplitude for the /5 than the case of turning off elastic damping
(green curve). This is reasonable because J5 results from the spin current density and hence the
magnetization amplitude at the MAFO/Pt interface. However, turning off the 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 shows 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 NAz, where Az=0.83 nm is the cell size,
and the integer number N is the number of cells. Under the present thickness set up (see Fig. 14 caption),
the frequencies of the #=2 mode acoustic phonon and m=1 mode exchange magnon are 153.8 GHz and
154.407 GHz, respectively, which are calculated analytically via Eq. (1) in the main paper. As shown in
Fig. 14(b), when the magnetic damping is ON (green and blue curves), the m=1 mode exchange magnon
will decay and vanish. The dominant magnon mode in the freestanding multilayer is the ‘acoustic’ magnon
mode, which is excited by acoustic pulse via the 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 analytically calculated value), is
significantly amplified and becomes the dominant magnon mode instead.
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Appendix M. Modeling the formation of THz magnon polarons

The thicknesses of the Pt, MAFO and SiN films are set as 6.6 nm, 5.9 nm and 18.1 nm, respectively, to
enable the formation of #=6 mode phonon and m=1 mode magnon, which have the same frequency of 682.8
GHz. Meanwhile, the phonon and the magnon have almost the same spatial profile in the MAFO film (as
shown in Fig. 15(a)), leading to the same wavenumber of the two waves and the formation of magnon
polaron. The formation of the magnon polaron is demonstrated by the two frequency peaks (678 GHz and
688 GHz) split from the 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 the o..(¢) (see Sect. IV) are oma—=3 MPa and 7 =0.5 ps, which lead
to a frequency window covering up to 800 GHz and a peak amplitude of 8.5x107° in the strain pulse &..(f)
in the Pt. The effective magnetic damping a and the stiffness damping coefficients f are both set to be 0,
and a scaled-up magnetoelastic coupling coefficient Bi=25B" is used to enhance the magnon-phonon
coupling strength, where B=1.2 MJ m™ is the value given in Appendix E.
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Figure 1. (a) Schematic of the freestanding multilayer on a substrate patterned with air cavity at its surface.
The acoustic pulse is injected into the multilayer by irradiating the metal film with a femtosecond (fs) laser
pulse. (b) Illustration of the standing longitudinal acoustic phonons &.. with modes of » in the multilayer,
and the standing magnons Am with modes of m in the magnetic insulator film. J; ; 1s the spin current tensor
injected from the magnet/metal interface, where the subscript ‘z” and °j’(=x,y,z) refer to the direction of spin
current flow and spin polarization, respectively. J{ is the charge current vector in the metal layer converted
from J; ; via the inverse Spin Hall effect. A bias magnetic field H"* with nonzero z-component is applied
to (i) lift the initial equilibrium magnetization off the xy plane (for enhancing the torque from the
magnetoelastic field) and (ii) dynamically tune the frequencies of the ferromagnetic resonance (=0 mode
magnon) and thereby higher-order magnons. The acoustically excited magnons can be detected by
measuring the J{ or the resulting THz emission.
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Figure 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 dvaro.
The 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 8=¢=45° in this
calculation.
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Figure 3. Evolution of (a) the strain &..(¢), (¢) the normalized magnetization change Am.(¢)=m(f)-m«(t=0),
and (e) the charge current density J$(¢) at the Pt/MAFO interface in both a freestanding Pt/MAFO/SiN and
a substrate-supported Pt/MAFO/SiN(acoustic sink) multilayer. =0 is the moment the acoustic pulse was
injected from the top surface of the Pt film. (b),(d),(f) Frequency spectra of the &..(¢), Am.(f), and J£(¢),
respectively. The vertical axes of these sub-figures are plotted in log scale. The vertical dashed line
emphasizes the resonant interaction between n=2 phonon mode and m=1 magnon mode at 154 GHz.
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Figure 4. (a) Analytically calculated frequencies of the m=0 and m=1 magnon modes as functions of the
magnitude of bias magnetic fields H”*, with the frequencies of the standing acoustic phonon modes n=1 to
5. The circles indicate the |H"™| that leads to resonant magnon-phonon interaction. Evolution of (b) the
strain &.-(¢) and (d) the charge current density J$(¢) at the Pt/MAFO interface. (c¢),(e) Their corresponding
frequency spectra where the vertical axes are plotted in linear scale.
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Figure 5. Simulated quality factor Q vs. resonant frequency f of the magnonic optoelectronic transducer
based on both the freestanding and substrate-supported multilayer. Typical Q values of the Auston switch
and the spintronic THz emitter (STE), both of which permits the conversion of a fs optical pulse into a THz

charge current pulse as well. The inset illustrates the definition of Q. Literature sources of the data points
for Auston switch and STE are provided in [8].
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Figure 7. (2) Distribution of strain ¢.-in xz cross section of the freestanding Pt/(001) MAFO/SiN multilayer
at t = 54 ps after the strain injection, and (b) enlarged section of the dashed rectangles in (a). The
freestanding multilayer is integrated on Si substrate with air cavity at its surface. (c) Distribution of
magnetization change Ami, in xz cross section of the MAFO layer at ¢ = 54 ps after the 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.
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Figure 8. Comparison between the simulations from COMSOL Multiphysics and our in-house solver in
temporal evolution of the out-of-plane strain &, in-plane strain &, and the in-plane stress ox« 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)).
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Figure 9. Evolution of the filtered ],ics'l'"s'0 resulting from the 154 GHz m=1 mode magnon (orange,

contributing to the total J$ in Fig. 3(¢)) and the 240 GHz m=1 magnon mode (blue, corresponding to the
total J§ 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 GHz to 156.5 GHz) and near
240 GHz (i.e., from 237.5 GHz to 242.5 GHz) from time-domain data. These two frequency ranges were
carefully chosen to capture the target signal while minimizing the extraneous frequency interference. A
zero-phase technique was also applied to maintain the temporal integrity of the original signal.
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Figure 10. Evolution of the extracted magnetization variation Am.(f) for the m=1 magnon mode in the

freestanding Pt/MAFO/SiN multilayer (blue) and substrate-supported (yellow) Pt/MAFO/SiN(substrate,
acoustic sink) heterostructure.

40



300 | t(ps) 34

£
<<
=}
x
_;(
g5
-8 : :
0 05

t(ns)

Figure 11. Evolution of the iSHE charge current JS"' (in red) and the polarization current J® (in blue) at
the Pt/MAFO interface (z = dmaro) in the freestanding multilayer. The inset enlarges their evolutions during
t = 300-340 ps to show the phase difference between them.
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Figure 12. (a) Evolution of electric field component EF™(f) of the EM wave in the free space, or more

specifically, at 4 nm above the Pt top surface (z=dmaro+dp+4 nm), which are emitted from the freestanding
(blue) and substrate-supported (red) PtMAFO/SiN multilayer. (b) Frequency spectra of the E*(¢) data
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Figure 13. Frequency spectra of (top) strain &-:(¢), (middle) magnon component Am,(¢), and (bottom) total
charge current density J<(¢) at the Pt/MAFO interface, where the vertical axes are plotted in log scale. The
time-domain data of ¢..(¢) and J<(¢) are shown in Figs. 4(b) and 4(d).
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Table 1. Thicknesses of the MAFO and SiN layer used in Fig. 5, the simulated resonant frequency £, linewidth Af, and
O (=f7Af) for both the freestanding and substrate-supported multilayer. The thickness of Pt is fixe at 6.6 nm.

S=h f=fut
dvaro | dsin (magnetic (GHz) Af(GHz) o (GHz) Af (GHz) 0
(m) | (m) | i
amping) Freestanding multilayer Substrate-supported multilayer

5.4 7.8 | 0.01117797 | 814.5 18.6152421 | 43.75446727 | 814.75 | 33.1032125 | 24.6124149

6 19.2 | 0.01037147 | 659.5 13.1166238 | 50.27970689 | 659.5 | 25.6598802 | 25.7016009

6.6 12.6 | 0.00968905 546 9.39550974 | 58.11286615 546 18.5810923 | 29.3847095

7.2 27.3 | 0.00879162 | 459.25 | 6.93023404 | 66.26760329 | 458.75 | 14.0197726 | 32.7216435

8.4 29.1 | 0.00776222 | 337.5 | 4.12632647 | 81.79188009 | 337.25 | 9.48385609 | 35.5604299

9.6 84.9 | 0.00704467 259 2.54333709 | 101.8347121 | 258.75 | 6.3608808 | 40.6783287

9.9 33.3 | 0.00682288 | 243.5 | 2.28438056 | 106.5934478 | 243.5 | 5.80917686 | 41.9164377

10.5 39.6 | 0.00661816 | 216.75 | 1.87432642 | 115.6415436 | 216.5 | 5.01471726 | 43.1729226

11.4 49.5 | 0.0061692 184 1.38301841 | 133.0423358 184 4.00792491 | 45.9090437

12.6 63.9 | 0.0056585 150.75 | 0.94646636 | 159.2766589 | 150.75 | 3.01510339 | 49.9982855

15 8.4 | 0.00504859 | 106.75 | 0.49379416 | 216.1831981 | 106.75 | 1.94598341 | 54.8565829

18.6 22.8 | 0.00434646 70 0.23074235 | 303.3686681 69.75 1.1176789 62.406117

21.6 129.6 | 0.0039643 52 0.13437717 | 386.9704951 52 0.77937614 | 66.7200306

24.9 300 0.0036377 39.4 0.08633833 | 456.3442289 39.4 0.50946945 | 77.335354

27.3 78 0.00344266 | 32.75 | 0.06045672 | 541.709847 33 0.39805886 | 82.9023124
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Figure 14. (a) Evolution of the total charge current J5(¢) at the Pt/MAFO interface in a freestanding Pt(6.64
nm)/MAFO(12.45 nm)/SiN(31.54 nm) multilayer. =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 the time-domain
J5(?) data from =0-4 ns. Blue curve: both magnetic and elastic damping are turned on (a # 0, 8 # 0), with
0=154.6; gray curve: zero magnetic damping (o = 0, # 0), with 0=428.1; green curve: zero elastic

damping (¢ # 0, 5 = 0), with 0=588.0.
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Figure 15. (a) Numerically extracted spatial profiles of the #=6 mode (blue) standing phonon mode ¢,, in
the Pt(6.6 nm)/MAFO(5.9 nm)/SiN(18.1nm) freestanding multilayer and the m=1 mode (black) magnon
Am, in the MAFO film. The spatial profiles are extracted by performing inverse Fourier transform of the
682.8 GHz peaks in their own frequency spectra with the backaction of the Am on the €., being turned off.
The ¢, and the Am, have approximately the same spatial profile in the MAFO film. Evolution of (b) the
strain ¢&-(f), and (c) the magnetization change Am.(¢) at the Pt/MAFO interface. =0 is the moment the
acoustic pulse was injected from the top surface of the Pt film. Frequency spectra of both &..(¢) and Am.()

in (d) 0-700 GHz, and (e) 670-700 GHz.
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