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dielectric layer arranged in a vertical stack. 
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MAGNETIC-FIELD-TUNABLE TERAHERTZ 
OPTOELECTRONIC TRANSDUCER 

REFERENCE TO GOVERNMENT RIGHTS 

2 
tosecond laser configured to direct a femtosecond-timescale 
light pulse onto the layer of the electrically conductive 
material. 

The optoelectronic transducers can be used to generate an 

This invention was made with government support under 
2006028 awarded by the National Science Foundation. The 
government has certain rights in the invention. 

5 alternating electrical current by directing a fs-timescale laser 
pulse onto the layer of electrically conductive material, 
whereby the fs-timescale laser pulse excites standing longi
tudinal acoustic phonon modes and standing magnon modes 
in the membrane and at least one standing longitudinal 

10 acoustic phonon mode is in resonance with at least one 
standing magnon mode at a resonance frequency, and further 
whereby an in-plane electrical pulse having a sinusoidally 
varying alternating current is generated in the layer of 

BACKGROUND 

An optoelectronic oscillator (OEO) is a system that can 
convert continuous light waves into periodic electrical cur
rent oscillations. A typical OEO system is composed of 
electrical and optical devices including an electro-optical 
modulator (EOM), photodetector, optical fiber, amplifier, 

15 
electrically conductive material. The in-plane electrical 
pulse has a resonantly-enhanced oscillation frequency at the 
resonance frequency. 

Other principal features and advantages of the invention 
will become apparent to those skilled in the art upon review 

20 
of the following drawings, the detailed description, and the 
appended claims. 

and filter. The optical part and the electrical part are con
nected to form a closed optoelectronic feedback loop to 
enable self-sustained oscillation, where the EOM is used to 
modulate the electrical signal onto the optical signal, and the 
photodetector is used to convert the optical signal into the 
electrical signal. As a representative hybrid electronics and 
photonics system, the OEO has been widely implemented in 
generating electrical current (or microwave) or optical sig
nals. OEOs are capable of generating electrical signals of 
frequencies up to 100 GHz with ultra-low phase noise. 
Compared to an electronic circuit whose phase noise 
increases significantly with the oscillation frequency, the 
phase noise of an OEO is largely frequency independent due 30 

to the use of high-quality-factor optical storage elements, 
making it promising to use OEOs in high-frequency 
regimes, especially for frequency > 10 GHz. Examples of the 
end-applications of the OEO include the sensing of strain, 
temperature and refractive index, reservoir computing, and 35 

signal processing such as signal amplification, frequency 
multiplication and division. 

25 

The development of next generation high-data-rate wire
less communication systems requires the generation of 
multi-cycle electric signals in the millimeter-wave (mmW: 40 
30-300 GHz) and terahertz (e.g., THz: 300-3000 GHz) 
frequency band. However, the maximum operation fre
quency of an OEO is typically below 100 GHz due to 
various constraints from the monolithic optical and electrical 
device components. For example, a photodiode, which is 45 

commonly used as the photodetector (optoelectronic trans
ducer) in the OEO, enables the light-to-electric current 
conversion by using the built-in electric field of the diode to 
drive the motion of the photoexcited charge carriers. How
ever, the mobility of these drifting charge carriers (electron- 50 

hole pairs) in the diode is not high enough for generating 
sinusoidal alternating electrical current with mm W/THz 
frequencies. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Illustrative embodiments of the invention will hereafter be 
described with reference to the accompanying drawings, 
wherein like numerals denote like elements. 

FIG. lA shows a schematic, not to scale, of an optoelec
tronic transducer having a freestanding electrical conductor/ 
magnetic-insulator/dielectric membrane integrated on a sili
con substrate, where the electrical conductor works as an 
optical-to-acoustic transducer to convert a femtosecond (fs)
timescale laser pulse to a picosecond (ps)-timescale longi
tudinal acoustic pulse, and a substrate is a sink of the 
acoustic waves. FIG. lB is a schematic diagram of the 
trilayer membrane as a cavity for standing longitudinal 
acoustic phonons E

22 
with mode n. FIG. lC is a schematic 

diagram of the magnetic insulator and electrically conduc
tive layers where the magnetic layer acts as a cavity for 
standing magnons Llm with modes of m. The electrically 
conductive layer also acts as a spin-to-charge current con
verter. As illustrated in FIG. lC, the precessing magnetiza
tions at the interface between the magnetic and electrically 
conductive layers results in the injection of a spin current Js 
into the electrically conductive layer, and the Js is converted 
to charge current Jc in the electrically conductive layer 
typically via the inverse spin Hall effect. FIG. lD (left panel) 
shows the temporal evolution of a generic charge current 
pulse generated in an electrically conductive layer of an 
optoelectronic transducer. FIG. lD (right panel) shows a 
resonantly-enhanced oscillation frequency of the charge 
current pulse. FIG. lE shows analytically calculated fre
quencies of the standing magnon modes from m=0 to m=2 
and the standing longitudinal acoustic phonon modes from 

SUMMARY 

Optoelectronic transducers that convert a femtosecond 
(fs)-timescale laser pulse into an alternating electrical cur
rent pulse are provided. 

55 
n=l to n=8, as functions of MAFO layer thickness dMAFo· 

FIG. lF shows analytically calculated frequencies of the 
resonant interaction between the standing acoustic phonons 
and the m=l mode magnon as a function of both dMAFo and 
ds;N· The shading gradient of17 is correlated to the degree of 

One embodiment of an optoelectronic device includes at 
least one optoelectronic transducer, the at least one opto
electronic transducer including: a membrane suspended over 

60 
the resonance via a sigmoid function of 

an air gap, the membrane comprising: a layer of dielectric 
material covering at least a portion of the air gap; a layer of 
a magnetic insulator over the layer of dielectric material; and 65 

a layer of electrically conductive material over the layer of 
the magnetic insulator. The device further includes a fem-

2 
1:,.f, T/ = 2 - -------, 

1 + exp(-4011:,.fllfm-iJ 

where fm=I is the frequency of the m=l mode magnon and 
Llf is the smallest difference between the fm=I and the 
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FIG. 7 compares the Quality Factors for the optoelec
tronic transducers described herein with conventional 
OEOs. 

FIG. 8 shows the results of 2D simulations, as described 
in the Example, showing that both strain and magnetization 
are largely uniform along the x axis in the membranes of an 
optoelectronic transducer. 

frequency of the phonon mode n from n= 1 to 8. When li.f=0, 
17=1, which indicates a complete on-resonance condition. 
The phonon modes to which the eight frequency bands are 
corresponding are labeled. FIG. lG shows analytically cal
culated frequencies of the m=0 and m=l mode magnons as 
functions of bias magnetic fields Hbias, with the frequencies 
of the standing acoustic phonon modes from n= 1 to n=5. The 
thicknesses of the individual layers are labeled. The Hbias 
and the frequencies with which the magnons and phonons 
interact resonantly are labeled. 10 

FIG. 9A shows one embodiment of an optoelectronic 
transducer, which is described in detail in the Example. FIG. 
9B shows the evolution of electric current Jc(t) in the Pt layer 
of the freestanding membrane of the optoelectronic trans
ducer of FIG. 9A. FIG. 9C shows the frequency spectrum of 
the electric current Jc(t) in the Pt layer of the freestanding 
membrane of the optoelectronic transducer of FIG. 9A. 

FIG. 2 shows a schematic of an optoelectronic transducer 
that includes a non-magnetic dielectric material disposed 
below a portion of its electrically conductive layer. 

FIGS. 3A-3B show exploded views of optoelectronic 15 
transducer arrays in which the air gaps are formed by pits in 

FIG. TOA shows the optoelectronic transducer of FIG. 9A 
with different membrane layer thicknesses. FIG. 10B shows 
the evolution of electric current Jc(t) in the Pt layer of the 
optoelectronic transducer of FIG. l0A. FIG. l0C shows the 
frequency spectrum of the electric current Jc(t) in the Pt layer 
of the optoelectronic transducer of FIG. l0A. 

the spacer (FIG. 3A) or trenches in the spacer (FIG. 3B). 
FIG. 3C shows the optoelectronic transducer array of FIG. 
3B with multiple incident laser pulses triggering different 
optical transducers. FIG. 3D shows an optoelectronic device 20 

having two optoelectronic transducers (1 and 2) (left panel) 
and the temporal evolution of an in-plane electrical current 
pulse generated in the electrically conductive layer of the 
first optoelectronic transducer (right panel). FIG. 3E (top 
panels) shows the effect on the charge current pulse ampli- 25 

tude (top left) and frequency spectrum (top right) of con
structive interference between charge current pulses gener
ated by the two optoelectronic transducers of FIG. 3D and 
(bottom panels) the effect on the charge current pulse 
amplitude (bottom left) and frequency spectrum (bottom 30 

right) of destructive interference between charge current 
pulses generated by the two optoelectronic transducers of 
FIG. 3D. 

FIG. 11 shows a schematic of an elastically heterogeneous 
tri-layer membrane structure where mechanical displace
ment waves u(z,t) are propagating. 

DETAILED DESCRIPTION 

Optoelectronic transducers that convert a femtosecond 
(fs)-timescale laser pulse into a sinusoidal a.c. electrical 
current pulse with an extremely high frequency and a high 
quality factor (Q) are provided. The optoelectronic trans
ducers are based on a trilayered freestanding membrane that 
functions as both an acoustic cavity and a magnon cavity. 

One example of an optoelectronic transducer is shown in 
FIG. TA. In the optoelectronic transducer, the freestanding FIG. 4A shows simulated evolutions of the strain Ezz(t) at 

the Pt/MAFO interface (z=dMAFo) in the cases of a free
standing membrane and a reference thin-film heterostruc
ture, in accordance with the Example. FIG. 4B shows their 
frequency spectra. The peak frequencies fn~i and fn~2 that 
correspond to phonon modes n=l and 2 in the case of 
membrane are labeled. FIG. 4C shows simulated evolutions 
of the magnetization component li.mx(t) at the Pt/MAFO 
interface in both cases, and FIG. 4D shows their frequency 
spectra. The fn~i and fn~ 2 of the magnons that are caused by 
the acoustic phonons are labeled in the case of the mem
brane, where the fn~ 2 is equal to the frequency fm~i ofm=l 
mode magnon. The inset in FIG. 4C shows the evolution of 
the extracted m=l mode component of the li.mx(t) in both 
cases. The inset in FIG. 4D shows the spectrum in low
frequency range from 0 to 5 GHz. 

FIG. SA shows simulated evolutions of the total charge 
current density J'0 '(t) at the Pt/MAFO interface (z=dMAFo) 
in the case of free-standing membrane (black line) and 
thin-film heterostructure (grey line), and FIG. SB shows 
their frequency spectra. The peak frequencies are labeled. 

FIG. 6A shows the simulated evolution of the strain Ezz(t) 
at the Pt/MAFO interface (z=dMAFo), and FIG. 6B shows its 
frequency spectrum. The frequency peaks are labeled, and 
the inset shows the spectrum in the range from 200 GHz to 
400 GHz. FIG. 6C shows the simulated evolution of the total 
charge current density J'0 '(t) at the Pt/MAFO interface 
(z=dMAFo) in the case of IH6'asl=30.2 T, and FIG. 6D shows 
its frequency spectrum. The highest frequency peak is 
labeled. Comparing these results to the results shown in 
FIGS. SA and SB, where the same membrane is utilized, it 
can be seen that the application of a different bias magnetic 
field IH6'as1 leads to significant changes in both the peak 
frequency and amplitude of the J'0 '(t). 

35 membrane includes an electrically conductive layer 102, a 
magnetic insulator layer 104, and a dielectric layer 106 
arranged in a vertical stack. At least a portion of the 
trilayered membrane is suspended over an air gap 108 by a 
spacer 110. Because a portion of the membrane is sus-

40 pended, the membrane is referred to herein as a freestanding 
membrane. The structure may be fabricated on a support 
substrate 112. The trilayered membrane, which has a 
nanoscale thickness, may be referred to as a nanomembrane. 
As used herein, the term nanoscale thickness refers to a 

45 thickness of less than 1000 nm; however, the trilayered 
membranes typically have thicknesses of 100 nm or less, 
including thicknesses of 50 nm or less. 

During operation, a femtosecond (fs)-timescale laser 
pulse 120 is directed onto electrically conductive layer 102. 

50 This incident fs-timescale laser pulse is converted into a 
picosecond (ps)-timescale acoustic pulse by layer 102 via 
electron-phonon coupling and thermal expansion. The ps
timescale acoustic pulse ( coherent acoustic phonons) excites 
coherent magnons ( quanta of spin waves) in magnetic 

55 insulator layer 104 via phonon-magnon interaction. Then, 
the spin precession at the magnetic insulator side of the 
electrical conductor/magnetic insulator interface leads to the 
injection of a spin current (JJ into layer 102, which is then 
converted into an in-plane charge current (Jc) (also referred 

60 to as an electrical current) in layer 102 via the inverse spin 
Hall effect (iSHE). The charge current pulse can be detected 
by a current detector. 

In the optoelectronic transducers, the freestanding mem
brane serves as a cavity for confining multiple harmonic 

65 modes of acoustic phonons and magnons. This is illustrated 
schematically in FIGS. 1B and lC. FIG. 1B is a cross
sectional view of a suspended trilayered membrane acting as 
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an acoustic cavity for standing longitudinal acoustic pho
nons E

22 
with different modes, n, while FIG. lC shows the 

magnetic insulator 104 and electrically conductive 102 
layers of the suspended membrane acting as a magnon 
cavity for standing magnons li.m with modes of m. 

6 
-600 to -20. For the purpose of this disclosure, the quality 
factor is defined as the operating frequency of the optoelec
tronic transducer (f) divided by the linewidth (full width half 
maximum) of the corresponding peak in the frequency 
spectrum, as illustrated in the inset of FIG. 7. These capa
bilities, which cannot be achieved with the photodiode used 
on conventional OEOs, enable the fabrication ofTHz opto
electrical transducers for high-data-rate, low-power wireless 
communications. 

As noted above, the frequencies of the standing acoustic 
phonon modes and the standing magnon modes, as well as 
their resonant frequencies, will depend on the layer thick
nesses in the freestanding membrane. This is illustrated in 
FIGS. lE and lF. FIG. lE shows the frequencies of standing 

The individual layer thicknesses in the freestanding mem
brane can be selected such that standing acoustic phonon 
modes and standing magnon modes have the same fre
quency, which is referred to as a resonance frequency. As a 
result of this frequency matching, the amplitude of the 10 

resonant magnon mode is resonantly enhanced by the con
fined phonon mode of the same frequency. Additionally, 
since the freestanding membrane serves as a cavity of both 
magnons and acoustic phonon, such resonant enhancement 
can last for an extended period of time (approximately the 
lifetime of the acoustic phonon) that goes far beyond the 
duration in a magnetic insulator thin film. Such combination 

15 magnon modes from m=0 to m=2 and standing longitudinal 
acoustic phonon modes from n=l to n=S for a freestanding 
membrane composed of a platinum metal layer, an 
MgAl0 _5 Fe1.5O4 (MAFO) magnetic insulator layer, and a 
silicon nitride dielectric layer. As shown in FIG. lE, for a 

of resonant excitation and cavity confinement leads to an 
exceptionally large magnon amplitude. The magnon modes 
that can be excited include higher-order magnon modes 
having intrinsic frequencies in the mmW and (sub)THz 
band. 

The temporal evolution of an oscillating charge current 
pulse generated in electrically conductive layer 102 by the 
injection of a spin current is illustrated in FIG. lD (left 
panel). The charge current pulse has a characteristic shape in 
which the current (Jc) increases to a maximum before 
decreasing more gradually. Some embodiments of the opto
electronic transducers produce charge current pulses having 
ns-timescale lifetimes. (As used herein, the term ns-times
cale refers to a duration of at least 0.1 ns. Ns-timescale 
pulses include, but are not limited to, those with durations of 
from 0.1 ns to 2 ns and those with durations of from 0.1 ns 

20 constant metal layer thickness ( dp,) and dielectric layer 
thickness (ds,N), the resonance condition where a given 
magnon mode, such as m=l, has the same frequency as a 
given acoustic phonon mode, such as n=2, will depend on 
the thickness of the magnetic insulator ( dMAFo)- Therefore, 

25 one can achieve the enhancement of a magnon mode of a 
desired frequency by tailoring the thickness of the magnetic 
insulator layer to achieve resonance between the desired 
magnon mode and an acoustic phonon mode. In FIG. lE, 
standing acoustic phonon mode n=2 and standing magnon 

30 mode m=l have the same frequency (154 GHz) and reso
nantly interact with each other to enhance the magnitude of 
the m=l mode at 154 GHz. 

to 1 ns.) The lifetime of a current pulse can be measured by 
determining the peak amplitude over the entire temporal 35 

profile and finding the time, to, when the oscillation ampli
tude decreases to 1/e of the peak amplitude over the entire 
temporal profile. The to is the lifetime. 

As shown in FIG. lD (right panel), the frequency spec
trum of the charge current pulse has peaks at oscillation 40 

frequencies corresponding to the frequencies of the acoustic 
phonon modes supported by the acoustic cavity. Notably, 
within the frequency spectrum, the amplitude of the oscil
lation frequency peak corresponding to the acoustic phonon/ 
magnon resonance frequency is increased, relative to its 45 

amplitude in the absence of the phonon/magnon resonance. 
For the purposes of this disclosure, the oscillation frequency 
at which the charge current has this increased amplitude is 
said to be resonantly-enhanced and this resonantly-enhanced 
oscillating frequency can be used as an operating frequency 50 

of the optoelectronic transducer. 
As discussed in more detail below, the resonantly-en

hanced oscillation frequency of the charge current pulse can 
be tailored for a given application by the appropriate selec
tion of the layer thicknesses in the freestanding membrane 55 

and can be modified by the application of an external 
magnetic field. 

The ability to tailor the frequency of the ns-timescale 
charge current pulse by engineering the membrane layer 
thicknesses and by the application of an external magnetic 60 

field makes it possible to design optoelectronic transducers 
that produce oscillating ns-timescale a.c. electric pulses over 
a broad range of frequencies with high quality factors. For 
example, the optoelectronic transducers described herein 
can convert fs-timescale laser pulses into a.c. electrical 65 

current pulses with frequencies ranging from about 30 GHz 
to 1000 GHz (=1 THz) and a quality factor (Q) ranging from 

The selection of a desired resonance frequency is further 
tailored by the thickness of the dielectric layer in the 
freestanding membrane. FIG. lF shows the frequencies of 
the resonant interactions between the standing acoustic 
phonon modes (n=l-8) and the m=l magnon mode as a 
function of both the magnetic insulator layer thickness 
(dMAFo) and the dielectric layer thickness (ds,N). As shown 
in FIG. lF, resonance between a magnon mode and an 
acoustic phonon mode is a function of both the dielectric and 
magnetic insulator layer thicknesses. 

The workable and optimal layer thicknesses for the layers 
making up the freestanding membrane will depend on the 
materials being used and the desired charge current pulse 
frequencies. Generally, the individual layers in the trilayered 
membrane will have thicknesses in the range from about 2 
nm to about 50 nm. However, the trilayered membranes are 
not limited to those having layer thicknesses in this range. 

Dynamic in situ tuning of the frequency of a resonantly 
excited magnon mode can also be achieved by applying a 
tunable external magnetic field across the membrane, 
whereby the frequencies of the resonant magnon modes can 
be adjusted by adjusting the magnitude of the applied 
magnetic field. This is illustrated in FIG. lG, which shows 
the frequencies of the m=l mode magnon as a function of 
the magnitude of an applied bias magnetic field I H6'asl for a 
Pt/Si3N4 /MAFO membrane. The magnetic-field-indepen
dent frequencies of the standing acoustic phonon modes n= 1 
to 5 are also shown. In FIG. lG, for each magnitude, the 
direction of the magnetic field is configured to obtain an 
equilibrium magnetization 45° off the xy plane. However, 
other directions, including directions from greater than 0° to 
less than 90°, of the magnetic field can also be utilized. As 
shown in the figure, the m=l mode magnon can be mag
netically tuned to resonate with different acoustic phonon 
modes by increasing the magnetic field strength. 
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It should be noted that the materials used for the free
standing trilayered membranes in FIGS. lE-lG are used for 
illustrative purposes only. The phonon and magnon mode 
curves for other material systems may differ quantitatively 
from those in FIGS. lE-lG; however, the operating prin
ciples for optoelectronic transducers made with other elec
trically conductive materials, magnetic insulators, and 
dielectric materials will be the same. A detailed description 

8 
interlayer that creates an interface with weak adhesion 
between the epitaxial growth substrate and the magnetic 
insulator layer. Once the layer of magnetic insulator is 
grown, it can be exfoliated at the weak interface. The 
exfoliated (released) layer of magnetic insulator can then be 
transferred onto the dielectric layer and bonded thereto. By 
way of illustration, the remote epitaxy of MAFO can in 
principle be carried out using atomically thin ( e.g., 1 or 2 
monolayers) graphene (H. S. Kum, et al., Nature 578, of the process for generating frequency curves such as those 

shown in FIGS. lE-lG is provided in the Example, and the 
approach used in the Example can be used as guidance for 
designing freestanding membranes that use other materials. 

Electrically conductive layer 102 of the membrane can be 
made from various electrically conductive materials, pro
vided that said materials are able to act as both an optical
to-acoustic pulse transducer and a spin-to-charge converter 
with sufficient efficiency to enable device operation. 
Examples of electrically conductive materials that can be 
used include metals, metal alloys, and conductive oxides. 
Additionally, the electrically conductive material should be 
non-magnetic so that the magnetic signal generated in the 
magnetic insulator layer can be confined to that layer. 
Examples of suitable pure metals include aluminum, copper, 
platinum, tungsten, iridium, ruthenium, palladium, chro
mium, silver, gold, iridium, bismuth, and tantalum (C. Bull, 
et al., APL Materials 9, 090701 (2021)). Examples of 
suitable alloys include Cuir, CuBi, and AgBi (Y. Niimi, et 

10 75-81(2020)) or other two-dimensional materials such as 
MoS2 (C.-H. Ma, et al., APL Materials 9, 051115(2021)) and 
other transition metal dichalcogenides as the interlayer 
material and MgAl2 O4 as the epitaxial growth substrate. 

Dielectric layer 106 is composed of a non-magnetic, 
15 electrically insulating material. Because the dielectric mate

rial is not magnetic, the magnetic signal generated in the 
magnetic insulator layer can be confined to that layer. The 
dielectric layer is sufficiently elastically stiff to eliminate or 
limit damping of the acoustic waves and to support standing 

20 acoustic phonon modes in the membrane. By way of illus
tration, dielectric layers having an elastic stiffness coeffi
cients in the range from 100 to 400 GPa may be used. 
However, dielectric materials whose elastic stiffness coeffi
cients are outside of this range can also be used. It is also 

al., Reports on Progress in Physics 78, 124501 (2015)), and 
alloys of other pure metal elements. Examples of suitable 
conductive oxides include metallic rutile oxides, such as 
Ir02 , OsO2 , and RuO2 (Y. Sun, et al., Physical Review B 95, 
235104 (2017)). In some cases, the layer 102 can comprise 

25 desirable for the dielectric material to have a good acoustic 
match with the magnetic insulator, so that the magnitude of 
an acoustic wave is not substantially reduced as it passes 
from dielectric layer 106 into magnetic insulator layer 104. 
Silicon nitrides (SixNy), alumina (A!Ox), titanium oxide 

30 (TiOx), and silicon oxide (SiO2 ) are examples of elastically 
stiff dielectrics that can be used for dielectric layer 106. The 
dielectric layer can be formed over the air gap by direct 
growth on a thin spacer using known deposition method 
such as low-pressure chemical vapor deposition and sput-

a bilayer of two non-magnetic metals, in which the forma
tion of a Rashba interface between the two non-magnetic 
metals results in a spin-to-charge current conversion with a 
higher conversion efficiency via the inverse Rashba-Edel
stein effect (M. B. Jungfleisch, et al., Physical Review 
Letters 120, 207207 (2018)). The electrically conductive 
material may be single-crystalline or polycrystalline or 
amorphous, and it can be deposited on the magnetic insu- 40 

lator layer using known deposition methods, such as mag
netron sputtering or electron beam (e-beam) evaporation 
followed by an anneal. 

35 tering, followed by back-etching of the spacer to create the 

Magnetic insulator layer 104 is composed of a magnetic 
material having a sufficiently strong magnetoelastic cou- 45 

piing between spins and strains to generate spin waves 
(magnons) in the magnetic insulator. Magnetic insulator 104 
is also an electrical insulator so that the current pulses 
generated in electrically conductive layer 102 are confined 
to that layer. The magnetic insulator layer is desirably a 50 

single-crystal layer and should also have sufficiently low 
magnetic damping to achieve magnon propagation and to 
support standing magnon modes in the membrane. MAFO is 
one example of a low-damping magnetic insulator with high 
magnetoelastic coupling properties. However, other mag- 55 

netic insulators, such as yttrium-iron-garnet (Y3 Fe5 O12 ; 

"YIG"), gadolinium-iron-garnet (Gd3 Fe5 O12 ; "GdIG"), 
other rare-earth (R) iron garnets (R3 Fe5 Ou, "RIG"), and 
other spine! ferrites can also be used. Magnetic insulator 
layer 104 can be transferred onto dielectric layer 106 by 60 

growing the magnetic insulator layer on a sacrificial material 
followed by selective removal of the sacrificial material 
(e.g., via a selective etch). The released layer of the magnetic 
insulator can then be transferred onto the dielectric layer and 
bonded thereto. Remote epitaxy can also be used. In remote 65 

epitaxy, a layer of the magnetic material is grown epitaxially 
on an epitaxial growth substrate in the presence of a thin 

air gap. 
The materials of spacer 110 and substrate 112 are not 

particularly limited, provided that their electronic and mag
netic properties do not interfere with the operation of the 
optoelectronic transducer. Silicon (Si) is one example of a 
suitable spacer and/or substrate material. The use of Si as a 
spacer and/or substrate may be advantageous because it 
allows for the integration of the transducers in silicon 
electronics. The ability to integrate the optoelectronic trans
ducers on a silicon substrate is useful for system on-a-chip 
applications. 

The fs-timescale pulse that activates the optoelectronic 
transducer is generated by a femtosecond laser that is 
optically coupled to the electrically conductive layer. For the 
purposes of this disclosure, a fs-timescale pulse is a pulse 
having a duration in the range from lxl0-15 to 9x10-13 

seconds; for example, 1 fs to several hundred fs (in some 
embodiments, 1 fs to 500 fs ). As used herein, the term 
optically coupled is used to mean that the femtosecond laser 
is positioned to direct fs-timescale laser pulses onto the 
electrically conductive layer, either directly or indirectly, 
using, for example, reflective surfaces or other optical 
components to steer the beam from the laser to the surface 
of the electrically conductive layer. Pulsed fs lasers are 
known and commercially available. 

FIG. lA shows one illustrative device geometry for an 
optoelectronic transducer. However, other embodiments and 
variations are possible. For example, as shown in FIG. 2, a 
non-magnetic dielectric material 116 may be disposed below 
a portion of electrically conductive layer 102. In this design, 
magnetic dielectric layer 104 is disposed below electrically 
conductive layer 102 in the area where the fs-timescale layer 
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pulse 120 is incident on the electrically conductive material. 
Beyond this area, the magnetic insulator can be replaced by 
non-magnetic dielectric material 116. This design helps to 
ensure that the charge current pulse (Jc) is generated locally 
in the electrically conductive layer and that the charge 5 

current flows only in the electrically conductive layer. The 
non-magnetic dielectric material can also serve as a 
mechanical support for the electrically conductive layer. 
Examples of suitable non-magnetic dielectric materials 
include silicon nitrides (SixNy), alumina (AlOx), titanium 10 

oxide (TiOx) and silicon oxide (SiO2). Additionally, the 
non-magnetic dielectric material 116 does not necessarily 
need to be bonded to the magnetic insulator 104. 

The optoelectronic transducers can be fabricated as single 
stand-alone devices or can be incorporated into an array 15 

comprising a plurality of optoelectronic transducers. This is 
illustrated in FIGS. 3A and 3B, which show exploded views 
of optoelectronic transducer arrays. The arrays can, option
ally, share a common layer of dielectric material 206, a 
common spacer 210, and/or a common substrate 212. In the 20 

embodiments of the optoelectronic transducer arrays of 
FIGS. 3A and 3B, the magnetic insulator layers 204 are laid 
out in a grid and separated by layers of non-magnetic 
dielectric material 216, and the layer of electrically conduc
tive 202 spans the magnetic insulator layer 204 of multiple 25 

transducers in the array. Likewise, the non-magnetic dielec-
tric material 216 does not necessarily need to be bonded to 
the magnetic insulator 204. The air gaps over which the 
trilayered membrane of each transducer is suspended can be 
provided by, for example, pits 230 defined in spacer 210 30 

(FIG. 3A) or trenches 240 through spacer 210 (FIG. 3B). If 
the air gaps are provided by pits that do not extend com
pletely through spacer 210, the spacer itself can serve as a 
substrate and substrate 212 may be omitted. 

Multiple optoelectronic transducers may be operated 35 

independently to produce independent electrical current 
pulses. Alternatively, two or more optoelectronic transduc-
ers may operate together to modulate the magnitude of 
electrical current pulses in the electrically conductive layer, 
as shown in FIGS. 3C-3E. FIG. 3C shows the array of 40 

optoelectronic transducers of FIG. 3B in a non-exploded 
view with fs-timescale laser pulses 320 locally exciting 
different optoelectronic transducers in an array. (Laser 
pulses 320 can be generated by the same laser or by two of 
more lasers.) Focusing on two optoelectronic transducers in 45 

an array, FIG. 3D shows how the arrival times of different 
laser pulses on the optoelectronic transducers can be used to 
modulate a charge current pulse in the electrically conduc
tive material. Based on the principles of operation discussed 
herein, when a first fs-timescale laser pulse 320 impinges on 50 

electrically conductive layer 202 of the first optoelectronic 
transducer (at junction "1" in FIG. 3D, left panel), a first 
in-plane electric current pulse (FIG. 3D, right panel) is 
produced in the electrically conductive layer. In this case, 
the current pulse has an amplified resonance frequency at 55 

153.7 GHz and period (t) of 6.51 ps. A second fs-timescale 
laser pulse can then be directed onto the electrically con
ductive layer of the second optoelectronic transducer (at 
junction "2" in FIG. 3D, left panel) after some time delay 
(li.t), causing a second in-plane electric pulse to be gener- 60 

ated. By adjusting the timing of the second fs-timescale laser 
pulse, the magnitude of the electrical current in the electri
cally conductive material can be increased or decreased by 
the interaction of the first and second electrical pulses. 
Specifically, by delaying the second fs-timescale laser pulse 65 

by an integer (n) number of periods (t), constructive inter
ference can be achieved and the magnitude of the electric 

10 
pulse at the resonance frequency (153.7 GHz) can be 
increased-ideally doubled (FIG. 3E, top panels). Alterna
tively, by delaying the second fs-timescale laser pulse by a 
half integer (n/2) number of periods (i:), destructive inter
ference can be achieved and the magnitude of the electric 
pulse at the resonance frequency (153.7 GHz) can be 
decreased, thereby effectively blocking that electrical signal 
in the electrically conductive layer (FIG. 3E, bottom panels). 
Note that the charge current shown in FIG. 3E is obtained 
under the assumption that the electric pulse generated at 
junction "1" flows to junction "2" instantaneously. This 
assumption is acceptable when the distance between the two 
junctions is sufficiently short and/or the electron mobility is 
sufficiently large. 

In should be noted that in FIGS. 3D and 3E, Pt, MAFO, 
Si3 N4 , and Si are used for the electrical conductor, magnetic 
insulator, dielectric, and spacer/substrate, respectively. 
However, these materials are used for illustrative purposes 
only. Optoelectronic arrays based on the same operating 
principles can be fabricated from other materials. 

Example 

This Example illustrates, based on analytical calculation 
and dynamical phase-field simulations, a freestanding 
heavy-metal/magnetic-insulator/dielectric membrane ( of the 
design shown in FIG. TA), which can be integrated on a 
silicon (Si) substrate and enable the formation and confine
ment of both a standing acoustic phonon and magnons, as 
schematically shown in FIGS. lB and lC. Here, the wav
enumbers of the phonon (kn) and magnon (km) both take a 
series of discrete values with different harmonic modes (n, 
m=0, 1, 2, ... oo). The heavy-metal layer functions as both 
an optical-to-acoustic transducer to convert the femtosecond 
(fs) laser pulse into aps acoustic pulse and a spin-charge 
converter to convert the pumped spin current to a charge 
current via the inverse spin Hall effect (iSHE). 

A freestanding Pt/(001)MgAl05Fe15OiMAFO)/Si3 N4 

membrane was used as an illustrative example, where the 
elastically stiff Si3 N4 membrane can provide mechanical 
support for the relatively thin MAFO/Pt bilayer. The (001) 
MAFO film was considered because it simultaneously has a 
large magnetoelastic coupling coefficient (B 1-l.2 MJ m-3

) 

and a low Gilbert magnetic damping (a-0.0015) according 
to literature (S. Emori, et al., Nano Lett. 18, 4273-4278 
(2018).) Moreover, a large spin Hall angle (Bp,-0.83) has 
previously been measured for the Pt film in the MAFO/Pt 
bilayer. (P. Li, et al., Phys. Rev. Mater. 5, 64404 (2021 ).) 
Due to the cavity-enhanced resonant magnon-phonon inter
action, the simulations described herein show that this 
freestanding trilayer membrane permits converting a fs laser 
pulse to a nanosecond (ns)-long a.c. electrical current pulse 
with a frequency ranging from -30 GHz to 1 THz and a 
high-quality factor (Q) from -600 to -20. Compared to a 
reference heterostructure with Pt/MAFO bilayer film on a 
Si3 N4 substrate, dynamical phase-field simulations predict a 
12-fold enhancement in the real-space amplitude of the 
desirable m=l mode THz magnon as well as a lifetime 
extension from -190 ps to -970 ps. Furthermore, this 
Example demonstrates that the frequency of the resonantly 
excited m=l mode magnon can be dynamically tuned by 
applying an in situ external magnetic field. 
Analytical Theory of Standing Phonons and Magnons 

By solving a set of linearized elastodynamic equations 
under appropriate boundary conditions ( see details in 
Supplemental Material 1 ), an analytical formula was derived 
for the frequencies of the standing acoustic phonon modes in 
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a freestanding Pt/MAFO/Si3N4 membrane as a function of 
the thickness of the individual layers, given by, 

12 
frequency window, but higher-frequency acoustic oscilla
tions and hence the acoustically driven magnons are damped 
more quickly due to the intrinsic elastic loss. 
Dynamical Phase-Field Simulations 

CptCSiN -1 + e VPt -1 + e VMAFO -1 + e VSiN vXf AFO + ( ~)( ~)( ~) (1) 5 The analytical calculation provides guidance for the selec
tion of individual layer thicknesses to resonantly excite a 
standing exchange magnon mode of desirable frequency by 
a standing acoustic phonon mode of the same frequency. To 
predict the amplitudes and durations of the acoustically 

d.fAFO 1 + e vpt -1 + e vMAFO 1 + e vsiN vp1vsiN + ( ~)( ~)( ~) 

( ~)( ~)( ~) CPfCMAFO -1 + e vpt 1 + e VMAFO 1 + e VSiN VMAFOVSiN = 0, 

where dx, ex, and v x (x=Pt, MAFO, SiN) refer to the 
thickness, elastic stiffness component c11 , and longitudinal 
sound speed of the individual layer, respectively; co is the 
angular frequency of the phonon. The solutions f=co/2n: can 
be found numerically. Skipping the solution of f=0, the first 
nontrivial solution that is larger than 0 is the frequency of the 
standing acoustic phonon mode of n=l, and so forth for n=2, 
3, ... oo. 

The analytical formula for the standing exchange mag
nons was derived in a previous publication, 

and the angular wavenumber km=mn/dMAFo (m=0, 1, 2, .. 

10 excited THz magnon modes, a dynamical phase-field model 
was employed that incorporates the coupled dynamics of 
acoustic phonons, magnons, photons, and plasmons in mag
netic multilayer heterostructures. (S. Zhuang and J.-M. Hu, 

15 
2022.) Specifically, the phase-field model incorporates the 
secondary acoustic waves generated from the acoustically 
excited precession of local magnetization via the magne
toelastic stress. The model also incorporates the backaction 
of the electromagnetic (EM) waves (photons) that originate 

20 from both the precessing magnetization in the MAFO (via 
the magnetic dipole radiation) and the electric current in the 
Pt (via the electric dipole radiation): the magnetic-field 
component of the EM wave will influence the magnetization 
dynamics while the electric-field component of the EM 

25 wave will induce eddy current in the Pt. Such backactions 
are necessary to consider for achieving an accurate simula
tion of the charge current in the Pt layer and the EM 
radiation in the free space. 

In the dynamical phase-field model, the Landau-Lifshitz-
30 Gilbert (LLG) equation is used to describe the temporal 

evolution of the normalized magnetization m in the MAFO, 

. oo) of the magnon modes is related to the MAFO layer 
thickness dMAFo· (S. Zhuang and J.-M. Hu, npj Comput. 35 
Mater. 8, 167 (2022).) The exchange stiffness is 

om y ay 
- - ---mxH'ff - --mx(mxWff) 
ot - l+a2 l+a2 ' 

(2) 

where a is an effective magnetic damping coefficient. The 
total effective magnetic field Heff=Hanis+Hexch+Hdip+Hbias+ 

with Aex being the exchange coupling coefficient and Ms 
being the saturation magnetization; y is the gyromagnetic 
ratio and ~ is the vacuum permeability; .Q and A are 
functions of the magnetization and bias magnetic field, etc., 
whose expressions are detailed in Supplemental Material 2. 
FIG. lE shows the frequencies of the standing acoustic 
phonons and magnons as a function of the MAFO layer 
thickness (dMAFo), where the dP, and dsiN are fixed at 6.6 nm 
and 31.5 nm, respectively. As seen, the standing acoustic 
phonon modes and the standing magnon modes would have 

40 H
rnd

+HEM is a sum of the magnetocrystalline anisotropy 
field Hanis, the magnetic exchange coupling field Hexc\ the 
magnetic dipolar coupling field Hdip' the bias magnetic field 
Hbias, the magnetoelastic field Hrnd and the magnetic field 
component HEM of the EM wave. The mathematical expres-

45 sions of the Hanis and the Hdip (both are a function of m), the 
Hexch (a function of V2 m), and the Hrnd (a function of m and 
local strain z) are provided in a previous work. (S. Zhuang 
and J.-M. Hu, 2022.) In this example, the Hbias was applied 
to lift the magnetizations off the xy plane by 45° before 

50 acoustic excitation, so that the torque exerted by the Hrnd on 
the m was maximized. 

The local strain E above is calculated as 

1 (ou; ou1) "u = 2 o j + 8i (i, j = x, Y, z) 

the same frequency under some specific values of dMAFo· 

For example, when dMAFa=l2.5 nm, both the phonon mode 
n=2 and the magnon mode m=l have the frequency of 154 
GHz. In such cases, the resonant magnon-phonon interaction 55 

would enhance the amplitude of the magnon mode, which 
will be demonstrated using numerical simulations below. 
Fixing the Pt layer thickness to be 6.6 nm, FIG. lF shows the 
map of the dMAFo and dsiN values that lead to resonant 
interaction between the standing acoustic phonon and the 
m=l mode standing magnon over the frequency range from 

and the evolution of the mechanical displacement u 1s 

60 
governed by the elastodynamics equation, 

30 GHz to 1 THz. As shown, the map has 8 bands along the 
axis of dMAFo, corresponding to standing phonon modes 
from n=l to 8, respectively. To achieve resonant magnon
phonon interaction at higher frequencies, higher-order 65 

acoustic phonon modes need to be utilized, which requires 
the injected acoustic pulse to cover higher frequencies in its 

o
2
u ( oCT) p- =v'· CT+/3-, 

012 01 

(3) 

where stress CT=c(E-E0); p, ~ and care the phase-dependent 
mass density, stiffness damping coefficient, and elastic stiff-
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ness, respectively. The E0 is a stress-free strain that describes 
the backaction of the magnetization via magnetostriction, 
and 

14 

(7) 

5 where dMAFo is the MAFO layer thickness, en is the unit 
vector normal to the MAFO/Pt interface and pointing to Pt, 
h is the reduced Planck constant, and Re[geff I J,] is the real 
part of effective spin-mixing conductance. The spin current 
density J'(z,t) decays as a function of the distance from the 
MAFO/Pt interface inside the Pt layer, 

with i, j=x, y, z, where A100 M and Alli M are the magneto-
10 

strictive coefficients of the MAFO. 

The dynamics of the EM wave is described by Maxwell's 
equations, and the two governing equations for the magnetic 
and electric field components are listed below, 

(

l}HEM l}M) 
v'xEEM =-µo --+-, 

8t 8t 

(4) 

15 

(S) 20 

where EEM is the electric field component of the EM wave; 
M=Msm is the local magnetization in MAFO, and m is 

25 obtained by solving the LLG equation (Eq. 2); E0 and Er are 
vacuum and relative permittivity, respectively; Jf and JP are 
the free charge current density and polarization current 
density, respectively, in the Pt. JP is induced by the electric 
field EEM in dispersive medium such as the metallic Pt, 30 
which results in the absorption and reflection of the EM 
wave. Its dynamics is obtained by solving the time-depen
dent differential equation based on the Drude model, 

where dp, is the thickness of the Pt layer, and Asd is the spin 
diffusion length in Pt. The charge current density converted 
via the iSHE in the Pt layer 

iSHE le s 
J (z, t) = 0p1he" x [e" -J (z, t)], 

where 0p, is the spin Hall angle of Pt and e is elementary 
charge. In the proposed heterostructure, 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. However, such thermally pumped spin cur
rent typically lasts for at most tens of ps after the fs laser 
excitation, which is one-to-two orders of magnitude shorter 
than that of the spin current from acoustic spin pumping 
(10-10-10-9 s, as will be shown below). Therefore, the 

(6) 

where COP and t are the plasma frequency and electron 

35 influence of thermal spin pumping is omitted in this 
Example for simplicity. All relevant material parameters are 
summarized as follows. For (001) MAFO (S. Emori, et al., 
Nano Lett. 18, 4273 (2018); K. B. Modi, M. C. Chhantbar, 
and H. H. Joshi, Ceram. Int. 32, 111 (2006).), the elastic 

relaxation time, respectively. 40 stiffness coefficients, c11 =282.9 GPa, c12=155.4 GPa, 
c44=154.8 GPa, are assumed to be the same as MAO (A. 
Yoneda, J. Phys. Earth 38, 19 (1990).); p=4355 kg m-3

; 

gyromagnetic ratio "(=0.227 rad MHz A-1 m; the damping 
coefficient a=a0+a', (T. Nan, et al., Sci. Adv. 6, eabd2613 

These equations of motion for magnetization, mechanical 
displacement, EM fields, and the polarization current are 
numerically solved in a coupled fashion in a one-dimen
sional (1D) simulation system of Pt/MAFO/Si3 N4 mem
brane with free space above and below the membrane. Such 
a system makes the Pt/MAFO/Si3N4 a perfect acoustic 
nanocavity, in which the injected acoustic wave attenuates 
due to the intrinsic elastic and magnetic loss of the materials. 

45 (2020).) where a 0 =0.0015 is the intrinsic Gilbert damping 
coefficient without spin pumping; 

In practice, for the architecture shown in FIG. TA, there 50 
would be acoustic wave leakage into the Si3N4 membrane 
(within the membrane plane) and the Si substrate, leading to 
spatially nonuniform distributions for both the phonons and 
magnons near the lateral surfaces of the Pt and MAFO 
layers. Nevertheless, the 2D simulations show that the 55 
acoustic phonons and the acoustically excited magnons are 
uniform along the in-plane x axis in most areas of the 
membrane, as shown in FIG. 8. Therefore, a 1D simulation 
system, where the physical quantities only vary along the z 
axis, was used to obtain the results shown in this example. 60 

a;'_ gµB ti.!:. 
- 4JTM, g,ff d 

(Y. Tserkovnyak, A. Brataas, and G. E.W. Bauer, Phys. Rev. 
B 66, 224403 (2002).) is the magnetic damping induced by 
spin pumping (g=2.05 is the g-factor (S. Emori, et al., Nano 
Lett. 18, 4273 (2018).), µ8 is the Bohr magneton); saturation 
magnetization Ms=0.0955 MA m-1

; the exchange coupling 
coefficient Aex=4 pJ m-1 is assumed to be same as CoFe2O4 

(A. V Azovtsev and N. A. Pertsev, Phys. Rev. B 100, 224405 
(2019).), magnetocrystalline anisotropy coefficient K1=-
477.5 J m-3

; magnetoelastic coupling coefficient B1=1.2 MJ 
m-3 and B2=0. For Si3N4 , c11 =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 (J. J. Vlassak and W. 
D. Nix, J. Mater. Res. 7, 3242 (1992).) under assumption of 

In a 1D system where the acoustically excited magnons 
are spatially uniform in the xy plane, the free charge current 
density Jf is in the Pt layer, which is converted from the spin 
current density J' via the iSHE (Y=isHE), is spatially uni
form in the xy plane as well. The magnitude of the spin 
current density J0s(t)=I'(z=dMAFo, t) at the MAFO/Pt inter
face is evaluated via the relation 

65 isotropic elasticity. The mass density p=3170 kg m-3
. For Si 

(D. Li and D. G. Cahill, Phys. Rev. B 94, 104306 (2016).), 
c11 =167.4 GPa, c12=65.2 GPa, c44=79.6 GPaand p=2330 kg 
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m-3
. For Pt (S. M. Collard and R. B. McLellan, ActaMetall. 

Mater. 40,699 (1992).), c11 =347 GPa, c12=250 GPa, c44=75 
GPa and p=21450 kg m-3

. The plasma frequency mP=9 .1 rad 
fs- 1 and electron relaxation time z=7.5 fs can be found in 
reference (C. L. Foiles, 4.2 Drude Parameters of Pure 
Metals, in Electrical Resistivity, Thermoelectrical Power 
and Optical Properties (Springer, 1985), pp. 212-222.). For 
the case of MAFO/Pt (P. Li, et al., Phys. Rev. Mater. 5, 
64404 (2021).), the effective spin-mixing conductance 
geffj J-=3.36Xl0 18 m-2

, the spin diffusion length in Pt 
Asd=3.3 nm, and the spin Hall angle of Pt 0p,=0.83. The 
stiffness damping coefficients ~ of all materials are assumed 
to be same as that of the Si, with ~=4.48xl0-15 s. The value 
is obtained by fitting the experimentally determined attenu
ation coefficient tc=9 cm-1 of a 7.2 GHz transverse acoustic 
wave in silicon (D. Li and D. G. Cahill, Phys. Rev. B 94, 
104306 (2016).) to an analytical formula 

which has been demonstrated in previous work (S. Zhuang 
and J.-M. Hu, J. Phys. D. Appl. Phys. 56, 54004 (2023).). 
The m=2rcx7 .2 GHz and the k=m/v are the angular frequency 
and wavenumber, respectively, with V=5090 mis being 
sound velocity (D. Li and D. G. Cahill, Phys. Rev. B 94, 
104306 (2016).). The relative permittivity Er is assumed to 
be 1 for all materials. The numerical methods for solving the 
equations are described in detail in Supplemental Material 3. 

Results and Discussion 

FIGS. 4A-4D present the simulation results obtained from 
the Air/Pt(6.6 nm)/MAF0(12.5 nm)/Si3N4 (31.5 nm)/Air 
and the Air/Pt(6.6 nm)/MAF0(12.5 nm)/Si3N4 (substrate), 
where are hereafter referred to as membrane and thin-film 
heterostructure, respectively. In the case of freestanding 
membrane, the n=2 mode acoustic phonon and the m=l 
mode magnon, both having a frequency of 154 GHz (see 
FIG. lE), can resonantly interact with each other. In the case 
of thin-film heterostructure, the dMAFo was kept the same; 
hence, the frequency of the m=l mode magnon was still 154 
GHz, but the Si3N4 substrate was assumed to be a perfect 
sink of acoustic wave. The injection of the photoinduced ps 
acoustic pulse was modeled by applying a time-varying 
stress pulse crzz(t) in the form of a Gaussian function, 

16 
resultant strain pulse Ezz(t) covered up to 300 GHz injected 
acoustic pulse. The peak strain amplitude in the Pt was 
0.85%. 

FIG. 4A shows the evolution of the strain component 
5 E

22
(t) at the MAFO/Pt interface in both the freestanding 

membrane and the thin-film heterostructure, where t=O is the 
moment the acoustic pulse was injected. In the case of the 
membrane, Ezz(t) is multi-cycle, and its peak amplitude 
decreased monotonically mainly due to the elastic stiffness 

IO damping (see Eq. 3). In the case of the thin-film hetero
structure, the injected acoustic pulse was absorbed by the 
substrate and the E

22
(t) only showed a single-cycle pulse 

lasting for -9 ps. In the case of the membrane, there were 
two peaks in the frequency spectrum (FIG. 4B) of the Ezz(t) 

15 at 67 GHz and 154 GHz, which are consistent with the 
analytical calculated frequencies of the n=l and n=2 mode 
standing acoustic phonons (FIG. lE), respectively. By con
trast, there was no frequency peak in the spectrum of the 
E

22
( t) in the case of the thin-film heterostructure. The effects 

20 of the injected acoustic pulse on the magnon amplitude can 
be seen from the evolution of the magnetization component 
Llmx(t) at the MAFO/Pt interface, as shown in FIG. 4C. In 
the case of the freestanding membrane, the amplitude of 
Llmx(t) showed a clear resonant enhancement until t-320 ps, 

25 and the temporal profile of Llmx(t) appeared to be a super
position of two high-frequency magnon modes. This con
trasts with the case of the thin-film heterostructure, which 
contained a significant low-frequency drifting induced by 
the precession of the m=O mode magnon (the ferromagnetic 

30 resonance). 
FIG. 4D shows the frequency spectra of the Llmx(t) in FIG. 

4C. In the case of the membrane, the extended resonant 
interaction between the n=2 mode acoustic phonon and the 
m=l mode magnon made the spectral amplitude of the latter 

35 the largest. The peak at 67 GHz was the magnon mode 
induced by the n=l mode acoustic phonon. The presence of 
such acoustic magnon mode has been omitted in previous 
theoretical analysis. (U. Vemik, et al., Phys. Rev. B 106, 
144420 (2022).) The intrinsic ferromagnetic resonance 

40 (FMR) frequency mode (m=O mode magnon), which has a 
frequency of -0.53 GHz, cannot be identified. Once again, 
such spectral features in the membrane are in stark contrast 
with those in the thin film, where the 0.53 GHz FMR mode 
dominated (see inset of FIG. 4D); the 67 GHz mode magnon 

45 was absent; the m=l mode magnon was barely appreciable 
in the spectrum, although its presence is evidenced by the 
high-frequency oscillation in the corresponding Llmx(t) 
shown in FIG. 4C. The temporal profiles of the m=l mode 
in the membrane and thin film were further extracted by 

50 performing inverse Fourier transform of the corresponding 
peak at 154 GHz. As shown in the inset of FIG. 4C, the peak 
amplitude of the m=l mode magnon is about 12 times larger 
than that in the thin film case. The lifetime of the m=l mode 

at the top surface of the Pt layer, to mimic the injection of 
photoinduced ps acoustic pulse, where crmax is the peak 55 

magnitude of the applied stress and set as 3 GPa; t is a free 
parameter that controls the pulse duration and set as 1.5 ps. 
The frequency window of the photoinduced ps acoustic 
pulse is typically in the sub-THz range but can be extended 

magnon (at which the peak amplitude reduced to 1/e of its 
maximum) was 0.97 ns in the membrane, which is about 5 
times longer than the 0.19 ns in the thin film. 

FIG. SA shows the temporal evolution of the total charge 
current density J'

0
'(z=dMAFo, t) at the PUMAFO interface in 

the case of the freestanding membrane. As discussed above, 
J'0 ' is a sum of the iSHE charge current fSHE(z=dMAFo, t) 
from spin pumping and the polarization (eddy) current 

to nearly 3 THz (T. Henighan, et al., Phys. Rev. B 93, 60 

220301 (2016).). The amplitude of the strain pulse is typi
cally in the order of 10-3 (T. Henighan, et al., Phys. Rev. B 
93, 220301 (2016); A. V Scherbakov, et al., Phys. Rev. Lett. 
105, 117204 (2010); J. V Jdger, et al., Appl. Phys. Lett. 103, 
32409 (2013)) and can exceed > 1 % (V. V Temnov, et al., 65 

Nat. Commun. 4, 1468 (2013).). Here, the parameters in the 
crzz(t) were tuned to ensure that the frequency window of the 

JP(z=dMAFo, t) generated by the emitted EM pulse. The 
profile of Y was similar to the fSHE, but it had a smaller 
amplitude and was 1800 out of phase. Like the profile of the 
Llmx(t) shown in FIG. 4C, the J/0 '(t) increased at first before 
starting to decrease at t-320 ps, with a lifetime of -1 ns. The 
lifetime was evaluated as the time to when the amplitude of 
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the J/0 '(to) decreases to 1/e of its maximum peak value 
J/0 '(t-320 ps). The profile of the electric field component 
EEM(t) of the emitted EM wave in the free space was almost 
same as that of the J/0 '(t), and its peak amplitude was -400 
V m-1

, which is large enough for measurement by the 5 

time-domain electro-optical sampling. FIG. SB shows the 
frequency spectrum of the J / 0 '(t). The values of the two peak 
frequencies (67 GHz and 154 GHz) are the same as those in 
the spectrum of the Llmx(t) (FIG. 4D). Notably, the spectral 
amplitude of the 154 GHz peak is about 10 times larger than IO 

the 67 GHz peak. This enhancement is even more significant 
than that shown in FIG. 4D, because the higher-frequency 
magnon leads to a larger fSHE via spin pumping (see 
Equation (7)) as compared to lower-frequency magnon. The 
charge current and the EM radiation with frequencies of 154 15 

GHz and 67 GHz were both within the detectable range of 
the coplanar probe tip for sub-THz current pulse and 
advanced detector for THz radiation. In the case of the 
thin-film heterostructure, the amplitude of the J/0 '(t) was 
one order of magnitude smaller and its lifetime was -200 ps. 20 

The frequency spectrum of the J/0 '(t) shows a single peak at 
154 GHz which corresponds to the m=l mode magnon, as 
also shown in FIG. SB. The FMR magnon (with a frequency 
of 0.53 GHz), which exists in the frequency spectrum of 
Llmx, only has a negligible contribution to the J/0

' due to its 25 

much lower frequency than the m=l mode magnon. There
fore, it is not appreciable in the spectrum of J/0

' and cannot 
be seen from its temporal profile (FIG. SA). 

FIG. lG shows the analytically calculated frequencies (f) 
of the m=0 (FMR) and m=l mode magnon as a function of 30 

the magnitude of the bias magnetic field IHbiasl, where the 
magnetic-field-independent frequencies of the standing 
acoustic phonon modes n=l to 5 are also shown. For each 
magnitude of IHbiasl the direction of the Hbias was adjusted 
to keep the equilibrium magnetization 45° off the xy plane 35 

in all cases. As shown in FIG. lG, the m=l mode magnon 
can be magnetically tuned to resonate with the n=2, 3, 4, and 
5 mode phonon at 154 GHz, 240 GHz, 307 GHz, and 374 
GHz, under IHbiasl=0.087, 3.02 T, 5.36 T, and 7.69 T, 
respectively. The case of 1Hbiasl=3.02 Twas considered as 40 

an example for demonstrating the magnetic-field tunable 
resonance frequency and hence the total charge current 
density in the time domain by dynamical phase-field simu
lations. 

FIG. 6A shows the evolution of the EzzCt) at the MAFO/Pt 45 

interface. Like the case of the membrane in FIG. 4A, Ezz(t) 
is multi-cycle and its peak amplitude decreased monotoni
cally. The free parameter tin the applied stress crzz(t) is set 
to be 0.8 ps and the frequency window of the injected strain 
pulse was tuned to cover frequencies up to 500 GHz. As a 50 

result, phonon modes n=l to 5 can all be excited. This can 
be seen from the frequency spectrum of the Ezz(t) shown in 
FIG. 6B where the five peak frequencies agreed well with 
the analytical calculated ones of the phonon modes n=l to 5. 
The evolution of the total charge current density J/0 '(t) at the 55 

MAFO/Pt interface is shown in FIG. 6C, which displays a 
clear feature of resonant enhancement like the case of 154 
GHz (IHbiasl=0.087 T) in FIG. SA. The lifetime of J/0 '(t), 
-500 ps, is shorter than that in the case of 154 GHz because 
of the shorter lifetime of the driving acoustic phonon at 60 

higher frequency. FIG. 6D shows the frequency spectrum of 
the J/0 '(t). Remarkably, the spectral amplitude of the 239 
GHz peak is the largest even though the n=3 mode phonon 
(239 GHz) has a negligibly small spectral amplitude (c.f., 
FIG. 6B). This result clearly demonstrates the effectiveness 65 

of using weak, higher-order phonon modes to excite THz 
magnons via the resonant magnon-phonon interaction. The 

18 
other two frequency peaks in FIG. 6D were contributed by 
the m=0 (FMR) mode magnon (86 GHz) and the acoustic 
magnon mode (67 GHz) induced by the n=l mode acoustic 
phonon. 

Conclusions 

This Example demonstrates both the amplitude enhance
ment and the lifetime extension of the standing magnon 
modes due to long-lasting resonant magnon-phonon inter
action. The frequencies of the phonons and the magnons 
confined in a free-standing heavy-metal/magnetic-insulator/ 
dielectric membrane, and hence the frequencies of their 
resonant interaction, were obtained via analytical calcula
tions. Using dynamical phase-field simulations, it was dem
onstrated that the amplitude of the magnon mode can be 
enhanced by 12 times and its relaxation time can be 
extended by hundreds of picoseconds. The electrical current 
pulses in the metal that are generated by these acoustically 
excited magnons, can be detected by a current detector or 
indirectly by measuring the free-space electromagnetic 
radiation produced by the electrical current pulses. More
over, the in-situ tunability of the resonant frequency of the 
magnon-phonon interaction was demonstrated via tuning the 
applied bias magnetic field. The capability of integrating the 
proposed membrane on silicon substrate enables (sub)THz 
system on-a-chip applications, such as an optoelectronic 
transducer, which is able to convert a fs laser pulse to 
electrical current oscillation with frequency > 100 GHz. 
Such optoelectronic transducers can be implemented in the 
optoelectronic oscillator system to break through the current 
frequency limitation of 100 GHz, where the maximum 
achievable frequency is determined by the operation fre
quency band of the optical and electrical devices in the 
system, such as the optical-electrical converter. 
Supplemental Material 1. Derivation of Frequencies of 
Standing Acoustic Phonon Modes in a Freestanding Trilayer 
Membrane 

The frequencies of the acoustic standing waves were 
obtained by solving the system of linear equations that 
describe the boundary conditions of the acoustic wave. 
Firstly, an elastically heterogeneous tri-layer structure as 
shown in FIG. 11 was considered, with d1; being the thick
ness of each layer ~=A, B, C, and it was assumed that the 
mechanical displacement waves propagating in the structure 
had only the z components. The solutions of the z-compo
nent mechanical displacement were assumed to be the 
combination of the plane waves utei(ror-kszl propagating 
along +z and u1;-e'(ror+kszl along -z in each layer, where u1;+ 
and u1;- are amplitudes of the wave components, co is the 
angular frequency, and k1;=CO/V1; is the gular wavenumber 
with Y1; being the longitudinal sound speed. With these, the 
out-of-plane normal strain 

and stress cr1;(z,t)=c1;e1;(z,t) in each layer can be calculated as 

and 

respectively, where c1; denotes the elastic stiffness compo
nent c 11 of each layer~ here. 
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The stress-free boundary condition at the bottom surface 
of the layer A, crA(z=0, t)=0, gives 

-continued 

(Sl) 5 

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

(S2) 

where d=dA+d8 +dc is the total thickness of the entire struc
ture. 

Regarding the interfaces between two elastically different 
materials, the stress or 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, t), gives 

(S3) 

(S4) 

Similarly, the continuous displacement at the B/C inter
face, u8 (z=dA+d8 , t)=uc(z=dA+d8 , t), gives 

10 where all wavenumbers k1; are replaced by m/v1;. 
Supplemental Material 2. Expressions of .Q and A in the 
Analytical Formula of Exchange Magnon Frequency 

Assuming the magnetization at the initial equilibrium 
state is (mx 0 , ~ 0 , m2 °), the expressions of the .Q and A are 

15 given by, 

and 
20 

(S9) 

where 

(Sl0) 

25 

(Sll) 

(Sl2) 

30 
(Sl3) 

(Sl4) 

(S5) 35 (Sl5) 

and the continuous stress, cr8 (z=dA+d8 , t)=crc(z=dA+d8 , t), 
gives 

(S6) 

The Supplemental Equations S l-S6 above form a system 
of linear equations with uit and u1;- being 6 variables to be 
solved, and the corresponding coefficient matrix is given by, 

-1 
e-ikAdA /kAdA 

CAkAe-ikAdA -cAkAe-ikAdA 

0 0 

0 
e-ikBdA 

-cBkBe-ikBdA 

e-ikB(dA+dB) 

0 
e-ikBdA 

CBkB/kBdA 

/kB(dA+dB) 

0 

0 

0 

with K 1 being the magnetocrystalline anisotropy coefficient. 

40 The magnon dispersion relation f(k) is obtained analytically 
from the linearization of the Landau Lifshitz Gilbert (LLG) 
equation under zero magnetic damping (a=0), and the 
detailed procedures can be found in a previous publication. 
(S. Zhuang and J.-M. Hu, Npj Comput. Mater. 8, 167 

45 (2022).) 
Supplemental Material 3. Numerical Methods 

For the simulations described above, the system was 
discretized into a 1D grid of computational cells along the z 
axis, with a cell size Llz=0.83 nm. The equations 2-6 were 

0 

0 

0 

0 0 cBkBe-ikB(dA+dB) -cBkBdkB(dA+dB) -cckcdkc(dA+dB) cckc/kc(dA+dB) 

0 0 0 0 e-ikcd -/kcd 

To obtain a non-trivial solution to the linear equations 
system, the determinant of this matrix should be equal to 0, 
which gives the following equation, 

60 solved simultaneously with a real-time step Llt=2xl0-18 s. 

(S7) 65 

When solving the equations, the central finite difference 
method was used to numerically calculate the spatial deriva
tives, and the classical Runge-Kutta method was used for 
time-marching. 

When solving the LLG equation (Eq. 2), the magnetic 
boundary condition ilm/iln=0 was applied on all surfaces of 
the MAFO where n is unit vector normal to the surface. (V. 
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V Kruglyak, et al., J. Phys. Condens. Matter 26, 406001 
(2014).) When solving the elastodynamic equation (Eq. 3), 
the continuity of the mechanical displacement u and stress cr 
were applied at any interface between two elastically dif
ferent materials. The boundary condition of continuous 5 

stress at the Pt top surface and the Si3N4 bottom surface 
became a stress-free boundary condition since the stress cr in 
the free space is 0, specifically, CT;

2
=0 (i=x, y, z). As 

mentioned above, the injection of the ps bulk acoustic pulse 
IO Ezz(z,t) was simulated by applying a time-varying stress 

crzz(t) (time-dependent boundary condition) at the top sur
face of the Pt layer. Note that the applied stress cr

22
(t) 

converged to 0 in the course of time, which enabled the top 
surface of the Pt layer to be stress-free again after the 15 
injection of the ps acoustic pulse. Maxwell's equations (Eqs. 
4-5) were solved using the conventional finite-difference 
time-domain (FDTD) method. In the 1D system, the absorb-

22 
2. The optoelectronic device of claim 1, further compris

ing a magnetic field source configured to apply an external 
magnetic field across the membrane. 

3. The optoelectronic device of claim 1, wherein the layer 
of the magnetic insulator comprises MgAl05Fe1.50 4 . 

4. The optoelectronic device of claim 1, wherein the layer 
of the electrically conductive material comprises platinum. 

5. The optoelectronic device of claim 3, wherein the layer 
of the electrically conductive material comprises platinum, 
and the layer of the dielectric material comprises silicon 
nitride. 

6. The optoelectronic device of claim 1, wherein the 
membrane has a thickness of less than 100 nm. 

7. The optoelectronic device of claim 1, wherein the layer 
of the magnetic insulator comprises Y 3Fe5 0 12. 

8. The optoelectronic device of claim 1, wherein the layer 
of the magnetic insulator comprises Gd3Fe50 12. 

ing boundary condition 9. The optoelectronic device of claim 1, comprising at 
20 least two of the optoelectronic transducers. 

10. The optoelectronic device of claim 9, wherein the 
layer of the electrically conductive material in the at least 
two optoelectronic devices is a common layer of the elec
trically conductive material that spans the at least two 

was 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 

25 optoelectronic devices. 

the free space. (J.-M. Jin, Theory and Computation of 
Electromagnetic Fields (John Wiley & Sons, 2011).) 

The word "illustrative" is used herein to mean serving as 

11. A method of generating an alternating electrical cur
rent in an electrically conductive material using an opto
electronic device comprising at least one optoelectronic 
transducer comprising: 

30 a membrane suspended over an air gap, the membrane 
an example, instance, or illustration. Any aspect or design 
described herein as "illustrative" is not necessarily to be 
construed as preferred or advantageous over other aspects or 
designs. Further, for the purposes of this disclosure and 35 
unless otherwise specified, "a" or "an" can mean only one or 
can mean "one or more." Embodiments of the inventions 
consistent with both constructions are covered. 

The foregoing description of illustrative embodiments of 
the invention has been presented for purposes of illustration 40 
and of description. It is not intended to be exhaustive or to 
limit the invention to the precise form disclosed, and modi
fications and variations are possible in light of the above 
teachings or may be acquired from practice of the invention. 
The embodiments were chosen and described in order to 45 
explain the principles of the invention and as practical 
applications of the invention to enable one skilled in the art 
to utilize the invention in various embodiments and with 
various modifications as suited to the particular use contem
plated. It is intended that the scope of the invention be 50 
defined by the claims appended hereto and their equivalents. 

What is claimed is: 
1. An optoelectronic device comprising at least one opto

electronic transducer, the at least one optoelectronic trans- 55 

ducer comprising: 
a membrane suspended over an air gap, the membrane 

comprising: 
a layer of a dielectric material covering at least a 

portion of the air gap; 
a layer of a magnetic insulator over the layer of the 

dielectric material; and 

60 

comprising: 
a layer of a dielectric material covering at least a 

portion of the air gap; 
a layer of a magnetic insulator over the layer of the 

dielectric material; and 
a layer of the electrically conductive material over the 

layer of the magnetic insulator; and 
a femtosecond laser configured to direct a femtosecond

frequency light pulse onto the layer of the electrically 
conductive material, 

the method comprising: 
directing a fs-timescale laser pulse onto the layer of the 

electrically conductive material, whereby the fs-times
cale laser pulse excites standing longitudinal acoustic 
phonon modes and standing magnon modes in the 
membrane, and at least one standing longitudinal 
acoustic phonon mode is in resonance with at least one 
standing magnon mode at a resonance frequency, and 
further whereby an in-plane electrical pulse having a 
sinusoidally varying alternating current is generated in 
the layer of the electrically conductive material and the 
in-plane electrical pulse has a resonantly-enhanced 
oscillation frequency at the resonance frequency. 

12. The method of claim 11, wherein the in-plane elec
trical pulse has a lifetime of at least 0.5 ns. 

13. The method of claim 11, wherein the resonance 
frequency is in the range from 30 GHz to 3000 GHz. 

14. The method of claim 11, wherein the resonance 
frequency is in the range from 30 GHz to 300 GHz. 

15. The method of claim 11, wherein the layer of the 
magnetic insulator comprises MgA105Fe1.50 4 . a layer of an electrically conductive material over the 

layer of the magnetic insulator; and 
a femtosecond laser configured to direct a femtosecond

timescale light pulse onto the layer of the electrically 
conductive material. 

16. The method of claim 15, wherein the layer of the 
65 electrically conductive material comprises platinum. 

17. The method of claim 16, wherein the layer of the 
dielectric material comprises silicon nitride. 
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18. The method of claim 11, further comprising applying 
an external magnetic field across the membrane and adjust
ing a magnitude of the external magnetic field to modulate 
the resonance frequency. 

19. The method of claim 11, wherein the optoelectronic 
device comprises at least two of the optoelectronic trans
ducers, and the layer of the electrically conductive material 
in the at least two optoelectronic devices is a common layer 
of the electrically conductive material that spans both of the 
at least two optoelectronic transducers. 10 

20. The method of claim 19, further comprising directing 
a second fs-timescale laser pulse onto the layer of the 
electrically conductive material of the second of the at least 
two optoelectronic transducers, whereby the second fs
timescale laser pulse excites standing longitudinal acoustic 15 

phonon modes and standing magnon modes in the mem
brane of the second optoelectronic transducer, and at least 
one standing longitudinal acoustic phonon mode is in reso
nance with at least one standing magnon mode at a reso
nance frequency, and further whereby a second in-plane 20 

electrical pulse having a sinusoidally varying alternating 
current is generated in the layer of the electrically conduc
tive material of the second optoelectronic transducer, and the 
second in-plane electrical pulse has a resonantly-enhanced 
oscillation frequency at the resonance frequency. 25 

21. The method of claim 20, wherein the in-plane elec
trical pulse generated in the first optoelectronic transducer 
interacts with the second in-plane electrical pulse generated 
in the second optoelectronic transducer to modulate an 
electrical current flowing in the layer of the electrically 30 

conductive material. 

* * * * * 

24 




