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Intermodulation of optical frequency combs in a multimode optomechanical system
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Phonons offer the possibility to connect the microwave and optical domains while being efficiently transduced
with electronic and optical signals. Here, we present a multimodal optomechanical platform, consisting of a
mechanical-optical-mechanical resonator configuration. The mechanical modes, with frequencies at 265 MHz
and 6.8 GHz, can be simultaneously excited into a phonon lasing regime as supported by a stability analysis
of the system. Both the megahertz and gigahertz modes enter a self-sustained oscillation regime, leading to
the intermodulation of two frequency combs in the optical field. We characterize this platform experimentally,
demonstrating previously unexplored dynamical regimes. These results suggest the possibility to control multiple
mechanical degrees of freedom via a single optical mode, with implications in gigahertz phononic devices, signal

processing, and optical comb sensing applications.
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I. INTRODUCTION

Phonons exist over an extremely broad frequency range
from the Hertz to the terahertz regime. The control of phonons
is difficult, especially at higher frequencies, despite the im-
plications that such control would enable. For example, in
the gigahertz regime, this could enable phonon signal pro-
cessing, nanoacoustic devices, or hybrid quantum systems
such as superconducting qubits [1-3]. Recent advances in
the realization of high-frequency nanoacoustic devices have
further motivated the extension of concepts from electron-
ics and photonics to the realm of phononics [4-9]. In this
context, cavity optomechanics provides a route toward the
manipulation and control of phononic states via radiation-
pressure forces [10—12]. Increasingly complex functionalities
have been demonstrated in multimode optomechanical sys-
tems, where multiple optical and mechanical degrees of
freedom interact [13—17]. Previously, several singular nonlin-
ear phenomena have arisen from self-pulsing (SP), involving
collective dynamics between free carriers and temperature
in an optical cavity [18]. Such dynamics can produce rich
dynamics, such as chaos [19], injection-locking [20], or fre-
quency combs [21], but remain limited in frequency due to
the relatively low thermalization rates encountered in these
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systems, which are typically on the order of a few tens of
megahertz.

Intermodulation between mechanical spectra generally oc-
curs in optomechanical experiments [22] over a limited range
of the parameter space and does not involve highly nonlinear
oscillations that produce optomechanical frequency combs.
Here, we report an unexplored optomechanical dynamical
regime that stems from the simultaneous self-sustained op-
tomechanical oscillation of two mechanical modes that are
far apart in frequency, leading to the intermodulation of
two coherent processes which spectrally corresponds to the
imbrication of two optical frequency combs. This mechanical-
optical-mechanical (MOM) configuration is experimentally
realized in a two-dimensional (2D) membrane phononic crys-
tal (PnC) cavity waveguide sustaining both a 7 GHz phononic
waveguide mode and a 265 MHz in-plane mechanical breath-
ing mode of the full structure. Although thermal nonlinearities
also exist in this optomechanical waveguide structure, the
dynamics of the system is dictated purely by optomechanical
interactions, which we confirm theoretically using a mul-
timode optomechanical model. Consequently, the dynamics
are set by mechanical properties of the structure that can be
engineered over much shorter timescales than that of thermal
effects. The multimodal interaction observed in this system
leads to the formation and intermodulation of optical fre-
quency combs in the gigahertz domain, with implications for
atomic force and mass sensing [21,23-25].

II. MODEL

The archetypical representation of an optomechanical cav-
ity uses an optical Fabry-Pérot cavity formed by two parallel
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FIG. 1. Mechanical-optical-mechanical (MOM) modal configuration. (a) Generalized and (b) input-output schematic of a MOM multi-
modal configuration, where two mechanical modes (M in red and M2 in green) couple to a waveguide-coupled single optical mode via
their respective optomechanical coupling rates. The optical mode is not explicitly represented in (a) and is highlighted in gray in (b). (c) A
scanning electron microscope image of the optomechanical experimental realization using suspended silicon nanomembranes. A zoom-in
shows the slotted optical waveguide and a finite-difference time-domain (FDTD) simulation of the electromagnetic energy confined within it.
(d) Displacement field distribution of the low-frequency in-plane mechanical mode M/ (top) and of the third-harmonic standing-wave acoustic

mode traveling at the interface with the slot (bottom).

mirrors, one of which has a mechanical degree of freedom,
such as via attachment to a spring. Figure 1(a) presents
an adaptation of this representation to the MOM configu-
ration, in this case using two moving mirrors. Each mirror
(or mechanical mode) Mi has its own natural mechanical
frequency €2; and damping rate I'; and couples to the optical
field with a single-photon optomechanical coupling g;. Their
displacement is given by x;(f). An alternative input-output
representation to more clearly observe intermode coupling is
shown in Fig. 1(b), where an optical waveguide (represented
here by a fiber loop that is used in the experiment later on in
this letter) is side-coupled to an optical mode which interacts
with M1 and M2. The optical mode has a total decay rate
K; = ki + k., where k. is the decay rate associated with the
input channel, and «; is the decay rate due to intrinsic losses.
The linearized classical equations of motion for the cavity
amplitude « and for the mechanical displacements x; and x;
can be expressed as

. . Ky Ke
a= [](A + g1x1 + gox2) — Ei|05 + ./ Esina

x'l = —F])é] — Q%X] + 291g1|a|2’
_xZ = —F2X2 — Q%XQ + 292g2|05|2, (1)

where A = w; — wp is the detuning between the laser fre-
quency wy; = 2mc/A and the cavity resonance frequency wy,
and sj, is the input laser field amplitude, such that P, =
hawg|sia|? is the laser input power. Note that the displacements
are normalized by the zero-point fluctuation of each of the
mechanical modes such that the mechanical masses can be
eliminated. In a standard optomechanical cavity, the mechan-
ical susceptibility, which describes the mechanical spectral
response to an external perturbation, is altered by the laser
field such that a direct modification of both the mechani-
cal frequency and damping occurs [26]. When considering a

second mechanical mode, a correction term to each mechan-
ical susceptibility can be derived (see Supplemental Material
[27]). This indirect modification leads to gain competition be-
tween the two mechanical modes by acting against the direct
optomechanical effect and therefore increases the threshold
powers at which each mode can enter a self-sustained oscil-
lation regime [28,29]. When 2; ~ €2, simultaneous phonon
lasing of both modes generally cannot occur, although it can
be achieved using external modulation of the laser [30]. This
case of nearly degenerate mechanical modes implies that they
couple to one another through light, leading to hybridization
of the modes as observed in a SiN membrane placed inside
an optical fiber cavity [31]. The study of exceptional points
[32], which analyzes how gain and loss within a system can
be balanced, has also been made possible using such a MOM
configuration [14], although the phonon lasing regime was not
observed. When Q| « £2,, the coupling between M1 and M2
becomes nonresonant which allows for simultaneous lasing
of the two mechanical modes at a relatively small input power
and leads to the formation and intermodulation of combs that
will subsequently be described.

III. EXPERIMENTAL REALIZATION

While the underlying physics of such a multimode sys-
tem are general, one example design in which the MOM
configuration can be experimentally reproduced is in a
220-nm-thick suspended silicon membrane fabricated in
silicon-on-insulator with etched shamrock-shaped holes that
form a 2D PnC displaying wide acoustic band gap ~6 GHz
[33]. Two PnCs with mirror symmetry are brought together
and separated by a thin 40-nm-wide air-slot within which
light can be confined. Figure 1(c) shows a scanning electron
microscope (SEM) image of the PnC/air-slot/PnC platform
with a zoom-in of the red-shaded rectangle emphasizing
the air-slot provided on the right. A finite-element-method
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FIG. 2. Observed physical regimes. (a) Mechanical RF spectra for the (i), (iii), and (v) megahertz range and (ii), (iv), and (vi) gigahertz
range. Three characteristic dynamical regimes are observed: thermal (gray), M1 lasing (red), and M2 lasing (green), and comb intermodulation
(overlap of red and green regions), which results from simultaneous M/ and M2 lasing. Insets in (i) and (ii) show averaged spectra (gray)
each fitted with a Lorentzian (red). (b) Transmission response measured by driving a localized optical mode with a tunable laser from the
blue-detuned side, using P, = 4.5 mW. (c) Theoretical map highlighting the lasing thresholds for M1 and M2 as a function of the laser power
and wavelength. The thresholds are shown with solid lines. The gray, green, and red areas correspond to both modes in the thermal regime,
M2 lasing (It » < 0), and M1 lasing (T'etr 1 < 0), respectively. The experimentally determined thresholds of M2 (green circles) and M1 (red

squares) are overlaid.

simulation of the optical field energy density confined in the
air-slot is also shown. Inherent fabrication imperfections such
as etched sidewall roughness [34] lead to disorder-induced
spatially localized optical modes. From hereon, we are implic-
itly referring to these disorder-induced optical modes when
mentioning optical modes in our structure. The localized
modes provide efficient optomechanical transduction (i.e., the
ability to couple light to mechanical motion) due to their high
quality factors and small effective mode volumes, without the
need to carefully design a confinement potential [35]. The
exact geometric parameters of the crystal can be found in
the Supplemental Material [27], and further details regarding
fabrication and design of the optomechanical structure are
found in Madiot et al. [36]. We define two mechanical modes
observed in this structure as M1 and M2, referring to the
mechanical modes in the megahertz and gigahertz regimes,
respectively. In the structure explored here, M1 corresponds to
the fundamental mechanical breathing mode in the megahertz
regime, or vibrations along the entire length of the plates,
which strongly couples to the optical field in the slot, mak-
ing it ideal for cavity optomechanical systems [35,37-39].
Here, M2 corresponds to a stationary wave resulting from
the confinement of a mechanical guided mode in the acoustic
Fabry-Pérot cavity formed on one side of the slot and between
the two acoustic mirrors at the edges [33,36]. The in-plane
components of the displacement fields associated with M1 and
M2 are shown in Fig. 1(d). Both modes couple to the same op-
tical mode, although they are unlikely to couple directly to one

another, as the overlap of the displacement fields is weak due
to the large difference in length scale and frequency. Since the
two plates are identical and independent, each would sustain
a gigahertz mechanical mode, although they are not readily
differentiated here. By using a tapered-fiber loop brought into
contact with the optical waveguide, these telecom-wavelength
optical modes can be driven to transduce both of these mega-
hertz and gigahertz mechanical modes.

IV. RESULTS AND DISCUSSION

A localized optical mode is resonantly driven by injecting
light from a tunable laser with input power P, = 5.0 mW in
the fiber loop. The position of the loop for coupling to the
mode and the polarization of the input light are optimized
by maximizing the thermo-optic broadening of the mode,
observed when scanning the lasing wavelength upward. The
output field is analyzed with a fast photoreceiver connected
to an electrical spectrum analyzer. As the optical mode is
driven at increasing coupling fractions by varying A, different
physical regimes are observed, summarized in their respective
power spectral densities in Fig. 2(a) for the megahertz (left
panels) and the gigahertz (right panels) regimes. By approach-
ing the optical mode with a blue-detuned laser, the first regime
is a thermal regime in which both modes are thermally excited
(gray), although only M2 is transduced at first. As the coupling
mode fraction in the driven optical mode increases, a second
regime appears in which a single gigahertz mechanical lasing
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peak is observed for M2 with sidebands formed by a ther-
mally excited M/ in the megahertz regime (green region). At
this point, several other mechanical modes in the megahertz
regime are observed. Due to the number of modes, accurate
determination of the spectral linewidth of M1/ is impeded,
especially at coupling fractions which are sufficient to guar-
antee the absence of any dynamical backaction. This is the
main limiting factor for the determination of the optomechan-
ical coupling g;. For an even greater coupling fraction, M/
also enters a self-sustained oscillation regime (red region).
The exponentially growing oscillations that result from an
optomechanical instability saturate due to nonlinear effects.
This process eventually leads to the emergence of various
harmonics when driving the oscillator significantly above its
lasing threshold. The resulting spectral feature is an optical
frequency comb [40,41]. When both modes lase (region in
which the red and green regions overlap), the lasing of M/
in the megahertz regime modulates the principal lasing peak
of M2 in the gigahertz regime, giving rise to a frequency
comb centered at 2,/2m = 6.764 GHz with spacing equal to
Q1 /2n = 265 MHz. The transmission optical spectrum asso-
ciated with these measurements is shown in Fig. 2(b) (black
line), accompanied by other scans at different input powers
(gray lines). We observe additional broadening of the thermo-
optically bistable resonance as Py, increases.

By scanning the laser wavelength A over the resonance,
we collect the lasing thresholds, or wavelengths at which
the amplitude of each mode begins an exponential increase
or decrease, for both mechanical modes (see Supplemental
Material [27]). We determine the mechanical lasing thresh-
olds of M1 and M2 at different powers and report them in
Fig. 2(c) with red squares and green circles, respectively. The
optomechanical interaction alters the mechanical susceptibili-
ties as computed via Eq. (1) such that the effective mechanical
damping rates ['¢sr ; can be extracted to determine the phonon
lasing condition of each mode. To allow for direct compar-
ison with experiment, the theoretical reduced laser detuning
A incorporates a resonant-wavelength A that is corrected
for any thermo-optic shifts of the resonant cavity frequency
using Ay = A + n|a|?, where n/fiw, &~ 0.35 nm/1J is a static
nonlinearity estimated from the experimental data (see Sup-
plemental Material [27]). The cavity photon number |c|? as a
function of A and P, is numerically resolved by accounting
for the static thermo-optic nonlinearity, and the solutions are
entered into the effective susceptibility to determine the effec-
tive damping rates. The calibrated experimental parameters
are Ao = 1490.6 nm, «;/2m = 5.0GHz, «./27m = 4.5 GHz,
I'1/2m = 1.5MHz, and I';/27 = 3.4 MHz. Using a phase-
modulation calibration method [42], we have determined
the optomechanical coupling associated with M2, g,/2rx =
260 kHz. From the mechanical frequencies and linewidths, the
mechanical Q factors are Q,,; = 2,/I') & 176 and Q,,» =
/T = 1988. Both linewidths are determined by driving
another localized optical mode with A = 1489.9 nm and P, =
0.2 mW. The spectra are acquired with low-resolution band-
width and higher averaging time and are each fitted with
a Lorentzian, as shown in the insets of Figs. 2(a)(i) and
2(a)(ii). Similarly, we evaluate the optical Q factor Qg =
wo /K, where wyg = 2mc/ g and k; = ko + k., which leads to
Qopt & 21172. Figure 2(c) indicates when Ier; < O (green
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FIG. 3. RF spectrum over full spectral range. Power spectral
density of the output optical field in the simultaneous lasing regime
measured over the 0-13.5 GHz frequency range. Up to 10 pairs
of sidebands on each side of 2, are observed, while the second
harmonic of this pattern (centered at 2€2,) is partially visible near
the signal analyzer limit.

shaded region) and when I'¢fr » < O (red shaded region). Each
of these regions is delineated by the lasing threshold of each
mode, [er 1 = 0 and Tegr » = 0. The experimental results are
numerically fitted with the theory using only g; as a fitting
parameter, with g, being experimentally calibrated. We find
the 95% confidence interval g;/27 = 480 & 10kHz which
quantitatively captures the observed experimental values. This
value is in good agreement with the optomechanical couplings
found for the in-plane mechanical modes of similar slotted-
waveguide optomechanical platforms [35]. The red region
is mostly encompassed within the green one, representing a
region in which simultaneous mode lasing occurs.

Figure 3(a) shows the power spectral density of the output
optical field measured in the multimode lasing regime with
a resolution bandwidth set to 50 kHz over the full span of
the electrical spectrum analyzer from O to 13.5 GHz. Here,
M1 lases at 265 MHz, leading to the emergence of a first
frequency comb with ~10 harmonics up to 2.650 GHz. Here,
M?2 also lases, but the second harmonic already lies above
the equipment limit. The harmonics of M/ are imprinted in
the frame rotating at €2,, such that ~10 pairs of sidebands
are visible around €2,. This frequency pattern is duplicated
in all the harmonics of M2, such that the beginning of its
second occurrence (centered at 2€2,) can be spotted >12 GHz.
This result is indicative of the observed multimodal inter-
modulation, as the gigahertz sidebands cannot occur in the
absence of M1 lasing (see Supplemental Material [27]). The
experimental spectrum is plotted over the 0-20 GHz range for
direct comparison with Fig. 3(b), which shows a numerical
simulation. Both exhibit the same type of spectral structure
with slight variations of the harmonic amplitude distribution.

Other regimes involving another megahertz mechanical
mode as well as SP dynamics could also be observed within
this structure for certain experimental input parameters but are
ignored by our model. A SP regime with thermal oscillation
at Qgp/2m = 13.5MHz is found in addition to simultaneous

L032028-4



INTERMODULATION OF OPTICAL FREQUENCY COMBS IN ...

PHYSICAL REVIEW RESEARCH §, L032028 (2023)

1(0) 408F
10*F
10°¢f
(d)
0.2
0
_02 1 1 1 1 1 1 1
0 300 600 900 1200 0 4 6 8 10 12 14
w,? oo[Simu ' Aime, (ps). ‘ ' — 1 %“rsimu rtime {ps) ‘ ‘
= |
S AVAVAVAVAVAVAVAVAVARR. ' |
8-0.2 -
d n 1 n 1 n 1 n 1 n _04 1 1 1 1 1 1 1
= 0 2 4 6 8 10 0 05 1 15 2 25 3 35
Q2/27I' x t Q1/27r x t

FIG. 4. Physical regimes in the time domain. Simulated Fourier spectrum of |or(t)|> for (a) the M2 lasing regime and (b) the comb
intermodulation arising from simultaneous M1 and M2 lasing. The experimental measurement cutoff due of the measurement setup is indicated
with a dashed line in (a). For comparison, the frequency range from (b) is highlighted in (a) by a red box. Experimental (top) and simulated
(bottom) time traces are shown for the (c) M2 lasing regime and (d) multimode lasing regime.

optomechanical lasing of M1 and M2, leading to another level
of intermodulation (see Supplemental Material).

The regimes where M2 lases independently [Figs. 2(a)(iii)—
2(a)(vi)] and where both modes lase simultaneously
[Figs. 2(a)(v)-2(a)(vi)] are reproduced numerically using
Eq. (1), and are shown in Figs. 4(a) and 4(b), respectively,
using the output photon flux lotoue ()], Where oy = Sin —

S (see Supplemental Material [27]). The experimental
oscilloscope cutoff frequency is at 8 GHz. The associated
experimental (top) and simulated (bottom) time traces for
each case are shown in Figs. 4(c) and 4(d). Our experimental
apparatus is limited to 13.5 GHz [dashed line in Fig. 4(a)],
which lies slightly below the second harmonic. Both of the as-
sociated time traces for this scenario [Fig. 4(c)] show slightly
anharmonic oscillation at €2,. A low-pass filter with cutoff
frequency at 8 GHz is applied to the simulation time traces
(bottom) to reproduce the oscilloscope bandwidth. For the
case where simultaneous lasing occurs [Fig. 4(b)], the fre-
quency is centered at €2, and normalized with €2, indicating
the presence of a comb centered at €2, with spacing given
by ;. This spectrum shows three pairs of sidebands, which
are also observed experimentally in Fig. 2(a)(vi). These cor-
respond to the first four harmonics of M1 that imprint in the
frame rotating at €2, via the indirect nonlinear coupling of the
mechanical modes. These harmonics emerge when M1 passes
its lasing threshold, like the case of M2. The experimental
time trace in Fig. 4(d) (top) shows amplitude modulation of
the gigahertz tone by the megahertz tone, in the output optical
field. The simulated trace (bottom) exhibits good qualitative
agreement with experiment.

V. CONCLUSIONS

We presented a MOM multimodal optomechanical plat-
form, connecting spectrally distant phonons and photons in
the megahertz, gigahertz, and hundreds of terahertz regimes,
and demonstrated optical control the mechanical dynamics.

Our platform exhibits the intermodulation of two optical
frequency combs in the gigahertz domain, resulting from self-
sustained mechanical oscillations of a gigahertz PnC guided
mode that interacts with a lasing megahertz breathing mode
via the optical field, which occurs independent of thermal
effects, as supported by our theoretical model.

The modulation frequency (£21) can also be actively tuned
even further via an external stimulus, such as an atomic force
microscope tip or other static actuator which acts as a local
perturbation with the dampening leading to an order of magni-
tude energy loss [43], or with additional electrostatic actuation
as envisioned with electro-optomechanical systems [44,45]. In
our case, this dampening would significantly shift M1 and the
modulation frequency by consequence. Regarding the spectral
line shape, Miri et al. [40] demonstrated that this distribution
can be readily controlled via the optical losses of the cav-
ity, which can also be engineered and experimentally tuned.
Such a modulation scheme further enhances understanding
and versatility of high-frequency input-output phononic de-
vices [46,47]. Control of the mechanical frequencies could
be useful to realize harmonic locking [48] and enhance the
optical frequency comb spectral span.

More generally, such a process enriches the level of control
in multimode optomechanical platforms and could be used for
applications such as realizing subthreshold multimode lasing
of two gigahertz modes without the need for an external in-
termodal modulation of the laser [30]. Within this context, the
extent to which the modulation frequency as well as the spec-
tral distribution of the frequency comb lines can be readily
controlled has yet to be studied, though such prospects could
lead toward the realization of optomechanical logic gates [17].
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