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Mechanical overtone frequency combs

Matthijs H. J. de Jong 1,2, Adarsh Ganesan3,4, Andrea Cupertino1,
Simon Gröblacher 2 & Richard A. Norte 1,2

Mechanical frequency combs are poised to bring the applications and utility of
optical frequency combs into the mechanical domain. So far, their main
challenge has been strict requirements on drive frequencies and power, which
complicate operation. We demonstrate a straightforward mechanism to create
a frequency comb consisting of mechanical overtones (integer multiples) of a
single eigenfrequency, by monolithically integrating a suspended dielectric
membrane with a counter-propagating optical trap. The periodic optical �eld
modulates the dielectrophoretic force on the membrane at the overtones of a
membrane’s motion. These overtones share a �xed frequency and phase
relation, and constitute a mechanical frequency comb. The periodic optical
�eld also creates an optothermal parametric drive that requires no additional
power or external frequency reference. This combination of effects results in
an easy-to-use mechanical frequency comb platform that requires no precise
alignment, no additional feedback or control electronics, and only uses a
single, mW continuous wave laser beam. This highlights the overtone fre-
quency comb as the straightforward future for applications in sensing,
metrology and quantum acoustics.

Over the last quarter century, optical frequency combs have become
key tools for metrology, timing and spectroscopy1,2, and are indis-
pensable in many laboratories around the world. The �xed frequency
and phase relations between the many different tones of a comb have
revolutionized �elds such as astronomy3 or cosmology4, and allowed
tests of fundamental physics with atomic clocks4,5. Recent develop-
ments in optomechanics have expanded methods to create optical
frequency combs by interactions with mechanical resonators6–10. But in
the last few years, a new paradigm of frequency combs has appeared,
which are completely mechanical in nature: phononic frequency
combs11–13, also called acoustic or mechanical frequency combs. The
ideas behind this �eld began in nonlinear dynamics, where it was
realized that mixing in coupled oscillators may lead to a series of
sidebands14, which can be regarded as a frequency comb if there exists
a �xed phase relation12 between these sidebands. Experimental
demonstrations have shown mechanical frequency combs exist in
different mechanical systems10,15–23, and have explored connections to
well-known concepts in nonlinear dynamics such as bifurcations15,18,24,
3- or 4-wave mixing14,17,25,26, and symmetry-breaking27. The �xed

frequency and phase relation between the comb teeth allows the
application of techniques known from optical combs. These can, e.g.,
improve position sensing accuracy in optically opaque materials28 such
as underwater or medical imaging. Mechanical frequency combs can
further be used to track and stabilize mechanical resonances29,30, and
enhance Brillouin microscopy31,32. Recent proposals from the �eld of
quantum acoustics33 foresee an important role for devices with mul-
tiple mechanical modes with equal frequency spacing. These may also
be useful in scaling up transduction between optical and microwave
frequencies34, and engineering the interference between subsequent
modes may aid in coupling phonons to multiple qubits35. Until now,
mechanical frequency combs have been hamstrung by the (generally)
nonlinear phononic dispersion relation, which demanded high drive
powers, carefully designed mode frequencies or engineered mechan-
ical nonlinearities to obtain an evenly spaced set of modes.

In a different regime of breakthrough physics, optical trapping
has allowed us to manipulate and control small particles ranging from
single atoms36,37 to micrometers38 in size. These particles are con�ned
by the potential created by a strongly focused laser, which has enabled
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the exploration of cutting-edge �elds in both fundamental physics and
biology. Using optical traps (tweezers), biologists can precisely
manipulate anything from single strands of DNA39 to whole living
cells40. Optically trapped ultra-cold atoms and levitated nanoparticles
are perfect testbeds for fundamental physics involving gravity and
mesoscopic quantum mechanics41–43. Although optical trapping and
frequency combs are widespread techniques, there is little direct
overlap between these regimes of physics.

In this work, we uniquely interface optical traps with frequency
combs via a mechanism that enables mechanical frequency combs
without requiring feedback control, external drives and frequency
references, or precision optics. We observe that due to a weak coun-
terpropagating optical trap44,45, strongly driven silicon nitride (Si3N4)
membranes vibrate not only at their mechanical eigenfrequencies, but
at perfect integer multiples of a single frequency, which can form a
mechanical frequency comb. The standing-wave optical �eld exerts a
dielectrophoretic force on the membrane, which is modulated by the
membrane’s motion as it crosses extrema of the optical �eld. If the
displacement is small, this interaction can suppress mechanical
dissipation46, but if the displacement becomes of the order of a quarter
wavelength, it creates integer multiple copies of the original mem-
brane motion ("overtones"47, see Supplementary section A). These
overtones share a �xed frequency and phase relation, and thus form a
frequency comb while avoiding all dif�culties of engineering a linear
mechanical dispersion relation. Strikingly, the overtones are solely
dependent on the amplitude of motion and the optical �eld, and thus
independent of the drive mechanism. We utilize an optothermal
parametric drive based on the same single, unmodulated optical �eld
to bring the membrane to self-oscillation. This allows us to build a
mechanical comb without any additional pump tone or frequency

reference, which makes overtone combs uniquely simple to generate.
We will �rst describe the mechanism that creates the overtones and
study their behavior in the frequency domain. Then, in the time
domain, we will show the �xed phase relation that makes the overtones
act as a frequency comb.

Results
Overtone and driving mechanism
In this section, we �rst describe the physical system and the mechan-
ism that creates the overtone frequency combs, and then introduce a
more quantitative model for their dynamics. The system consists of a
suspended t = 80 nm thick Si3N4 trampoline membrane48 (see Meth-
ods), shown schematically in Fig. 1a. It rests ~10 � m above a backplane
formed by the silicon (Si) substrate, and a laser (� = 633 nm, p � 3 mW)
from a commercial Polytec MSA400 laser Doppler vibrometer (LDV) is
incident on the membrane. At this wavelength, the Si3N4 re�ects � 30%
of the light, and Si re�ects about 35%. Part of the light thus forms a
standing wave, Fig. 1a, periodic in the direction of the mechanical
motion.

The dielectric Si3N4 experiences a dielectrophoretic force pro-
portional to the gradient of the optical intensity, similar to a particle in
a counterpropagating-wave optical trap44,45. The trap also exerts a
radiation pressure force, but this is negligible in our system (ref. 6 and
Supplementary section C). If the dielectric moves (e.g., by driving a
mechanical eigenmode), it will experience a restoring force from its
own elastic potential (blue solid line in Fig. 1b), with an additional
component from the optical �eld (red solid line). For small motion
(�x� � � /4, cyan line in Fig. 1b), the optical potential functions as an
additional spring46. However, if the motion of the membrane is of the
order of the optical potential period (� /2), the modulated potential
generates the overtones.

This can be seen as follows: the restoring force of the mechanical
potential switches sign twice per oscillation (arrow pairs in Fig. 1b). If
the motion is large enough (gray, orange lines) for the resonator to
cross multiple extrema of the optical �eld, the optical component of
the restoring force switches direction 2n times per oscillation (n
integer number of optical extrema). If the original motion was at
mechanical eigenfrequency � 0, this effect generates motional com-
ponents at n� 0, which are the overtones of the original eigenmode. We
will show in the section “Comb dynamics” that these overtones have a
�xed phase relation and thus form a mechanical frequency comb.
Because the overtones originate from the combination of the optical
and mechanical potential, they completely avoid the dif�culties of
engineering the mechanical dispersion while still resulting in perfectly
evenly spaced tones. In contrast to other combs, the tones do not exist
around some carrier frequency.

We model the overtone frequency comb using a resonator
described by displacement x(t) (x = 0 mechanical equilibrium), with
resonance frequency � 0 and decay rate � , where we have divided by
the simulated effective mass meff � 12 × 10Š12 kg. We write the dielec-
trophoretic force as a proportionality constant Fo (units of force) times
the gradient of the periodic part of the optical intensity,
� E2 / sin 4�

� ðx � xoffÞ
� �

. This way we can move �nite-size effects of the
membrane into Fo, which we numerically evaluate in Supplementary
section C. We obtain the equation of motion

€x + � _x + � 2
0x =

Fo
meff

sin
4�
�

ðx � xoffÞ
� �

, ð1Þ

which requires only a suitable initial condition �x�t=0 � � /4 to demon-
strate the creation of overtones. This condition is much larger than
typical interferometric position measurements, which is why we use a
LDV that is capable of resolving such large displacements (see Meth-
ods). Equation (1) also shows that the overtones are independent of the
choice of drive (e.g., piezoelectric, electrostatic, thermal). By utilizing

Fig. 1 | Schematic of overtone frequency comb. a The suspended Si3N4 mem-
brane is subject to an out-of-plane laser, focused through a microscope objective.
Part of the light is re�ected from the Si backplane and interferes with the incident
light, creating a counterpropagating-wave optical trap such that the �eld intensity
(green) is periodic. The membrane is clamped to the substrate, and motion is
predominantly out-of-plane (purple, red dashed lines). b The optical �eld intensity
causes a (spatially) periodic modulation of the elastic potential through the die-
lectrophoretic force (red, blue lines). For the small motion of a membrane at fre-
quency � 0 (cyan), the restoring force component from the optical �eld switches
sign twice per oscillation (arrow pairs), the same as the elastic potential. However,
for larger membrane motion (gray, orange), more optical extrema are crossed so
the optical �eld component switches sign multiple times per oscillation, ef�ciently
generating frequency components at n� 0 (n = 2, 3, 4,…) which form an overtone
frequency comb.
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the spatially-periodic optical �eld through optothermal effects49, we
can create a parametric drive powerful enough to bring the membrane
to self-oscillation. That is, when the resonator moves through the �eld,
the optical intensity it experiences is modulated at twice the frequency
of the original motion. This modulates the resonator frequency
through absorption (thermal expansion), thus creating an optothermal
parametric drive (see Supplementary section D). Our membranes are
patterned with a speci�c photonic crystal that enhances the absorp-
tion of 633-nm laser light. This allows a single, continuous-wave laser
beam of mW power to bring the membrane into self-oscillation. While
we verify that the overtones can also be generated via inertial (piezo)
driving (see Supplementary section E), we leverage the optothermal
drive to avoid any external pump tone or frequency reference. This
property of overtone combs is unique within the mechanical
frequency combs, and allows for signi�cantly simpler setups.

Overtone frequency comb
We measure the overtone frequency comb for the fundamental mode
� 0 = 2� × 118.049 kHz of our membrane in Fig. 2a. In the velocity power
spectrum, we see a series of 35 peaks spanning the full detection
bandwidth of the setup (4.2 MHz), spaced by � 0. This spacing is per-
fectly uniform, limited by the spectral resolution of the setup to
4.7 × 10Š8 relative spacing difference. A comparison of this comb to
other mechanical combs is included in the Supplementary section A.
Through the integration of the velocity signal, we verify the displace-
ment x � � /4. By numerically integrating Eq. (1), we can reproduce this
overtone comb, shown in Fig. 2b, using only the optical potential
strength Fo, offset xoff and initial conditions [x0, v0] as �t parameters
(assuming steady state, so � = Fd = 0). This highlights that the non-
linearity comes from the optical �eld, without introducing mechanical
nonlinearities previously used to explain this behavior47.

The overtones can be distinguished from the other mechanical
eigenmodes of the membrane. The mechanical eigenmodes can be
detected and identi�ed (Fig. 2c). When the overtone comb is gener-
ated, additional peaks appear in the spectrum (dotted black lines). This
demonstrates that the overtones are not affected by the mechanical

dispersion relation and do not require engineered nonlinear
resonances12,17. Furthermore, it is possible to generate combs from the
second and third mechanical eigenmodes, by selecting the right laser
position on the membrane, Fig. 2d, e. This makes the frequency spa-
cing variable, limited by our ability to drive a particular eigenmode.
Finally, for some laser positions the overtone comb at � 0 interacts with
a different mechanical eigenmode (� h), which could allow an exten-
sion of the comb bandwidth (Supplementary section F).

We examine Eq. (1) to better understand the behavior of this
mechanism (details in Supplementary section A). Firstly, when the
displacement x increases, more overtones appear due to the increas-
ing number of optical extrema crossed. Each overtone will again be
modulated, so they have equal power up to a certain cutoff, which is
bene�cial for many applications (~2200 kHz in Fig. 2a, b). Secondly, the
strength of the optical �eld (Fo) controls the power of each overtone
relative to the original mode � 0. Finally, the offset xoff between
mechanical and optical zeros determines the relative intensity of the
odd and even number overtones. The position offset xoff � 40 nm is
consistent between different membranes in this work, and is half the
thickness of the Si3N4 membranes. We can repeatably create the
overtone comb in different membranes, and study the effect of the
optical beam itself on the membranes and overtone comb in Supple-
mentary section G.

Comb dynamics
The comb dynamics can be visualized by starting a measurement
with the laser spot positioned away from the membrane, as shown in
Fig. 3a. We move the laser to the membrane center at t = 8.7 s such
that the optothermal parametric driving starts increasing displace-
ment. We analyze the dynamics by cutting the recorded time signal
into intervals and performing a Fourier transform on each. Then we
concatenate the spectra such that we can study their behavior over
time (Fig. 3b) and monitor the power of individual overtones by
taking linecuts (Fig. 3c).

In Fig. 3b, the fundamental mode shows a 9 Hz upwards shift in
frequency, which is reproduced as an n × 9 Hz upwards shift for the nth
overtone (e.g., n = 5, 15 in the �gure) and likely originates from slow
thermalization (Supplementary section D). This illustrates thermal
tuning would be an effective mechanism to control and tune the comb
spacing, without compromising comb uniformity.

We plot the power of the overtones as the comb grows in
Fig. 3c. We can simulate and reproduce this growth quantitatively by
integrating Eq. (1). Comparison between the experimental data (mar-
kers) and simulation (solid lines) in Fig. 3c shows good agreement
with �t parameters [Fo = 3.8 pN, xoff = 40 nm, x0 = 5 nm, v0 = 1 nm sŠ1,
� /2� = 0.8 Hz and Fd = 2.1 pN]. Most important for the overtones is Fo,
which is in excellent agreement with simulated force on the order of
pN (Supplementary section C). All extracted curves share a vertical
offset to account for the total detection ef�ciency. This shows Eq. (1)
reproduces the dynamics of the resonator and individual overtones.

In Fig. 3d, e, we observe the membrane motion from the thermal
state at t < 5 s to the steady state of the comb at t > 33 s. Initially, we
detect only the fundamental mode � 0, until the resonator starts cross-
ing multiple optical extrema. Higher overtones appear as the maximum
displacement grows. In contrast to Fig. 2a, the fundamental mode is the
most powerful. The detection ef�ciency likely varies for each overtone
due to its shape47. The displacement stops growing at t � 26 s, and
decreases slightly before the system reaches a steady state (see Sup-
plementary section H). It is likely limited in amplitude by a mechanical
non-linearity, but the amplitude overshoot and the oscillation of
amplitude of overtones suggest that the interaction with the optical
�eld plays a role. In the steady state, the fractional frequency stability of
the 30th overtone is 7.5 � 10Š10 over a 6-h period (Supplementary sec-
tion H), limited by thermal drifts. The frequency of the overtones is
determined solely by the mechanical frequency, and is thus not affected

Fig. 2 | Overtone frequency combs. a Measured spectrum of a mechanical fre-
quency comb of the fundamental mode (� 0 = 2� × 118.049 kHz) of a suspended
Si3N4 membrane, consisting of 35 peaks spaced by � 0. The overtones are spectrally
�at until ~2200 kHz, after which their amplitude drops exponentially. Inset shows
the location of the laser spot to generate and read out the comb. The additional
peak around 2083 kHz is from a different mechanical mode, see Supplementary
section F. b Simulated overtone comb spectrum, by integrating Eq. (1), matching
the measurement of a. c Simultaneous measurement of fundamental-mode fre-
quency comb (�rst four teeth) and higher-order mechanical modes of the mem-
brane. Insets: laser spot position (left) and mode shapes. d, e Mechanical frequency
combs of the second mode (257 kHz) and third modes (359 kHz). Difference in the
noise �oor is due to different decoders used due to overloading. The 257 kHz mode
has a near-degeneracy, so the comb spectrum is less clean. Insets show the laser
position to drive and read out the different modes.
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