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Optomechanically induced transparency (OMIT) is usually modeled and studied in the resolved-
sideband regime, but many compact microcavity platforms operate in the unresolved-sideband limit
(k > Q). Here we investigate OMIT in this regime using a tunable fiber-based Fabry—Perot micro-
cavity coupled to a suspended hexagonal boron nitride (hBN) drum resonator in a membrane-in-the-
middle geometry. The system achieves a large single-photon coupling rate of go/2m ~ 180kHz and
exhibits strong radiation-pressure backaction. By measuring OMIT spectra as a function of pump
power and cavity detuning, we observe a crossover from a transparency-like dip to a gain feature
in the reflected response. These maps are quantitatively reproduced by the full linearized optome-
chanical response, demonstrating the breakdown of the standard rotating-wave approximation used
in the resolved-sideband limit. Finally, we drive the system into a nonlinear regime to generate op-
tomechanical frequency combs. These results establish hBN fiber-cavities as a versatile architecture
for unresolved-sideband optomechanics, nonlinear dynamics, and hybrid device integration.

Cavity optomechanics provides a versatile framework
to control and read out mechanical motion through ra-
diation pressure, enabling coherent interactions between
optical and mechanical degrees of freedom in systems
ranging from macroscopic Fabry—Perot cavities to chip-
scale nanophotonic resonators [1-4]. A central interfer-
ence effect in this context is optomechanically induced
transparency (OMIT), which arises when a strong con-
trol tone and a weak probe tone simultaneously drive
the cavity: the beating between the two tones excites
the mechanical resonator, and the sidebands generated
by this motion interfere with the intracavity probe field,
producing a narrow modification of the probe response
around the mechanical resonance [5-7]. Beyond its anal-
ogy to atomic electromagnetically induced transparency,
OMIT has become an important tool for probing co-
herent optomechanical coupling and radiation-pressure
backaction, and for applications including optical group-
delay control (slow and fast light), wavelength conver-
sion, and multimode interference control [7-11].

A particularly attractive direction for extending op-
tomechanics is the use of low-dimensional mechanical
resonators, where small effective mass can strongly en-
hance the single-photon interaction. Among these, atom-
ically thin and layered materials offer a particularly ap-
pealing combination of low mass, high mechanical com-
pliance, and compatibility with compact optical archi-
tectures [12-14]. Hexagonal boron nitride (hBN) is
especially attractive here: suspended hBN drums ex-
hibit low mechanical dissipation and wide-bandgap op-
tical transparency compatible with high-finesse cavi-
ties, while optically active hBN defects offer a route to
hybrid emitter—-photon—phonon devices [15, 16]. Cou-
pling such resonators to open-access fiber microcavi-
ties is therefore a promising route toward strong op-
tomechanical interactions in a membrane-in-the-middle
(MIM) geometry [3, 17-22]. In this context, the recon-

figurable cavity architecture of [21] provides a practical
way to combine suspended 2D-material resonators with
small optical mode volumes. Recent fiber-cavity exper-
iments have demonstrated radiation-pressure backaction
in SiN- and hBN-based resonators [23, 24|, while mod-
ern membrane-in-the-middle platforms continue to pur-
sue room-temperature quantum control and collective
photon-mediated dynamics [25-27].

The use of compact microcavity devices also changes
which optomechanical regime is naturally relevant. Most
standard OMIT experiments and their interpretation op-
erate in or near the resolved-sideband regime, where the
cavity filters the mechanical sidebands strongly enough
that a rotating-wave approximation (RWA) is accurate
[6]. By contrast, many compact cavities and microde-
vices naturally tend toward the unresolved-sideband
regime (USR), where the optical linewidth remains large
compared with the mechanical frequency [28, 29]. In this
regime, both Stokes and anti-Stokes processes remain in-
side the cavity linewidth, and the usual RWA description
fails. Theoretical work predicts that retaining the full lin-
earized response leads to a modified OMIT lineshape, in-
cluding a crossover from a conventional transparency-like
dip to a probe-power enhancement feature [30-32]. Al-
though the USR is often viewed as less favorable than the
resolved-sideband regime for standard quantum optome-
chanics, it is directly relevant to compact microcavity
platforms and has attracted renewed interest in connec-
tion with engineered cooling, state transfer, and hybrid
or auxiliary-nonlinearity-assisted schemes [28, 33-40].

In this work we combine a tunable open-access fiber
Fabry—Perot microcavity with a suspended hBN drum
resonator and realize an optomechanical MIM platform
with large single-photon coupling. We first characterize
the static dispersive coupling and benchmark the device
through radiation-pressure dynamical backaction. We
then investigate OMIT deep in the unresolved-sideband
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FIG. 1. Membrane-in-the-middle fiber cavity and static optomechanical coupling. (a) Photograph of the assembled fiber-cavity
and sample-frame system. (b) Optical image of the suspended hBN drum used in the measurements. (c) Cavity-frequency shift
of several optical modes as a function of membrane position along the cavity axis. (d) Corresponding dispersive frequency pull
G and equivalent single-photon coupling rate go; blue points: extracted data; red curve: derivative of a sinusoidal fit. Black

(red) dashed lines: cavity nodes (antinodes).

regime and resolve the predicted power-driven transition
from a transparency-like dip to a probe gain feature in
the normalized reflected-probe response, in quantitative
agreement with the full linearized USR model. Finally,
we show that the same system can also be driven into a
nonlinear regime of optomechanical frequency-comb gen-
eration [41, 42]. Together, these results establish hBN
fiber-cavity devices as a high-finesse, strong-coupling 2D-
material platform for exploring optomechanical inter-
ference and nonlinear dynamics beyond the resolved-
sideband approximation.

Platform and static coupling Our experiment
combines a tunable open-access fiber Fabry—Perot micro-
cavity with a suspended hBN drum resonator in a MIM
geometry, as summarized in fig. 1. The platform builds
on the cryo-compatible, widely tunable fiber-cavity archi-
tecture of [21] and on hBN drum resonators fabricated on
a hybrid hBN/SiN platform [22]. At the operating wave-
length near 920 nm and cavity length L.,y ~ 24 pm, the
cavity has a finesse of order 10* and a total linewidth
k/2m ~ 1.0GHz. In contrast to many fixed microcav-
ity implementations, the present system allows indepen-
dent positioning of the cavity and membrane, exchange of
samples, and tuning over many free spectral ranges while
maintaining a small optical mode volume (~ 250 \3).
The reflected signal is detected on a common photodi-
ode used both for cavity locking and the OMIT readout;
detailed tone layout and calibration procedures are given
in the End Matter and SI.

Figure 1(a) shows the assembled cavity and sample
frame, while fig. 1(b) shows the hBN drum used in the
measurements, with diameter 30 pm and thickness 48 nm.

The selected mode has mechanical resonance frequency
Qm/2m ~ 2MHz, effective mass M.g = 17.1pg, and
room-temperature quality factor of order 5 x 103. The
small mass of the suspended hBN resonator strongly en-
hances the achievable single-photon coupling.

To characterize the static optomechanical interaction,
we scan the sample position z along the intracavity stand-
ing wave while sweeping the cavity length through several
optical resonances. The resulting shift of the tracked cav-
ity resonance frequency weay(2) is shown in fig. 1(c), and
the corresponding dispersive frequency-pull parameter,
G(z) = —ag%, is shown in fig. 1(d) together with the
equivalent single-photon coupling rate go(z) = G(2)Z4pf,

. _ h s .
with T,pr = £/ s3rca— Ao the resonator zero-point motion.
The calibration and coordinate convention used to ex-

press these data in the standard symmetric membrane-
in-the-middle picture are described in the End Matter
and in more detail in the SI. The extracted maximum
reaches go/2m ~ 180kHz for the selected hBN mode and
cavity configuration.

This value is unusually large for an open-cavity
MIM platform, well above the Hz or low kHz-scale
couplings reported in related cavity-membrane sys-
tems and approaching the reported values of integrated
optomechanical-crystal benchmarks [4, 23, 24, 43-49]. At
the same time, the cavity linewidth increases strongly
away from the standing-wave nodes because of enhanced
scattering, clipping, and local coupling to higher-order
optical modes. For this reason, the dynamical measure-
ments reported below are performed close to a cavity
node, where the local dispersive coupling is reduced to
about G/2m ~ 1GHznm™!, corresponding to go/27 ~
16 kHz for the selected mode, but the cavity remains sta-
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FIG. 2. Radiation-pressure dynamical backaction of the hBN mode. (a) Calibrated displacement power spectral density versus
normalized pump detuning A/x and mechanical frequency. (b) Extracted effective resonance frequency Qcft /27 versus detuning.
Blue points correspond to single-Lorentzian fits, while orange and red points indicate the lower and upper branches from a
two-Lorentzian fit. The red curve is the optical-spring fit. (c) Extracted apparent effective linewidth reft /27 together with the
damping prediction computed from the frequency-fit parameters. The gray band marks the unstable near-resonant region.

ble and the effective linewidth broadening is strongly re-
duced. This static characterization therefore sets both
the accessible coupling and the practical operating win-
dow for the backaction, OMIT, and nonlinear measure-
ments discussed below.

OM Backaction Radiation pressure modifies the ef-
fective mechanical susceptibility, producing dynamical
backaction in the form of an optical spring and optome-
chanical damping [1]. Here we denote by w; the optical
frequency of the pump tone driving the cavity and de-
fine its detuning as A = w; — weav. We quantify the
backaction by sweeping A across the cavity resonance at
fixed input power and recording the thermal displace-
ment spectrum of the selected hBN mechanical mode
from the transmitted-light readout.

Figure 2(a) displays the calibrated displacement power
spectral density as a function of normalized detuning
A/k and mechanical frequency. For each detuning, the
thermomechanical resonance is fitted with either a single
Lorentzian or, when a clearly resolved split structure ap-
pears, a sum of two Lorentzians. The extracted effective
resonance frequency and apparent linewidth are shown
in fig. 2(b,c). The red curve in panel (b) is a fit to the
standard linearized backaction expression for the opti-
cal spring, from which we infer a local coupling G /27 ~
2.75 GHznm ™! for an input power of P, ~ 0.19 pW, with
an effective linewidth (k 4 0k)/27 ~ 1.05 GHz, where dx
is the optical broadening induced by the drum thermal
motion [50]. The curve in panel (c) is the corresponding
damping computed from the same fitted parameters.

The optical-spring shift is well reproduced over most of
the detuning range and provides an independent dynam-
ical benchmark of the strong radiation-pressure coupling

inferred from the static scan. The linewidth data follow
the expected trend away from cavity resonance, but close
to resonance they are broadened and occasionally split
by lock instability and thermally driven detuning fluctu-
ations. We therefore use the optical spring as the robust
quantitative observable and interpret the near-resonant
linewidth only qualitatively.

OMIT in the USR We describe the OMIT re-
sponse of our MIM fiber cavity in the USR, k > Q,,,
where both Stokes and anti-Stokes scattering must be
retained. In a frame rotating at the optical carrier fre-
quency wy, the linearized dynamics of a driven cavity
mode (@) dispersively coupled to a mechanical mode (b)
follow from the standard radiation-pressure Hamiltonian
[1]. The static radiation-pressure displacement ¢ shifts
the detuning to A = A + Gq, with G = —0wcay/9q. The
mechanical response is described by the susceptibility

1
Mg (02, — Q2 —iT,,Q2)

Xm(Q) = (1)
where Mg and I, are the effective mass and mechanical
damping rate.

A strong pump tone establishes a coherent intracavity
amplitude a, taken real, giving the field-enhanced cou-
pling ¢ = gov/ficay With ficay = |@|?, and the parameter
a = hG?|a|?>. We probe the system with a weak sideband
at frequency offset Q0 from the pump and solve the lin-
earized Langevin equations without applying the RWA.
The full derivation is given in the SI. With key the ex-
ternal coupling rate, the intracavity probe component is

A4 Rext ap

(2)

[%44(5—0)]
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FIG. 3. OMIT response versus input power at fixed cavity detuning. (a—e) Red-detuned line cuts; (f,g) corresponding measured
and model maps. (h,i) Blue-detuned measured and model maps; (j—n) corresponding line cuts. Maps show R versus probe
offset Qprobe/m and input power Pi,; colored dashed lines mark the cut powers. Points are data and solid lines are the model.
At low power, the response shows a narrow OMIT dip near Qprobe/Q2m =~ 1; at higher power it evolves into a feature with
R > 1. The lower panels list the fitted effective local coupling and detuning; the cavity linewidth is fixed to /27 = 1.0 GHz.

where a,, is the probe photon-flux amplitude.

Equation (2) makes explicit how the usual expres-
sion in the RWA is recovered by neglecting the counter-
rotating Stokes pathway. In the full USR result, the
mechanical response is dressed by the additional term
a/[% 4+ i(A — Q)], which vanishes only when the cavity
filters the Stokes sideband (JA — Q| > x/2). The re-
flected probe field follows from the input—output relation
al Qin — \/Kext@, Where ay, is the incident field.

out —

OMIT and Gain We now turn to the OMIT re-
sponse of the hBN optomechanical system in the USR,
where the usual RWA fails and counter-rotating scatter-
ing contributions modify the probe response both qual-
itatively and quantitatively [31, 32]. The measured ob-
servable is the normalized demodulated probe response
R(Q) = ||ZZ(O?‘|, where @ = w, — w; is the probe offset
from the pump. The response is directly proportional to
the full intracavity probe amplitude |A~ ()| derived in
eq. (2) (see End Matter and SI). With this convention,
the OMIT feature appears either as a dip (R < 1) or,
at higher power, as a probe-power enhancement feature
(R > 1) around Q ~ Q,,.

Power sweeps at fized detuning— Figure 3 shows two
representative datasets acquired at fixed cavity detun-
ing while increasing the input power. In each case, the
probe offset 2 is swept across the mechanical resonance
for a sequence of pump powers. The central top panels

display the measured normalized response R(€, P,), the
central bottom panels show the corresponding response
from the full USR model, and the outer columns show
representative line cuts.

The left half of fig. 3 corresponds to a fixed red-detuned
pump, while the right half corresponds to a fixed blue-
detuned pump. In both cases, the low-power response
shows the familiar narrow OMIT dip near /9, ~ 1,
consistent with destructive interference between the di-
rectly reflected probe field and the field scattered from
the pump through the mechanical susceptibility. As the
pump power is increased, this dip becomes progressively
distorted and eventually evolves into a peak. Within
our normalization convention, this marks the onset of
a probe-power enhancement feature. For our experimen-
tal parameters, this power-driven dip-to-peak transition
is observed for both signs of detuning, although its shape
depends strongly on the sideband resolution /., (see
SI).

These trends are reproduced by the full expression for
the intracavity probe sideband A~ () in eq. (2), which
retains both the resonant and counter-rotating contribu-
tions. In the USR, the cavity does not strongly suppress
the Stokes pathway, so the counter-rotating term can
become comparable to the anti-Stokes contribution and
substantially alter the interference condition. The result-
ing evolution from a transparency-like dip to a peak-like
enhancement is therefore a direct signature of the non-
RWA dynamics expected in the USR.
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FIG. 4. OMIT response versus cavity detuning at fixed input power. (a—e) Representative line cuts at the detunings marked
in (h,i); points are data and solid lines are the model. (f,g), (h,i), and (j,k) Measured and model responses for three input
powers, plotted versus probe offset Qprobe/S2m and normalized pump detuning A/k. At low power, the response is dominated
by a narrow OMIT dip near Qprobe/2m =~ 1; at higher power a region with R > 1 develops. The dip/peak position shifts
consistently with the optical spring. Lower panels give the fitted effective local coupling and effective cavity linewidth. Black
dashed lines indicate the optical-spring shift; light-gray dashed lines in the experimental panels show the measured slow drift

of the mechanical resonance.

The light-gray dashed lines in the experimental maps
indicate the measured drift of the mechanical resonance
frequency. The black dashed lines show the optical-spring
shift calculated from the standard linearized backaction
formula [1], using the fitted parameters of the corre-
sponding OMIT map. They therefore provide an inde-
pendent reference demonstrating that the observed dis-
placement of the dips and peaks is quantitatively consis-
tent with optomechanical backaction. This backaction-
induced shift is reproduced only by the full model and is
absent in the expression using the RWA (see SI).

Detuning maps at fired power— To explore the OMIT
response over a broader parameter space, we perform
two-dimensional measurements in which the probe off-
set Q is swept around 2, while the pump detuning A is
scanned across the cavity resonance at fixed input power.
Figure 4 shows three representative maps acquired at
different powers. In each case, the top panel displays
the measured normalized response R(Q2, A) and the bot-
tom panel shows the corresponding response from the full
USR model; representative line cuts from the center map
are shown in the left column.

At the lowest power, the response is dominated by
a narrow OMIT dip near Q/€Q,, ~ 1 over most of the
scanned detuning range. As the power is increased, a
region with R > 1 develops near cavity resonance and
extends over a broader range of detunings. In our nor-

malization convention, this again corresponds to a probe-
power enhancement relative to the off-mechanical base-
line of the same trace. At the same time, the position of
the dip/peak shifts away from the bare mechanical res-
onance in a manner consistent with the optical spring
induced by dynamical backaction.

Beyond the fixed-detuning scans, the detuning maps
show that the same USR phenomenology persists over a
continuous range of cavity detunings. In particular, they
show that the crossover from a transparency-like dip to
a peak-like enhancement is not restricted to a narrow
detuning window, but occupies an extended region of the
experimentally accessible (2, A) phase space.

The black dashed lines in fig. 4 are computed as in the
fixed-detuning maps and included only as a reference,
showing that the observed displacement of the dips and
peaks is quantitatively consistent with the optical spring.
In the experimental panels they differ slightly from those
in the fitted panels because the measured thermal drift
is added to the optical-spring contribution.

Taken together, the fixed-detuning power sweeps
and fixed-power detuning maps establish the key phe-
nomenology of USR OMIT and provide a dynamical
characterization of the optomechanical interaction in our
hBN MIM system. The transparency window evolves
into a probe-gain feature as power is increased, while
the feature position follows the backaction-induced op-
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FIG. 5. Optomechanical frequency-comb generation. (a—c) All-optical measurement with two coherent pump tones separated by
the mechanical resonance frequency €2,,,. The central panel shows the reflected power spectral density versus cavity detuning; the
spectra above and below correspond to the detunings marked by the dashed lines. (d—f) Mechanically driven comb measurement
with a single optical pump tone and a coherent piezo drive at (2. The central panel shows the power spectral density versus

piezo-drive amplitude; the spectra above and below correspond to the marked amplitudes.

tical spring. The quantitative agreement with the full
model, together with the failure of the RWA description,
serves as a clear optical demonstrations of the predicted
dip-to-peak phenomenology, alongside related microwave
implementations [36].

Frequency Comb Equally spaced frequency combs
are broadly important for precision frequency synthesis,
spectroscopy, and signal generation. In optomechani-
cal systems, the repetition rate is naturally set by the
mechanical resonance, while the span is controlled by
the cavity-frequency excursion produced by coherent mo-
tion, and therefore scales directly with the pull parameter
G. This makes the hBN fiber-cavity platform interesting
beyond OMIT: its large frequency-pull parameter and
single-photon coupling place it in a favorable regime for
low-repetition-rate optomechanical combs. Scaling esti-
mates in the End Matter and SI show that nanometer-
scale coherent motion at the maximum measured cou-
pling would correspond to an ideal modulation index
above 103, with the detected span mainly limited by cav-
ity transduction and linewidth.

A representative example is shown in fig. 5(a—c). The
cavity is driven by two coherent optical pump tones
whose frequency separation is matched to the indepen-
dently measured mechanical resonance frequency £2,,
of the selected hBN drum mode. This configuration
is closely related to the OMIT measurement discussed
above, with the weak pump—probe configuration replaced

by a two-pump drive of comparable strength. As the
cavity detuning is scanned near resonance, the reflected
spectrum develops narrow equally spaced lines separated
by Q,,; farther away, fewer tones remain visible, consis-
tent with the reduced intracavity photon number. This
behavior is qualitatively consistent with the resonantly
enhanced two-tone mechanism proposed for USR systems
in [42]; in this regime, comb formation can be more ro-
bust against chaos [41], although our accessible span is
limited by cavity-lock and operating-point stability.

Figure 5(d-f) provides a direct control measurement.
Here a single optical pump is combined with a coherent
piezoelectric drive at §2,,. As the drive amplitude in-
creases, the spectrum evolves from weak thermally driven
sidebands to a broad comb with many harmonics spaced
by €,,. The correspondence between the all-optical
and mechanically driven datasets shows that the comb
regime is mediated by large coherent mechanical motion
and can be accessed either optically or by direct reso-
nant actuation. Together with previous optomechanical-
comb demonstrations in microcavities and integrated res-
onators [41, 51-53], these results identify hBN fiber cav-
ities as a reconfigurable MIM-like platform for optome-
chanical comb generation. Because the measured cou-
pling is large while the cavity linewidth and drum ge-
ometry remain design parameters, our estimates indicate
a realistic path toward one-to-two orders-of-magnitude
broader detectable spans, or comparable spans at orders-
of-magnitude lower optical power than several existing
platforms.



Conclusion We have demonstrated optomechani-
cally induced transparency in a fiber-based Fabry—Perot
microcavity coupled in a MIM geometry to a suspended
hBN drum resonator, operating deep in the unresolved-
sideband regime. After static and dynamical benchmark-
ing, we resolved the predicted power-driven transition of
the OMIT response from a transparency-like dip to a
probe-gain feature. The measured power and detuning
maps are quantitatively reproduced by the full linearized
optomechanical response, while the RWA fails to cap-
ture the observed dip-to-peak evolution and backaction-
induced feature displacement. This establishes the sys-
tem as a direct optical realization of USR, OMIT phe-
nomenology and shows that counter-rotating scattering
processes can play a central role in shaping the probe
response in this regime [30-32].

More broadly, the present system combines three ingre-
dients that are rarely brought together in a single MIM
device: a low-mass 2D mechanical resonator, a compact
and widely tunable open-access fiber cavity, and strong
single-photon coupling [21, 22, 24]. It therefore identi-
fies hBN fiber cavities as a promising platform in which
small mechanical mass and optical mode volume can be
used to enhance single-photon coupling while preserving
the experimental flexibility of an open-cavity architecture
[54-57]. The frequency-comb measurements further show
that the same platform can access nonlinear optomechan-
ical dynamics in the USR, with a realistic route toward
broader detectable spans or lower-power comb generation
[41, 42].

Several clear directions emerge for future work. On
the mechanical side, further improvement of the hBN
resonator quality factor, for example through phononic
or acoustic engineering of the suspended 2D structure,
could significantly increase cooperativity and mechani-
cal coherence [58, 59]. On the optical side, the fiber-
cavity architecture offers a degree of flexibility that is
difficult to achieve in fully integrated optomechanical
crystals [20, 21]. In particular, the cavity linewidth is
not irreversibly fixed by fabrication: besides changing
the cavity geometry and mirror set, the effective finesse
can in practice also be modified by operating at different
wavelengths within the finite stopband of the dielectric
Bragg mirrors, where the mirror reflectivity decreases
toward the band edge. Together with smaller drums
or higher-frequency mechanical modes, this should en-
able systematic comparisons between deep unresolved-
sideband operation, as studied here, and regimes ap-
proaching sideband resolution of order unity [24]. Finally,
because hBN can combine nanomechanics with optically
active crystal defects [15, 16], the present high-coupling
platform may provide a useful starting point for future
hybrid emitter-photon-phonon experiments, where the
unresolved-sideband regime could be enriched by addi-
tional quantum and nonlinear degrees of freedom [60-65].
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END MATTER

Static-coupling calibration and coordinate con-
vention The cavity-length axis is first calibrated from
broadband white-light spectroscopy and then refined by
imposing the free-spectral-range constraint. Static cavity
scans through a bare hole of the SisNy support membrane
provide a reference with negligible dispersive modulation,
which is used to remove residual drift from the hBN
datasets. Because the cavity length is scanned experi-
mentally by moving only one fiber, the measured coordi-
nates do not directly correspond to the standard symmet-
ric membrane-in-the-middle configuration. We therefore
transform the data to the equivalent symmetric frame
using

A-Z/cav

ALY™ = ALy, Az = Az — — (3)

cav
after which the cavity-frequency shift yields the local dis-
persive pull G(z) and the corresponding single-photon
coupling go(z). The same standing-wave periodicity is
used to calibrate the sample axis and compensate resid-
ual piezo nonlinearity. These static maps also show that
the cavity linewidth rises strongly away from the nodes
because of increased scattering and mode mixing. The
backaction and OMIT measurements are therefore per-
formed closer to a node, where stable cavity locking is
maintained and excess linewidth broadening is reduced.
The SI further contains the full static characterization of
the bare-hole, SigNy4, and hBN scans, including the ex-
tracted G, Gy, k, and related fit parameters, with the
SigNy dataset serving as a useful comparison to more
standard membrane-in-the-middle systems.

Backaction calibration and linewidth extrac-
tion For the backaction measurements, the displace-
ment power spectral density is calibrated using both an
optical reference tone and a mechanically injected ref-
erence tone. At each detuning, the thermomechanical
spectrum is fitted with a single Lorentzian or, when a
split peak is resolved, with a sum of two Lorentzians. The
optical-spring curve is fitted first to extract the local cou-
pling and effective cavity linewidth; the damping curve
shown in the main text is then computed from the same
parameters and compared to the apparent linewidth.



Near cavity resonance, the apparent linewidth is more
fragile because lock instability and the Brownian motion
of the drum both fluctuate the instantaneous cavity de-
tuning. Since the cavity responds instantaneously on the
mechanical timescale in the USR, the measured spectrum
can average over nearby detuning configurations rather
than representing a single effective mechanical linewidth,
similar to the large-fluctuation backaction distortions dis-
cussed in [50]. This explains the extra broadening and
occasional two-peak structures observed near resonance.
Additional stronger-coupling data and further fitting de-
tails are given in the SI.

Experimental tones, normalized OMIT re-
sponse, and measurement caveats All optical tones
are generated from a single laser by electro-optic phase
modulation. One sideband is used for cavity stabiliza-
tion, a second sideband provides the OMIT pump tone at
frequency wr,,, and a weak probe tone at frequency wy, is
swept with a vector network analyzer. In the main text,
the pump frequency is denoted by w;. All RF sources
share a common 10 MHz reference. In the present config-
uration, the cavity is not addressed directly with the laser
carrier, but with a GHz-shifted EOM sideband: the laser
carrier acts as a local oscillator, while the OMIT pump
and probe are high frequency sidebands. We define the
pump detuning from cavity resonance as A = wr,, — Weay
and the pump-probe offset as } = w, —wyz,.

The experimentally measured OMIT signal is the de-
modulated reflected response Z(£2), which is proportional
to the intracavity probe-sideband amplitude A=(Q2). In
the main text we plot the normalized scalar response

|Z ()]
R(Q) = , 4
( ) |Zoff| ( )
with |Z] = |ap,|v/Fext |A7|, where Zo,g is the off-

mechanical background of the same trace. With this
convention, the off-mechanical response is normalized to
unity for each trace, and the OMIT feature appears ei-
ther as a dip (R < 1) or as a probe-power enhancement
feature (R > 1).

This measurement geometry is important for interpret-
ing the data. In other OMIT implementations, the mea-
sured response can contain additional nearby sidebands
or image probes that must either be filtered by the cavity
or included explicitly in the model [2, 18, 66, 67]. In our
case, because the cavity is addressed on a selected GHz-
shifted sideband branch, the opposite PDH sideband and
other image tones are far outside the relevant cavity band
and their beat terms are rejected by the chosen demod-
ulation and low-pass filtering. As a result, the measured
complex response is directly proportional to /KextA™,
which is why the main-text OMIT data can be compared
directly to the full theoretical expression for A~ (€2). See
the ST for the full derivation of the demodulated response
and for additional measurement-scheme comparisons.

OMIT fit conventions and backaction overlays
The OMIT maps in the main text are compared to the
full non-RWA expression for the intracavity probe am-
plitude A~ (). For the fixed-detuning power sweeps of
fig. 3, the cavity linewidth is fixed to x/2m = 1.0 GHz,
while the effective local coupling G and detuning A
are treated as global fit parameters shared across the
full dataset; the mechanical resonance frequency and
linewidth are allowed to vary from trace to trace to ac-
count phenomenologically for slow temperature drift and
lock-induced broadening.

For the fixed-power detuning maps of fig. 4, the input
power is fixed by the measurement, while the effective lo-
cal coupling and effective cavity linewidth are treated as
global fit parameters for each map. In this case, the fitted
linewidth should be interpreted as an effective linewidth
that includes the thermal broadening contribution Jk.
In both figures, the black dashed lines in the fitted pan-
els indicate only the optical-spring shift predicted by the
dynamical-backaction model. In the experimental pan-
els, the black dashed lines show the sum of this model
optical-spring shift and the measured slow drift of the
mechanical resonance frequency, the latter being indi-
cated separately by the light-gray dashed lines.

Cavity-induced heating Absorption-driven pho-
tothermal and thermo-optic corrections can modify the
modulated optomechanical response, as discussed for
semiconductor resonators in [67]. For the present hBN
fiber-cavity system, we performed qualitative auxiliary
checks of possible light-induced heating using the inde-
pendent 780 nm readout of the drum motion. While this
diagnostic was limited by the technical noise of the laser
and was not accurate enough for a quantitative calibra-
tion, it did not indicate significant cavity-light-induced
heating over the power range used here. This is consis-
tent with the large bandgap of hBN and with the fact
that the measured backaction and OMIT data are al-
ready well reproduced without introducing an additional
photothermal degree of freedom.

Frequency-comb scaling and supporting data
For a coherent mechanical displacement z(t) =
2o cos(Qyt), with peak amplitude zg, the ideal modu-
lation index is

Gzg  go 2o
Mom = — = =—

Qn Qpn Lzpf

()

It measures the cavity-frequency excursion in units of
Q,, and gives the ideal sideband-order scale. In the
unresolved-sideband limit, the detected span is also lim-
ited by cavity transduction. For near-zero effective de-
tuning, the sideband-power envelope is approximately ge-



ometric, |a,|? oc p?I"l, with

. |G| N~ Dgp
V52?2 + (Gxo)2 4 £/2 77 —10logo(p?)
(6)

Here |a,|? is the power in the n-th sideband, Dgp is the
power dynamic range relative to the local noise floor,
and N, estimates the largest visible positive comb order
in this adiabatic approximation. Full derivation in SI.

The envelope in fig. 5(d—f) is consistent with G/2m ~
2.75 GHznm ™!, thermal motion of zo ~ 38pm at zero
drive, and zyp ~ 0.6nm at maximum drive, giving
Mom ~ 8 x 102 and about twenty visible positive-
order lines. At the maximum measured static coupling,
G/2m ~ 11GHznm ™! and go/27 ~ 180kHz, 1nm mo-
tion would give Moy ~ 5.5 x 103. With the present
k /27 ~ 1 GHz this corresponds to order 10? visible lines;
reducing k/27 to ~ 100 MHz, as in related fiber cavities
[23, 24], would increase this to order 10? while remaining
in the USR.

For two resonant optical tones with intracavity photon
numbers n; and no, the linear estimate

42 /min
Mowm ~ % (7)

shows why large gg is valuable for low-power comb gen-
eration, although it neglects saturation, detuning errors,
optical-spring shifts, heating, and lock stability. The
SI comparison shows that long MIM cavities can have
very small k but small G [48], while photonic-crystal sys-
tems can have large gg or @, but often broad effective
linewidths or less reconfigurability [46, 50]. By combin-
ing open-cavity tunability, large G, comparatively large
go, and MHz mechanical frequencies, the present plat-
form can reach comparable comb metrics with substan-
tially lower estimated optical power than several existing
optomechanical-comb implementations [51-53].

The two-tone optical comb in fig. 5 contains fewer
lines than the strongest piezo-actuated comb and shows
weaker harmonics between dominant tones, resembling
mechanically driven spectra at intermediate drive or
slightly off resonance. We cannot distinguish unambigu-
ously between weak effective drive and small detuning
from the optimal condition, although limited lock stabil-
ity suggests the former is likely. The SI shows a stronger
two-tone transition to a cleaner comb, suggestive of entry
into a more strongly synchronized or locking-enhanced
regime, a piezo-frequency scan confirming that the comb
weakens over several mechanical linewidths, and mechan-
ically driven combs on SiN and higher-order hBN modes.

An additional attractive perspective is that, in upcom-
ing work, we show that the mechanical resonance fre-
quency of hBN drum resonators can be tuned with tem-
perature over an exceptionally large range, up to about
300% of its original value. Combined with the present
fiber-cavity architecture, this suggests a route toward

widely tunable optomechanical frequency combs, with a
comb spacing directly controlled through the mechanical
resonance.

* martino.poggioQunibas.ch
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EXPERIMENTAL SETUP
Optics scheme

The experimental platform is based on a tunable fiber-based Fabry—Perot microcavity operated in a membrane-in-
the-middle geometry, following the general architecture developed in [1]. The cavity is formed by two concave mirrors
laser-machined on the end facets of optical fibers and coated with dielectric Bragg mirrors centered around 940 nm.
In the configuration used here, the input mirror is realized on a single-mode fiber, while the transmission mirror is
realized on a multimode fiber. The two fibers are mounted on independent positioning stages that provide coarse
alignment as well as fine cavity-length control through shear piezo actuators, allowing the cavity to be tuned over
many free spectral ranges.

The optical setup is designed to prepare the laser field before it is sent to the cavity and to collect both reflected
and transmitted signals for cavity locking, cavity characterization, and optomechanical measurements. A schematic
of the optical layout is shown in fig. 1. The same narrow-linewidth laser provides the optical carrier for the cavity
measurements and acts as a common local oscillator for the demodulated signals. The resonant optical path is
combined with an auxiliary off-resonant beam at 780 nm, which is used for sample imaging and alignment without
perturbing the cavity resonance. The reflected optical signal from the cavity is separated from the input light,
amplified, filtered and detected on a fast photodiode, while the transmitted signal is detected independently.

The mechanical resonator is introduced into the cavity field using an independent sample-positioning block, such that
the cavity and the sample can be aligned separately. The sample stage provides transverse motion in the membrane
plane and axial motion along the cavity standing-wave direction, which is essential both for bringing the device into
the cavity mode and for selecting the local optomechanical working point used in the measurements reported in the
main text. The experiment is operated in high vacuum and is compatible with both room-temperature and cryogenic
operation; all data presented in the present work were acquired at 300 K. Static OM measurements were performed
also at 4K, but due to high losses at the splicing point occurred during the cool-down, it was not possible to lock the
cavity and perform measurement of the dynamical effects.
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FIG. 1. Optical setup and RF-tone layout. Left: schematic of the fiber-based Fabry—Perot membrane-in-the-middle setup.
The IR laser is phase modulated with an EOM, sent to the cavity through polarization optics, and monitored in reflection and
transmission; the auxiliary 780 nm beam and white-light path are used for imaging, alignment, and distance calibration. Right:
optical sidebands generated by the RF tones used for cavity locking, pumping, and probing.



White light spectroscopy

During cavity and sample alignment, we require a fast and practical method to estimate distances along the cavity
axis over a broad range. The nanopositioners allow the fibers and the sample to be separated by several millimeters.
Visual inspection allows us to reduce this distance to a few hundred micrometers, comparable to the fiber diameter
and the thickness of the sample support frame. For shorter distances, we employ a white-light spectroscopy technique,
which can operate from roughly 200 pm (limited by the resolution of our spectrometer) down to fiber contact.

The method can be implemented both in reflection and in transmission. In practice, reflection is used during the
first alignment steps, when the sample is positioned with respect to the input fiber while the second fiber remains far
away, such that the measured signal is dominated by the interference between the input fiber and the sample. Once
the sample is aligned and positioned in XY so that the beam passes through a hole in the SiN and the system behaves
effectively as an empty cavity, the transmission-fiber mirror is approached and the white-light spectrum is recorded
in transmission, which typically provides a better signal-to-noise ratio for the cavity-length calibration.

A broadband spectrum map is acquired by scanning the fiber (or sample) piezo over a certain length range while
recording the transmitted spectrum on the spectrometer. The acquisition time for a full map is of the order of one
minute. A representative dataset is shown in fig. 2. The left panel displays the normalized white-light transmission
map as a function of wavelength and fiber-piezo position, with the extracted transmission maxima indicated by red
markers. The remaining panels summarize the two-step fitting procedure used to estimate the cavity length and the
associated longitudinal mode number for each piezo position.

The analysis is based on the cavity resonance condition including the wavelength-dependent reflection phase of
the DBR mirrors. The reflectivity and phase of the coating are computed independently using the characteristic
transfer-matrix method, starting from the nominal coating stack and matched to the calibration data provided by
the coating manufacturer. As discussed in [2], different penetration-depth concepts are relevant for different cavity
observables. For the white-light calibration considered here, the relevant quantity is the wavelength-dependent phase
penetration, which enters through the DBR reflection phase ¢(\). By contrast, the frequency penetration depth L.
is required later when converting cavity length into frequency-space quantities in the static optomechanical analysis.
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FIG. 2. White-light spectroscopy used for coarse cavity-length estimation and calibration of the fiber-piezo axis. Left: normal-
ized transmission spectrum as a function of wavelength and fiber-piezo position; red markers indicate the detected transmission
maxima. Top center and bottom center: cavity length and longitudinal mode number obtained from the pairwise fit of adjacent
maxima. Top right and bottom right: refined cavity length and longitudinal mode number obtained from the global fit using
all detected maxima of each spectrum. The red curve in the top-right panel is a smooth fit used to convert fiber-piezo voltage
into cavity length.



In a first step the cavity length is estimated independently from each pair of adjacent transmission maxima A, and
Ag+1 using

Leay = )‘q)‘q+1 (1 + ¢()‘q) _ ¢()‘q+1)> ] (1)

B 2(Ag = Agt1) Q

Here the phase values ¢(\) are taken directly from the simulated DBR phase profile. For each piezo position, this
procedure produces several pairwise estimates of the cavity length; after removing outliers, their mean and standard
deviation provide a first estimate of the cavity length and its uncertainty. The corresponding longitudinal mode
number is then assigned from the same set of maxima using the resonance condition, taking the mode at the highest
wavelength within the selected spectral window as the reference. In fig. 2, the top-center and bottom-center panels
show the cavity length and longitudinal mode number obtained from this first step.

In a second step all detected maxima of a given spectrum are fitted simultaneously. Starting from the cavity-length
estimate and longitudinal mode assignment obtained from the previous step, the algorithm searches over a discrete
range of candidate longitudinal mode numbers and, for each candidate, minimizes the error function
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In this way, the cavity length is treated as a continuous fit parameter, while the longitudinal mode index remains
discrete. The resulting refined cavity-length estimate is shown in the top-right panel of fig. 2, together with a
smooth polynomial fit used to convert the fiber-piezo voltage into cavity length. The bottom-right panel shows the
corresponding refined longitudinal mode number.

The main purpose of this procedure is to provide a rapid and robust estimate of the cavity length during alignment
and to calibrate the fiber-piezo displacement axis for later measurements. The smooth polynomial fit of cavity length
versus piezo voltage is used subsequently to express cavity scans on a physically meaningful length axis, while the
absolute distance estimate is essential to avoid sample or fiber contact and to reproducibly set the desired cavity
length.

RF tones

All optical tones used for cavity locking and OMIT measurements are generated from a single narrow-linewidth
laser by phase modulation with an electro-optic modulator (EOM). The optical carrier therefore acts as a common
local oscillator for all measurements, while the EOM produces the sidebands used for locking, pumping, and probing
the cavity. In the experiments reported here, three phase-coherent RF sources drive the modulation chain: a first
RF synthesizer WG1 generates the lock tone, a second RF synthesizer WG2 generates the OMIT pump tone, and
a vector network analyzer (VNA) provides the swept probe tone. All RF instruments are referenced to a common
10 MHz clock, ensuring stable relative phase between the different tones throughout the measurement.

The cavity is not locked to the carrier resonance itself, but to one of the PDH sidebands generated by the EOM.
Following a procedure similar to [3], the lock uses the phase (or angle) of the demodulated PDH signal as an error
signal, rather than the standard PDH slope around the carrier resonance. This allows the system to lock directly to
the upper or lower sideband and avoids the restriction of a conventional on-resonance PDH lock, which would only
permit sweeps on one side of the locking point. In the present configuration, this is essential because it allows the
probe tone to be swept around the locking point toward both lower and higher frequencies, and therefore to access
both red- and blue-detuned OMIT configurations within the same general locking scheme.

The reflected optical signal is detected on a fast photodiode and split into two independent electrical paths: one path
is used for cavity locking, while the second is routed to the OMIT readout chain. The RF generation and detection
architecture follows a single-sideband upconversion and downconversion scheme. In practice, the lock sidebands are
intentionally kept weaker than the main measurement tones so that they provide a robust error signal while minimally
perturbing the cavity response, and the OMIT probe is the weakest tone in the modulation chain.

A graphical representation of the optical tones and sidebands used in the experiment is shown in fig. 1. In the
notation used throughout the paper, the OMIT pump is the optical tone at frequency wy, and the probe is the weaker
tone at frequency w,. We define the pump detuning from the cavity resonance as

A= Wr, — Wcav, (3)



and the pump—probe offset as
N =wp, —wr,. (4)

Experimentally, the detuning A is set by the frequency difference between the pump RF tone and the lock RF tone,
while the VNA sweeps the probe offset (2 in a narrow range around the mechanical resonance (2,,,. The derivation of
the corresponding demodulated OMIT signal and its relation to the intracavity probe sideband amplitude are given
in the "OMIT in the USR” section below.

Fiber-cavity parameters

The compact fiber cavity used in this work is designed to combine a small optical mode volume with good mode
matching to the input single-mode fiber and sufficiently low clipping losses on both fiber mirrors. In this section we
summarize the Gaussian-beam model used to estimate the main cavity parameters shown in fig. 3. The calculation
is based on the measured radii of curvature and diameters of the laser-machined mirrors, together with the nominal
fiber mode-field diameter and refractive index.
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For a cavity of length L and mirror radii of curvature R; and Ry, we define the standard resonator parameters,
cavity waist and corresponding Rayleigh range as

L L\ 1-— 2
_, wg _ A 9192(1 — g192) -, 2p = Wy (5)
R; 7\ (91 + 92 — 29192) A

The cavity mode size on the two mirrors is given by

LA g2 LA g1

2 / 2 /

wy = —/| —/——/—///, Wy = — | —/—//—, 6
! 7 91(1 9192) ? 7 92(1 - 9192) ( )

while the waist position relative to the two mirrors is

g2(1 —g1)

gl(l - 92) (7)
g1+ 92 — 29192

z1=1L S e
! g1+ g2 — 29192

ZQZL



TABLE I. Parameters used for the estimates shown in fig. 3.

Parameter Symbol Value
Laser wavelength Ao 919 nm
Input mirror radius of curvature Ra1 92.2 pm
Output mirror radius of curvature Rao 126.5 pm
Input mirror diameter Dgpnn 14.5 pm
Output mirror diameter Dgph,2 26.4 pm
Input-fiber lateral offset dioff 0.88 pm
Output-fiber lateral offset d2 off 0.99 pm
Nominal cavity length Leav 24.0 pm
Input-fiber mode-field diameter MFD 6.0 pm
Output-fiber numerical aperture NAMM 0.22
Fiber refractive index ny 1.4597

To estimate the coupling between the input single-mode fiber and the cavity mode, we model the fiber mode as a
Gaussian beam modified by the lensing action of the curved fiber facet. Its effective radius of curvature is

RII’liI‘I‘ r
RS = Ronirr, (®)
ny

from which the effective fiber waist, waist position, and Rayleigh range are

f RS (wi)?
w m(w
W= ——ous, =, th=— (9)
m(wl)2 1+ (&)
1+ S&7 w(wl)?
with wf = MFD/2. The ideal cavity-coupling efficiency is then written as
4
€cav — 7 3 ( 12 , (10)
w, w, Z0—Z
(5 +u) +

where 2y denotes the cavity-waist position with respect to the input mirror.
In addition to this ideal mode-matching efficiency, we estimate the sensitivity to lateral offset d and axial tilt € via

2 2
€d = €cav €XP [_ <dd> ] , €9 = €cav €XP [_ (00) ‘| ) (11)
2

2 2
1 1)’ bc = )2 [(0 /)2 21’ (12)
€cav (W + 175) €cav (X) [(w))? + w?]

with characteristic tolerances

d? =

€

where w denotes the relevant cavity-mode size at the coupling plane.
Finally, clipping losses on the mirrors are estimated as

Lei; = exp l—2 <D;jf2>2} , (13)

with D; the effective mirror diameter and w; the cavity mode size on the corresponding mirror.

The resulting estimates are summarized in fig. 3. The left panel shows the cavity waist wg together with the cavity
mode sizes on the two mirrors, w; and ws, as a function of cavity length. On the same plot we also show the ideal
input-fiber-to-cavity mode-matching efficiency €.y, a reduced coupling efficiency including the measured off-centering
and a finite angular mismatch, and the expected clipping losses on both mirrors. The vertical dashed line marks
the nominal operating length used in the main text. This representation makes clear the tradeoff between reducing
the cavity length to obtain a smaller optical mode volume and maintaining acceptable clipping losses and alignment
tolerance.




The right panel of fig. 3 shows the sensitivity of the coupling efficiency to lateral centering offset and axial tilt at
the nominal cavity length. For comparison, we plot both the cavity-coupled case and the directly reflected beam.
The latter is less sensitive to imperfect matching to the cavity mode, which is relevant during alignment because a
strong directly reflected signal does not by itself guarantee optimal cavity coupling. The same analysis also shows
that the output multimode fiber is not expected to be the dominant limitation in the present geometry, since the
cavity divergence remains well within its numerical aperture over the cavity-length range of interest.

hBN sample — Fabrication and navigation

The mechanical element used in this work is an hBN drum resonator fabricated on the hybrid hBN/SisNy platform
reported in Ref. [4]; detailed fabrication and mechanical-characterization procedures can be found there. In brief,
exfoliated hBN flakes are selected on a Si/SiOs substrate, transferred by a PMMA-assisted wet-transfer process onto
a prepatterned high-stress SizN4 membrane, and cleaned by solvent and UV /ozone treatment. The SisN, membrane
is supported by a silicon frame with through-etched windows, providing optical access from both sides of the sample.
This geometry is particularly important for the present experiment, because it allows one cavity fiber to approach
the sample from the front and the other from the back through the silicon window, enabling membrane-in-the-middle
cavities with very short length while maintaining independent sample alignment.

The same sample architecture can support both nearly isolated hBN drum modes and hybridized hBN/SisN, modes.
In the measurements reported in the main text, we focus on the fundamental hBN drum mode, which is sufficiently well
isolated from the surrounding SizN4 modes to retain a comparatively small effective mass and therefore comparatively
strong radiation-pressure coupling. The detailed mechanical characterization of these devices, including mode imaging
and the effect of hybridization, is reported in Ref. [4].
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FIG. 4. Sample imaging and navigation. Top row: optical microscope image and reflected /transmitted scans obtained with the
auxiliary 780 nm beam for coarse identification of empty and hBN-covered holes. Bottom row: maps obtained with the cavity
laser around 920 nm, using the maximum transmission and minimum reflection extracted from a cavity scan at each position.
The latter highlight low-scattering regions and vignetting around the membrane apertures.

A representative sample image and navigation sequence are shown in fig. 4. The first row of images is obtained
with the auxiliary 780 nm beam and is used for coarse sample navigation. The reflected and transmitted signals allow
empty holes, hBN-covered holes, and the surrounding SizN4 membrane to be distinguished while scanning the sample
in the transverse plane. An optical microscope image of the same region is shown for comparison.

The second row of fig. 4 is obtained using the cavity laser around 920 nm. For each point of the scan, a cavity-
length sweep is performed and the maximum transmission together with the minimum reflection are recorded. The



resulting maps provide a direct indication of the cavity regions with the lowest scattering losses due to sample tilt
and fabrication imperfection. In particular, they clearly reveal the vignetting associated with the finite cavity waist
around each hole. These scans are therefore used not only to identify the target hBN drum but also to select the
regions of the sample that are best suited for stable cavity operation and low-loss optomechanical measurements.

Once the desired region is brought into the scanning window, the sample is approached along the cavity axis and its
distance from the input fiber is monitored using the white-light technique described above. This procedure provides
a robust route to navigate the sample, align the cavity through the selected aperture, and finally position the hBN
drum at the desired location within the cavity mode.

OM COUPLING
Bare-cavity reference scan through an empty hole

The start of the static optomechanical analysis is a reference measurement performed through an empty hole of the
SizNy4 support membrane, such that the cavity behaves effectively as a bare fiber Fabry—Perot cavity. The purpose of
this measurement is threefold. First, it provides a reference map of the cavity reflection and transmission in the absence
of dispersive and dissipative optomechanical coupling. Second, it is used to validate the cavity-axis calibration and to
track several longitudinal and transverse cavity modes across the sample scan. Third, the small residual drift of the
cavity resonances with sample position, caused by experimental imperfections such as residual contraction/dilatation
or electrostatic effects during the scan, is extracted from this dataset and later used as a correction baseline for the
SiN and hBN scans shown in figs. 6 and 7.

The cavity-length axis is calibrated in two steps. A first estimate is obtained from the white-light calibration
described above, which converts the fiber-piezo voltage into cavity length. This axis is then refined by imposing the
physical constraint that adjacent longitudinal modes must be separated by one free spectral range, corresponding to

A
In practice, the measured peak-to-peak spacing across the cavity scan is used to correct residual piezo nonlinearity
and flatten the cavity-length axis. The calibrated cavity-length axis can then be converted into frequency space by
expanding the cavity resonance condition around the selected longitudinal mode at length L., using

¢ ALeayv
A Lcav + 2LT .

AVeay ~

(15)

Here L, is the frequency penetration depth of the DBR mirrors, defined from the wavelength-dependent reflection
phase through

=5 8, (16)

and evaluated numerically from the simulated coating phase following [2]. By contrast, the sample-position axis in
fig. 5 is kept in piezo voltage, since for an effectively empty cavity there is no internal standing-wave reference that
would allow a reliable conversion of the sample displacement into absolute micrometers.

To fit the reflection and transmission resonances, we use the cavity-response expressions following the mode-
matching analysis of [5]. For a single cavity resonance centered at detuning A = 0, the reflected and transmitted
powers can be written as

A (A ?

Crd)=A-B— ' ¢ 2 . p \"P) (17)
1+(RA/2) 1+(RA/2) 1+(KA/2)

Cr(A)=E L (18)
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FIG. 5. Bare-cavity reference scan through an empty hole of the SizN4 support membrane. Left: reflected and transmitted
cavity maps and extracted peak positions of four longitudinal modes and one transverse mode. Center: representative reflection
and transmission fits, and residual mode-frequency drift versus sample position. Right: fitted reflection parameters A, B, and
C, transmission amplitude E, and cavity linewidth k for the tracked modes.

Here A, B, C, D, and FE are fit parameters related to the spatial mode matching and interference of the directly
reflected and cavity-coupled fields, while « is the cavity linewidth. The overlap parameters are defined such that

|a|2 = €1, |/6|2 = €DR, |O|2 = €2, (19)
where €7 is the mode matching between the input-fiber mode and the cavity mode, epg is the mode matching between

the input-fiber mode and the directly reflected beam, and €5 is the mode matching between the cavity mode and the
output-fiber mode. The coefficients entering eq. (17) and eq. (18) can then be written as

=B*r} = |8, (20)

= [of2|5| =

COS 17T _wT_Qﬁex >~ Of2 COS — =
o [acos(o) s = O T2 2o ol [2costo) - 1 21)



C = 2Ja?| 8] sin(6) % =~ 2|af?|B]sin(8), (22)
K/2
2 L 2 t%
D = 2|a|?|B] cos(8)kex — = ||*| ] cos(9)§ ~0, (23)
(&
E = |af?|o]*. (24)

The approximation is taken in the high-reflectivity limit r? ~ 73 — 1, 2 — 0 and kex =~ K/2.

The results are summarized in fig. 5. The left column shows the raw reflected and transmitted cavity maps
recorded while scanning the sample position and cavity length, together with the extracted peak positions of four
longitudinal modes and one transverse mode (red). The central column shows representative fits of a single reflection
peak and a single transmission peak, demonstrating that the above expressions reproduce the measured line shapes
well. The bottom panel of the central column shows the residual frequency drift of the tracked modes as a function of
sample position, after setting the initial value of each mode to zero. In an ideal empty cavity these curves would be
perfectly flat; experimentally, however, small systematic drifts remain, which are attributed to residual mechanical or
electrostatic effects occurring during the scan. These drift curves are therefore retained as a reference correction and
later subtracted from the SiN and hBN datasets.

The right column of fig. 5 reports the fitted parameters extracted from the scan. The top panel shows the reflection
parameters A, B, and C for the longitudinal mode centered around L. ~ 24pum. The middle panel shows the
transmission amplitude parameter E for the four longitudinal modes and one transverse mode, while the bottom
panel shows the fitted cavity linewidth x for the same set of modes. Together, these data provide a compact reference
characterization of the bare cavity and establish the baseline against which the static dispersive and dissipative effects
of the SiN and hBN resonators are quantified.

Static dispersive and dissipative coupling in SisN; and hBN

After establishing the bare-cavity reference through the empty-hole scan of fig. 5, we perform the same cavity-length
and sample-position scans on the bare Si3sNy, region and on the suspended hBN drum. The corresponding datasets are
shown in fig. 6 and fig. 7. The analysis follows the same fitting procedure introduced above for the bare-cavity scan:
for each sample position, the reflection and transmission resonances are fitted with the cavity-response expressions
of egs. (17) and (18), yielding the resonance frequency, linewidth, and amplitude parameters of the tracked cavity
modes.

The left column of figs. 6 and 7 shows the raw reflected and transmitted cavity maps as a function of sample
position and cavity length. As in the bare-cavity reference case, several optical modes can be tracked across the scan.
In the present analysis, we focus on the longitudinal mode around L., ~ 24 pm, together with one transverse mode
that is sufficiently visible over the scan range to provide a useful comparison. The residual frequency drift measured
in the bare-cavity scan is subtracted mode by mode from the measured resonance positions in order to isolate the
sample-induced frequency shift.

A second important correction concerns the sample-position axis. Experimentally, the cavity length is changed
by moving only one fiber, which means that the directly measured coordinates do not correspond to a symmetric
displacement of the membrane with respect to the two cavity mirrors. In order to compare the data to the standard
membrane-in-the-middle picture, the measured coordinates are transformed into a symmetric reference frame, in
which the two mirrors are displaced symmetrically about the membrane position. This can be achieved using the
simple transformation

{AL@%&‘ — Aoy 25)
sym _ = Aicav
AZY = AZy — =5

In this frame, the periodic cavity response is directly related to the standing-wave structure of the intracavity field,
and nodes and antinodes are separated by A/2. This periodicity is also used to properly calibrate the sample-axis
position and compensate for piezo non-linearities. The corrected data shown in the center and right columns of figs. 6
and 7 are expressed in the symmetric reference frame.

The center column of figs. 6 and 7 summarizes the main fitted quantities. The top panels show the cavity resonance
frequency shift as a function of sample position. The orange points correspond to the raw data in the experimental
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FIG. 6. Static optomechanical coupling measured on a bare SisNy region. Left column: reflected and transmitted cavity maps
together with the extracted peak positions of the tracked longitudinal and transverse modes. Center column: cavity resonance
frequency shift, linewidth x, and transmission amplitude parameter E as a function of sample position; orange points show
the raw longitudinal-mode data in the experimental frame, while blue and red points show the corrected longitudinal and
transverse-mode data in the symmetric reference frame. The green curve in the top panel is a fit to the corrected longitudinal-
mode frequency shift. Right column: corresponding dispersive coupling G, dissipative coupling G, and reflection fit parameters
A, B, and C. The green curve in the top-right panel is the derivative of the fitted frequency-shift curve shown in the top-center
panel.

frame for the longitudinal mode around L., ~ 24 pm, while the blue points show the same longitudinal-mode data
after correction into the symmetric reference frame. The green curve is a fit to the corrected longitudinal-mode
frequency shift, and the red points show the corrected data for the selected transverse mode. The middle panels
show the fitted linewidth x for the same longitudinal and transverse modes, while the bottom panels show the fitted
transmission amplitude parameter F.
From the corrected resonance-frequency shift, we extract the dispersive frequency-pull parameter
ow

shown in the top-right panels of figs. 6 and 7. The blue and red points again correspond to the corrected longitudinal
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FIG. 7. Static optomechanical coupling measured on the suspended hBN drum. Left column: reflected and transmitted cavity
maps together with the extracted peak positions of the tracked longitudinal and transverse modes. Center column: cavity
resonance frequency shift, linewidth k, and transmission amplitude parameter E as a function of sample position; orange points
show the raw longitudinal-mode data in the experimental frame, while blue and red points show the corrected longitudinal and
transverse-mode data in the symmetric reference frame. The green curve in the top panel is a fit to the corrected longitudinal-
mode frequency shift. Right column: corresponding dispersive coupling G, dissipative coupling G, and reflection fit parameters
A, B, and C. The green curve in the top-right panel is the derivative of the fitted frequency-shift curve shown in the top-center
panel.

and transverse modes, while the green curve is not an independent fit to G, but simply the derivative of the fitted
longitudinal-mode frequency-shift curve shown in the top-center panel. The same derivative procedure is applied to
the linewidth variation, yielding the dissipative coupling parameter

ok

0z

G, (27)

shown in the middle-right panels. Finally, the bottom-right panels report the reflection fit parameters A, B, and C
for the tracked longitudinal mode.
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The single-photon optomechanical coupling rate can then be estimated from

h
— Gy, P L — 28
90 fL'pf prf 2Mefom ( )

For the SigN, device of fig. 6, the conversion shown on the secondary vertical axis uses Mo = 11ng and Q,, /27 =
1.23 MHz. For the hBN device of fig. 7, the corresponding values are Mg = 17 pg and ,,, /27 = 2.05 MHz. The large
difference in effective mass between the two systems strongly amplifies the difference in single-photon coupling rate,
such that the hBN device reaches values of go that are much larger than for the Si3zN4 membrane, well beyond the
increase expected solely from the higher reflectivity of the hBN flake itself.

Several additional features are evident in these data. First, the transverse-mode response is shifted with respect
to the longitudinal-mode response, indicating a different effective node position for the two optical modes. Second,
the dissipative coupling becomes particularly strong away from the nodes, where scattering and clipping losses are
enhanced. In addition, some regions of especially large linewidth variation are consistent with local hybridization
or mixing with higher-order optical modes, which modifies the cavity loss landscape beyond a simple single-mode
standing-wave picture. These effects are visible in both the SizN, and hBN scans, but are most striking in the hBN
device, where the stronger overall optomechanical interaction makes the contrast between node-centered and off-node
operation especially clear. This strong increase of k away from the nodes is also the main reason why the dynamical
measurements reported in the main text were performed close to a node of the standing-wave field. Far from these
operating points, the increased scattering losses strongly reduce the cavity signal and make stable cavity locking
difficult or impossible.

Taken together, figs. 6 and 7 provide the static optomechanical characterization of the two resonators. The SizNy
scan serves as a useful intermediate benchmark to compare to other work in the literature, while the hBN scan
demonstrates the large dispersive coupling and correspondingly large single-photon coupling rate that enable the
unresolved-sideband OMIT and dynamical backaction measurements discussed in the main text.

Theoretical estimate for hBN drum optomechanics

To complement the static optomechanical measurements of figs. 6 and 7, we estimate the expected mechanical,
optical, and optomechanical properties of suspended hBN drums over a broad range of geometrical parameters. The
purpose of this calculation is twofold. First, it provides a compact overview of the design space accessible to hBN
membrane-in-the-middle devices and helps identify the combinations of thickness and drum diameter that are most
favorable for strong optomechanical coupling. Second, it serves as a consistency check for the experimental results
reported in the main text, by comparing the measured single-photon coupling rates to the theoretical maximum
expected for the present cavity geometry.

The results are summarized in fig. 8, where the horizontal axis is the hBN thickness and the vertical axis is the
drum diameter. The orange marker indicates the approximate geometry of the device used in the experiment. The
top row of the figure summarizes the mechanical properties of the fundamental hBN drum mode. The bottom
row shows the optical reflectivity of the hBN flake and the corresponding optomechanical coupling expected in the
membrane-in-the-middle cavity.

The top-left panel shows the expected mechanical resonance frequency of the fundamental drum mode. To estimate
this quantity, we use the standard description of a circular drum resonator in the crossover between the membrane
and plate limits, as discussed in [4]. Writing the drum radius as r = D/2, the mode frequency can be expressed as

D T,r?
Wm = kmn\/pt ;)4 (k?nn + gp)v (29)

where t is the hBN thickness, p its mass density, T, the pretension, and

Eyt3

Dy=——
P12(1 —v2)

(30)
is the bending rigidity, with Fy the Young’s modulus and v the Poisson ratio. The quantity k., is the dimensionless
eigenvalue of the corresponding drum mode and interpolates between the membrane and plate limits. As expected,
large and relatively thick drums can reach low mechanical frequencies by operating close to the crossover between
tension-dominated and bending-dominated behavior.
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FIG. 8. Theoretical estimate for hBN drum optomechanics. Top row: mechanical resonance frequency /2w, effective
mass Meg, and zero-point fluctuation x,p¢ of the fundamental hBN drum mode as a function of drum diameter and hBN
thickness. Bottom row: hBN reflectivity Rngn versus thickness and wavelength, dispersive frequency-pull parameter G /27,

and resulting single-photon coupling rate go /27 expected for the membrane-in-the-middle cavity. The orange marker indicates
the approximate geometry of the device used in the experiment.

The top-center panel shows the corresponding effective mass of the fundamental drum mode. For the circular
geometry considered here, we use the standard estimate

2
t
e (31)

which is appropriate for the fundamental mode of an ideal drum. The top-right panel then shows the corresponding
zero-point fluctuation amplitude ¢, calculated from eq. (31) together with the resonance frequency of eq. (29). As

expected, T,p¢ is largest for light and low-frequency drums, i.e. for small effective mass and correspondingly soft
mechanical motion.

Meff >~

The bottom-left panel shows the optical reflectivity of a suspended hBN slab as a function of thickness and wave-
length. This quantity is computed using a standard characteristic transfer-matrix model for a single hBN layer
embedded in air. Around the cavity operating wavelength near 920 nm, the reflectivity increases with flake thickness,
which directly enhances the ability of the membrane to perturb the cavity resonance.

The bottom-center panel shows the corresponding dispersive frequency-pull parameter G/27 expected in the
membrane-in-the-middle geometry. To estimate this quantity, we simulate the full fiber-cavity-membrane system
with the same characteristic transfer-matrix approach, now including the two cavity mirrors and the hBN membrane.
The cavity resonance is evaluated for two membrane positions separated by A/4, corresponding approximately to
a node and an antinode of the standing-wave field, so as to extract the maximum resonance shift induced by the
membrane. This shift is then converted into the corresponding dispersive frequency-pull parameter G = dw./dzp,.

Finally, the bottom-right panel shows the resulting single-photon coupling rate go/2m, obtained from eq. (31) and
the dispersive coupling estimate of the previous panel. The calculation shows that the present device geometry lies in a
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region of already very strong coupling, with a theoretical maximum value of go/27 around 210 kHz, in good agreement
with the experimentally observed maximum value of about 180kHz. The same map further indicates that, for the
present cavity length, smaller drum diameters could push the maximum coupling toward 260 kHz. More generally,
keeping realistic cavity lengths of order 10 pm and moving to shorter optical wavelengths would make it possible to
approach single-photon coupling rates in the MHz range, comparable to the mechanical resonance frequency itself.

Overall, fig. 8 provides a useful design-space overview for hBN membrane-in-the-middle devices. It shows explicitly
how the optomechanical coupling arises from the interplay between mechanical frequency, effective mass, and mem-
brane reflectivity, and it confirms that the large coupling achieved in the present experiment is close to the theoretical
optimum expected for the chosen drum geometry.

OM BACKACTION

Radiation pressure modifies the effective mechanical susceptibility of the resonator, giving rise to the optical spring
effect and to optomechanically induced damping or amplification. In the main text, these effects are used as an
independent dynamical benchmark of the static optomechanical coupling extracted in the previous section. Here we
provide additional details on the measurements and show a second dataset acquired at stronger coupling, where the
backaction is larger but the spectra become correspondingly less stable and more difficult to interpret quantitatively.

The measurements are performed by sweeping the pump detuning A across the cavity resonance at fixed input
power while recording the thermomechanical spectrum of the selected hBN mode. The displacement power spectral
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FIG. 9. Radiation-pressure dynamical backaction of the selected hBN mechanical mode. Top row: same dataset discussed
in the main text. Bottom row: measurement performed at higher optical power and slightly stronger local coupling. Left
column: calibrated displacement power spectral density versus normalized detuning A/x and mechanical frequency. Center
column: extracted mechanical resonance frequency ,,,/2m versus detuning; blue points correspond to single-Lorentzian fits,
while orange and red points indicate the lower and upper branches obtained when a two-Lorentzian fit is required. The solid
curve is the optical-spring fit. Right column: extracted apparent mechanical linewidth Iy, /27 together with the damping curve
computed from the parameters obtained in the frequency fit.
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density is calibrated using two reference tones. An optical reference tone provides a stable calibration marker for the
cavity response and detuning axis, while a second reference tone is injected mechanically through the piezo actuator
used elsewhere in the experiment for coherent membrane excitation.

For each detuning, the thermomechanical peak is fitted either with a single Lorentzian or, when the spectrum
develops a clearly resolved double structure, with a sum of two Lorentzians. In this way, the effective mechanical
resonance frequency and linewidth are extracted across the full detuning range. The optical spring is then modeled
using the standard linearized backaction expression Q.g(A), while the damping is compared to the corresponding
Perr(A) computed using the same parameters obtained from the spring fit. In practice, the frequency shift provides
the more robust and reliable observable for extracting the local coupling strength, while the linewidth is more strongly
affected by technical instability close to resonance.

The first row of fig. 9 reproduces the same dataset discussed in the main text. The left panel shows the calibrated
displacement power spectral density as a function of normalized detuning A/k and mechanical frequency. The
thermomechanical peak shifts across the map due to the optical spring effect. The central panel shows the extracted
mechanical resonance frequency. Blue points correspond to spectra that are well described by a single Lorentzian,
while orange and red points indicate the lower and upper branches obtained when a two-Lorentzian description is
required. The solid curve is the best fit to the optical-spring model, from which the local coupling strength and
effective cavity linewidth are inferred. The optical power is obtained from an independent measurement of the cavity
transmission. The right panel shows the corresponding apparent mechanical linewidth together with the damping
curve computed from the same fitted parameters.

The second row of fig. 9 shows a similar measurement performed at higher optical power and slightly farther from
the node of the standing-wave field. This increases the local dispersive coupling and therefore enhances the backaction
effect. At the same time, however, it also increases the instability of the system near cavity resonance, where the
transmitted signal becomes more sensitive to fluctuations of the instantaneous detuning. As a result, the spectra more
frequently develop broadened and split double-peak structures, and the extracted linewidth becomes more strongly
distorted by averaging over fluctuating detuning configurations. This behavior is visible in the lower-row frequency
and linewidth panels, where the qualitative spring and damping trends remain evident, but the quantitative agreement
with the minimal model is less clean than in the weaker-coupling dataset.

These additional measurements support the interpretation adopted in the main text. The optical spring provides a
robust dynamical confirmation of substantial radiation-pressure coupling in the device and yields values of the local
coupling that are consistent with the static characterization. By contrast, very close to cavity resonance, especially
at stronger coupling, the apparent linewidth is significantly affected by lock instability, thermally induced detuning
fluctuations, and mode splitting, and should therefore be interpreted more cautiously.
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OMIT IN THE USR

In this section we summarize the theoretical framework used to interpret the optomechanically induced transparency
(OMIT) measurements of the main text for an optomechanical system operating in the unresolved-sideband regime
(USR), k > Q,,. Starting from the standard radiation-pressure Hamiltonian and adopting the conventions of [6, 7],
we derive the linearized probe response while retaining both Stokes and anti-Stokes sidebands, following the general
strategy of [8]. We then compare our formulation to the commonly used expressions of [8-10], discuss the role of
the additional sideband rotating-wave approximation and the effect of thermal broadening across different sideband-
resolution regimes, and finally connect the intracavity solution to the experimentally measured demodulated response
through input-output theory and the specific measurement geometry used here.

Model derivation

We derive here the OMIT response relevant to our experiment starting from the standard optomechanical Hamil-
tonian in a frame rotating at the laser frequency w;. After fixing notation and conventions, we linearize the coupled
optical and mechanical equations of motion around a strong pump field and a weak probe, and solve them in fre-
quency space while retaining both Stokes and anti-Stokes sidebands. This yields the full intracavity probe response
appropriate to the USR, where the additional sideband rotating-wave approximation is not generally valid.

Notation and Conventions

e Operators and frames:
— Optical mode: @, a' are the annihilation/creation operators of the driven cavity mode, written in a frame
rotating at the laser frequency wj.

— Mechanical mode: l;, bt are the phonon operators; displacement and momentum operators are § = xzpf(lAH—
BT) and p = ipzpf(l;T — l;), with z,pr = 1/% and pypr = % A useful relation is: Qp,Tpr = Papt/m.

e Frequencies and detuning:

— Bare cavity resonance: weay; laser: wy; mechanical resonance: €2,,.
— Detuning: A = w; — Weay
— Corrected detuning: A = A + Gq

e Optical driving field:

— Coherent input field: aiy(¢) (photon-flux normalized, units vs—1)
— Pump + probe tones: a;,(t) = @i, + ape’im, with Q = w, —w
— Full input operator: ain(t) = ain(t) + Gyac(t)

e Decay rates:

— Cavity linewidth: &
— External coupling: kext (in our case of a symmetric fiber cavity: Kext = k/2)
— Mechanical damping: T',,,; mechanical quality factor: Q = Qp, /T,
e Couplings:
— Dispersive frequency pull: G = —0wcay/9q
— Single-photon optomechanical coupling: go = G ,ps

212 — Kext Pin

— Field-enhanced coupling: g = gov/fcay, With fieay = |(@)|? = |a| (5)Feae s,
5

the intracavity photon
number

These conventions are used throughout the derivation below. In the later measurement section, where we discuss
the experimentally generated EOM sidebands and the demodulated reflected signal, it is convenient to switch to a
notation centered on the pump sideband branch; that change of variables will be introduced explicitly there.
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The Optomechanical Hamiltonian

We model our system as a single optical cavity mode dispersively coupled to a single mechanical mode via radiation
pressure. The total Hamiltonian that describes the system, in a frame rotating at w; and with A = w; — weay, reads:

Hrwa = —hAGTa + 5,010 — hgoa'a (IBT n 13) i Tt (aim (BT — a, (£)a) (32)
The first term is the optical field. The second describes the mechanical resonator:
., e P21 R
Hmech = hQ'mbTb = 2pim + imQEnQQ (33)

The third term describes the dispersive optomechanical interaction, which originates from the position dependence of
the cavity frequency, Weay(q) = Weay — Gq, With G = —0wcay/9g. To leading order this gives the standard radiation-
pressure coupling

iy = —hGga'a = —nhgoata(b + bh), (34)

where go = Gz ,p¢ is the single-photon optomechanical coupling rate and z,p¢ = 4/ ﬁ is the zero-point displacement.

Finally, the optical mode is driven coherently through the external port at rate kext by an input field a;y, () normalized
to photon flux,

HdI‘lVC — Zh\/ Rext (a’ll’l( )a - a (t)d) (35)

Note that we decompose the input operator as din(t) = ain(t) + dyac(t); ain(t) is the coherent drive (pump + probe),
and Gy, represents quantum noise entering through the optical ports.

Quantum Markovian Langevin equation and Linearization

To obtain equations of motion that include both coherent dynamics and damping, we start from the rotating-frame
Hamiltonian (32) and use the Heisenberg—Langevin formalism [7]. Coupling the cavity and the mechanics to their
environments leads to loss terms with rates x and T',,, and to corresponding input noise operators that continuously
replenish fluctuations (dyac(t) and F (t)). Assuming the standard Markov approximation for the bath coupling, we
can derive the quantum Markovian Langevin equation for a general observable 0.

Equation of motion We will be using the ”rotating wave” Langevin equation for the optical field:

X 1 A A a
0=~ [0, Hrwa] — [0,a] ( i~ Vv (t)) + (gaf ~ Vil (1) [0.4], (36)
while we will use the general Markov Langevin equation for the mechanical oscillator:

) = i {O,fIRWA} - % |:O,$pr (ET + b)} F(t)+ o {[O Typf (bT + b)} | - (bT + b)}+ : (37)

Solving these equations yields the equations for the open-system dynamics of our optomechanical system. For the
optical field (photon) operators we obtain:

a = +ila+igoa (BT + 13) + Vet in(t) = 5a + /lyac

. SR 38)
&t = —iAat —igoat (bT + b) + fRemaly (t) — St + Vral,.. (
For the phonon operators we get:
R . mD,,x2
b = —iQnb+igoata + ZlDfF(t) + 7pr (bJf + b)
h 2ih
(66 +b) (39)

b = bl — igoala — () - 2 5
The latter can also be expressed in terms of the displacement and momentum operators:

(j = Typf (lA)Jr + l;) = Q0 Typr (?)T — 3) =p/m

. X X ~ ~ 20T pf - o o

b= ipapt (bT f b) = iPapt [mm (bT n b) — %igoata — %F(t) -, (bT - b)} - (40)

= —mO2,G+hGata+ F(t) — Tpp.



18

Linearization Because we operate in a regime in which we can consider our coherent driving to be suitably ”strong”,
the system dynamics can be well approximated by a linearized description. This means that we can consider only the
small fluctuations around the ”displaced” semiclassical steady states of both the intracavity field and the mechanical
position. Mathematically this is equivalent to performing the following substitution into our equation of motion:

i—a+oa, al—a*+éaf, b—b+db, b —b +b" (orG— qg+4g). (41)

We can assume without loss of generality for both @ and b to be real, which is equivalent to provide a phase reference
for the input and output fields. In a similar way we can also rewrite the coherent driving field, in a way that will
allow us to more easily separate the pump and probe fields in the following;:

in(t) = Gin + 0ain (1) (42)

Note that while the expansion of b will translate into a static displacement that we will later incorporate into the
cavity detuning (see the ”Solving coupled OM equations” section below), the expansion of @ can be used to express the
Hamiltonian in its standard linearized form. Often this is the starting point before solving the EOM. Expressing the
Hamiltonian this way allows to take the full linearized interaction (x (8a+ dat)(6b+6b1)) and to clearly separate both
beam-splitter-like and two-mode-squeezing like terms, thus both upper and lower optical sidebands. In our derivation
we keep all terms automatically. Any further rotating-wave approximation (e.g. useful in the resolved-sideband limit)
will be discussed explicitly later (see the ”Rotating wave approximation” section).
Starting from the annihilation operator in eq. (38) we obtain:

a+ 64 =iA(a+ 6a) +igo(a+ 0a)(b+ b* + 6b+ ob7)
+ Froxt (@n + 8ain(t)) = (@ +0a) + V/Rivac (1)
= iAG + iAda + igoa(b + b*) + igoda(b + b*) + igoa(db + 6b) + igoda(sb + 5b)
Vot (@ + 805 (1)) = 5 (@4 60) 4 /Rvac(1)
Separating the steady state from the fluctuations terms we can extract:
a=0=iAa+igoa(b+b*) + /Fext@in — g
Foxtin Foxtin (44)

= a= - = . -
E—i[A+gb+07)] 5-i(A+Gg

The fluctuation term is instead (ignoring second order terms):
86 = iAGG + igoda(b + b*) + igoa (5 + 0b1) + /FexeOam (t) — g5a + VEliyae(t)
— g} 8+ igoa(0b + 0b") + \/Rext0ain () + /Kéyac (t) (45)
- g} 5 + iGadG + \/Fraxgdain(t) + Vidvac(t)
If we do the same for the creation operator in eq. (38) we obtain:
§it = — [z (A + go(b+b)) + g} 5t — igoa(6bt + 6b) + \/Fext0a (t) + V/Rbvac(t)
- [Z (A +Gq) + g} dat — iGadq + \/rewdal, (t) + v/ral, (1)

If we now move to the phonon annihilation operator in eq. (39) and perform the linearization we can write:

(43)

a

= i (A +go(b+0"))

— li(a+Ga)

(46)

- X — ~ ) . ~ Fm ~ ~
b+ 6b = —iQ (b + 6b) + igo(a + da')(a@ + da) + ”hpfF(t) + - (6b" — ob)

= —iQb — iQ,,0b + igolal® + igoa(da’ + da) + igodatsa +

ixzpf (47)

E(t) + %’”(58* — 6b)
Again, separating the steady state from the fluctuations terms we can extract:

b=0=—iQb+igla> = b=
202,Gla2  hGlal? (48)

Qm,  om2,
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while for the fluctuations we have:

A 7 ) Z - FTYL 7 7

§b = —iQm5b+igO&(5dT+5&)+mTpfF(t)+ %(6bT—6b) )
. . 49
bt = +iQ, 00t — igoa(dal + a) — L B(t) — S (8T — ob)

Rewriting the latter equations in terms of the displacement and momentum operator:

6 = %
. m 2 2 . (50)
8P = Pt (00T — 6b) = —mO2,6¢ + hGa(sat + da) + F(t) — T',,0p

Finally, these can be combined into one single equation:
N - 2 N hG _ At ~ A
8¢+ g+ Q.0 = —a(da' + da) + F(t) (51)
m

With the quantum Langevin equations established and linearized about the steady states, we can now move to solve
them in the frequency domain.

Solving the coupled OM equations in frequency space (phonon ”b” frame)

We can now solve our coupled equations in the frequency domain for a strong pump control laser and a weak probe
tone. We will do so by applying the following:

e we identify the operators with their expectation values: y(t) = (g(t)) ;

e we ignore the vacuum and thermal fluctuations (avac(t), F/(t));

e we express the driving (probe) term as: dai,(t) = ape™** with Q = w), — w; ;
e we make use of the ”corrected” detuning: A = A +Gq ;

e we make use of the following ANSATZ:

Sa(t) = A~e 0 p Attt
5&*(t) _ (A+)*efiQt + (Af)*eJriQt
Sq(t = Xe—i0 4 xre+iQt

0b

(52)
)
(t) — B—e—iQt + B+e+iQt

In the laboratory frame the term A~e~** corresponds to an intracavity field at w; + € (upper, anti-Stokes sideband),

while A*et*¥ corresponds to w; — Q (lower, Stokes sideband). For a probe at w, = w; + €2, A~ is the intracavity
amplitude at the probe frequency and A™ is the ‘counter-rotating’ lower sideband. In the resolved-sideband regime and
for red detuning, we will later show that A~ and A" can be mapped directly to the anti-Stokes and Stokes sideband
amplitudes, and that AT is strongly suppressed and can be neglected. In contrast, in the USR both sidebands lie
well within the cavity linewidth, so A is no longer negligible and the coupling between the two sidebands via the
mechanics (the ‘counter-rotating’ contribution, encoded through AT and the associated terms) can no longer be
ignored.
We start from the equation of motion egs. (45), (46) and (49):

8 = [z’(A + 2g0b) — g} 8a + igoa(b' + 0b) + \/Fexedain(t) + v/Fivac () (53a)
it = — [i(A + 290b) + g] 5t — igoa(6bt + 6b) + \/Rewdal, (t) + VRdvac(t) (53b)
§b = —iS,0h + igoa(dal + da) + z'%ﬁ(t) + %’”(56* — 6b) (54a)

i ~ aof - T, - N
St = +iQunobt — igoa(sat + da) — z'%F(t) — 1 (6b" — ob) (54b)
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Applying the operations described above to eq. (53a) we get:
—iQA*e%“t+iQA+éQt::GA~—§>(A’€”W-%A+dQﬂ
+igoa (B*e*iﬂt + Bteift (B+)*67i52t + (Bf)*eiﬂt) + \/@apefiﬂt (55)

We can then separate the contributions of the +£) terms:

[g—u5+9ﬂA—:qmu3—+gﬁr)+¢a;% ;e (562)
[g—MA—QﬂA+:mmUF#%BWﬂ ;i (56b)

We can do the same for eq. (53b):
4¢Q@ﬁ7%*Mt+AuA*ram::f(g+¢A)«A+ye%m+wA*ram)
—igoa (B*e*im + Bte'¥ 4 (BT)*e 1 4 (Bf)*eim) + \/@a;eim (57)
Again, separating the contributions of the £ terms:
(5 +i(A - )] (4%) = ~igoa (B~ + (B)") L it (58a)
E+uA+9ﬂmv*:4%m3++wvﬂ+¢agg L tine (58b)
Now we repeat the same calculation for the phonon annihilation operator eq. (54a):

—iQB e 4 iQBT e = —iQ,,, (B~e " + BTe')
+ igoC_L (AfefiQt + A+eiQt + (A+)*67i§2t + (Af)*eiﬂt)

+ ].—‘77,1 [737671-915 _ B+eiﬂt + (BJr)*e*iQt + (Bf)*eiﬂt} (59)
. I‘m - 1—‘m 4\ * - - 4\ * —iQ2t
(e — Q)+ T3 B~ — T(B )" =igoa [A™ + (AT)*] ;e (60a)
. Fm + Fm —\* - + —\* +iQt
iW(Q + Q) + - BT — 7(3 )* =igoa [AT + (A7)*] ;e (60b)

and for the phonon creation operator eq. (54b):

_ ,L'Q(B-i-)*e—iﬂt + iQ(B—)*eiQt — -I—iQm [(B—i-)*e—iﬂt + (B—)*eiQt]
_ igod [A_e_lﬂt + A+eiQt + (A+)*e—iQt + (A—)*eiﬂt]

F’m — —1 ) * _—1 —\* 1
_ 7 [—B e iQt B+eth + (B+) e Ot 4 (B ) e Qt} (61)
. Fm +\* Fm — P - +\ % —iQt
—i(Qp + Q) + > (BT)* — TB = —igoa [A” + (A1)*] ;e (62a)
. I v LTy L s +iQt
i = @)+ | (BT~ 2B = —igoa [AT + (A7)'] e (62b)

We can now use previous equations to derive an expression for A~. We start by summing egs. (60a) and (62a) and
we get an expression for (BT)*:

Q,, — Q

i(Q — Q)B™ —i(Qy + Q)(BT) =0 = (B+)*:Q -

B~ (63)
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Summing eqs. (56a) and (58a) instead, we obtain for (AT)*:

E_‘7 - E (AN — +yx Nk Hextapi[gil(A+Q)j|Ai
(5 —iB+Q] A+ [T +iA - )] (A7) = Vieaa, = (A7) =" G (64)
Substituting these last two equations into eq. (58a) we can write for B~:
_ — VEextlp — |2 —i(A+ Q)| A~
|5 +iB-9)| (A7) = ~igoa <1 + g" g) B - p =Y Z; i ) (65)
m —igod (1 + Q:Z‘_FQ)

Finally we can plug the expressions for B~, (B™)* and (A")* into eq. (60a):

e ()| el i
m+ ~igoa (1+ 822) E+i(A-Q)
=i, — )4 Ln % [EH(A—Q)]{W@ _ [E—i(Aﬂz)} A,}:
m 2 Qm+Q 2 extWp 9
20, X a—
goa’ <Q +Q) [V/Fextap + 2iAA7]

. r,, 2Q Kk .~ 9_9 20, _
= { im0+ g g [+ 8 -] sk g e =

. Fm 22 K o~ K R .9 9% 2Qm _
{[Z(Qm —Q)+ Qw] [5 +Z(A—Q)} [5 fz(AJrQ)} + 2ig2a AQm+Q}A
(66)
If now we multiply both the left and right hand term by —i(Q,, + ) we obtain:

{[an — 02— il,0Q) [g +i(A— Q)} + ig§a22ﬂm} Vhextap =
K

{[an — 02— i,,0) [g +i(A— Q)] [5 —i(A+ Q)] + 2gga2A29m} A= (67)

Using the following definitions:

1 2 2.2 2 h
m(2, — 0,0 HTU7

pf 5] a = g2a*2mQ,, = hG*a? (68)
miim

Xm(Q)

where x,, is the mechanical susceptibility, and multiplying both side by m, we can finally arrive to the following
expression for A~:

v/ Kext Gp (69)

Solving the coupled OM equations in freq. space (displacement ”q” frame)

We can perform the same derivation of A~ using our OM equations expressed in the displacement ”q” frame instead
of the phonon ”b” frame. This serves to check the consistency of our results and to more easily compare to other
derivations in literature. This time we start from egs. (45), (46) and (51)

5 = [z (A +Gq) — g} 8 + iGa0G + \/Frone0ain (t) + v/Fayac(t) (70a)
st = — [z (A+Gq) + g} dat — iGadq + \frewdal,(t) + v/ral, (1) (70b)

53+ T+ 0300 = " a5l + 6) + F (1) (70)



and using the same ANSATZ and approximation as before, we get for the da operator:

— QA eI L QAT =

[g —i(A+ Q)] AT =iGaX + /Kextap ;e
[g —i(A— Q)} AT = iGaX* L et

similarly for the éa' operator:

—iQ(AT) e 1 iQ(AT) e =

2

[g +i(A - Q)] (A7) = —iGaX ;i
(5 +iA+ Q)] (a) = —iGax" + roma; . eti

and for the §§ operator:

— QQXe—iQt _ Q2X*eiﬂt +T,, (—’iQXe_iQt + iQX*eiQt) + Q?n (Xe—iQt + X*eiﬂt) _
hG _

Ha [(A7 + (AJr)*) efiQt + (AJr + (Ai)*) eiﬂt}

m (02, — Q —il, Q) X = hGa [A™ + (AY)*] R
m (02, — O +40,,Q) X* = hGa [A* + (A7) L i

From eq. (74a) we can now derive

b iGaX
W ="rnria-o)

and then from eq. (76a), using again the mechanical susceptibility x.,, we get:

; 2-2
X _hoaa - MEEX
Xm [% + Z(A - Q)]

Rewriting this equation as a function of A~ we have:

K _ X K _ [ 7
S+ i(A—Q)| = +ihG?@2X = |= +i(A - Q)| hGaA~ X = -
3 +ild-9) Xm e 3+l -] nGad” T T5 +i(A - Q)] + ihG2a2

— (E + ZA) [(A-i-)*e—iﬂt + (A—)*eiﬂt] —iGa (Xe—iQt + X*eiQt) + Kexta;eiﬁt

22

(72a)

(72b)

(73)

(74a)

(74b)

(75)

(76a)
(76b)

(77)
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We can then substitute this expression in eq. (72a) to obtain:

1 K x K X _ R N . 22 4—
X—mb—i—z(A—Q)} |5 - i@ +0)] A7+ | T —i(A+9)|inc*aA™ =
K X 22 - L s % 222
[§+1(A—Q)}thaA + /EextGp 7[5+1(A_Q)}+ZTLGG
1 [k2 k. & K~ K ~9 9 _
K L X . R LA . . 2_9 4
+[§—2A—ZQ—§—2A+ZQ}ZHGCLA = (80)
L (& & 2 222
VEextUp X— [5 +i(A— Q)} +ihG*a
L[> A2 2 - AF 122 41— L 16 . % 222
S |7 iR+ (A2 = Q) | AT+ 2ARGAGPAT = Vieaay § — |5 +i(A - Q)] +ihGa
Xm Xm
2 ~ _
-1 [(g —i) + AQ] A™ 4 2ARGPA* AT = \JReaay {1 [g +i(A-0)| + ihG262}
Xm m

Finally using the same definition o = hG2a? as before, we get to the same expression for A~ as in eq. (69):
1 N .
+i(A - Q)| +ia
o Sl e
L [(g —iQ)® + A?] +2Aa

Xm

W[

VEext@p (81)

Following an analogous procedure we can also derive the expression for A*. From eq. (74b) we have

—iGaX™* + /Rexty

(A7) = ——= (82)
[5+i(A+ Q)]
Combining this with eq. (76b) it follows
X* ihG2a?X* hGa/Kextay,
=hGa [AT 4+ (A7)*] = hGaAt — i + v P 83
X [ (47y] [5+i(A+Q)]  [£+i(A+Q)] (83)
where we define x;, as:
() = = (84
Xm B8 = (02, — 02 1T, Q)
Rewriting this equation as a function of A' we have:
K (A . 2-2 % * % _[K N + * P *
{ [5 +i(A+ Q)| +ihGa Xm} X" =x;,hGa [5 +i(A+ Q)} AT 4+ X hGan/Eexia,
L xro XmhGa [5 + (a+ Qﬂ At X Gay/Rex, (85)
(5 +i(A+ Q)] +ihG?a2x;, [5 +i(A+ Q)] +ihG?a2xs,

Lastly, substituting this expression in eq. (72b) returns

{5 (A Q)} e ixi‘nhcfa? (5 +i(A+Q)] ixrﬁha%%mexta;
2 [5 +i(A+ Q)] +ihG2a2xs, (5 +i(A+ Q)] +ihG2a?xs,
= [g —i(A - Q)} [g +i(A+ Q)] AT 4 ixt hG2a [g —i(A-Q) - S (A + Q)] A* = iy hG2a? fomd’, (86)

Finally we get to the expression:

o ncxta; B TN /ncxta; (87)

o 5B -5 +i A+ Q] +280 | L [(5 1 i0)* 1 A2] + 240

At =

Xm
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Comparison with other derivations in literature

Derivations and notation for OMIT vary significantly across the literature. In this section we compare our formu-
lation to several commonly used results in order to highlight both the equivalences and the key differences.

Agarwal and Huang (2010)

This work is among the first to theoretically describe the OMIT effect and to draw the parallel with the EIT effect
in AMO physics. We can prove the equivalence of eq. (5) in the paper with our expression in egs. (69) and (81). The
conversion of notations that we need to use is reported in table II.

Parameter ‘ Agarwal (’10) ‘ This work
Mech. Freq. Wm Qm
Mech. Decay Ym. '
OM coupling X0 hG
Cav. static field o a
Strength parameter 8= ;Tgn:zl,i 2m‘§‘2m = hzcjg‘if
Cavity Freq. wo Weav
Pump/Control laser We wy
Probe laser Wp Wp
Cavity Decay K K/2
Detuning wo — We A = W — Weav
Mech. static displ _ xol&l? = _ halal®

ech. static displ. qo me?, 7= Taz,
Corrected detuning A=w)—we— Xqo =wo — we — % A=A+Gij=A+ —o3
Pump-probe detuning 0 =wp —we Q=wp —w "

TABLE II. Notation convention to convert equations from [9] to this work.

If we consider equation (5) in [9] and use the equivalences in table IT to convert it to our notations, we can express
it as follows:

T = e {gr e T Q) [(g ) + A2] - 4AQm2 - -
=[5+ +ia A~ A~
= Rext 1 Xm £2 ] 2} — Hext? = v/ Kext?
= [(5 —ZQ) +A ] + 2A« p P

Note that e in Eq. (5) in [9] is a dimensionless transmission coefficient (ratio of the output probe amplitude to the
input €,), whereas our A~ is the intracavity probe field amplitude and therefore carries units. To compare the two,
we used the relation €, = \/Kexta, between Agarwal’s intracavity probe-drive amplitude and our probe photon-flux
amplitude. We also take into account the typo in Eq. (6) of [9], where an extra factor x( appears in the definition
of Aagarwal; our definitions in table II and eq. (88) already incorporate this correction. In addition, the detuning
conventions differ by a sign, so that Aggarwal = —A in our notation. Finally, the factor  that multiplies 7 in Eq. (5)
of [9] corresponds to the coupling rate through the driven port and is therefore identified with our external coupling
Kext, While the total cavity linewidth x appearing in the rest of the expression remains unchanged. This is consistent
with the input-output conventions that we will discuss later on. It is also useful to note that A_ and A, in [9] are
not the same and are not related to our A~ and AT. We emphasize that while Eq. (5) of Agarwal still contains the
combined effect of Stokes and anti-Stokes channels (analogous to our full expression for A7), from Eq. (7) onward
Agarwal’s analysis focuses on the sideband-resolved regime and employs further approximations tailored to that limit.

Weis et al. (2010)

To compare our results to the result derived in [8], we can start from our derivation in the previous section — which
is completely analogous — and show that the expressions differ only in terms of notation. Starting from eq. (78), if we
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define f(2) as:

5 = PG 2 xm (89)

£ +i(A-Q)
we can then obtain:

 hGax, A~

X =hGax, A~ —ifX
hGaxm if = Ttif

Substituting this expression in eq. (72a) we get:

9 14+if

, 5 (A + )] (1+if) — ihG2@xom
[ffi(A+Q)} A™ = ihG2a2 X" A+ R, = nmap{b A+ )]1(++i;f) mEax }A (91)

The numerator in the expression inside the curly bracket can be re-written as:

K - K - ihG2a%xm ihG2a* X [5 + i(A — Q)]
s A+Q |+ |5 A+ Q)| —= — - L2 -
{2 } [2 ] (5 +i(A - Q)] [5+i(A - Q)
= g — (A + Q) +if(—2iA) = g (A4 Q)+ 2AF (92)
Finally we obtain the expression for A™:
a- = L)V emty | (93)

with Kext = 7)ek in the notation of [8]. Notation aside, we can see that eq. (93) is completely analogous to our
expression in egs. (69) and (81). The derivation in [8] then proceeds in the resolved-sideband regime and neglects A
and the associated terms, which is equivalent to dropping the counter-rotating contribution.

We can anyway derive an expression for AT using this notation. If we define F'(2) as:

fLG2@2X*
Q)= —< %7 (94)
(£ +i(A + Q)]
we can rewrite eq. (83) as
F(Q)\/Kext @, hGax? F(Q)\/Rexta},
X* =hGax: At —iF(Q)X* + — L —2L Xt=—2m At ¥ P
"G AT —IF (X" + —7 ~ 1+ir@)" T Gaa+iFr@) (95)
Using this expression inside eq. (72b) returns:
A Y22 Xom o W) VRextay
3 A -0)]ar=inciay Ny 0 R W) (96)
The terms that multiply AT can be simplify as:
(5 —i(A - Q)] —inG%ax;,
1+iF(Q)
K . K . ihG2a?x;, ihG?a*x;, [5 + (A + Q)] 1
- —i(A-Q - —i(A-Q —om U =
{[2 A=)+ [5-id-o) [5+i(A+Q) (5 +i(A+9Q) 1+ iF(9Q)
K3 : X 1 [5-i(A-Q)] +2AF(Q)
{ [5 —uA- Q)} + ZF(Q)(_QZA)} 1+iF(Q) 1+iF(Q) (o7)
Finally:
A+ — zF(Q),/mexta; (98)
(5 —i(A - Q)] +2AF(Q)
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Yan (2021, 2020)

In order to compare our results to the works of Yan [10, 11], we want to rewrite our expression for A~ in a way
that will be useful for our comparison between the unresolved-sideband regime (USR) and the more standard resolved
case (RSR) (see next section). Starting from eq. (69), we can write:

[g+Z(A Q)] + i
L (5 —i0)° + A2 } +2Aa
_ [ﬁ ~(A—Q)]+iaxm ——
CHE A - Q)] Fiaxm ] {[5 —i(A+ Q)] —iaxm }_a2Xm\/§p—
VFextp

V RextGp =

K (A 2 %n
[5 —i(A+ Q)] — 1QXm — [ﬁJri(;,g)]HaXm (99)

V Fext ap

k(A zaxm[Q i(A— ]—a2X2 +a2x2,
[2 Z(A + Q)] [% i(A— ]+1axm

_ vV Kextap
[% —i(A+Q)] + —2—

xXm [g+i(5—sz)]

Note that in the previous expression we made use of the following equivalence:

{[g Fi(A - Q)} —i—iaxm} { E (A —I—Q)} - mxm} -

2
[(; — ZQ) + AQ} + 2Aaxm + a?x2 =
K % kR 2 2

(5 +iA-9)] [5—i(A+0)] +2Baxm +a%, (100)
Expressing A~ in this form we can directly compare our results to eq. (A9) in Yan (2020) [11]. Yan uses the same
notation as Agarwal, so we can again employ the conversion from table II and it is easy to prove that the two equations
are equivalent. A similar procedure can be used to prove the equivalence with eq. (8) in Yan (2021) [10]. The only
difference in this case is that we have to replace 2k (and not just k) with £/2 for the notations to match. It is also
useful to remember that [ = 2mosfz,,” and that in our definition o = hG?a? = g2a*2mS,. Finally, it is important to
note that in most of its analysis Yan usually employs the simplification 2 ~ Q,, ~ A. While the first equivalence will
usually be true also in our experiment, for the most part we will work with A ~ x > ©,,, so the specific near-resonant
simplifications used in Yan are not directly applicable to our USR parameter regime.

Rotating wave approximation, thermal effect and comparison with the resolved-sideband regime

In the previous sections we have derived the full expression for the intracavity probe-sideband amplitude A~
starting from the standard optomechanical Hamiltonian, without making any rotating-wave approximation on the
linearized interaction. In particular, the frequency-domain solution obtained from the g-frame and b-frame equations
retains both optical sidebands A~ and AT in the ansatz, and the final result for A~ (see egs. (69) and (81) and its
rearranged form eq. (99)) reflects the influence of both the upper (anti-Stokes) and lower (Stokes) sidebands. This
“full” expression is the one relevant for our experiment, which operates deeply in the unresolved-sideband regime
(USR), k > Q,,,, where the cavity cannot filter out one of the sidebands.

It is useful to distinguish this “sideband” rotating-wave approximation from the much more basic RWA that is
already implicit in our starting point. When we move to a frame rotating at the laser frequency w; and write the
drive and cavity dynamics in terms of slowly varying operators (cf. [6]), we have already neglected terms oscillating
at optical frequencies such as 2wy; this is the standard optical RWA and is always assumed throughout. The addi-
tional approximation discussed in this section is a second RWA performed at the mechanical (sideband) scale: after
linearization we selectively keep only those fluctuation terms whose residual time dependence is slow near a chosen
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detuning (e.g. A ~ —Q,,), and drop terms oscillating at ~ 2(2,,,. In the resolved-sideband regime these “fast” terms
correspond precisely to the off-resonant Stokes (or, for blue-detuning, off-resonant anti-Stokes) sideband, and this is
what leads to the simplified beam-splitter or two-mode-squeezing Hamiltonians (see [6]).

In contrast, most common OMIT derivations (including [8, 9]) assume the resolved-sideband regime (RSR), typically
with a control laser red-detuned close to the lower motional sideband (A ~ —,,) and with £ < €,,,. In this limit
the cavity susceptibility strongly suppresses the lower (Stokes) sideband, so that the upper (anti-Stokes) sideband
dominates the dynamics. At the level of the equations of motion this corresponds to neglecting the +{ components
in the ansatz we choose before, i.e. setting AT ~ 0 together with the associated mechanical amplitudes, and hence
dropping the counter-rotating Stokes channel. At the Hamiltonian level this is equivalent to starting from the linearized
optomechanical Hamiltonian and keeping only the beam-splitter terms (red-detuned RWA), while discarding the two-
mode-squeezing contribution.

The aim of this section is threefold. First, we derive explicitly the standard resolved-sideband /RWA expression for
A~ in our notation, by starting from the full coupled equations derived above and neglecting the A*, X* and B+
terms. Equations (72a) and (76a) then reduce to:

[g —i(A+ Q)} AT =iGaX + /Kextap L (101a)
m (Q2, — Q% —iT,Q) X = hGaA~ ;e (101b)
It is then straightforward to obtain
X = hGaxmA~ = A = _Vlextdp = Vhextdp (102)
(5 —i(A+ Q)] — ihG2a%x,, [ —i(A+Q)] + T

This directly exhibits how the usual OMIT formula arises as an approximation to our general result. Comparing
this expression to eq. (99), we can see that now the term fm is absent. This encodes the effect of the

5 _
counter-rotating terms, and the advantage of using eq. (99) is that we can easily put this term at zero if we want to
compare the full expression with the approximated version for different parameter ranges.

We can apply the same procedure to egs. (56a) and (60a), which results in:

[g (At Q)} A™ = igoaB™ + /Fexsty ;e (103a)
[i(Qm - Q)+ FQ’”] B~ =igoaA~ ;e (103b)
From there
B — igoa A~

[i(Qm — Q) + T3]
= {5 -ia+a) i@, -0+ 7|4 geh a4 = i, -9+ 5| viae, (01

and finally for A~ we get

o O )+ ] Rarey,
[5 = i(A+ Q)] [i(Qm — Q) + ] + gga?

\ RextQp

B (5 —i(A+Q)] + [ 98a* (—inan) o (105)

% i(Qm—Q)+ 5] \ —i2mQm
vV /{cxtap
[ —i(A+Q)] +

_a
i/Xm
where we use the approximation

F?Y
i(Q — Q)+ 2

(—i2mQ) = m [2Q, (Qp, — Q) — i1, Q] ~

1 (o + Q) (o — Q) — T Q] = [, — O — 0] = —— (106)

m
m
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which is valid for ,,, ~ ). As expected, once again we obtain the same approximate result for A~.

We could re-derive the same approximate expression starting directly from the linearized Hamiltonian in the beam-
splitter (or, alternatively, in the two-mode-squeezing) regime. This highlights how the “resonant” versus “non-
resonant” terms in the Hamiltonian map onto the upper and lower sidebands in our frequency-domain treatment.

Critical frequency and critical power One useful feature of the full expression eq. (99) is that it admits
parameter values for which the intracavity probe-sideband amplitude vanishes, A~ (2) = 0, corresponding to a perfect
destructive-interference point (‘perfect OMIT’). It is indeed possible to find values for which

) «

— S 107
Xm  [5+i(A—-Q) (107)
and consequently A~ = 0. We can rewrite this equation as
. 2 02 E A _ g
i[02, — Q2 — i, Q)] [2 (A Q)] - (108)
= (0% — 05 +iTnA - Q) - (0 - 0)(A - Q) + TS = =, (109)
m

from which if we equate separately the real and imaginary part we arrive at:

Q2 — 92)g FTQA-Q) =0 (110a)
rmgg (02, - O} (A-Q) = % (110b)

The first equation allows to compute a ”critical frequency” at which the OMIT window reaches zero, while the
second tells us, for a given single-photon OM coupling, for what input power this is going to happen (remember that
a = hG?a® = g2a*2mQ,,). Solving the first equation we get:

Q?ng — QQS T, AQ—T,,02=0= (g + rm) 02 -T,,AQ — ggfn —0 (111)

whose solution is

TpA 4 JT2,A2 42602, (5 +Tp) | TonA £ Qg /58 A2 + 62 + 24T,
0, — - m 112
= K+ 20, K+ 20, (112)

From the second equation we can then get for the critical power:

a4 K (A — Qi)Q mwlFin K\ 2 X2 KR (A — Qi)z
O o (B8 T L p, T (YT Re| (B BT ) 11
m o i(2+ 2 ) T T T Gy (2) + 2t (113)

To better understand these results, we can apply a couple of approximations to the solutions that are usually true in
optomechanics. Namely, we can assume 2, > I, (high-Q mechanical resonator) and x > T',, (always true in USR).

2 _ 2 -
This then allows us to write k + 2I',,, & k and Sl;—’Q"AQ + K2+ 2x0,, = K2 (Fm A +1+ ﬂTm) ~ k2. Then the equation

02 k2
for the critical frequencies simplifies to

A
Qy~-"240Q,, (114)
K

Now we can clearly see that the value of two solutions consists of small corrections around +£2,,, as we would expect.
Because ay o< I',,,Q24, using the ”—" solution would imply an unphysical negative value for the critical power (o o @2
is always positive); so the only branch that we retain is the ”+” one.

Impact of the RWA approximation To quantify the impact of the sideband RWA in the unresolved-sideband
regime, we directly compare the full expression eq. (99) with its RWA limit eq. (102), using representative parameters
of our platform (£2,,/2m ~ 2MHz, Q ~ 6 x 103, Mg ~ 17pg, /21 ~ 1GHz, A\ = 920nm). We plot the reflected
probe response R(€Q) = |ar,|\/Kext | A7 ()| (see derivation below), set ar, = 1 for simplicity, and normalize all traces
by the same reference value (the maximum of R at G = 0).
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FIG. 10. Comparison between the full USR probe response (no-RWA, eq. (99)) and the sideband-RWA approximation (RWA,
eq. (102)) for Q, /27 ~ 2MHz, Q ~ 6 x 10°, Meg ~ 17pg and G/27 = 1GHznm™'. Top row: R(f) o \/Kext|A™| versus
(Qprobe/m, Pn) at fixed A = —k/4, with line cuts at Pn/Peic = 0.1,1,10 (solid: no-RWA, dashed: RWA). Bottom row:
R(QY) versus (Qprobe/2m,A) at fixed P = 10 Peyie, with line cuts at A/k = 0,—1/4,—3/4. The dashed green traces mark
Q4+ 0Qp, in the no-RWA maps.

The top row of fig. 10 shows power sweeps at fixed detuning A = —x/4 and frequency-pull parameter G/2r =
1GHznm™! (corresponding to gy ~ 16 kHz). The power axis is normalized to the critical power P.i; = P,. The
left panel is computed from the full model (no-RWA), the center panel from the RWA model, and the right panel
shows line cuts at P, /Peit = 0.1,1,10 (solid: no-RWA; dashed: RWA). The bottom row shows detuning sweeps (in
units of k) at fixed power P, = 10 Puyt: left, full model; center, RWA model; right, line cuts at A/k =0,—1/4,—-3/4
(same line-style convention). The dashed green guide in the no-RWA maps corresponds to the optical-spring-shifted
resonance Qeg = Oy, + 02, with

6 = g2 (115)

A+ Q)2 +r2/4 " (A—Q,)2

and g% = ggicay-

Comparing no-RWA and RWA, three differences are evident. First, the full model predicts a true critical point
where A~ — 0 (perfect destructive interference), while the RWA model does not reproduce a complete cancellation
under the same conditions and requires higher power to reach a similarly deep dip. Second, beyond the critical region,
the full model rapidly evolves from a dip to a peak (relative probe enhancement with respect to the off-mechanical
baseline), whereas the RWA prediction remains more monotonic. In resolved-sideband treatments, this monotonic
evolution leads to the typical peak-splitting signature of strong coupling, while in the USR full model the evolution
is qualitatively different (see below). Third, the full model preserves a clear backaction-induced frequency drift of the
dip/peak feature across power and detuning, especially visible in the detuning maps, which is instead absent in the
RWA case. Finally, since eq. (113) depends on A, varying the detuning at fixed input power also drives the system
between the transparency-like and enhancement regimes.
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FIG. 11. USR response including thermally induced cavity-linewidth broadening, following the mechanism discussed in [12].
Left three columns: normalized reflected probe response R o< |A™| computed with keg = Kk + dx(T") for T = 0,4,300K. Top
row: (Qprobe, Pin) maps at fixed A = —k/4; dashed horizontal markers indicate Pei; (including thermal broadening). Bottom
row: (Qprobe, A) maps at fixed input power P, = 10P2%. Right column: corresponding dx/x (left axis) and intracavity photon
number ficay (right axis), versus power (top) and detuning (bottom). Increasing temperature broadens the effective cavity
response, reduces Ticay at fixed drive, shifts the OMIT critical power Peis to higher values.

Impact of the oscillator thermal motion A second correction, relevant in our USR parameter range, comes
from thermally induced cavity-frequency fluctuations. As discussed by Leijssen et al. [12], Brownian motion produces
frequency jitter with rms amplitude
kgT
e,
which broadens the optical response through a Gaussian contribution (Voigt picture). In the present model, we include
this effect in an effective-linewidth form,

ket (T) = k + 0r(T), 0k(T) =2v2In 2 dwps, (117)

6wrms =3goV 2ngy, Nth = (116)

and use kg consistently in both the cavity susceptibility and the intracavity photon number entering o = hG?a?.
Note that this treatment should be understood as a simple phenomenological implementation of the Voigt broadening,
not as a full Lorentzian—Gaussian convolution treatment of the optical response.

In fig. 11, using the same parameters as in fig. 10, this gives drx/k ~ 1 x 1072 at 4K and §r/k ~ 1 x 1071 at 300 K.
The impact is twofold: (i) for fixed input power, 7i.,, decreases because the cavity is effectively broader; (ii) the perfect-
OMIT condition is shifted to higher power, so that P, increases (e.g. in our parameter set: P300K /POK ~ 19)
As a consequence, the dip-to-gain crossover is pushed to larger drive and the OMIT contrast is reduced at high
temperature. For this parameter choice (which we employ for most of our measurements), the effect is moderate and
acts as a correction at room temperature. However, using G/27 ~ 11 GHznm~! (the maximum achievable in our
setup), the broadening dx becomes comparable to x, effectively doubling the cavity linewidth (see below).

Figure 11 summarizes this trend. Top row: probe-frequency/power maps at fixed detuning (A = —k/4) for T =
0,4,300K; dashed horizontal lines mark the corresponding critical powers. Bottom row: probe-frequency/detuning
maps at fixed input power (P, = 10Pcor§), again for T' = 0,4,300K. The rightmost column reports the thermal
broadening scale dx/k (left axis) together with the corresponding fic.y (right axis), explicitly showing how linewidth
broadening and intracavity-population reduction jointly reshape the OMIT response.

Critical Power vs. System Parameters The result in eq. (113) can be used to map a wide parameter space
for perfect destructive interference, rather than a single operating point. Figure 12 shows the predicted critical power
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FIG. 12. Critical-power maps in the USR at T' = 0, computed from eq. (113). Left: Puit(G, A/k) at fixed k/27 ~ 1 GHz and
Q ~ 6 x 10%. Center: Pt (G, 6/Qm) at fixed A = —Q,,, (Q as before). Right: Peitc(G, Q) at fixed A = —Q,, (k as before).
Color and contour labels report absolute critical power (W). Horizontal guide lines indicate nominal and maximum G used in
this work; vertical guide lines indicate the reference values of our system.

(ignoring thermal effect) as a function of the frequency-pull parameter G and three other important OM parameters:
detuning A/k (left), sideband resolution /€, (center), and mechanical quality factor @ (right). Contour labels
indicate absolute power values in watts.

Three trends are immediate. First, increasing G strongly lowers Pei; (consistent with the 1/G? scaling in eq. (113)).
Second, the sideband-resolution map exhibits a minimum for values comparable to the chosen detuning (here A =
—Q,,); moving away from this region increases the required power. Third, lower mechanical quality factor (larger I';,)
penalizes the interference condition and raises P..i;. The black guide lines mark the operating point used in previous
figures (and in the experiment) and the maximum experimentally accessible coupling, providing a direct readout of
the accessible parameter window. In this USR parameter set, the critical point can be reached at relatively low input
power (from nW to nW), even for moderate (). By contrast, many resolved-sideband implementations would require
much higher optical power, often in the mW range, to achieve comparable results (see below).

To quantify how thermal broadening modifies these power maps, we repeat the same parameter sweeps at room
temperature by using the effective linewidth model introduced above, k = ke (T) = k+0k(T"). The result is shown in
fig. 13. Compared with fig. 12, the overall structure is preserved but the absolute power scale shifts upward, reflecting

Critical power (W) Critical power (W) Critical power (W)
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FIG. 13. Critical-power maps in the USR at T' = 300 K, computed with the thermal correction keg = k + dx(T"). Panels and
axes follow fig. 12. Relative to T' = 0, the maps are shifted to higher power, with the largest increase in the high-G region
where thermally induced linewidth broadening is strongest.
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FIG. 14. Power-dependent overview of key optomechanical parameters for the USR set. Left: absolute scales versus P, (bottom

axis) and P, /Peic (top axis), including go, g(Pun), Qm, &, 06, 653°°% | and markers for POX and P33 . Right: dimension-

less ratios normalized by k, highlighting coupling, sideband-resolution, single-photon blockade parameter, and thermal-jitter
indicators in a form suited for direct regime comparison.

reduced intracavity buildup at fixed input power. Because 6k  gov/2nw o Gv/T in this phenomenological model,
the thermal penalty is strongest at large G. Furthermore, better sideband resolution makes thermal effects relevant
sooner, which can require cryogenic operation for a given parameter set.

Overview of relevant optomechanical scales As a compact summary before comparing regimes, fig. 14
collects the main optomechanical scales as a function of input power for the present USR parameter set. Assuming
the maximum value achievable in our setup for the pull parameter G/27 = 11 GHznm ™!, the left panel shows absolute
frequencies, including the single-photon coupling g, field-enhanced coupling ¢g(Pi,), Qm, &, and thermal linewidth
broadening levels §x*% and §x39°K | together with vertical markers for PO and P300K

The right panel rewrites the same information in normalized form, using k as the reference scale: Q,,/k, g/k,
3%/ (Qnk), g3/(Qmk), and the thermal-jitter metric gov/2n,/k (4 K and 300 K), with the unity line as a visual
threshold. This representation is convenient for cross-platform comparison and will be reused to contrast USR,

small-USR, and RSR settings on equal footing.
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FIG. 15. RSR comparison between the full probe response (no-RWA, eq. (99)) and the sideband-RWA approximation (RWA,
eq. (102)). Top row: normalized response R « |A™| versus (Qprobe/m, Pin/ Perit) at fixed A = —2,,,. Bottom row: R versus
(Qprobe/m, A/ at fixed Py = P, with line cuts at A/Q,,, = —1,0,+1. The dashed green traces mark ,, + 6Qy, in the
no-RWA maps. The hatched region corresponds to blue detuning (A > 0), where the linearized steady-state model becomes
dynamically unstable.

RSR vs USR To isolate which features are specific to the unresolved-sideband regime, we now repeat the
same analysis in a resolved-sideband reference set, using the experimental parameters from [8] (,,/27 = 51.8 MHz,
Ty, = 41kHz, Mg ~ 20ng, k/2m = 15MHz, A = —Q,,, A = 1550nm), and compare directly with figs. 10, 11, 13
and 14.

Figure 15 shows that, in the RSR, the full expression eq. (99) and its RWA limit eq. (102) are much closer than
in the USR case, at least for input power lower than 10P.;. In particular, around the red-sideband working point
(A ~ —Q,,), the counter-rotating contribution has a weaker impact on the lineshape, so the no-RWA and RWA cuts
nearly overlap over a broad power range. This is the expected sideband-filtering behavior: once k < €,,, the off-
resonant channel is strongly suppressed and the RWA becomes quantitatively accurate. Again, the full model includes
the effects due to the backaction which are absent from the RWA model, and it holds until the linear approximation is
valid. In the detuning map, we can also see regions where gain effects emerge, particularly when approaching A = 0.
Note, however, that in all RSR maps, the hatched half-plane (A > 0, blue detuning) marks a dynamically unstable
region (parametric amplification/anti-damping), where the steady-state linear response used here is not reliable and
the plotted values should not be interpreted quantitatively.

Figure 16 adds thermal linewidth fluctuations using the same phenomenological model as above, keg = £ + 0k (T).
For this parameter set, the correction remains moderate (order 1072 at 4 K and 10~! at 300 K in relative linewidth),
and it mainly shifts quantitative thresholds (critical-power lines and contrast) without changing the qualitative RSR
behavior. Compared with the USR case, no rapid dip-to-enhancement inversion is observed in the same normalized
scan range.

Figure 17 reports the critical-power landscape at room temperature. The same dependencies seen in USR are recov-
ered (strong decrease with increasing G, penalty for lower @, and sensitivity to sideband resolution), but the absolute
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FIG. 16. RSR response including thermally induced linewidth broadening, computed with ke = k 4+ d&(T) for T = 0,4, 300 K.
Left three columns: normalized response maps like in fig. 15. Right column: corresponding dx/k (left axis) and ficav (right
axis), versus power (top) and detuning (bottom). Thermal broadening has a less pronounced impact in these RSR scans. The
hatched region corresponds to blue detuning (A > 0), dynamically unstable.

power scale is significantly higher than in the USR maps, typically in the mW range around the chosen operating
point. This highlights a key practical difference between regimes: in our USR configuration, critical conditions can
be reached at much lower optical power. Again the sideband resolution map shows a minimum for values comparable
to the detuning A, and increases for higher resolved cases.

Finally, fig. 18 summarizes the relevant scales versus input power for the RSR set. The left panel gives absolute
rates/frequencies; the right panel gives normalized metrics (g/k, g2/Qnk, g2 /Qmk, Qum /K, and gov/2n¢,/K). Compared
with the USR overview, the sideband resolution advantage is clear (£,,/x > 1), but the much smaller single-photon
coupling go and the higher mechanical frequency €2, result in a much smaller value for the single-photon blockade
parameter g2 /Qmk.
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FIG. 17. Critical-power maps in the RSR at T' = 300K, computed with the thermal correction ke = k + dx(T). Left:
Peit (G, A/Q); center: Peyit (G, K/ ); right: Peig(G, Q). Colors and contour labels give absolute critical power (W). Guide
lines indicate the reference operating point used in the RSR comparison (values from [8]). The hatched region corresponds to
blue detuning (A > 0), where the linearized steady-state model becomes dynamically unstable; results there are shown only
for completeness and are not used for quantitative interpretation.
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Small USR To conclude the comparison, it is useful to consider an intermediate regime that is still unresolved-
sideband, but only moderately so: x/Q,, ~ 10. We use parameters close to our experimental platform (/27 ~
5MHz, Q ~ 1 x 103, Mg ~ 10pg, /27 ~ 50 MHz, A\ = 920 nm), with detuning A = —,,,. This intermediate point
is particularly useful because it allows us to highlight features that can remain hidden in more extreme parameter

regimes.
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FIG. 19. Small-USR comparison of no-RWA and RWA responses for £/, ~ 10. Layout and normalization follow fig. 10. The
no-RWA detuning map shows a stronger blue-detuned enhancement (A > 0), consistent with anti-damping and OMIT gain
acting together.
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FIG. 20. Small-USR response including thermal linewidth broadening (kes = K+ dk) for T = 0,4, 300 K. Layout follows fig. 11.
Compared with the deep-USR case, thermal effects are stronger (relative to ) and shift the critical-power thresholds more
significantly.

Figure 19 shows that this regime is still genuinely a USR, and the no-RWA and RWA models return clearly distinct
results, especially in the detuning maps. In the no-RWA detuning map, the blue-detuned side (A > 0) exhibits a
pronounced enhancement: cavity anti-damping and OMIT-induced probe enhancement act in the same direction,
producing a stronger feature than in the red-detuned sector. This is precisely where the counter-rotating channel
retained in eq. (99) is most visible.

Figure 20 then shows that thermal broadening is much more critical in this small-USR case than in the previous
USR example. With the same phenomenological model, the nominal-coupling set already gives dx/k ~ 107! at 4 K
and order unity at 300 K; for larger accessible G, even 4 K can become strongly broadened, which points to dilution-
temperature operation if one wants to access the high-coupling region quantitatively. This trend is reflected by the
upward shift of the critical-power lines and the reduction of contrast.
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FIG. 21. Critical-power maps for the small-USR set at 7" = 300K, with thermal correction keg = K + dx(T). Panels and
conventions follow fig. 13.
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FIG. 22. Power-dependent overview of key optomechanical scales for the small-USR set. Same quantities and conventions as
fig. 14, highlighting the intermediate hierarchy between deep-USR and RSR.

The room-temperature critical-power maps in fig. 21 keep the same qualitative structure as before, but show a
stronger thermal penalty than in the deep-USR case. We note, at the same time, that the optical linewidth and
coupling values employed here remain in an experimentally realistic range for fiber-cavity/hBN-type platforms [13].
Finally, fig. 22 summarizes the scale hierarchy: although this regime is experimentally favorable compared to strict
RSR for reaching nonlinear signatures at moderate power, the single-photon-blockade metric g2 /(€,,, %) remains several
orders of magnitude below unity, so true single-photon nonlinearity still requires substantially larger go and/or lighter
resonators (e.g. CNT-class devices).

Spectrum of the reflected light, input-output relation and signal demodulation

In the previous sections we have treated the intracavity dynamics and obtained the full expression for the probe-
sideband amplitude A~ in the unresolved-sideband regime. To connect this internal response to what is actually
measured in the experiment, we now turn to the input—output description of the cavity field and to the spectrum of
the light reflected from the cavity.

Input-output formalism

We first recall the standard input—output relations using the conventions from [6] and express the reflected field
in terms of the incident field and the intracavity field . We then describe how the electro-optic modulator (EOM)
is used to generate the various tones (lock, control/pump, and OMIT probe), and how the reflected signal contains
the corresponding beat notes between carrier and sidebands. Finally, we show how demodulation (either in the
Pound-Drever-Hall sense for cavity locking or in an IQ/heterodyne scheme for OMIT readout) selects the relevant
quadratures of the reflected field, making explicit how the theoretical response A~ () appears in the experimentally
measured signals.

Let’s start by defining the input fields, the output fields and the field inside the cavity. According to our definition,
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the input field is:
ain (t) = [Gin + Oain (t)] e 7™t (118a)
Sain(t) = ape™ M with Q=wp —w (118b)
with @, the pump field and 0a;, the probe field. For the output field, according to input-output theory [6], we have:

afy (1) = ain(t) — \/Fexr(t) (119a)
gt (t) = V/Rexta(t) (119b)

Finally, for the intracavity field, we can write, in the frame rotating at the laser frequency:
a(t) = a+ da(t) (120)

Focusing on the static field, we can write the following relations:

— VEex . = 1
a = Gin+/Kext Xcav [A] = = He.t* Qin, with Xcav [A] = = = (121)
3~ ZA 3~ 'LA

where Ycav 18 the optical cavity susceptibility. Then, for the reflected field, we can write:
_ _ _ _ x _ Rex _ X
gy = Gin = \/Rext@ = Gin (1 = FextXcav|A]) = @in (1 - K_e;A> = ainK %, [A] (122)
2

where with K% we indicate the cavity reflection transfer function. Note also that for the average number of photons

in the cavity we will use

feay = [(@)* = la]? = —5>— (123)
with Py, = hiw|an,|? the cavity input power.

EOM sideband generation and heterodyne detection

In our experiment the electro-optic modulator (EOM) plays a dual role. First, it is used in the standard
Pound-Drever-Hall (PDH) configuration to generate phase-modulation sidebands around the control laser, pro-
viding the error signal needed to lock the cavity close to resonance. Second, the same modulation chain forms the
basis of our OMIT measurement: the tones created by the EOM (lock sidebands, control/pump tone, and the weak
OMIT probe sideband) all propagate through the cavity and produce a set of well-defined beat notes in the reflected
signal.

In this subsection we briefly review the description of phase modulation and sideband generation (following [14] and
related treatments), and introduce the notation that we will use for the carrier and its sidebands at the EOM output.
We then outline how the reflected signal, containing the interference between the strong carrier and the various
sidebands, is down-mixed and demodulated in a heterodyne to isolate the OMIT response at the probe frequency.

A phase-modulating EOM is essentially a voltage-controlled phase shifter: the instantaneous phase of the optical
carrier is modulated at an RF frequency, which generates sidebands (additional optical tones) around the carrier.
Let’s consider a single-tone phase modulation. If we take a monochromatic input field at the laser frequency wy:

ag,, (t) = agye” ™", (124)
The EOM driven by a voltage V() imposes a phase ¢(t) = w%, where V; is the half-wave voltage (voltage for
which the phase changes by 7). For a sinusoidal drive at RF frequency ,

V(t)=Vosin() = ¢(t) = Bsin(), (125)
with modulation index § = ﬂ“//—g. The output field is then

Apon (t) — a¢oe—i(wlt+¢(t)) — a¢0€_iwlt€_iﬂ sin(Qt)' (126)
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Using the Jacobi—Anger expansion

+oo
efiﬁsin(Qt) _ Z Jn(ﬂ)efinﬁt’ (127)
we obtain
+o00 ]
Ao (8) = agy Y Ju(Be D, (128)
n=-—oo

As a result, the EOM produces a carrier at w; (coefficient Jo(5)) and a comb of sidebands at w; +nf2, with amplitudes
x J,(8). For small modulation depth 8 <« 1, we keep only the carrier and first-order sidebands. Using the relation
J_n(2) = (=1)"JTn(2):

g, (t) = a%e*i‘”’t [Jo(ﬂ) + Jl(ﬂ)e*mt - Jl(ﬂ)e“m] . (129)

In this limit, the power in the first sidebands is ~ J;(8)? =~ (8/2)?, and the carrier is slightly depleted from 1 to

Jo(B) =1 — B*/4.
Generalizing, if now we consider the EOM driven by several RF tones (e.g. one for PDH locking, two for the OMIT

pump/probe),

V()= Visin(Qut), ¢(t) =Y Brsin(Qxt), (130)
k k
then
gy, (1) = agge™ 0 [ [ e PromOwn), (131)
k

which expands into a set of sidebands at frequencies w; + >, 74§ with amplitudes given by products of Bessel
functions [, Jn, (Bx). In practice (and for modest modulation indices), one usually keeps only the carrier and the
first-order sidebands for each modulation frequency.

Heterodyne detection of a PDH signal Let’s now focus on the case of one single modulation tone for the
detection (for example) of the PDH error signal. We can rewrite the EOM output signal from eq. (128) in terms of
our cavity input-output notation. If we identify ag_, (t) = @in(t), we can write:

e—i(wl +Q)t

ain(t) = aLOe_iwlt +ar, - aLle_i(“”_Q)t (132)

where ar, = ag,Jo(8) and ap, = ag,J1(3) are real given our modulation choice (sin(x) instead of cos(z)) and relative
Jacobi-Anger expansion.
We can now apply the input-output formalism to this signal and consider the case where the cavity is centered
around one of the two sidebands (so A + Q ~ 0):
all (1) = am(HKE, =

out cav

= aLUKgV [A]e™ ™1t 4 aLlng[A + Q]efi(‘*’ﬁﬂ)t — aLlKé—;V[A — Q}eii(“”*mt =
A , A 133)
~ —iwit 1 — Hci(t —i(w+Q)t —i(w =)t _ (
ot +aL1< S—i(A-i—Q))e L€

= @in(t) — ar, Kext Xeav [ A + Qe @FDE = 64 (1) +al (1)

where we use the cavity sideband resolution to approximate K~ 1 outside the cavity. We can then compute the
reflected power as

*

Pout o |ady]* = (ain + 6l ) (@, + aly ) (134)

If we decompose this expression, the different terms can be grouped in different ways. First we have the constant

terms: |ar,|? + 2]ar, |* + |ak,|?. After demodulation those terms rotate at frequency 2 and get discarded by the

low-pass filter. So we can ignore them. Then we have the beatnotes between the local oscillator and the sidebands:

* _iQt * —iQt * _—iQt * iQt
ary,ayp e +ay ar,e —ar,ay,e —aj,ar,e (135)
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¢i(2+0) | —i(Q+0)

5 and the low-pass filter the

In order to demodulate the signal, we can multiply by cos(Qt + ¢) =
result:

1

—i20Qt_—i¢
— e
2

* 120t i *—1 * i *
{aLOaLle ed’—i—aLOaLle ¢+aLOaLle¢+aL0aLle
* 0 * —i2Qt —1i * 120 i * —i
—ar,aj e’ —ar,aj e e ¢—aLOaLle e¢—aL0aLle ¢} (136)

After low-pass filtering:

3 {aLOazl(e_w — )+ azUaLl(e“ﬁ — e_“?b)} =

1 . . ) »
5 {(aLoaLl - aLoa’L1>(€Z¢ —-¢ Z¢)} =
—23a}, az,]sin(@) = Q@ (137)
Recalling that both ar, and ar, are real values, we can see that this term goes to zero.

For the sake of completeness, we can also derive the other quadrature. We apply the same procedure but multiply
QD) _ —i(Qt+9)

by —sin(Qt 4 ¢) = — 57— instead:
1 L . 4 A ,
2 {-ar,a},e?e? +ag,a;, 7 —aj ap, e’ +aj ap, e e
+aLoazlei¢ — aLoazle_imte_id’ + azoa,;leimtew - a*LOaLle_i‘z’} (138)
After low-pass filtering:
1 w (—id | i * i, —ig
%{aLoaLl(e +e'?) —ar,ar, (e +e )} =
1 o
o {(azga, — af,az)(e + o)} =

2S(at, ar,]cos(¢) =1 (139)

As expected, this term is also zero.
An alternative way to obtain both quadratures at the same time is the dual-phase down-mixing, which mathemat-
ically means to multiply by e~#(®+9) = ¢=®[cos(¢)) — isin(¢)]. Repeating the same procedure as before:

ar,aj, e +aj ap,e” e —ap al e e —a} ap, e (140)
After low-pass filtering:
(ap,a}, —aj,ar,)e " = 2Sa} ar,Je " = 23[a}, ar,][cos(¢) — isin(¢)] = Z (141)

that as we can see is indeed the sum of the two quadrature: Z = I + iQ.

Going back to the remaining terms of eq. (134), we can safely ignore the cross terms between the two sidebands,
which rotate at 202 and focus on the interaction between the cavity signal and the input signal. The term of interest
is now

~ AR ~x ~R
AinAeqy + AinQeay =
= —ar, azlncxtXZav [A + Q]GZQt - |aL1 |2HCXtX:av [A + Q]
+lar, P Rext Xar [A + Qe +cc. (142)
to which applying the dual-phase down mixing as above and low-pass filtering we obtain:
7 = —aL, 0} Kext Xy [A + Qe (143)

From there both quadratures can be obtained as I = R[Z], Q@ = J[Z], as well as the phase as arg[Z] and the amplitude
as

|Z| = \/ﬁ = |CLLOHCLL1|"‘§ext|Xcav[A + QH (144)

which we can see is proportional to the employed laser power (via ar, ), to the power in the sidebands, to the external
coupling losses and of course the cavity susceptibility.
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Heterodyne measurement of the OMIT signal

In this last section, we want to discuss how we implement the OMIT measurement and in particular how we detect
the reflection of the probe signal. We start by discussing the different tones that we generate with the EOM and the
definition of their frequency, which we will adapt from our previous discussion and notation in order to match our
experimental needs. These definitions are summarized in table III and a graphical representation is given in fig. 23.
As can be seen, we work with the cavity centered not around the main laser frequency wy, but around one of the two
groups of sidebands generated by the EOM. Those are shifted by around 5 GHz with respect to the laser frequency,
which acts as the local oscillator. The cavity is then locked at weay =~ w; + Qrock, using the demodulated phase of the
PDH error signal, which allows for a larger locking bandwidth with respect to using one of the two quadratures. The
pump laser tone used for the OMIT measurement is at wy, = w; + €1y, , while the probe tone is at w, = w; £§,. The
detuning is denoted as the difference between the cavity resonance and the pump tone, A = wr, —weav =~ 1, — Qock-
Finally, we define the difference between probe and pump frequency as Q = w, —wr, = Q, — Q.

Definition ‘ Abs. Freq. ‘ EOM RF Tone
Laser Freq. (LO) Wi = wi, Qr, =0
Sidebands Lock Freq. wi + Qrock QLock
Cavity Freq. Weav =~ Wi + QLock -

Pump Freq. wr, =w £ Qr,; Qr,

Probe Freq. wp =w; £ Qp Qp

Mech. Sidebands w4+ Qr, £, -

Cav. Detuning A=uwr, —Weay |A~QL, — Qock
Pump-Probe Detuning| Q =w, —wr, Q=Q, —-Qr,

TABLE III. Optical tone and EOM sidebands definition.

In order to directly compare to the notations we used previously (compare particularly table II), it is sufficient to
substitute w; with wy,. In other words, the main pump tone is no longer the laser frequency (which now acts only as
the local oscillator), but the strongest of the sidebands that we indicate with L;. In this experimental notation, this
specifically means that the detuning £ is indeed €2 = w, — wy,,, rather than w, — w;.

-8 -6 -4 -2 0
EOM sidebands frequency (GHz)

FIG. 23. Graphical illustration of the cavity resonant peak(s) and of the optical sidebands generated and employed to lock the
cavity and perform the OMIT measurements.
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We can now apply the same procedure as in the previous section. We start by defining the input field in our
experimental context:

p aSSB
din(t) = [a5 P () + dain(t)] =
=ar, e—zwzt +ar, —z(wz-i-QLl)t — aLle—i(wz—QLl)t + ape—i(wz+(2p)t _ ape—i(wl—Qp)t (145)
= ange "+ aLleii(wlle)t —ap, e @)t g em i@t H Nt omiw =0, — )t

where ”SSB” stands for single-sideband and a,, is the amplitude of the probe signal. Similarly for the field inside the
cavity we have:

d(t) — [&SSB(t> +5d(t>] — dSSB(t) + A—e—i(QLl—i-Q)t +A+e—i(QL1—Q)t e—iwlt (146)
We can then write for the reflected signal:

Gl (1) = ain (t) — V/Fexa(t)
= ASSB( ) \/Ea ( )Jr apefi(lerQP)t B apefi(‘*’lfﬂp)t
— VRem AT e Mt QL )t fent gt it Qn, —Q)t
= ar,(1 = Kext Xeav[A])e ™!
+ar, (1 — Kext Xeav[A + Qp, ) e 00!
— ar, (1= Kext Xeav[A — Qp,])e (1700t
+ ap(1 — Kext A [A 4+ Qp, + Q])e—i(wl+QLl+Q)t
_ ape*i(wrQLlfQ)t — Qpke AT [A +Qr, —Qle —i(w L, —Q)t
cav[AleTt
+ar, CaV[A +Qr,]e —i(wi+Qr, )t
—ap, KE [A—Qp e @)t
+ ap(1 — Kot AT[A + Q4 Q])e @t Qe+t

_ Clpe—i(wz—QL1 -t _ ap’@'extA+ [A +Qp, — Q]e_i(wl""QLl —Q)t
—i(wi—Qp, )t

= CLLOKR

_i(wl+QL1 )t

:aLoe—zwlt_,_aLle —arp,e

— A, KextXeav|A + Qp, Je @)t
+ap(l — Koxt AT[A +Qp, + Q])e—i(wz+QL1+Q)t
_ ape*i(wzfQLl—ﬂ)t _ apnext;ﬁ A+Qp, — Q]e*i(erQLl—Q)t
= aP5B(t) + a e T FN g pmilwi=Qr, —t
— QL Kext Xeav|A + Qp, Je @it
— Aphot AT[A + Qp, 4 Qe @i,

- apﬁcxt[fr[ﬁ +Qp, — Q}efi(werQLl —Q)t

= din(t) — AL, Rext Xcav [A + QLJe_i(wl"'QLﬁt
- apﬁcxtlzli [A + QLl + Q]efi(leFQLl +Q)t
o apHEXtA+[A + QL1 - Q]e_i(wl"—QLl —Q)t

(147)

where again we took advantage of the cavity sidebands’ resolution and we defined A* = m \/7 At this point we

can proceed as before to compute what terms actually contribute to the demodulated signal. We start by computing

the reflected power as P,y o< |62, |?. Leveraging the previous discussion, we can safely assume that all the DC terms

of the type |ain(t)|?, |az, - .. |* etc. go to zero after demodulation and low-pass filtering. Similarly, the cross terms of
the type ar, a;, and lap|? ..., which beat at frequencies different from the demodulation frequency, are filtered out.
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Let’s then consider the remaining terms. The first is:

—ain (1)a],, Kext Xoay [A + Qp, JeTi @+t L oc e =
= —ar, azl"{extxzav [A + QLl]e-HQth
- |aL1 |2’{extx>ckav [A + QLI] + |aL1 |2K/ex'cXZav [A + QLl]eJrZzﬂth (148)

A —1Qt A +1(2Qr, +Q)t
- apa’*LlHeXtXZav[A + QLl]e U+ apazl'%extxzav[A + QL1]€ 126, ) +c.c.

It is straightforward to prove that none of these terms survive after demodulation.
The next term we need to consider is:

—Gin (1) @t (A7) [A + Qp, + Qe @ttt 4 e e =
= —aL, ) et (A7) [A + Qp, + Qe (Ot
@ et (A7) A+ Q4 Qe+ ag, a ke (A7) [A + 2y, + Qe V!
— |ap P hext (A7) [A + Qp, 4 Q) + |ap2hext (A7) [A + Qp, 4 Qe U +2Dt 4 ¢ ¢

(149)

As we will show in a moment, of all these terms only the first one, containing a ar,, factor, survives, all the others go

to zero.

Finally the last term to consider is:

—&in(t)a;Hext(AJr)*[A +Qp, — Q]e“(“”““l*mt +c.c. =
= —ap,apkext (A7) [A+Qp, — Qet i~
— ar, ket (A7) [A +Qp, — Qe ™™ + ar, alkext (A7) [A + Qp, — Qe (e~
— |ap P Fext (AT [A + Qp, — Qle ™2 4 |ap[Phexe (A7) [A + Qp, — Qe L coc.

(150)

Also in this case, none of these terms survive after demodulation and low-pass filtering.

To conclude, let’s compute explicitly the value of the only surviving term. Using, as before, dual-phase down mixing
and low-pass filtering we obtain:

—ap,akext (A7) [A+Qp, + Q}eH(QLlJrQ)te_i[(Qh +Q)t+¢]
S —apy ke (AT A+ Qp, + Qe = 1 +iQ =2 (151)

Finally, given that we will perform our measurement using a network analyzer that measure the amplitude and phase
of the demodulated signal, we get:

R=12 = V77 = \Jlar, Plap Pe2 | A~ [2 = |ag, | Ve |47 (152)

and as we can see the measured signal is proportional to the LO sideband (which is proportional to the power injected
in the cavity), to the external coupling losses and to A~ as expected.

Comparison with other OMIT readout schemes and sideband artifacts

The intrinsic OMIT response discussed in the previous sections is encoded in the intracavity probe-sideband am-
plitude A~. However, the experimentally measured OMIT signal depends not only on this internal response, but also
on how the probe is generated and how the reflected or transmitted light is demodulated. Different measurement
schemes can therefore introduce additional sideband contributions or transfer-function distortions that are not part
of the bare optomechanical response itself.

A first distinction concerns whether the probe is generated as a separate optical tone or as modulation sidebands
around a carrier. In the membrane-in-the-middle experiment of Karuza et al. [15], pump and probe are produced as
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separate beams with AOMs and the measured quantity is the beat between the transmitted pump and probe fields.
In that case the analysis assumes that the opposite-frequency component is sufficiently far from cavity resonance to
be neglected. By contrast, Buters et al. [16] deliberately generate one control tone together with two symmetrically
spaced probe tones using a single AOM and lock-in modulation. They show explicitly that when the cavity is not
deeply sideband resolved, the second probe cannot be ignored and the standard single-probe OMIT formula must be
modified.

A second distinction concerns phase-modulation-based readout, where both upper and lower optical sidebands
are present by construction. This is particularly clear in the OMIT analysis of Bodiya et al. [17], where the full
transmitted-field model contains both sidebands and the measured response includes an unwanted lower-sideband
contribution transmitted by the cavity because the sideband resolution is only modest. In addition, their measurement
is performed from within the cavity control loop, so the observed response must be calibrated by dividing out the
servo-loop transfer function. Similarly, in the amplitude-modulated oscillating-mode measurements of Sbarra et al.
[18], the demodulated lock-in quadratures depend explicitly on both A~ and A*, and can also be modified by a
thermal degree of freedom when photothermal effects are significant.

Our experimental configuration avoids these specific complications because the cavity is not addressed directly on
the laser carrier, but on a GHz-shifted EOM sideband branch. The laser carrier acts as a local oscillator, while the
OMIT pump and probe are placed on the selected sideband group. As a result, the opposite PDH sideband is displaced
by approximately 21 ck, i.e. several GHz, and the probe image associated with the unused branch is likewise far
from the cavity resonance relevant to the OMIT scan. In the expansion of the reflected power P,y o< |aff,|?, the
corresponding beat terms oscillate at frequencies that are rejected by the electrical demodulation and low-pass filtering.
Under these conditions, the surviving demodulated complex response is directly proportional to /kexA™, which is
why the main-text OMIT measurements can be compared directly to the full theoretical expression for A~ (€2) without
introducing extra nearby-sideband correction terms.

FREQUENCY COMB

This section expands on the frequency-comb observations reported in the main text. We first introduce a simple
modulation-depth and visibility framework that separates the ideal comb span from the experimentally detectable
sideband envelope, and use it to compare the present hBN fiber-cavity platform with other optomechanical systems.
We then present supporting datasets that clarify the relation between the all-optical two-tone combs and mechanically
driven combs.

OM-comb mechanism and modulation-depth estimate

To quantify the comb span, optomechanical frequency-comb generation can first be viewed as frequency modulation
of the optical cavity resonance by periodic mechanical motion. We write the coherent component of the displacement
as

x(t) = zo cos(Qmt), (153)
where g is the peak displacement amplitude. The corresponding cavity-frequency modulation is
Weay (1) = W2, — G cos(Qnt), (154)
with G = —0wcay/0x. The natural dimensionless modulation index is therefore

Gz go To
Moy = o0 = 0.
Qm Q171 xzpf’

(155)

where gy = Gx,pr. This quantity measures the peak cavity-frequency excursion in units of the mechanical frequency
and gives the ideal upper limit for the number of mechanically spaced sidebands that can be generated. In the ideal
phase-modulation limit, the optical field acquires the phase

t
6(t) = / o cos(Qumt!) dt’ = Mo sin(Qunt), (156)
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and the Jacobi-Anger expansion,

“+o00
eiMOMSin(th): Z Jn(MOM)eiant; (157)

n=—oo

shows that the available sideband orders are controlled by J,(Mowm). Since J,(Mowm) decreases rapidly for |n| 2
Mowm, the modulation index gives the ideal estimate of the comb span.

The cavity response determines how this ideal phase-modulation spectrum is converted into reflected or transmitted
optical power. In a frame rotating at the optical drive, the intracavity field obeys

alt) = [z (A + G cos Qut) — g} a(t) + \/Foxt Gin, (158)

where A is the effective operating detuning, including any static displacement shift. Expanding the periodic steady
state as

a(t) = ane™mt, (159)
n

one obtains

Jn—m(MOM)Jm(fMOM) .

+o00
an = VRetam Y e T R

m=—0o0

(160)

This is the large-amplitude sideband solution used in optomechanical-comb analyses such as Hu et al. [19], written
in the present notation. The Bessel functions encode the modulation depth, while the denominator gives the cavity
weighting of each mechanically spaced component.

The generated sidebands with n # 0 are proportional to the intracavity Fourier coefficients a,, up to constant
detection factors. We can therefore use |a,|? as an estimate of the sideband-power envelope. This convention is
sufficient for comparing comb spans, because the overall proportionality factor is absorbed into the experimentally
determined dynamic range. For a given dynamic range Dgg, the largest visible positive order in the full model can
then be estimated from

2
Neal = max {n > 0:10logyq (|an|) > —DdB} . (161)
Agan

Here Agy is the chosen normalization of the calculated sideband-power envelope, for example the maximum positive-
order value of |a,|?>. This expression is the appropriate quantity when  is comparable to €, or when the cavity
weighting changes appreciably from one sideband order to the next.

In the present unresolved-sideband measurements, the experimentally visible comb span lies in a regime where the
cavity response is close to instantaneous on the mechanical period. The envelope can then be approximated by the
adiabatic cavity transduction. Setting a ~ 0 in eq. (158) gives

1

t — . 162
) o S A T Gy cos(O)] (162)
For A ~ 0, the Fourier components of this periodic response have the geometric power envelope
jan|? = p*", (163)
where
|Go| n |Gao|
p= = N ES : (164)
V(E/2)2 4+ (Gxo)? +k/2  J1+7n2+1 /2

Here 7 is the transduction strength. This expression explains the approximately triangular decay observed on a
logarithmic power scale in our measured comb spectra.

The transduction envelope provides a simple estimate of the largest comb order detectable above the measurement
floor. If the spectrum is measured as a power spectral density, the line heights can be compared to

Sn = Sﬂoor + Ap2|n|7 (165)
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where Sgoor is the local noise floor and A is the extrapolated excess power of the comb envelope at n = 0. The
effective dynamic range is

A
DdB =10 logw (S) . (166)

floor

Since the envelope decreases by —101og;,(p?) dB per mechanical sideband order, the largest detectable positive comb
order in this approximation is

N Dag
—10logy0(p?)

This estimate assumes that all line heights are extracted with the same resolution bandwidth or frequency-bin con-
vention.

The ideal modulation index and the transduction estimate describe two different limitations. The displacement
required to reach comb order N in the ideal phase-modulation sense is

NGO,
==

At the same time, a general visibility requirement can be defined from the full sideband envelope. For a target order
N and dynamic range Dgyp, we define

Np (167)

zpm(N) (168)

e (N, Dag) = min {z¢ : Npn (2o, Dag) > N}. (169)

This quantity is obtained by evaluating eqgs. (160) and (161) as a function of xg, or equivalently of Mom = Gzo/Q,-
It gives the displacement required for the N-th mechanically spaced sideband to remain visible once the cavity
weighting of the comb envelope is included. In the adiabatic unresolved-sideband limit, xs,; reduces to a simple
analytic expression. Setting N = I, gives, for a target dynamic range Dgg,

N = 10—D<113/(2ON)7 (170)
and therefore
Kk PN
N,D = — . 171
xp( ) dB) G1— p?\] ( )

When the adiabatic approximation applies, z, is a closed-form approximation to 1. The ideal modulation index and
the visibility estimate therefore describe two distinct constraints. For a given coherent displacement, the observable
positive comb order is set approximately by the smaller of the ideal span Moy and the detectable order Npy.
Conversely, to observe a target order N, the required displacement is set by the larger of ¢ and xpu (or z, in the
adiabatic unresolved-sideband limit). This distinction is useful because G, Q,,, k, and go enter the two requirements
differently: large G lowers both displacement scales, broad x avoids sideband filtering but weakens transduction
contrast, and large go reduces the optical power needed to generate the motion.

The analysis so far treats the mechanical oscillation amplitude xg as a given parameter. This is the appropriate
description for the piezo-driven measurements, where the mechanical motion is imposed externally. It also provides
the kinematic part of an all-optical comb model: once radiation pressure has generated a coherent oscillation, the
optical comb span and detected envelope are still governed by Mowm, N, and the cavity linewidth. The remaining
question is therefore how efficiently the optical field can generate a large xg.

This picture connects directly to previous theoretical work on optomechanical frequency combs. The large-amplitude
treatment reviewed in [6] gives sideband amplitudes involving the same dimensionless argument GA/Q,,,, multiplied
by the cavity response. Miri et al. [20] go beyond this kinematic picture by treating comb formation as a self-
consistent dynamical instability of a driven single-mode optomechanical cavity: radiation pressure destabilizes the
stationary state, drives periodic mechanical motion, and thereby generates a comb of optical sidebands spaced by the
mechanical frequency. A key conclusion is that comb generation does not require sideband-resolved operation; in the
unresolved-sideband regime, the cavity linewidth can cover many mechanically spaced sidebands and the comb can
remain less prone to chaos in parts of parameter space.

The two-tone mechanism proposed by Gu et al. [21] is the one adopted in our measurements. In this case, the
cavity is driven by two optical tones whose frequency difference is close to the mechanical frequency,

w1 — wal >~ Q. (172)



47

In the unresolved-sideband regime, this drive can produce a self-organized nonlinear resonance that enhances the
mechanical oscillation amplitude and broadens the comb. In the notation of Gu et al., the mechanical amplitude is
written as a dimensionless quantity A,, ~ xo/Z,pt, so their comb-span parameter is equivalent to Mow.

A simple resonant linear estimate illustrates the two-tone drive scaling. If two intracavity tones with photon
numbers n; and ny beat at €2,,, the intracavity photon number contains an oscillating term with peak amplitude
2\/ning. Since the radiation-pressure force is /' = AGncay, the force component at the beat frequency is

FQ =~ 2hG\/n1n2. (173)
The displacement response follows from the mechanical susceptibility,

1

Q) = xm(Q)F(Q), m(Q) = , . 174
2(©) = X D@, Xl = T (174)
At resonance, |Xm(Qm)| = 1/(Meg T Q0), giving the peak coherent displacement
Fq
0= MefmeQm . (175)

Using go = Gx,pr and z,pr = \/h/(2Me$2yy, ), this becomes

o N 4g0,/n1n2 (176)

Lzpf N Fm ’
and therefore
42 /min
MOM ~ 791_‘0 Ql 2 . (177)

This estimate is only the linear resonant-drive limit and does not include nonlinear saturation, optical-spring shifts,
or frequency locking. It nevertheless shows why large gg strongly reduces the optical power required to reach a given
modulation index.

The same frequency-pull scale also appears in the thermal-broadening discussion above. Thermal Brownian motion
produces an rms cavity-frequency jitter

&Urms == erms >~ gov 2ntha (178)

in the high-temperature limit. This is the origin of the effective thermal linewidth contribution §x used in the OMIT
theory section. The comb case differs because the motion is coherent and periodic rather than random: a coherent
displacement x(t) = xocos(Qm,t) produces sidebands with peak frequency excursion Gz, while random thermal
motion produces cavity broadening. For a coherent sinusoid, the rms frequency excursion would be Gzo/v/2.

We first apply these estimates to the mechanically driven fundamental hBN mode shown in fig. 24. At the operating
point used for that measurement, /27 ~ 1 GHz and G/27 ~ 2.75 GHznm ™!, comparable to the value extracted from
the backaction calibration. The thermally driven motion, xy ~ 38 pm, gives Moy =~ 50 and Ny ~ 3 for the
measured dynamic range Dgp ~ 58, consistent with the weak comb structure observed without piezo drive. At the
largest piezo drive, zo ~ 0.6nm gives Moy ~ 8 x 102, while finite cavity transduction limits the expected visible
order to Npy >~ 20 for Dyp ~ 48, again matching the measured envelope.

The same estimates illustrate the potential of operating closer to the maximum static coupling measured in the
present device. For G/2m ~ 11 GHz nm~! and zg ~ 1 nm, one obtains Mowm =~ 5.5 x 103. With the present linewidth,
k/2m ~ 1 GHz, the full cavity-weighted estimate gives Ng, ~ 102 detectable positive-order lines for a dynamic range
near 50dB. Reducing the linewidth to x/27 ~ 100 MHz, a scale already reached in related fiber-cavity experiments,
would increase the expected visible order to N, ~ 10® while remaining deeply in the unresolved-sideband regime
for the present Q,,/2m ~ 2 MHz mode. As a higher repetition-rate projection, we also consider a smaller hBN drum
with diameter ~ 5pum and thickness ~ 35 nm, using the G and gy values estimated from fig. 8. With a mechanical
frequency Q,,/27 ~ 50 MHz, this case still gives about 10? visible positive-order lines for nanometer-scale motion.
These numbers show that the large frequency-pull parameter and design flexibility of the hBN fiber-cavity platform
can make broad mechanically spaced combs accessible with sub-nanometer coherent motion, provided that stable
operation can be maintained near high-coupling positions.

For an all-optical two-tone drive, the relevant question is how efficiently radiation pressure can generate the required
coherent motion. Using the resonant linear estimate of eq. (177), two intracavity tones with n; ~ ny ~ 15 photons,
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corresponding to about 10nW per tone for a near-resonant symmetric cavity with /27 ~ 1 GHz, would already give
Mown ~ 2 x 10% at the maximum measured coupling go/2m ~ 180 kHz, using the measured mechanical linewidth of
the fundamental hBN mode. This value highlights why increasing gq is particularly valuable for optically generated
combs.

To place these numbers in context, table IV compares representative optomechanical platforms using the same set
of figures of merit. The table is meant to show how each platform would perform under the same simple frequency-
modulation metric, and the entries combine representative or maximum reported parameters. We list the mechanical
frequency and quality factor, the optical linewidth, the dispersive pull parameter G, and the single-photon coupling
go- From these values we compute Moy and Ngyp for a common coherent displacement g = 1 nm and dynamic range
Dgg = 50dB. We also give z(100), the full visibility requirement xf, (100,50 dB), and the corresponding per-tone
optical power P;.q estimated from the resonant linear two-tone drive. The all-optical power estimates are deliberately
optimistic because they neglect saturation, detuning errors, optical-spring shifts, heating, and lock stability.

The present hBN fiber-cavity system is already competitive in this comparison, despite not being designed as a comb
generator. The current linewidth, which was a deliberate design choice for stable unresolved-sideband OMIT measure-
ments, is not a fundamental limitation of the architecture; reducing it to values already achieved in related fiber-cavity
platforms would strongly improve the visibility requirement while preserving USR operation. The comparison with
other fiber-cavity MIM systems clarifies this point. Rochau et al. demonstrated an ultrahigh-finesse SiN fiber cavity
with linewidths around /27 ~ 60 MHz and pull factors up to G/27 ~ 1 GHznm ™! [22]. The narrow linewidth gives
a favorable visibility scale, g, ~ 0.54 nm, but the smaller gy means that the optical drive efficiency relies strongly on
their higher mechanical quality factor. Sdnchez Arribas et al. reached linewidths near 50 MHz and pull factors of a
few GHznm ™! in an hBN fiber cavity [13]. This gives a very small visibility displacement, ¢, ~ 0.19nm, but again
with a much smaller gy than in the present device, leading to larger estimated optical powers. These comparisons
show that narrow coatings can compensate smaller G for detecting externally driven combs, whereas the large gy of
the present hBN drum is especially advantageous for all-optical comb generation.

Direct-laser-written polymer membranes provide another open-cavity comparison. Tenbrake et al. report pull
factors comparable to our maximum value, G/2r ~ 11 GHznm™}!, and go/27 of order 30kHz [23]. However, the
inferred optical linewidth is several GHz and the mechanical quality factor is modest. As a result, the ideal modulation
index for 1 nm motion is large, but the visible order remains only Ng, =~ 32, with zy; ~ 2.8 nm and a much higher two-
tone power requirement. In this sense, the hBN fiber cavity combines a similar frequency-pull scale with substantially
better optical-drive scaling.

The sliced photonic-crystal nanobeam of Leijssen et al. represents an extreme nanophotonic limit rather than a
direct MIM comparison [12]. Its pull parameter and single-photon coupling, G/2m ~ 0.8 THznm~! and go/27 ~
25 MHz, are much larger than ours, giving extremely favorable optical-power estimates. However, the effective cavity
linewidth is also very large, especially at room temperature because of thermally induced cavity fluctuations. Even
at 3K, the table gives N, ~ 401 for 1 nm motion, while at room temperature the effective linewidth reduces this to
Nrpan =~ 66. This illustrates the tradeoff that a very large G can overcome a broad linewidth, but only if thermally
induced broadening and stability can be controlled.

Integrated photonic and phononic-crystal systems provide a complementary limit. Guo and Groéblacher combine
large G, large gg, and an exceptionally high mechanical quality factor, leading to a very favorable optical-power
estimate [24]. Nevertheless, the broad optical linewidth limits the visible sideband order in the same transduction
metric, giving Npy ~ 24 for 1nm motion. This is an example where the ideal modulation index is enormous,
Mowm ~ 2 x 104, but the detected comb span is limited by cavity transduction. Conversely, the soft-clamped
membrane-in-the-middle system of Planz et al. has an ultranarrow optical linewidth and an extraordinary mechanical
quality factor near 10°, but the long cavity gives a small pull parameter, G/27 ~ 50 MHznm ™! [25]. The required
physical displacement therefore remains at the nanometer scale, and the system is competitive in power mainly because
of its highly engineered mechanical quality factor. The comparison is useful because the present hBN device reaches
comparable or better comb-generation metrics with a much lower current @),,,, owing to its much larger optomechanical
pull.

The last rows compare directly with recent optomechanical-comb experiments. Hu et al. demonstrated hundreds
of comb lines in a silica microcavity with €, /27 ~ 50 MHz [19]. Their demonstrated mechanism is thermal and blue-
detuned self-oscillation rather than the two-tone mechanism used here, so the power column should not be compared
literally. Still, the table shows that a smaller hBN drum with a comparable mechanical frequency could reach similar or
better modulation and visibility metrics with much lower estimated two-tone power, because of the larger go. Mercadé
et al. and Gou et al. operate at GHz mechanical frequencies in integrated optomechanical resonators [26, 27]. These
devices are useful high-frequency benchmarks: their large G can still produce sizable modulation, but the high €,
increases the displacement required for a given modulation index, and the optical drive power becomes large unless
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compensated by high gg and high @,,,. The present platform instead targets the low-MHz, low-repetition-rate regime,
where broad combs can be generated from much smaller optical powers.

Overall, the table shows that the present experiment is not merely an incidental observation of a few nonlinear
sidebands. The measured hBN fiber-cavity parameters place the platform in a favorable region for low-repetition-
rate optomechanical combs: the current device already shows comb generation, while realistic changes to mirror
coating, membrane geometry, and mechanical-Q) engineering could increase the detectable span by one to two orders
of magnitude. The distinctive advantage is the combination of open-cavity tunability, large G, comparatively large g,
and unresolved-sideband operation. Other platforms can outperform one of these metrics, but usually by sacrificing
another: long MIM cavities have small G, nanophotonic cavities have less reconfigurability and often broad effective
linewidths, and several demonstrated comb systems rely on auxiliary nonlinearities or very high mechanical quality
factors. This makes hBN fiber cavities a promising route toward broadband, low-power, mechanically spaced combs

in a reconfigurable MIM-like architecture.

System Qm/27|  Qm K/2m G/2m go/2m | Mom | Nran | =m Tfull Preq
(Inm) [(Inm)| (100) |(100,50dB)|(per tone)

This work, max. G 2MHz| 5 x 10 | 1GHz | 11 GHz/nm |180kHz | 5500 | 127 | 18pm 780 pm 18 nW
This work, max. G, small x 2MHz| 5 x 10° |100MHz| 11 GHz/nm | 180kHz | 5500 | 1260 | 18 pm 79 pm 0.18nW
This work, small drum 50 MHz| 5 x 10% |100 MHz| 10 GHz/nm | 240kHz | 202 218 |500pm | 430 pm 15nW
Rochau 2021 [22], max. G |0.93MHz| 2 x 10° | 62MHz | 1CGHz/nm | 5.8kHz | 1100 | 186 | 93pm | 540pm 0.47nW
Sanchez 2023 [13], max. G | 1.6 MHz| 3 x 10® | 54MHz | 2.5 GHz/nm | 1.2kHz | 1600 | 526 | 64pm | 190pm 940 nW
Tenbrake 2024 [23] 3MHz| 6 x 10? | 3.6GHz | 11GHz/nm | 33kHz | 3700 | 32 | 27pm | 2.8nm 100 pW
Leijssen 2017 [12], 3K 3.3MHz| 3 x 10* | 23GHz | 800 GHz/nm | 25 MHz |240000| 401 |0.41pm| 250pm 0.08nW
Leijssen 2017 [12], 300K 3.3MHz| 3 x 10* |140 GHz| 800 GHz/nm | 25 MHz |240000| 66 [0.41pm| 1.5nm 2.9nW
Guo 2022 [24] 1MHz| 1 x 10" | 10GHz | 20GHz/nm | 260kHz | 20000 | 24 5pm 4.3nm 0.13nW
Planz 2023 [25] |1.32MHz| 1 x 10° | 2MHz | 50MHz/nm | 1.2Hz | 38 47 [26nm | 23nm | 36nW
Hu 2021 [19] 50.1 MHz|5.5 x 10| 60 MHz |6.35 GHz/nm| 470Hz | 127 141 |790pm | 690 pm 660 pW
Mercadé 2020 [26] 3.9CHz|2.4 x 10*| 39 GHz | 245 GHz/nm | 660kHz | 63 60 | 1.6nm | 1.6nm 11 mW
Gou 2025 [27] 1.65 GHz|1.4 x 10*| 3.1 GHz [80.8 GHz/nm [41.6kHz| 49 59 | 20nm| 1.8nm 2.3mW

TABLE IV. Comparison of representative optomechanical platforms for mechanically spaced comb generation. The estimates
use Dgp = 50dB. Mowm and Npn are evaluated for a coherent displacement o = 1nm. xa¢(100) is the ideal displacement
required to reach modulation index 100, while z11(100,50dB) is the displacement required for the 100th positive sideband to
remain above the specified dynamic range using the full cavity-weighted sideband envelope. Preq is the corresponding per-tone
input power estimated from the linear resonant two-tone drive, using the larger of the ideal and visibility requirements.

Supporting Data

We now return to the experimental datasets supporting the main-text comb interpretation. The all-optical two-tone
comb shown in the Letter displays the essential signature of optomechanical comb generation, namely a set of lines
spaced by €2,,, but its span is smaller and its weaker harmonics are more visible than in the strongest piezo-driven
spectra. The measurements below show that such spectra are qualitatively similar to mechanically driven combs
obtained either at intermediate drive strength or under slightly off-resonant drive conditions, and that cleaner and
denser comb states can be reached in both optical and mechanical configurations.

Figure 24 shows mechanically driven comb generation obtained by applying a coherent piezoelectric drive to three
different vibrational modes of the hybrid membrane system: the fundamental mode of the Si3N,; membrane, the
fundamental mode of the hBN drum, and a higher-order hBN mode around 4 MHz. In all three cases, the cavity
is driven by a single optical tone while the mechanical mode is excited resonantly with the piezo actuator. The
central panels show the reflected power spectral density as a function of piezo-drive amplitude, with the horizontal
axis expressed in units of the corresponding mechanical frequency £2,,. The spectra shown above and below each map
correspond to the drive values indicated by the dashed horizontal lines.

For the fundamental hBN mode, the spectra shown above and below the map also include black dashed guides
corresponding to the geometric envelope of eq. (163). These guides are not meant to capture the exact height of
every individual tone, but they reproduce the approximately triangular logarithmic envelope expected from adiabatic
cavity transduction. This provides an experimental check of the visibility-limited picture introduced above: the ideal
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FIG. 24. Mechanically driven frequency-comb generation for three different vibrational modes: the fundamental SigN4 mode,
the fundamental hBN mode, and a higher-order hBN mode. In each column, the central panel shows the reflected power spectral
density as a function of piezo-drive amplitude, while the spectra above and below correspond to the drive values marked by
the dashed horizontal lines. For the fundamental hBN spectra, black dashed lines indicate the geometric envelope of eq. (163)

modulation index can be large, while the number of detected lines is set by the cavity-weighted envelope and the
available dynamic range.

The common qualitative behavior across the three columns is that, at weak drive, the spectrum is dominated by
the central pump and a small number of sidebands, whereas at stronger drive it evolves into a broad frequency comb
with many harmonics spaced by €2,,. Between these two limits, an intermediate regime appears in which only a
limited number of dominant comb lines are visible together with weaker additional harmonics. This intermediate
regime is particularly relevant for interpreting the main-text all-optical two-tone comb, whose less regular structure
more closely resembles this partially developed mechanically driven state than the cleanest high-drive piezo-driven
spectra. The details of the comb span and threshold depend on the mode under consideration, but the same general
transition is observed for all three cases. Figure 24 therefore shows that the mechanically driven comb regime is not
restricted to a specific mode and is instead a general nonlinear feature of the coupled cavity—membrane system.

Figure 25 provides two additional datasets that further support this interpretation. The left panel shows a stronger
two-tone optical measurement of the same type as the all-optical comb data presented in the main text. Here the
cavity is driven by two coherent optical tones whose frequency separation is matched to the independently measured
mechanical resonance frequency. Over a small detuning range, the observed spectrum contains only a moderate
number of comb lines. However, at a particular detuning, the spectrum changes abruptly and a much denser and
cleaner comb state appears. This sharp transition is suggestive of entry into a more strongly synchronized or locking-
enhanced regime, although the present data do not by themselves constitute a direct demonstration of phase locking.

The right panel of fig. 25 returns to the mechanically driven configuration, but now the drive frequency is swept
around the mechanical resonance while keeping the optical configuration fixed. The vertical axis is expressed as
the drive-frequency detuning from the mechanical resonance in units of the mechanical linewidth I",,. The comb is
strongest when the piezo drive is close to resonance and rapidly weakens as the drive is detuned by several mechanical
linewidths. As the drive is moved slightly away from resonance, the spectrum again contains fewer dominant comb
lines together with more visible weaker harmonics, resembling both the intermediate-drive regime of fig. 24 and the
less developed all-optical two-tone comb shown in the main text. This behavior shows directly that, in the present
measurements, efficient comb generation relies on resonant enhancement of the mechanical motion and provides strong
support for a mechanically mediated origin of the comb spacing.

Taken together, figs. 24 and 25 reinforce and clarify the interpretation of the main-text comb data. The observed
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FIG. 25. Left: stronger two-tone optical comb measurement as a function of cavity detuning, showing a sudden transition to
a much denser and cleaner comb state at a particular detuning. Right: mechanically driven comb measurement in which the
piezo-drive frequency is swept around the mechanical resonance. The comb is strongest near resonance and rapidly weakens as
the drive is detuned by several mechanical linewidths.

comb spectra can be accessed both optically, through two-tone pumping, and mechanically, through direct resonant
piezo actuation; they appear for several distinct vibrational modes; and their detailed structure depends strongly on
the degree of resonant mechanical excitation. The main-text two-tone comb is therefore most naturally interpreted as
a partially developed mechanically mediated comb state, likely limited by the effective drive strength and operating
stability of the all-optical configuration, while the stronger optical dataset of fig. 25 shows that significantly cleaner
comb states can also be reached in that geometry. Overall, these observations are consistent with resonantly enhanced
optomechanical frequency-comb generation in the hBN fiber-cavity platform.

An additional attractive perspective is that, in upcoming work, we show that the mechanical resonance frequency
of hBN drum resonators can be tuned with temperature by up to about 300% of its original value. In the present
fiber-cavity platform, this could enable widely tunable optomechanical frequency combs with a comb spacing directly
set by the mechanical resonance.
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