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The use of low-dimensional objects in the field of cavity optomechanics is limited by their low scattering
cross section compared with the size of the optical cavity mode. Fiber-based Fabry-Perot microcavities
can feature tiny mode cross sections and still maintain a high finesse, boosting the light-matter interaction
and thus enabling the sensitive detection of the displacement of minute objects. Here we present such
an ultrasensitive microcavity setup with the highest finesse reported so far in loaded fiber cavities, F =
195000. We are able to position-tune the static optomechanical coupling to a silicon nitride membrane
stripe, reaching frequency pull parameters of up to |G/27| = 1 GHznm™'. We also demonstrate radiation
pressure backaction in the regime of an ultrahigh finesse up to F = 165 000.
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I. INTRODUCTION

The prospering field of cavity optomechanics [1] stud-
ies the coupling between the vibrations of a macroscopic
mechanical object and the mode of an electromagnetic cav-
ity. Possible applications range from exploring quantum
signatures of macroscopic objects [2,3], over generating
quantum states of light and matter [4—6], to realizing non-
reciprocal devices [7,8] or acceleration or force sensors
[9-11]. Those applications are enabled by the extreme
detection sensitivities of optomechanical systems [12] and
often enhanced by minimal thermally induced decoher-
ence at cryogenic temperatures or via reservoir engineering
[13,14].

A convenient way to improve the performance of the
optomechanical system is to separate the mechanical and
the optical cavity mode in a membrane-in-the-middle-
type configuration [15], which allows to simultaneously
optimize both the mechanical resonator and the optical
cavity. Typically, the mechanical resonators under inves-
tigation are macroscopic objects such as membranes with
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almost millimeter-scale lateral dimensions [16—20]. How-
ever, studying mechanical objects with dimensions in the
lower-nanometer regime can be an interesting alternative.
As aresult of their outstandingly low masses these systems
are extremely sensitive to environmental changes. At the
same time they exhibit large zero-point fluctuations x,r,
enabling large single-photon coupling strengths gy. Optical
cavities with small mode volumes [21] are perfect candi-
dates to detect the vibrations of such mesoscopic objects.
Reducing the mode volume increases the light-matter cou-
pling [22]. This boosts the frequency pull parameter G =
—(0wcay/0z), which translates the displacement of the
mechanical resonator to a frequency shift of the cav-
ity. Although the frequency pull parameter is set by the
geometry and the optical properties of the system, the
cavity finesse JF boosts the circulating photon number
neir and therefore the effective coupling g = \/ncirc0 =
A/ NcireGxpr. A large finesse also contributes to maintain
small cavity linewidths k = wg,/F despite the large free
spectral range wg, of small mode volume cavities. This
is necessary to enhance the single photon cooperativity
Co = 4g?/kT,,, akey parameter for optomechanical exper-
iments [1]. In addition, the finesse increases the magnitude
of phase fluctuations in the output field and, thus, improves
the sensitivity of the measurement.

The required cavity specifications can be fulfilled with
fiber-based Fabry-Perot microcavities (FFPCs), which
have been pioneered in the cavity quantum electrody-
namics community [21,23,24] but have successfully been
adapted to optomechanical [25] and ion-trapping systems
[26]. Although FFPC-based optomechanical systems are
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nowadays being studied by several groups [27-29], their
operation is to date enabled by measures to suppress their
extreme sensitivity towards frequency fluctuations. This is
conveniently accomplished by constraining the finesse to
not exceed values of a few 10000 and/or by operating at
cryogenic temperatures where the Brownian thermal noise
of the FFPC mirrors is suppressed.

In this paper, we introduce a platform for cavity optome-
chanics that is optimized for ultrasensitive optical detec-
tion of single-digit nanometer-size mechanical objects.
This is achieved with a FFPC that features a small
mode cross section while maintaining the highest finesse
reported so far in loaded FFPCs, exceeding that of the
ground-breaking work in Ref. [25] by almost one order of
magnitude. The stable operation of the cavity is enabled by
a very rigid cavity gluing scheme combined with a thor-
ough acoustic shielding. This unlocks the previously unac-
cessible realm of precision sensing at room temperature
using ultrahigh-finesse FFPC systems.

In the following, we present a proof-of-principle demon-
stration of the FFPC platform, demonstrating radiation
pressure backaction using a free-standing stoichiometric
silicon nitride (Si3N4) membrane stripe which is inserted
into the cavity. We note, however, that the choice of
the mechanical resonator in this resonator-in-the-middle
scheme is flexible, and conveniently allows for the inves-
tigation of, for example, tethered membranes [20,30],
nanowires [29], or low-dimensional materials such as car-
bon nanotubes (CNTs) [27,31-33] or two-dimensional
crystals [34]. In particular, CNTs are discussed as one
possible path towards quantum optomechanics at room
temperature [32].

II. METHODS

The measurements presented in this work are performed
on a stoichiometric high-stress Si; N4 membrane (Norcada)
etched in wide stripes of dimensions 30 um x 500 um X
30 nm. The sample frame is mechanically cleaved to obtain
a U shape which allows the membrane stripes to be inserted
into the fiber cavity. Figure 1(a) shows a micrograph of
the sample. The mechanical mode of interest is the second
harmonic flexural eigenmode (n = 2) with a mechanical
resonance frequency, linewidth, and mechanical quality
factor in vacuum (107% mbar) of /27 = 932.58 kHz,
I'y/2m = 4.7 Hz, and Q = 197000, respectively. We cal-
culate the effective mass of the sample m.y = 0.54 ng from
its geometry, yielding zero point fluctuations of x,¢r =
5.8 fm. The sample is mounted on a five-axis nanopo-
sitioner tower (Attocube ANP101 series) placed close to
the FFPC inside a vacuum chamber that enables optical
access. To eliminate any source of vibrations the vacuum
is maintained at 10~® mbar with an ion pump and the whole
chamber is placed inside an acoustically shielded box.
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FIG. 1. Experimental details. (a) Micrograph of the cleaved Si
frame (light gray) with two free-standing Si3Ny stripes which
have been etched from a 500 um x 500 pwm, 30-nm-thick sto-
ichiometric membrane. The window opening is cleaved to form
a U shape. Parts where the membrane or its supporting frame
have been removed appear as a dark gray background. The
stripe dimensions are 30 um x 500 um x 30 nm. (b) Simplified
schematic representation of the setup. The cavity length is stabi-
lized on the lock tone’s transmission. To this end, the lock tone
is phase-modulated (EOM). The demodulated transmission from
photodetector 2 (PD2) is used as a feedback signal. The probe
tone is used to exert a dynamical optical force on the mechani-
cal resonator. The cavity reflection is measured at PD1 using an
optical circulator. Both the lock and the probe tone are adjusted
in intensity by variable optical attenuators (VOAs). A 780-nm
interferometric tone is launched from the backside of the cavity
(FFPC) and its reflection (PD3) is used to measure the relative
sample position.

Figure 1(b) shows a schematic of the optical setup. A
low-noise laser (NKT Koheras Basik X15) with a wave-
length of 1550 nm is used as the lock laser for the stabiliza-
tion of the cavity length. The lock tone is phase-modulated
with an electro-optic modulator (EOM) at a frequency of
wppn /27w = 18.26 MHz. The cavity transmission (PD2) is
demodulated in a Poud-Drever-Hall [35] inspired scheme
using a fast lock-in amplifier (Zurich Instruments HF2LI).
The error signal is fed to an analog PI controller. The
resulting control signal passes a home-built high-voltage
amplifier and is sent to shear piezos supporting the fiber
mirrors to stabilize the cavity length. We choose the detun-
ing of the lock tone w; from the cavity resonance wc,y,
A = W) — Weay = 2 x 150 MHz in a way to minimize
backaction on the mechanical element. We use a probe
tone (NKT Koheras Basik E15) near 1550 nm to measure
dynamical backaction by sweeping the probe wavelength
across the cavity resonance. A 780-nm home-built exter-
nal cavity diode laser [36] stabilized on a rubidium cell is
used for interferometric readout of the sample position.

I1I. FIBER-BASED MICROCAVITY

The microcavity consists of two mirrors concavely
shaped on fiber end faces by CO, laser ablation, with
resulting curvatures of 191 pum and 140 pum for the
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FIG. 2. Empty fiber cavity. (a) Photograph of the cavity. The
fibers are glued to v-groove chips (top and bottom). Inset:
schematic of the cavity mode profile. The sample position z
is given with respect to its nearest field node. (b) Scatter-
ing parameters. Normalized transmission |S,;|?, reflection | S |?
(blue circles) and fits (black lines) used to extract the loss rates.

single-mode (SM) input and multi-mode (MM) output
fiber, respectively, which yield a near-planar cavity con-
figuration [37]. The mirror spacing is L = 43.8 um. The
processed fibers are then ion-beam sputter coated by
Laseroptik GmbH with a highly reflective distributed
Bragg reflector centered around 1550 nm with a designed
transmission of 10 ppm. To form the cavity, the fibers are
rigidly glued to silicon v-groove chips on top of shear
piezo elements. During the gluing process all degrees of
freedom are aligned and fixed, resulting in a very sta-
ble cavity. By applying a voltage to the shear piezos the
cavity length can be tuned by roughly half a wavelength.
Figure 2(a) shows a photograph of the final cavity with the
input SM fiber on the top of the picture.

We use the 780-nm laser to measure the relative sam-
ple position. This wavelength is outside the coating band
of the cavity, allowing a low-finesse interferometric read-
out of the membrane position. The interferometric tone is
launched from the back side of the cavity through the MM
fiber. The two wavelengths are split in a wave-division
multiplexer (WDM) and the 780-nm reflection is measured
at PD3 [see Fig. 1(b)].

We characterize the reflection and transmission response
of the cavity by fixing the lock laser frequency and scan-
ning the cavity length across a TEMy, resonance. Phase-
modulated sidebands enable the voltage sent to the cavity
piezos to be converted into frequency units. Careful cal-
ibration of the gains and losses in the system allows
the normalized scattering parameters |S,,|> = P,/P;, and
IS11|> = P,/P;, to be extracted from the input power Pi,
and the power in reflection P, and transmission P; in front
of'the cavity [Fig. 2(b)]. We fit the normalized transmission
and reflection to extract the total cavity losses « and the
input couplings k. sm and k. ym of the two mirrors. Due to
the imperfect alignment of the mirror surface with respect
to the fiber core, light reflected from the cavity is filtered

spatially, resulting in an asymmetrical reflection lineshape.
This effect is specific to FFPCs and effectively lowers the
off-resonant reflection [24]. We take the asymmetry into
account by adding an heuristic phase factor V. exp (ig) to
S11, but a detailed description of this phenomenon can be
found in Ref. [24]. The final fit formulas read as follows:

2

Ke,S .
1> = 1—(K/2)ﬁ+mjgexp<z¢) ,
1
1S |2 _ KesmKe MM M
21 —(K/2)2 AL

Note that we integrate losses due to imperfect mode match-
ing (especially significant for fiber-based cavities with
off-centered mirrors) into the input coupling to comply
with the established notation for open cavities. Figure 2(b)
displays the measurements of |S,;|*> and |S,|> along with
their fits. The obtained loss rates are « /2w = 16.8 MHz,
Kesm/2m = 2.01 MHz, and «.mm/27 = 3.17 MHz.

We measure a cavity length (mirror spacing) of L =
43.8 um by sweeping the probe tone across multiple free
spectral ranges. From the cavity length, we obtain a free
spectral range of wg /2w = 3.42 THz. The mode profile
can be calculated from the mirror properties. The result-
ing mode volume is as small as ¥ &~ 277 1> with a mode
waist of 5.2 um. The finesse of the empty cavity is F =
wsgr/k = 204 000, which is almost an order of magnitude
higher than that of Ref. [25].

IV. OPTOMECHANICAL COUPLING AND
DYNAMICAL BACKACTION

To map out the dispersive coupling experimentally, that
is, the frequency pull parameter G, we scan both piezos
symmetrically to change the cavity length while the mem-
brane is moved along the cavity axis [15] [z direction, cf.
Fig. 2(a)] and record the cavity transmission and reflec-
tion at each position. For this measurement we only use the
lock laser at fixed wavelength of 1550 nm. The reflection
of the 780-nm interferometer tone allows us to calibrate the
sample position with respect to a certain node of the cav-
ity field. To align the membrane to the cavity mode axis,
we maximize the TEMy, transmission and we minimize
scattering into higher-order modes. The map of the cav-
ity detuning A for different sample positions z in Fig. 3(a)
reveals a clear sinusoidal periodicity in the intracavity field
as expected for a Fabry-Perot cavity when the mirrors are
displaced symmetrically [15,16].

The linear dispersive coupling [1] G = —(0wcay/02)
and the quadratic coupling G? = 3%wcay /2> are extracted
from this measurement. The resulting linear coupling
[Fig. 3(b)] can be as large as |G/27| = 1 GHznm™!, cor-
responding to a single-photon coupling rate of |gy/27| =
|G/27 | x,pr = 5.8 kHz. The quadratic coupling is substan-
tial only when the sample is close to the nodes or antinodes
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FIG. 3. Static optomechanical couplings. (a) Normalized cav-
ity transmission |S;|?> versus sample position z and detuning.
The coordinate z = 0 corresponds to the sample sitting in an opti-
cal field node. (b) Dispersive coupling from measurement (blue
circles) and numerical simulation (black line). (¢) Quadratic dis-

persive coupling from measurement (blue circles) and numerical
simulation (black line).

of the intracavity field. This is when the quadratic cou-
pling reaches values of up to |G?/27| = 10 MHznm 2
[Fig. 3(c)]. We can numerically reproduce this modulation
via the transfer matrix method [38]. The membrane stripe
is simulated as a dielectric slab with a refractive index of
n=1.725+ (3.55 x 107°)i (see Appendix A), in accor-
dance with the values reported in the literature [39,40].
The shape and magnitude of both the linear and quadratic
coupling agree well with the numerical simulations.

Qo+Ap

Any absorption in the SizN4 mechanical resonator at
1550 nm, intrinsic and/or due to residues from fabrica-
tion, leads to a modulation of the cavity losses with respect
to the sample position [16,31,41]. However, this modula-
tion is small due the small value of the imaginary part of
the refractive index [40,42]. With the sample placed at the
node of the cavity, we measure linewidths of 17.5 MHz,
corresponding to a loaded finesse of 7 = 195 000, almost
unchanged from the empty cavity. Away from the node,
the linewidth stays below 100 MHz, corresponding to
F > 30000. By measuring the linewidth as a function of
sample position we can extract the dissipative coupling
G, = 0k /9z (see Appendix A) and we obtain a value of
the order of |G./2m|=0.1 MHznm™'. The dissipative
coupling is four orders of magnitude smaller than the
dispersive coupling.

We demonstrate dynamical backaction in our system by
measuring the optical spring effect [43,44] from the cav-
ity and the second harmonic of the Si;Ny stripe (29/27 =
932.5 kHz). For this measurement the sample is placed
20 nm away from a cavity node, corresponding to G =
0.18 GHznm™! or gy = 1 kHz according to the data in
Fig. 3. The cavity length is stabilized on the lock tone and
the probe tone is scanned across the cavity resonance. For
each probe detuning A, we record the mechanical power
spectral density (PSD), yielding the thermally induced
vibrations of the membrane stripe. As their Lorentzian
shape is obscured by small yet unavoidable frequency fluc-
tuations, a Voigt fit is employed to extract the mechanical
resonance frequency 2, and effective linewidth I';, (see
Appendix B for details).

A detuned drive of the cavity optomechanical system
exerts dynamical backaction on the mechanical resonator
leading to a modification of the mechanical resonance
frequency expressed as Q2 = Q3 + §(Q2%) (Ref. [45]).
Including a dissipative coupling term, this frequency shift
is given by

§(Q2Y) =2Q0g° [

K 1

Qo — A, ]

Q0+ A2+ (K24 (R0 — Ay + (k2/4)

+ ZQOggK B |:

with the effective dispersive coupling g and the effective
dissipative coupling g, = /McireQ0,c, Tespectively [41].
The mechanical frequency shift depends on the cir-
culating photon number through g = /7circgo and g, =
/MeireQ0» the probe detuning A,, and . However, the
circulating photon number also depends on the probe

NS Ny

1
(0 — Ap)* + (K2/4)] ’ @

(

detuning. In order to be able to fit Eq. (2) to the mea-
sured mechanical frequency shift, we need to know the
exact photon number. To this end, for every detuning
step, we calculate the photon number 7.y, from the probe
transmission and the launched probe power Py, = 7 uW
[Fig. 4(a), black circles]. For all presented measurements,
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FIG. 4. Optical spring effect. (a) Calculated mechanical fre-
quency shift (contour lines) and measured circulating photon
number (black circles) as a function of the probe detuning with
respect to the cavity resonance for a probe input power of Pj, =
7 uW. (b) Measured mechanical frequency shift (blue circles)
of the second harmonic flexural mode and regression (black
line). The missing points and gray region correspond to a regime
where the resonator undergoes self-sustained oscillations which
are unresolved due to the limited measurement bandwidth.

we sweep the detuning from positive to negative values.
The circulating photon number response appears bistable.
First, it increases slightly and at around A, = 70 MHz the
photon number forms a plateau with constant low value.
As the detuning approaches zero, the system transitions to
a solution with high photon number and the photon num-
ber decreases gradually for negative detunings. Here, the
response appears Lorentzian as expected, with linewidth
k /2w < 21 MHz, corresponding to F > 165 000.

Figure 4(b) shows the measured mechanical frequency
as a function of the probe detuning. The missing data
points for positive detunings correspond to the regime
of self-sustained oscillations of the mechanical oscillator,

J

1 1

Copt =2¢°~ -
=D [(90+Ap)2+<xz/4) (R0 — Ap)? + (k2/4)

so that the effective mechanical linewidth I',, results in
Iy = g + Igpe. In the presence of optomechanical back-
action, the thermal force driving the mechanical resonator
remains constant, but the effective mechanical linewidth
is altered. To measure the mode temperature, we extract
the effective mechanical damping I',, from the Voigt fit of
the measured mechanical spectra and obtain the effective

which we are unable to resolve due to the limited band-
width of the measurement. The black solid line is a fit to
Eq. (2) with best fit parameters x = 62 MHz and gy =
575 Hz, where the measured circulating photon number
from Fig. 4 was used as input, and the dissipative coupling
was considered negligible. The fit nicely describes the soft-
ening of the mode for negative detunings. Around the
plateau of the photon number, the mechanical mode oscil-
lates close to its natural frequency. The small stiffening of
the mode below a detuning of A, = 70 MHz is reproduced
by the theory. The asymmetry of the fit between nega-
tive and positive detunings stems from the large difference
in photon numbers. The single-photon coupling strength

extracted from the fit |go/27| = 575 Hz is in good agree-
ment with the value of |go/27| = 1 kHz obtained from

the data presented in Fig. 3 at a sample position of 20 nm
for both simulations and measurement. The contour lines

in Fig. 4(a) depict the dependence of the mechanical fre-
quency shift on the circulating photon number and probe
detuning for the fit values of k = 62 MHz and gy = 575 Hz
as from Eq. (2).

The cavity linewidth « = 62 MHz that we obtain from
the fit in Fig. 4(b) is three times larger than the cavity
linewidth calculated from the resonant transmission x =
21 MHz. We assume that this is due to noise in the detuning
from cavity length fluctuations. Fluctuations in the cav-
ity length lead to fluctuations of the effective detuning,
resulting in a mismatch between the theoretical and experi-
mental values of the mechanical frequency shift. However,
if one neglects photothermal effects inside the mirror coat-
ings and radiation pressure effects on the cavity mirrors,
these fluctuations are independent of the photon number. In
our measurements we effectively average the mechanical
response and the mechanical frequency matches on aver-
age the theoretical value [Fig. 4(b)]. This occurs because
the fluctuations are symmetric with respect to the applied
effective detuning.

The optical damping arising from dynamical backaction
is given by [41]

, [ Qo — A,
88 (R0 — Ap)? + (k2/4)

Qo + A, i|
(Qo+ A2+ k2/H]°
3)

(

mode temperature T from the phonon bath temperature
Toath = 295 K via Tep = Tpan(To/Tnr).

The obtained linewidths are plotted in Fig. 5(a) together
with the theoretical curve (black line) with the param-
eters from the fit of the optical spring measurement
(go = 575Hz, k = 62 MHz) and neglecting the dissipa-
tive coupling term. Figure 5(b) displays the effective mode
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(a) and optomechanical cooling from room temperature down
to an effective mode temperature of 7Ty = 12 K.
E 100 | Following the proposal in Ref. [31], the use of single-
T sob walled CNTs [27] in this FFPC is very promising. A
Q. dispersive coupling strength around |go/27| =25 kHz
o OF is expected, which would place the system deep inside
(b) the strong coupling regime. In addition, the outstand-
ing sensitivity of CNTs [46] enables ultrasensitive cavity
—_ optomechanics at room temperature. Owing to the ver-
% 100 ¢ satility of the presented setup other interesting nanoscale
“'*5 mechanical structures such as nanowires, nanorods, or
two-dimensional materials such as 4#-BN can be studied.
10 By additionally exploiting optical dipole transitions in the
—150  -100 =50 0 50 100 150 said materials, the realization of hybrid optomechanical
A, /27 (MHz) systems seems to be in reach.
FIG. 5. Optical damping. (a) Measured effective mechanical Data and analysis code are available online [47].

damping I';,, (blue circles) and theoretical curve (black line) cal-
culated from Eq. (3) with parameters go = 575 Hz and « =
62 MHz. The dissipative coupling is neglected in the calcula-
tions. (b) Effective mode temperature Tegr = Tpatn(To/Tm), With
Tvath = 295 K. The gray region corresponds to a negative effec-
tive mechanical damping.

temperature calculated from the measured linewidths. The
theory predicts a negative effective mechanical damping,
that is, heating of the mechanical mode, for the positive
detunings where we measure a plateau of the photon num-
ber. In the measurements we observe an effective damping
close to zero which corresponds to self-sustained oscilla-
tions. This measurement is limited by the bandwidth of
the measurement and the quality of the Voigt profile fits
that we use to extract the mechanical linewidth. For nega-
tive detunings, we observe optomechanical cooling of the
mode from room temperature down to Ter = 12 K, which
is verified by additional measurements where we sweep the
probe power (see Appendix C).

V. CONCLUSION

In conclusion, we present an extremely sensitive FFPC
setup with a small mode volume and an ultrahigh finesse
exceeding 200 000. We perform a full characterization of
the setup and we demonstrate dynamical backaction on the
second harmonic flexural mode of a stoichiometric Si3Ny
membrane stripe. All measurements are supported by the-
oretical models, allowing the parameters of the system to
be quantitatively extracted. The finesse of the loaded cav-
ity of up to F = 195 000 is exceptionally high for a loaded
FFPC system, exceeding that from Ref. [25] by more than
one order of magnitude. We report an optomechanical
coupling strength of |go/27| = 1 kHz while values up to
lgo/2m| = 5.8 kHz are accessible at a different position of
the membrane stripe in the cavity mode. Furthermore, we
show self-sustained oscillations of the mechanical mode
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APPENDIX A: CAVITY LINEWIDTH AND
DISSIPATIVE OPTOMECHANICAL COUPLING

The extraction of the cavity linewidth during the static
optomechanical coupling measurements is a nontrivial
task. Scans over the cavity resonance show a broadened
response compared with what should be expected from
the normalized on-resonant transmission |S;|>. For posi-
tions with a strong dispersive coupling, this broadening
originates from the optomechanically induced static bista-
bility [48]. However, even for smaller coupling or small
laser powers, fluctuations in the sample position lead to a
spectral broadening of the cavity resonance. Those fluctu-
ations arise from acoustical noise and vibrations into the
surrounding that couple in the system through the rela-
tively floppy stack of nanopositioners. Vibration damping
and acoustic shielding of the setup help to minimize those
vibrations in the low-frequency regime (below approxi-
mately 1 kHz). The bandwidth of the feedback loop to sta-
bilize the cavity length is limited by resonances of the fiber
mirrors acting as cantilever-type mechanical resonators
with eigenfrequencies around 15 kHz (see Fig. 6).

The lifetime of cavity photons of approximately
1/20 MHz = 50 ns is much shorter than the timescale
of the fluctuations of approximately 1/20 kHz = 50 us,
resulting in a spectral response which follows a convolu-
tion of a Lorentzian peak and a Gaussian noise distribution,
that is, a Voigt profile (see Appendix B). However, the
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FIG. 6. PSD of the locked cavity with sample inserted in arbi-
trary logarithmic units. The noise is suppressed due to the cavity
stabilization up to around 5 kHz. Residual modes in the feedback
band stem from position fluctuations that cannot be compen-
sated for by the lock. Peaks above around 15 kHz are caused
by cantilever-type vibrations of the cavity fibers.

frequency resolution of the static optomechanical cou-
pling measurements is too small to produce successful
Voigt fits due to the large magnitude of the scans. We
use instead the linewidth calculated from the normalized
on-resonant transmission as a first approximation. Note
that the input power measured on the output port of the
circulator and the transmitted power measured on detec-
tor PD2 are lower and higher bounds to the actual cavity
input and transmission, respectively. Thus, the linewidth
that we calculate is an upper bound on the actual cavity
linewidth.

Figure 7(a) depicts the measured cavity linewidths with
the sample inserted (blue circles) and simulations (black
solid line) as a function of the membrane’s position. To
reproduce the measurement we need an imaginary part of
the refractive index of Im(n) = 3.55 x 10~>, which agrees
to what has been reported in the literature for stoichio-
metric SizNy (Ref. [39,40]). This validates our approxima-
tion to extract the cavity linewidth from the normalized
on-resonant transmission.

The dissipative coupling can be calculated from the
linewidths obtained both from the measurements and from
the numerical simulations [see Fig. 7(b)]. The exact shape
of the measured coupling is hard to extract and depends
strongly on how smoothly the derivative is calculated.
Nevertheless, both the measurement and simulations show
a dissipative coupling of the order of 0.1 MHznm™!. Thus,
for the measurements presented in this letter, the dissi-
pative coupling is four orders of magnitude smaller than
dispersive coupling.

APPENDIX B: MECHANICAL RESPONSE

As soon as we lock the cavity, any cavity length
fluctuations will alter the detuning and consequently the

FIG. 7. Dissipative optomechanical coupling. (a) Measured
(blue circles) and simulated (black line) cavity linewidth with
sample inserted. Measured values are upper bounds for the cavity
linewidth. (b) Extracted dissipative coupling (blue circles) and
numerical simulation (black line).

optical spring effect, which is translated into mechani-
cal frequency noise. As this noise is of Gaussian origin,
the resulting mechanical spectra follows a Voigt distribu-
tion—a convolution of a Lorentzian peak with a Gaussian
noise distribution—very common in spectroscopy where
lines appear Doppler broadened [49]. The Voigt profile
V(w,o,T) is given by

Viw,0,T) = G(w,0) x L(w, " = 2).

Here G(w, o) denotes the Gaussian distribution with stan-
dard deviation o and L(w,I" = 2) is the textbook Cauchy-
Lorentz distribution with the half-width at half maximum
I' = 2. Voigt profiles can also be used to fit peaks that are
too narrow to be resolved by the finite bandwidth of the
measurement devices [50].

Figure 8(a) displays the Brownian motion resonance of
the fundamental harmonic flexural mode (n = 1, Qy /27w =
468.2 kHz, I'y/27 = 10.8 Hz, Q = 43 000) under dynam-
ical backaction. We can fit the measurement both with a
Lorentzian function (black line) and with a Voigt profile
(orange line). Both fits yield low mechanical dampings
of I'y,/2r = 5.0 Hz and I',,,/27 = 3.3 Hz, respectively.
The Voigt profile yields a Gaussian broadening of /27 =
0.1 Hz, probably limited by the resolution bandwidth of
the spectrum analyzer. In Fig. 8(b) we lock the cavity
with the lock tone blue detuned. As expected, the opti-
cal spring effect shifts the mechanical resonance to slightly
higher frequencies. The expected narrowing of the effec-
tive mechanical linewidth is obscured by broadening of
the resonance [Fig. 8(b)]. A Lorentzian fit of the central
part of the peak (black dotted line) largely overestimates
the tails, while a Lorentzian fit of the tails (black solid
line) clearly deviates from the resonance shape. A Voigt
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FIG. 8. Mechanical peak broadening under cavity backac-
tion noise. (a) The spectrum of the Brownian motion of the
fundamental harmonic flexural mode can be fitted with both
a Lorentzian fit (black line) and a Voigt profile fit (orange
line). Both regressions yield single-digit mechanical dampings of
I'y/2m = 5.0 Hz and T, /27 = 3.3 Hz, respectively. The Voigt
profile yields a Gaussian broadening of o/27 = 0.1 Hz. (b)
Under weak dynamical backaction, the peak is slightly shifted to
higher frequencies and appears broadened. Lorentzian fits (black
dotted line fits the central peak, black solid line fits the tails) can-
not describe the resonance shape. A Voigt profile (orange line)
fits the data and yields I';, /27 = 1.7 Hz and /27 = 30 Hz.

profile (orange line) nicely reproduces the data and yields
values I'),,/2m = 1.7 Hzand 0/27 = 30 Hz. The extracted
effective mechanical damping is reduced from the natural
damping as expected.

APPENDIX C: POWER SWEEP

We perform a power sweep for a fixed probe detun-
ing to confirm our observations of optomechanical cool-
ing. According to Egs. (2) and (3) we expect both the
mechanical resonance frequency and the effective mechan-
ical linewidth to increase linearly with the number of
cavity photons. In contrast to the measurements in the
main text, we consider the fundamental harmonic flexu-
ral mode in the following (n =1, /27w = 468.2 kHz,
[y/2mr = 10.8 Hz, Q = 43000). As a result of its lower
mechanical quality factor this mode is less prone to start
self-oscillating. We place the sample at a position of
around z = —30 nm (below a node of the cavity field)
resulting in a cavity linewidth of /27w = 22.3 MHz and
stabilize the cavity in a way that the lock tone is blue
detuned.

We fix a probe detuning of A,/k = 0.56 and we scan
the probe power from Py, = 0.2 uW to Pi, = 18 uW. That
corresponds to a number of circulating photons due to the
probe tone of up to ¢ = 160000. The photon number
due to the lock tone is constant during the measurement,

10740
cire

FIG. 9. Dynamical backaction cooling. (a) The mechanical
resonance frequency €2,, decreases linearly with increasing pho-
ton number of the probe tone 7. A linear regression (black
line) yields a single-photon coupling of go/27 = 395 Hz. (b)
The effective mechanical damping I',, rises linearly with increas-
ing photon number. For very high probe powers the damping
decreases again. A regression of the linear part (black line) yields
go/2w =401 Hz.

Heire ~ 90 000. We select a large lock detuning to minimize
backaction from the lock tone. At the same time, a large
lock photon number ensures a strong feedback signal that
boosts the lock quality.

We record the mechanical spectra of both the 780-nm
interferometer and the X quadrature extracted from the
heterodyne signal in transmission. The mechanical PSDs
are fitted with Voigt profiles to obtain the mechanical
resonances and the effective mechanical dampings.

Figure 9(a) displays the mechanical frequency as a func-
tion of probe photon number. From around 7. = 30 000
the mechanical resonance decreases linearly with the probe
photon number. The slope of a linear regression (black
line) in this range yields a dispersive single-photon cou-
pling of go/2m = 395(5) Hz. If we consider the effec-
tive mechanical damping in Fig. 9(b) we observe the
expected linear increase of I',, with the photon number
in the range between n¢y,. = 30000 and ng . = 130 000.
Again, we extract the single-photon coupling from a lin-
ear regression and we obtain gy/2mw = 401(10) Hz. Those
values appear reasonable compared with the single-photon
couplings go/2mw = 575 Hz from the main text.

The mode self-oscillates for photon numbers below
neire = 30 000, where the mechanical resonance frequency
remains constant and the observed effective damping is
close to zero. The linear regression allows to estimate the
optical damping induced by the lock tone to be of the order
of [ope/2m = —40 Hz.
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