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Micro- and nanoscale optical or microwave cavities are used in a wide range of classical applications
and quantum science experiments, ranging from precision measurements, laser technologies to quantum
control of mechanical motion. The dissipative photon loss via absorption, present to some extent in any
optical cavity, is known to introduce thermo-optical effects and thereby impose fundamental limits on
precision measurements. Here, we theoretically and experimentally reveal that such dissipative photon
absorption can result in quantum feedback via in-loop field detection of the absorbed optical field, leading
to the intracavity field fluctuations to be squashed or antisquashed. A closed-loop dissipative quantum
feedback to the cavity field arises. Strikingly, this modifies the optical cavity susceptibility in coherent
response measurements (capable of both increasing or decreasing the bare cavity linewidth) and causes
excess noise and correlations in incoherent interferometric optomechanical measurements using a cavity,
that is parametrically coupled to a mechanical oscillator. We experimentally observe such unanticipated
dissipative dynamics in optomechanical spectroscopy of sideband-cooled optomechanical crystal cavi-
tiess at both cryogenic temperature (approximately 8 K) and ambient conditions. The dissipative feedback
introduces effective modifications to the optical cavity linewidth and the optomechanical scattering rate
and gives rise to excess imprecision noise in the interferometric quantum measurement of mechanical
motion. Such dissipative feedback differs fundamentally from a quantum nondemolition feedback, e.g.,
optical Kerr squeezing. The dissipative feedback itself always results in an antisqueezed out-of-loop opti-
cal field, while it can enhance the coexisting Kerr squeezing under certain conditions. Our result applies
to cavity spectroscopy in both optical and superconducting microwave cavities, and equally applies to any
dissipative feedback mechanism of different bandwidth inside the cavity. It has wide-ranging implications
for future dissipation engineering, such as dissipation enhanced sideband cooling and Kerr squeezing,

quantum frequency conversion, and nonreciprocity in photonic systems.
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Dissipation is the hallmark of an open quantum sys-
tem, which leads to undesired decoherence and hinders the
observation of quantum phenomenon. The developments
in nanofabrication over the last decades enable engineered
low-loss optical microcavities for a wide range of novel
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physics and applications in cavity based measurements
or transduction [1-4], ranging from frequency metrology,
to cavity quantum electrodynamics and cavity optome-
chanics. Dissipative absorption of photons is ubiquitous
in optical cavities of different scales [5—8]. Such photon
absorption manifests as a feedback mechanism to the opti-
cal cavity field, e.g., by changing cavity properties. Optical
absorption is widely employed in photonic technologies
[9—13], such as thermal tuning, optical switching, and sens-
ing. The incoherent photon absorption has been shown
theoretically and experimentally to limit precision mea-
surements [ 14—18], such as in the gravitational wave detec-
tion [14], position measurements [19,20], and frequency
metrology [18,21]. However, the influence of dissipative
dynamics due to photon-absorption-induced feedback in
the widely used microcavity spectroscopy still remains
unexplored.
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We show that a closed-loop dissipative quantum feed-
back arises in a microcavity due to photon absorption
[22—24]. The optical absorption can be modeled by an
in-loop detection of the absorbed photons, whose fluctu-
ations can be squashed or antisquashed. The stochastic
fluctuations in absorption lead to cavity frequency fluctu-
ations, which results in a feedback loop to the cavity field
[23-25]. The dissipative feedback gives rise to a modified
optical cavity susceptibility, changing the optical transduc-
tion for the probing field and intracavity field. The optical
cavity under such a condition is equivalently coupled to
a dissipative reservoir, whose noise properties are differ-
ent from the original vacuum noise, which causes excess
noise in the out-of-loop measured optical field. The dissi-
pative feedback introduces excess classical correlations in
interferometric quantum measurement due to uncorrelated
noise from the in-loop detection, an effect similar to laser
noise [26—28].

More specifically, we report the observation of such
dissipative dynamics in optomechanical spectroscopy of
sideband cooled of 5-GHz mechanical breathing mode
in optomechanical crystal cavities (OMCs) [29-34]. The
optomechanical interaction via radiation pressure in a cav-
ity has received significant interest over the last decade [4],
enabling ground-state cooling [32,35—40], quantum corre-
lations [41—48], and a variety of recently emerged appli-
cations, such as nonreciprocal devices [49—51], or quan-
tum transducers [52—58]. Macroscopic quantum effects
have been explored [46,47,59—67], including motional
sideband asymmetry [31,46—48,68,69], mechanical entan-
glement [61,62], and squeezing [64—67]. However, most
of these quantum optomechanical protocols are currently
only feasible in very few optomechanical systems [37,38,
70-72], mainly due to the ubiquitous dissipative photon
absorption. More specifically, we perform optomechanical
spectroscopy with two OMCs of different optical absorp-
tion losses at cryogenic temperature (approximately 8 K)
and under ambient conditions, respectively. Strikingly,
we observe a modified and power-dependent optical cav-
ity linewidth in the coherent cavity response, due to the
dissipative feedback. At cryogenic temperature (approx-
imately 8 K), an antisquashed in-loop absorbed optical
field leads to an effective narrowing of the optical cavity
linewidth, which may be exploited for enhanced side-
band cooling and even normal-mode splitting [73—75].
Counterintuitively, the incoherent optomechanical scatter-
ing rate is equally modified due to the effective cavity
linewidth, profoundly influencing interferometric mechan-
ical quantum measurements. The dissipative feedback also
results in excess noise in the quantum measurement of
the mechanical motion in the balanced heterodyne detec-
tion, increasing the noise floor above the vacuum noise
level.

We compare such dissipative dynamics to a quantum
nondemolition (QND) feedback [22,76], e.g., optical Kerr

squeezing. The dissipative photon absorption itself always
generates excess noise in the out-of-loop optical field,
regardless of the fluctuations in the in-loop absorbed opti-
cal field [23-25]. We identify a regime where the dissi-
pative absorption can even improve the coexisting Kerr
squeezing, which can be attributed to the coherent dissipa-
tive dynamics, and is evaluated for a state-of-the-art Si;Ny
microresonator [8].

I. THEORY

We first consider an optical cavity of resonant fre-
quency ., which is coupled to an input field Gexin =
(@in + Sajn)e™ ™! of frequency wy, at a rate of k. In the
rotating frame of the pumping frequency wy, the dynamics
of the intracavity field a can be described via a quantum
Langevin equation, that includes the dissipative photon
absorption,

A . K7 A ~ ~
a= [l (A — Ap) — E:l a ~+ /KexQexin + \/K_S(Sas,in
+ \/K_aS&a,in, (1)

with A = w; — w,, and Ay, = g6 T being the cavity fre-
quency shift via the optical-absorption-induced tempera-
ture § 7 and transduction coefficient gy,. The intrinsic cavity
losses kg in this treatment is separated into an absorption
loss channel with rate k, (expressing the equivalent rate
of absorbed photons, which lead to local heating of the
cavity material, followed by a photo-thermal-induced cav-
ity frequency shift) as well as a scattering loss channel
with rate «; (which does not lead to a local heating of the
cavity material). As a result of the presence of two dis-
sipation channels, from the input-output relations for an
open quantum system [77], the optical cavity is driven by
input vacuum fluctuations 8a, i, and 84, ;, from both chan-
nels [cf. Eq. (1) right-hand side], with the total cavity loss
being k = kex + k4 + k5. In the weak coupling regime, we
can linearize the intracavity field a(¢) = a(¢) + Sa(¢), with
a the mean field amplitude and da the field fluctuation.

Crucially, we adopt a quantum treatment of the dissi-
pative photon absorption, whose field amplitude can be
obtained by

aa,out = 5aa,in - Kaa: (2)
with the corresponding absorbed photon flux operator:
A _ ’\T "~
Ia - aa’outaa,oub (3)

The absorption photon flux is composed of two terms, i.e.,
adc term I, = «,|a|?, and a fluctuating term,

81, = k,(@da’ + a*8a) — \Jicq (@ Sagin + 8a' 4ind). (4)

The dynamics of the temperature change due to the opti-
cal absorption is given by 8 T(¢) = —ywdT(t) + g.1,, Wwhere
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2.1, is the rate of the temperature change due to the optical
absorption and yy, is the thermal decay rate. The tem-
perature fluctuation 67 is treated classically, and becomes
correlated to the quantum fluctuations of the in-loop pho-
todetection. For simplicity, we assume a one-pole model of
the thermal heating response. More details considering the
geometric dependence are discussed in Appendix C. The
quantum Langevin equations of the linearized optical field
fluctuations can be obtained in the frequency domain,

Xoo (8 = 04(Qka(8a + 8a") + /Kadaa
+ A/ Kexsaex,in + «/K_S(S&s,inv (5)
with the intrinsic optical susceptibility,
Xeo(R) = 1/[x/2 = i(Q + A)], (6)

and A = A — guk.gmhe/ Vi, incorporating the additional
static cavity frequency shift. The mean intracavity pho-
ton number is 71, = |@|*> = kex|@in|?/ (K% /4 + A?). We note
that, the intracavity field is coupled to an effective dissipa-
tive reservoir,

Sy = 8iyin — 0a(R) (8 +03),), (D)
by coupling additionally to the amplitude quadrature

(8ag4,in + 8&2 .,) of the absorption field. Here we introduce
a unitless photon-number-enhanced dissipation coefficient,

8a8th _
0(R) = ———n,, 8
d( ) Q+ i)/th c ( )
with 0] (=) = —04(2). The constant single-photon dis-
sipation coefficient is given by 0y (2) = 04(£2)/n,.
Novel dynamics arises in the cavity field [cf. Eq. (5)],
which can be interpreted as a closed-loop dissipative

66Is,in
a . 5a

ex,in . . a,in
Dissipative Feedback
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< ey out agout b K
Out-of-Loop In-Loop
FIG. 1. Scheme for dissipative feedback in an optical micro-

cavity. The intracavity field a is coupled to several different
reservoirs, i.e., the laser input deyin, the vacuum noise from
the scattering loss 8a,i, and the dissipative absorption 8agin.
The in-loop measurement of absorption field d, oy, results in
the absorption flux /,, which is fed back to the optical cavity
(black dashed curve). The out-of-loop measurement of ey out iS
performed for coherent and incoherent spectroscopy.

feedback to the optical cavity field as shown in Fig. 1. The
photon absorption can be described as an in-loop photode-
tection, which results in a feedback to the optical cavity,
i.e., by changing the cavity frequency via the photothermal
effect. The noise spectral density of the in-loop photon flux
fluctuation §1,, when normalized to shot noise, is given by

S51,() = |1 = xw (D72, ©)

where
X () = 0u(Q)ka [Xe0(2) = x5o(—)] - (10)
The dissipative feedback results in squashed or

antisquashed in-loop optical field. We can obtain the mod-
ified optical susceptibility

Xeeft(€2) = Xe0(R)/[1 — xp ()] an

In the case of A <« —k i.e., when the pump is far red-
detuned from the cavity resonance, the PSD of the in-loop
photon flux at Q ~ |A[ is

_ 2ncKaga&th (12)

S5 (2) >~ |1
51, (§2) ‘ Or

and the effective optical susceptibility can be further sim-
plified,

1
Kear(@) = o (13)
with a modified effective cavity linewidth
Keft = kK — 2K,Re[04(2)], (14)
and a modified effective detuning
A= A + i Imlo ()], (15)

where A = A — negaka€in/Ym. Due to the squashed or
antisquashed absorbed photon fluctuations, the dissipative
feedback leads to modified cavity susceptibility for an input
probing field. In practice, the photothermal coefficient gy,
can have different signs at room temperatures and cryo-
genic temperatures for different materials. For gy, < 0, we
have ke > k and A > A; while for gm > 0, we have
ke < k and Agg < A.

As shown in Eq. (5), the intracavity field is coupled to an
effective dissipative reservoir da,. Different from the vac-
uum noise, the noise operator for the dissipative reservoir
day satisfies the following correlations:

(884" ()8a4(Q)) = —04(2)04()S(Q + Q)27
(baa(@)da"o()) = [1- 0u(][1 +0u()]8 (2 + )27,
(16)

which may result in incoherent excess noise and noise
correlations for the intracavity field.

020309-3



LIU QIU et al.

PRX QUANTUM 3, 020309 (2022)

To give an example, we show how the dissipative feed-
back can result in modified cavity susceptibility and excess
noise correlations in the interferometric quantum optome-
chanical measurements. In such a cavity optomechanical
system, a mechanical mode of frequency €2, is disper-
sively coupled to an optical mode of frequency w. at a
vacuum optomechanical coupling rate of gy via radiation
pressure. A cooling tone is applied close to the cavity red
sideband, i.e., A >~ —%,,. The cooling tone gives rises to
cavity enhanced anti-Stokes scattering of thermomechan-
ical sideband around the cavity resonance. In the weak
couphng regime, we can linearize the mechanical displace-
ment b — b + 8b. In the resolved-sideband regime, i.e.,
Kk < 2, we can obtain the quantum Langevin equatlons
for the field fluctuations in the rotating frame of the cooling
tone. Within the rotating-wave approximation, we obtain,

chelﬁ(Q)S& = l'g()(_lag + \/K—aaad + v KeX(S&ex,in + \/K—sfsas,in
X1 (Q)8b = igoada + /Tdbiy (17)

with mechanical susceptibility x,(2) = 1/[T,, —i(2 —
Q2,,)] and x . as defined in Eq. (13).

Both coherent and incoherent optomechanical spec-
troscopy of the out-of-loop optical field can be adopted for
the measurement of the mechanical motion [31,32]. In a
coherent spectroscopy, a weak probing tone is generated
from the strong pumping tone, e.g., via an electro-optical-
modulator, with frequency separation set by the microwave
tone. The reflected light from the cavity is sent to the
photodetector directly. The photocurrent is demodulated
at the microwave frequency, from which we can obtain
a coherent cavity response with the probing tone sweep-
ing across the optical microcavity resonance. The cavity
susceptibility is modified by the mechanical motion,

1
Xeom(S2) = — - . (18)
° Keit/2 — i(Defr 4 Q) + e xm ()

The mechanical motion leads to a destructive inter-
ference in the out-of-loop optical field. The coherent
optomechanical spectroscopy of the cavity field results
in the optomechanically-induced transparency [78,79].
The dynamical backaction results in a modified mechan-
ical susceptibility, Xpen(2) = 1/[Tenr/2 — i(2 — Q2)],
with effective mechanical linewidth Teg(2) =T, +
[opt(2) and optomechanical damping rate I'op(2) =
Keffﬁcg(% [ Xeefr(£2) |2~

For gy > 0, i.e., temperature increase results in blue
shift of optical cavity frequency, the in-loop photon fluc-
tuation is enhanced, i.e., Ss;,(£2,,) > 1. This accordingly
results in a decreased x.¢ and an increased optomechani-
cal damping rate. For €2, > yu, such as in an OMC, the
effective detuning change due to the dissipative feedback
is negligible, i.e., Ay ~ A. We note that, the photother-
mal effects can also change the mechanical susceptibility

by heating the mechanical oscillators [19,20,80], which
is not considered here in our analysis. The coherent dis-
sipative dynamics has been shown to introduce Floquet
dynamics in quantum measurement of mechanical motion
[31] and photothermal-induced transparency [81]. A sim-
ilar mechanism has been reported in a membrane in the
middle system with active feedback [73—75]. This can give
rise to enhanced sideband cooling and even normal-mode
splitting in a weakly coupled optomechanical system.

The coupling to the dissipative reservoir 8a, can intro-
duce excess noise to the mechanical motion. In the
resolved-sideband limit, the minimum final occupancy is
obtained with Ay = —$2,,, and takes the form,

Al + A7ui.gl [Ketr
r,+ 4r_zcg§ /Keft

iy = , (19)

with
1711 = Ka;lgo-oz(Qm)/Keﬂ" (20)

being the limit of sideband cooling in the presence of the
dissipative feedback. The dissipative feedback gives rise to
an effective backaction heating of the mechanical motion.
In the high cooperativity limit, i.e., Iope > 7g,I'y, the final
occupancy is limited by #7;, due to the absorption-induced
dissipative feedback.

In an incoherent optomechanical spectroscopy, the out-
put field 8dcy out = Sdexin — /Kexda, can be linearly mea-
sured by a quantum-limited balanced homodyne (hetero-
dyne) detection by beating with a strong local oscillator. In
the balanced heterodyne detection (BHD), the local oscil-
lator of frequency wio is placed on the blue side of the
pump with a frequency separation close to the mechani-
cal frequency. In an ideal detection, the symmetrized noise
power spectral density (PSD) of the output photocurrent
from BHD when normalized to the shot noise floor, takes
the form,

Si(2+ Apo) = opt(Q + Qm)l—‘effb(m eff(£2 + Qm)|

eff

- - - KCX
€

assuming Apo = Q, +wp —wro > 0.  Unanticipated
excess classical correlation between measurement impre-
cision and backaction arises due to the dissipative dynam-
ics, which can even lead to noise squashing, i.e., when
ny < 2n;. In addition, the dissipative feedback results in
an increased noise floor, 1.e., 4njkex /Kefr, and an effective
detection efficiency of kex /K as opposed to kex/k.

We note that, both Egs. (19) and (21) exhibit some
similarities to an optomechanical system sideband cooled
by a laser with excess noise, which also introduces
excess backaction heating and classical correlations
[26-28,47,48]. The incoherent dissipative dynamics
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is mediated via absorption-induced cavity frequency = GHz at a vacuum optomechanical coupling rate of gy/2x
fluctuation, by replacing the vacuum noise with excess  approximately 1 MHz. Laser light is evanescently coupled
backaction heating I'opi72;/ T'efr approximately quadratic in  into the OMC from a tapered optical fiber via a cou-
ne [cf. Eq. (19)]. Surprisingly, even in the absence of  pling waveguide, with a waveguide coupling efficiency 7y,
excess laser noise, the phonon occupancy can be under-  ranging from 40% to 60%. The reflected light from the
estimated due to the excess classical correlation from the ~ OMC is collected for optomechanical spectroscopy. More
dissipative reservoir in the mechanical noise thermometry.  details of the OMCs and the experimental setup are in
Appendix B.

In the first set of measurements, we place an OMC
device of k /2w approximately 1.7 GHz (used in Refs. [31,

We observe the dissipative dynamics on cavity  33]) in a *He buffer gas cryostat (Oxford Instruments
linewidth, cooling rate, and noise floor caused by pho-  HelioxTL). The experiments are performed at approxi-
ton absorption in an optomechanical spectroscopy of  mately 8 K under vacuum (pressure approximately 0.5
sideband-cooled OMCs with different optical losses at  mbar), in contrast to previous experiments benefiting from
cryogenic temperature in vacuum and under ambient con-  the better thermalization due to gaseous *He [31,33]. In
ditions, respectively. In a typical OMC, an optical mode the coherent spectroscopy, the effective laser detuning A
at wavelength of approximately 1550 nm is coupled to a  is manually adjusted to approximately —€2,, to achieve
colocalized mechanical mode of 2,,/27 approximately 5  optimal sideband cooling. In Fig. 2(a), the inferred i

II. EXPERIMENTAL RESULTS
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FIG. 2. Observation of dissipative feedback dynamics on cavity linewidth and optomechanical damping in optomechanical spec-
troscopy of two sideband-cooled OMCs under different conditions. In (a)(c), we show the results for an OMC of k /2w ~ 1.7 GHz at
approximately 8 K with a pressure approximately 0.5 mbar. (a) Fitted effective optical linewidth g (green circles) versus intracavity
photon number 7. in the coherent cavity spectroscopy. The green curve shows a fitting curve incorporating the coherent dissipative
dynamics, revealing a cavity linewidth that reduces with n.. The green dashed line shows the original cavity linewidth. The inset
shows a typical fitting of coherent cavity response. (b) Fitted effective mechanical linewidth Tegr (blue circles) in the incoherent bal-
anced heterodyne noise spectrum versus 7.. Blue curve shows a fitting curve incorporating «.¢ due to coherent dissipative dynamics.
Blue dashed curve shows a theoretical plot without the dissipative absorption. The inset shows a typical fitting of incoherent noise
spectrum. (c) Mean phonon occupancy 7, (red circles) from the incoherent noise spectrum via mechanical noise thermometry versus
n.. The calibration is done using mechanical noise thermometry anchored at the lowest photon number. The red curve shows a fitting
curve incorporating the effective optical linewidth change and linear absorption heating. The red dashed curve shows a theoretical plot
without dissipative absorption. In (d)~(f), we show the results from an OMC of « /27 approximately 220 MHz at room temperature
and pressure, corresponding to the data in (a)—(c). Here an increase of ke versus 7. is observed due to the dissipative feedback. In (e),
the green dashed line shows the ideal theoretical effective mechanical linewidth without dissipative dynamics. In (d), the error bars are
from the fitting of the coherent cavity response, while in (a)—(c) and (e),(f) error bars are within the circles and thus are not shown.
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from the coherent spectroscopy versus 7. are shown in
green circles. Typically, the nonlinear dynamics in the cav-
ity, such as two-photon absorption (TPA) and free-carrier
absorption (FCA), may increase the cavity linewidth due
to the cavity enhancement [82]. Counterintuitively, the
inferred k. decreases as the cooling tone 7. increases,
as shown in Fig. 2(a). We attribute this to the dissipa-
tive dynamics, where the optical mode is coupled to an
effective dissipative reservoir, with gy > 0 (blue shift of
cavity frequency due to temperature increase) for silicon
OMC at 8 K. The optical absorption and decreased ther-
mal conductivity of silicon at low temperature result in the
optical heating of the OMC. In Fig. 2(a), the green curve
shows a linear fit using Eq. (14), which results in a fit-
ted k,00(2,,) =~ 2 x 44 kHz. At the highest power (7, =
1190), the inferred k.g is decreased by approximately
7.5% compared to the cavity linewidth k. In Fig. 2(b),
the fitted [y from the incoherent noise spectrum in the
BHD are shown in blue circles, with a light blue fit-
ting curve incorporating kg, which results in go/27w =
829 kHz and I',,/27 = 81 kHz. The effective damping rate
is shown to be higher than the theoretical model with-
out the absorption (the dashed blue curve), due to the
increased optical susceptibility. In Fig. 2(c), we show the
calibrated final phonon occupancy 7y from the BHD using
standard mechanical noise thermometry by anchoring the
noise spectrum at the lowest power, i.e., n, = 1.4. A fit-
ting curve with a theoretical model incorporating linear
absorption heating is shown in the light red curve [31]. The
minimum phonon occupancy achievedis 7y ~ 4.3 £ 0.1 at
ne ~ 1200.

In the second set of measurements, we perform an
optomechanical spectroscopy of a sideband-cooled OMC
of k/2n = 220 MHz (used in Refs. [32,34]) at room tem-
perature and pressure. In Fig. 2(d), the fitted x.x versus
n. are shown in green circles from the coherent cavity
response measurement, with Ay >~ —€,,. At the highest
powers, e.g., n. =~ 1110, the inferred kg is increased by
approximately half of the original k. Despite the low cav-
ity loss, the dissipative dynamics arises due to the large
thermorefractive coefficient and the cavity field enhance-
ment. In Fig. 2(d), the light green curve shows a linear
fitting using Eq. (14), which results in a fitted x,00($2,,) =~
—2m x 35 kHz. In Appendix D, we discuss additional pos-
sible nonlinear dynamics from TPA and FCA. In Fig. 1(e),
we show the inferred I'egr from the BHD (blue circles),
which deviates from the linear scaling of 7. (blue dashed
curve). The light blue fitting curve incorporating eg
results in go/27 = 1.12 MHz and '), /2w = 2.56 MHz. In
Fig. 1(f), we show the calibrated 7, via mechanical noise
thermometry, with the optomechanical damping rate incor-
porating k.g. The increased kg at high powers results in an
increased 7y, with minimum 7y ~ 159 &4 at n, = 1107.

Figure 3 shows the noise floor in the incoherent noise
spectrum from the two sets of measurements, normalized

16l & sk (X2
®  Room Temperature I
— K27 =15MHz

1471 — «,/2r=3MHz é

Noise Floor

1.0 ee0o 00 00 O O o QI

0 500 1000

FIG. 3. Noise floor from the incoherent optomechanical spec-
troscopy of sideband-cooled OMCs at different intracavity pho-
ton numbers. The noise floor is normalized to the shot noise floor.
The red circles correspond to the OMC with « /27 ~ 1.7 GHz
at approximately 8 K, while the green circles correspond to the
OMC with «/2m ~ 220 MHz under ambient conditions. The
green and blue curves correspond to the theoretical plots for «, of
2w x 1.5 MHz and 27 x 3 MHz, incorporating the inferred kg
and «,00(£2,,) from coherent cavity response.

to the shot noise floor. The red circles correspond to the
8-K measurements, where the noise floor changes negli-
gibly with n.. The green circles correspond to the room-
temperature measurements, where the noise floor increases
versus the optical power. The large error bars are due to
the large SNR of the thermomechanical sideband at room
temperature. We attribute the large noise floor increase
to the dissipative dynamics, instead of the excess noise
in the optical or electronic components in the setup, as
detailed in Appendix D. Incorporating the fitted k. and
kq,00(S2,) from coherent response measurements at room
temperature, we plot the theoretical curves of the noise
floor assuming an absorption rate «, of 2w x 3 MHz (blue
curve) and 2 x 1.5 MHz (green curve) in Fig. 3. In prin-
ciple, «, can be obtained from k. and the noise floor from
the coherent and incoherent spectroscopy, and the excess
classical correlation in the mechanical noise thermometry
can be estimated accordingly. We observe large deviations
of the increased noise floor at low powers, most likely due
to the cavity frequency noise due to free-carrier absorption
[82,83] as discussed in Appendix D. Due to the compli-
cated cavity dynamics, the excess noise correlations are not
quantified in our measurements.

I11. OPTICAL KERR SQUEEZING

The dissipative feedback arises in optomechanical spec-
troscopy due to photon absorption. Such photothermal
effects manifest as a Kerr-type nonlinearity [31], where
the cavity frequency shift is proportional to the intracav-
ity photon number. A Kerr medium has been suggested
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as a QND device in a feedback loop to generate optical
squeezing [22,76]. In such QND feedback, the intensity
of in-loop optical field constitutes a measurement with-
out quantum backaction, although phase fluctuations are
added. The dissipative feedback is fundementally differ-
ent from a QND feedback, e.g., Kerr squeezing [22,76],
as excess noise always arises in the out-of-loop field due
to uncorrelated noise from the in-loop field detection, i.e.,
photon absorption.

J

Here we consider a microcavity with coexisting dissipa-
tive feedback via photothermal effects and Kerr nonlinear-
ity (a situation encountered e.g. in Si3N4 microresonators).
We can obtain the quantum Langevin equations of the field
fluctuation in the frequency domain,

Xeo ()8 = [nc00(Q)ky — iNcgren] (32 + 527
+ «/K_asad + A/ Kexaaex,in + «/K_saas,in (22)

where gger is the single-photon nonlinear Kerr coupling rate [84] and x.o(S2) is given by Eq. (6) with A = A —
(gakagih/Veh + &Kerr) . We can obtain the symmetrized PSD of the out-of-loop field quadrature, X]g = 8Gexome " +
S8Gex.out €, in a balanced homodyne detection, with LO of the pumping tone frequency and @ being the phase difference
between the LO and the pump. We focus on the simple case where the laser detuning A = 0. For Kerr squeezing, i.e.,

gm = 0, the PSD takes the form,

S[,Kerr(Q) =1-

16711k Sin(O)gker (2 + 4Q2) cos(0) — 4nck sin(6)gker |

where we assume an ideal detection and 1. = xe/k. Such
QND feedback can result in Kerr squeezing in the out-
put field for an optical quadrature with minimum variance
below the vacuum noise at an optimal angle, as detailed
in Appendix A. In contrast, for dissipative dynamics only,
i.e., gker =0, the PSD takes the form, S;,(2) =1+
74(€2), where the incoherent optical absorption always
results in an excess noise, i.e., the photothermal noise,

167 kcakcex sin(0)2g2g2
(K2 +4Q2) (2 + y3) ~

STa(Q) = 24)

We note that, this coincides with earlier experimental and
theoretical works in optical systems with intensity feed-
back, where in-loop photocurrent can be squashed while
the out-of-loop photocurrent always becomes antisquashed
[23-25]. The Kerr nonlinearity on the other hand, consti-
tutes a QND detection of the in-loop optical field, which
enables Kerr squeezing in the out-of-loop field, which
enables the Kerr squeezing in the out-of-loop field, as
expected [22,76].

When Kerr nonlinearity and dissipative dynamics coex-
ist, the total PSD is given by S;(2) = Srkenr(2) +
STit(€2), with total excess noise S7,(€2) = Sy, (2) +
S7*(€2) due to the dissipative dynamics. The coherent
dfssipative dynamics gives arises to,

64ﬁgKaKexgagKerrgth sin’ @) (K Yth — 292)
(€42 (R + )

(€)=

(25)

(K2 + 4Q2)? @)

(

We note that, when gugm (k2 +4Q?) < gker (8Q%—
4kym), the total excess noise Syi,, < 0, which opens
an interesting regime for dissip&tion improved Kerr
squeezing.

In Fig. 4, we show the theoretical curves of esti-
mated Kerr squeezing in a state-of-the-art SizN4 micror-
ing resonators at optimal squeezing angles with realistic

1.0

0.1 1 10
Q/2x (MHz)

FIG. 4. Estimated Kerr squeezing with dissipative dynamics
at optimal angles in a Si;N4 microcavity. The noise spectral den-
sity is normalized to the shot noise floor (black dashed line). The
red curve corresponds to the case where the dissipative dynamics
is absent, while the green curve corresponds to the case where
Kerr nonlinearity and dissipative dynamics coexist. The green
and red shade areas correspond to the excess noise and improved
squeezing due to dissipative feedback. (Parameters: «/2m =
15 MHz, kex/2m = 8 MHz, «,/2m = 6 MHz, «;/2m = 1 MHz,
Yin/27w = 20 kHz, g,gn/2m = —0.05 Hz, gkerr/27m = —0.5 Hz,
and i1, = 107).
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parameters [8]. The Kerr nonlinearity in such a micror-
ing resonator can lead to frequency comb and dissipative
soliton generation at low pumping powers (approximately
mW) [2], due to the extremely low optical loss (x /27 <
20 MHz). The red curve includes only Kerr nonlinearity
while the green curve considers both the Kerr nonlinearity
and the dissipative dynamics. As shown in Fig. 4, the green
curve exhibits excess noise at low frequencies due to the
incoherent dissipative dynamics, while showing a slight
improvement of Kerr squeezing at frequencies between
2—10 MHz due to the coherent dissipative dynamics. In
practice, the Kerr squeezing is limited by the detection
efficiency and the thermorefractive noise [85—87].

IV. CONCLUSION

We observe the dissipative dynamics resulting from
photon absorption in quantum optomechanical spec-
troscopy of sideband-cooled optomechanical crystal cav-
ities under different conditions and develop a theoretical
model for our experimental observations. Such dissipa-
tive dynamics comes from a dissipative quantum feedback
to the optical cavity. The in-loop detection of the optical
absorption field results in a modified optical susceptibil-
ity, and results in excess noise correlations in the quantum
measurement of mechanical motion. Such dissipative feed-
back differs from the quantum nondemolition feedback,
e.g., Kerr squeezing. The observed dynamics is applica-
ble to any dissipative feedback in the cavities of different
bandwidths, such as TPA, FCA, and photorefractive effects
[88]. It offers crucial understanding to cavity spectroscopy
in both optical and superconducting microwave micro-
cavities, such as noise thermometry, quantum enhanced
sensing, and microwave-optical frequency conversions
[89,90]. While our study has experimentally considered the
optical domain, it is worth pointing out, that our results
also apply to the microwave domain, as studied in cir-
cuit optomechanics or used in superconducting circuits
based research [4,91]. While it is well known that TLS
can lead to a drive power dependent quality factor of
superconducting microwave cavities, the described phe-
nomena may be applicable to mechanisms, which result in
power or temperature-dependent cavity frequencies, e.g.,
due to quasiparticles [92-95]. The dissipative feedback can
also be exploited for future dissipation engineering, such
as enhanced sideband cooling and Kerr squeezing, and
nonreciprocal photonic devices.

All data and analysis files are available online [96].
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APPENDIX A: THEORY

1. Optomechanical spectroscopy

For laser sideband cooling in a resolved-sideband
optomechanical system coupled to a dissipative reservoir,
the quantum Langevin equation takes the form,

Xeen(D8 = ig0adh + \/Kadlla + \/KexSexin + /K58l in
X1 (Q)8b = igoada + /T dbi, (A1)

and the noise operators satisfy the following correlations:

(8aiex,in' (2)8liex in(R))
(88ex,in(R2)8a T ex in ()
(80,nT ()840, ()
(80,0 (284" 0,0 ()
)=

0,
5(Q+ Q)2
0,
8

(2+ )27,

(8%* (Q)8hin(2)) = 78 (Q + )27,

(3Z;in(sz)win(9’)> — (i + 1)8(Q + )27, (A2)

In addition, the noise operator for the dissipative reservoir
satisfies the following correlations:

(8a4" (2)8a4(R)) = —0u(R)oa(R)3 (2 + )27,
(saa()8a"4(Q)) = [1—0u(D)][1 +04(2)]8(Q+ )27,
(3aa()8a4(Q)) = ~[1 — 0u(R)]oa()3(Q + Q)27
)

(8a%a(@)8a" 4()) = 04(D[1 + 04(Q)]8(2 + Q)27
(A3)

We can obtain the noise spectrum of the mechanical
oscillator,

Si () = / (327*'(t)513(t’)>e"mdt

= (T + T3) [ xer(—) 2 (A4)
where Iy = ;lcgg|Xc(Qm)|2Kuaja and
OO A A o
Si(Q) = / <5b(¢)5bT(t’)>eledr
—00
= [(n + DTy + D] | xer()]? (AS)
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where T'_ = 71.82| xc(S2m) 1> (ke + k4023). The two-sided
mechanical noise spectrum can be obtained,

S () /x50 = S () + S3(Q)

= e[| e P (1 + 1) + [xer(—2)*7ir |,
(A6)

where the final occupancy takes the form,

- ﬁthrm + 1—‘opt’jll
= T o A7
ny o (A7)

with Fope = K'eff;lcg02| Xc’eff(Q)|2 and n; = Kaﬁzag /Ker. The
coupling to the dissipative reservoir results in excess
backaction heating of the mechanical oscillator. In a bal-
anced heterodyne measurement, the output field is beating
with a strong LO of frequency wpo, which is placed
on the blue side of the pumping tone with a frequency
separation close to the mechanical frequency. The sym-
metrized PSD of the photocurrent from the BHD is given
by, Si(Q) = 5 [Z2 ({8 (t+ 1), 81 (¢)})e'¥dt. In practice,
there are other losses in the photodetection, such as in the
fiber or the photodetection, resulting in a limited external
detection efficiency 7ex. Under optimal sideband cooling
condition, i.e., Agy = —,, the photocurrent PSD, when
normalized to the shot noise floor, is given by,

Aoyl g2
exzcg()r

SHQ + ALo) = Nex eftl Xmer (2 + ) |?

Keff

— — _ K
X (nf - 21’11) + 1+ 4nexn1K_eX, (A8)

eff

with ALO = Qm +wp —wro > 0 and Feﬂ‘ = Fm + 4I7lcg§/
ke At low cooling power, the signal-to-noise ratio of the
thermomechanical sideband is given by,

l6nexfzcg(2)icexk3 T

SNR =
KT, hQ,

(A9)

with bath temperature 7' and negligible dynamical back-
action. In the fitting of n.-dependent ['eg in the main text,
the inferred k. is incorporated, with gy and T, as free fit-
ting parameters. The mechanical noise thermometry can be
performed by anchoring the phonon occupancy to the low-
est power via Eq. (A8), incorporating the inferred kg in

J

1671 Nexnck SIN(0)gker [ (K2 4 4Q2%) c08(6) — 47k sin(0)gker |

the optomechanical damping rate. The external detection
efficiency n.x can be obtained accordingly, and is esti-
mated to be approximately 0.15 in the room-temperature
experiments. The dissipative dynamics results in an excess
noise above the shot noise floor

=2 2

o Kex  MMexKaKexN 04

S1ex(Q+ ALo) = 4nexiti— = ——5———
Keff Kefr

(A10)

However, Eq. (A10) is not sufficient to fully capture the

observed noise increase, which may be partially from the
cavity frequency noise due to free-carrier absorption [82,

83]. For the fitting of n.-dependent 7, in the main text, we
incorporate a linear optical absorption for the mechanical
motion, as in Ref. [31].

2. Optical Kerr squeezing

The Kerr nonlinearity coupling rate in the main text can
be estimated through [84]

ny hw.c
8Kerr = —We—
no VmodenO

<0, (A1)

where ng is the linear refractive index, n, the Kerr coef-
ficient, Viode the effective mode volume of the cavity,
and ¢ the speed of light. The output field quadrature
can be linearly measured in a balanced homodyne detec-
tion, by beating with a strong LO of the pumping tone
frequency. This results in the photocurrent fluctuation,
sl (H) = laro |)A(9, where 6 is the phase difference between
the LO and pumping tone. The symmetrized noise PSD of
the output photocurrent, when normalized to the shot-noise
floor, is

$1() = (-2 8@)

= ((B-at@)+ (t@khea).
(A12)

The full expression of the PSD can be obtained analyti-
cally, which is too complicated to be presented here. We
focus on the simple case where the laser detuning A = 0.
In the absence of the dissipative dynamics, i.e., gm = 0, the
PSD takes the form,

S],Kerr(gz) =1-

(K2 + 4Q2)? ‘ (A13)
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with cavity coupling efficiency 1. = kex/k and external  esting regime for dissipation-assisted Kerr
detection efficiency 7¢x. The minimum PSD, squeezing.
mn Q) =1- 2lex e , APPENDIX B: SAMPLE AND EXPERIMENTAL
\/ [(k2 + 49Q2) Aok grer | + 1+ 1 DETAILS
(A14) Both OMC:s in the main text are fabricated on a silicon-

which is limited by the cavity linewidth and total
detection efficiency 7ex7., can be obtained at Oo (2) =
tan~' [(k? + 4Q?) /4nckgker| /2. In the absence of the
Kerr nonlinearity, i.e., gkerr = 0, the PSD takes the form
S14(82) = 14 877,(€2), where the incoherent dissipative
dynamics always results in an excess noise,

167 nexanick” sin(©)*gags, _ 0, (AlS)
K+ @+

Spa () =

with n, = k,/k. ) . -
In most optical systems, the Kerr nonlinearity and dissi-
pative dynamics coexist, the total PSD is given by
S1(2) = S1kerr(2) + 5710t (), (Al6)
with total excess noise S73,(€2) = 877, (€2) + S7.(€2) due
to the absorption. The coherent dissipative dynamics gives
rise to,

64712 Nex Ntk *Gagkerr&ih SIN*(0) (k yin — 2Q2)

X (Q) —
(2 +422)° (13 +22)

(A17)

The minimum quadrature can be obtained accordingly at
the frequency-dependent optimal squeezing angle,

arctan(—B/A4)

on-insulator wafer (Soitec) with a top-silicon device-layer
thickness of 220 nm and a buried-oxide layer thickness of
2 um. The OMC with /27 = 1.6 GHz, is patterned by
electron-beam lithography (EBL) using ZEP520A (100%)
as a positive resist. The pattern is transferred to the device
layer following a reactive ion etching using SF6/C4F8
plasma [31,33]. The OMC of k/2x = 220 MHz, is pat-
terned by using EBL using 4% hydrogen silsesquioxane
(HSQ) as a negative resist. Pattern transfer into the device
layer is accomplished by inductively-coupled-plasma reac-
tive ion etching (ICP RIE) using HBr/O, [32,34]. To
permit input-output coupling with a tapered fiber, an addi-
tional photolithography step is performed for both OMCs
followed by RIE with a mixture of SF¢ and C4Fg to cre-
ate a mesa structure. After resist removal, the buried oxide
layer is partially removed in 10% hydrofluoric acid to cre-
ate free-standing devices. A Piranha (a mixture of sulfuric
acid and hydrogen peroxide) cleaning step is performed to
remove organic residues. In the end, the sample is dipped
into 2% hydrofluoric acid to terminate the silicon surface
with hydrogen atoms.

The characterized parameters for the two OMCs under
different measurement conditions are listed in Table I.
The measurement of the OMC of /27 = 1.6 GHz is
performed in a *He buffer gas cryostat (Oxford Instru-
ments HelioxTL). As shown in our previous experiments,
the gaseous *He improves the thermalization of the sili-
con OMC significantly. In this experiment, the pressure

) 4<0 of buffer gas is reduced to approximately 0.5 mbar with
Oopt (£2) = arctan(—B/A) + 7 > (A18) e cryostat temperature stabilized around 8 K, resulting in
2 4>0 significant optical absorption heating.
In Fig. 5, we show the experimental setup for the
where optomechanical spectroscopy. Laser light from the ECDL

A = fick [4n4gagkerngn (297 — k¥in) — Nagag, (K° +4Q7)
- 4g12§err (yt121 + Qz)] /gKerr,

B = (k* +49%) (v + Q%) > 0. (A19)

We note that, when g, g, (/c2 + 4522) < @Kerr (892 — 4k )/th),
the total excess noise Sy, < 0. This brings about an inter-

passes through a phase modulator. A pair of weak prob-
ing tones is generated, with frequency separation set by a
microwave tone from a vector network analyzer (VNA).
Light is coupled into the OMC with a tapered optical fiber.
The reflected light from the OMC is collected for optome-
chanical spectroscopy. In the coherent spectroscopy, the
photocurrent of the reflected light is sent to the VNA
and demodulated at the microwave frequency, resulting

TABLE I. Detailed characterized parameters of the two tested OMC devices D1 and D2. D1 is measured at approximately 8 K with
a pressure of 0.5 mbar, while D2 is measured at ambient conditions.

A (nm) K/2m Kex /2T Nwe Q2w /27 go0/2m
Dl 1540 1.7 GHz 0.5 GHz 0.52 5.3 GHz 81 kHz 829 kHz
D2 1540 220 MHz 73 MHz 0.5 5.14 GHz 2.56 MHz 1.12 MHz
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FIG. 5. Experimental setup for optomechanical spectroscopy.
(a) SEM image of the silicon optomechanical crystal cavity.
(b) Detailed experimental setup. ECDL, external-cavity diode
lasers; FPC, fiber polarization controller; PM, phase modula-
tor; VOA, variable optical attenuator; BHD, balanced heterodyne
detector; SA, spectrum analyzer; NA, network analyzer; PLL,
phase-locked loop.

in a coherent cavity response. In the incoherent spec-
troscopy, the reflected light is sent to a balanced heterodyne
detection setup by beating with a strong local oscillator,
which is phase locked to the blue side of the cooling
tone. The photocurrent from the BHD is sent to a spec-
trum analyzer, enabling a quantum-limited detection of the
thermomechanical sideband.

In Fig. 6, the optical cavity resonant wavelength ver-
sus the cryostat temperature of a silicon OMC is shown.
For temperature above 30 K, gy < 0, with a coefficient

1541.50

—~ 1541.48 1

1541.46

1541.44 ¢

Wavelength (nm

154142

1541.40 : : : :
10 20 30 40
T(K)

FIG. 6. Optical cavity resonant wavelength versus cryostat
temperature of a silicon OMC. The measurement is performed
with the OMC with «/27 = 1.6 GHz at pressure approxi-
mately 100 mbar with 7. < 5 by monitoring the coherent cavity
response. The slight color difference at temperature below 8 K
corresponds to two different sets of measurements.

a few orders of magnitude lower than room temperature.
For temperature below 30 K, g, > 0, as opposed to room
temperature. This enables stable strong pumping of the red
sideband as required for sideband cooling.

In practice, the absorption rate «, differs qualitatively in
various fabrication processes and is very difficult to quan-
tify a priori. In principle, k, and o¢(£2,,) can be jointly
fitted from the effective linewidth change [cf. Eq. (14)] and
the excess noise floor [cf. Eq. (A10)], as they scale dif-
ferently with the intracavity photon number. More specifi-
cally, we estimate k, at room temperature of approximately
27 x 1.5 MHz, corresponding to o((£2) of approximately
0.02. We note that, the TPA and FCA in silicon OMC
may also result in cavity linewidth increase and frequency
blue shift, which is discussed in Appendix D. At cryo-
genic temperatures (8 K), we estimate x,0¢(£2,,) of 2w x
44 kHz. Because of the relatively small noise floor change
(1%), we could not reliably quantify the absorption rate
of such OMC. We note that, the esimated o((£2) at room
temperature and cryogenic temperature are of the same
magnitude while of different sign. As the temperature-
dependent cavity frequency shifts (gy) are different by
almost 2 orders of magnitude between room temperature
and cryogenic temperature, the absorption loss rate «, of
the OMC at cryogenic temperature may be approximately
27 x 100 MHz. Such different absorption rates of the two
OMCs may explain our previous different optimal ground
cooling results, i.e., with final phonon occupancy of 1.5
and 0.1, respectively [31,32].

APPENDIX C: THERMAL RESPONSE
SIMULATIONS

In the theoretical treatment of the temperature dynam-
ics in the main text, we neglect the geometric dependence.
In practice, the thermal response can be rather complex as
dissipative absorption in the microcavities can dissipate via
different mechanisms, such as radiation, conduction, and
convection. The thermal response can be obtained with
finite-element-method (FEM) simulations. We first simu-
late the electric field distribution of the optical mode E (7).
The bulk absorption heating

P(F) = PanseoE(P) x EEG)/ W, (C1)
can be added as a heat source in the heat-transfer model,
with € = €y + €; the permittivity, and Wr = [ €oE(F) x
¢E#)dV the mode full energy. The frequency component
of the temperature distribution 7(w, 7) can be solved using
the Fourier-domain heat equation,

iQoCT + kAT = P, (C2)
where p is the density, C the heat capacity, and k the
thermal conductivity. The cavity shift frequency takes the
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FIG. 7. Simulated cavity frequency response of different

microcavities from finite-element simulations at room temper-
ature, including a silicon OMC [30], silica microtoroid [72],
and SiN ring resonator [8]. The detailed parameters in the FEM
simulation are listed in Table II.

form,

S (£2)

We

= —WLE / m,?)ewe(?)j—’;(a@@nzdv.
(C3)

In Fig. 7, we show the cavity frequency responses of three
different microcavities, i.e., silicon OMC, silica micro-
toroid and Si3N, ring resonator, at room temperature with
an absorption power P(2) = 1uW. The cavity frequency
responses deviate from the single-pole model that we
use in the main text. Multiple-pole models are typically
required to fit the response [31]. The OMC has much larger
relative frequency shift at dc compared to the other two
types of cavities, due to the small mode volume, which also
results in high-frequency poles in MHz range. In micro-
toroid, despite the large size, the thermal bandwidth can be
up to MHz, e.g., in Ref. [97]. For Si3N4 microresonator, the
bandwidth is typically in the kHz range, e.g., in Ref. [86].
The relevant material coefficients used in the FEM simu-
lations are shown in Table II. In addition to the geometric
dependence, the device surroundings sometimes can even
have a more significant impact on the cavity frequency
thermal response, e.g., gaseous helium, vacuum, or liquid
[31,97].

APPENDIX D: EXCESS NOISE

Excess laser noise is known to limit sideband cool-
ing and to introduce classical correlations in linear inter-
ferometric measurements of mechanical motion, which
becomes extremely critical to deep sideband cooling,
where optical filters are typically required to reject the

excess laser noise around the mechanical frequency. Exter-
nal cavity diode lasers are well known to have excess
noise in the GHz range [26], due to the damped relax-
ation oscillation caused by carrier population dynamics.
In our experiments, the excess laser frequency noise spec-
trum density S, (€2) at a frequency of 5.2 GHz is measured
below 10° rad*> Hz. In BHD, we choose a LO power of
around 6 mW. The beating between the high reflected
power (> 100 uW) and the noise from the LO can lead
to an increased noise floor by approximately 1%, due to
the excess noise in the LO [32,98].

Brillouin scattering in optical fibers is known to generate
excess noises, from bulk elastic waves or surface acoustic
waves [99]. In our experiments, we do not observe evident
excess noise in all the optical equipments, such as opti-
cal switches, mirrors and fibers, with a quantum-limited
detection-balanced heterodyne detection.

Fundamental temperature fluctuation can in principle
result in excess thermo-refractive noise (TRN) in the
cavity. TRN has received significant attention in the
gravitational-wave detection community due to the high
powers and low detection bandwidth and limits the ulti-
mate sensitivity. In recent years, there have been contin-
uous efforts in the characterization of TNR in integrated
devices. The TRN is estimated to have a large impact
on the on-chip Kerr squeezing due to the low detec-
tion bandwidth. In our measurements with optomechanical
spectroscopy, such effects from TRN might be negligible
due to the large mechanical frequency.

The optical resonant wavelength of the silicon OMC is
in the band gap of silicon, which should in principle intro-
duce negligible optical absorption. Due to the ultra-small
mode volume (approximately A%) and the strong cavity
field enhancement, nonlinear optical dynamics can arise in
the cavity at high pumping powers, such as TPA [82]. The
TPA in the silicon cavity can introduce excess nonlinear
optical loss ktps and generate free carriers. The gener-
ated free carriers in turn lead to excess optical loss xpc
and cavity dispersion Apc. The total optical cavity loss
is thus given by x = kex + k5 + k4 + kTPA + KEC, Where
KTPA = KTOP Al and kpc > K}?Cﬁz. At room temperature, the
estimated «3%, /27 ~ 3 kHz and «{./2m < 10Hz, taking
the parameters in Ref. [82,100,101] and estimated mode
volume from finite-element simulation. We note that, k-

TABLE II. Physical properties used for the FEM simulations
of the cavity frequency thermal responses.

Physical properties Si3Ny Si SiO,
Density p (kg m™) 3290 2329 2203
Refractive index ng 200 348 1.50
Thermo-optic dn/dT (10~° K1) 245 160 1.29

Thermal conductivity & (W m~' K1) 30 130 1.38
Specific heat capacity C Jkg™' K1) 800 700 703
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also depends on the carrier lifetime. In our estimation, we
assume a carrier lifetime of approximately 10 ns, which in
practice depends on the density of the carrier in the optical
cavity [82]. At cryogenic temperatures, the carrier lifetime
can decrease by a few orders of magnitude compared to
room temperature [100], which results in lower Kgc- The
estimated optical cavity dispersion due to the free carrier
by single intracavity photon is Agc < 10 Hz [82,100,101].
The nonlinear dynamics due to TPA and FC can in prin-
ciple also result in complex dissipative dynamics in the
optical cavity, which is not considered in the main text.

We note that, theoretical predictions show that the free-
carrier dispersion in the optical cavity can introduce excess
noise due to the incoherent carrier excitation and decay
processes [83], which may partially explain the noise
floor we observe in the experiments and requires further
investigation.
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