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When an optical field is reflected from a compliant mirror, its intensity and phase become quantum-
correlated due to radiation pressure. These correlations form a valuable resource: the mirror may be viewed
as an effective Kerr medium generating squeezed states of light, or the correlations may be used to erase
backaction from an interferometric measurement of the mirror’s position. To date, optomechanical quantum
correlations have been observed in only a handful of cryogenic experiments, owing to the challenge of
distilling them from thermomechanical noise. Accessing them at room temperature, however, would
significantly extend their practical impact, with applications ranging from gravitational wave detection to
chip-scale accelerometry. Here, we observe broadband quantum correlations developed in an optical field
due to its interaction with a room-temperature nanomechanical oscillator, taking advantage of its high-
cooperativity near-field coupling to an optical microcavity. The correlations manifest as a reduction in the
fluctuations of a rotated quadrature of the field, in a frequency window spanning more than an octave below
mechanical resonance. This is due to coherent cancellation of the two sources of quantum noise
contaminating the measured quadrature—backaction and imprecision. Supplanting the backaction force
with an off-resonant test force, we demonstrate the working principle behind a quantum-enhanced

“variational” force measurement.
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I. INTRODUCTION

The radiation pressure interaction of light with mechani-
cal oscillators has been the subject of intense theoretical
research in the gravitational wave community [1-3], lead-
ing, for example, to an understanding of the quantum limits
of interferometric position measurements. An important
insight that could potentially help evade this limit is that the
two noise sources that enforce it—quantum (measurement)
backaction and imprecision—are, in general, correlated [4].
From the perspective of the light in the interferometer,
quantum fluctuations in its amplitude quadrature drive the
oscillator leading to quantum backaction, and the driven
motion is imprinted onto the phase quadrature. Ultimately,
this leads to correlations between the quantum fluctuations
of the amplitude and phase quadratures, i.e., quantum
correlations. Correlations thus established form a valuable
resource: the optomechanical system may be viewed as an
effective Kerr medium generating squeezed states of the
optical field [5,6], or the correlations can be directly
employed for backaction cancellation [7—10]. Indeed, the
ability to utilize quantum correlations generated in situ is
conceptually identical to injection of squeezed light [9],
while circumventing the challenge of realizing a near-unity
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coupling efficiency between the squeezed light source and
the interferometer [11]. The burden of quantum efficiency
in this case is shifted to the detector, a problem that is
largely solved [12]. Thus, a room-temperature interferom-
eter capable of harnessing in sifu correlations is a platform
that may help extend the practical reach of quantum optics,
with applications ranging from gravitational wave detection
to chip-scale accelerometry.

In practice, owing to the weakness of the radiation pressure
force, optomechanical quantum correlations are typically
obscured by thermal motion. Only in recent years has this
challenge been broached, by the development of cavity
optomechanical systems [13], which combine an engineered
high-Q, cryogenically cooled micromechanical oscillator
with a high-finesse optical (or microwave) cavity. In such
systems, it is possible to realize a regime in which the motion
of the oscillator is dominated—or nearly so—by quantum
backaction [14—16]. This has enabled studies of various
effects related to optomechanical quantum correlations, such
as ponderomotive squeezing [17-21] and motional sideband
asymmetry (using autonomous [22-25] or measurement-
based [20] feedback to cool the mechanical oscillator).
Accessing this regime at room temperature is difficult, as
the optical powers necessary to overwhelm thermal forces
with backaction are typically accompanied by dynamic
instabilities [26]. Various cross-correlation techniques have
been proposed to relax these requirements and allow obser-
vation of quantum correlations near mechanical resonance
[27,28]. In a recent demonstration [29], such a technique
was used in the regime of large measurement imprecision
to unearth quantum correlations from beneath 60 dB of
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thermal noise. However, the generation of broadband
quantum-noise-induced optomechanical correlations, that
could simultaneously ameliorate the limits posed by
imprecision and backaction on room-temperature interfer-
ometers [7-9,30,31], remains an outstanding challenge.

Here, we observe quantum correlations of light generated
by its interaction with a room-temperature nanomechanical
oscillator coupled to a high-finesse optical microcavity and
discuss how to use these correlations to realize a quantum-
enhanced mechanical force sensor. The large bandwidth of
the cavity and the exceptionally high Q/mass of the
oscillator allows us to operate in a novel regime where the
magnitude of quantum correlations is comparable to both
sources of quantum noise—imprecision and backaction—at
Fourier frequencies detuned as much as an octave from
mechanical resonance. In a suitably chosen field quadrature,
correlations manifest as a reduction or enhancement in the
fluctuation spectrum at Fourier frequencies detuned from
mechanical resonance. Though the fluctuations are contami-
nated by thermal noise and do not drop below the vacuum
level—the condition for ponderomotive squeezing—their
reduction provides a metrological advantage, since its
origin is a coherent cancellation of quantum noises.
Counterintuitively, as a result of this coherence, we observe
a 10% noise reduction despite the fact that backaction is
20 dB smaller, in equivalent phonon units (nggs), than
thermal noise (ny, = kgT/hQ,, ~ 10°). Indeed, at optimal
Fourier frequencies, the fractional noise reduction scales as
\/"QBa/ N, distinguishing it from classical-noise-induced
correlations, and enabling an enhanced estimate of the
quantum backaction force relative to standard “calorimetric”
measurements [14-16]. We conclude by showing how
quantum correlations can be used to improve the signal-
to-noise ratio of an off-resonant test force.

II. CONCEPT OF THE EXPERIMENT

Accessing the above physics requires the ability to
resolve backaction-driven motion far from mechanical
resonance, a regime traditionally studied for gravitational
wave detectors, but only recently accessed experimentally,
using high-cooperativity cryogenic microcavity optome-
chanical systems operating deep in the so-called bad cavity
limit [15,20]. Our system is optimized for achieving this
regime at room temperature and is detailed elsewhere [32].
As shown in Fig. 1, it consists of a Si;N, nanomechanical
beam coupled dispersively to a whispering gallery mode of
a silica microdisk. The beam has an exceptionally high
room-temperature Q /mass factor due to its high stress and
quasi-1D geometry. To enhance its optomechanical cou-
pling, it is suspended ~50 nm from the surface of the disk
and profiled to increase its overlap with the optical mode
[see Supplemental Material (SM) [33]]. This results in a
vacuum optomechanical coupling rate of g, ~ 2z x 60 kHz
for the fundamental, Q,, = 2z x 3.4 MHz flexural beam
mode—a threefold increase over previous implementations

@) P 2
q

—e

™

Ti:sapphire
780 nm

—

300K, 107 mbar

v

” B

Spectrum analyzer

—
O
-

2 10F _
b= 1
5 St—3
g
k)
=
5 05f
o
=
% gout 1
g S p 32
S 00 /
-20 -10 0 10 20
Q-0 )/, /2)
FIG. 1. Optomechanical quantum correlations. (a) Schematic of

the experiment: The optomechanical system is formed by a SizNy
nanobeam oscillator (red) evanescently coupled to SiO, micro-
disk cavity (blue). Both are maintained at room temperature
(T ~300K) in a low-pressure (=10~7 mbar) vacuum chamber.
The cavity is probed on resonance with 780-nm light from a Ti:
sapphire laser. The transmitted field is read out with a homodyne
detector with variable local oscillator phase 8. Amplitude and
phase fluctuations of the light field are correlated after passing
through the cavity, represented as squashing in a phase space
cartoon. (b) Model of the homodyne photocurrent spectrum
[normalized to vacuum noise, Eq. (9)] for detection near the
amplitude quadrature (@ ~0°). The signal (red line) has a
symmetric part (blue line) due to physical motion and an
asymmetric part (green line) due to quantum correlations.

of the device [15,20]. In conjunction with the high room-
temperature mechanical quality factor, Q,, ~ 3 x 10° (giving
a damping rate of T, =Q,,/0,, 27 x 12 Hz), and a
critically coupled cavity decay rate of x =~ 27 x 4.5 GHz,
anear-unity single photon cooperativity of Cy = 4g% /k[, ~
0.27 is attained. Importantly, the system operates in the
broadband regime, i.e., k > Q,,,.

In the experiment [outlined in Fig. 1(a)], the optome-
chanical device is placed in a high-vacuum chamber and
probed on resonance using a Ti:sapphire laser. The motion
of the oscillator, characterized by the Fourier transform of
its displacement fluctuation 6x[Q], is imprinted on the
transmitted phase quadrature as (see SM [33])

5p0ut[g} = _5pin [Q] + 2Cl—‘m @ ’ (1)
zp

where pj, is the phase quadrature of the input field, x,, =
\/h/2mQ,, is the zero-point motion of the oscillator, and
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C = Cyn, is the multiphoton cooperativity for the mean
intracavity photon number n,.. The displacement has
components from the ambient thermal environment, and
quantum backaction, viz.,

Bx[Q) = 8x,[Q] + dxopa €. (2)
The thermal motion,
510l€] = 2657100 (ma+3) [r, 580, (3

is due to a Langevin force of intensity proportional to the
average thermal occupation ny,, and fluctuating as a white
noise o6&, characterized by

(0¢(1)og(1)) = o(1 = 1'). (4)

The force fluctuations are transduced into displacement
fluctuations via the dimensionless susceptibility of the
oscillator,

— erm
T Q2 -Qr—iqr,

)([Q} = (mgmrm))(x [9]7 (5)

where y, is the conventional susceptibility. The backaction-
driven motion,

6xQBA[Q] = 2xzp)([9] \/ anBA/Fméqm [Q]v (6)

arises from quantum fluctuations in the amplitude quad-
rature of the input field d¢;,, characterized by [34]

(5430(1)330(1)) = 3501 = 1), )

and leads to an additional phonon occupation, nggs = C.
Because d¢;, is written onto the output optical phase
vis-a-vis backaction, the amplitude and phase quantum
fluctuations of the output field are correlated. The magni-
tude of these quantum correlations is characterized by the
symmetrized cross-correlation spectrum (see SM [33]),

55219 = [ (3 16m0a(0).5000(0)} e
= 2nngpaRey (€], (8)

which is proportional to the backaction occupation, and
the overall detection efficiency #. The correlation changes
sign across the mechanical resonance frequency because of
the 180° phase change in the response of the oscillator to
the quantum backaction force.

Phase-amplitude correlations can be experimentally
accessed by measuring a linear superposition of both the
amplitude and phase of the transmitted field. Proper choice

of the superposition, exemplified by a homodyne detector,
allows for a quantum-limited measurement of both quad-
ratures. Specifically, the transmitted field is interfered at a
beam splitter with a strong local oscillator field at a fixed
phase offset 0, followed by balanced detection of the two
outputs of the beam splitter. In this case, the photocurrent /4
is proportional to the rotated field quadrature,
0qg = 6qgcos + Spsinf. Its spectrum therefore contains
contributions due to amplitude or phase vacuum noise,
oscillator motion, and quantum correlations, viz.,

59/19Q] o cos?0S34[Q] + sin?OS[Q] + sin(20)S9[Q)],
©)

where

Sie) =

Sie) =

N = N =

SCYAP(nat3)  (0)

are, respectively, the transmitted amplitude quadrature
spectrum (containing a copy of the incident vacuum
fluctuations) and the transmitted phase quadrature spec-
trum (carrying, in addition, the total motion of the oscillator
transduced via the optomechanical interaction). Here,
Mot = Ny, + Npa 18 the phonon occupation of the oscillator
due to the combined effect of the thermal and backaction
forces.

The homodyne photocurrent spectrum [in Eq. (9)],
expressed in terms of the mechanical response,

_ 1
S99 « 1 + 16nCly[Q][? <nmt + 5) sin’0)

+ 4nCRey[Q)] sin 26, (11)

consists of a measurement imprecision due to vacuum
fluctuations of the detected quadrature, a component due to
the motion of the oscillator diminished by a sin? @ factor,
and a component due to correlations between the impre-
cision and the quantum backaction (« sin 20). By exploit-
ing its different dependence on the homodyne angle and
Fourier frequency, the correlation term may be detected
despite the large thermal motion of the oscillator at room
temperature. Specifically, near the amplitude quadrature
(@ = 0°) and at Fourier frequencies detuned from mechani-
cal resonance (|Q — Q,,| = T',,), the contribution of thermal
and backaction forces is suppressed relative to the corre-
lation term. Closer inspection shows that a necessary
requirement for the correlation term to dominate Eq. (11)
is that the backaction force dominates the thermal force:
ngea 2 Nih-

The large thermal occupation of room-temperature
mechanical oscillators makes it technically challenging to
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achieve ngpgs > ny,. Nevertheless, even when nggs << ny,,
the signature of quantum correlations can still be discerned
in the homodyne photocurrent spectrum at frequencies far
detuned from mechanical resonance (alternate detection
techniques have been demonstrated [20,23], and proposed
[35], to detect backaction-induced quantum correlations on
mechanical resonance). To wit, for detunings 6 = Q — Q,,,
which are larger than I',,, the homodyne photocurrent
spectrum takes on a signature antisymmetry with respect
to both 6 and 6 [27,28]:

m

T 2 o
~1+4nC <7’”> sin’6) (nth + nqea — p—cot 9) - (12)

m

S?I [Qm + 5]|§\>>F

Note that such an antisymmetry can also arise from quantum
correlations established by injecting squeezed light into the
optical cavity [36] (or, indeed, classical correlations estab-
lished by injecting a laser field with classical amplitude
fluctuations [37,38]). Figure 1(b) shows a model of the
homodyne photocurrent spectrum for a quadrature close to
the amplitude (i.e., 8 ~0°): the red trace represents the
asymmetric spectrum observed at sufficiently large optical
powers and the blue and green traces represent contributions
due to thermal motion and quantum correlations, respectively.

III. OBSERVATION OF QUANTUM
CORRELATIONS

In the following, we discuss homodyne measurements of
a rotated quadrature of the field transmitted through our
room-temperature nanobeam-microdisk optomechanical
system, with powers sufficient to resolve the asymmetry
due to quantum correlations. In order to mitigate opto-
mechanical instabilities, active radiation pressure feedback
is used to damp the mechanical mode [15,39]. For this
purpose we employ an auxiliary 850-nm laser side-locked
to an independent cavity mode (see SM [33]). Cold
damping of this sort changes the mechanical susceptibility
within the feedback bandwidth (1 kHz in this instance);
nevertheless, the total decoherence rate, and the ratio
ngpa/Ny, remains unchanged. Figure 2(a) shows the
sensitivity of the homodyne interferometer as a function
of the local oscillator phase 0. By operating with a modest
input power of 280 W, we measure thermal motion of the
oscillator with an (phonon-equivalent) imprecision, 7y, =
(16nC)~! ~ 4 x 107>, that is approximately 50 dB below
that at the standard quantum limit (SQL) (i.€., iy, = 1/4)
while operating on phase quadrature (6 = 90°). As the
local oscillator phase is swept towards the amplitude
quadrature (|| — 0°), the apparent thermal motion is
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FIG.2. Asymmetry in homodyne spectrum. (a) Resonant magnitude of the photocurrent signal S9,[€,,] (normalized to shot noise) as a
function of the homodyne angle 6. Blue points are measurements. Red line is a fit to Eq. (11). 40-dB suppression of the signal is
achieved on the amplitude quadrature, limited by residual fluctuations in the homodyne angle (6,,,,; < 0.57°). (b) Example spectra taken
near the phase (green) and amplitude (blue) quadratures. Also plotted is the background with the meter laser blocked (gray), dominated
by LO shot noise (detector electronic noise is 10 dB below shot noise). For all measurements, feedback is used to stabilize the
mechanical mode, as discussed in the main text. Note that the sharp peak at 3.5 MHz is due to thermal motion of the fundamental in-
plane beam mode. (c) Magnified image of the spectrum at two quadratures, @ = £13°, highlighted with vertical lines in (a) (blue is
+13°, yellow is —13°). The ~10% asymmetry between the two spectra at Fourier frequency detunings away from mechanical resonance
(Q,, ~ 2z x 3.5 MHz) arises due to quantum correlations [last term in Eq. (11)]. Larger asymmetry is observed at Fourier frequencies
farther from mechanical resonance, as predicted by Eq. (12). The spectra are measured at an injected power of P;, = 280 uW.
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suppressed by about 40 dB. Figure 2(b) shows example
photocurrent spectra measured close to the phase (green)
and amplitude (blue) quadratures; the gray trace shows shot
noise of the homodyne detector, recorded by blocking the
meter field. Excess amplitude noise in the output field is
measured to be ~1% of shot noise for the largest powers
used in our experiments (P =~ 280 uW), which we attribute
to thermally driven fluctuations of the tapered fiber (see
SM [33]).

In order to visualize the asymmetry in the photocurrent
spectra as predicted by Eq. (12), we compare two spectra at
homodyne angles symmetric about the amplitude quad-
rature, indicated by the blue (at angle +6) and orange (at
angle —0) vertical lines in Fig. 2(a). The corresponding
spectra are shown in Fig. 2(c). An asymmetry of approx-
imately 10% with respect to Fourier frequency is observed
at detunings 6 2 2z x 1 kHz, consistent with the theoreti-
cally predicted effect due to quantum correlations.
Qualitatively, the observed asymmetry over a broad range
of frequencies—more than a MHz on either side of
resonance—indicates that the magnitude of quantum-
noise-induced correlations is comparable to all sources
of quantum noise at these frequencies.

The asymmetry in the observed spectrum [red in Fig. 2(c)]
traces its root to the detuning dependence of quantum
correlations [green trace in Fig. 1(b) and third term in
Eq. (12)]. In order to systematically investigate this
asymmetry, we consider the ratio of the homodyne photo-
currents at frequency offsets at £6 from mechanical
resonance:

Rgzi: - (13)

Following Eq. (12),
14+ 4nCny (T, sin 0/8)*[1 = (8/ny L)) cot )]
1+ 4Cno (U, 50 0/8)*[1 + (8/no L) cOL O]

(14)

4

Note that quantum correlations render R, antisymmetric
in 6 about the amplitude quadrature (6 = 0°); i.e.,

Ry—1~—(R_p—1). (15)

It is thus a robust experimental signature for the presence
of quantum correlations, provided that excess amplitude
and phase noise of the meter laser is sufficiently small (see
SM [33] and Ref. [20]). Ry is measured by recording the
spectral power in the windows of the finite bandwidth
symmetric about the resonance (6 = 2z x 21 kHz; also
see SM [33]), as a function of the homodyne angle 6.
Figure 3 shows R, for several probe powers. At low probe
powers (i.e., low cooperativity, C = 100), shown in the top
panel of Fig. 3, the antisymmetric feature around the
amplitude quadrature (i.e., Ry — 1) is relatively small due
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FIG. 3. Asymmetry in spectrum as a function of homodyne
angle. Each plot shows asymmetry of the homodyne spectra, Ry
[Eg. (14)], as a function of homodyne angle. From top to bottom,
Ry is plotted as the probe power (mean intracavity photon
number) is increased: P;, = 1.5,9,113.4 yuW (n.~ 0.3 x 10*,
2.1 x 10*,58 x 10*). Red lines are a model employing only
quantum noises and independently inferred values of the effective
single-photon cooperativity #C,; gray band shows interval
corresponding to uncertainties in either parameter.

to the large measurement imprecision. As the probe power
is increased, shown in the two subsequent panels of
Fig. 3, the relative contribution of the quantum correlation
increases, leading to a progressively larger antisymmetry
near the amplitude quadrature. We note that classical
sources of noise may also affect the antisymmetric feature:
laser amplitude noise can establish classical amplitude-
phase correlations leading to excess antisymmetry [38],
or anharmonicity of the mechanical oscillator can lead to
structured thermal noise which at large Fourier frequency
detuning modifies the antisymmetry [40]. These and
various other sources of systematics are found to be
negligible in our experiment (see SM [33]).

For the scenario in our experiments, where the back-
action is large but does not overwhelm thermal motion, i.e.,
ng, 3> nopa > 1, the visibility of the antisymmetric feature
in Ry is given by
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FIG. 4. Visibility of quantum correlations versus laser power.
Blue points are measurement of AR [Eq. (16)] as a function of
laser power (referred to optomechanical cooperativity C). At each
value of the injected power, the various blue points show AR
inferred from various choices of the detuning 6. The red line is a
prediction based on Eq. (16), with a notably square-root depend-
ence on power. The gray line is a linear fit to the data, which
would apply if the correlations were entirely due to classical
amplitude noise in the laser [see Eq. (17)].

[ n
AR =max Ry —minRy~ 4, /n QBA
Ny

Here, the extrema are calculated with respect to both the
readout angle @ and for detuning, § € (T',,, 2I,,v/nCny,)
(see SM [33]). The square-root scaling of AR is unique to
quantum correlations (as opposed to correlations produced
by classical noise; see SM [33]), and makes possible the
10% asymmetry despite the relatively small magnitude of
quantum backaction in our room-temperature experiment,
nopa/ N & 1072. In Fig. 4, we show measurements of AR
versus power by analyzing a series of quadrature sweeps
as shown in Fig. 3. For all data, AR is extracted from the
asymmetry in the same spectral window around |§|~
27 x 2 x 10°T,,. The observed scaling agrees well with
the square-root scaling predicted by Eq. (16), shown as a
red line in Fig. 4 with parameters for C, 5, and ny
determined independently.

For comparison, it can be shown that for a laser with
excess classical amplitude noise, characterized by an
average thermal photon occupation Cy, in excess of shot
noise, the visibility of the antisymmetric feature is given by
(see SM [33])

(16)

AR =4, [n" %A (1 4 2¢,). (17)
Nin

Phenomenologically, when optical power is changed by
attenuating the laser beam (as is done in our experiment),
excess amplitude noise scales as C,, o< P (see SM [33]),
leading to AR o« P. This linear scaling is in qualitative
disagreement with the observations in Fig. 4.

IV. QUANTUM-NOISE CANCELLATION
FOR FORCE SENSING

Quantum correlations are a generic resource for enhanc-
ing the precision with which parameters of a system can be
estimated [41]. In the context of interferometric force
measurement, two techniques—injection of external cor-
relations [4,9,11] and backaction evasion [3,42,43]—have
been conventionally employed to surpass limits imposed by
quantum noise of the optical field. A third alternative—
correlations developed in situ—can be directly used to
derive a metrological advantage [8,9]. For example, by
performing a rotated-quadrature measurement of the cavity
output field, an off-resonant external force (') applied to
the mechanical oscillator, can be estimated with a precision
better than that achievable with a phase quadrature meas-
urement. As inferred from the homodyne photocurrent
[Eq. (11)], the apparent force experienced by the oscillator
(i.e., the force estimator FY,,) has a spectral density (see SM
[33D)

S’ 1Q) = SF(Q) + Spr[Q)

+ 5010 + SBAIQ] + A cot eiﬂ?[i}j ,

(18)

where we now employ the conventional susceptibility,
2:19Q) =[m(Q2% — Q2 —iQr,,)]~". Equation (18) shows that
the uncertainty in the estimate of F,, has a classical
component due to thermomechanical noise (S¥,) and a
quantum component [second line in Eq. (18)] due to phase
quantum noise (imprecision), amplitude shot noise (back-
action), and correlations between the two. By detecting a
rotated field quadrature (6 # 90°), phase-amplitude corre-
lations (x cot#) can be used to reduce the uncertainty due
to quantum noise, which has to be weighed against a
concomitant reduction of the signal. In the limit of strong

backaction, 54 x> Slmp /2 (i.e., C > 1), and at an optimal
measurement quadrature atangle 6, this trade-off reduces
to the simplified form (see SM [33]):

o™ Q] = 5240 + 5[]

oo o) e

(19)

Equation (19) shows that measurement backaction can be
“erased” from the measured photocurrent at frequencies
offset from mechanical resonance. The efficacy of this
backaction erasure is limited by the detection efficiency #.
Note that, by contrast, physical backaction is suppressed in
backaction evasion schemes [3].
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FIG. 5. Quantum-enhanced force estimation. (a) Inset: Green
shows homodyne photocurrent spectrum near phase quadrature
showing the two balanced forces applied on the mechanical
oscillator via radiation pressure from the auxiliary laser; gray is
the shot-noise background. Main: Red line (blue line) shows the
signal-to-noise ratio of the force | (F¥_) normalized to its value
for phase quadrature detection, i.e., SNi(_) / SN’J'F/(2_). The asym-
metry between the two traces at @ ~ +10° is due to quantum-
noise cancellation. Here, the laser input power is Py, = 100 yW.
(b) Blue shows SNY /SN extracted as a ratio of the blue and red
traces in (a). For a force balanced in intensity and frequency offset
from resonance, Eq. (22) predicts that SN% /SN? o R,. The solid
red line is a prediction based on Eq. (22) in conjunction with
Eq. (14), while red dashed line shows the same model excluding
the contribution from quantum correlations.

In the presence of thermal noise, the signal-to-noise
enhancement afforded by quantum correlations in Eq. (19)
is diminished by a factor of approximately ny,/ngpa (see
SM [33]). We nevertheless observe the principle behind this
quantum enhancement by applying a detuned radiation
force Fey[Qex via an auxiliary cavity field (the same used
for feedback; see SM [33]) and recording the signal-to-
noise ratio,

S ;:7512 0 [Qext}
S;Slt’ﬁ [Qext] - ?IE [Qexl]

SN?[Qey] ; (20)

in the homodyne photocurrent versus 6. In the experiment,
we choose a two-tone force of the form

Foul@ = F,3(Q, +08] + F_61Q, -8, (21)

centered around resonance, so that one of the forces
provides a reference for the signal-to-noise ratio. We denote

by SNY the definition of the signal-to-noise ratio in
Eq. (20) applied to each of the two force components
(F ). Figure 5(a) shows the variation of Sth for each of the
forces F, (carefully balanced, as shown in inset) as the
homodyne readout angle is varied. The effect of quantum
correlations in the optical field is to cancel backaction at
intermediate measurement quadratures (0° < |0] < 90°),
leading to an enhancement or suppression of SN, at these
optimal quadratures. For a fixed measurement setting (i.e.,
fixed value of C, 8, o), it can be seen that quantum-noise
cancellation leads to an enhanced signal-to-noise ratio for
F, relative to F_, or visa versa. The absolute value of the
enhancement is given by the ratio

SNY[Q, 48] 1 Lyl Q + 8] (F2)
SNY[Q,, — 8]~ Ry (R, — 3]? (F2)

(22)

This ratio is plotted in Fig. 5(b). The observed antisymmetric
dependence on 0 is directly related to R, [Eq. (14)]. The
offset from unity at @ = £90° is due to imperfect balance
of the two forces. The maximum deviation (at 6 ~ £2°)
of approximately 12% is less than the absolute signal loss
shown in Fig. 5(a). It nevertheless provides a measure of
the improvement obtained in the ability to estimate a force
with and without quantum-noise cancellation.

V. CONCLUSION

To summarize, we demonstrate a room-temperature
cavity-enhanced interferometer where quantum correlations
of light are generated in situ via the radiation pressure
interaction between light and the effective harmonic motion
of the cavity. We show that these correlations manifest as a
10% cancellation of quantum noise in a homodyne meas-
urement away from phase quadrature—variational measure-
ment—of the optical field over an octave in frequency about
3 MHz from the optical carrier. The absolute magnitude of
quantum-noise cancellation is shown to scale as the square
root of the ratio of the backaction to thermal force acting on
the mechanical oscillator. Finally, by applying an external
force to the oscillator, we demonstrate how quantum-noise
cancellation leads to an increase in the signal-to-noise ratio
for the external force. In future experiments, where back-
action is the dominant force noise, the “variational” meas-
urement technique, applied here at room temperature, can be
used to surpass the SQL for a linear force measurement. This
remains a long-standing pursuit in the gravitational wave
community, and was recently demonstrated in a microcavity
optomechanical system at dilution refrigerator temperatures
to obtain a displacement sensitivity beyond the finite-
efficiency standard quantum limit [44].

Data and data analysis code used for this work is
available at [45].
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