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Quantum-enhanced cavity optomechanical (COM) sensors, utilizing quantum resources, have become power-
ful tools for precisely measuring a wide range of physical quantities, from gravitational waves to accelerations.
However, quantum-enhanced COM torque sensing remains an area of exploration. In this work, we show that
utilizing quantum squeezing can suppress the quantum noise of a COM torque sensor below the standard
quantum limit. We theoretically predict that our COM torque sensor can achieve an approximately 20-dB quan-
tum advantage by optimizing the homodyne detection. Our approach is compatible with available engineering
techniques of advanced COM sensors, with potential applications ranging from nanoscale magnetism to the

quantum geometric phase.
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I. INTRODUCTION

Measurements of mechanical torque or rotation are fun-
damental to many technological and scientific advancements,
from sensitive angular momentum [1,2] and the Casimir ef-
fect [3-5] to proposed probes of gravity [6,7] and studies in
magnetometry [8—10]. In recent years, cavity optomechanical
(COM) systems featuring efficient interactions between light
and matter have enabled the detection of diverse physical
quantities with enhanced sensitivity [11-15]. It is also possi-
ble to utilize COM systems to measure the tiny displacements
related to torsional mechanical resonators [16—18]. Recent
publications have proposed that COM torque sensors en-
able advances in applications such as torque magnetometry
[19,20], electron spin detection [21], and orbital angular mo-
mentum measurement [22,23].

Quantum-enhanced sensors, leveraging unique quantum
resources such as quantum entanglement or squeezing, are
expected to perform high-precision measurements for vari-
ous physical quantities [25,26], including weak forces, tiny
displacements [27-31], and electromagnetic fields [32-34], to
name a few. Recently, rapid advances in COM systems in the
deep quantum regime have paved the way for the development
of highly flexible and powerful quantum sensors for precise
measurements [12,35-38]. The sensitivity of optomechanical
sensing is typically constrained by the standard quantum limit
(SQL), resulting from the optimal balance between two quan-
tum noise sources, including shot noise and backaction noise
[28,39]. Advanced techniques utilizing nonclassical light
[26,40], in situ imprecision-backaction correlation [28,41,42],
and quantum nondemolition or backaction-evading measure-
ments [43—45] have been proposed to reduce quantum noise
below the SQL and enhance the measurement sensitivity of
COM sensors. Recently, an impressive experiment demon-
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strated sub-SQL displacement measurement in a COM system
with a macroscopic 40-kg mirror by injecting squeezed light
[41]. However, the achievement of sub-SQL torque sensing
based on COM systems by exploiting the merit of quantum
squeezing remains an area of exploration.

In this work, we theoretically demonstrate that using quan-
tum squeezing can lead to significant improvement in COM
torque sensor performance. By adjusting the. Optical para-
metric amplifier (OPA) parameters, the effect of quantum
backaction noise can be mitigated, leading to considerable
suppression of quantum noise. Further optimization of the
homodyne angle can reduce quantum noise to 3 orders of
magnitude below the SQL. The scheme we propose, compati-
ble with advanced techniques for fabricating and engineering
COM torque sensors, aims to inspire further efforts by inte-
grating more concepts from COM engineering and quantum
metrology.

II. SQUEEZING-ENHANCED COM TORQUE SENSING

Research on torsion optics, which focuses on the trans-
fer of angular momentum from light to matter, has been an
active field of study since 1935 [2]. With the development
of COM devices with torsion pendulums, electron spin [21],
photon-shuttling effect [46], optical torque [16,17,47], mag-
netic moment [19,20], and photon spin angular momentum
[22,23] have been successfully realized measurements. We
note that, very recently, the key roles of squeezing have
also been shown in, e.g., enhancing light-matter interactions
[37,38,48-50], protecting quantum states [51-54], and induc-
ing optical nonreciprocity [55,56]. Hence, it is reasonable to
investigate quantum torque sensing using a squeezed optome-
chanical system.

As illustrated in Fig. 1, the COM system under considera-
tion comprises two helical elements: an input coupler that is
rigidly fixed and a rear mirror that behaves as a torsional pen-
dulum, oscillating at an angular frequency 2,. We suppose
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Symbol Parameter Value
Q,/ 27 Rotating mirror angular frequency 10 MHz
K /2w Cavity decay rate 10 MHz
m Rotating mirror mass 100 ng

/ Orbital angular momentum 100 7
Q, Mechanical quality factor 2 x 108
we/2n Cavity resonance frequency 10" Hz
R Rotating mirror Radius 10 pm
A Laser wavelength 810 nm

L Cavity length 1 mm
B2 Input laser power 50 mW

FIG. 1. The cavity comprises a fixed, partially transparent input coupler (static helical element) and a movable, perfectly reflecting
rear mirror (oscillating helical mirror). The input coupler preserves the orbital state upon transmission, while it removes 2/ orbital angular
momentum per photon along the z axis upon reflection. Similarly, the reflection on the rear mirror adds 2/ orbital angular momentum per
photon along the z axis. ¢ indicates the angular deflection of the rear mirror from its equilibrium (¢ = 0). The nonlinear medium induces
intracavity squeezing. We also provide definitions and approximate values of the parameters used in the main text [24].

the rear mirror has a mass m and a radius R, with a moment of
inertia about the z axis passing through its center given by
I =mR?/2 [2]. The angle ¢ represents the angular devia-
tion of the rear mirror from its equilibrium position (¢9 = 0)
[2,57]. Additionally, the system integrates a nonlinear x®
medium to generate the intracavity squeezing. The Hamilto-
nian of our COM system in the frame rotating then can be
written as [24,58,59]

hQ
=M.+ —(L2 ¢%) + higoa'ag,

H. =hAata+ inGe?a’? — e a®) + ihe(@" — a), (1)
where @ and &' denote the bosonic annihilation and creation
operators for the cavity mode, respectively. A, = wy — wy is
the detuning between the cavity field and the driving field.
The COM coupling strength is go = cl(ii/I1Q4)'/?/L, where
c is the speed of light, L is the length of the cavity, and the
orbital angular momentum is /. The parameter ¢ represents the
strength of the driving field, while 6 and G denote the para-
metric phase and parametric gain of the nonlinear medium,
respectively; L. (¢) represents the dimensionless angular mo-
mentum (position) operator of the rear mirror, satisfying the
commutation relation [L,, ] = —ih [24,58]. The parameter
values used in this work are shown in Fig. 1. The total optical
decay rate is k /2w = 10 MHz, which includes both the decay
rate ke at the input coupler and the intracavity decay rate k.
Here, the “efficiency” 1, is defined as n, = kex/ (ko + Kex)-
The mechanical quality factor is Qy = 2 X 109, with the an-
gular frequency 24/2m = 10 MHz. The effective mass is
m = 100 ng. We define the associated mechanical decay rate
as I't = Dy /I, where Dy is the intrinsic damping constant
of the rear mirror [11]. In practical applications, phase fluc-
tuations of the driving laser may affect quantum phenomena
in optomechanical systems [60—62]. Recent studies, however,
have explored various methods to suppress the effects of laser
phase noise, including destructive interference [63], paramet-
ric amplification [64—66], squeezed injection at lower pump
power [67], and fiber-loop delay line interferometers [68],
to name a few. Hence, at least in principle, the impacts of
laser phase noise can be effectively avoided by incorporating

these techniques into COM sensing devices. Consequently,
the effects of laser phase noise are excluded in the subsequent
analysis.

After introducing various dissipations and associated input
noise, we can express the quantum Langevin equations as
follows:

b= QL.

L. =—Qyp —T.L. —god'a+
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The noise operators @™ and a° represent the noise associated
with the input coupler and internal losses, respectively. The
noise acting on the rear mirror is %, = Ty, + %5,, Where
and g, represent the scaled thermal torque and the measured
torque signal with dimension Hz!/? [21,69], respectively. All
of the noise operators have zero mean values. After straight-
forward algebraic calculations, we find that g < {x, 4} and
le] > 1, indicating that our system satisfies the conditions of
strong driving and weak optomechanical coupling. Consid-
ering strong optical driving, each operator can be expanded
as the sum of its classical steady-state mean value and a
small quantum fluctuation around it [11], i.e., a = o + éa,
é=¢+8¢,and L, = L. + L. The solutions of the steady-
state mean values can be obtained as

&
K24+ A2 —4ce|”

¢ = —golal*/Qy,

la| =

L =0, 3)
where o = /k2/4 + A2 +4G? +2G(k cos 0 — 2Asinh),
the effective optical detuning is A = A, — god,
and the phase of the intracavity field is ¢ =
arctan[4Gsin6 — 2A /(4G cos 0 + k)]. The  “position”
and “momentum”-like operators of optical quadrature
fluctuations are defined as 84 = (Sa" +8a)/+/2 and

8ﬁ=i(8&+—5&)/\/§, with the associated optical noise
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FIG. 2. Quantum backaction noise flowchart. Path @ (blue) illustrates the backaction noise arising from the optomechanical interaction.
By utilizing the nonlinear media, it is possible to introduce another path of backaction noise (red). The effects of backaction noise can be
effectively mitigated through the destructive interference between Path @ and Path @, resulting in improved torque sensing sensitivity.

operators §™° (™) and corresponding correlation functions
1
(8Gul1184,[1']) = (6pult18pult]) = 58t —1"),

(B4l 18pule']) = — (8pulr184,1'T) = %aa —1),
(Fal120lr]) = find(t — 1), for iy, Qp>1,  (4)

where ¥ =in and O, 7, = [exp(iS2y/kgT) — 117!, and kg
and T are the Boltzmann constant and the bath temperature
[70], respectively. Then, we can obtain the linearized QLEs
describing the quadrature fluctuations [71]

8§ = (—k /242G cos0)84 + (A 4+ 2G sin )8 p
+ gsin Y8 4+ ek 8G™ + /(1 — nexsg’,

8p=—(k/24+2Gcos0)sp+ (—A +2Gsin )84
— geos Y8 + /nckdp™ + /(1 — n ks p’,

8¢ = QudL.,
8L, = —Q248¢ — T8, — geos Y84 — gsin Y8p + /2T; .

®)

The effective COM coupling constant is g = +/2gola|. Ac-
cording to Eq. (5), we use the flow chart in Fig. 2 to illustrate
the flow of quantum backaction noise. In a conventional
COM system, the radiation pressure force of photons acts
on the phonons, introducing optomechanical backaction noise
(Path @). In the presence of intracavity squeezing, another
backaction noise path from 84 to §p emerges (Path @). The
destructive interference between the two noise channels re-
sults in a reduction of quantum backaction noise in the COM
sensor, thereby increasing the sensitivity of torque sensing, as
illustrated in Fig. 2.

To obtain information about the intracavity field, it is often
necessary to measure the field that escapes the cavity, as direct
measurement is typically difficult. Therefore, with help from
the input-output relation doy = /Ncka — @iy [11], the output
quadrature fluctuations can be written as

A

8Q,.[Q1 = LIQ18Vin[£1],

where

Qout[Q] = (quut ﬁout)T»
ViulQl = Gn Pin Go Po ),

ao=( 3T n N) ©

The coefficients can be obtained through straightforward al-
gebraic manipulations as follows:

AL[Q] = ine Wy — pyprg)  hgp,

BiQ] = kdzps O — pyp—rg) ™ Vne( = 11o),

Ce[Q] = knc(O' — pyp i)™ =1,

D[R] = k(' = ppd) ™ V(L= no),
V2K g X (e cos Y — sin )

NLQ] = 7
' ()‘jrl — i)
N_ Q] = mgxi(l_,uf)ur sin Y + cos ) ’
(A2 — p-hy)
with

nelQ] = FA +2Gsin6 — 3¢° x:[1 £ cos Y],
22[Q] = [(k/2 — iQ) T 2G cos 6 + L& x, sin 2y)]

and x, = Q4/(j — Q* — iQT;) represents the mechanical
susceptibility of the system [11].

Homodyne measurement allows one to read out the output
spectrum by mixing the output field with a local oscillator at
a 50:50 beam splitter [42]. Suppose the local oscillator has a
phase ¢, then the measured quadrature can be written as

8@&&&2] = 8out COS @ + 8 Pouc Sin @. @)

We can present the expressions for the output ampli-
tude quadrature spectrum and the output phase quadrature
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FIG. 3. (a) Added noise in the frequency domain is plotted with or without squeezing for standard phase detection. The gray solid line
represents the SQL. (b) In the presence of squeezing, the added noise 71,44 is significantly suppressed below the SQL. The scaled noise spectrum
Tlada/ ﬁanQdL versus the homodyne angle ¢ and the parametric phase 6. (c) The scaled noise spectrum 2,44/ ﬁf(%L versus the phase of the homodyne
angle ¢ and the Fourier frequency 2. (d) For different homodyne angles, the quantum advantage is depicted versus the parametric phase 6.

The remaining parameters are G/k = 0.248,60 = 5.9°, and n. = 1.
spectrum [42] as follows:

Seat[82] = 5 ({8Gou[218Gou[—21})
= L4 [Q1 + A NL 212,
SOQ] = 3 ({8 Pow[ 18 ou[—L21)
= 1K_[Q] + i N_[2]1% ®)

The above equations include the following introduced
definitions:

Ky = AL + 1B + 1C1* + D42,
K- =1A_P+IB_*+|C_|* +|D_I%, ©)

where K4 and KC_ represent the effects of shot noise and
backaction noise on the output amplitude quadrature spectrum
S°ut and the output phase quadrature spectrum S’g;t, respec-
tively. NV denotes the noise imprinted by mechanical motion
in these spectra. The symmetrized cross-correlation spectrum

can then be written as
Spa'[2] = 5 ({8Gou[218 pou[—21})
Re{1(K[Q] +iK4[Q)) + A, NQ1},  (10)

where
Ko =CL AY + DB + ALCE + B,.D?,
Kg=C,C* +D,D* — A, A* — B,B",
Keo = Ker +iKsi, N =NJN_. an
Here K., contains the correlations between shot noise and

backaction noise. Thus, we can calculate the homodyne pho-
tocurrent spectrum and get

SH[Q] = %<{8q\((fu[[gz]8q,\out[_gz]}>
__ gou 2 cout _: 2 gout _:
= Sgq cos” @ + St sin” ¢ + S sin (2¢0)
= RI[Q](ﬁm + fladd[Q])- (12)

In the case of squeezing, by adjusting the squeezed param-
eters G and 6, the cross term K., in S°' can become negative,
allowing for the effective cancellation of backaction noise and
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shot noise. The mechanical response of such a COM torque
sensor to the detected torque is given by

Re = INL?cos? ¢ + N_|*sin® ¢ + ReN sin 2¢), (13)
and the added noise, described as

K+ cos? o + K_ sin® ¢ + RelCo; + ilCg; sin (2¢)
2R, ’

Madd =
(14)

comprising two quantum noise sources, contributes to the
spectrum of the total torque noise, which is crucial for estimat-
ing the sensitivity of torque measurements. We can determine
the torque noise spectrum as

STT[Q] = 2hQ¢Fr1(ﬁm + ﬁadd[Q])~ (15)

In the following discussion, we subtract the effects of ther-
mal noise and other sources of technical noise, focusing on
the case of A = 0 to reveal the influence of optical squeezing
on the quantum-enhanced COM torque sensor.

To simplify the equations, we assume the limit « > Q.
Under this condition, the added noise in the torque sensing
procedure without intracavity squeezing and with standard
phase detection (¢ = 90°) can be expressed in a simplified
form:

¢ 1k 1
ags = Mygd + g =~ F Te 5.
add add add 4 ) 16 gzrr |Xr |2

This equation illustrates a trade-off between shot noise and
backaction noise in torque measurement, and the minimum
added noise is given by

(16)

oy Q] =

add a7

2T | x|
which is known as the SQL [11]. When the added noise
is below the SQL, it signs that the measurement is reach-
ing the quantum regime. Quantum squeezing, observable
through homodyne detection, is a well-known resource that
can effectively suppress quantum noise, thereby enhancing
the performance of quantum sensors [26]. As depicted in
Fig. 3(a), the added noise 71,49 scaled by r‘zi%]“ is plotted as a
function of Fourier frequency. We see that in the absence of in-
tracavity squeezing, there is always 7,q4/fisqr. > 1, indicating
that the torque sensitivity described in Eq. (15) is constrained
by the SQL. When squeezing is applied, quantum noise can
be suppressed well below the SQL. This suppression of noise
can consequently enhance torque sensitivity [see Eq. (15)].
Quantum-enhanced torque measurement can be character-
ized by the enhancement factor resulting from the squeezing:

~ min{S.(G=0,0 =0)}
" min{S,(G#0,60 #0)}

Figure 3(b) illustrates the features of the scaled noise
spectrum #iaqq /ﬁi%L in homodyne detection as a function of
the homodyne angle ¢ and the parametric phase 6. At a
fixed parameter gain G, the homodyne angle ¢ is optimized
for each parametric phase 6 set rather than considering the
standard phase detection. To find the oEtimal sensitivity, we
plot the scaled noise spectrum 7i,qq/ ﬁgc% as a function of the
parametric gain, the parametric phase, the Fourier frequency

(18)

10-20 L
gN
I
\2% 10-21 L
)]
n
o
10-22
102
gN
I
=
3 y
o 10% /7 — SQL
& /[ -w- p=90°
—-— ¢=91.8° (b)

0 20 40 60
Frequency, Q /27 (MHz)

FIG. 4. (a) and (b) The power spectral density (PSD) in the
presence of thermal noise. The blue curve corresponds to the SQL.
By considering intracavity squeezing with parameters G/k = 0.248
and 0 = 5.9°, a detection angle of ¢ = 91.8° (red curve) optimizes
sensitivity compared to standard phase detection (green curve).

2, and the homodyne angle ¢ [see Figs. 3(b) and 3(c)].
The plot demonstrates that the minimum added noise may
be reduced by 3 orders of magnitude below the SQL when
G/k =0.248, 6 =5.9°, Q/2n =1 kHz, and ¢ =91.8°. A
central goal of any quantum technology is to demonstrate a
performance advantage over the best possible classical imple-
mentation. To explore the quantum advantage of this quantum
squeezing-enhanced COM torque sensor compared to its clas-
sical counterparts, we define the following ratio as

SAQIG=0,0 =0)

SGZ06=0) 0

X (dB) = 1010%10\/

where SEQL[Q] denotes the minimum added noise of the clas-
sical COM torque sensor [72]. Figure 3(d) shows this ratio
as a function of 0, indicating that the quantum advantage is
present when the ratio exceeds 0 dB. Clearly, the added noise
imprinted on the torque-noise spectrum can be minimized by
choosing an appropriate homodyne angle, which can further
enhance the quantum advantage to an optimal value of about
20 dB, as shown in the right panel of Fig. 3(d). As depicted in
Fig. 4, the advantage of our squeezing-enhanced COM torque
sensor diminishes significantly as thermal noise increases.
However, even at finite temperatures, the torque sensitivity of
the squeezing-enhanced COM torque sensor remains superior
to that of the SQL. Based on the above analysis, in practi-
cal applications, when dilution refrigeration or other cooling
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technologies have effectively minimized the thermal noise of
the system [73,74], further improvements can be achieved
by incorporating feedback-controlled in-loop light and the
injection of squeezed light [37,38,75].

III. CONCLUSIONS

In conclusion, our study focuses on investigating the in-
fluence of quantum squeezing, which is induced by quantum
correlations between optical quadratures, on COM torque
sensing. Our findings demonstrate that the performance of
COM torque sensors can be significantly improved by ef-
fectively suppressing quantum noise, achieving 3 orders of
magnitude less noise than the SQL. We expect that combining
it with other existing techniques of fabricating and operating
COM-based sensors, such as those involving feedback control
[13,76] or advanced materials with much higher mechanical

Q factors [77,78], can further improve performance in prac-
tice. It is our hope that these results will stimulate further
efforts toward building and utilizing quantum-squeezing-
enhanced torque sensors, such as those based on levitated
spheres [79,80], solid-state mechanical devices [27,81-83],
and nonreciprocal systems [84-91], to realize high-precision
accelerometers or gyroscopes [92,93] and torsional magne-
tometry [94-96].
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