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Levitated optomechanical systems represent an excellent candidate platform for force and acceleration sensing. We
propose a force-sensing protocol utilizing an optically levitated nanoparticle array. In our scheme, N nanoparticles are
trapped in an optical cavity using holographic optical tweezers. An external laser drives the cavity, exciting N cavity modes
interacting simultaneously with the N nanoparticles. The optomechanical interaction encodes the information of the force
acting on each nanoparticle onto the intracavity photons, which can be detected directly at the output ports of the cavity.
Consequently, our protocol enables real-time imaging of a force field.
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1. Introduction
Optomechanics is a fascinating field that explores the

interaction between optical and mechanical degrees of free-
dom and it has a wide range of applications in various
scientific domains.[1–8] Following the pioneering work by
Ashkin and Dziedzic,[9–11] levitation of nano- and micro-
scale dielectric objects has become a widely used technique
in science[12–14] and engineering.[15–17] An optically levitated
dielectric nanoparticle in vacuum serves as an ultrasensitive
detector with great potential in precision measurements[18–22]

and the study of fundamental physics.[2,23–33] Currently,
force sensitivity as low as 10−20 N/

√
Hz[34,35] and sub-

µg/
√

Hz (g = 9.8 m/s2) acceleration sensitivity[36–38] have
been demonstrated experimentally. Additionally, as the mo-
tion of a levitated dielectric nanoparticle is cooled into the
quantum ground state,[39–41] levitated optomechanical systems
enter the quantum regime, opening the door to performing in-
terferometry at macroscopic scales to test the limits of quan-
tum superposition principle.[42,43]

Recently, there has been significant interest in the levita-
tion of multiple nanoparticles,[44,45] which holds promise for
using arrays of strongly coupled oscillators to explore com-
plex interacting systems and sensing. For example, optically
levitated nanoparticles have been used to study the dipole–
dipole interaction experimentally[46] and the strong long-range
interaction.[47] Theoretical schemes have been proposed to
generate the entanglement between the motion of the center
of mass of nanoparticles[48,49] by employing an array of opti-
cally levitated nanoparticles.

In the field of precision measurement, schemes for gradi-
ent measurement using a pair of levitated nanoparticles[50,51]

and for acceleration sensing employing an array of levitated
nanoparticles[52] have been proposed. However, the measure-

ment of a force field with a three-dimensional space struc-
ture utilizing multiple nanoparticles has not yet been explored.
Here, we present a force field sensing method using an ar-
ray of optically levitated nanoparticles, enabling real-time full-
profile imaging of a force field.

A simplified schematic of the experimental setup
is shown in Fig. 1. Using holographic optical tweezers
(HOT),[17,53] N nanoparticles are trapped in a Fabry–Perot
cavity. An external laser beam drives the cavity and excites
N standing wave cavity modes, which simultaneously interact
with the center of mass motion of the N particles. The in-
formation of the force impacting each nanoparticle is encoded
into the cavity modes through the optomechanical interaction.
As a result, detecting the cavity modes with a homodyne de-
tector enables the imaging of the force field.

SLM

M
O

Driving beam Trapping beam

Homodyne 

detection

HOT

Fig. 1. A simplified schematic of the experimental setup. An array of
nanoparticles is trapped in a Fabry–Perot cavity using holographic op-
tical tweezers (HOT). An external laser beam drives the cavity, exciting
multiple modes that simultaneously interact with the nanoparticles. The
transmission of the cavity mode is monitored by a homodyne detector.
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2. Hamiltonian and dynamics
The Hamiltonian of the whole system in a frame rotating

at pumping frequency ν i
p reads

Ĥ
h̄

=
N

∑
i=1

[
∆

i
câ†

i âi + εi

(
âi + â†

i

)]
+

N

∑
i, j=1

gi jâ
†
i âiq̂ j

+
N

∑
j=1

[
Ω j

2
(

p̂2
j + q̂2

j
)
+ f jq̂ j

]
, (1)

where âi is the annihilation operator of the ith cavity mode,
∆ i

c = ω i
c − ν i

p is the detuning of the ith cavity mode with fre-
quency ω i

c from the pumping laser, and εi is the pump strength.
q̂ j and p̂ j denote the dimensionless position and momentum
operators of the jth particle, respectively, Ω j is its oscilla-
tion frequency, and f j is the external force acting on it. gi j

is the coupling strength between the ith cavity mode and the
jth nanoparticle. This coupling strength depends on the fre-
quency of the cavity mode and the equilibrium position of the
nanoparticle (see Appendix A for details).

Under the strong driving condition, each operator can be
rewritten as the sum of its classical steady-state mean value
and a small quantum fluctuation operator, i.e.,

âi → αi + âi, q̂ j → qs
j + q̂ j, p̂ j → ps

j + p̂ j. (2)

Employing the standard linearization procedure,[54] one can
obtain the quantum Langevin equations (QLEs) in terms of
the quantum fluctuating operators

˙̂ai = −
(

i∆i +
κi

2

)
âi −

N

∑
j=1

iGi jq̂ j +
√

κiâin
i ,

˙̂q j = Ω j p̂ j,

˙̂p j = −Ω jq̂ j − γ j p̂ j −
N

∑
i=1

Gi j

(
âi + â†

i

)
− f j + ξ̂ j, (3)

where κi and γ j are the decay rates of the ith cavity mode
and the jth nanoparticles, respectively. The classical Langevin
equations regarding the classical steady-state mean values are
presented in Appendix B. ∆i = ∆ i

c +∑ j gi jqs
j and Gi j = αgi j

are the effective detuning and coupling strength that depend
on the steady-state mean values. The operator âin

i in Eq. (3)
accounts for the input noise of the ith cavity mode, which has
zero mean value, and the correlation function

⟨âin
i (t)â

in,†
i′ (t ′)⟩= δii′δ (t − t ′), (4)

where we have assumed the equilibrium mean photon number
of the thermal bath is

n̄c
i =

1
exp [h̄ω i

c/kBT ]−1
≃ 0

due to the high optical frequency h̄ω i
c/kBT ≫ 1, and δii′ stands

for the Kroneker symbol. ξ̂ j is the input noise of the Brownian

force acting on the jth nanoparticle, whose correlation func-
tion is given by

⟨ξ̂ j(t)ξ̂ j′(t
′)⟩ =

γ j

Ω j

∫ dω

2π
e−iω(t−t ′)ω

×
[

coth
(

h̄ω

2kBT

)
+1
]

δ j j′ . (5)

The involved mechanical frequencies are never larger than
hundreds of MHz. Therefore one can make the approximation

γ j

Ω j
ω coth

(
h̄ω

2kBT

)
≃ γ j

2kBT
h̄Ω j

≃ γ j
(
2n̄m

j +1
)

with the mean thermal phonon number

n̄m
j = (exp [h̄Ω j/(kBT )]−1)−1 .

As a result, the correlation function of Brownian noise can be
safely considered Markovian,[54,55] i.e.,

⟨ξ̂ j(t)ξ̂ j′(t
′)⟩ ≃γ j

(
2n̄m

j +1
)

δ (t − t ′)δ j j′ . (6)

By introducing the amplitude and phase quadrature operators
of the cavity field

X̂ =
â+ â†
√

2
, Ŷ =

â− â†
√

2i
, (7)

the QLEs (3) become

˙̂Xi = ∆iŶi −
κi

2
X̂i +

√
κiX̂ in

i ,

˙̂Yi =−∆iX̂i −
κi

2
Ŷi −

√
2

N

∑
j=1

Gi jq̂ j +
√

κiŶ in
i ,

¨̂q j + γ j ˙̂q j +Ω
2
j q̂ j = Ω j

(
−
√

2
N

∑
i=1

Gi jX̂i − f j + ξ̂ j

)
. (8)

The QLEs show that the motion of the nanoparticles, q̂ j, has
a response to the external force field, f̂ j. At the same time,
the motion information of the nanoparticles is imprinted in the
cavity field, X̂i and Ŷi. As a result, imaging of a force field can
be realized through measuring the cavity field.

Transforming the QLEs above into the frequency domain
by Fourier transform, one obtains

ˆ̃Xi = ∆iχ
i
c

ˆ̃Yi +
√

κiχ
i
c

ˆ̃X in
i ,

ˆ̃Yi = −∆iχ
i
c

ˆ̃Xi −
√

2χ
i
c

N

∑
j=1

Gi j ˆ̃q j +
√

κiχ
i
c

ˆ̃Y in
i ,

ˆ̃q j = χ
j

m

(
−
√

2
N

∑
i=1

Gi j
ˆ̃Xi − f̃ j +

ˆ̃
ξ j

)
, (9)

where χ i
c =

1
κi/2−iω and χ

j
m =

Ω j

Ω 2
j −iγ jω−ω2 are the susceptibil-

ities of the ith cavity mode and the jth nanoparticle, respec-
tively. The susceptibilities describe how an observed quantity
responds to a signal or noise.
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For the sake of simplicity, we introduce the vector and
matrix forms of operators and quantities in QLEs (9), defined
as

𝑋 ≡
[

ˆ̃X1,
ˆ̃X2, . . . ,

ˆ̃XN

]T
, (10)

𝑌 ≡
[

ˆ̃Y1,
ˆ̃Y2, . . . ,

ˆ̃YN

]T
, (11)

𝑞 ≡
[

ˆ̃q1, ˆ̃q2, . . . , ˆ̃qN
]T

, (12)

𝑋 in ≡
[

ˆ̃X in
1 , ˆ̃X in

2 , . . . , ˆ̃X in
N

]T
, (13)

𝑌 in ≡
[

ˆ̃Y in
1 , ˆ̃Y in

2 , . . . , ˆ̃Y in
N

]T
, (14)

𝜉 ≡
[

ˆ̃
ξ1,

ˆ̃
ξ2, . . . ,

ˆ̃
ξN

]T
, (15)

𝑓 ≡ [ f1, f2, . . . , fN ]
T , (16)

and

𝛥≡

∆1
. . .

∆N

 , 𝜅≡

κ1
. . .

κN

 , (17)

𝜒c ≡

χ1
c

. . .
χN

c

 , 𝜒m ≡

χ1
m

. . .
χN

m

 , (18)

𝐺≡

G11 . . . G1N
...

. . .
...

GN1 . . . GNN

 , (19)

where 𝑋 and 𝑌 denote the quadrature operator vector of
the cavity field; 𝑞 denotes the position operator vector of the
nanoparticles, 𝑋 in, 𝑌 in, and 𝜉 denote the noise operator vec-
tors of the cavity field and the nanoparticles, respectively; 𝑓
denotes the force vector of the force field; 𝛥 and 𝜅 are the
matrices of the detuning and the decay rate of the cavity field,
respectively; 𝜒c and 𝜒m are the matrices of the susceptibili-
ties of the cavity modes and the nanoparticles, respectively; 𝐺
is the matrix of the coupling strength. The QLEs (9) can be
rewritten as

𝑋 = 𝜒c

(
𝛥𝑌 +

√
𝜅𝑋 in

)
,

𝑌 = 𝜒c

(
−𝛥𝑋−

√
2𝐺𝑞+

√
𝜅𝑌 in

)
,

𝑞 = 𝜒m

(
−
√

2𝐺T𝑋−𝑓 +𝜉
)
. (20)

Solving the above QLEs, the expression of the cavity mode
amplitude quadrature operator is given by

𝑋 =
√

2𝜒𝜒m (𝑓 −𝜉)+𝜒𝐺−1𝜒−1
c 𝛥−1√𝜅𝑋 in

+𝜒𝐺−1√𝜅𝑌 in, (21)

where

𝜒=
{[
𝐺−1𝜒−1

c 𝛥−1𝜒−1
c +𝐺−1𝛥

]
−2𝜒m𝐺

T}−1
. (22)

Using the standard input–output relation 𝑋out =𝑋 in −
√
𝜅𝑋

and the vector of the cavity output field operator

𝑋out ≡
[

ˆ̃Xout
1 , ˆ̃Xout

2 , . . . , ˆ̃Xout
N

]T
, (23)

one obtains

𝐴𝑋out =−𝑓 +𝜉+𝐵𝑋 in +𝐶𝑌 in (24)

with

𝐴 =
1√
2
𝜒−1

m 𝜒−1
√
𝜅−1, (25)

𝐵 = 𝐴
[
1−

√
𝜅𝜒𝐺−1𝜒−1

c 𝛥−1√𝜅
]
, (26)

𝐶 = − 1√
2
𝜒−1

m 𝐺−1√𝜅. (27)

Equation (24) shows that the information of the force field is
encoded in the output field of the cavity via the optomechani-
cal interaction.

According to the definition of the power spectrum density
(PSD) for an operator Ô in the frequency domain

SOO(ω) =
∫

∞

−∞

⟨Ô†(ω)Ô(ω ′)⟩dω
′, (28)

the PSDs of the force field are given by

𝑆 f f (ω) = 𝒮out
XX (ω)−𝑆ξ ξ (ω)− (𝐵* ∘𝐵)𝑆in

XX (ω)

− (𝐶* ∘𝐶)𝑆in
YY (ω), (29)

where ∘ denotes the Hadamard product and the vectors of
PSDs are defined as follows:

𝑆 f f (ω) =
[
S f1 f1(ω), S f2 f2(ω), . . . , S fN fN (ω)

]T
, (30)

𝑆ξ ξ (ω) =
[
Sξ1ξ1

(ω), Sξ2ξ2
(ω), . . . , SξN ξN (ω)

]T
, (31)

𝑆in
XX (ω) =

[
Sin

X1X1
(ω), Sin

X2X2
(ω), . . . , Sin

XN XN
(ω)
]T

, (32)

𝑆in
YY (ω) =

[
Sin

Y1Y1
(ω), Sin

Y2Y2
(ω), . . . , Sin

YNYN
(ω)
]T

, (33)

𝒮out
XX (ω) =

[
𝒮out

XX ,1(ω), 𝒮out
XX ,2(ω), . . . , 𝒮out

XX ,N(ω)
]T

. (34)

The elements of the vectors 𝑆 f f (ω), 𝑆ξ ξ (ω), 𝑆in
XX (ω), and

𝑆in
YY (ω) are calculated through the definition of PSD in

Eq. (28). The elements of the vector 𝒮out
XX (ω) are calculated

by

𝒮out
XX ,i(ω) = ∑

kk′
𝐴*

ik(ω)𝐴ik′(ω)𝑆out
XkXk′

(ω) (35)

with the definition of the cross-PSD for operators P̂ and Q̂

SPQ(ω) =
∫

∞

−∞

⟨P̂†(ω)Q̂(ω ′)⟩dω
′. (36)

It is noteworthy that the area under the PSDs of the force yields
the variance of the force,[1] i.e.,

⟨ f 2
j ⟩=

∫
∞

−∞

S f j f j(ω)
dω

2π
. (37)
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As shown above, with the measurement results of
𝒮out

XX (ω), the parameters of the system, and Eq. (29), one can
obtain the imaging of the force field, the vector 𝑆 f f (ω), which
contains the information of the force acting on each nanopar-
ticle.

3. Numerical simulation
We numerically simulate the dynamics of a cavity op-

tomechanical system, including N cavity modes and N par-
ticles, via the following Markovian master equation:

˙̂ρ =
1
ih̄
[
ρ̂, ĤL

]
+ℒ(ρ̂) , (38)

where ρ̂ is the density operator of the optomechanical system
and

ĤL

h̄
=

N

∑
i=1

∆iâ
†
i âi +

N

∑
j=1

[
Ω j

2
(

p̂2
j + q̂2

j
)
+ f j(t)q̂ j

]

+
N

∑
i, j=1

Gi j

(
â†

i + âi

)
q̂ j (39)

is the linearized Hamiltonian. The Lindblad superoperator
ℒ(ρ̂) is given by

ℒ(ρ̂) =
N

∑
i=1

κi

2

(
2âiρ̂ â†

i − â†
i âiρ̂ − ρ̂ â†

i âi

)
+

N

∑
j=1

γ j

2

[
n̄m

j

(
2b̂†

j ρ̂ b̂ j − b̂ jb̂
†
j ρ̂ − ρ̂ b̂ jb̂

†
j

)
+
(
n̄m

j +1
)(

2b̂ jρ̂ b̂†
j − b̂†

j b̂ jρ̂ − ρ̂ b̂†
j b̂ j

)]
, (40)

where b̂ j = (q̂ j + i p̂ j)/
√

2 is the annihilation operator of the
jth nanoparticle. Without loss of generality, we assume that
the time-dependent external force acting on the jth nanoparti-
cle, f j(t), is in the form of f j(t) = A j

f cos(Ω j
f t) with the am-

plitude A j
f and the resonance frequency Ω

j
f .

Figure 2 illustrates the numerical results of a cavity op-
tomechanical system containing two cavity modes and two
nanoparticles. Figures 2(a), 2(b) and 2(c), 2(d) show the vec-
tors of the PSDs of the cavity output field, 𝒮out

XX (ω), and the
external force, 𝑆 f f (ω), respectively. The external forces im-
pacting the two nanoparticles are set as f1(t) = 0.5cos(0.3t)
and f2(t) = 0.5cos(0.5t). Two peaks at the frequencies cor-
responding to that of the external force are observed in both
the PSDs of the cavity output field and the force, respectively.
The two PSDs of the forces corresponding to the frequencies
Ω 1

f = 0.3 and Ω 2
f = 0.5 have an almost equal height (filled

area) because of the same amplitude A1
f = A2

f = 0.5. Accord-
ing to the connection between the variance and the PSD in
Eq. (37), we integrate the PSDs around the peaks Ω 1

f = 0.3
and Ω 2

f = 0.5 over the noise floor in (c) and (d) and obtain
the variances of the forces ⟨ f 2

1 ⟩ ≈ 0.9 and ⟨ f 2
2 ⟩ ≈ 0.8. These

results are consistent with the variances calculated from the
analytical expression ⟨ f 2

1 ⟩= ⟨ f 2
2 ⟩= 0.125.

SXX↪↼ω↽

Sff↪↼ω↽

SXX↪↼ω↽
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Fig. 2. The results of the numerical simulation: (a), (b) and (c), (d) show
the vectors of the PSDs of the cavity output field, 𝒮out

XX (ω), and the external
force, 𝑆 f f (ω), respectively. The parameters are set as follows: the mechan-
ical frequency Ω1 = Ω2 = 1, the damping rate γ1 = γ2 = 0.5, the thermal
phonon number n̄m

1 = n̄m
2 = 0.1, the cavity detuning ∆1 = ∆2 = 5, the cav-

ity decay rate κ1 = κ2 = 10, the coupling strength G11 = 0.1, G12 = 0.05,
G21 = 0.05, and G22 = 0.1, and the external forces f1(t) = 0.5cos(0.3t) and
f2(t) = 0.5cos(0.5t).

In addition, the numerical results of the external forces
with two frequency components, i.e., f j(t) = A j1

f cos(Ω j1
f t)+

A j2
f cos(Ω j2

f t) are also presented in Fig. 3. Similarly, the peaks
at the corresponding frequency components of the external
force are observed in the PSDs.
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Fig. 3. The results of the numerical simulation: (a) and (b) show
the vectors of the PSDs of the external force, 𝑆 f f (ω). The exter-
nal forces are set as follows: f1(t) = 0.5cos(0.3t)+ 0.2cos(0.6t) and
f2(t)= 0.3cos(0.4t)+0.4cos(0.5t). The other parameters are the same
as those in Fig. 2.

4. Feasibility analysis of the protocol
Our scheme can be realized experimentally by employing

holographic optical tweezers trapping multiple nanoparticles
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in a driven optical cavity. A feasible experimental realization
based on the method in Ref. [46] is given as follows.

As shown in Fig. 1, a trapping beam is expanded to over-
fill the apertures of the spatial light modulator (SLM) and the
microscope objective (MO). The laser beams created by the
SLM are imaged with a 4 f image system onto the MO that
creates an array of tightly focused optical tweezers used to
trap an array of nanoparticles in a Fabry–Perot cavity. The
cavity is driven by another external laser beam (driven beam),
allowing multiple excited cavity modes to interact with the
nanoparticles.[56–60] The transmission of the cavity modes is
monitored through homodyne detection. The coherent scatter-
ing and interference effects between the trapping and driven
beams are suppressed both by orienting the tweezer polariza-
tion along the cavity axis to minimize the mode overlap and
by tuning the two lasers far apart in frequency space. By ma-
nipulating the phase (and amplitude) of the laser beam using
the spatial light modulator, one can precisely trap and move
nanoparticles in the cavity. In addition, since the loading of the
particle array is probabilistic, a rearrangement protocol utiliz-
ing an auxiliary beam[61] can be implemented to improve the
success probability of loading.

5. Conclusion and outlook

We have developed a protocol for force field sensing us-
ing an array of optically levitated nanoparticles. Employ-
ing holographic optical tweezers, N nanoparticles are trapped
within a Fabry–Perot cavity. An external laser drives the cav-
ity, exciting N cavity modes interacting simultaneously with
the N nanoparticles. The optomechanical interaction encodes
the information of the motion of the particles onto the intracav-
ity photons, which can be detected at the cavity output using
homodyne detection. Consequently, our protocol enables real-
time full-profile imaging and dynamic evolution monitoring of
a force field.

In our protocol, multiple cavity modes are used to couple
with the motion of the nanoparticles. Although these cavity
modes are distinct in the frequency domain, interference be-
tween them may occur when a large number of cavity modes
are employed. This issue should be studied and addressed
in future research. An improved approach may involve us-
ing a tunable-frequency cavity mode to replace multiple cav-
ity modes. Furthermore, our protocol currently only images
the force field along the cavity axis direction, resulting in one-
dimensional imaging of a force field. As a next step, we plan
to extend our scheme to achieve three-dimensional imaging of
a force field.

Appendix A: The coupling strength between the
cavity mode and nanoparticle

In the Rayleigh regime, where the nanoparticle radius
is much smaller than the cavity mode wavelength r ≪ λ ,
a nanoparticle is coupled with the cavity mode through the
dipole–dipole interaction, and the interaction Hamiltonian is
described by

Ĥcav−par
i j =−h̄Ui j(𝑟)â

†
i âi, (A1)

where we make use of the rotating wave approximation (RWA)
and the fast-oscillating terms â†

i â†
i and âiâi are neglected. The

position-dependent cavity frequency shift U(𝑟)i j is given by

Ui j(𝑟) =
3ω i

cV
j

p

2V i
c

Re
(

εp −1
εp +2

)∣∣ f i j
c (𝑟 j)

∣∣2 , (A2)

where V j
p is the volume of the nanoparticle, V i

c is cavity mode
volume, εp is the electric permittivity of the particle, and∣∣ f i j

c (𝑟 j)
∣∣2 = ∣∣ f i j

c (x j,y j,z j)
∣∣2

=
w2

i,0

w2
i (x)

cos2 (kix j)exp
(
−

2y2
j

w2
i,0

)
exp
(
−

2z2
j

w2
i,0

)
(A3)

is the cavity mode profile with the waist wi,0 and the wave
number ki = 2π/λi of the cavity mode. Here, the cavity axis is
along the x-axis direction. Since the amplitude of the oscilla-
tion is small, we can expand the particle motion x̂ around the
trap position x0

j via Taylor expansion and obtain

cos2 (kix j)≈ cos2 (kix0
j)− sin(2kix0

j)kix̂ j +𝒪(x̂2
j). (A4)

The linear optomechanical interaction Hamiltonian is given by

Ĥ linear
i j = h̄gi jâ

†
i âix̂ j, (A5)

where the coupling strength is

gi j =
√

2q j
zpU0

i jω
i
cki sin

(
2kix0

j
)

exp
(
−

2y2
j

w2
j,0

)
exp
(
−

2z2
j

w2
j,0

)
(A6)

with the zero-point fluctuation q j
zp =

√
h̄/(2m jΩ j) and U0

i j =

3V j
p

2V i
c

Re
(

ε−1
ε+2

)
. It shows that the coupling strength gi j is depen-

dent on the frequency ω i
c of the cavity mode and the equilib-

rium position of the nanoparticle x0
j .

Appendix B: The classical Langevin equations
Starting from the Hamiltonian (1), by employing the

standard linearization procedure,[54] we obtain the quantum
Langevin equations QLEs (3) in terms of the quantum fluctua-
tion operators, together with a set of classical Langevin equa-
tions (CLEs) in terms of the classical mean values,

α̇i =−
(

i∆i +
κi

2

)
αi − iεi,
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q̇s
j = Ω j ps

j,

ṗs
j =−Ω jqs

j − γ j ps
j −

N

∑
i=1

gi j|αi|2, (B1)

where ∆i = ∆ i
c +∑ j gi jqs

j. By setting the time derivatives to
zero in Eq. (B1), we obtain the steady-state mean values as

αi =
−iεi

i∆i +
κi
2
, ps

j = 0, qs
j =−

N

∑
i=1

g j|αi|2

Ω j
, (B2)

which determine the effective detuning and coupling strength
in QLEs (3) in the main text.
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[20] Hempston D, Vovrosh J, Toroš M, Winstone G, Rashid M and Ulbricht

H 2017 Appl. Phys. Lett. 111 133111
[21] Hebestreit E, Frimmer M, Reimann R and Novotny L 2018 Phys. Rev.

Lett. 121 063602
[22] Blakemore C P, Rider A D, Roy S, Wang Q, Kawasaki A and Gratta G

2019 Phys. Rev. A 99 023816
[23] Li T, Kheifets S, Medellin D and Raizen M G 2010 Science 328 1673
[24] Li T and Raizen M G 2013 Annalen der Physik 525 281
[25] Gieseler J, Novotny L and Quidant R 2013 Nat. Phys. 9 806
[26] Gieseler J, Quidant R, Dellago C and Novotny L 2014 Nat. Nanotech-

nol. 9 358

[27] Jain V, Gieseler J, Moritz C, Dellago C, Quidant R and Novotny L 2016
Phys. Rev. Lett. 116 243601

[28] Rondin L, Gieseler J, Ricci F, Quidant R, Dellago C and Novotny L
2017 Nat. Nanotechnol. 12 1130

[29] Arvanitaki A and Geraci A A 2013 Phys. Rev. Lett. 110 071105
[30] Monteiro F, Afek G, Carney D, Krnjaic G, Wang J and Moore D C

2020 Phys. Rev. Lett. 125 181102
[31] Moore D C, Rider A D and Gratta G 2014 Phys. Rev. Lett. 113 251801
[32] Rider A D, Moore D C, Blakemore C P, Louis M, Lu M and Gratta G

2016 Phys. Rev. Lett. 117 101101
[33] Carney D, Krnjaic G, Moore D C, Regal C A, Afek G, Bhave S,

Brubaker B, Corbitt T, Cripe J, Crisosto N, et al. 2021 Quantum Sci-
ence and Technology 6 024002

[34] Tebbenjohanns F, Frimmer M, Militaru A, Jain V and Novotny L 2019
Phys. Rev. Lett. 122 223601

[35] Tebbenjohanns F, Frimmer M, Jain V, Windey D and Novotny L 2020
Phys. Rev. Lett. 124 013603

[36] Monteiro F, Ghosh S, Fine A G and Moore D C 2017 Phys. Rev. A 96
063841

[37] Rider A D, Blakemore C P, Gratta G and Moore D C 2018 Phys. Rev.
A 97 013842

[38] Monteiro F, Li W, Afek G, Li C l, Mossman M and Moore D C 2020
Phys. Rev. A 101 053835
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