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Thermomechanically squeezed multi-mode
phonon lasers with levitated optomechanics

Xintao Song1,2, Guoyao Li1,2, Tengfang Kuang 1,2, Ran Huang 3, Wei Xiong1,2,
Xinlin Chen1,2, Xiang Han1,2, Yang Zhang1,2, Franco Nori3,4, Hui Jing 5 ,
Hui Luo 1,2 & Guangzong Xiao 1,2

Squeezing, an effective approach to reduce noise in one quadrature while
increasing it in the orthogonal quadrature, has attracted broad attention to
enhance the performance of mechanical oscillators in their thermal or ground
states. However, the classical squeezing of phonon lasers, mechanical analogs
of optical lasers, has not been achieved. Here, we report an experimental
demonstration of a thermomechanically squeezed phonon laser with a
microscale sphere in a levitated optomechanical system. Through non-
adiabatic frequency shifts induced by a pulse-modulated trapping laser, the
fundamental-mode phonon laser has been squeezed by 3.15 ± 0.35 dB. In such
a way, we found that the second-harmonic mode of phonon lasers could be
simultaneously squeezed, demonstrating the unique advantage of our system
for concurrent coherent control ofmulti-mode phonon lasers. This work gives
the first example of a squeezed nonlinear phonon laser with a larger mass
under low vacuum, thus providing a promising platform for exploring non-
linear phononics and harnessing such a system for precision metrology.

Phonon lasers, self-sustained motion of mechanical oscillators1,2, are
regarded as valuable resources for practical applications in precision
metrology3–5 and informatics2, as well as fundamental research in
thermodynamics6,7 and non-Hermitian physics8–10. They have been
realized in trapped ions1,11, levitated spheres12,13, membranes14,15,
microresonators16–20, and nanobeams21,22, characterized by three sym-
bolic hallmarks including threshold behavior, linewidth narrowing,
and second-order coherence approaching unity12. In recent years,
diverse technologies have been developed for improving the phonon
lasers, including injection locking23–27, self-organized synchronization2,
and Floquet engineering28,29. These breakthroughs enable further
advancement of metrology (e.g., force sensing) with phonon lasers.

Mechanical squeezing, suppressing momentum (position) noise
at the cost of increased noise in the orthogonal quadrature, provides
an effective method to enhance the performance of phonon lasers.
Recently, classical squeezing has been implemented in a variety of

systems with distinct mechanical resonators, such as clamped
cantilevers30, soft-clamped membranes31–33, and levitated spheres34–37,
a detailed parameter comparison is in Supplementary Note 1. Due to
the absence of mechanical contact with the thermal environment,
levitated spheres in vacuum are expected to be ideal platforms for
precision sensing. A classical squeezing of 2.7 dB has been achieved in
a thermal nanosphere34. Further squeezing in the same system has
demonstrated a frontier exploration of inherent Duffing
nonlinearities37. However, squeezing a levitated sphere in the multi-
mode phonon lasing state remains unexplored and is even more dif-
ficult for larger spheres due to low oscillating frequencies31,38,39

In this work, for the first time, we demonstrate the squeezed
phonon lasers of both the fundamental mode and nonlinear higher-
order harmonics withmicrospheres. Notably, compared with previous
works41, our approach operates with a large phonon number (~ 1010) of
micro-sized spheres. Even under massive thermal fluctuations, the
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thermal noise of the nonlinear phonon lasers is suppressed effectively,
yielding a maximum squeezing of 3.15 ± 0.35 dB for the fundamental
mode and 1.23 ± 0.17 dB for the second-harmonic mode. Moreover,
our active systemcanprovide strongmechanical gain, and thus has the
ability to squeeze a microscale sphere without the challenging
requirement of high vacuum32.

Results
Experimental setup and principle
Our experimental apparatus includes an active optical cavity and dual-
beam optical tweezers, as illustrated in Fig. 1a (see Methods for more
details). More specifically, a microsphere (diameter ~2 μm) is trapped
in a vacuum chamber (~20mbar), interacting with the active cavity
through dissipative coupling40. The quality factor of this cavity is
enhanced to 109 by incorporating a Yb3+-doped gain fiber, extending
the photon lifetime and allowing coherent vibrational amplification of
the microsphere. By increasing the pump power P of this active cavity
beyond a threshold, the microsphere undergoes a phase transition
from thermal motion to sustained coherent oscillation. The phase
transition has also been observed in various non-Hermitian systems,
which are typically passive and rely on non-reciprocal coupling41,42. In
contrast, our system is active and operates in the dissipative coupling
regime, requiring no complicated external feedback. Furthermore, in
our previous work, we explored the ability of the active cavity to drive
high-ordermechanical harmonics, knownasnonlinearphonon lasers13,
resulting from the optical-gain-enhanced nonlinearity.

Here, an approach based on non-adiabatic frequency shifts is

employed. The introduced interaction (b̂
y2
+ b̂

2
) will drive the phonon

laser to squeezing43–48. We employed an acousto-optic modulator
(AOM) to control the power of the trapping beam, enabling non-
adiabatic frequency tunability of the phonon laser. A short squeezing
pulse with duration τ is applied by switching between two different
trapping powers P1 (350mW) and P2 (55mW), corresponding to the
phonon laser frequencies Ω1 (2π × 17.8 kHz) and Ω2 (2π × 7.1 kHz), see
Fig. 1b. The dimensionless Hamiltonians are given as

Ĥ1 =ℏΩ1ðb̂
y
1 b̂1 + 1=2Þ and Ĥ2 =ℏΩ2ðb̂

y
2b̂2 + 1=2Þ, where the operators

b̂
y
1 ðb̂

y
2Þ and b̂1ðb̂2Þ are the creation and annihilation operators. Due to

thenon-ideal response of theAOM, there are rising and falling edgesΔt
on modulated optical pulses (Fig.1b). If the time scale Δt satisfies the
non-adiabatic condition (Δt « Ω1,2), the induced squeezing interaction
will suppress the noise of a specific quadrature while amplifying the
noise of its orthogonal quadrature49,50 (more details in Supplemen-
tary Note 2).

Immediately after the sudden change, the creation and annihila-
tion operators satisfy the Bogoliubov transformation44,47:

b̂
y
2 = coshðrÞb̂y

1 + sinhðrÞb̂1e
iθ = ŜðrÞb̂y

1 Ŝ
yðrÞ,

b̂2 = coshðrÞb̂1 + sinhðrÞb̂y
1e

iθ = Ŝ
yðrÞb̂1ŜðrÞ,

ð1Þ

where Ŝ(ξ) = exp[(ξ*b̂
2

1−ξb̂
y2
1 )/2] is the squeezing operator, ξ = reiθ

denotes the squeezing parameter, r = ln (Ω1/Ω2)/2 is the squeezing
magnitude, and θ is the squeezing angle. The theoretical squeezing
degree is quantified in decibels (dB), defined as

λ= � 10log10 expð�rÞ= 5log10
Ω1

Ω2
: ð2Þ

Therefore, the fluctuations in one quadrature are reduced below
that of the initial state, while the fluctuations in the orthogonal quad-
rature are anti-squeezed, as depicted in Fig.1c. In our squeezing pro-
tocol, each square-wavepulse generates twodistinct squeezing events.
During the pulse, the oscillator’s phase-space distribution rotates atΩ₂

continuously. Maximum squeezing is achieved when the pulse dura-
tion τ is set to π/2Ω₂, as this allows the two squeezing effects to add
constructively35.

Squeezing of the fundamental mode
Figure 1d presents the experimental results of the squeezing and anti-
squeezing processes for the fundamental-mode phonon lasers.We use
the measured ratio σ2

t/σ
2
0 to evaluate the degree of squeezing, where

σ2
0 is themeanvalue of themomentumnoise variancebefore the pulse

and σ2
t denotes the variance at time t. Before the pulse, the ratio σ2

t/σ
2
0

fluctuates slightly around 1, indicating no squeezing. Right after the
pulse, the ratio σ2

t/σ
2
0 shows a significant change, and its time evolu-

tion performs an underdamped oscillation around 1, owing to the
decoherence induced by thermal noise. Specifically, the quadrature of
the momentum noise undergoes squeezing and anti-squeezing, cor-
responding to σ2

t/σ
2
0 < 1 (red) and σ2

t/σ
2
0 > 1 (gray), respectively. After

approximately 3ms, the squeezing is ultimately annihilated by thermal
fluctuations, and σ2

t/σ
2
0 returns to the initial value. The insets of the

phase space in Fig.1d exhibit the initial and squeezed states, corre-
sponding to the evolution schematically shown in Fig. 1c.

The dynamics of the position andmomentumquadratures for the
squeezing and anti-squeezing processes are depicted in Fig. 2a. The
dynamical phase spaces of four typical times are obtained from the
position andmomentum quadratures. Right after the pulse at t = 0 μs,
the squeezed phonon lasers exhibit an elliptical limit cycle in phase
space. The corresponding noise distribution becomes a solid ellipse.
These results indicate that the noise levels of the position and
momentum are no longer equal, leading to squeezing and anti-
squeezing of these two quadratures. When time evolves, the phase of
themicrosphere undergoes a clockwise rotation with a period T1 = 2π/
Ω1. Throughout this evolution, the distribution gradually relaxes back
to its initial state due to the stochastic collisionsof thebackgroundgas.

We further investigate the ratio σ2
t/σ

2
0and the normalized corre-

lation function g(2)(0) (at zero-time delay) from the perspective of the
pulse duration τ and trapping power ratioP1/P2, as shown in Fig. 2b and
2c, respectively. The ratio σ2

t/σ
2
0 first decreases and then increases as

the pulse width τ increases, and a maximum squeezing degree of
3.15 ± 0.35 dB (σ2

t/σ
2
0 ≈0.484) is achieved for τmax = T₂/4 ≈ 35.53μs. We

note that such a value of τmax corresponds to a squeezing angle of π/2,
where the squeezing parameter ξ = reiθ reaches its maximum, leading
to the optimal squeezing. Moreover, the correlation function g(2)(0) is
introduced to illustrate clear evidence of squeezing in these phonon
lasers. As shown in Fig. 2b, g(2)(0) is nearly insensitive (g(2)(0) ≈ 1) to the
pulse width τ, indicating that phonon coherence is preserved over the
pulse duration.

Figure 2c shows themeasured ratio σ2
t/σ

2
0 and g(2)(0) as a function

of the power ratio P1/P2. According to Eq. (2), the squeezing degree is
determined by the ratio Ω₁/Ω₂, which involves the power ratio P1/P2.
For convenience, we maintained P1 constant and reduced P2. Results
show that a higher P1/P2 would lead to a reduction of σ2

t/σ
2
0, which is in

agreement with the theoretical prediction in Eq. (2). However, the
correlation function g(2)(0) exhibits a sharp increase above the
threshold (vertical dashed line in Fig. 2c), indicating that the coherence
is not retained. We attribute this phenomenon to the position shift at
excessively low P2 (more details in Supplementary Note 3).

Squeezing of the second harmonic
Without lossof generality, the non-adiabatic frequency shifts enableus
to squeeze the high-order mechanical modes. During the pulse mod-
ulation, the frequency of the second-harmonic mode jumps between
2Ω₁ and 2Ω2, following the frequency switching of the fundamental
mode. In Fig. 3a, we show the time evolution of the second-harmonic
mode (2π × 35.6 kHz) in phase space, obtainedwith a pulse duration of
T2/8. The phase-space distributions at 0 μs and 7 μs exhibit the char-
acteristic features of momentum squeezing and position squeezing,
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respectively. This squeezing effect is manifested as a narrowed width
of the limit cycle in the corresponding quadrature, making its trajec-
tory approximate an ideal arc in phase space. Due to the thermal
fluctuations, the squeezing effect decays completely within 0.8ms
after the pulse, as shown in Fig. 3b.

In Fig. 3c we further examine in more detail the normalized
momentum noise variance σ2

t/σ
2
0 with pulse duration τ and show the

normalized correlation function g(2)(0). The ratio σ2
t/σ

2
0 shows a peri-

odicfluctuationwith twominimumvalues. The noise distribution of the
second-harmonic mode is squeezed and rotated in phase space, which
means that there areoptimalmatching conditionsbetween this rotation
speed and the pulse widths τ for stronger squeezing. We note that the

optimal pulse width τ is τ = (2n−1)T2/8 (n = 1, 2) in our system, where a
minimum value of σ2

t/σ
2
0≈0.753 was measured with squeezing degree

λ ≈ 1.23 ±0.17 dB. In addition, g(2)(0) remains nearly unchanged (~1.2)
across the pulse widths, indicating that the phonon coherence of the
second-harmonic mode is inferior to that of the fundamental mode. In
our work, both the fundamental and second-harmonic modes are
squeezed simultaneously in the samemeasurement. For example, at the
pulse width of τ ≈ 18 μs, we observe a squeezing of 1.67 ±0.21 dB for the
fundamental mode and 1.23 ±0.17 dB for the second-harmonic mode,
as shown in Figs. 2b and 3c. However, the optimal squeezing for each
mode occurs at different pulse widths (τ =nT2/4 for the fundamental
and τ = (2n−1)T2/8 for the second harmonic).
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Fig. 1 | Experimental implementationof squeezedphonon lasers. a Schematic of
the experimental setup for nonlinear phonon lasers squeezing. Trapping beams
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tomdisplaying the fundamental lasingmodeΩ1 and its second-harmonicmode2Ω1.
The signal (blue) drives the AOM to change the power of the trapping beams,
squeezing the nonlinear phonon lasers via nonadiabatic modulation. b Optical
power of the trapping beam modulated by the AOM. c Schematic diagram of the

phase-space distribution evolution during squeezing, where q and p denote the
position quadrature and momentum quadrature, respectively. d Experimentally
measured ratio σ2

t/σ
2
0 undergoes squeezing and anti-squeezing, where σ2

0 is the
momentum noise variance before the pulse, and σ2

t is calculated from the scatter
points in the noise distributions at time t. The insets show the initial (left) and
thermomechanically squeezed phonon laser (right), corresponding to the
moments before and after the pulse, respectively.
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Note that our results are essentially different from those in a very
recent experiment on quantum squeezing, where a levitated nano-
sphere was precooled to the quantum ground state51,52. In contrast, we
drive a levitated microsphere from thermal behavior into a regime of
sustained coherent oscillation, i.e., phonon lasing, and realize the
thermomechanically squeezed phonon lasers, providing a new plat-
form for advancing the performance of coherent phonon sources. In
addition, we employ microspheres with larger mass, which exhibit
significant dissipative optomechanical coupling and robustness
against thermal noise13. This combination enables the effective
squeezing of phonon lasers under conditions of low vacuum
(~20mbar), which is much higher than in the usual mechanical
squeezing experiment43–47.

Compared with previous demonstrations of mechanical
squeezing32, a key advantage of our system lies in its capability to
simultaneously squeeze multiple mechanical modes of nonlinear
phonon lasers, establishing the foundation for parallel sensing proto-
cols acrossmultiple degrees of freedom. In our future work, by further
combining with other existing techniques used in previous
studies23,32,35,53, it is possible to achieve stronger squeezing, allowing
studies of fundamental problems in nonequilibrium dynamics,

mesoscopic classical thermodynamics42 as well as tasks on ultra-
sensitive metrology48,54.

Discussion
In conclusion, we report the first demonstration of a thermo-
mechanically squeezed nonlinear phonon laser in an active levitated
optomechanical system. Simultaneous squeezing of the fundamental
and second-harmonic modes of the nonlinear phonon lasers is
demonstrated, arising from the combination of non-adiabatic para-
meter control, optical-gain-enhanced nonlinearity, and dissipative
engineering. We show that this platform could generate squeezing
withmicroscale spheres under verydesirable conditions (of both room
temperature and low vacuum).

We suppress the momentum noise of the nonlinear phonon
lasers, yielding a maximum squeezing degree of 3.15 ± 0.35 dB for the
fundamental mode and 1.23 ± 0.17 dB for the second-harmonic mode,
respectively. We note that squeezed light has played a breakthrough
role in precision metrology, such as in gravitational‑wave detection55.
Similarly, squeezed phonon lasers are expected to play an important
role in mass detection56 and force sensing (electric fields57,58, magnetic
field59, etc.). A canonical trapped‑ion experiment illustrates the
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superior sensitivity of phonon lasers for detecting ultraweak electric
forces Fe (~ 5 yN), with clear evidence that the sensitivity is ultimately
limited by phase noise23. With the help of our squeezing method, we
foresee that the sensitivity can be further improved by 3 dB. This
improvement offers a complementary pathway beyond what is
achievable with unsqueezed phonon lasers alone.

Moreover, our work also guides the future exploration of ther-
momechanically squeezed phonon laser combs. Combined with
injection locking23,24 and Floquet engineering28,29, suchmulti‑frequency
squeezed phonon sources enable parallel sensing across multiple
channels and enhance the dynamic range59–61, which are difficult to
achieve with a single‑frequency squeezed phonon laser. We anticipate
that ourfindings canbe applied toboost nonlinear phononics andnon-
equilibrium physics, as well as applications in metrology.

Note added in proof:When submitting our revisedmanuscript, an
experiment appeared, and in that work, a two-mode thermo-
mechanically squeezed phonon laser has been demonstrated with a
levitated nanoparticle in high vacuum62. Our work instead shows
single-mode squeezing of both the fundamental and second harmonic
modes of a nonlinear phonon laser with a larger microsphere. The two
results are complementary, setting the stage for research on non-
equilibrium physics and applications in precision metrology.

Methods
Experimental details
In our experiment, we employ a dual-beamoptical tweezer and an active
cavity, with the two setups arranged orthogonally to each other around
the trapping region, as illustrated in Fig. 1a. For the dual-beam optical
tweezer system, twoorthogonally polarizedbeams (532nm) are focused
through opposing objective lenses (L Plan Fluor EPI 50×, NA=0.5) to
trap a silica microsphere in vacuum. The microsphere’s position is
monitored using a balanced differential detector that collects forward-
scattered light63. Our vacuum chamber is placed between two objective
lenses and features four coated optical windows (each 12.7mm in dia-
meter) on its four sides, which ensure high stability and low optical loss.

The active cavity consists of a Yb3+-doped gain fiber, a pump laser
(976 nm), and a free-space optical setup. Under optical pumping, the
gain medium in the fiber undergoes stimulated emission, producing
laser emission centered at 1030 nm. The clockwise and counter-
clockwise propagating beams within the ring cavity are separately
focused onto the microsphere using two collimating objective lenses
(NA =0.25). We position a microsphere within the active optical cavity
by synchronously translating the objective lenses.

Compared with conventional optomechanical systems based on
dispersive coupling, the active cavity here enables a direct channel for

b c

0 0.3 0.6 0.9 1.2

0.7

0.9

1.1

1.3

Time/ms

Squeezing

Anti-squeezing
2Ω1

1.5

-1 0 1
Δq

-1

0

1

Δp

-1 0 1
Δq

-1

0

1

Δp

-1 0 1
Δq

-1

0

1

Δp

-1 0 1
Δq

-1

0

1

Δp

-1 0 1
Δq

-1

0

1

Δp

-1 0 1
Δq

-1

0

1

Δp

-1 0 1
Δq

-1

0

1

Δp

-1 0 1
Δq

-1

0

1

Δp

-2 0 2
q

-2

0

2

p

1.2 ms

-2 0 2
q

-2

0

2

p

1.2 ms

-2 0 2
q

-2

0

2

p

14 μs

-2 0 2
q

-2

0

2

p

14 μs

-2 0 2
q

-2

0

2

p

7 μs

-2 0 2
q

-2

0

2

p

7 μs

-2 0 2
q

-2

0

2
p

0 μs

-2 0 2
q

-2

0

2
p

0 μs

0 μ  7s μ  41s μ sm 2.1s

105105 105105 105105 105105

105105

105105

105105

105105

105105

105105

105105

105105

N
or

m
al

iz
ed

 v
ar

ia
nc

e 
t2 /

02

1

1.2

1.4

1.6

1.8

2
Normalized variance Normalized variance 

0 10 20 30 40 50 60 70
Pulse width τ /μs

0.5

0.6

0.7

0.8

0.9

1
2Ω1

N
or

m
al

iz
ed

 v
ar

ia
nc

e 
t2 /

02

g(2
) (0

)

g(2)(0)

Fig. 3 | Squeezed second harmonic mode of the nonlinear phonon laser.
a Measured phase-space distributions of the second harmonic mode after the
pulse, showing (top) the phase-space of the microsphere and (bottom) the corre-
sponding noise distributions, with the average amplitude of the phonon lasers

subtracted. The rotation speed of the entire phase space is Ω2. b Normalized var-
iance of the microsphere momentum noise as a function of time, obtained from
around 3000pulse sequences. c The normalized variance as a function of the pulse
width. Two minimum values are observed at pulse widths of T₂/8 and 3 T₂/8.
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dissipative coupling between the cavity field and the mechanical oscil-
lator, allowing efficient amplification of mechanical motion. A key chal-
lenge is that the strong dissipation leads to a short photon lifetime,
whereas efficient optomechanical interaction demands a long one. We
overcome this limitation by incorporating a Yb3+-dopedgainfiber, which
provides high cavity finesse and tunable gain. This design maintains a
stronger optomechanical coupling for coherent vibrational amplifica-
tion. In this case, through increasing the power P of the pump laser (e.g.,
from 0 to 1.5mW), the microsphere undergoes a phase transition from
Brownian motion to sustained coherent oscillation, with a clear thresh-
old between the two regimes (see Supplementary Note 3).

The trapping power is modulated via the diffraction effect of an
acousto-optic modulator (AOM). We use the zero-order beam of the
AOM for trapping microspheres, spatially filtering out the remaining
diffraction orders. Within a certain range, the intensity of the electrical
signal driving the AOM is proportional to the optical power of zero-
order light. By applying a square wave to the AOM, non-adiabatic
changes in the eigenfrequency of the microsphere oscillator can be
induced, thereby enabling fully controllable and frequency-tunable
phonon lasers. Based on this, we employ the squeezing protocol of
non-adiabatic frequency shifts to generate squeezed nonlinear pho-
non lasers. For each parameter set, a sequence of 2500–3000 inde-
pendent pulses with a 5ms interval was performed. Taking the end of
the pulse as time zero, a displacement value at time twasmeasured for
each pulse, fromwhich the corresponding variance was computed at a
specific phase (See Supplementary Note 4 for more details).

A key characteristic of mechanical squeezing is that the noise is
suppressed in the momentum quadrature while amplified in the
position quadrature. The intensity of the noise is directly characterized
by the variance, which measures the magnitude of the fluctuations in
themechanical oscillator. In our experiments, the degree of squeezing
can be calculated from the ratio of the momentum noise variance
before and after squeezing, given by the formula

λt = 10log10
σ2
0

σ2
t

� �
, ð3Þ

where σ2
0 (σ2

t) denotes the momentum noise variance of the phonon
laser before (after) the squeezing pulse at a specific phase.

Microsphere trapping
Microspheres with a nominal diameter of 2μmwere sourced from the
China University of Petroleum. Prior to the experiments, the micro-
spheres were cleaned by a centrifuge, and their concentration was
maintained within an optimal range. Before being trapped under
atmospheric pressure, theywere loaded into the trapping region via an
ultrasonic nebulizer. Subsequently, the pressure was reduced to the
desired level (~20mbar) for the experiments.

Phase-space distributions
To reconstruct the phase-space distribution of the microsphere reli-
ably, an accurate determination of themomentum is indispensable. To
achieve this, the temporal resolution of the detection system must be
much shorter than themomentum relaxation time τ of the sphere, and
the spatial resolution of the detection system must be much smaller
than the displacement of the sphere during the measurement time64.
The momentum relaxation time is related to the viscous damping
factor, Γ0, which is calculated from kinetic theory. Assuming that air
molecules undergo diffuse reflection upon collision with the micro-
sphere surface, and that the molecules thermally accommodate with
the surface, we have:

Γ0 =
6πηR
M

0:619
0:619+Kn

ð1 + cK Þ, ð4Þ

where η is the viscosity coefficient of air, R denotes the radius of the
microsphere, and M represents its mass. The Knudsen number is
defined as Kn = l / R, where l is the mean free path of air molecules
(calculated based on the actual composition of air). The function cK,
given by cK = (0.31Kn)/(0.785 + 1.152Kn + K2

n), is a small positive cor-
rection term that depends onKn. Themomentum relaxation timewas
measured to be 165.6 μs for a 2-μm-diameter microsphere, with the
Knudsen correction applied. The period of the fundamental mode
was 56.2 μs. Both of these time scales are substantially longer than
the temporal resolution of the displacement measurement (1 μs).
Consequently, the momentum of the sphere can be directly
estimated by computing the time derivative of itsmeasured position.
Using this approach, we mapped the phase-space distribution of
the trapped microsphere’s motion. Each phase-space plot consists
of around 3000 scattered points (qᵢ, pᵢ), collected over repeated
pulses.

Phonon correlations
To quantify the coherence of the mechanical oscillator, we use the
normalized second-order correlation function with zero-time delay65,
defined as

gð2Þð0Þ=
b̂
y
b̂
y
b̂b̂

D E

b̂
y
b̂

D E2 =
N̂

2D E
� N̂

D E

N̂
D E2 , ð5Þ

where N̂ = b̂
y
b̂ denotes the phonon number operator and b̂ðb̂yÞ is the

creation (annihilation) operator. The phonon number can be obtained
from the view of the energy

Ĥ =
1
2
ℏΩm Δx̂2 +Δp̂2

� �
=ℏΩm b̂

+
b̂+

1
2

� �
=ℏΩm N̂ +

1
2

� �
, ð6Þ

where b̂+ b̂
y� �

=
ffiffiffi
2

p
=Δx̂ = x̂ � hx̂i, b̂� b̂

y� �
=i

ffiffiffi
2

p
=Δp̂= p̂� hp̂i, p̂ q̂

� �
denotes the dimensionless position (momentum) operator66. With
respect to the quadrature variables, the phonon number can be cal-
culated by

N̂ =
1
2

Δx̂2 +Δp̂2 � 1
� �

: ð7Þ

g(2)(0) serves as a key criterion to distinguish thermal motions
(g(2)(0) = 2) and coherent behaviors (g(2)(0) = 1).

Error analysis
We investigated the ratio σ2

t/σ
2
0and the normalized correlation func-

tion g(2)(0) (at zero-time delay) versus pulse duration τ and power ratio
P1/P2. For each parameter set, the experiment was independently
repeated 20 times. Thedata points represent themeanvalues from the
repeated experiments, with the error bars indicating the standard
deviation. Further detailed discussion of controls andmass calibration
is provided in Supplementary Note 5.

Data availability
The data that support the plots within this paper have been deposited
in the Figshare database under accession code [https://doi.org/10.
6084/m9.figshare.32118982]. All other data used in this study are
available from the corresponding authors.

Code availability
The computer codes that were used to generate the data that support
thefindings of this study are available from the corresponding authors.
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