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Two-dimensional quantum motion of a levitated nanosphere
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We report on the two-dimensional (2D) dynamics of a levitated nanoparticle in an optical cavity. The motion
of the nanosphere is strongly coupled to the cavity field by coherent scattering and heavily cooled in the plane
orthogonal to the tweezer axis. Due to the characteristics of the 2D motion and the strong optomechanical
coupling, the motional sideband asymmetry that reveals the quantum nature of the dynamics is not limited to
mere scale factors between Stokes and anti-Stokes peaks, as customary in quantum optomechanics, but assumes
a peculiar spectral dependence. We introduce and discuss an effective thermal occupancy that quantifies how
close the system is to a minimum uncertainty state and allows us to consistently characterize the particle motion.
By rotating the polarization angle of the tweezer beam we tune the system from a 1D cooling regime, where
we achieve a best thermal occupancy of 0.51 ± 0.05, to a regime in which the fully 2D dynamics of the particle
exhibit strong nonclassical properties. We achieve a strong 2D confinement with thermal occupancy of 3.4 ± 0.4
along the warmest direction and around one in the orthogonal one. These results represent a major improvement
over previous experiments considering both the 1D and the 2D motion and pave the way toward the preparation of
tripartite optomechanical entangled states and novel applications to directional force and displacement quantum
sensing.

DOI: 10.1103/PhysRevResearch.4.033051

I. INTRODUCTION

Trapping and levitation of micrometric objects in strongly
focused light beams (optical tweezers) was introduced in the
pioneering works by Arthur Ashkin in the early 1970s [1],
and the major impact of such techniques in a multidisciplinary
environment earned him the Nobel Prize in Physics 2018.
In most applications, optical trapping occurs in a strongly
damping background. The idea of operating in a high vac-
uum, thus reducing the interaction with the environment
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and bringing levitating and oscillating nano-particles into the
quantum regime, was boosted about 10 years ago [2–5] and
has since developed into a fruitful research topic [6,7]. The
goal of cooling the oscillations, at least along one direction,
down to a phononic occupation number below unity, has
been recently achieved. By means of electrostatic feedback
cooling on charged particles, the motion was frozen along
the tweezer propagation axis [8,9], while cavity cooling pro-
duced similar results for the oscillation along an axis in the
transverse plane [10]. Cavity cooling, initially implemented
with standard optomechanical methods [11], has become
much more efficient with the introduction of the coherent
scattering technique [12–14] imported from atomic physics
experiments [15]. In this configuration, the cavity is driven by
tweezer light scattered by the trapped particle. As in standard
sideband cooling experiments, an optical field red-detuned
with respect to the cavity resonance produces cold damping
of the particle motion. However, since the cavity mode is only
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populated by photons coherently scattered by the particle,
such a scheme allows for a higher optomechanical coupling
between optical and mechanical modes by circumventing
the power limitations associated with the usual dispersive
coupling.

Optically levitating nanoparticles in high vacuum offers a
quite natural platform for the study of quantum mechanical
features in all three spatial dimensions and the achievement of
quantum-coherent control of their motion, with applications
ranging from quantum foundations and information process-
ing to directional quantum sensing.

The optical potential experienced by the nanoparticle is
proportional to the light intensity. As a consequence, its os-
cillatory motion is characterized by a lower frequency along
the tweezer propagation axis, where the characteristic length
is the Rayleigh range, with respect to the transverse plane,
where the characteristic length is the beam waist. For linearly
polarized light, the strongly focused beam is slightly ellip-
tical, with the largest diameter along the electric field [16],
producing different transverse oscillation frequencies. Con-
sequently, while the motion along the tweezer propagation
axis is strongly decoupled from the others and can be treated
as a single harmonic oscillator, on the transverse plane the
system appears as truly two-dimensional (2D), in particular
when the motion of the nanosphere is coupled with the modes
of an optical cavity. In this case, indeed, it cannot be simply
decomposed into two independent oscillator modes due to
their mutual interaction mediated by the optical field.

An important step forward on the route toward the am-
bitious goal of realizing 3D ground-state cooling is the
observation and characterization of the 2D quantum motion
on the tweezer transverse plane. An optomechanical system
with two nearly degenerate mechanical modes was already
considered in the literature [17–19]. However, here we deal
with 2D motion, where its projections along all the directions
(i.e., every linear combination of the two modes that are
arbitrarily chosen as reference frame) have a clear physical
meaning. This requires addressing the problem in a radically
different way from what is customary in optomechanics, both
in the description of the system and in the analysis of the
experimental signals and of the information that can be ex-
tracted. The problem is theoretically analyzed in Ref. [20]
where it is shown that for suitable system parameters the
particle full planar motion can be strongly coupled to the light
and efficiently cooled through coherent scattering. Recently,
the quantum-coherent strong coupling between the 2D motion
of a levitating nanoparticle and the radiation field was demon-
strated and led to the observation of vectorial optomechanical
polaritons [21]. Nevertheless, the ground state of the 2D mo-
tion has never been approached so far.

In this work we exploit coherent scattering to cool the mo-
tion of a nanosphere in the plane orthogonal to the propagation
axis of the tweezer, in the regime of strong optomechanical
coupling with the cavity field. We go deeper into the quantum
regime than in previous works both by considering the motion
in the coldest direction, and by considering 2D motion. We
show how the spectrum of the electromagnetic field exiting the
optical cavity displays a very strong nonclassical signature,
but it is not correct to directly deduce a phononic occupation
number from the measured peak asymmetry as in standard
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FIG. 1. Scheme of the experimental system. A silica nanosphere
levitates on the optical potential created by the light of an optical
tweezer, propagating along the Z axis, with the electric field along
the Y axis. The nanosphere is positioned on the axis of an optical
cavity (which defines the direction XC) in correspondence of a node
of the field of a cavity mode. The angle φ defines a generic direction
in the transverse plane X − Y .

sideband thermometry [22–24]. The characteristics of the mo-
tion are instead obtained from a more complete analysis of
the spectra. The comparison of the experimental data with
the theoretical modeling allows to derive the essential system
parameters and then reconstruct the spectrum of the motion.
In order to quantify the cooling along any direction, we mea-
sure how far we are from a minimum uncertainty state. The
introduced indicator can be traced back to the usual phononic
occupation number in the case of a single oscillator, but it
additionally allows to quantify the motion in each direction
without inappropriately associating it to a single harmonic
oscillator.

II. PHYSICAL BACKGROUND AND MODEL

In the experimental configuration that exploits coherent
scattering, the particle is positioned on the optical axis of
the cavity typically with the propagation axis of the tweezer
perpendicular to the cavity axis (Fig. 1). The optomechanical
coupling occurs with the motion along the cavity axis (XC in
Fig. 1), and it is optimized by positioning the particle in a node
of the standing wave associated with the cavity mode. On the
other hand, the coupling is null for the motion orthogonal to
the plane formed by the tweezer and the cavity axis (YC in
Fig. 1).

In the case of very weak optomechanical coupling or when
the tweezer radiation is far from resonance, the motion in the
transverse plane is better described in the framework defined
by the polarization axis (we define X and Y as the directions,
respectively, orthogonal and parallel to the electric field).
However, if the X axis is not perfectly coincident with the
cavity axis (and consequently the motion along Y is not per-
fectly decoupled), a correct calculation of the optomechanical
effects on the X mode, and in particular of its effective tem-
perature, requires to consider its indirect coupling (mediated
by the electromagnetic field) with the Y mode [17,25]. The
latter, being weakly coupled with the field, remains relatively
hot.
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The picture is different in the case of optimal detuning
[� � −0.5(�X + �Y ); here � = ωL − ωc is the detuning of
the tweezer radiation at frequency ωL/2π with respect to
the cavity resonance frequency ωc/2π , and �X,Y /2π are the
mechanical resonance frequencies] and sufficiently strong-
coupling g (4g2/κ � |�X − �Y |, where κ is the optical decay
rate). Now, the optomechanical coupling is more important
than the frequency difference between the modes in de-
termining the system’s dynamical behavior, and it is more
appropriate to use the cavity axis XC and YC as framework
for describing the 2D motion. The two directions define,
respectively, the so-called geometrical bright and the dark
modes [20]. Again, however, unless the mechanical frequen-
cies �X,Y are perfectly degenerate, bright and dark modes are
coupled together. The dark mode is sympathetically cooled by
the bright mode, which is in turn warmed by the dark mode.

In any case, as long as g < κ/4 (weak optomechanical
coupling regime), the motions along any direction, including
all the four axes (X , Y , XC , YC), have spectra characterized
by two peaks centered on the eigenfrequencies of the op-
tomechanical system. It is, therefore, not straightforward to
associate a single harmonic oscillator to any of these direc-
tions, as it could be done for the directions corresponding
to the eigenstates of the drift matrix. In the case of strong
optomechanical coupling (g > κ/4), the mechanical modes
hybridize with the optical one, and it is even less obvious
how to associate a harmonic oscillator with the motion in any
direction and assign phononic occupation numbers as usual
in optomechanics. In Section V we will introduce a rigorous
procedure to define an effective thermal occupancy for the
motion in each direction. For the purpose of reproducing the
experimental results, the oscillation of the nanosphere in the
optical potential created by the tweezer, and its interaction
with the mode of the cavity field that is close to resonance
with the tweezer light, can be described by a standard quantum
Langevin model. The linearized evolution equations for the
motion in the plane orthogonal to the tweezer axis, expressed
in the frame rotating at the laser frequency ωL, can be written
as

˙̂ac =
(

i� − κ

2

)
âc + igX (b̂X + b̂†

X ) + igY (b̂Y + b̂†
Y ) + √

κ âin

(1)

˙̂bj =
(

−i� j − �m

2

)
b̂ j + ig j (âc + â†

c ) + √
� j b̂n, j, (2)

where the operators âc and b̂ j describe, respectively, the in-
tracavity field and the two mechanical modes ( j = X,Y ),
�m is the gas damping rate, and g j are the optomechanical
coupling rates. The b̂ j are linked to the operators describing
the displacements (x, y) and the momenta (px, py) along the X
and Y directions by the relations

x = xzpf (b̂X + b̂†
X ) (3)

px = pzpf i(b̂†
X − b̂X ), (4)

where xzpf =
√

h̄
2m�X

and pzpf =
√

h̄m�X
2 are the zero-point

position and momentum fluctuations of the free oscillators and
by equivalent expressions for y and py. We note that while

the operators b̂ j can be thought of as phonon annihilation
operators in the limit of weak optomechanical coupling, such
an interpretation is not straightforward in the strong-coupling
regime.

The input noise operators are characterized by the correla-
tion functions

〈âin(t )â†
in(t ′)〉 = δ(t − t ′) (5)

〈â†
in(t )âin(t ′)〉 = 0 (6)

〈b̂†
n, j (t )b̂n, j (t

′)〉 = 〈b̂n, j (t )b̂†
n, j (t

′)〉 = δ(t − t ′). (7)

The total decoherence rates can be written as

� j = kBT

h̄� j
�m + �n j, (8)

where the first contribution is due to scattering with the back-
ground gas molecules at temperature T , and �n j accounts for
the shot noise in the dipole scattering (which adds negligible
damping), as well as for additional technical noise sources.
We note that in Eq. (7) we are dealing with noise in a classical
way, justified by the fact that kBT � h̄� j .

As discussed, the XC-YC framework can be more appropriate
to understand the physics of the system and to describe it
by means of approximated analytical expressions. However,
we remark that in the X -Y framework the input noise sources
are uncorrelated and easily evaluated, and it is therefore more
suitable for exact numerical calculations.

The total cavity output field is given by the input-output re-
lation â = √

κ âc − âin. We have solved the above equations in
the Fourier space. The heterodyne spectrum normalized to
shot noise is

Sout (�) = [Saa(� − �LO) + Sa†a† (� + �LO)]η + (1 − η),
(9)

where Saa(�) = 1
2π

∫
d�′〈ã†(�′)ã(�)〉, �LO is the angular

frequency of the local oscillator, and η is the detection effi-
ciency. As described in the following sections, the spectrum of
Eq. (9) is fitted to the experimental heterodyne spectra to de-
rive the system parameters in different conditions. The model
is then used to calculate the effective thermal occupancy by
integrating numerical spectra as detailed in Section V [26].
More technical details on these calculations can be found in
the supplementary information of Ref. [21].

III. EXPERIMENTAL SETUP

The silica nanospheres used for this work have a mean
diameter of 125 ± 5 nm measured by photon correlation
imaging [27]. The experimental procedure starts by loading
a nanosphere in a first vacuum chamber, on a first optical
tweezer mounted on the tip of a movable rod [28,29]. The
trapped particle is then translated to the experimental cham-
ber, where it is transferred to a second optical tweezer created
by the light of a Nd:YAG laser delivered in vacuum by a
polarization maintaining optical fiber [29]. About 300 mW are
focused to an elliptical shape of waists ∼1.0 and ∼0.9 μm,
where the tighter focus occurs in the direction orthogonal
to the axis defined by the linear polarization of the tweezer
light [16]. The corresponding typical oscillation frequencies
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of the nanosphere in the tweezer optical potential are 27 kHz
(Z direction, along the tweezer axis), 115 kHz (Y direction,
along the polarization axis), and 128 kHz (X direction). After
the transfer, the movable rod is retracted, the two chambers are
isolated, and the experimental chamber is evacuated to high
vacuum.

The second tweezer is mounted on a three-axes nanometric
motorized linear stage that allows to position the nanosphere
inside a nearly concentric Fabry-Perot cavity (free-spectral-
range FSR = 3.07 GHz, linewidth κ/2π = 57 kHz) almost
orthogonal to the tweezer axis (Fig. 1). A second, auxiliary
Nd:YAG laser is frequency locked to the optical cavity, and
the tweezer laser is phase locked to the auxiliary one with
a controllable frequency offset equal to FSR + �/2π , thus
accurately defining the detuning � of the tweezer radiation
from the cavity resonance.

The light scattered by the particle on the almost resonant
cavity mode, and transmitted by the output mirror, is super-
imposed on a local oscillator beam, derived from the main
Nd:YAG laser before launching it in the fiber, and frequency
shifted by 0.9 MHz. The mixed beams are sent to a balanced
detection to implement a heterodyne measurement. The beat
note between the local oscillator and the scattered light allows
to deduce the location of the nanosphere inside the mode
standing wave and to place it on the optical axes, in corre-
spondence of a node. In this position, the optical coupling
between the particle motion and the radiation field is due to
the coherent scattering of the tweezer light on the cavity mode
and it is just effective for the projection of the motion on the
cavity axis [12–14,25]. More details on the experimental setup
can be found in Ref. [21] and its supplemental information.

IV. MEASUREMENT OF THE DECOHERENCE RATES

The force noise that determines the motion of the
nanosphere can be ascribed to two fundamental sources
besides the optomechanical coupling: The collisions with
the molecules of background gas and the recoil due
to the shot noise in the dipole emission of the nanosphere.
In the regime of interest (high vacuum, where the mean-free
path of the gas molecules is much larger than the diameter
of the nanosphere), the expected collisional damping rate is
proportional to the pressure P in the experimental chamber
and is given by [30,31]

�m = 8
√

π

3

R2

m

√
mgas

2kBT

(
2 + π

4

)
P, (10)

where R is the radius of the nanosphere, m is its mass, and
mgas is the mass of the gas molecules. At very low pressures,
the contribution of dipole scattering becomes important. In the
case of linear polarization of the optical tweezer radiation, the
theoretical expressions for the decoherence rate due to shot
noise are [32]

�d
Y = 1

5

h̄ω2
L

2mc2�Y

Itw σ

h̄ωL

(11)

along the polarization axis, and �d
X = 2�d

Y

�Y
�X

along the X
direction (perpendicular to both the polarization axis and the
tweezer propagation axis). Here Itw is the tweezer intensity at
the nanosphere position, and σ is the scattering cross section.

Jain et al. [33] have observed the reheating of the Y mode after
parametric feedback cooling down to a phononic occupation
number of ∼60 in high vacuum. Their measured rate agrees
with the theory within 10 − 30%.

We can deduce the total decoherence rates for the X and
Y motion from the spectrum of the field transmitted by the
cavity. These rates mainly determine the area of the spectral
peaks generated by the motion of the nanosphere, while their
width is dominated by the optical cooling. We have acquired
the time series of the heterodyne detection signal during the
evacuation of the experimental chamber, maintaining a rel-
atively large detuning of the tweezer radiation from cavity
resonance (namely, �/2π = −220 kHz). An example of a
derived spectrum (anti-Stokes motional sideband) is shown in
Fig. 2(a). The spectra are calculated by Fourier transforming
consecutive time intervals and are fitted to the theoretical
model of Eq. (9). For each spectrum the resonance frequencies
�X and �Y , the optomechanical coupling rates gX and gY , and
the decoherence rates �X and �Y are derived from the fits,
while the detuning �, the cavity width κ , and the detection
efficiency η are measured independently and kept as fixed
parameters in the fitting procedure.

The decoherence rates vs pressure can be fitted by a
straight line, according to � j/2π = a j + b j P [Fig. 2(b)].
The parameters derived from this fitting procedure are slopes
bX = (7.05 ± 0.02) × 108 Hz/Pa and bY = (7.64 ± 0.03) ×
108 Hz/Pa, and constant terms aX = 2.79 ± 0.06 kHz and
aY = 1.97 ± 0.15 kHz. In these expressions, the quoted er-
rors represent the statistical uncertainty of the fits (one
standard deviation). However, the main error is due to the
evaluation of the detection efficiency measured to be η =
0.295 ± 0.03, which produces an additional uncertainty of
10% in the a j and b j parameters.

We have calculated the gas damping rate from the slopes
of � j , according to �m = P bj

h̄� j

kBT [see Eq. (8)], obtaining
�m/2πP = 14.4 Hz/Pa for the X mode and 14.0 Hz/Pa for
the Y mode, in good relative agreement. With the parameters
of our nanosphere in nitrogen atmosphere, the theoretical
value given by the expression (10) is �m/2πP = 9.7 Hz/Pa.
Even considering the 30% nominal accuracy of the pressure
gauge quoted by its manufacturer, the agreement is not very
good. This discrepancy can be explained by the heating of the
sphere caused by laser absorption, which eventually warms up
the background gas, as pointed out in Ref. [34] and analyzed
in Ref. [35].

The decoherence rates due to the photon recoil in the dipole
radiation, calculated for our nanosphere using expression (11),
are �d

X /2π = 3.0 kHz and �d
Y /2π = 1.7 kHz, with a 20%

uncertainty derived from the knowledge of the nanosphere
mass and of the tweezer intensity. The agreement with the
fitted constant terms aX,Y is excellent, indicating that no sig-
nificant extra noise is present, i.e., the �n j introduced in
Eq. (8) coincides with the �d

j . The calculated fluctuations
due to the laser intensity and frequency noise are indeed
negligible [21], and the measured decoherence rate shows
that even parametric heating due to mechanical vibrations,
whose relevance was pointed out in other works [13,14], do
not play an evident role in our case. We also remark that we
can distinguish the dipole scattering rates in the two modes,
whose ratio (weakly dependent on the detection efficiency)
we find to be aX/aY = 1.42 ± 0.14. To our knowledge, this is
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FIG. 2. (a) Typical heterodyne spectrum (anti-Stokes sideband, power spectral density PSD normalized to shot noise) showing the
resonances of the X and Y modes, acquired at the pressure of P � 3 × 10−5 Pa for a detuning of −�/2π = 220 kHz. The red solid line
is the fit with the theoretical model. (b) Total decoherence rates for the X and Y motion (blue and red dots, respectively), measured for a
tweezer light detuning of −�/2π = 220 kHz as a function of background pressure. The error bars represent the standard error calculated on
several consecutive time intervals. The solid lines show linear fits. The inset is an enlarged view of the region at lowest pressure.

the first time that such spatial variation of the shot noise in the
photon recoil due to dipole scattering is shown in the motion
of a mesoscopic object. The experimental measurement of the
photon recoil is the main result described in this section. The
residual discrepancy with the calculated ratio of 1.8 can be
attributed to the imperfectly linear polarization of the light at
the output of the optical fiber.

As a further check of the modeling, we focus on the
optomechanical coupling rates. Their theoretical expres-
sions can be written as [12,13] gX = gmax sin2 θ and gY =
gmax

√
�X
�Y

sin θ cos θ , where θ is the angle between the cav-

ity axis and the tweezer polarization axis (see Fig. 1),

gmax = αεcεtwωc
2h̄c

√
h̄

2m�X
(α is the nanosphere polarizability),

εc =
√

h̄ωc
2ε0Vc

(ε0 is the vacuum permittivity, and Vc is the cavity

volume), and εtw =
√

2Itw
ε0c . From the fits of the experimental

spectra we obtain gX , gY , �X , and �Y , and from the above
expressions we derive a maximum gain gmax/2π = 25.7 ±
1.7 kHz and an angle θ that varies between 78◦ and 69◦ during
the chamber evacuation. The theoretical gmax/2π for a particle
of diameter 125 ± 5 nm is 31.7 ± 1.9 kHz. The experimental
value is slightly lower, maybe due to imperfect positioning of
the nanosphere on the cavity axis.

V. ONE-DIMENSIONAL QUANTUM GROUND STATE IN
THE STRONG-COUPLING REGIME

The radiation scattered by the nanosphere on the cav-
ity mode and transmitted by the cavity output mirror is the
only sensitive probe that we have to analyze the motion
of the nanosphere. Most optomechanical experiments deal
with a single mechanical mode weakly coupled to the probe
field, a situation that allows to infer some properties of the
motion in a direct way. The signature of the mechanical
mode is typically a Lorentzian peak in the field spectrum,
whose calibrated area yields the displacement variance and

the temperature of the mechanical oscillator, while the asym-
metry between the Stokes and the anti-Stokes peaks in the
motional sidebands is a quantum feature allowing a direct
measurement of the phononic occupation number [22–24]. In
our case the 2D motion, where the corresponding oscillators
are coupled through the field, and the strong optomechanical
coupling prevent such a direct analysis, which would lead
to erroneous results. Even if the (approximated) analytical
expressions are obviously useful to understand the system
behavior and guide the experiments, a correct quantitative
study requires the comparison of the experimental spectra
with those generated by a full model, the consequent extrac-
tion of the system parameters, and finally the inference of
the characteristics of the motion (in particular the effective
thermal occupancy) from the model. The above section shows
that our system is well understood and, in particular, the noise
sources are as expected. However, we remark that for each
signal acquisition, we extract the actual decoherence rate (i.e.,
the amount of noise) from the spectrum. In this procedure,
such quantitative estimate of the noise strength critically de-
pends on the reliability of the independent measurement of
the detection efficiency. In the classical regime, very similar
spectra are obtained by increasing the noise and decreasing the
detection efficiency or vice versa. The situation changes close
to the quantum regime, where the spectral asymmetry between
the Stokes and the anti-Stokes motional sidebands in the
electromagnetic field that is independent from the detection
efficiency, gives a further crucial indication on the achieved
quantum state. Even if the direct measurement of the phononic
occupation number, typically performed for single-mode sys-
tems, is no more possible or reliable, the observation of such
spectral asymmetry has the dual purpose of demonstrating
the achievement of the quantum regime and confirming the
accuracy of the noise evaluation.

The measurements at decreasing pressure, described in
the previous section, were performed at a relatively large
detuning, yielding moderate optical cooling and stronger sig-
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FIG. 3. (a) Mean decoherence rate � = 0.5 (�X + �Y ) deduced
from the experimental spectra at varying detuning. (b) Effective
thermal occupancy along the coldest (dark green), warmest (light
green), X (dark blue), and Y (light blue) direction of oscillation
as a function of the detuning of the tweezer light from cavity
resonance. Solid lines are guides for the eye. (c) Expected trend
of the same occupation numbers. These theoretical curves are
computed using the following values of the system parameters:
�X /2π = 125.9 kHz, �Y /2π = 115.95 kHz, gX/2π = 23.5 kHz,
gY/2π = 3.5 kHz, �X /2π = 7.85 kHz, and �Y /2π = 7.45 kHz (the
decoherence rates are calculated for a background pressure of P =
7.2 10−6 Pa).

nal. When tuning the tweezer radiation closer to resonance,
the optomechanical interaction is increased, and the 2D mo-
tion is better modeled by a bright mechanical mode and a dark
mode. The former corresponds to the motion in the direction
of the cavity axis XC (close to X for small θ ); the latter is
in the orthogonal direction (i.e., along YC). The decoherence
rates measured at different detunings, at low pressure, remain
stable as shown in Fig. 3(a), in particular for what concerns
their mean value 0.5(�X + �Y ). Indeed, when the two me-
chanical modes are coupled through the cavity field and their
spectra are superposed, we can hardly distinguish the contri-
butions of the two decoherence channels from the shape of the
heterodyne spectrum, while the spectral area is determined by
their overall effect.

For a detuning � � −�X,Y the optomechanical effect is
maximum and the bright mode is strongly coupled with the
optical field, yielding hybridized modes (polaritons) [21,36].

FIG. 4. Right (anti-Stokes) (a) and left (Stokes) (b) motional
sidebands in the heterodyne spectrum, for a tweezer light detuning of
−�/2π = 120 kHz, at a background pressure of P = 7.2 × 10−6 Pa.
The red solid line is the fit with the theoretical model. The inferred
values of the optomechanical coupling factors are gX /2π = 24.7 kHz
and gY /2π = 4.1 kHz; hence the system can be described by an
oscillator in the strong optomechanical coupling regime, plus a
second weakly coupled oscillator. (c) Sideband asymmetry for the
heterodyne spectrum defined in Eq. (12). The solid lines represent the
expected asymmetry for different efficiency values from η = 0.15
(lowest curve) up to η = 0.45 (highest curve) in steps of 0.05. The
thickest blue line corresponds to the independently measured effi-
ciency of η = 0.295. The inset shows an enlarged view of the dip at
116 kHz.

An example of the heterodyne spectrum is shown in Figs. 4(a)
and 4(b) for the anti-Stokes and Stokes sidebands.

In a purely 1D optomechanical system in the strong-
coupling regime, one expects hybridization into two normal
modes, with resonance frequencies separated by twice the op-
tomechancal coupling rate and widths approaching 0.5κ [37].
We can indeed appreciate in the spectra the two broad po-
laritonic peaks centered ∼100 and ∼142 kHz (their frequency
splitting is ∼2gX/2π ) and ∼32 and ∼24.7 kHz wide, respec-
tively (such full widths are close to 0.5κ/2π ). However, a
purely 1D system can just be obtained if �X = �Y , yielding
a truly dark mode completely uncoupled to the other modes.
In our case, �X 
= �Y and the bright mode couples weakly
to the dark mode due to the tweezer potential not being
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rotationally invariant. A high occupation of the dark mode
(for a polarization angle θ close to 90 degrees) will then
result in a strong, narrow peak at a frequency between the two
mechanical frequencies. We clearly see this third peak in the
spectra centered at ∼116 and ∼120 Hz wide.

The bright mode is strongly cooled, eventually entering the
quantum regime whose signature, as already discussed, is the
spectral asymmetry. In the radiation transmitted by the cavity,
the motional sidebands are filtered by the cavity transmission
function (optical susceptibility). To recover a more meaning-
ful indicator, we define a corrected asymmetry as

A(�) = Sout (�LO − �) − 1

Sout (�LO + �) − 1

(� − �)2 + (κ/2)2

(� + �)2 + (κ/2)2
, (12)

which equals the asymmetry in the bright mode spectrum.
This corrected asymmetry is shown in Fig. 4(c). The details
of its shape will be discussed in a dedicated work, but for the
present purposes we underline the following few features: (a)
A dip at ∼116 kHz, very close to the peak frequency of the
warm dark mode, falls down to 1, indicating that the correc-
tion for the cavity filtering is accurate. This dip is a result of
destructive interference due to the bright mode’s coupling to
the dark mode, having a much higher quality factor. This can
be viewed as a fully mechanical version of optomechanically
induced transparency. The interference effect is masked by the
large thermal noise of the dark mode in the spectra and is thus
only visible in the asymmetry. (b) The maximum asymmetry
occurs at ∼120 kHz. This value corresponds to the detuning
(here indeed −�/2π = 120 kHz). The achieved maximum
asymmetry is around 9, a much larger value than the 1 that
is expected for classical spectra. (c) The asymmetry in corre-
spondence of the resonance frequencies of the two polaritonic
modes is around 6. In the limit of viewing the polaritons as
independent quantum harmonic oscillators, this would cor-
respond to polariton occupation numbers 1/(A − 1) = 0.2,
but this information is not sufficient to determine the bright
mode’s thermal occupancy.

The different theoretical curves shown in Fig. 4(c) with
blue-green lines are calculated at increasing values of the de-
tection efficiency η. A good agreement with the experimental
results is observed for η between 0.3 and 0.4. The lowest χ2

is achieved at η � 0.25 for a fit of the model to the spectrum
including both sidebands and at η � 0.37 for the sideband
asymmetry. This range supports the independently measured
value of η that we are using in our analyses.

Without coupling with the cavity field, the 2D motion of
the nanosphere in the plane perpendicular to the tweezer axis
is well described by two harmonic oscillators along orthogo-
nal directions (X and Y ) defined by the tweezer polarization.
In any other direction of the plane, the motion is given by a
weighted sum of the two oscillations, with a spectrum dis-
playing two peaks, and it cannot be simply reproduced by
a single harmonic oscillator. Introducing the strong coupling
with the cavity field, the system is generally described by
three harmonic oscillators associated to the hybridized modes
(vectorial polaritons [21]) defined by the eigenvectors of the
drift matrix. Therefore, in this case, in no direction can the
motion be simply associated to a single harmonic oscillator.
We can characterize the state of the polaritons by their bosonic

occupation number, but we cannot straightforwardly assign a
phononic occupation number to the motion in any direction.
We note in particular that, in the presence of several resonance
peaks in the displacement spectrum, the energy equipartition
is not preserved, i.e., m2�2

0 〈x2〉 
= 〈p2〉 for any physically
meaningful choice of �0 (here x and p are the position and
momentum along the considered direction).

The motion of the nanosphere can be meaningfully and
uniquely characterized by specifying how far it is from a
minimum uncertainty state, i.e., by quantifying the parameter
4
h̄2 〈x2〉〈p2〉. For a quantum mechanical oscillator in a thermal
state, this parameter coincides with (2n̄ + 1)2, where n̄ is the
mean phononic occupation number. It is, therefore, natural
to define an effective thermal occupancy neff for the motion
along the generic φ direction, as

neff (φ) = 1

2

(
2

h̄

√
〈x2

φ〉〈p2
φ〉 − 1

)
, (13)

where xφ = x sin φ + y cos φ, pφ = px sin φ + py cos φ, and
x, y, px, and py are the physical coordinates and momenta
along the X and Y direction. These variables are derived
from the b̂ j operators used in the model according to the
expressions (3). The variances can be calculated as integrals
of the spectra according to 〈O2〉 = ∫

SOO(�) d�
2π

. We remark
that our definition of neff can also be obtained by replac-

ing 〈x2〉
x2

zpf
→

√
〈x2〉
x2

zpf

〈p2〉
p2

zpf
in the usual expression [38] 2n̄ + 1 =

〈x2〉
x2

zpf
= 1

x2
zpf

∫
Sxx

d�
2π

.

For each set of system parameters, derived from the fit
of the output spectrum, we use the theoretical model to cal-
culate the effective thermal occupancy along the X and Y
directions [respectively, neff (π/2) and neff (0)] as well as its
minimum (nmin) and maximum (nmax) values [26]. With the
parameters inferred from the fit of the spectrum shown in
Fig. 4, the minimum effective thermal occupancy is nmin =
0.51 ± 0.05, where the uncertainty is mainly due to the inde-
pendent measurement of the detection efficiency. We remark
that an occupation number below unity is achieved in the
optomechanical strong-coupling regime with resolved polari-
tonic dynamics.

In Fig. 3 we show the occupation numbers nmin, nmax,
neff (0), and neff (π/2) for different values of the detuning.
Each experimental data point is calculated using the parame-
ters (oscillation frequencies, optomechanical coupling factors,
and decoherence rates) inferred from the corresponding het-
erodyne spectrum, while the theoretical curves (panel c) use
mean parameters and just vary the detuning to show the ex-
pected behavior.

VI. TWO-DIMENSIONAL COOLING

The spectrum shown in the previous section, as well as
those at varying detuning, is acquired for a polarization angle
close to 90◦ such that the direction of strongest cooling (the
bright mode direction) is close to the direction X defined by
the optical trap. On the other hand, the Y direction is close
to the dark mode direction and thus very weakly coupled to
the field. By rotating the polarization angle θ we increase gY

and enter the regime of true 2D cooling. As shown in Fig. 5,
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FIG. 5. (a) Effective thermal occupancy along the coldest (dark
green), warmest (light green), X (dark blue), and Y (light blue)
direction of oscillation for a tweezer light detuning of −�/2π =
130 kHz, at varying tweezer polarization angles. Square, dark red
(diamond, light red) symbols: Optomechanical coupling coeffi-
cient for the X (Y ) motion. Solid lines are guides for the eye.
In the abscissa, we report the polarization angle at the input of
the tweezer fiber. The shadowed region highlights the achieve-
ment of the strongest 2D confinement. (b) Expected trend of the
same parameters, plotted as a function of the tweezer polariza-
tion angle θ , assuming linear polarization. These theoretical curves
are computed using the following values of the system parame-
ters: −�/2π = 130 kHz, �X /2π = 125 kHz, �Y /2π = 114.4 kHz,
gmax/2π = 31 kHz, �X /2π = 12.4 kHz, and �Y /2π = 12.3 kHz (the
decoherence rates are calculated for a background pressure of P =
1.4 10−5 Pa). The agreement with the data of the upper panel is
good, yet we remark that the comparison can just be qualitative
since the propagation in the tweezer optical fiber modifies the light
polarization, yielding an increasing ellipticity and a poorly controlled
output angle.

gY matches and then overtakes gX , as expected. In the region
where the two gains are similar, we also observe the most
efficient 2D cooling, i.e., we achieve the lowest value of nmax,
which is 3.4 ± 0.4. At the same time, the smallest effective
thermal occupancy nmin is around 1. This result represents
a major improvement with respect to previous experiments,
since parametric cooling just allowed to achieve 2D occupa-
tion numbers around 100 [33], and strong coherent scattering
cooling was previously optimized for the single X direction,
while the occupation number of the Y mode was just estimated
to be below 100 [10].

In Fig. 6 we show the heterodyne spectrum (anti-Stokes
sideband) corresponding to the lowest nmax, acquired for a
detuning of �/2π = −130 kHz, together with the fitted the-
oretical curve. The optomechanical coupling factors derived
from the fit are almost equal, i.e., gX/2π = 13.8 kHz and
gY /2π = 14.8 kHz. We note that the experiment at varying

FIG. 6. Heterodyne spectrum (anti-Stokes sideband) normalized
to the detection shot noise and with the same shot noise subtracted for
the polarization angle that minimizes the effective thermal occupancy
in the whole X − Y plane. Red solid line: Fit of the theoretical model.

polarization angle was performed with a different nanosphere
with respect to the previously described experiences, and gmax

is now slightly larger. The system is now in the 2D, coherent
strong-coupling regime [21]. The peak originating from the
dark mode is broadened, showing that the cooling is indeed
efficient in the whole X − Y plane.

VII. CONCLUSIONS

Coherent scattering in cavity optomechanical experiments
is offering a new platform for the creation and coherent
control of mesoscopic quantum objects, which recently cul-
minated in the ground-state cooling of a levitated nanosphere
along the cavity axis [10] and in the achievement of
quantum-coherent coupling between optical and mechanical
modes [21].

In this work, we enter the regime in which the fully 2D dy-
namics of the particle exhibit strong nonclassical properties.
The motion of the nanosphere is strongly coupled to the cavity
field by coherent scattering and cooled in the plane orthogonal
to the tweezer axis.

At very low pressure, the recoil due to photon shot noise in
the scattered radiation plays a relevant role in determining the
motion of the particle, which at higher pressure is dominated
by the effect of collisions with gas molecules. Remarkably,
we measure different scattering rates in the X and Y orthog-
onal spatial directions. Such anisotropy, which is a direct
consequence of the dipole radiation pattern, has never been
observed so far in mesoscopic objects.

The accurate measurement of the decoherence rates plays
a fundamental role in the evaluation of the effective tempera-
ture achieved by the particle motion, since standard sideband
thermometry is not straightforward. The heterodyne spectra of
the output field exhibit a remarkable asymmetry between the
Stokes and the anti-Stokes sidebands, revealing the quantum
nature of the particle dynamics. Due to the interplay between
2D motion and strong optomechanical coupling, these spectra
display a three-peak structure, ascribable to two polaritonic
modes and a dark mode, yielding an asymmetry with a pe-
culiar spectral shape that is not observed in single-mode

033051-8



TWO-DIMENSIONAL QUANTUM MOTION OF A LEVITATED … PHYSICAL REVIEW RESEARCH 4, 033051 (2022)

systems. Hence we note that it is not possible to infer a
mean phononic occupation number from a measured peak
asymmetry as customary in optomechanics. This failure of the
usual simple characterization procedure is not just a technical
problem but also reveals that the overall physical description
requires a novel approach. Indeed, in the actual 2D land-
scape, one cannot describe the motion along any direction
as a quantum harmonic oscillator, and the strong-coupling
regime prevents a straightforward definition of a phononic
occupation number. Nevertheless, we show that the motion in
any direction can still be characterized in terms of an effective
thermal occupancy that quantifies how close the system is to a
minimum uncertainty state. This indicator reduces to the usual
phonon number for a single quantum oscillator in a thermal
state. In our experiment, we achieve a thermal occupancy of
0.51 ± 0.05 considering the motion along the coldest direc-
tion and, for a suitable polarization angle, a fully 2D cooling
with occupancy of 3.4 ± 0.4 along the warmest direction and
around unity in the orthogonal one.

Our setup thus provides a promising framework for
realizing several interesting experiments, with potential appli-
cations to quantum information processing and fundamental
quantum mechanics. Of particular interest is the possibility of

preparing tripartite optomechanical entangled states involving
one optical and two mechanical modes [17,39]. Remarkably,
here the two mechanical modes identify the planar motion
of the particle, which could enable the preparation of novel
quantum states, e.g., involving the coherent superposition of
the two motional degrees of freedom and new forms of di-
rectional force and displacement sensing. We finally remark
that the strong 2D cooling represents an important step toward
the achievement of 3D motional ground-state cooling which,
in combination with quantum-coherent coupling, would allow
in the near future the preparation of superposition states of
massive objects in free-fall experiments [40,41], enabling fun-
damental tests of quantum mechanics, collapse models, and
quantum gravity [42].
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