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Levitated Optomechanics with Meta-Atoms
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We propose to introduce additional control in levitated optomechanics by trapping a meta-atom, i.e., a
subwavelength and high-permittivity dielectric particle supporting Mie resonances. In particular, we
theoretically demonstrate that optical levitation and center-of-mass ground-state cooling of silicon
nanoparticles in vacuum is not only experimentally feasible but it offers enhanced performance over
widely used silica particles in terms of trap frequency, trap depth, and optomechanical coupling rates.
Moreover, we show that, by adjusting the detuning of the trapping laser with respect to the particle’s
resonance, the sign of the polarizability becomes negative, enabling levitation in the minimum of laser
intensity, e.g., at the nodes of a standing wave. The latter opens the door to trapping nanoparticles in the
optical near-field combining red and blue-detuned frequencies, in analogy to two-level atoms, which is of
interest for generating strong coupling to photonic nanostructures and short-distance force sensing.
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Optical trapping and motional control of polarizable
submicron objects in vacuum has become a very active
research field [1,2]. Recently, the motion of an optically
levitated silica nanoparticle has been cooled to the quantum
ground state, either using passive feedback cooling via
coherent scattering into a cavity [3-5], or via active
feedback cooling [6-8] with shot-noise limited optical
detection. In addition, the optical dipole-dipole interaction
between two silica nanoparticles trapped in vacuum in two
separate optical tweezers has been measured [9], which
opens the door to study many-particle physics in vacuum
[2,10-16]. Optical trapping and control in vacuum of more
complex particles supporting internal resonances has thus
far been considered unattainable due to laser absorption,
and has been solely studied by using low frequency electric
[17-20] or magnetic fields [20-28]. In contrast to optical
manipulation, magnetic and electric platforms are less
advanced and face additional challenges in terms of
motional control in the quantum regime [2].

In this Letter, we analyze the use of Mie resonances
supported by silicon nanoparticles [29] for optical levita-
tion in vacuum [30]. We demonstrate that the resonances
enable larger trap frequencies and trap depths compared to
silica nanoparticles. Remarkably, we also evidence that
silicon nanoparticles of few hundred nanometers behave,
from the optomechanical standpoint, as a meta-atom whose
polarizability changes sign across the resonance. In analogy
with two-level atoms, this enables trapping the particle
in regions of minimum laser intensity [31-34]. The
frequency-dependent sign of the polarizability is foreseen
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to enable trapping of silicon particles near a surface by
using two-color near-field traps [35,36]. The latter is of
interest to couple particle’s motion to optical microcavities
[37] or other integrated photonic systems [38—40]. In the
context of optical interaction of many particles, optical
resonances pave the way to engineer stronger and more
complex types of interactions beyond dipole-dipole inter-
action. Last but not least, in the context of levitated
optomechanics, we theoretically show how to achieve
motional ground-state cooling of optically resonant nano-
particles and discuss its distinctive features, including
larger cooling rates and even the possibility of entering
the strong optomechanical coupling regime in free space
[3,41,42].

Let us consider a spherical silicon (Si) particle of
radius R, mass m, and homogeneous refractive index
n =n, +in;, interacting with laser light in ultrahigh
vacuum. We consider a standing wave pattern along the
z axis that is formed by two x-polarized and counter-
propagating focused laser beams of equal wavelength A,
and with a relative phase A¢ [43-46] (Fig. 1). The case
A¢ =0 and A¢ = & corresponds to the optical configu-
ration with constructive interference and destructive inter-
ference at the focal point, respectively. Because of the
symmetry of the illumination, the scattering forces expe-
rienced by the particle cancel out such that trapping
conditions are fully determined by both field intensity
gradients and particle polarizability. Unlike subwavelength
silica (SiO,) nanoparticles that behave as nonresonant
dipole scatterers, a subwavelength Si nanoparticle supports

© 2023 American Physical Society
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FIG. 1. [Illustration of the optical configuration and the corre-
sponding optical potential with trap depth AU and trap frequency
Q. In both panels the optical configuration consists of two
x-polarized focused laser beams of equal wavelength, counter-
propagating along the z axis. The relative phase A¢ specifies the
intensity of the standing wave at the focal point. (a) Silicon
nanosphere trapped at the intensity minimum (A¢ = x) (b) Silica
nanosphere trapped at the intensity maximum (A¢ = 0).

multipolar Mie resonances [29] whose spectral features
depend on the real part of the dielectric constant € = n* and
the ratio R/A. The enhanced nanoparticle polarizability at a
given Mie resonance is expected to substantially increase
the total force experienced by the particle, and thereby to
increase trap depth and trap frequencies compared to a SiO,
nanoparticle (Fig. 1). Furthermore, as discussed later, Mie
resonances offer an opportunity to control the sign of the
force by an appropriate detuning between the Mie reso-
nance and the frequency of the trapping laser, thereby
enabling the trapping of particles at a dark spot [Fig. 1(a)].

To test these hypotheses, we use the optical tweezers
computational toolbox [47] to calculate the total optical
force on a Si nanoparticle with center-of-mass position r in
the standing-wave configuration described above. We set
the focal point of the standing wave at z =0 (Fig. 1).
Hereafter, we make use of the paraxial approximation such
that the optical force acting on a particle placed near the
focus has cylindrical symmetry [48]. Hence, the total force
is characterized by a force term along the standing-wave
axis, denoted by F_(r), and a force term perpendicular to
the optical axis, denoted by F,(r). In Fig. 2(a) we plot
F.(0,0, z) as a function of radius R and axial distance z for
A¢ =z (dark focal spot) and using the experimental
parameters given in Table I. Note that, F,(0, 0, z) changes
its sign multiple times both as a function of z due to the
standing-wave profile and, remarkably, as a function of
radius R as the trapping wavelength swipes across the
different Mie resonances. Similar sign flips are observed for
the radial force F, as a function of radius R and radial
distance x; see Fig. 2(b). For A¢p = 0 (bright focal spot) the
axial force F,(0,0,z) displays opposite attractive and
repulsive regions while the radial force remains unchanged;
see Ref. [49]. Overall three-dimensional trapping can be
achieved in the dark, where, in absence of the particle, light
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FIG.2. (a) Axial force F,(0, 0, z) as a function of axial distance

z and radius R for A¢ = = (dark focal spot). Inset shows the axial
trapping position z; as a function of radius R. The corresponding
ranges R[nm| = (196,215) and R[nm|~ (216,284) are high-
lighted by solid and dashed black boxes in (a) and (b). (b) Radial
force F p(x, 0, z9) as a function of the radial distance x, radius R,
and z; as specified in the inset of (a). (c) Optical potential U for Si
nanoparticles with R = 209 nm trapped at the dark focal point
zo = 0. (d) Optical potential for Si nanoparticles with R =
250 nm trapped at the bright spot zo # 0.

destructively interferes. As seen from the map of the optical
potential U(r) displayed in Figs. 2(c) and 2(d), the axial
trapping position z, occurs either at the focal dark point
zo = 0 for radii in the range R[nm] ~ (196,215) and in a
neighboring bright spot for radii in the range R[nm| =
(216,284) [these radii ranges are highlighted by the black
boxes in Figs. 2(a) and 2(b)]. Hereafter, we will exclusively
consider optical trapping at the focal point z, = 0, which
requires using either A¢ = x (dark trapping) or A¢ =0
(bright trapping) configuration depending on the par-
ticle size.

In particle trapping, both the trap depth AU and the trap
frequencies €, and €, are key parameters to quantify the
quality of the trap. The trap depth AU is defined as the
kinetic motional energy required for the particle to escape.
The trap frequencies Q. and Q, are defined when the
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TABLE I. Table of proposed experimental parameters.
Parameters Description
A = 1550 nm Laser wavelength

P =50 mW Laser power per beam
NA =0.8 Numerical aperture

ng(2) = 3.48 +15.3038 x 10!
nSi02 (/1) = 146 —+ 15 X 10_9

pPsi = 2330 kg m_3

pSiOZ = 2200 kg m_3

Refractive index of Si [55]
Refractive index of SiO, [56]
Mass density of Si

Mass density of SiO,

optical potential is expanded around its minimum (in our
case, near the focus), namely U(r) ¥ mQ2z%/2+mQ2p* /2.
In levitated optomechanics, the mechanical trap frequency
along a given axis sets an important timescale for the
dynamics. In the quantum regime, the trap frequency is
required to be larger than the decoherence rate caused by
any noise source other than laser recoil heating. Maximi-
zing trap frequencies is thus desirable for bringing the
motion of a particle into the quantum regime. In Fig. 3(a)
we plot AU and in Fig. 3(b) Q. and Q, as a function of
radius R for a particle trapped at zo5 =0 (the upper
horizontal axis shows whether the dark A¢ = 7 or bright
A¢ = 0 configuration is required). For comparison, we
also display with the dashed line the case of a SiO,
nanoparticle for the bright configuration A¢ = 0, which
is the only possibility to trap a nonresonant dielectric
particle. In contrast to what is observed for SiO,, AU and
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FIG. 3.

Q. , display for Si complex R dependence with regions of
both enhancement and diminution. The maximum trap
depth is achieved for R = 209 nm in the dark trapping and
for R = 250 nm in the bright trapping (black dotted lines),
with trap depths approximately 25 times greater than for
SiO,. Both axial Q, and radial €2, mechanical frequencies
also display enhanced values, which can be more than
5 times larger than those of a SiO, nanoparticle. Let us
remark that the complex features of Figs. 3(a) and 3(b)
correlate to the different electric and magnetic modes
supported by the particle [57], as we show in [49].
While so far we have focused on conservative dynamics,
namely on the optical potential, the interaction of a
dielectric particle with laser light also induces dissipative
motional dynamics, i.e., laser light recoil heating [58-60].
Recoil heating induces a linear in time increase of center-
of-mass energy due to the backaction caused by the
scattered light that carries information about the center-
of-mass position. The recoil heating rate I', along the y axis
(u=x, y, z) is defined as o,E,(r) =T,hQ,, where
E, (1) = (p2/(2m) + mQZ%ri/2). The expected value rep-
resents an ensemble average over trajectories. In the context
of quantum ground-state cooling of the center-of-mass
motion of a dielectric particle via optical detection, recoil
heating is of paramount importance. Figure 3 shows I, . for
Si (solid) and SiO, (dashed) particles as a function of radius
R calculated using recent theoretical methods [60]. We
observe a complex behavior for Si particles, while SiO,
shows smooth trends expected for particles in the Rayleigh
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(a) Trap depth AU for z; = 0 as a function of the radius R for Si (solid) and SiO, (dashed). The upper abscissa specifies which

relative phase A¢ is used to achieve z, = 0 for Si. The black dotted lines represent the maximal trap depth at R ~ 209 nm (dark), and
R =250 nm (bright), respectively. (b) Radial trap frequency €, (blue) and axial trap frequency Q, (red) as a function of the radius R for
Si (solid) and SiO, (dashed). (c) Recoil heating rate I', along x (blue) and recoil heating rate I', along z (red) as a function of radius R for
Si (solid) and SiO, (dashed). (d) Internal temperature 7'; as a function of radius R for Si in the bright trap (solid red), Si in the dark trap

(solid blue), and SiO, in the bright trap (red dashed).
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regime. In general, I', , for Si exceeds SiO, for nearly all
radii by up to 3 orders of magnitude. This increase is more
pronounced for the axial direction. On one hand, higher I, ,
leads to increased decoherence rates at equal power levels.
On the other hand, this enhancement implies that more
scattered photons carrying information about the particle
position are collected, which is advantageous for active
feedback cooling, as discussed below. Last but not least, we
observe configurations in which I', , is comparable or even
larger than the trap frequencies, which is a signal of the
strong optomechanical coupling regime. The possibility of
entering and exploiting the strong optomechanical regime
in free space (i.e., without cavities) will be further inves-
tigated elsewhere.

Another critical parameter that determines the experi-
mental feasibility of trapping in vacuum is the internal
heating of the particle by laser absorption. Thus, it is
important to estimate the particle’s internal temperature 7,
in the different optical trapping configurations under
consideration. 7; in high vacuum is estimated by balancing
the absorbed laser power and the power emitted by the
nanoparticle, which can be calculated using Mie solutions
[61-63]; see Ref. [49] for more details. In Fig. 3(d), we
show T'; for a Si nanoparticle (solid) in the bright trapping
(red) and dark trapping (blue) configuration as a function of
radius R for the experimental numbers given in Table 1. We
observe three local maxima in 7'; of the Si nanoparticle that
align with excited Mie resonances of a different order; see
Ref. [49]. We notice that maximal values of I', , coincide
with increased 7;. While Si nanoparticles heat up more
(around a factor of 2) than SiO, nanoparticles (dashed line),
the internal temperature is lower than the melting point of
bulk Si (21700 K).

Let us now show that motional ground state cooling of a
Si nanoparticle is experimentally feasible, especially in the
dark trapping configuration. Assuming that laser recoil is
the dominant source of motional heating, phonon occupa-
tion along a given axis, say the optical axis, n,, is only
governed by the detection efficiency , with n, = (1/1/5 —
1)/2 < 1[6,7,64]. 5 is the ratio of detected photons that are
scattered from the particle by either increasing or decreas-
ing the center-of-mass kinetic energy along the z axis.
Hence, it is key to know the angular dependence of such
scattered photons to evaluate the portion of them that can be
detected and processed by the experimental configuration.
This information is given by the so-called radiation patterns
[64], calculated using recent theoretical methods [60].
Figure 4 displays the radiation pattern associated with
the motion along the z axis in the x — z plane for a Si
nanoparticle in a dark (blue solid) and a SiO, nanoparticle
in a bright trap (red dashed), and equal radii R = 209 nm.
It illustrates that, under our conditions, scattered photons
feature a very similar angular pattern. The gray shaded area
illustrates the collected light fraction governed by the NA.
For NA > 0.75, the reached detection efficiencies are equal
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FIG. 4. Detection efficiency # along z as a function of the
numerical aperture NA = sin Oy, for Si (solid blue) and SiO,
(dashed red) at R =209 nm. Inset shows the (normalized)
information radiation pattern along z in the x-z plane for both
Si (solid blue) and SiO, (dashed red).

for both scenarios, and for NA = 0.8 the detection effi-
ciency yields # = 0.41 for Si and = 0.42 for SiO,. Hence,
ground state cooling with n = 0.28 is in reach, as already
demonstrated for bright traps in [6,7]. Let us emphasize that
recoil heating for Si nanoparticles is up to 3 orders of
magnitude larger than for SiO, implying that ground-state
cooling can be achieved either with 3 orders of magnitude
faster timescale or with up to 3 orders of magnitude less
laser power. In the regimes where the recoil heating rates
are comparable or larger than the trapping frequencies,
other cooling methods based on the use of light pulses
could be employed [65].

In summary, we have shown how Mie resonances in
silicon nanoparticles introduce an additional degree of
control over the dynamics of levitated mechanical oscil-
lators. First, the higher mechanical frequencies, trap depths,
and recoil heating rates, as compared to standard silica
particles, contribute to increased motional quantum control
of nanoparticles. Second, the sign change of the particle’s
polarizability with the laser frequency enables trapping and
center-of-mass ground-state cooling at a laser intensity
minimum. We foresee that these unique properties of
levitated meta-atoms will open new opportunities in levito-
dynamics [2], inspired by atom optics. In particular,
multiwavelength trapping should enable the accurate con-
trol of the distance to an interface [35], critical to the study
of surface forces [66], and coupling to photonic structures
[67]. Furthermore, parallel trapping of silicon meta-atoms
would allow the exploration of interactions beyond the
dipole-dipole regime through higher order multipoles, such
as electric or magnetic quadrupoles.
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