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Quantum theory is incredibly successful, explaining the microscopic world with great accuracy,
from the behaviour of subatomic particles to chemical reactions to solid-state electronics. There is
not a single experimental finding challenging its predictions, and ever more quantum phenomena
are exploited in technology, including interferometric sensing and quantum cryptography. In order
to explore novel applications and test the validity of quantum physics at the macroscale researchers
strive to prepare ever heavier and bigger objects in quantum superpositions. Experiments with
levitated microscale particles are about to push this quest into uncharted waters.
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CONTENTS INTRODUCTION

[__Introductionl 1 Despite the incredible successes of quantum theory
over the last 100 years, debates continue as to its univer-
[ I Levitating microscale particles| 2 gal validity. Applying the predictions of quantum the-
[A. Optical levitation 2 ory to macroscopic objects has always puzzled physicists
B. Electrical levitation 2 and philosophers alike [I]. While decoherence theories
|C. Magnetic levitation| 3 can explain the emergence of classicality [2], the fun-
damental question remains as to whether basic quan-
II. Quantum coolin 3 tum phenomena, such as the archetypal superposition
A. Optical cavity cooling 4 principle, are universally valid [3]. This has been fa-
eedback coolin, 4 mously acknowledged by Anthony Leggett, admitting
|C. Other methods of cooling] 5 that ‘by day, you would see me sitting at my desk solv-
ing Schrodinger’s equation’ while at night he is convinced
[[II. Quantum interference and detection| 5 that ‘at some point between the atom and the human
[A. Optical gratingg 5  brain [Schrodinger’s equation] not only may but must
B. Laser-trapped particles 6 break down’ [4]. Despite this conviction shared by many,
[C. Coupling to few-level systems| 6 today’s experiments impressively demonstrate quantum
[D Rotational interferometry] 7 phenomena in ever larger systems: remote entanglement
of picogram mechanical oscillators [BH7], micrometer-
IV _Environmental decoherencel 7 spaced and seconds-lasting superposition states of atoms
[8], and interference of Bose-Einstein condensates [9] and
[ V. Perspectives| 8 massive molecules [I0, [II]. These observations push
|A. Macroscopic superpositions| 8 modifications of quantum physics [3] farther and farther

[B. Other fundamental physics| 9  into the macro-world.
|C. Technological applications| 9 Levitated optomechanics, the optical manipulation of
microscale particles trapped in vacuum [I2], promises to
[VI. Outlook and conclusions| 9 push quantum experiments into an unprecedented mass
regime. The field has demonstrated an exquisite degree
| Acknowledgments| 10 of control over the particles, and the ability to isolate
them from their environment, both key requirements for
[ Author biographies| 10 exploring quantum physics. Further striking experimen-
tal breakthroughs, including cooling massive dielectric
[_Referenced 10 particles deep into the quantum regime [I3], rotational
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cooling of aspherical objects [I4] [I5], and ultra-precise
force and torque sensing [I6HI8], open the door to high
mass quantum interference experiments.

In terms of the mass involved, levitated optomechanics
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Figure 1. Macroscopic quantum interference experiments re-
quire three stages of particle manipulation: levitation, cool-
ing, and interference/detection. This article reviews strate-
gies for each step.

offers to take us far beyond the state-of-the-art in gener-
ating large quantum superpositions. Microscale particles
in the quantum regime might contribute to the search for
physics beyond the standard model [19] and future quan-
tum technologies [20]. These applications are driven by
the environmental isolation of objects levitated in ultra-
high vacuum and their resulting sensitivity to external
forces and torques. The ability to rotate offers great op-
portunities for as-of-yet unobserved quantum effects and
distinguishes levitated particles from atoms and clamped
oscillators.

In this article, we will outline strategies for producing
and verifying quantum superpositions of massive objects
at the quantum-to-classical borderline (see Fig. . We
first consider how to trap, isolate and control these large
particles, before introducing methods to cool their mo-
tion such that they can act as a source for an interferome-
ter. Interferometry is the key technique for verifying the
existence of a quantum superposition. We will present
methods for performing interferometry, and outline the
decoherence processes which may prevent the success of
such experiments. We finish with a discussion of ezactly
what these experiments tell us about Nature, and their
implications for other areas of science and technology.

I. LEVITATING MICROSCALE PARTICLES

The first ingredient in performing quantum experi-
ments with single particles is the source. This in itself is
a two-stage process; a micro-object must be stably held
in vacuum (to prevent heating from the environment),
and its motional energy must be reduced.

Here, we briefly review optical, electrical, and magnetic
strategies for levitating nano- and micro-particles under
vacuum conditions, Fig.2] In general, it is important to
have control over all external degrees-of-freedom of the
particle (i.e. translation and rotation), since they will
interact with their environment, external fields, and each
other in a complex way.

A. Optical levitation

In the 1970’s, Arthur Ashkin developed a technique for
using light to confine microscopic objects, for which he
was jointly awarded the Nobel Prize in 2018. This tech-
nique is known as optical tweezing [21], and is an estab-
lished technology commonly utilized in soft-matter and
medical physics. A focussed and linearly polarized opti-
cal field exerts a conservative gradient force and torque
on the particle, as well as a non-conservative radiation
pressure force, see Fig. ) If the particle is smaller
than the wavelength, this provides a stable trapping po-
tential at the position of maximum laser intensity, where
the particle’s axis of maximum susceptibility aligns with
the local field polarization.

For a focussed linearly-polarized Gaussian laser beam,
as long as the amplitude of motion remains much smaller
than the laser wavelength, the restoring force is linear,
yielding independent harmonic oscillation frequencies for
the centre-of-mass motion and alignment. Expressions
for these frequencies can be found elsewhere [12] 21]. The
optical trap could be a single tightly focussed beam, an
optical standing wave, or the field inside an optical cavity.

Optical levitation is suitable for dielectric particles
with radii larger than a few nm. Optical traps exhibit in-
stability in vacuum due to relatively low trap depths [22],
requiring cooling in these conditions. Metallic particles
can be trapped via plasmonic forces [23], but this leads
to extreme heating and hence isn’t possible at pressures
lower than ambient.

In vacuum, the scattering and absorption of the trap-
ping light transfers momentum to the particle, known
as photon recoil heating [24]. Absorption also leads
to an increase in the bulk temperature of the particle.
These heating mechanisms are more significant as com-
pared to other quantum optical experiments, due to the
strong fields required for levitation. Nonetheless, opti-
cal tweezing remains the state-of-the-art levitation tech-
nology, successfully deployed for cooling to the quantum
regime [13].

B. Electrical levitation

Heating caused by optical photons has motivated re-
searchers to explore the use of other fields to harmoni-
cally confine microscale particles. The first alternative
technique we consider is the ion trap, which uses electri-
cal fields to levitate charged particles, see Fig. ) This
mature technology is mainly used to confine atomic ions
for quantum science applications, or in mass spectrome-
ters, but ion traps are capable of suspending any charged
object, ranging in size from the atomic up to a few hun-
dred micrometres, only limited by requirements on the
electric field.

In an ion trap, an oscillatory time varying electrical
field is used to generate a harmonic pseudo- (time aver-
aged) potential for charged particles, with the trapping
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Figure 2. Microscale partices levitated in vacuum can be used for quantum experiments. a) Optical levitation uses the gradient
force exerted on dielectrics in strong laser fields, figure reproduced with permission of P. F. Barker. b) Electrical levitation
uses the time-averaged potential of oscillating electric fields to suspend charged particles. ¢) Magnetic levitation has several
variations, including the use of punctured superconducting surfaces, which expel the magnetic field of a permanent magnet.

frequency proportional to the charge to mass ratio. For
a quadrupole field, the particle motion depends upon the
interaction of its dipole and quadrupole moments with
the local field [25]. The electric dipole vector tends to
align with the local field direction, inducing rotational-
translational coupling, whereas the quadrupole tensor
tends to align its axis with the principal trap axes [25], 26].
Since homogeneously charged aspherical particles have
strong quadrupole moments despite having small dipole
moments [25] 26], their rotational and translational mo-
tion approximately decouple in a quadrupole ion trap.

The advantages of using ion traps include extremely
deep potentials allowing confinement in ultrahigh vac-
uum, flexibility in the objects which can be trapped,
and low noise operation. The main disadvantage is the
typically low harmonic frequencies (below 1 kHz), which
determine the spacing between energy states in the po-
tential, making it hard to both reach and stay-in the
ground state when the frequency is low. Charged par-
ticles are susceptible to stray electrical fields and field
gradients, though the detrimental influence of electrode
surface noise is small due to the large distances between
electrodes and trapping region [27].

C. Magnetic levitation

An even lower noise method is to use magnetic levi-
tation techniques. This can involve diamagnetic parti-
cles levitated in inhomogeneous magnetic fields [28-30]
or magnetic materials levitated above superconducting
surfaces [31H34], see Fig. [2f).

Diamagnetic particles can be stably trapped in mag-
netic quadrupole fields. The external magnetic field in-
duces an internal magnetization field, which is propor-
tional but opposed to the the local field strength, so that
the particle is attracted to the trap centre. The parti-

cle alignment is determined by its magnetic susceptibil-
ity tensor and the local field configuration. Such setups
can also be used to levitate superfluid Helium droplets
[35] or superconducting particles [36], providing a first
step towards quantum experiments with superconduct-
ing spheres [37H39].

Superconducting surfaces expel the magnetic fields of
nearby permanent magnets (Meisner effect), thereby ex-
erting a repulsive force [31H34) 40]. This force can be
used for stable trapping by either puncturing the super-
conducting surface [31] (as illustrated in Fig. 2¢)), or
by freezing-in the image dipole by cooling the surface
below its superconducting transition in the presence of
the particle. Levitated magnets provide a great platform
for exploring rotational dynamics [41H43] and quantum

magnonics [44] [45].

Typical oscillation frequencies are low, below 100 Hz
[29, 31], but can reach the kHz level [46]. There are
many advantages of magnetic levitation, including nat-
ural synergy with cryogenic operation (though this in-
creases experimental complexity) and the ability to work
with particles from 100 nm to mm scale.

II. QUANTUM COOLING

Now that we have levitated the particle we will use
for quantum experiments, we must cool its motion, Fig.
When the motion of a particle is ‘hot’, it occupies a
broad distribution of states within the trapping poten-
tial. Subsequent evolution will average over all of these
states, removing quantum signatures such as the inter-
ference pattern which is evidence of a quantum superpo-
sition.
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To observe quantum effects, the motion of microscale particles must first be cooled. a) Optical cooling via the

mode of a high finesse optical cavity. b) Active feedback cooling based on continuous measurement of the particle’s motion.
Parametric feedback can be applied directly onto the trapping field, or cold-damping feedback can be exerted via an external
force. c) Spin-cooling via driving an internal transition that couples to the particle motion.

A. Optical cavity cooling

Optical cavity cooling, or cavity-assisted sideband
cooling, is a key technique in the field of cavity optome-
chanics [20], see Fig.[Bh). It relies upon the mechanical
modulation of the optical path length of the cavity, al-
lowing coherent exchange of energy between the optical
field and the mechanical motion. This modulation can
arise from the physical motion of one of the mirrors in a
Fabry-Perot cavity, the breathing motion of a whispering
gallery mode or photonic crystal resonator, or the physi-
cal motion of a dielectric levitated within the field of the
cavity.

Explicitly considering the latter case, cavity cooling
relies on two processes. Firstly, the harmonic motion
of the levitated particle produces sidebands on light in-
cident upon the particle. The higher frequency ‘anti-
Stokes’ sideband corresponds to the particle losing energy
through scattering, and the lower frequency ‘Stokes’ side-
band to the particle gaining energy. Secondly, the optical
cavity dissipates energy through its mirrors, as quantified
by its linewidth.

The anti-Stokes sideband can be tuned into resonance
with the optical cavity, with a corresponding suppres-
sion of the Stokes sideband, enhancing the loss of energy
by the particle to the optical field. This corresponds to
passive cooling of the particle’s motion.

There are three setups for performing optical cavity
cooling, see Fig. ) The optical cavity field can be used
for levitation and cooling [47H49], a separate field can
be used for levitation while the optical cavity is pumped
with light to produce cooling [50], or the scattering from
a separate levitating optical field can be used to directly
pump the cavity [EIH53]. The latter configuration, known
as coherent scattering, has enabled the amazing feat of
ground state cooling of a silica nanoparticle of diameter

~ 140 nm [13]. Cavity cooling works on both the centre-
of-mass and alignment degrees-of-freedom [54] [55].

There are some challenges in working with optical cav-
ities, such as delicate alignment and stabilization require-
ments. However, the advantages of cavity cooling include
the proven ability to cool to the ground state, and to pro-
duce strong light-matter coupling [56].

B. Feedback cooling

It is possible to take a more active approach to cool-
ing, by tracking the motion of the particle and using this
to generate a feedback force, see Fig.). If this force
is proportional to the velocity of the particle, it acts as
a viscous damping, cooling the particle. For brevity, we
will summarize the different feedback forces, without de-
tailing the various methods by which the position signal
can be acquired [12].

For large particles (> 1pum), the scattering force ex-
erted by separate laser beams can be used for cooling.
Such cooling has been demonstrated in optical [57], mag-
netic [29] and ion [58] traps, and enables cooling to a few
mK.

For smaller particles, the radiation pressure force be-
comes negligible. The trapping potential itself can be
amplitude modulated in a technique known as parametric
feedback cooling [59], see Fig). Since the force acting
on a trapped particle is symmetric about the centre of
the trap, this method requires a feedback signal oscillat-
ing at twice the motional frequency. This technique has
allowed centre-of-mass cooling to ~ 100 uK [24], and has
been used to cool the alignment degrees-of-freedom of a
non-spherical particle [I5]. The limitation of paramet-
ric feedback cooling is that the feedback signal and the
detected signal are not independent, and so the scheme
requires a variable feedback gain to be efficient.



Finally, it is possible to use electrical or magnetic fields
to exert a feedback force, in a process known as cold
damping, see Fig. ) Feedback via electrical fields onto
optically trapped charged particles has been very suc-
cessful [60} [61], cooling to the point at which sideband-
asymmetry becomes evident [62]. Cold damping in an ion
trap has also been demonstrated [58], and is proposed in
magnetic traps [31].

C. Other methods of cooling

It has been proposed to cool levitated microscale par-
ticles through coupling to fluctuating, but very cold, en-
vironments. Clouds of cold atoms are suggested as such
a refrigerant for optically trapped particles, with ground-
state cooling predicted [63]. The Johnson-Nyquist noise
of a cooled circuit is proposed as a refrigerant for a
charged particle coupled to the circuit [27], and with
the addition of self-sustaining feedback is predicted to
allow ground-state cooling. Magnetic forces can be used
to couple particles to superconducting quantum circuits,
allowing deep cooling [37, [38].

For microparticles with embedded spins, the magneti-
zation of the spin system can be coupled to the motion of
the particle, see Fig. ) This has allowed cooling of the
librational modes of a levitated microdiamond by driving
embedded nitrogen vacancy (NV) centres [14]. Another
type of resonance which can be exploited is that due to in-
ternal geometric optical modes such as whispering gallery
modes. Proposals exist for cooling the centre-of-mass of
levitated dielectric spheres [64] or superfluid droplets [35]
via this method.

III. QUANTUM INTERFERENCE AND
DETECTION

Proposals for generating and observing quantum su-
perpositions of microscale particles can be categorized
according to how quantum interference is generated. Ex-
isting proposals for microscale particles use either optical
gratings, coherent interaction with optical pulses, entan-
glement with few-level systems, or the non-linearity of
rotations to achieve pronounced quantum signatures of
their mechanical motion. In the following we will review
the underlying concepts and briefly discuss how the in-
terference is detected.

A. Optical gratings

Standing wave gratings are well established in atomic
and molecular matter-wave interferometry [65], with re-
cent highlights including the first demonstration of Bragg
diffraction of organic molecules through thick laser beams
[11] and the record-breaking near-field Talbot-Lau inter-
ference of 2.5 x 10* amu molecules [I0]. The particles

start from a point source and freely disperse into a super-
position of different centre-of-mass positions before hit-
ting the grating. Through the coherent interaction with
the laser grating, the delocalized particle state acquires a
position-dependent phase proportional to the local field
intensity. This periodic phase modulation transfers a su-
perposition of momentum kicks, thus leading to quantum
interference behind the grating if multiple grating slits
were coherently illuminated. In the near field, close to
the grating, different diffraction orders are not yet spa-
tially separated and the quantum state at the grating
completely recurs at integer multiples of the quantum
characteristic Talbot length [66], [67].

Near-field interference with nanoscale particles pro-
vides a promising route towards quantum superposition
in an unexplored mass regime, as demonstrated in the
proposal by Bateman et al. [68], see Fig. ) The pro-
posed experiment consists of first cooling the motion of a
single 10% amu nanoparticle in an optical tweezer to mil-
likelvin temperatures, then releasing it so that its centre-
of-mass wavefunction disperses, then briefly illuminating
the particle with a standing laser wave to implement the
diffraction grating, and finally, after freely evolving for
a pre-determined time, adsorbing the particle on a glass
plate. The collected particles will form a characteris-
tic near-field interference pattern on the glass plate af-
ter many repetitions, which can be observed with optical
microscopy and which must be compared with the clas-
sically expected shadow pattern. For certain evolution
times and grating parameters, the density pattern con-
tains pronounced quantum signatures and thus consti-
tutes a test of the quantum superposition principle [69].

An alternative by Romero-Isart et al. shows how far-
field double-slit interference of 107 amu particles could be
observed by diffraction from a continuously monitored
optical cavity mode [70] [7T]. Again, individual particles
are first trapped in an optical tweezer and cooled close to
their motional ground state. Releasing the particle leads
to dispersion, until they traverse a weakly driven optical
cavity mode, whose output phase quadrature is continu-
ously monitored in a homodyne measurement. This ob-
serves the squared-transverse position of the particle as
it crosses the cavity mode. Since the measurement result
is insensitive to whether the particle crosses to the left or
right of a cavity field node, this implements an effective
double slit whose separation is determined by the mea-
surement outcome. Collecting the particles far away from
the grating and post-selecting events with identical effec-
tive slit width gives rise to a far-field interference pattern,
a clear signature of quantum superpositions. Realising
a double-slit by continuous measurement has also been
proposed for interfering ultra-massive superconducting
spheres (> 10'® amu) by magneto-mechanical coupling
to a superconducting cavity [39, [72].

Both proposals are realistic candidates for near-future
quantum tests, despite all currently unsolved challenges,
including the required uniformity in particle size and
shape, maintaining the relative stability of all optical el-
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Figure 4. Quantum interference proposals can be categorized according to how the quantum superposition is generated

and observed. a) Diffraction of the dispersed centre-of-mass wavefunction at an optical grating. b) Entanglement of the
particle motion with auxiliary quantum degrees of freedom. c¢) Exploitation of the non-harmonicity of rigid-body rotations for

beamsplitter-free rotational interference.

ements from shot to shot, and environmental decoher-
ence due to background gas, black body radiation, laser
scattering, and thermal emission (see Sec. . As in
molecular interferometry [67], the particle rotations are
not detrimental for particles much smaller than the laser
grating wavelength since the acquired phase only weakly
depends on the orientation degrees of freedom [73]. Mov-
ing to micro-gravity environments and recycling the par-
ticle could enable interference of even heavier objects [74],
where the ultimate mass limit will be set by photon scat-
tering decoherence during the grating transfer [75].

B. Laser-trapped particles

Levitated cavity optomechanical systems are an ideal
platform for generating light-mechanical quantum states
with single photon pulses. In contrast to comparable
techniques for clamped oscillators [20], these protocols
can involve several of the motional and rotational degrees
of freedom and they are not limited by clamping losses.
Many of these protocols closely mirror the corresponding
schemes in clamped optomechanics [70].

It has been proposed to generate mechanical quantum
states by modulating the trapping field [48], by continu-
ously measuring the cavity output [77], by pulsed driving
[78, [79], or by letting ground-state cooled particles inter-
act with single photon pulses superimposed with the driv-
ing field [80]. From these schemes, modulating the trap-
ping field has been experimentally realised with a clas-
sical thermal state [§1], yielding a squashed phase space
density. Combining mechanical quantum states with the
coherent optomechanical interaction enables implement-
ing state transfer protocols [4g], entanglement between
several particles [48], teleportation of arbitrary optical

inputs [80], and eventually sensing beyond the standard
quantum limit [20]. Observing these quantum states re-
quires either transferring them onto the optical mode
and homodyning the cavity output [48] or performing
mechanical state tomography via time-of-flight measure-
ments [80].

Most of the above protocols rely on the linear op-
tomechanical Hamiltonian and thus work for both an ex-
ternally driven cavity mode and the coherent scattering
setup. Two recent proposals show how coherent scatter-
ing into a single cavity mode can generate entanglement
between two co-trapped microscale objects [82], 83].

While the coherence time of optically trapped parti-
cles is limited by unavoidable photon scattering decoher-
ence, laser-trapped quantum experiments are attractive
for sensing at the quantum limit and for testing quantum
non-locality of massive objects [48], 80], see Sec.

C. Coupling to few-level systems

Atom interferometers exploit the discrete internal lev-
els of atoms to generate and read-out their spatial super-
positions, enabling inertial sensing with unrivaled preci-
sion [8]. In contrast to microscopic quantum systems, mi-
croscale dielectrics lack such discrete internal levels that
could be coherently addressed by laser pulses. However,
large particles can be artificially endowed with few-level
systems by embedding single NV centres [84H88] or by
entangling them with superconducting [25 37, 38|, 89] or
ion [90} OT] qubits.

All these strategies aim at utilizing a two- or three-
level system linearly coupled to the motion of the parti-
cle to control its quantum state, see Fig. ) Motional
superpositions can then be generated by first preparing



e.g. the two-level system in a quantum superposition
of ground and excited state, and then applying a state
dependent-force on the centre of mass, thereby entan-
gling the discrete and the motional degrees of freedom.
After reversing the two-level system to close the interfer-
ometer, a relative phase due to the spatial superposition
can be transformed into a qubit-population imbalance.

For nanodiamonds with embedded NV spins, this
scheme can be enacted by exploiting the spin-dependent
force in an inhomogeneous magnetic field [§4H88]. In
a similar fashion, dielectric particles can be entangled
with co-trapped ion qubits through a high finesse optical
cavity mode [90], highly charged particles in ion traps
can be conditionally displaced by an electric field deter-
mined by the state of a superconducting charge qubit
[25], and magnetic particles can be inductively coupled
to flux qubits [37] [38] [89].

Quantum interference protocols based on coupling the
microscale particle motion to external or embedded dis-
crete levels offer a promising route for observing quantum
superpositions of heavy objects. While some of these pro-
posals remove the detrimental effects of photon scatter-
ing and absorption, they are all limited by the decoher-
ence of the two- or three-level system. Even with state-
of-the-art technology, this precludes quantum superposi-
tion tests on a timescale comparable to other proposals
[39, [68], [70], [©92], however enables short timescale interfer-
ence of heavier particles, so that these proposals could
contribute to fundamental tests of quantum physics. For
instance, observing the gravity mediated entanglement
between two microparticles with embedded NV centres
has been proposed for testing the quantum nature of
gravity [93] (see Sec. [V).

All these setups can be used to generate and ob-
serve entanglement between several microparticles by si-
multaneously enacting interference protocols on distant
micoparticle-qubit setups with initially entangled qubits.
In addition, qubits can strongly affect the particle rota-
tions [25] [38] [O94] ©5].

D. Rotational interferometry

The non-harmonicity of free quantum rotations of rigid
objects can give rise to pronounced orientational interfer-
ence effects which have no analogy in free centre-of-mass
motion [92] 06]. This opens the door for novel strate-
gies to test the quantum superposition principle without
beamsplitters [92] [96], thereby removing a major techno-
logical hurdle and decoherence source.

The proposal by Stickler et al. [92] exploits that freely
evolving linear rigid rotors, e.g. thin cylinders, return to
their initial state after an integer multiple of the quantum
characteristic revival time, see Fig. ) Such revivals are
independent of the initial state and the ensuing revival
time is determined solely by the rotor’s moment of in-
ertia over Planck’s constant. The revivals are caused
by quantum interference of the discrete angular momen-

tum states, and thus their observation tests quantum me-
chanics. Orientational quantum revivals are realistically
observable for 50nm double-walled carbon nanotubes,
initially aligned with an optical tweezer and cooled to
millikelvin rotation temperatures. Upon release, the ro-
tor orientation quickly disperses into a superposition of
all possible orientations, before recurring at the much
later revival time. By measuring the rotor orientation by
light scattering, the interference signal becomes observ-
able upon many repetitions. As for centre-of-mass inter-
ference, the requirements on laser alignment and particle
uniformity can be significantly reduced by recycling the
particle.

An alternative proposal by Ma et al. [96] uses that
the free rotations of asymmetric rotors, subject to the
tennis-racket instability, can turn persistent at high ro-
tation speed. The required rotation speeds and tem-
peratures are realistically achievable in the coherent-
scattering setup [55].

In summary, rotational interference provides an excit-
ing alternative to beamsplitter-based centre-of-mass pro-
posals. While most requirements posed by environmental
decoherence are identical, removing the beamsplitter ren-
ders rotational interferometry technologically attractive.

IV. ENVIRONMENTAL DECOHERENCE

Decoherence refers to the gradual decay of a system’s
ability to show quantum interference, and is caused by
its irreversible interaction with an environment [97]. De-
coherence can explain the emergence of classicality in
open quantum systems [98], and it poses a fundamental
challenge to quantum superposition tests because perfect
isolation is impossible. Common sources of environmen-
tal decoherence in quantum experiments with microscale
particles include collisional decoherence with residual gas
atoms, Rayleigh scattering decoherence of tweezer or cav-
ity photons, and thermal radiation from hot microparti-
cles. Depending on the chosen setup, other decoherence
mechanisms can become relevant, such as scattering and
absorption of black-body photons emitted from nearby
surfaces, charge- and magnetization-induced decoherence
due to fluctuating fields, or decoherence of entangled few-
level systems.

It is instructive to consider decoherence due to indi-
vidual uncorrelated scattering events with environmental
particles, such as gas atoms or photons [99]. As a rule
of thumb, interference is lost if the system reveals which-
way information through the scattering process, i.e. if
an idealised measurement of the environmental particle
after the collision would allow distinguishing between the
different pathways contributing to the interference. For
instance, the quantum state of a massive particle delo-
calized over several standing laser-wave maxima can col-
lapse to a localized state due to Rayleigh scattering of
a single photon, while decoherence of a superposition of
ground and first excited state in one of the laser minima



requires scattering of many photons. In total, the maxi-
mally achievable coherence time for quantum superposi-
tion tests aiming at large path separations can thus be
conservatively estimated as the inverse total environmen-
tal scattering rate.

For microscale objects, collisions with environmental
particles occur so rapidly that the micro-object does not
move during the scattering process. The scattered state
of an environmental particle thus mainly contains infor-
mation about the micro-object position and orientation,
while it is independent of its linear and angular momen-
tum. Interactions with the environment thus localize the
microscale object’s quantum state in position and orien-
tation [100, [10I], which is accompanied by linear and
angular momentum diffusion [99, 102]. Environment-
induced damping and thermalization usually only play
a role when quantum coherence has already been lost
[98, [103].

Collisional decoherence due to residual gas atoms can
be eliminated by working in ultra-high vacuum, however,
this becomes increasingly challenging for microscale ob-
jects. The rate of thermal atoms colliding with a sin-
gle microscale particle is approximately proportional to
the geometric cross-sectional area of the particle and the
gas pressure. Having less than a single collision dur-
ing a near-field interference experiment with 10 amu
spheres lasting 100s [74] thus requires stable pressures
below 10~ !® mbar at 25 K. In addition, the cross-sectional
area of non-spherical objects depends on their orienta-
tion. Thus, gas collisions also provide a relevant mech-
anism for decoherence in rotational interference schemes

[92, [96].

Photon scattering from sub-wavelength particles oc-
curs with a rate proportional to their squared volume.
This determines the achievable coherence time of opti-
cally trapped quantum experiments [80] and strongly lim-
its the applicability of laser gratings for high-mass inter-
ferometry [68] [75]. Absorption of laser photons leads to
internal heating of the particle, so that it starts thermally
radiating. While the exact form of the spectral emissivity
will depend on how Planck’s law is generalized for small
objects [I04], the total rate of thermal radiation strongly
contributes to decoherence [68]. Even if laser gratings are
avoided, scattering and absorption of black-body photons
emitted from the experimental aparatus can lead to deco-
herence [80]. Eliminating photon scattering and absorp-
tion is one of the main motivations for magnetic and elec-
tric trapping schemes. While magnetization- and charge-
induced decoherence mechanisms are largely unexplored,
several factors could play a role, including patch charges
on nearby surfaces [I05] or magnetic field fluctuations
[39]. In addition, rotational dephasing [25] [95] and qubit
decoherence seem to be very important for quantum ex-
periments with entangled few-level systems [25], [85].

V. PERSPECTIVES

With the recent breakthrough of reaching the centre-
of-mass groundstate [I3] and the first demonstrations of
rotational cooling [14), [15], further ground-breaking ex-
periments are imminent, opening the door for interfero-
metric tests of collapse models, exquisite force and torque
sensing at the quantum limit, and novel technological ap-
plications. In the following we give a brief overview over
possible future experiments and their implications.

A. Macroscopic superpositions

Quantum theory assumes the universal validity of the
quantum superposition principle, implying that it should
be possible to prepare quantum states where objects of
arbitrary size, mass, and complexity are simultaneously
at different locations in space. The most well-known al-
ternatives to standard quantum theory are the gravita-
tional collapse model of Didsi and Penrose [106] and the
model of continuous spontaneous localization (CSL) [I07-
109]. These models predict observable deviations from
standard quantum theory, giving rise to wavefunction lo-
calization in position space at the macro-scale while be-
ing fully compatible with all experimental observations
to date. Importantly, these models can be falsified in the
lab [69] [7T], TTOHITH].

The model of CSL predicts that all massive objects
experience random momentum kicks from spontaneous
wavefunction collapse events [3]. These kicks lead to spa-
tial decoherence as well as to motional heating as char-
acterised by two free parameters of the theory, the col-
lapse rate and its length-scale. The absence of collapse-
induced decoherence and heating of well-isolated objects
thus rules out parameter combinations implying stronger
effects than observed. Heating experiments currently
provide the most stringent bounds on CSL [I16], with
interferometric tests following closely [69, 117H120]. The
extent to which a given quantum superposition principle
rules out objective modifications of quantum theory also
provides an experimentally useful notion of macroscopic-
ity [11°7, [118)].

Quantum interference experiments with massive ob-
jects also provide a platform for falsifying and even sens-
ing dark matter-induced decoherence [121]. While colli-
sions with low-mass dark matter have negligible classical
impact on the dynamics of a molecule or microscale par-
ticle, the scattering events can induce decoherence by
extracting which way information. Dark matter-induced
decoherence can be identified by observing its variation
with the rotation of the Earth [122].

In addition, it was proposed that witnessing gravity-
induced entanglement between two microscale particles
reveals if their gravitational interaction constitutes a
quantum channel [93] 123]. Bose et al. [03] propose
to prepare two microscale particles in a quantum super-
position of two different relative distances. If gravity



is quantum, the gravitational interaction entangles the
motional quantum states, which can be transferred to
and witnessed by embedded NV centre spins [93] [123].
The proposed masses, coherence times, and experimen-
tal requirements are many orders of magnitude beyond
what is currently achievable [124] [125]. Nevertheless, the
prospect of lab-based tests of quantum gravity is acceler-
ating the development of cutting edge microparticle ma-
nipulation techniques.

B. Other fundamental physics

The force and torque sensitivity of levitated particles in
the deep quantum regime surpasses that of state-of-the-
art devices by several orders of magnitude [12 [19], with-
out having to be prepared in macroscopic superposition
states. Levitated particle sensors are ideally suited for
thorough studies of the electrostatic and electrodynamic
forces and torques exerted by nearby surfaces [18, 126~
128] or electric circuits [27,[129]. For instance, particles in
front of a bi-refringent plate experience a Casimir torque
due to vacuum fluctuations of the electromagnetic field
[130]. This torque has only recently been measured [I31],
and levitated particles provide an ideal platform for ex-
ploring it at ultra-low surface and particle temperatures
[126]. If the particle is moving or rotating, the Casimir
force and torque can slightly lag behind due to the finite
conductivity of the surface. The resulting drag is referred
to as vacuum friction [132] and will become observable
with levitated nanorotors close to surfaces [18].

Levitated dielectrics are also well suited for explo-
rations of gravity at ultrashort distances and for test-
ing physics beyond the standard model. How these sys-
tems can probe deviations from Newton’s gravitational
force law at short distances [133] [134], for detecting
high-frequency gravitational waves [135], or for excluding
dark-matter models [I36], [137] has been reviewed recently
119, [138].

C. Technological applications

The prospect of using levitated particles as state-of-
the-art sensors in the context of exploring fundamental
physics is discussed above and elsewhere [12, 19]. In
terms of industrial applications, inertial sensing is key
for the automotive, aerospace and medical sectors, and
gravimetry is regularly deployed for oil and gas prospect-
ing. The current cutting-edge sensors are based on atom
interferometry, but due to their increased mass, inter-
ference of microparticles offers five orders of magnitude
improvement in sensitivity [139] T40].

In terms of the detection of other forces, levitated par-
ticles are at the extreme low-mass end of nanomechani-
cal sensors, making them sensitive to the smallest forces
[16]. The geometry offers other advantages compared to
clamped sensors, such as potential operation in free-fall

enabling static-force detection [I41], and their physically
small size enabling the detection of forces extremely close
to surfaces [I134] (see also above).

Other optomechanical systems already feature in
emerging quantum technologies, where mechanical
modes are used for coherent signal storage and transduc-
tion. When compared to other nanomechanical devices,
the advantages of using levitated systems centre around
the high degree of control over the Hamiltonian. It is
possible to vary the trapping frequency in time, allowing
the generation of squeezed states [81]. Although state-of-
the-art clamped systems demonstrate as low-dissipation
as promised by levitated objects, cryogenic environments
are not necessarily required to preserve the coherence
of levitated or free microparticles. When considering
cavity optomechanical systems, the levitated platform
has demonstrated straightforward access to quadratic, or
non-linear, optomechanical coupling [142], a key ingredi-
ent in quantum state engineering.

Finally, we note that recent proposals for coupling the
motion of levitated particles to quantum systems [25] [3T],
46] may enable quantum bath engineering, and hence the
study of single-particle quantum thermodynamics [143].

VI. OUTLOOK AND CONCLUSIONS

‘Measuring instruments, if they are to serve as such,
cannot be included in the range of applicability of quan-
tum mechanics.” So said Niels Bohr to Erwin Schrodinger
in 1935 [144], separating out the microscopic quantum
realm and the tools we use to probe it. This admission
that a fundamental theory may not be universal was sur-
prising, but also of little practical consequence. Quantum
mechanics was thought to only apply to the tiniest con-
stituents of nature, and the assignment of a wavefunction
to ‘macroscopic’ objects impossible (Bohr would define
macroscopic objects as those we can clearly observe to
have fixed classical properties, and did not imagine the
direct observation of, say, the motion of a molecule [145]).

Today, we have reached a level of scientific sophistica-
tion where this question does have practical consequence,
since the realms of nanotechnology and quantum tech-
nology are beginning to overlap. In addition, our under-
standing of biological processes at the nanoscale is such
that we are forced to ask questions about the role of
quantum theory in increasingly complex systems.

Interferometry of massive objects can verify that the
quantum superposition principle holds under those par-
ticular conditions, or falsify certain models that propose
modifications to standard quantum theory. The absence
of interference can never falsify quantum mechanics, since
we would need full confidence in our models of environ-
mental decoherence, which are still being developed for
increasingly complex systems. Of course, quantum ex-
periments with complex objects help us understand de-
coherence mechanisms.

As quantum technologies advance at a dizzying pace,



and our devices reach ever-further into the macroscopic
realm, it is time to revisit the fundamental conceptual
challenges at the heart of quantum physics. Excitingly,
we now have all of the tools with which to probe the
limits of this most enigmatic of physical theories.
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