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ABSTRACT ARTICLE HISTORY
The fastest-spinning man-made object is a tiny dumbbell Received 4 August 2020
rotating at 5 GHz. The smallest wind-up motor is con- Accepted 12 October 2020

structed from a DNA molecule. Picoliter volumes of fluids KEYWORDS

are remotely controlled and their viscosity precisely mea-  ggation: optical
sured using microrheometers based on miniscule rotating manipulation; optical
particles. Theoretical predictions for extraordinarily weak tweezers; orbital angular
forces related to the presence of dark matter, dark energy momentum; precision
and vacuum-induced friction might be revealed, and the sensing

surprising properties of light have already been experi-

mentally evidenced. All of these exciting landmarks have

only been possible thanks to the torque exerted by light,

which enables rotation of an optically trapped particle.

Here, we review how light can impart torque on optically

trapped particles, paying close attention to the design of

the properties of both the particle and the light field. We

detail how the maximum achievable rotation speed is

limited by the environment, but can simultaneously be

used to infer properties of the surrounding medium and

of the light field itself. We also review the state-of-the-art

applications of light-driven rotors, as well as proposals for

the next generation of measurements, particularly at the

classical-quantum interface, which can be performed

using rotating optically trapped objects.
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1. Introduction

One half of the Nobel Prize in Physics 2018 was awarded to Arthur Ashkin
for his seminal development of optical tweezers. This technique uses
focused beams of light to manipulate and confine mesoscopic objects
using radiation pressure and gradient forces, which typically range from
fN to pN [1]. While this is a small force, it is capable of stable trapping of
dielectric and metallic particles ranging from tens of nanometers up to
hundreds of micrometers. Such optical manipulation has found a diverse
range of applications including studies in fundamental quantum physics
and quantum computing with single atoms [2] to studying single-molecule
biophysics [3], cells [4], and micro-organisms [5].

Optical trapping has been widely used for biological studies in liquid
[6-9]. In a pioneering work, Ashkin et al. [4] proved that the judicious
selection of the trapping wavelength and power enables the harmless
optical manipulation of living cells, trapping yeast cells for several hours
and observing their division and multiplication inside the optical trap.
Thanks to the magnitude of the optical forces and the ability to perform
precise displacement measurements below the nanometer level [7],
optical trapping enables the study of subcellular entities such as DNA
or molecular motors in vitro. For the latter case, the trap indirectly
monitors the motion of the motor through the tethering of the molecule
to a bead. A prime example is Kinesin, which is responsible for the
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transport of vesicles through the volume of the cell. Optical trapping
enabled the study of the motional dynamics of this molecular motor
that ‘walks’ along intracellular filaments at a speed of ~ 0.5 um/s [10],
resolving its walking step of ~ 8 nm [11], and determining that it drags
its cargo by exerting a force of ~ 1 pN [12]. Optical manipulation
inside living cells [13] and even living animals [14,15] has been proven.
Either endogenous or exogenous (whether inserted [16] or internalised
[17,18]) material can be manipulated, which enables the in situ study of
biological processes. Separately, optical tweezers in liquid environments
has given major insights into several physical phenomena including
thermodynamics. For example, adding thermal noise may show
a Brownian nano-heat engine [19]. Two traps in close proximity create
a double-well potential to explore the Kramers’ transition rate [20].
Other exciting areas include optically induced organisation and particle
dynamics in complex potential energy landscapes, which can mimic
transport effects in atomic systems at the mesoscopic scale.

While there has been a large body of work over the last three decades
trapping particles in liquid, optical manipulation of nano- and micro-
particles in vacuum is increasingly providing exciting new directions for
research. Optical trapping in low-pressure environments was first demon-
strated by Ashkin in 1977 [21], but has been undergoing a rapid increase of
interest in the last decade [22]. This has been primarily motivated by the fact
that in a perfect vacuum, unlike in liquid environments, the levitated
particle’s motion is decoupled from the environment other than through
its interaction with the laser. An early example of success in this area was the
first explicit observation of ballistic Brownian motion [23], while a trapped
particle can be used to detect forces on the zepto-Newton scale [24,25]. The
isolation from the environment has opened the possibility to study quantum
physics in new regimes of mass and size. This has stimulated many theore-
tical proposals for macroscopic quantum physics with optically levitated
particles, e.g. [26-36]. This area of levitated optomechanics currently stands
on an exciting threshold. After a decade of steady progress in methods to
cool the centre-of-mass motion of levitated particles [37-43], the remark-
able achievement of a levitated nanoparticle cooled to the ground state of its
centre-of-mass motion [44] was reported earlier this year.

Much of the work in optical tweezers has initially concentrated on
translational motion along the three Cartesian directions. However, an
asymmetric feature of the particle or the use of structured light can also
create rotational motion of the particle. This introduction of angular
momentum has taken an increasingly prominent role in optical trapping.
In this review, we will discuss the important questions around rotational
motion in optical traps in both liquid and vacuum environments: how do we
generate rotational motion, why do we generate rotational motion, and
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what specifically in terms of new science can it engender? As we will see,
rotation can have far-reaching consequences. For example, the development
of miniaturised devices has benefited from light-activated rotors which can
be harnessed as tiny pumps and actuators capable of controlling fluids [45]
and triggering biological processes at the microscale [46]. In liquid media,
rotating particles can be used for high precision measurement of intriguing
physical properties of picolitre volumes of fluids [16] and the tiny torque
exerted by small biological motors [47], and have given major insights into
several physical phenomena including the angular momentum of light [48].
In high vacuum, nanoparticles have been shown to spin at rates up to 5 GHz
[49]. At these rotation rates the forces on the particle are sufficiently high to
test the material properties of the particle under extreme conditions [50].
Rotating asymmetric particles in vacuum may realise nanoscale torsion
balances, which achieve unprecedented sensitivities to force and torque
[49], offering an avenue to study open questions in fundamental physics
such as whether the vacuum can exert friction on a moving body [51-53].

This review is structured as follows. We will first summarise the essential
phenomena of translational motion in optical tweezers (Section 2), then
provide an overview of the mechanisms by which trapped particles can be
set into rotation (Section 3). We will discuss the key experimental questions
of the fabrication of optimal particles for rotation, the maximum rotation
speed that can be reached, and the detection of the rotational motion in
Section 4. Finally, the new science and applications that emerge from
exploiting this degree of freedom are discussed in Section 5.

2. Optical tweezers primer

Light exerts optical forces on matter which can typically be decomposed into
two types: non-conservative scattering forces which depend on the intensity of
light, and conservative gradient forces which depend on the gradient of the
intensity. The scattering force results in radiation pressure along the direction of
the light's wavevector k. For a transparent spherical particle with a higher
refractive index than its surrounding medium, the gradient force attracts the
particle to regions of highest intensity. In the ray optics regime, this may be
considered as a result of the refraction of light within the sphere (see Figure 1).!

The most common configuration of stable, 3D optical trap is optical
tweezers. This embodiment of optical forces uses a single Gaussian laser
beam tightly focused by a high numerical aperture microscope objective
(NA typically > 1) to create an equilibrium point where the scattering and
gradient forces balance in all three Cartesian directions.

A particle stably trapped in three dimensions will explore a region of the
trap very close to this minimum energy position due to its Brownian motion.
The force exerted on the particle may be approximated by considering
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Figure 1. Origin of the optical force from a ray optics perspective. The refraction of the incident
rays (black lines) produces a change in their linear momentum that in turn generates a reaction
force (red arrows). Rays near the focus are more powerful, hence produce a strong reaction
force. The net optical force (blue arrows) points towards the maximum intensity region in the
beam’s propagation direction. A weakly-focusing beam (left) exerts a transverse force much
larger than the axial forces, while a tightly focused beam (right) is required for three-
dimensional confinement.

separate linear restoring forces acting along each Cartesian direction: i.e.
Fq = —Kqq, where ge{x,y,z} and «q is known as the trap stiffness. This is
analogous to the spring constant of a Hookean simple harmonic oscillator,
which optical tweezers mimics. In a linearly polarised trapping beam, the trap
stiffness for each direction of translational motion is distinct. The trap stiff-
ness is related to the natural oscillation frequency w, of the particle in the trap

by wq = \/kq/M, where M is the mass of the particle.

Of course, the optical force is not the only force which acts upon the
trapped particle. To incorporate a more complete picture of the motion, let
us consider the equation of motion of the trapped particle (oscillator) along
each Cartesian direction g. This is described by the Langevin equation

2
M%‘{‘yq%“‘qu:[’ﬂua(t% (1)
where the first term on the left-hand side is the inertial force on the particle,
the second the velocity-dependent viscous damping force with y, the drag
coefficient, and the third the optical force. The right-hand side is a stochastic
force, Fyu», due to Brownian motion arising from interactions with the
environment, for which (Fgu(#)) =0 and (Fauee(f1) Fuce(2)) =
2kg TenquS(tl — ;). Here kg is the Boltzmann constant and Te,, the tem-
perature of the environment. The trapped particle is a simple harmonic
oscillator and, depending upon the environment, may be in the over-
damped, underdamped or critical damping regime.
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The magnitude of y, depends on the characteristics of the particle and,
more importantly, on the properties of the environment. For a spherical
particle trapped in a liquid medium of viscosity #, the drag coefficient is
given by the Stokes law y, = 6man. In a gaseous environment, it is more
common to consider I'y = y, /M, the pressure-dependent gas damping rate.

For a sphere, this is [54]

q= 3 (2)
M 0.619 + Kn 0.785 + 1.152Kn + Kn

where Kn = i/ a is the Knudsen number with | = (11 / Pgas) / kg Teny / 2Mgas

the mean free path of the gas molecules that have a mass M, and are at
a pressure Pg,;. As can be seen from Equation 2, I'y depends on the relative
size of the particle compared to the mean free path of the gas molecules.
This increases as the pressure decreases. At high pressure (Kn <1), the
interaction between the particle and the gas molecules is so strong that the
drag coefficient tends to the value given by the Stokes law. On the other

_ 6man  0.619 < 0.31Kn )

hand, at low pressures when I>a, the damping rate becomes linearly
dependent on pressure

2
a® [2aM,
<21 ~3.714— 8p .. 3
d M\ kpTeny & 3)

Due to this pressure-dependent damping, the behaviour of the particle is
markedly different depending upon the medium in which it is suspended.
When the particle is immersed in liquid, the viscous damping dominates
over the inertial term and the particle undergoes overdamped oscillatory
motion about its equilibrium point, subject to the effects of the Brownian
motion. However, if the pressure is lowered, the inertial term becomes
increasingly important and the motion of the particle becomes increasingly
phase-coherent, parameterised by the quality factor Q; = wy/Tq. As the
translational dynamics in both underdamped and overdamped regimes
depend on Ty, this allows the particle to act as a sensitive probe of its

environment, which can be used in areas including rheology, pressure
sensing, and thermometry.

Equipped with these essential notions of translational motion in optical
trapping, we now turn our attention to the rotational degrees of freedom.

3. Engineering rotational motion

Rotational motion of particles can be manifested in a variety of ways. The
three main types of rotation are libration (also called torsion), spinning, and
orbiting (Figure 2), which can be realised in any optical trapping system,’
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Figure 2. Types of rotation. Schematics of the three main types of rotational motion: (a) libration,
(b) spinning, and (c) orbiting. (d) Librational motion and orientation of a disk can be detected from
the scattered-light profile. Image adapted from [70]. Copyright (2002) by the American Physical
Society. Asymmetric particles spinning (e) by the action of two independent traps that hold the
particle from it ends (images adapted from [61] — Published by The Royal Society of Chemistry); (f)
through transfer of spin angular momentum [151] (Copyright 2018 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim); and (g) by the action of the orientation torque when the linear polarisation is
rotated (Adapted by permission from Springer Nature Customer Service Centre GmbH: Springer
Nature, Nature [77], © 1998). (h) A spherical particle undergoing orbital motion around the beam
axis. Adapted with permission from [117] © The Optical Society.

such as free-space traps, cavities [55], near-field traps based on nanostruc-
tures [56], photonic crystal fibres [57] or evanescent fields created by fibres
[58] or resonators [59]. In this section we will discuss how such rotational
motion can be created.

Dynamic beam steering and shaping devices such as digital micromirror
devices and spatial light modulators allow the creation of essentially any
motion by dynamic manipulation of the position of optical traps. Apart
from the trivial example of a particle trapped in a moving spot that describes
a circular orbit [60], orientation and rotation of a particle can also be
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achieved using multiple independent parallel beams. As an example,
a cylindrical particle can be held from opposite ends and be rotated around
its own axis by changing the relative location of the traps [61,62] (Figure 2
(e)). Similarly, customised rotors [45], constellations made of several entities
[45], and living cells [63] have been spun using an array of optical traps that
held the objects from specially designed or naturally occurring handles,
allowing, for example, the precision control on the microscale of fluid
flows generated by the optically driven rotors. Dynamic beam shaping
devices can also be used to create more-complex rotating intensity distribu-
tions capable of trapping and moving particles. For example, rotating blade-
shaped intensity distributions can be generated using the interference
between Laguerre-Gaussian modes and plane waves [64] or modulated
Moiré patterns [65], while optical Ferris wheels of rotating spots can be
generated using interference of frequency-detuned Laguerre-Gaussian
modes [66,67]. Similarly, the orientation of asymmetric particles can be
controlled using spatial light modulators to generate so-called ‘tug-of-war’
optical tweezers where more than one high-intensity region pulls on the
particle simultaneously [68].

Unstable trapping can also lead to rotation. A constant circulation
motion of a silica microsphere can be produced by the interplay between
conservative and non-conservative forces in a tightly-focused linearly
polarised beam [69]. For asymmetric particles such as disks [70,71] and
ellipsoids [72], a tumbling motion can be generated by unstable trapping.
For example, when the particle is trapped in close proximity to an extended
surface, the particle tilts from a stable position due to increased asymmetric
drag near the wall [73] and undergoes a periodic pendular motion perpen-
dicularly to the laser polarisation.

While optical trapping relies on the transfer of linear momentum from
light to the particle, rotation may also be engineered by transferring angular
momentum from light to the particle. This can be either spin angular
momentum (associated with the light’s circular polarisation) or orbital
angular momentum (associated with inclined wavefronts of the light).’
Non-spherical particles experience a torque due to scattering or absorption.
However, the dynamics can be complex, and knowledge of the relevant drag
torque is limited to special cases such as rods, ellipsoids and dumbbells
[74,75]. In order to perform quantitative analysis of the rotation to perform
some measurement of the environment (in analogy to measurements per-
formed with translation), it is often preferable to impart angular momentum
onto a symmetric body. If the trapped object is birefringent, this alternative
form of anisotropy can be used to place a spherical object into rotation via
transfer of spin angular momentum from circularly polarised trapping light.
Even non-birefringent spherical objects can be put into rotation by transfer
of orbital angular momentum from structured light to the particle, mediated
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by scattering or absorption. In general, the total optical torque exerted on
a particle will have contributions due to more than one property of the
particle (i.e. it may be birefringent, partially absorbing and non-spherical),
while the light may also contain both spin and orbital angular momentum.
In all cases, the maximum rotation rate that can be realised will depend on
the properties of the environment, as the particle will reach a terminal
angular velocity due to the balance between the applied optical torque and
the friction torque produced by the surrounding medium.

In the remainder of this section, we will investigate the instigation of
rotation in detail. We begin with a discussion of how each of the three main
forms of rotation can be realised in a single light beam carrying angular
momentum. Libration and spinning are mostly related to the interaction of
anisotropic (Section 3.1) or absorbing (Section 3.2) particles with the polar-
isation of the light, while orbiting (Section 3.3) is usually generated by
scattering of structured light beams that carry orbital angular momentum.
In many experimental configurations the fundamental torques that arise
from the transfer of angular momentum in a free-space trap are insufficient
to describe the motion of the particle when, for example, there is an inter-
play between the angular momentum components (Section 3.4). Many
alternative geometries of optical traps exist beyond single-beam, free-space
optical tweezers. These may offer advantages for particular applications, and
we will briefly show how rotational motion can be realised in some of these
other trapping geometries in Section 3.5. Finally, intriguing phenomena
such as optical binding can arise when multiple particles are held in a single
optical trap, and we will discuss the implications for the rotational motion in
Section 3.6.

3.1. Anisotropy-induced torque

For a non-absorbing particle whose size is of the order or smaller than the
trapping wavelength, the optical torque 7op; is mainly governed by the
interaction of the electric field E of the light with the susceptibility y of
the particle. Specifically, Topt = (P x E*), where P = xE is the induced
polarisation [76]. If the particle is not isotropic, e.g. it has an internal
birefringence or presents a non-spherical shape, its susceptibility is
a tensor and one can define three principal axes (X, y, z) so that
P =y Exx + XyEyj’ + x,E.z. For a birefringent particle, x,, Xy and y, will
be the susceptibilities along the axes of the crystal, that will be reduced to
only two (the ordinary y_ and extraordinary x, axes) in a uniaxial crystal
such as vaterite or quartz (see Section 4.1.1). When polarised light passes
through such a particle, the ordinary and extraordinary component of the
light undergo different orientation-dependent phase shifts. This results in
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a change of the spin angular momentum of the light that produces a reaction
torque [77,78]

Topt = — 30— Egsin(kd(n, — ne))cos2¢sin20 @
+ 55— EX(1 — cos(kd(n, — n.)))sin2¢,

2Wiaser

where E, is the amplitude of the electric field, € is the permittivity of the
particle, d its thickness, n, and #, the refractive indices experienced by the
ordinary and extraordinary light, respectively, k the free space wavenumber,
wiaser the frequency of the light, and ¢ its degree of polarisation ellipticity
(¢ = 0,7m/2 represents linearly polarised light and ¢ = /4 circularly
polarised light).

The magnitude of the optical torque depends on the change produced
by the particle on the polarisation state of the light (i.e. retardation), which
is proportional to the birefringence of the particle An = n, — n. and the
ratio of the trapping wavelength Ay, to the particle’s thickness, i.e.
kd = 27d/Mjaser- Therefore, for a specific trapping wavelength, the proper-
ties of the particle can be tailored to maximise the applied optical torque.
We will discuss these experimental considerations in more detail with
specific examples in Section 4.1.

For a non-spherical particle with two main polarisable axes, e.g.
a cylindrical particle, a shape-induced birefringence can be similarly defined
along the major and minor axes (see Section 4.1.3). In this case, the torque
arises due to asymmetric scattering forces when the principal axis of the
particle is not parallel to the light’s electric field. Calculating the forces on
a non-spherical particle is, in general, challenging and often performed
numerically [79]. However, in the limit where at least one dimension of
the particle is significantly smaller than the wavelength of the light (the
Rayleigh-Gans limit), analytical solutions can be found [74,75].

The optical torque in Equation 4 can be responsible for distinct
dynamics of the particle. For the case of pure linear polarisation,
the second term vanishes and the particle undergoes librational or tor-
sional oscillations around an equilibrium orientation (see Section 3.1.1).
On the other hand, for the case of pure circular polarisation, the first term
is zero and the particle undergoes continuous rotation around its own axis
(see Section 3.1.2).

3.1.1. Libration

For an anisotropic, non-absorbing particle with two main polarisable axes
trapped in linearly polarised light (¢ = 0,7/2), only the first term of
Equation 4 survives, therefore the optical torque acting on the particle is
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Topt = — ﬁEésin(kd(no — ne))sin26. (5)

This is called the orientation torque, and it vanishes when the main axis of
the particle and the polarisation are aligned (6 = 0). Therefore, in a linearly
polarised optical trap, an anisotropic particle aligns to the polarisation
vector of the light, experiencing a restoring torque 7o, = k60 which is linear
in the orientation angle 0 to first order. The particle undergoes libration,
which is a harmonic motion about the polarisation axis with a spring
constant xy which linearly increases with the trapping power. Alignment
and librational motion have been demonstrated in over- and under-damped
conditions for a wide range of particles such as fluorinated polyimide
microparticles [80], wax microdisks [70] (Figure 2(d)), nanodumbbells
[81], anisotropic diamond crystals [75], nanofabricated silicon cylinders
[82], YLF crystals [83], and non-spherical birefringent NaYF, particles [18].

As another example of a harmonic oscillator, the librational modes of
oscillation share many features with the translational modes. When the
particle is trapped in liquid media, this harmonic oscillation is ‘hidden’
due to the thermal-induced Brownian motion, the same way as in the
translational motion. This thermal noise imposes a minimum to the optical
torque that can be exerted and detected. The limit reduces in the under-
damped regime, as the gas pressure is reduced, and becomes negligible in
high vacuum conditions where the minimum torque is then limited by the
shot noise of the laser beam [81] (see Section 5.5). In optical levitation
experiments, the librational modes of oscillation exist at higher frequencies
than the translational modes, because while wq = 4/#4/M for vibration, for

librational motion the oscillation frequencies are wy = /xp/I, i.e. they
depend on the moment of inertia I, which is proportional to the fifth
power of the particle’s radius a> for a sphere (as opposed to mass M
which is proportional to a*). Hoang et al. [75] measured a librational
frequency of non-spherical nanodiamonds (wg = 1 MHz) that was almost
one order or magnitude larger than the frequency of the translational modes
for the same trapping power. These librational frequencies often lie where
the noise floor of the particle’s position spectrum is lower, which enables
lower detection limits. Moreover, the higher frequency of the libration
means the quantum ground-state energy of the librational mode will be
higher than for translational modes for the same optical power, which may
be advantageous for cooling particle motion to quantum states [84] (see
Section 5.6).

The control over the alignment of the particle can be used to enhance
the light-particle interaction, e.g. to increase the percentage of laser
power absorbed by the particle [83] (Section 5.4), while the librational
motion can be used to study properties of the environment such as
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viscosity [18] (Section 5.3) and the temperature of the particle itself [83]
(Section 5.4).

3.1.2. Spinning

In the previous section we have seen that anisotropic particles align to the
polarisation axis in a linearly polarised optical trap. If the polarisation angle
rotates, the particle is forced to follow its motion due to the orientation
torque (Equation 5) and it rotates around its own axis [76,77,85,86] (Figure
2(g)). For clarity and consistency, in this review we call this motion spinning.
Rotating the polarisation is a simple way to produce spinning, however the
achievable rotation speeds are limited by the rate at which the linear
polarisation of the light can be rotated and the ability of the particle to
follow the polarisation. For example, Bonin et al. [85] observed continuous
rotation of 2-5 pm-long borosilicate glass fibres in liquid medium when the
rotation rate of the linear polarisation was below 1 Hz. Above that threshold,
the microfibers underwent rocking motion, i.e. rotated back and forth over
a finite angular range. In both situations, the rotation rate of the particle
matched the one of the polarisation, however, for much higher polarisation
rotation rates, the particles locked at an angle, unable to follow the polarisa-
tion of the light.

If, instead of linearly polarised light, the anisotropic non-absorbing
particle with two main polarisable axes is trapped by circularly polarised
light (¢ = m/4), the first term in Equation 4 vanishes, and the particle
experiences a torque which is independent of the orientation angle:

Topt = ;Eg(l — cos(kd(n, — ne))). (6)
Wiaser
The alignment-independence means that this torque is non-conservative,
and the particle is therefore subjected to constant rotational driving and
undergoes a spinning motion at a rate determined by the balance between
optical torque and drag torque (see Section 4.2).

It is important to notice that, when the light is elliptically polarised (as is
usually the case in experiments), both terms of Equation 4 play a role.
A particle will only undergo continuous spinning when the circular portion
of the polarisation is larger than the linear portion [87], i.e. the rotation
torque (Equation 6) is larger than the orientation torque (Equation 5). Thus,
there is a minimum ellipticity value that will produce rotation. Again, the
particle may not spin due to the environmental conditions, as outlined
above for the case of spinning in linearly polarised light and discussed in
Section 4.2.

The transfer of spin angular momentum from light to a mechanical object
was first demonstrated by Beth [88] in 1936. In this seminal work, he measured
a 0.1 fN m torque produced by the change in the angular momentum of
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polarised light passing through a one-inch diameter birefringent plate made of
quartz, and confirmed that his results agreed with the predictions made by both
the electromagnetic and quantum theories of light. Even replacing Beth’s
tungsten lamp with a few milliwatts of laser power would only produce
a torque sufficient to make an one-inch diameter, 1 g waveplate undergo one
full rotation every 8 months! These numbers might make one think that Beth’s
result may have just been a curiosity, but decades later, it was demonstrated that
the phenomenon proved by Beth can be used to induce a substantial torque on
optically trapped microscopic particles. Illuminating 12 pm-diameter calcite
particles dispersed in distilled water with 50 mW of laser light, Friese et al.
demonstrated rotation rates of over 350 Hz [77].

3.2. Absorption-induced spinning

Now imagine a perfectly spherical non-birefringent particle trapped in
a circularly polarised beam. In this situation, spin angular momentum can
only be transferred to the particle through absorption [89,90]. Marston et al.
[91] calculated the time-averaged torque caused by a circularly polarised
plane wave on a homogeneous isotropic sphere to be

Topt = aserOabs o,, (7)
Wlaser

where I, is the laser irradiance and o,,, = a®Qyp, the absorption cross-
section of the particle, with Q,ps the absorption efficiency. We have intro-
duced the dependence on the polarisation state o, of the light (0, = +1,0 for
circularly and linearly polarised light, respectively) to stress that the torque
is proportional to the spin angular momentum o,4 carried by the photons,
and highlight that there is no contribution from this torque when the light is
linearly polarised. This is in contrast to the case of the torque due to the
anisotropy of the particle (Section 3.1), in which the linear and circular
portions of an elliptically polarised beam affect the rotation of the particle.

For an absorbing particle trapped in circularly polarised light, the mag-
nitude of the optical torque only depends on the capacity of the particle to
absorb the incident light. For a highly-absorbing particle much larger than
the trapping wavelength, Qu»s =~ 1 is theoretically expected [91]. That was
the favourable situation that allowed the first observation of absorption-
induced rotation for microscopic CuO particles [89]. For smaller particles
the absorption cross-section is reduced, decreasing the amount of laser
power absorbed by the particle. However, sub-wavelength metallic particles
can support surface plasmon resonances that increase Q. at particular
wavelengths determined by their dimensions and the dielectric properties
of the environment. Thus, metallic nanoparticles spin at a rotation rate
strongly dependent on the surrounding medium, which makes them ideal
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candidates for sensing applications, e.g. the detection of the attachment of
molecules to the particle surface, which modifies both the local viscosity and
plasmonic response of the particle [92].

Absorption of light is frequently linked to heating, which usually needs to
be avoided due to the structural changes that the temperature increase can
produce to the environment or the spinning particle itself. This limits the
power range that can be used, hence placing a ceiling to the rotation rates
that could be achieved. This drawback is particularly relevant when the
particle is levitated in gaseous environments and the heat dissipation
mechanism are highly inefficient [93]. Nevertheless, this temperature incre-
ment enables the study of non-equilibrium hydrodynamics (see Section 5.4),
and can be harnessed to create faster rotations (see Section 5.2) as the
viscosity of the environment reduces (see Section 4.2).

3.3. Orbital motion

An object can undergo a curved trajectory around a point outside its own
volume if the acceleration (net applied force) is not parallel to its velocity.
In a light field with inclined phase fronts, the wavevector k is no longer
parallel to the propagation axis of the beam (see Figure 3(a,b)). This leads
to a scattering force which creates transverse momentum of the particle,
and can be harnessed to produce orbital motion of a trapped particle
around a closed circuit.

(a) | (b) 0 | (d)

Figure 3. Rotational motion induced by orbital angular momentum. (a) Schematic showing the
‘twisted’ isophase of a Laguerre-Gaussian beam, where the colormap shows the beam intensity
at each position. (b) The wavevector of a Laguerre—Gaussian mode is not parallel to the
propagation direction of the beam, but can be visualised by considering a skew ray picture
(figure modified from [94], Copyright (2000), with permission from Elsevier). The arrows show
the direction in which the scattering force acts, while the gradient force pulls the particle to the
location of maximum intensity. (c) When the particle is smaller than the spatial extent of the
beam, it is trapped in the ring of maximum intensity and orbits around the beam propagation
direction. (d) However, if the particle is larger than the spatial extent of the beam it is trapped
on the central beam-axis and spins.
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The most common method to create a closed trajectory is to illuminate
the particle with a Laguerre-Gaussian beam. In contrast to zero-order
Gaussian beams, Laguerre-Gaussian modes may have azimuthally inclined
phase fronts. From a ray-optics perspective, these wave fronts can be seen as
skew rays that point perpendicularly to the phase front [94] (Figure 3(b)).
As k now has a component in the azimuthal direction around the beam’s
optical axis [95], scattering or absorption causes a particle trapped in such
a beam to undergo a circular motion around the beam axis.

These tilted phase fronts are associated with the orbital component of the
angular momentum of the light. Allen ef al. [96] mathematically demon-
strated that a Laguerre-Gaussian laser mode has a well-defined orbital
angular momentum €% per photon encoded in the transverse profile of
the beam, through a phase component of the form exp(i€¢). Here € is
known as the azimuthal mode index or topological charge, which takes
positive or negative integer values and is the number of 277 phase windings
the electric field undergoes over a single wavelength. (In general, any beam
with tilted phase fronts carries orbital angular momentum about the beam
axis [97].) A Laguerre-Gaussian beam has zero intensity in the centre due to
the presence of this optical vortex, and therefore the intensity forms a ring-
profile. The radius r¢ of the ring increases with the topological charge (i.e.

r¢ = \/z¢€ [k, with z; the Rayleigh range of the beam), and can therefore be
tuned in an experiment.

A particle can be trapped by the gradient force at the radius of maximum
intensity.* Orbital rotation around a circular path following the beam profile
is induced if the particle is trapped off-axis (Figures 3(c and 2(h)), i.e. in
a beam with a spatial profile much bigger that the particle size [95,97-101].
On the other hand, particles larger than or comparable to the spatial extent
of the beam profile can be trapped on the beam axis and spin [102,103]
(Figure 3(d)). This phenomenon led He et al. [102] to observe for the first
time the transfer of orbital angular momentum to particles made of super-
conductive ceramic and cupric oxide trapped in a linearly polarised € = 3
Laguerre-Gaussian beam. This is interesting as it offers an avenue to realise
spinning motion for low-absorption, perfectly spherical, non-birefringent
particles, to which spin angular momentum of light cannot be transferred
efficiently (see Sections 3.1 and 3.2).

The optical torque produced by orbital angular momentum transfer is
analogous to that exerted on an absorptive particle by spin angular momen-
tum transfer (see Equation 7), but proportional to the orbital angular
momentum of the beam [89,95]

Topt _ Ilaser(aabs + oscat) €, (8)

Wlaser
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with oy the scattering cross-section, which usually dominates over s
[100,104]. In contrast to the transfer of spin angular momentum, a larger
torque can be applied per photon due to the fact that € can take values much
greater than one.

The application of torque due to the orbital angular momentum of light
places no particular demands on the characteristics of the particle itself, i.e.
it can be applied to particles without the requirement of high absorption,
non-sphericity or intrinsic birefringence. Instead, what is required to gen-
erate the torque is control over the phase and amplitude of the light.” The
generation of such structured light is exceptionally well-reviewed, see e.g.
[48,105-110], due to applications across disparate fields of optics (see
[111,112] for roadmaps of this area).

3.4. Interplay between spin and orbital angular momentum

The properties of the light and the way it illuminates the particle, together
with the characteristics of the latter, will determine whether both, just one or
none of the angular momentum components are transferred to the particle
and hence influence its motion [101,103,113]. Thus, the main mechanism
which transfers angular momentum from radiation to matter strongly
determines the behaviour of the particle. For example, scattering and
absorption of the light play a role in the transfer of orbital angular momen-
tum (see Equation 8), while spin angular momentum can only be trans-
ferred to a spherical, non-birefringent particle through absorption (see
Section 3.2). This is relevant when the beam carries both components but
has zero total angular momentum (i.e. the spin and orbital angular momen-
tum have equal magnitude but opposite sign). For example, a Laguerre-
Gaussian beam with a spin angular momentum of — 1 and a topological
charge of 1 can still induce the rotation of a spherical, non-birefringent, and
non-absorbing particle [98], because the polarisation state has no influence
on the scattering force responsible for the transfer of orbital angular
momentum. Thus, the dynamics of the particle can be used to determine
the nature of the interaction between the particle and the light, and as
a probe of the light field (see Section 5.1).

For a highly absorbing particle (i.e. 0scat << 0aps), spin and orbital angular
momenta are transferred with the same efficiency (i.e. the optical torque
equals the sum of Equations 7 and 8) so that the applied torque is propor-
tional to the transfer of total angular momentum (o, + €)% [97]. Thus, for
such a particle in a circularly polarised Laguerre-Gaussian beam, the optical
torque and hence the rotation frequency increases (decreases) when the spin
and orbital angular momentum of the light have the same (opposite) sign
[89,103].
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This may make one think that an absorbing particle in a circularly
polarised Laguerre-Gaussian beam with zero total angular momentum
would not rotate. However, this is not the case since the two components
of the angular momentum are decoupled only in the paraxial approximation
(kz¢> 1). When the beam is focused, as is common in optical trapping,
a non-paraxial theory is necessary to describe the system which leads the
appearance of a mixing term in the optical torque [89]

2kze !
(O'Z+€)+O'Z(W—1‘1> ], (9)

o TlaserOabs
Topt = —
Wiaser

where (p + 1) is the number of radial nodes of the Laguerre-Gaussian mode.

The interplay of the two components of the angular momentum can be
advantageous. For example, the polarisation can be used to stabilise
a particle orbiting along the high-intensity ring of a Laguerre-Gaussian
beam in liquid media. If circularly polarised light is used, the gradient forces
generated by the Laguerre-Gaussian beam exhibit circular symmetry in the
radial direction around the optical axis, which favours a better confinement
of the particle along the whole trajectory [95].

Focusing the beam not only induces a mixing of the angular momentum
components in a beam that carries both spin and angular momenta, but it
can also induce the appearance of orbital angular momentum in a beam
with only spin angular momentum [114,115], and vice versa [116]. For
example, an aplanatic lens can be used to focus a circularly polarised
Gaussian beam and introduce a phase component of the form exp(io,¢),
which can induce orbital motion of trapped particles [117].

3.5. Rotation in alternative geometries

Going beyond single-beam optical tweezers, many alternative optical trapping
geometries have been designed with advantages for particular applications.
Rotational motion can also be realised in these alternative geometries. As
examples, we consider traps formed by counter-propagating beams, which
allow the confinement of larger and motile samples and offer increased
resilience to fluctuating experimental parameters [5,118], plasmonic tweezers
which allow trapping of very small particles at low optical power [119], and
trapping in evanescent fields, e.g. those of optical nanofibres which offer
promise for long-range optical trapping within samples [120,121].

3.5.1. Rotation in counter-propagating beams

As in the case of unbalanced scattering and gradient forces in a free-
space optical trap, the scattering forces of multiple laser beams, such as
two misaligned [122,123] or tilted [124] counter-propagating beams,
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can be used to generate a net force able to make the particle follow
a trajectory. The speed and shape of the motion can be controlled by
the laser power, radial misalignment, axial separation, and angle
between the two beams.

Even without imbalanced or misaligned beams, counter-propagating
optical traps allow one to have full control over the orientation and
rotation of asymmetric particles. This is in contrast to a single Gaussian
beam, in which elongated particles smaller than the beam spot tend to
align with the polarisation (see Sections 3.1.1 and 4.1.3), while larger
particles align their longest dimension along the beam propagation
direction [61,113]. In a counter-propagating dual-beam trap, cylindrical
particles can adopt a variety of orientations depending on the size,
shape, and polarisation of the beams, and the particle’s aspect ratio,
due to the interplay between the gradient and scattering forces and the
generated optical torques [113]. When the counter-propagating beams
are linearly polarised along the same direction, a cylinder larger than
the beam waist can be stably trapped perpendicularly to the beam axis
in one of the high-intensity fringes of the standing wave created by the
interference of the beams. A striking example of the utility of rotation
in dual-beam traps was provided by Kreysing et al. [125], who formed
a dual-beam trap using one Gaussian beam and one beam with a dual-
lobed transverse profile which could be dynamically rotated. This setup
allowed full control of the orientation, and therefore tomographic
imaging, of individual cells and cell clusters up to 100um in size
(Figure 4(a)).

In the balanced dual-beam configuration, if the beams have opposite
circular polarisation, the cylinder spins around the beam axis due the
transfer of spin angular momentum produced by anisotropic scattering
(see Sections 3.1.2 and 4.1.3). This does not happen if the particle is
oriented with its symmetry axis parallel to the beam propagation direc-
tion [113,126]. In these configurations, rotation can also be produced by
orbital angular momentum transfer [113]. A silicon cylinder trapped in
the high-intensity ring and parallel to the axis of two counter-
propagating Laguerre-Gaussian beams orbits in both linear and circular
polarisation. When trapped perpendicularly, both spin and orbital
momentum are transferred to the particle, which orbits around the
beam propagation direction and spins about its own axis in circularly
polarised light (Figure 4(b)). It is worth noting that, if the counter-
propagating linearly polarised beams have the same topological charge,
the total angular momentum is zero and the particle does not
orbit [63].
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Figure 4. Rotational motion in complex configurations. (a) Rotation of a cluster of cells in a
counter-propagating beam trap, where one beam has an asymmetric intensity profile which is
rotated. Reprinted with permission from [125] © The Optical Society. (b) A silicon nanowire
trapped transversely to the beam propagation direction undergoes combined orbital and
spinning motion in a circularly polarised trap formed by two counter-propagating Laguerre-
Gaussian beams. Adapted with permission from [113]. Copyright 2019 American Chemical
Society. (c) A polystyrene microparticle trapped in the evanescent field of a tapered optical
fibre follows a helical trajectory. Adapted with permission from [58] © The Optical Society. (d)
Orbital motion of a polystyrene nanoparticle around a plasmonic nanopillar. The particle is
trapped in one of the hot spots generated by the plasmonic tweezer when illuminated with
linearly polarised light, and orbits when the polarisation is rotated. Adapted by permission from
Springer Nature Customer Service Centre GmbH: Springer Nature, Nat. Commun [56]., © 2011).
(e) Rotation of two mesoscale optical matter arrays formed by optically bound silver nanopar-
ticles trapped in circularly polarised light. Figure adapted from [138] (CC BY 4.0).

3.5.2. Rotation in plasmonic nanotweezers

Plasmonic nanotweezers are structures able to confine incident light into
a sub-wavelength volume. In turn, this enables the creation of enhanced
gradient forces able to confine nanoparticles and biological molecules in
liquid medium with milliwatts of optical power.® Alignment [127] and
rotation [56,128,129] of particles can also be achieved in these trapping
systems. As an example, Wang et al. [56] showed orbiting of polystyrene
nanospheres around a plasmonic nanopillar using both linearly and cir-
cularly polarised light. When using linearly polarised light, the nanopillar
generated two diametrically opposed hot spots at which the particles were
trapped. Orbital motion around the pillar was achieved by rotating the
linear polarisation (Figure 4(d)). On the other hand, when the plasmonic
nanotweezer was illuminated with circularly polarised light, the pillar
confined the field in a ring around it with an energy flow in the same
direction as the handedness of the light. The particles were trapped in the
ring and the scattering force caused them to orbit the pillar in the same
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direction as the energy flow. The possibility of introducing rotational
motion in nanotweezers widens the application range of rotational
dynamics to the nanoscale. These plasmonic structures might be used to
tully control the orientation and rotation of untethered biologically rele-
vant single molecules, or to use rotational motion as a battery to store
energy from the electromagnetic field [128].

3.5.3. Rotation in optical fibres or resonators
Rotational effects can also be implemented using guided-wave optics such as
optical fibres and whispering gallery mode resonators.

Orbital motion of particles driven by light carrying only spin angular
momentum can be achieved in the evanescent electromagnetic field pro-
duced by total internal reflection and guiding of light, such as in the case of
light guided by an optical fibre. In such fields, the spin and orbital angular
momenta couple, which leads to the appearance of a spin angular momen-
tum component perpendicular to k. Thus, a particle in that evanescent field
can experience a transverse spin-dependent force that can induce orbital
motion. This effect was demonstrated by Tkachenko et al. [58] using
micron-sized polystyrene beads. When two circularly polarised beams
with the same polarisation are coupled to opposite ends of a single-mode
tapered fibre, the beads follow helical trajectories around it (Figure 4(c)),
while orbital motion at a fixed axial position is achieved for balanced,
counter-propagating beams with opposite circular polarisation. The authors
suggested that, apart from providing very suitable experimental conditions
to evidence the existence of a transverse, spin-dependent radiation force in
an evanescent electromagnetic field, the rotational dynamics of the particle
might have application as a controlled rotary pump to generate fluid fluxes
at the microscale.

As another example of rotation in guided light, Arnold et al. [59]
observed the orbital motion of 375 nm-radius polystyrene nanoparticles
trapped in heavy water in the evanescent field created by a circulating
whispering gallery mode excited in a 45 um-diameter silica microsphere.
The nanoparticles orbited the resonator at a rate of 0.2 Hz for 40 uW input
power, but only for a few revolutions before escaping. The analysis of the
dynamics of the particles in the evanescent field was proposed to have
applications for mass and size spectrometry.

3.6. Rotation in the presence of multi-particle interactions

So far, we have concentrated on experimental scenarios where we control
the rotational motion of individual particles. However, it is possible to
simultaneously trap more than one particle, and the rotational motion can
be used as a probe of the multiparticle interactions via hydrodynamic
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coupling or optical binding. In turn, these can be used to control the
rotational motion of more than one particle.

For example, multiple particles can be brought together into a single
optical trap by gradient forces and undergo independent rotation (i.e.
circulate along a closed trajectory [99,100,130,131]) or rotate as a single
entity. In this second situation, the material properties of the individual
particles and the total size and shape of the joint structure will determine the
applied optical torque. For example, Shen et al. [132] confined gold nano-
particles in the intensity minimum of a Laguerre-Gaussian beam, and
observed the formation of agglomerates of up to three particles. These
trimers spun as a single entity in a circularly polarised £ = 1 beam [132],
exhibiting the same dynamics as would be seen with a single gold particle of
comparable size to the Laguerre-Gaussian ring profile (see Section 3.3).
When multiple particles confined within a volume interact with each
other, the group of particles may behave differently from a single particle.
In fact, it has been widely observed that it is much easier to set a group of
particles into rotation than a single one in a highly focused Laguerre-
Gaussian beam. Tao et al. [133] studied this phenomenon using 3 pm
diameter latex spheres in deionised water. The hydrodynamic interaction
between the particles leads to a drag torque smaller for the group of particles
than that for an individual sphere. The drag on a single particle due to
a neighbouring particle depends on their size and relative distance and
position. Thus, certain particle arrangements (i.e. a full vs an incomplete
ring) can lead to a decrease on the drag torque, leading to a faster rotation.
Furthermore, the rotational dynamics of multiple particles circulating in
concentric rings constitutes a model for the study of many-body hydro-
dynamic coupling at the micron-scale, where the inter-particle interaction
occurs within and between rings [131].

In the previous situations, the particles are confined within the high-
intensity ring of the Laguerre-Gaussian beam and can act as a whole due to
the hydrodynamic interaction. However, the light scattered by each particle,
especially in the case of metallic particles, can produce an electromagnetic
particle-particle interaction referred to as optical binding [134], which
makes the particles arrange themselves at a stable position and orientation
[113] where the radial forces acting on them are zero. Dienerowitz et al.
[104] observed the rotation of two 100 nm gold nanoparticles confined to
the dark core of a Laguerre-Gaussian beam. The particles underwent syn-
chronised co-rotation about the centre of the beam while keeping the largest
separation possible. Similarly, multiple dielectric particles trapped in the
high-intensity ring of a Laguerre-Gaussian beam orbit around the beam axis
at a fixed separation [63].

Apart from controlling the relative position and orientation of the parti-
cles, optical binding can give rise to optical torques which result not only in
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particles spinning about their own axis under linearly polarised light, but
also orbiting together around their common centre-of-mass when trapped
in light without orbital angular momentum [135,136]. Haefner et al. [135]
theoretically studied the optical torques acting on two optically bound
spheres when illuminated by both a linearly and a circularly polarised
plane wave. In linearly polarised light, the generated torques produced by
conservative forces make the particles orient perpendicularly to the polar-
isation, as if they were a single, elongated particle (see Section 3.1.1). The
particles also spin about their own axis when the dimer is neither parallel
nor perpendicular to the polarisation. On the other hand, non-conservative
forces generate both orbital and spin torques that set the particles into
continuous rotation when illuminated with circularly polarised light. The
magnitude of both torques increases with the laser power and particle size,
and it will be larger than the thermal-induced motion for certain values of
these parameters, thus a priori experimentally accessible. For particles larger
than a tenth of the wavelength, the orbital and spin rotation directions
change depending on the particle size, and the first is also determined by
the relative distance. This is unlike small particles, for which the orbital and
spin torques always have opposite direction. They also compare the spin
torque due to binding and that produced by absorption for a silica particle
and found that the absorption-induced spin dominates for particles larger
than one-tenth of the wavelength, but the total optical torque can be below
the maximum produced by absorption since the spin torque produced by
optical binding can be opposite to the handedness of the polarisation.

These theoretical predictions, in particular the appearance of the a priori
counter-intuitive negative optical torque (i.e. rotation opposite to the direc-
tion of the beam’s angular momentum), were recently experimentally
observed by Sule et al. [137] on optically bound dimers formed by 150 nm-
diameter silver nanoparticles trapped in deionised water with a focused
circularly polarised Gaussian beam. Negative optical torque was only possible
for a distance between particles of 400 nm, which was an unstable position,
thus hardly accessible in their experimental conditions. At this separation,
they observed the transition between the near-field and the optical binding
regimes. In the first case (distances of 200-300 nm), when trapped with
linearly polarised light, the dimers oriented along’ and followed the laser
polarisation when it was rotated, while under circularly polarised light they
rotated around their common centre-of-mass in a direction determined by
the handedness of the beam. At optical binding distances (~ 600 nm), the
particles did not rotate in circularly polarised light.

The first realisation of stable and tunable rotation of multiple optically
bound particles in a circularly polarised trap was performed by Han et al.
[138]. They studied self-organised silver nanoparticles forming mesoscale
optical matter arrays with variable number of particles in different
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configurations. The particles were trapped against an upper coverslip with
a collimated circularly polarised beam and spun around their common
centre-of-mass (Figure 4(e)). They experimentally showed that the magni-
tude and direction of the applied optical torque depended on the number of
particles, their separation and configuration. From Mie theory calculations
they also found that the lattice plasmon resonance affects the direction of
the optical torque, which is negative (i.e. induces opposite-handedness
rotation) for wavelengths larger than the plasmon resonance. Their theore-
tical study and simulations showed that the rotation direction depends on
the rotational symmetry of the array and the induced phase retardation.
This study enables the design of tunable electro-dynamic materials that
allows programmable transduction of light into mechanical forces, and
have application as mechanical rotors (Section 5.2) or rheological probes
(Section 5.3).

Optical binding can also enhance the interplay between the spin and
orbital angular components in circularly polarised Laguerre-Gaussian
beams. The azimuthal component of the inter-particle light-induced
forces produced by the spin angular momentum can accelerate or
decelerate the orbital motion produced by the transfer of orbital
angular momentum, as has been theoretically demonstrated by
Tamura et al. [139].

4. Experimental design

As we have seen in Section 3, the rotational dynamics of the particle
depend on its properties and those of the light field. For example, perfectly
isotropic non-absorbing spheres experience no torque other than the
orbital torque in a Laguerre-Gaussian beam; non-birefringent perfect
spheres can spin if they absorb; asymmetric (by birefringence or shape)
but non-absorbing particles can spin or librate if they scatter photons. In
this section, we discuss the choices available in designing the particle
(Section 4.1), the environmental factors which determine the maximum
speed of rotational motion (Section 4.2), and review methods for the
detection of the particle’s rotation and the measurement of the applied
optical torque (Section 4.3).

4.1. Making rotors

Tailoring the phase and amplitude of the light allows the generation of
orbital motion (Section 3.3). To generate a spin or librational torque usually
requires manipulation of the light’s polarisation (which can be tuned using
waveplates), and the characteristics of the particle. In this section we discuss
how the material properties (birefringence, absorption, and shape) of the
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optically trapped rotors can be tailored to maximise the transfer of angular
momentum and, hence, the rotation rate.

4.1.1. Particles with intrinsic birefringence

A perfectly spherical homogeneous transparent particle will be unaffected
by the spin angular momentum of the trapping beam. However, if we
provide the particle with an internal asymmetry, i.e. we make the particle
with a birefringent material, it could rotate around its centre-of-mass due to
spin angular momentum transfer.

A birefringent material is one with a susceptibility which is not the same
in all spatial directions, i.e. it is not optically homogeneous. When the light
passes through such an anisotropic material, the components of the electric
field travel at a different speed and therefore undergo different phase shifts,
since the material presents different refractive indices along the different
spatial directions. As a result, the polarisation of the incident light changes
depending on the relative value of the induced phase shifts, leading to
a transfer of spin angular momentum.

There are naturally-occurring birefringent materials, such as the calcium
carbonate mineral calcite [77] or the silicon oxide mineral quartz [76,140].
The first birefringent particle that was spun in an optical trap was
a microscale irregular fragment of crushed calcite (Figure 5(a)) [77].
Although a non-spherical shape can be beneficial for spin angular momen-
tum transfer (see Section 4.1.3), it may complicate the interpretation of
rotational motion of the particle seen in experiments, which is mandatory
for most applications. For this reason, Bishop et al. [141] developed
a synthetic method to prepare spherical birefringent vaterite microparticles
(Figure 5(b)), another calcium carbonate mineral. Currently, vaterite parti-
cles are used for experiments in both the overdamped [46,141-143] and
underdamped [144-146] regimes, and even nanovaterite crystals can be
synthesised and optically spun [147].

Despite their versatility and widespread use, calcium carbonate minerals
(especially of such small sizes) degrade in aqueous media. This motivated
the search for novel optically anisotropic materials such as liquid-crystal
emulsions [47,148,149] (Figure 5(c)), polymers [70,80] or birefringent syn-
thetic crystals. Micro and nanoparticles made of fluoride crystals, such as
LiYF, (YLF) [83,150] and NaYF, [17,18,61,151,152] (Figure 5(d)), have also
been aligned and spun in optical traps. The main feature of these particles is
that the synthesis procedure allows them to be doped with rare-earth ions
that provide them with special characteristics such as the ability to control
[83,150] and measure [152] temperature. Other types of dielectric particles,
such as those made of rutile TiO, [153] or Hg,Cl, (Calomel) [101], present
higher refractive indices which enhance the applied optical forces and
torque.
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Figure 5. Gallery of rotors. (a) Asymmetric fragment of crushed birefringent calcite (Adapted by
permission from Springer Nature Customer Service Centre GmbH: Springer Nature, Nature [77],
© 1998). (b) Spherical birefringent vaterite microparticle. Figure adapted from [145] (CC BY 3.0).
(c) Ellipsoidal birefringent liquid crystal drop. The cross-polarised photomicrograph (right)
shows the optical asymmetry of the particle [148] (Copyright 2005 WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim). (d) NaYF, hexagonal birefringent microdisks [151] (Copyright 2018
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim). (e) Gold nanorods. Adapted with permission
from [92]. Copyright 2015 American Chemical Society. (f) Silica nanodumbbells. Reprinted
figure with permission from [81]. Copyright (2018) by the American Physical Society. (g)
Silicon nanocylinder. Figure adapted from [82] (CC BY 4.0). (h) Bespoke polymer microrotor.
Figure adapted from [158] © 2005, Springer Nature. (i) Specially designed resin ‘sprinkler-
shaped microrotor for optimised generation of fluid flow. Reprinted from [159], with the
permission of AIP Publishing. (j) Janus particle formed by a polystyrene microsphere with a half-
shell of gold. Adapted with permission from [169]. Copyright 2015 American Chemical Society.
(k) Cross-polarised micrograph of a chiral polymeric spherical birefringent liquid crystal micro-
particle showing the internal spiral structure. Figure adapted from [170] (CC BY 4.0).

Quartz, calcite, and vaterite, together with certain crystalline structures
and liquid-crystal particles, are uniaxial materials, i.e. they present two
distinct refractive indices along two orthogonal directions (the ordinary
and extraordinary axes). In this case, a birefringence value An, given by
the difference between the ordinary and the extraordinary refractive indexes
(An = ny, — ne), can be defined. The atomic and crystalline structure of the
material determines the particle’s birefringence (see Table 1), and the
effective value can differ from that reported for the bulk material depending
on the illumination conditions (i.e. plane wave/focused beam, portion of the
particle’s volume that is irradiated).
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Table 1. Birefringent particles used in optical rotation experiments.

Material An Shape Size (um) Aaser (NM) Ref
Quartz + 0.009 Prolate ellipsoid 1 - [76]
Cylinder 0.53 x 1.1 1064 [140]
Calcite -0.16 Irreqular 1 1064 [77]
Vaterite +0.1 Sphere 0.8 532 [147]
1.5-3.5 1064 [141]
4.4 1070 [145]
5 1064 [146]
YLF Irreqular 0.2 ~1000 [83]
NaYF,4 0.027 Hexagonal disk 5x 1.2 784 [151]
Rutile TiO, 0.26 Cylinder 0.15-0.4 1064 [153]
x 0.5-1.5
Hg,Cl, 0.683 Irreqular 1x3 1064 [101]
Liquid-crystal 0.151-0.251 Sphere 1-15 598 [149]
0.18 0.6-1.2 1064 [47]
0.14 Spheroid 2 1070 [148]
Fluorinated -0.13 Square 12 1064 [80]
polyamide
a-eicosene wax Round disk 24 633 [70]

For approximately-spherical particles, size denotes the diameter. For asymmetric particles we use the notation
2a x d, where a is the radius, and d the length along the other dimension. We also include the trapping
wavelength, as the torque depends on the ratio of particle size to wavelength.

The value of An and the size of the particle (i.e. path length of the light
travelling through the material) determine the magnitude of the applied
optical torque (see Equation 4), since they are responsible for the induced
phase shifts in the light polarisation components (i.e. retardation). To
optimise the spinning torque (Equation 6) exerted by pure circularly
polarised light, the particle should introduce a phase retardation which is
an odd-valued integer multiple of 7 (i.e. the particle should act as a half-
wave plate), hence

d 1
= An=-. 1
Alaser " 2 ( 0)

This means that a particle with a birefringence value in the range 0.01-0.7
should have a thickness of ~ 1-50 times the trapping wavelength to max-
imise the applied torque.

It is worth noting that the thickness of the particle also determines
whether it would rotate under elliptically polarised light [77]. For a given
polarisation ellipticity, the particle size can be chosen to produce an orien-
tation torque (first term in Equation 4) weaker than the spinning torque
(second term in Equation 4), allowing the particle to always spin even when
the polarisation is not purely circular.

4.1.2. Absorptive particles

While only limited materials exhibit birefringence, all materials absorb
light to a greater or lesser extent. Dielectric birefringent particles are
usually said to be transparent since they present weak absorption to
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the trapping wavelength (i.e. 0yt > 0,15); hence, the transfer of angular
momentum is dominated by scattering, but not restricted to only it.
Nanovaterite particles have been spun in heavy water when trapped
with a wavelength of the order or larger than their diameter [147],
contrary to what one would expect from the previous discussion in
Section 4.1.1. In this case, the spin angular momentum transfer
through birefringence was likely complemented by that produced by
the absorption of the trapping wavelength.

As we discussed in Sections 3.2 and 3.3, the transfer of both spin
and orbital angular momenta can also be achieved through absorption.
This optical torque (see Equations 7 and 8) is proportional to the
amount of laser power absorbed by the trapped particle, which
depends on its absorption coefficient. Thus, one can choose to work
with particles that present high absorption to the trapping light to
enhance the angular momentum transfer and hence the applied optical
torque. Unlike dielectrics, the imaginary component of the complex
refractive index of metals is significant, which leads to a much larger
absorption cross-section (e.g. an 0,ps~107'* has been reported for gold
nanoparticles in comparison to that for quantum dots g,,s~10"'* and
dielectric materials o,p,~107"° [154]).

In Table 2 we include examples of particles that have been rotated due to
absorption-mediated angular momentum transfer. As can be seen, dielectric
particles with low absorption coefficient can be spun but only in vacuum at
very low damping rates. Subwavelength particles can also be rotated despite
the absorption coefficient decreasing with the particle size. In this situation,
one can make the appropriate match between the particle’s material and
trapping wavelength to take advantage of optical resonances at which
absorption is enhanced. The most well-known optical resonances are the
localised plasmon resonances that occur in noble metals of nanometric size.
The spectral position of these resonances depends on the particle size and
shape, therefore these parameters can be tailored to match the experimental
requirements.

Table 2. Absorbing particles use in optical rotation experiments.

Material Shape Size (um) Ref
Gold Commercial 0.2 [90,95]
Cu0 Irregular 1-5 [89]
Silica Sphere 10 [146]
0.1 [172]
Graphene Flake few [315]
SiC Irregular 0.34-16.4 [155]

Size refers to the diameter or longer dimension of the particle. We note that spinning of spherical silica has only
been observed in high vacuum due to the extremely low torques applied.
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4.1.3. Particles with form birefringence

The particle’s shape can also be engineered to allow the angular momentum
to be transferred through scattering. Non-spherical particles present
a shape-induced birefringence that will make them experience an optical
torque similar to those with an internal birefringence. In fact, the applied
torque on an asymmetric particle can be much larger than that exerted on
a spherical particle of the same size and made of the same material, leading
to faster rotations [49].

Non-spherical particles present a non-homogeneous susceptibility with
different values along different spatial directions. As an example, an elon-
gated particle (Figure 5(e-g)) will be more polarisable along its longitudinal
direction than its shortest dimension, and this difference can be large
enough to allow angular momentum to be transferred even for subwave-
length particles or biological material (see Table 3). Hoang et al. [75]
calculated the susceptibility along the major and minor axes of an ellipsoidal
nanodiamond with an aspect ratio of 1.25: x,=2.05 and x =1.74, respec-
tively. These susceptibilities give a shape-induced birefringence value of 0.1,
comparable to that reported for birefringent crystals (see Table 1).

This shape-induced birefringence can compete with the internal birefrin-
gent character of the particle [157]. The dimension that presents the largest
susceptibility is referred to as the optical axis of the particle. When trapped
in linearly polarised light, the particle will try to align this axis along or
perpendicularly to the electric field, depending on the induced light retarda-
tion [80]. The symmetry and optical axes of non-spherical birefringent
particles are not necessarily the same, as in the case of elongated calcite
particles. Thus, these particles present additional rotational degrees of free-
dom, unlike, for example, quartz particles whose optical and symmetry axes
are aligned [76]. The interplay between the susceptibility along these axes

Table 3. Shaped particles used in optical rotation experiments.

Material Shape Size (um) Ref
Gold Cylinder 0.065 x 0.130-0.170 [92]
Silica Dumbbell 0.17 x 0.33 [81]
Cross 13 x 10 [160]
Silicon Cylinder 0.13 x 0.725 [82]
0.078 x 6 [113]
Polystyrene Oblate ellipsoid 2 [126]
Resin Sprinkler 10, 5 [159,161]
Cross 3 [156]
NaYF, Cylinder 0.14 x 1.1 [61]
Polymer Bespoke ~5 [158]
Glass Cylinder 5 [64]
Teflon Irregular 2 [103]
Chromosome Cylinder ~6 [64]
Red blood cell Disk 6 [190]

For approximately spherical particles, size denotes the diameter. For asymmetric particles we use the notation
2a x d, where a is the radius, and d the length along the other dimension.
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will determine the different torques that act on the birefringent non-
spherical particle and its final orientation and rotation axis [17,157].

As discussed in Section 3.1, the potential torques that can be exerted on
non-spherical nanoparticles (those with at least one dimension much smal-
ler than the trapping wavelength) can be calculated based on the dipole or
Rayleigh-Gans approximations. Within this limit, (which applies to many
experimental cases, such as in [49,55,75]) analytic solutions can be found for
disks, cylinders [74], and ellipsoids [75]. This allows one to find the spatial
asymmetry which gives the largest optical asymmetry (surprisingly, larger
aspect ratio does not imply larger susceptibility difference [81]), and hence
the maximum optical torque. For the case of non-spherical particles com-
parable to or larger than the trapping wavelength, the numerical calculation
of the exact optical torque is more complex and usually requires the use of
numerical methods such as the finite element method [17,126], vector mode
solvers [158], and EBCM method [126].

The ability to numerically simulate the optical torque acting on arbitrary
shaped particles opens up the possibility of theoretically designing exotic and
more efficient optically-driven rotors [158-161] (Figure 5(h,i)). Nowadays,
modern synthesis techniques can produce highly monodisperse, uniform
particles with tailored size and shape, allowing a high degree of repeatability
and predictability in the experiments. The development of microfabrication
techniques, such as reactive ion-beam etching [160], photo- [80,162] and
electron-beam lithography [158], or photo-polymerisation [45,159,161,163],
has enabled the production of particles of almost any shape in a wide range of
sizes. In this case, the particles are made of materials, such as resins and
polymers (photoresist), which only interact with the laser angular momentum
through their shape. In contrast, the available particle shapes for birefringent
[164,165] or metallic [166] particles, which are usually produced by wet
chemical synthetic methods, are limited to those allowed by the atomic
structure of the crystal (i.e. sphere, cylinder, disk, cube). This can be con-
trolled through the reaction conditions and reagent concentrations. Finally,
another simpler strategy to produce non-spherical entities to which angular
momentum can be transferred is sticking together multiple beads [81,167]

(Figure 5(f)).

4.1.4. Exotic rotors

Theoretical modelling also leads to the design of even more exotic hybrid
particles composed of two or more parts that differ in their physical and
chemical properties: the so-called Janus particles [168]. As an example,
hybrid particles formed by a polystyrene sphere with a half-shell of gold
have been shown to undergo stable rotation under linearly polarised light
[169] (Figure 5(j)).
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Despite the potential of theoretically devising novel light-driven rotors,
care must be taken when designing the particle because the parameters
should be within the experimental capabilities, i.e. the particle’s character-
istics that lead to the maximum angular momentum transfer may hamper
the optical confinement of the particle within the trap. This is the case of, for
example, chiral polymeric liquid crystal particles formed by molecules
arranged in such a way that they can selectively reflect light with the same
helicity as their internal structure (Figure 5(k)), through a Bragg reflection
process [170]. As the transmitted light changes its angular momentum, the
particle experiences an optical torque which will be maximum when the
handedness of the light matches the helicity of the particle. However, in
these high-reflection conditions, the particle will not be confined in the
optical trap, but propelled in the beam propagation direction. The reflection
efficiency depends on the wavelength and the particle size, thus these
parameters should be carefully selected to allow both trapping and rotation.®

4.1.5. Multi-particle rotors

While asymmetric particles can be produced by sticking together two beads,
multiple particles do not need to be physically attached to act as a single
entity. Optically bound particles can form so-called mesoscale optical matter
[138] (Figure 4(e)), which can undergo interesting rotational dynamics due
to the inter-particle interactions, as discussed in Section 3.6. In fact, the
rotational dynamics of the assembly of particles that behave as a whole can
be controlled by the constituent particles’ characteristics (size, shape and
material), the separation between them, and the geometry and symmetry of
the array.

4.2. Maximum rotation rate

While care may be taken in the choice of particle and the polarisation,
topological charge and power of the trapping light to produce the largest
possible optical torque, the maximum rotation rate is also governed by the
properties of the environment.

Independently of the origin of the optical torque 7., that drives the
rotation of the trapped particle, when it moves inside a medium, a drag
torque Tgrag Will appear counteracting 7. This drag torque depends on the
properties of the particle (size, shape) and the surrounding medium (visc-
osity, pressure, temperature), through the rotational drag coefficient y,,.
The magnitude of 74, is linearly proportional to the rotation rate of the
particle in the low Reynolds number regime (which is the case for all particle
sizes and experimentally achieved rotation rates in both liquid and gas). As
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an example, the rotational drag coefficient of a sphere spinning far from any
surfaces in a fluid with a viscosity # is Tgrag = 871a° Wyor.

As we have explained in Section 3.1.1, the librational motion of a particle
trapped in liquid medium is driven by the thermal-induced Brownian
motion, which depends on temperature. In addition, the particle angular
motion is restricted by the viscosity of the surrounding medium, i.e. the
mean square angular displacement <A92> of the librational particle in a low-
viscosity medium would increase more rapidly than when it moves in a high

viscosity medium since <A62> = %t [70]. This is only the case for short

times (f < y,,/ko), when diffusion dominates, while for long times
(t > y,../Ko) the particle displacement is restricted by the applied torque,
ie. <A62> — 2T This dependence of the librational displacement on the

Ko
viscosity of the surrounding medium has application in the characterisation
of the rheometric properties of liquids (see Section 5.3).

In the underdamped regime the librational frequency is independent of
the properties of the environment (viscosity, pressure or temperature) but
the coherence of the oscillations increases as the gas damping decreases,
giving rise to high-Q oscillators [75,83]. This allows the properties of the
environment to be measured from the librational damping [83], in analogy
to environmental sensing with translation.

The dynamics of spinning particles offers an interesting departure from
the harmonic oscillator physics of the librational motion. In this case, the
maximum rotation frequency wie*, which is given by the balance between

Topt aNd Ty, is inversely proportional to the drag coefficient y, , = ITo; in
both over and underdamped regimes

T
T (11)
ro

w

where I is the moment of inertia of the particle and I, the rotational
damping rate. The maximum rotation rate can be set experimentally by
tuning 7, (see Sections 3.1.2 and 3.2); hence, the spinning particle can act
as a light-driven actuator (see Section 5.2) able to apply a controlled stress,
which is especially relevant for rheometric studies (see Section 5.3).

The maximum rotation rate will also be determined by y, ., which
depends on the orientation of the particle in respect to the rotation axis
(through I); on the mass, volume and shape of the particle’; and also on the
properties of the environment, i.e. viscosity/pressure [82,145] and tempera-
ture [152]. In analogy to the translational motion (see Equations 2 and 3),
the rotational damping rate for a spherical particle (I = 2/5Ma?) spinning

at low pressure (I>a) is given by
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a 2nM
[ 7! =12.38— &p_ .. 12
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This equation only holds for spherical particles. For asymmetric particles,
a similar expression can be found with the same dependence on the envir-
onmental properties and a proportionality constant that depends on the
geometry of the particle [171].

This damping rate limits the maximum rotation rate that can be achieved
for a given applied optical torque. For example, microparticles in water have
been reported to spin at hundreds of Hz [141], while nanoparticles can
rotate at tens of kHz [92,147] in liquid media due to their reduced size. If the
particle is trapped in a medium with a lower viscosity such as air, faster
rotations can be generated. In fact, in low pressure, spinning particles have
been recorded as the fastest man-made spinning objects [49,81,145,172]
with rotation speeds as high as 5 GHz achieved for a nanodumbbell [49] in
vacuum. It is remarkable to note that, in the space of just over two decades,
the state-of-the-art rotation rate achieved by spin angular momentum
transfer has advanced by over seven orders of magnitude, from a few
hundred Hertz [77] to 5 GHz [49].

As pressures approach the ultra-high vacuum range (typically <107°
mbar), the drag produced by the surrounding molecules is negligible and
the rotation rate of levitated nanoparticles is limited only by the material
properties of the particle [50,81,172-175]: eventually the centrifugal force
acting on the particle will cause it to be ripped apart. Thus rotational motion
provides an interesting new platform to test the material properties of the
particle under extreme conditions. For example, at GHz rotational rates, the
maximum stress exerted on a 170 nm-diameter nanodumbbell was found to
be 13 GPa [81], two orders of magnitude larger than the ultimate tensile
strength of bulk glass.

The exceptionally low values of y_, in low viscosity environments even
allow transparent isotropic particles, such as silica beads, to undergo rota-
tion at high frequencies [146,172]. Monteiro et al. [146] reported MHz
rotation rates for 10 pm diameter amorphous silica spheres, which were
driven by the weak torque likely produced by transfer of spin angular
momentum through the residual absorption of the trapping laser.

The same way as Tgrag places a ceiling to the maximum speed achievable
by a spinning particle, the w¢* of an orbiting particle is determined by 7,

rot
and y .. In this case, the drag coeflicient is proportional to the linear

velocity, ie. y,., = Vg = 6man (see Section 2), and Targ = 6manrew;y is
dependent of the trajectory radius r¢ [95].

However, in low-pressure environments, it was shown that (unlike the
spin or libration frequency) the maximum orbital rotation frequency of
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a silica microsphere in a Laguerre-Gaussian beam was limited by the optical
trapping forces [176]. More specifically, the inertial forces must not be larger
than the restoring force of the trap, which is equivalent to stating that the
rotation rate can be no higher than the radial trap frequency (assuming
circular symmetry). Svak et al. showed similar trap-ejection phenomena due
to chaotic orbital motion of a silica microsphere in a circularly polarised
Gaussian trap [177]. For more complex beams, more intricate orbital
trajectories can be realised in spite of these ejection effects. In Ref [178].,
Arita et al. demonstrated an optical trap generated by a Bessel beam, which
formed a ‘perfect’ vortex'® annulus at the focal plane. In this focal plane,
orbital angular momentum was transferred to a silica microsphere, which
underwent orbital acceleration until it overcame the restoring force of the
trap. However, due to the change in the beam profile along its propagation
direction, the particle was recollected and returned to the bright annulus,
forming complex trajectories in a closed three-dimensional loop.

4.3. Detection of rotation and optical torque

As we will explain in Section 5, the use of the rotating particle for any
application requires the accurate experimental determination of the rotation
rate and the applied optical torque.

The rotational dynamics of the particle can be monitored using a camera
with sufficient spatial and temporal resolution. This simple method can be
used for any material particle and it is especially useful to characterise the
orbital motion. To be applied for spinning particles, they must show an
asymmetry in the plane captured by the camera. In all cases, the size of the
particle should be well above the diffraction limit, but the detection of small
scattering particles (e.g. metallic nanoparticles) can be facilitated using
dark-field illumination [92]. If the frame rate is not high enough to give
a reliable measure of the rotation rate, techniques such as stroboscopic
illumination [145] or post-processing analysis of the images, can be used
to increase the temporal resolution.

The limitations imposed by cameras in the measurement of the fast
rotation rate of highly spherical or small particles can be overcome making
use of fast photodetectors. In this case, the dynamics are imaged using the
changes produced by the particle on the intensity or polarisation of
a reference laser beam, which can be the trapping laser itself or an auxiliary
detection beam. For the detection of spinning motion, the irregularities of
the particle produce a change in the intensity of the forward and back-
scattered light depending on the particle orientation, which is monitored in
the detector [90]. For birefringent particles, the polarisation modulation of
the beam produced by the particle can be converted into intensity changes
using polarising elements (e.g. a polarising beam splitter) [145]. The
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combination of different detectors can enhance the detection of highly
symmetric particles [75,141]. To detect librational motion, where the abso-
lute change in polarisation can be small, it is advantageous to measure both
beams emanating from the polarising beam splitter on a balanced photo-
detector pair [81]. The orbital rotation rate can also be acquired by
a photodetector by the use of a pinhole which only allows the forward
scattered light to reach the detector when the particle passes over it [101].
In all cases, the rotational motion of the particle will be evidenced in the
photodetector signal as a periodic modulation. The rotation rate can be
obtained from the Fourier transform of the signal (more specifically, the
power spectral density is commonly used), which would display peaks at the
rotation rate or the double of its value (for spinning particles), and at its
harmonics [145]. Alternatively, the rotation frequency can be read off as the
inverse of the time elapsed between two peaks in the autocorrelation func-
tion of the signal [90].

The rotation of the particle can also be monitored via the rotational
Doppler effect [179]. Finally, the spectral shape of the emission of certain
types of luminescent particles is orientation-dependent and can therefore
also be used to track the rotational motion [18,61].

The measured rotation rate of the particle links the applied optical torque
with the drag coeflicient (Equation 11). If this drag coeflicient is known, the
optical torque can be directly determined from the measurement of the
rotation rate. However, in most applications, the properties of the environ-
ment, i.e. viscosity (Section 5.3) or temperature (Section 5.4), are those to be
determined, and in this case the optical torque must be experimentally
measured. How this can be done depends on the origin of the optical torque.
For particles spinning due to the transfer of spin angular momentum
through absorption (Section 3.2), the optical torque is proportional to the
fraction of the laser power that is absorbed by the particle (Equation 7), and
the optical torque is determined from the difference in power of the beam
before and after it passes through the particle.

In the case of asymmetric non-absorbing particles (Section 3.1), the optical
torque is proportional to the laser power Py, and the change produced in the
polarisation of the light Ao when it passes through the particle, i.e.
Topt = A0 Plaer / Wiaser- Knowing the laser wavelength and power, only Ac
must be experimentally determined. The polarisation coefficient o =
(P, — Pr)/0, of alight beam can be measured using a polarimeter composed
by a half or quarter waveplate and a polarising beamsplitter, which splits the
left P; and right Py polarisation components. The power of each of these is
measured on separate photodetectors [78,180]. The difference between the
polarisation coefficient of the beam before and after it passes through the
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spinning particle gives the change produced in the polarisation of the
beam Ao = 0y, — Oout

In torsion balance experiments, the particle is forced to maintain
a constant alignment thanks to the orientation torque (Section 3.1.1).
In this situation, the applied optical torque is proportional to the angular
displacement from this stable orientation produced by rotational
Brownian fluctuations or any external force or torque. Thus, as for
a particle undergoing translational Brownian motion where the trap
stiffness can be retrieved from the position distribution, the angular
position distribution <A#* > is used to determine the optical torque
Topt = Ko, with kg = 2kgTeny/ < AB* > (see Section 4.2). In addition, the
optical torque can be calibrated against a known applied torque or force
that displaces the particle from its stable orientation.

The resolutions of torque measurement and angular confinement are
limited by the rotational Brownian motion of the particle [76]. A particle
trapped in a strong optical trap and subjected to a weak torque may display
no rotational motion. Surprisingly, in this situation, the tiny optical torque
can still be retrieved from the translational Brownian dynamics of the
particle [181]. The transfer of angular momentum to the particle induces
an imperceptible rotational motion, but this induces a coupling of the in-
plane translational modes of oscillation of the particle. The presence of this
coupling can be detected in the auto- and cross-correlation functions of the
position distribution and the optical torque can be retrieved from the mean
square displacement of the particle.

5. Applications of rotational motion

Now, we turn our attention to areas of application for rotating particles. We
will review some of the key current and future examples where rotational
dynamics offer significant advantages over other platforms or over the
translational motion.

As we have seen, the properties of the particle can be tailored (see Section
4.1) to enhance its interaction with the light field, which can be used to reveal
hidden properties of the light through the induced rotation of the particle
(Section 5.1). Moreover, the rotating particle also actively interacts with its
surroundings, e.g. creating fluid fluxes, therefore it can be used as a tiny but
powerful actuator (Section 5.2) to apply forces or trigger processes at the
microscale. This fundamental relationship between the rotational dynamics
and the surrounding medium (see section 4.2) makes rotating particles ideal
probes to infer changes or measure absolute values of the properties of the
environment (Sections 5.3 and 5.4) or the particle itself.
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Optically trapped particles are a powerful platform for precision force
and torque sensing (Section 5.5), with important discoveries already realised
in the overdamped regime such as measurements of the torques produced
by small molecular motors that form part of the intricate internal machinery
of the cell. In the underdamped regime, they promise to shed light on
important questions in fundamental physics: putting test particles into
rotation promises to enhance the sensitivity of levitated particles to hitherto
unobserved short-range forces related to the presence of dark matter, dark
energy and vacuum-induced friction. Finally, we will discuss proposals and
prospects for the realisation of macroscopic quantum objects in rotation
(Section 5.6), which may offer insight into the boundary between quantum
and classical physics.

5.1. Measuring and manipulating properties of the light

As discussed in Sections 3.4 and 3.5, the mechanism for the rotation of the
particle can depart from the simple cases of spinning in polarised light and
orbital motion produced by light beams with orbital angular momentum. The
phenomena that give rise to these rotational dynamics are linked to special
properties of the light field and light-induced effects. Thus, the rotating
particle can be used as a powerful probe of the properties of non-trivial
light fields [58,101,178,182], where the particle is not only sensitive to the
linear but also the angular momentum of light. As an example, the transfer of
both spin and orbital angular momentum to a birefringent particle can be
used to determine the radial evolution of the local intensity of a circularly
polarised high-order Bessel beam. The intensity profile of this beam com-
prises a number of concentric rings with increasing radius r, and the same
energy, thus the local intensity is inversely proportional to r¢. As the spinning
torque is directly proportional to the local intensity of the beam, the spinning
rate is expected to decrease as 1/r¢. On the other hand, the azimuthal force
that leads to the orbital motion of the particle is proportional to the local
intensity and inversely proportional to the square of the ring radius, thus the
orbiting rate should go as 1/ r?. Garcés-Chavez et al. [101] confirmed this
theoretical prediction by measuring simultaneously the spinning and orbiting
rates of a mercury chloride birefringent particle trapped in different rings of
the beam, evidencing that both the local intensity and local angular momen-
tum density of the beam can be measured in situ.

Interestingly, the rotating particle can also be used to observe ‘virtual’
properties of the light [177,182] or determine their nature, such as the
intrinsic or extrinsic character of the spin and orbital angular momenta
[97]; demonstrate the mechanical action of conservative and non-
conservative optical forces [69] or the spin flow of a light field [183]; study
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how light interacts with matter [98]; and evidence spin-orbit interactions
[58,99,117,184,185] or other phenomena such as the spin Hall shift [184].
Moreover, the high rotation rates achieved by spinning particles in vacuum
are increasing prospects for the observation of Zel'Dovich amplification of
electromagnetic waves [186,187].

5.2. Micromachines

New microfabrication techniques have made possible the miniaturisation of
a variety of devices. One of the fields that has benefited from this is the area
of microfluidics, where small volumes of liquid need to be precisely con-
trolled. This requires the remote control of microcomponents able to pump,
mix and move liquids at the microscale [188,189], enabling near-field
hydrodynamic micromanipulation, which allows spatial control of objects
without direct contact from the laser beam. One of the simplest yet more
powerful ways to do that is making use of the shear flow produced by
a rotating microparticle.

Classical hydrodynamic theory can be used to analytically model the fluid
velocity v(r) around a sphere spinning within a Newtonian fluid, with
a magnitude proportional to the sphere radius and decreasing with the
square of the distance r from the sphere centre[142]

613

v(r) = Wrot 3 (13)

In this case, the flow has a circular symmetry around the particle and its
velocity and direction can be easily controlled by simply adjusting the
rotation rate and direction of the micro-pump through the applied optical
torque. The fluid velocity can be measured by tracking a probe particle
which is free to move in the generated flow [142]. The measured extension
of the fluid flow generated by a 1.8 pum radius vaterite vaterite particle
rotating at 13.4 Hz is shown in Figure 6(a). As can be seen, the fluid velocity
rapidly decreases to 15% of the particle rotation rate at a distance from the
particle surface equal to it radius.

A directional linear flow along a microchannel can be produced by two
adjacent counter-spinning vaterite microparticles [143]. Li et al. [190] created
a biocompatible microactuator by trapping an array of spinning red blood
cells along a line trap formed by two counter-propagating beams. The chain of
red blood cells was aligned transversely to the microfluidic capillary and
transported microparticles along the channel thanks to the generated local
flow. Despite some experimental limitations, they were able to assemble the
microactuator inside a living zebra fish, showing the potential of biocompa-
tible light-driven rotors. Vortex flows in the medium can be generated by
particles orbiting around a circular trajectory. Zou et al. [60] used a scanning
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Figure 6. Optically rotated micromachines. (a) Velocity flow generated by a 1.8 um vaterite
particle as a function of the distance from the particle centre (measured by a probe particle as
shown in the inset). Reprinted figure with permission from [142]. Copyright (2005) by the
American Physical Society. (b) An orbiting trapped cell generates a fluid vortex which spins the
four untrapped cells contained within the orbit. Figure from [60]. Copyright 2020 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim. (c-d) Independent motion of two target spheres driven by
the optical manipulation of five custom-made rotors. Figure taken from [45] (CC BY 4.0) (e) By
repositioning and spinning a trapped vaterite microsphere in close proximity to an axon, the
axon growth direction is controlled (Adapted by permission from Springer Nature Customer
Service Centre GmbH: Springer Nature, Nature Photonics [46], © 2012).

optical tweezers setup to drive particles and cells along a circular trajectory,
within which a microvortex was created which was able to spin multiple cells
simultaneously (Figure 6(b)). In this case, the orbiting motion of a single rotor
is converted into spinning motion of the targeted entities, which would be
very difficult to accomplish using spinning rotors or other means. However,
the complementary process is possible: multiple independent spinning rotors
can be used to precisely transport target particles along complex trajectories
that depart from the simple directional motion along a microchannel. Butaité
et al. [45] used custom laser-written microrotors to precisely control the
positions of multiple target particles along arbitrary trajectories using fluid
forces alone. They used a real-time feedback loop to actively change the
rotation rate and position of up to 5 actuators for a precise control of the
target particles whose positions were continuously monitored (Figure 6(c,d)).
They suggested that this high level of control could be applied for the
investigation of femtonewton-scale cell-cell interactions in a minimally inva-
sive manner. Laser-driven microrotors have even been used to trigger and
study cellular processes: Wu et al. [46] showed that the microfluidic flow
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generated by an optically rotated vaterite microcrystal can be used to drive the
growth of individual axons (Figure 6(e)).

Beyond the induction of fluid flow, the conversion of heat into useful
mechanical motion is a long-standing area of study in physics and engineer-
ing and, as in many areas of engineering, there is a continual drive to make
technology smaller and more efficient. For rotors trapped in liquid, thermal
energy can be converted into rotational motion as the local heating of the
medium increases the rotational speed of the particle due to the decrease of
the viscosity [90,147,151] (see Sections 4.2 and 5.4). In addition, photother-
mally induced convection currents can be harnessed to produce rotation
and circulation of particles suspended in liquid media [191]. Devices are
now being realised in regimes where quantum physics becomes increasingly
important, driving much research into quantum thermal-absorption
machines [192-195]. Optically trapped particles in vacuum provide
a powerful tool to investigate thermodynamics at the nano- and micro-
scale, as reviewed in [196]. Particularly, optically trapped thermally excited
rotors offer an analogy to pistons, converting input energy into rotational
motion.

The spin motion of optically levitated nanorods in vacuum has been
considered as a promising platform for an efficient autonomous heat engine,
both in the classical and quantum regimes [197], where the disordered
energy of a thermal bath can be converted and stored in the rotational
mode of the nanorod without any need for external control to extract the
work. In a recent alternative scheme, Arita et al. showed that the random
thermal fluctuations of background gas can be harnessed to generate coher-
ent oscillations of an optically levitated birefringent microsphere in
a linearly polarised beam [198]. Non-conservative coupling between the
rotational and translational modes of motion [177,199] results in rotation
around the axis orthogonal to both the beam polarisation and the propaga-
tion axis, synchronised with translational motion along the direction of
polarisation. This coupled motion displays exceptionally high mechanical
quality factors above 10°.

Already, the construction of complex quantum machines is being con-
sidered. Liu et al. theoretically investigated the dynamics of coherently
coupled quantum rotors as an elementary gear [200]. While the optical
binding of two trapped microspheres in vacuum was demonstrated in
[201,202], the coupled dynamics of nanoscale rotors has not yet been
demonstrated experimentally.

5.3. Microrheology

There is an increasing interest in the understanding of rheological proper-
ties such as viscosity, elasticity or creep compliance of fluids at the
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microscale, which cannot be accomplished with commercial macroscopic
linear and rotational viscometers. The field of microrheology has become
more important since it has been proven that the bulk properties of complex
liquids (e.g. polymer solutions [142] or intracellular medium [17]) differ
from those measured at the microscale [142,203]. These microscale proper-
ties are those which affect the motion, diffusion and interaction of small
molecules that play an important role in many biological processes and
chemical reactions. Moreover, in some circumstances, such as in clinical
tests, the amount of liquid to be handled is limited, necessitating a capability
to study volumes as small as picolitres.

The basic microrheometric techniques are based on the analysis of the
translational Brownian motion of a probe particle moving through the
medium along a random trajectory [204]. The mean square displacement
of the particle is tracked and then related to the viscosity of the medium
through a diffusion equation. Optically confining the particle in the desired
location allows one to perform targeted, localised measurements of the fluid
properties [205,206]. Then, the viscosity can be measured from the harmo-
nic motion of the centre-of-mass of the particle inside the optical trap.
Despite their simplicity, since they are just based on tracking the particle
displacement, passive methods lack the capability of applying a controlled
stress or stimuli to study the reaction of the fluid, which is of great interest in
the understanding of the behaviour of viscoelastic fluids that would behave
as viscous-like fluids or would present elastic-like properties depending on
the speed and amplitude of the particle motion [204].

To overcome this limitation, many active microrheometric techniques
have been developed using optically trapped particles [207]. In this case, the
particle is optically forced to translate within the fluid. This produces a shear
rate which depends on the velocity of the particle. Even though optical
trapping allows one to perform very small displacements, the required
translational motion would hinder highly localised measurements of prop-
erties near other surfaces.

In this regard, the rotational degree of freedom provides an advantage.
A spinning particle applies a shear rate to the surrounding medium that is in
close proximity to its surface without the need of any displacement of its
centre-of-mass (see Section 5.2 and Figure 6(a)). This tighter confinement of
the flow compared to methods based on translational motion ensures
a smaller volume is probed [16]. As an example, Knoner et al. [142] studied
the rotation of vaterite microparticles inside a non-Newtonian fluid formed
by a polymer solution. They detected the presence of a depletion layer of less
than 100 nm width at the surface of the rotating particle caused by the
reduction of the number of polymer molecules, which reduced the apparent
viscosity affecting the rotational dynamics of the particle.
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Figure 7. Microrheology and pressure measurement with rotating particles. (a) Intracellular
viscosity measured for cancerous cells incubated with the anticancerous drug Taxol, as a
function of the duration of the treatment. Inset: the viscosity is retrieved from the evolution
of the mean square angular displacement (MSAD) of a librational particle located inside the cell
[18] (Copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim). (b) The rotational
frequency of a vaterite microsphere as a function of the environmental pressure. As the
rotational damping rate decreases, the maximum rotation rate increases as a result of the
balance between the optical and drag torque. Figure adapted from [145] (CC BY 3.0).

The magnitude of the applied stress is directly related to the rotation
rate of the particle, which can be controlled through the optical torque,
and measured (see Section 4.3) for the characterisation of the fluid
properties. Different passive and active microrheometric techniques
have been developed based on the application of an optical torque to
a trapped object.

Passive techniques take advantage of the librational motion (Section
3.1.1) of the particle. As we explain in Section 4.2, the evolution of the
mean square angular displacement of the particle depends on the viscosity
of the surrounding medium. For example, the librational motion of asym-
metric NaYF, birefringent particles has been used to determine the
changes produced in the intracellular viscosity of cancerous cells treated
with anti-cancerous drugs, which affected the internal structure of the cells
[18]: the intracellular viscosity was reduced by 85% when the incubation
time with the drug Taxol was increased from 0.5 to 5 h (Figure 7(a)), which
was determined from the increase in the rate at which the mean square
angular displacement of the librational particle evolved with time (inset in
Figure 7(a)).

Regarding active techniques, an optically rotated particle can be used as
a microviscometer to measure the viscosity of the environment
[17,141,142,144]. As explained in Section 4.2, the spinning particle will
achieve a terminal velocity we* given by the balance between the optical
and the drag torques (Equation 11). Therefore, the drag torque, and hence
the viscosity of the surrounding medium, can be obtained from the
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measurement of the rotation rate of the particle and the applied optical
torque (see Section 4.3).

For the method to give an accurate measurement, the drag coefficient
must be well known. For this reason, spherical particles [16,141,142,144]
are the most suitable probe particles since the drag coefficient has
a simple analytical expression, though non-spherical particles [17] have
also been used. The asymmetric particle can be approximated to a sphere
with an effective radius related to the actual particle surface and volume,
or an expression for geometrical shapes (i.e. spheroid [70,126,208], disk
[77], cylinder [113]) can be used, but accurate determination of the
viscosity requires the modelling of the drag torque for more exotic non-
spherical particles [209], the same way as the applied optical torque (see
Section 4.1.3).

In addition to a precise determination of the applied torque, laser power
and the particle’s properties, other phenomena may contribute to erroneous
viscosity determination. It is well known that viscosity depends on tem-
perature. Laser-induced heating due to absorption, or less-frequently anti-
Stokes laser cooling [150,210], of the particle can change the medium’s
temperature by conduction (see Section 5.4) and must therefore be carefully
accounted for in extracting the viscosity. In 2007, Perkin et al. made
a detailed study of a vaterite-based microviscometer, including polarisation
instabilities and laser-induced heating, which generated a non-uniform
temperature gradient in the medium surrounding the particle. They showed
that, once the viscometer was perfectly characterised (i.e. all effects consid-
ered), it could be used to determine the viscosity, with 10-15 % statistical
accuracy, of picolitre volumes of eye fluid and inside a laser-induced cellular
protrusion.

Apart from thermal effects, the nature of the fluid under study must be
considered. In most cases, the particle is embedded in a viscous medium
(e.g. water or air). However, rotating particles also have application in the
characterisation of complex fluids at the microscale [17,142], where other
factors such as the dependence of the viscosity on the particle’s size [203]
and rotation rate (i.e. shear rate [207]) must be taken into account.

Finally, the presence of boundaries or nearby particles (see Section 3.6)
affects the dynamics of the rotating particle [141,144]. In particular, the drag
coefficient increases when the particle rotates in close proximity to a surface
[73], which must be considered to avoid underestimating the applied optical
torque when determined from the drag torque.

In gaseous environments, similar viscosity measurements can be per-
formed. For example, Arita et al. extracted the viscosity of picolitre volumes
of air, CO, and Ar using optically levitated rotating vaterite microspheres
[144]. These sensors can also be used as non-ionising residual gas analysers
to measure the composition of a gaseous environment: the drag depends on
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the momentum exchange between the trapped particle and the gas mole-
cules, and therefore the molecular mass of the gas [144,211].

In lower pressure environments, attention often shifts from viscosity to
pressure. When the mean free path of the gas is much larger than the size of
the trapped particle, the rotational drag coefficient varies linearly with the
pressure (Equation 12) and the maximum rotation rate of the particle is
inversely proportional to pressure (Figure 7(b)). Measurement of pressure
via the torsional drag on a rotor was an idea originally proposed by James
Clerk Maxwell [212], and is today commonly performed with magnetically
levitated mm-scale stainless steel spheres. These spinning-rotor gauges offer
attractive features of probing the pressure in the immediate vicinity of the
particle, and unlike other types of gauges do not perturb the environment
they are measuring via thermal or ionisation effects.

Optically levitated spinning nano- and micro-particles can be used as
miniaturised spinning-rotor vacuum gauges. Blakemore et al. spin
5 um-diameter silica microspheres using electrostatic forces, which can be
switched off to remove the driving torque [211]. After the switch-off, the
rotation rate decays exponentially with a time constant I/y, , and is there-
fore inversely proportional to the pressure in the vicinity of the micro-
sphere. The method allows the extraction of pressures with a precision of
7%, across a range from 107¢ — 10> mbar, with a measurement time of
around 10 s.

A faster method to extract pressure can be accomplished with optically
levitated particles undergoing a driven rotation, where there is direct access
to the drive signal. Such a scenario can be accomplished by fast-switching
between linear and circular polarisation such that the particle’s motion is
frequency-locked to the drive [213], or by driving the rotation through
interactions between the particle electric dipole moment and a rotating
electrostatic field [211,214]. Access to the drive signal allows the measure-
ment of the phase lag between drive and particle rotation. This is sensitive to
many properties of the environment, including the rotational damping
coefficient, and the magnitude of the drive torque. Kuhn et al. measured
the phase lag of a silicon nanorod’s rotation in a standing-wave optical trap
to determine pressure over a narrow range of 4-10 mbar but with a precision
of 0.3% [213]. For the electrostatically driven silica microsphere of
Blakemore et al., pressures could be measured down to 10~ mbar.

These methods rely on the linear relationship between pressure and
damping rate. While this linear relationship also holds for translational
motion, at low pressures a particle’s translational motion is only stable
with the addition of feedback cooling [38], which mimics the damping
provided by residual gas and therefore complicates the relationship between
pressure and damping rate. To first order, the rotational motion is not
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affected by feedback cooling [211], making rotational motion a more con-
venient platform for pressure measurements with levitated particles in lower
pressure regimes.

Pressure sensors based on rotating levitated particles offer a number of
attractive features, some of which are common to the microviscometers
above. In measuring the pressure close to the microparticle surface, they
provide a highly-localised probe. This could be extended for high spatial-
resolution probing of pressure gradients by using multiple traps or scan-
ning the position of the trap in 3D. Levitated nano- and micro-particles
share these features with pressure sensors based on cold atoms [215,216]
but can operate at higher pressures than those compatible with atom-trap
loading, or indeed with traditional ion gauges. A further possible area of
application for optically levitated spinning-rotor gauges is pressure mea-
surements in the presence of magnetic fields, where the magnetically-
levitated spinning-rotor gauges are less reliable.

5.4. Temperature sensing and control

As we discussed in Section 4.2, the rotational dynamics of the particle are
influenced by the temperature of the surrounding medium in two ways:
directly through the thermal-induced Brownian motion, or indirectly
through the viscosity of the environment, which for fluids decreases in
a non-linear way as the temperature rises. Just as the centre-of-mass trans-
lational temperature can be recovered from the width of the position dis-
tribution, the temperature can also be inferred from the measured width of
the librational mode [83].

In contrast to the librational motion, for an actively rotated particle, the
effect of the Brownian fluctuations can be neglected and the rotation rate
linked to temperature through the rotational damping rate (see Equation 11).
For steady environmental conditions (i.e. constant damping rate), wie
linearly increases with the applied laser power (see blue dashed line in
Figure 8(a)). Departure from this linear behaviour of w[¢* vs Pjyer in optically
heated rotors has been observed (blue dots and solid line in Figure 8(a)) and
used to determine the laser-induced thermal loading [16,147,151,152]. This
thermal-to-kinetic energy transfer process has been reported to be able to
determine the temperature change with sub-degree accuracy, which is more
than one order of magnitude more accurate than measurements done in the
same experimental conditions with luminescence-based thermometric tech-
niques that use the thermally induced spectral changes of the particle emis-
sion to infer temperature [151]. In addition, the rotational dynamics of the
particle can be used to determine the absorption coefficient of the rotating
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Figure 8. Measurement of temperature using rotation, translation and luminescence. (a) When
a particle is heated by laser absorption, the viscosity of the medium decreases. This produces a
super-linear increment of the rotation rate as function of the applied laser power (blue circles
and solid line), in contrast to theoretical predictions in the absence of heating (blue dashed line)
where the rotation rate linearly increases with power. Similar behaviour is observed for the
measured vibrational mode (corner frequency) under heating (green squares and solid line) and
non-heating (green dashed line) conditions. These deviations from the linear trend can be used
to determine the temperatures of the rotational and centre-of-mass modes of the particle,
respectively. Adapted with permission from [147]. Copyright 2016 American Chemical Society.
(b) Temperatures measured for a birefringent spinning particle as a function of the applied laser
power. When the optically trapped spinning particle is not in thermal equilibrium with the
environment, the temperature of the internal (green triangles) and the rotational (cyan circles)
degrees of freedom differs from that measured for the centre-of-mass (navy squares). Reprinted
with permission from [152]. Copyright 2016 American Chemical Society.

particle and the light-to-heat conversion efficiency of non-radiative processes
that give rise to the thermal change, even for weakly absorbing particles [147].

The spinning thermometer allows one to measure temperature in
aregion localised near the particle surface, since the drag torque is generated
by the friction of the particle surface with the fluid molecules localised at its
surface (see Section 5.2). Thus, a spinning particle can be used as a remote
thermometer to measure the extension and magnitude of a thermal gradient
with a spatial resolution limited by the particle size [151].

When the particle is in thermal equilibrium with its environment, all
degrees of freedom (i.e. internal, translational and rotational) are affected by
the same temperature. Thus, the measurement of the internal (from the
particle’s luminescence), rotational (from w,.), and centre-of-mass (from
wq) temperatures of the particle should give a value equal to Te,, within the
experimental error. This is not the case in non-equilibrium thermal condi-
tions when the particle is maintained at a higher or lower temperature than
the surrounding medium, as described by the hot and cold Brownian
motion theories [217-219], respectively. Perhaps surprisingly, due to the
short-range sensing of the spinning degree of freedom, the temperature
measured from w;, equals the internal temperature, and both are higher
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than that measured from wq [152] (see Figure 8(b)). Therefore, the correc-
tion factors needed in the drag coefficient to take into account the tempera-
ture change are different for the rotational and translational degrees of
freedom [147]. This effect is mainly related to the radial viscosity gradient
produced in the vicinity of the particle as the temperature decreases or
increases [218], which has been studied for optically heated [147,152,220]
and cooled [150,210] particles in liquid.

In vacuum, the temperature of the particle and the environment can be
far from equilibrium. Absorption of the trapping laser heats the material,
often to temperatures above 1000 K [221,222]. In low-pressure environ-
ments, this energy cannot be dissipated by collisions with the background
gas but is emitted as blackbody radiation. This results in a recoil force on the
particle, which can limit the minimum centre-of-mass temperature and act
as a form of decoherence for particles being cooled towards quantum states.
Rahman et al. showed that the internal temperature of Yb:YLF nanoparticles
can be reduced by anti-Stokes laser cooling [83]. Bulk crystals of Yb:YLF
have been cooled to sub-cryogenic temperatures [223,224] by careful align-
ment of the optical field polarisation to the a-axis of the crystal; in optically
levitated systems the orientational torque ensures this alignment is always
achieved [83].

For studies of particles levitated in vacuum, as the pressure around
a particle is reduced it is necessary to stabilise the centre-of-mass motion of
the particle to avoid particle loss from the trap due to underdamped dynamics
[25]. This stabilisation is equivalent to cooling the centre-of-mass tempera-
ture. Beyond preventing particle loss, positional stabilisation is advantageous
for many applications, such as experiments to measure interactions between
a levitated particle and either a nearby surface (see Section 5.5) or a second
particle [201,202].

For optically trapped rotors, the centre-of-mass temperature and the
variance, or stability, of the rotational mode are inextricably linked, and
this can be exploited to manipulate the dynamics of the particle. If
a nanorotor explores a large region of the optical trap, the spatial-
variation of the light intensity causes a variation in the applied torque,
resulting in rotational modes with larger variance. Therefore, by applying
feedback cooling to damp the translational motion of rotors, the stability of
the rotational mode can be improved [225]. This can be considered to be
a form of cooling of the rotational motion.

In complementary observations, gyroscopic stabilisation of the transla-
tional motion [145,213] and the orientation [173] has been observed by
rotating particles at high speed. Coupling of rotational and translational
degrees of freedom has also been shown for certain lower-symmetry particle
morphologies, such as disks [226], while coupling between rotational and
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translational modes can also be enhanced in an optical cavity [227,228] or
by painting a spot on the surface of a sphere and performing a continuous
joint measurement of two motional modes [229]. For dumbbell-shaped
particles, where the moments of inertia of the various rotational modes
are comparable, the spinning motion about the symmetry axis couples the
two degrees of librational motion, which results in precessional motion
[167,230].

Narrow oscillator linewidths (i.e. more stable motion) offer advantages in
force and torque sensing (see Section 5.5). To observe Casimir torques with
particles close to large surfaces, stabilisation of the translational motion will
only serve to fix the separation. To observe these effects with a fixed
orientation, the librational motion will also need to be cooled [231].
Proposals to measure gravitational waves with levitated disks also requires
cooling of the orientational degree of freedom [232]. For spinning motion,
van der Laan et al. showed that feedback cooling of the translational motion
narrowed the linewidth of the rotational motion [225], while Kuhn et al.
have achieved uHz-level linewidths by driving the spinning motion with
a periodically modulated polarisation [213]. Bang et al. [233] recently
reported cooling of all translational modes plus both librational modes of
optically-levitated nanodumbbells, reaching temperatures below 5 K for the
translation and around 10 K for the librational modes. The remaining
degree of freedom, about the long axis of the dumbbell, was free to undergo
rotation and perturbs the librational modes. Pan et al. propose harnessing
the rotational Doppler effect, in analogy with laser cooling of neutral atoms,
as an alternative method to cool the rotational motion [234].

Motivated partly by cooling the motion of the levitated particle, an area of
active research in levitated optomechanics is the coupling of levitated
oscillators to other quantum systems such as ultracold atoms
[118,235,236]. An alternative coupling can be generated for levitated nano-
diamonds: coupling of the translational [237] or librational [238-240] state
of the particle to the spin-states of embedded nitrogen-vacancies. Recently,
Delord et al. showed manipulation of the librational motion of a levitated
15 pm-diamond by microwave-control of the spin-state of nitrogen-
vacancies within the diamond [241]. The approach is reminiscent of obser-
vations in trapped ions and neutral atoms, where the coupling of the
electronic state of the atom to its external motion is regularly harnessed to
cool the motion of the particle [242,243] or for the creation of controlled
quantum dynamics [244]. In particular, Delord et al. observed a spin-state
dependent torque on the particle. By red-detuned microwave-manipulation
of the spin-states of the nitrogen vacancies, the librational motion of the
diamond was cooled from room temperature to 80 K. Ground-state cooling
of the librational mode promises to be attainable for a hybrid particle
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comprising a higher-purity, smaller, diamond crystal attached to
a ferromagnet [245].

5.5. Force and torque sensing

High-resolution force and linear motion detection has been realised with
optical tweezers in liquid medium [7]. In some cases, this is not sufficient to
completely characterise the dynamics of biological processes or the
mechanics of intracellular entities. For example, DNA forms a double strand
of twisted single-DNA fibres that undergoes different dynamics depending
on the applied tension and torsional stress. Optical trapping in combination
with a microaspiration pipette technique was used to study the rotational
dynamics of a double DNA strand subjected to different tensional forces
applied by beads attached to opposite ends of the molecule [246]. The
authors showed that an over- or underwound DNA molecule behaves as
a wind-up motor, storing energy and releasing it at a constant torque.
Additionally, they demonstrated that an overstretched molecule can be
used as a force-torque converter. In this technique, the applied torque is
produced by the rotation of the micropipette that holds one end of the
molecule of DNA, and the rotation of the molecule is detected by a probe
particle attached to its central part.

Since the 18th Century, some of the most sensitive detections of forces
have been accomplished through measurements of rotation by using
a torsion balance (Figure 9(a)). Examples include Coulomb in his pioneer-
ing work measuring electrostatic forces [247], Cavendish establishing the
gravitational constant [248], Lebedew measuring radiation pressure forces
[249] and Beth measuring the angular momentum of light [88].

A torsion balance can be realised by attaching a DNA strand to an asym-
metric particle, i.e. a non-spherical [250] or birefringent [140,251,252] parti-
cle, able to orient in linearly polarised light due to the orientation torque (see
Section 3.1.1). When the polarisation plane is rotated, the particle reorients
and the attached DNA molecule is twisted and torsionally stressed. The
torsional strain of the molecule acts against the applied optical torque and
can be measured from the angular displacement between the laser polarisa-
tion and the particle. This method allowed Oroszi et al. [250] to directly
control and measure the magnitude of the applied optical torque on a 2um-
diameter polystyrene disk and characterise the torsional modulus of the DNA
molecule with a precision comparable to that reported by [246].

An optical microprotractor and torsion balance can also be constructed
with an optically trapped birefringent liquid crystal particle (Figure 9(d,e))
to fully characterise the dynamics of individual Kinesin motors, including
the rotation and torque generated by the molecule when it walks along
a microtubule transporting a cargo [47]. These motors use the free energy
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Figure 9. Optically trapped torsion balance. (a) The original Cavendish torsion balance detected
forces when the lead spheres twist the wire. (b) When external forces change the orientation of
the trapped particle in a linearly polarised optical tweezers, the polarisation of the optical
tweezers can be used as a probe of the force. (c) Simplified setup for the control and detection
of rotational motion. Reprinted figure with permission from [81]. Copyright (2018) by the
American Physical Society. (d-e) The optical torque exerted by a Kinesin molecular motor can be
measured using a birefringent liquid crystal particle attached to the molecule. The rotation is
detected by cross-polarisation microscopy (d), resulting in a change of intensity in the image of
the particle (e). An initial torsional stress is applied by optical torque on the birefringent particle
(‘wind up’ phase - left inset). The torsional stiffness of the molecular motor can be extracted
from the rotational relaxation time after the optical torque is switched off (‘rotational relaxation’
phase — right inset). Reprinted with permission from [47].

available (~100 pN nm) from the hydrolysis of ATP molecules to exert
work. Using the fact that, in the torsion balance, the motor torque is equal to the
optical torque, Ramaiya ef al. measured the torque produced by the molecule to
be 170 £ 20 nm/rad, and a torsional stiffness of 54 £ 7 nm/rad. These values,
together with the characterisation of the translational motion, allowed them to
measure the total work per step performed by the motor as 77 £ 16 pN nm.
This proved that Kinesin is a highly efficient molecular motor with an efficiency
of ~80%.

The force sensitivity S;/ ? of an oscillator coupled to an external bath at
temperature T,y is given by the thermal-noise force spectral density.

4quB Tenv

14
w00 (14)

and averaging over long integration times b~ allows the detection of forces as

small as Fopn = S/2bY/2. Given the potential long integration times, high
oscillation frequencies and mechanical quality factors, nano- and micro-scale
oscillators in vacuum are attractive for force sensing. Cryogenically cooled
tethered oscillators can achieve force sensitivities below 12 zN Hz 1/2 [253].
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Much of the motivation for performing force-sensing experiments with levitated
particles, compared to their tethered counterparts, comes from the potential to
significantly increase Q by decreasing the coupling to the thermal environment.
In the case of levitated particles without feedback cooling,""

Fonin = 1/ 4kp Teny MT gb. (15)

Force sensitivities on the order of 1072 N Hz /2 have been demonstrated
for the translational motion of particles [254,255], allowing the measure-
ment of 30 zN electrostatic forces within 10s. After 10° s of integration,
Ranjit et al. were able to obtain a minimum measurable force of ~6 zN [24]
for a 300 nm silica nanosphere. This sensitivity opens up a variety of force-
sensing applications, such as the measurement of electric fields [24,255],
short-range forces [28], high-frequency gravitational waves [232], quantum
collapse models [32], and tests of the inverse-square law of gravity on short
length scales [25].

Rotational motion can further enhance the measurement of forces.
Experiments tracking the translational motion of levitated microspheres in
large electric fields set an upper bound for the probability of the existence of
milli-charges >107¢, which were proposed to partially explain the exis-
tence of dark matter [256]. Using translational motion of a neutrally
charged optically trapped microsphere in vacuum, Rider et al. [257]
searched for screened interactions associated with dark energy by bringing
the microsphere to within 20 pm of an oscillating cantilever. Their results
placed an upper-bound on the strength of such interactions to 0.1 fN. In
both experiments, it was proposed that the sensitivity limits could be
lowered further by spinning the particles to average out the contributions
of fixed electric dipole moments in the particles.

Complementary to measurements with translation, tracking the rota-
tional motion of particles levitated in vacuum also offers a route to precision
sensing. The vast majority of force sensing with trapped particles requires
the force to vary at or near the trapped particle’s resonant frequency, where
the mechanical response of the particle is largest. By frequency-locking the
rotation of a silicon nanorod to an external clock via pulses of circularly
polarised light and measuring the phase-lag between the optical drive and
the response of the nanorod, Kuhn et al. demonstrated an alternative force-
sensing scheme [213]. As the phase lag changes under application of an
external force, and with freedom to choose the clock frequency, the method
can probe forces with a torque sensitivity of 10722N m Hz~'/? without being
tied to the oscillator’s resonant frequencies.

Similarly to Equation 14, the minimum detectable torque 7, for a rotor
coupled to a thermal bath at temperature T,y is
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T = /w‘ (16)
Qs

The original Cavendish experiment measured a torque of about 10~ N m
caused by gravitational attraction. Modern cavity-optomechanical torque
sensors have a torque sensitivity as low as 3 x 1072 N m Hz~'/? [258] after
cryogenic cooling and can be used to probe small-scale magnetism [259]
and Casimir forces [260]. Recently, a 10 mg-mass torsion pendulum was
demonstrated with 20 aN m Hz !/? sensitivity. In the case of optically
levitated torque sensors, the analogue to Equation 15 is

Tmin = V 4kB TenVIrrotb- (17)

Optically levitated torque sensors have been demonstrated using nanodia-
mond ellipsoids [75], silicon nanorods [213], silica clusters [167] and silica
nanodumbbells [49], with torque sensitivities below 1072 N m Hz /2.
A typical system is illustrated in Figure 9(c). Most recently, Ahn et al.
demonstrated an optically levitated and spinning nanodumbbell, held in
vacuum at room temperature, achieving a torque sensitivity as low as 4 x
1077 N m Hz™'/? [49]. This surpasses the sensitivity of state-of-the-art
cryogenically cooled tethered oscillators by three orders of magnitude.

The sensitivity of these schemes is currently limited by the frequency-
stability of the rotational motion, which in turn is limited by coupling to
thermal fluctuations of the environment [225]. The frequency stability can
be improved by driving the rotational motion [213] or by feedback cooling
of the transverse motion [225] to ensure constant torque application, result-
ing in Qp~10'? [213]. Proposals for six-dimensional cooling of the transla-
tion and rotational modes into the quantum regime suggest attainable
torque sensitivities of 1072° N m Hz~'/? [261].

A different, as yet unrealised, avenue to sensitive rotation detection was
proposed by Shi & Bhattacharya [227]. Confining a dielectric sphere in an
optical cavity which is pumped with a Laguerre-Gaussian mode will induce
orbital motion of the particle. Pumping the cavity with multiple Laguerre-
Gaussian modes makes a sensitive rotation detector.

Among the most-anticipated applications for levitated rotating particles
are tests of quantum and vacuum friction. Quantum electrodynamics pre-
dicts that virtual particles are constantly created and annihilated, and that
the vacuum electromagnetic field is therefore constantly fluctuating. These
fluctuations lead to phenomena such as the Casimir effect [262], but the
debated [263,264] quantum and vacuum friction still remain unobserved in
experiments. These phenomena may soon be investigated using optically
levitated rotating particles, due to the impressive torque sensitivities and
rotation rates already demonstrated.



52 (& G.D.BRUCEETAL.

Vacuum friction is the drag force exerted on a surface as it moves through
a vacuum. Due to quantum fluctuations, the vacuum electromagnetic field
acts as a complex fluid. As an object moves through this field, its energy is
dissipated by the ejection of photons and the motion is damped [265].
Manjavacas et al. considered the vacuum friction acting on isolated rotating
particles [51,52]. They predicted that vacuum friction should give rise to
a stopping time on the order of days for a 10 nm graphite particle with
a rotational frequency on the order of 10s of GHz. Such a weak frictional
force requires a particle spinning in place, rather than undergoing transla-
tional motion, in order for these dynamics to be visible. Although this
particle size and rotation rate are outside the ranges demonstrated in
experiments so far, measurements of single nanoparticles in optical poten-
tials are now routinely performed over many days [24,25,213].

Quantum friction was first proposed by Pendry [266], who consid-
ered two dielectric surfaces, separated by a finite distance in vacuum,
moving parallel to each other at constant speed. Zero-point charge
fluctuations on the surfaces interact with each other to generate
a friction which opposes the motion. Zhao et al. extended the scenario
to consider a nanosphere rotating near a surface [53]. They found that
the frictional force should be several orders of magnitude larger than
for the same sphere rotating in vacuum. The quantum friction should
be largest for semiconductor materials due to the excitation of surface
plasmon polaritons. Ahn et al. calculated the magnitude of the quan-
tum frictional torque exerted on a 150 nm diameter silica nanosphere
rotating at 1 GHz within 200 nm of a silica surface (chosen to match the
phonon polariton modes of the particle). They found that for a tempera-
ture of 350 K the quantum frictional torque is >10"%® N m [49].
Importantly, this is larger than the air damping torque at 10~° mbar, a
pressure within reach of those at which optical levitation of nanoparticles
has already been achieved [43]. This certainly suggests that tests of quan-
tum friction may be possible in the near future: levitated nanospheres have
now been trapped at sub-wavelength distances from surfaces [267], and
stabilisation of the relative position of particle and surface may be accom-
plished using either gyroscopic stabilisation [145] or feedback cooling of
the translational motion [37,38,233]. Similarly, Xu and Li calculated that
measurements of the torque exerted due to Casimir effects between
a librating, levitated nanorod and a flat birefringent plate [231] are also
within reach of state-of-the-art experiments. Further proposals suggest that
the Casimir torque may be harnessed to produce lateral forces on the
rotating particle [268,269] and for non-contact transfer of angular momen-
tum between nanoparticles [270,271].
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5.6. Rotational tests of the quantum-classical interface for massive objects

An important open topic in modern physics is the extent to which quantum
physics holds in the classical world, and much research is currently devoted
to testing the quantum superposition principle (where an object appears to
be in multiple different states at the same time) with increasingly macro-
scopic systems [272-274], including ultracold atomic gases [275,276], large
molecules [277,278] and tethered mechanical oscillators such as membranes
and cantilevers [279,280]. Part of the motivation for these studies is for
technological impact. The already-impressive sensing performance of clas-
sical levitated particles offers promise of even further sensitivity in the
quantum regime [281]. There is currently rapidly-increasing interest in
the development of quantum sensors to provide commercial quantum
technologies [282,283].

The most massive of the candidates in these tests are the optomechanical
systems where the flexural oscillation of a cantilever or membrane is mon-
itored and controlled via coupling to an optical cavity electromagnetic field.
This coupling has been harnessed to cool such oscillators to the ground state
[284,285], and these systems show remarkable promise for quantum tech-
nologies and force sensing [286]. However, there are some key advantages
that a levitated oscillator offers over such a tethered system.

The low coupling to the environment of levitated particles avoids one of
the principal limitations of tethered state-of-the-art optomechanical sys-
tems. In the context of quantum optomechanics, coupling between the
optomechanical device and the environment leads to decoherence of the
quantum state, which can be reduced by cooling to cryogenic temperatures
but still provides a restriction to the fidelity of quantum protocols. The
removal of a tether to the environment is one of the principal motivators for
optical levitation experiments, which therefore are able to operate in room
temperature environments, and mechanical quality factors as high as 10'2
have been proposed [27]. Levitated systems also offer other potential advan-
tages over their tethered counterparts. Examples include the ability to
control the coupling to the environment (offering the opportunity for
investigations of nanoscale thermodynamics [196,287]); the ability to be
released from the potential and be recaptured [288]; the potential to realise
macroscopically separated quantum superposition states [273]; but also the
ability to investigate rotational degrees of freedom,'* which will be our main
focus here.

Given the impressive control, measurement sensitivity, and recent suc-
cess in cooling to the ground state (see Section 5.4 and Section 5.5), optically
trapped particles held in vacuum offer an exciting test bed for fundamental
physics. A particular motivation for levitated systems is to create positional
superpositions over length-scales larger than the constituent particles
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themselves. The generation of macroscopic quantum superposition states is
predicted [26], and promises to provide insight into wavefunction collapse
models [29,31], to shed light on quantum gravity [36] and dark matter [33],
and to open up avenues in quantum sensing [28]. For a recent review of
progress in tests of quantum physics with levitated particles, see [22].

While cooling of nanoparticles to the translational ground state has been
recently achieved [44], this has not yet been replicated for the rotational
degrees of freedom. A variety of proposals exist for cooling trapped particles
to the rotational ground state, which go beyond the cooling techniques
covered in Section 5.4.

Librational modes of oscillation make good candidates for quantum levi-
tated optomechanics experiments, as the librational modes oscillate at higher
natural frequencies than the translational modes (see Section 3.1.1) and thus
the rotational ground state energy is raised. Hoang et al. showed that the
librational modes exist at higher frequencies than the translational ones for
the same experimental parameters, and theoretically proposed using an
auxiliary linearly polarised cavity field to drive cavity cooling of the librational
mode of a non-spherical nanoparticle held in a separate optical tweezer [75].
Compared to the translational mode, cavity cooling to the ground state was
found to be feasible under a wider range of cavity field strengths and cavity
lengths. Proposals have also been made for reaching the ground state of
librational motion via active feedback cooling for ellipsoidal particles [84],
while Seberson et al. showed that an asymmetric potential generated by
elliptical polarisation or by using two perpendicular laser beams may also
allow ground-state cooling of the libration [230]. This latter scheme has very
recently been implemented by Bang et al. [233], although the librational
temperatures they achieved remain in the Kelvin regime. High-purity nano-
diamond/ferromagnet hybrid particles have also been proposed as
a promising candidate for librational ground-state cooling [245].

Although the high librational frequencies make the torsional modes
appealing candidates for ground-state cooling, decoherence caused by shot
noise due to photon scattering could actually make it more challenging to
cool the librational modes than the translational modes [289]. The question
of whether the decoherence rate is stronger for translation or libration was
studied in [289], where it was found that the relative heating of rotational
and translational motion depends on the size and morphology of the
particle and the properties of the trapping beam. It was suggested that
rotational heating is lower for nanoellipsoids with lower ellipticity. Schafer
et al. have also shown that the librational modes are weakly affected by
photon scattering, improving coherence times by around one order of
magnitude when compared to other motional modes [261] and making
the librational mode appealing for future experiments in rotational quan-
tum optomechanics.
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Even more appealing than cooling a particle to its librational ground state
is the prospect of simultaneous cooling of all motional degrees of freedom to
the ground state. While the ro-vibrational ground-state has been obtained
for diatomic molecules [290], the ro-translational ground-state of levitated
particles has not yet been obtained. However, the wide variety of experi-
mental platforms already studying rotational levitodynamics suggest that
this will be extended to rotational degrees of freedom in the near future.
Stickler et al. [74] proposed cavity cooling to the ground state for rods and
disks by exploiting alignment-dependent coupling between an asymmetric
particle and a cavity field, which was first seen experimentally in [55].
Schifer et al. have proposed a method to allow full six-dimensional cooling
of the motion of non-spherical nanoparticles to the ground state, by coher-
ent scattering of elliptically shaped and polarised trapping light into
a transverse optical cavity [261].

The physics of libration and spin offer interesting differences in the
quantum realm [227]. As libration is an example of a harmonic oscillator,
it is a linear system with evenly separated energy eigenvalues with a finite
ground state energy. In many cases, a nonlinear interaction (such as may be
provided by coupling to a cavity) is required to observe the differences
between a classical and a quantum oscillator. The spinning rotor is an
inherently nonlinear system with an anharmonic energy spectrum and
a ground state energy of zero, i.e. the particle ceases its rotational motion
entirely.

Early work to create superposition states using rotational degrees of
freedom proposed the use of multiple Laguerre-Gaussian modes in
a cavity to cool the librational mode of a nanorod [26], microwindmill
[291] or even a rod-shaped virus [26] to the ground state, although this
scheme has not yet been demonstrated experimentally.

While many of the schemes to observe positional superpositions of the
centre-of-mass mode require low translational temperatures, experiments
with rotation may circumvent this requirement. Stickler et al. have proposed
a method which could probe the quantum-classical interface by observing
quantisation of the rotational degree-of-freedom of optically levitated nanor-
ods [292], which does not require cooling to the ground-state. In their
proposal, which is illustrated in Figure 10(a), a nanorod (with the rotational
motion cooled to below 1 K) is optically levitated inside a vertically oriented
optical cavity, and set into a well-defined initial orientation angle given by the
polarisation angle of the cavity light field. The nanorod is released from the
trap and its orientation state disperses into a superposition of all angles
[293,294]; a coherent evolution back to its original orientation should be
observable at integer multiples of a characteristic quantum revival time
[295], due to fully constructive interference of all the rotation states. As well
as investigating the role of quantum mechanics at mesoscopic length-scales,
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Figure 10. Rotational quantum superposition. Quantum revivals of (a) spinning [292] (CC BY
3.0) and (b) orbiting nanoparticles [304] (CC BY 4.0) are a signature of macroscopic super-
positions of the rotational states.

the approach offers promise as a quantum sensor of external torques: the
orientational revival signal will be sensitive to both the magnitude and direc-
tion of any external torque, detecting torques on the order of 107 N m,
which is orders of magnitude beyond existing experiments with levitated
particles [49]. A quantum torsion balance realised by placing a nanorod in
a librational superposition state has been proposed for testing the quantum
nature of gravity [296].

The orientational revival approach has also been suggested as a test of one
of the most prominent quantum collapse models (Continuous Spontaneous
Localisation, or CSL). Such collapse models are modifications of the
Schrodinger equation which attempt to provide an explanation both for
the apparent lack of superposition phenomena on macroscopic scales, and
of the measurement-induced collapse of quantum mechanical wavefunc-
tions. The effects of CSL should cause an increased spread across orientation
angles of the nanorod’s wavefunction [297]. The rotational degrees of free-
dom of a levitated disk have been shown to offer an increased sensitivity to
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CSL-induced decoherence when compared to translational motion
[298,299], while Carlesso et al. [300] offer an alternative, non-
interferometric test of CSL using the rotational modes of a trapped rod
coupled to an optical cavity.

It will be important to distinguish decoherence due to wavefunction
collapse from more mundane sources such as background gas or Rayleigh
scattering of photons, which have been studied in [289,301]. The rotational
degrees of freedom have been suggested to be less influenced by decoher-
ence than the translational states [302]. By tailoring the shape of the trapped
particle, the rotational motion can be made robust against decoherence
sources without significant reduction of the sensitivity for quantum sensing
[303].

Complementary to superpositions of the orientation of a particle, Kialka
et al. [304] propose a scheme for realising matter-wave interference which
could be realised with orbiting levitated nanorotors, also based on quantum
revivals (Figure 10(b)). In a ring trap, an initially localised quantum state
disperses along the circumference at a rate determined by the angular
momentum uncertainty (which can be reduced using the aforementioned
cooling techniques). At a later time, due to quantisation of the orbital
angular momentum, the spreading is reversed and the state relocalises.
The method can be used as a sensor of external fields, which cause imperfect
reformation of the initial state, in a system reminiscent of cold atom sensors
based on matter-wave guiding around ring traps [305-307].

Moving beyond the generation of superposition states, there are also
proposals to entangle the rotational modes of particles with the translational
state. Entanglement between the translational coordinates and the orienta-
tion degrees of freedom of an asymmetric rotor can be generated by a single-
slit interference experiment [308], when the de Broglie wavelength of the
particle is comparable to or larger than both the width of the slit and the
classical extent of the particle. An alternative proposal to engineer entangle-
ment between translational and rotational modes proposes continuous
measurement of a point on the surface of the sphere [229], a route not
available when working with atomic or molecular systems. Finally, Xiao
et al. have proposed protocols to generate squeezed states of the librational
mode of a levitated particle by driving the oscillation [309].

Another possibility to observe superposition states without low transla-
tional temperatures is presented by experiments with nitrogen-vacancy
(NV) centres in nanodiamond. In analogy with trapped atomic ions,
which have a rich history of use as spin-mechanical systems where the
internal state of the atoms is coupled to their external motion [244], the
state of the electron spin of the NV-centre can be coupled to (and therefore
interrogated by) the classical rotation [310]. This can even be used to control
and cool the classical motion of the nanodiamond [241]. While similar
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coupling can be achieved between the NV spin-state and translational
motion [237,311], using the rotational degree of freedom offers a technical
advantage in that strong coupling between the spin-state and the external
degrees of freedom is realised without the need to use very strong magnetic
field gradients [238,239]. This opens up the prospect of investigating many-
body quantum phase transitions and Schrodinger cat states where the
rotation of the nanodiamond and the spin-state of a single NV-centre are
entangled [239]. Many proposals for experiments with the translational
modes also benefit from orientational stabilisation (librational cooling) to
stabilise the alignment of the NV-centre [75].

While red-detuned microwave-manipulation of the spin-states of the NV
centres in levitated diamond particles can potentially cool the librational
motion to the ground state [241] (see also Section 5.4), blue-detuned
microwave manipulation increases the energy of the libration and generates
self-sustained, laser-like oscillations in the rotational equivalent of the
optical-tweezer phonon laser [312]. Rapidly rotating NV-centres have
been suggested as a platform for enhanced quantum sensing [313].
Driving the motion through spin-motional coupling opens the potential
to generate non-classical states of motion of the particle by appropriate
spin-manipulation, and for quantum non-demolition measurements of the
spin-state by tracking the external motion."’

6. Conclusions

In this article we have reviewed the physical origins and applications of
rotational motion in optical traps. We discussed how the optical torque may
be tailored by designing the material properties of the particle and control-
ling the characteristics of the light field, and how the maximum achievable
rotational speed is limited by the environment. The librational, spin and
orbital degrees of freedom offer significant differences to the more tradi-
tionally considered translational motion, and these differences have already
been harnessed in liquid environments as micropumps, sensors of viscosity
and temperature, and offered key insights into the nature of the orbital
angular momentum of light.

In the underdamped regime, exciting new directions are emerging.
Particles can be made to spin at GHz rates, opening a window to explore
the material properties of trapped objects under extreme conditions.
Sublime torque and force sensitivities have been demonstrated, which
promise to soon answer open questions in fundamental physics: testing
the origins of dark matter and dark energy, the existence of vacuum and
quantum friction, and probing the boundary between classical and quantum
physics. What is clear is that spinning particles in optical traps will continue
to usher in new revolutions in science.
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Notes

1.

The forces on particles much larger than the wavelength of the trapping light (the Mie
regime) can be intuitively understood by considering a ray optics picture. In the
Rayleigh regime, where the particle is much smaller than the wavelength, it is
necessary to consider the particles as individual electric dipoles that interact with
the field and are high or low field seeking. In the intermediate regime the generalised
Lorenz-Mie scattering theory can be applied to model the forces. A detailed discus-
sion of the calculation of optical forces can be found in [1,314].

Optical forces are not the only mechanism for introducing rotational motion to
trapped particles. For example, electrostatic traps can couple to the fixed electric
dipole moment of particles [214,315], and application of time-varying voltages used
to spin the particles. Alternatively, in air and liquid, acoustic forces can be used to
manipulate the particles [316].

The separation of the angular momentum into its spin and orbital parts is a matter of
debate and their origin is still controversial [177,317]. Here, we will focus on the
rotational motions produced by the interaction of the trapped particle with the
angular momentum, without analysing the existence or origin of its components.
Highly-absorbing particles, unlike dielectric particles, cannot be trapped in the high
intensity region of the beam unless additional confinement along the axial direction is
provided, as the scattering force overcomes the gradient force. For example, this axial
confinement was generated in [104] by using a trapping beam blue-detuned from the
plasmon resonance of metallic particles, which creates a repulsive optical force that
pushes the particles against the top coverslip of the microfluidic chamber. Particles
smaller than the Laguerre-Gaussian ring diameter are confined within the dark region
at the centre of the beam, where scattering still produces an orbital rotation about the
beam axis [104].

Most commonly in optical trapping, static [98,102,318] or computer-generated
[105,319] phase masks are used to convert fundamental Gaussian modes into
beams of arbitrary amplitude and phase. This allows the engineering of beam profiles
with independent control over the trapping geometry (dictated by the amplitude) and
the transverse momentum (governed by the phase gradient). An example of this
flexibility is the so-called ‘perfect’ vortex beams, where the diameter of the bright
intensity ring is independent of ¢, lifting the coupling of trapping geometry and
angular momentum that is given by the Laguerre-Gaussian beams [320,321]. This
therefore allows high values of € to be transferred to particles without the limitation of
large beam radius that is present for Laguerre-Gaussian beams. Tailoring the phase
and amplitude of light even further allows one to go beyond simple circular orbits and
to engineer motion around more complicated paths, e.g. [130,322-325].

In plasmonic devices heating of the substrate and subsequently the environment is of
particular concern, as the thermophoretic and convective forces can overcome the
optical forces [326,327], although these may be mitigated by using plasmonic nanot-
weezers with integrated thermal management [56].

Note the discrepancy with [135].

Interestingly, the partial reflection of linearly polarised light by these chiral polymeric
liquid crystal particles can produce an optical torque able to set the particle into
rotation, as observed by Hernandez et al. [170]. Intriguingly, they saw on-axis
trapping and spinning for small (a < 5um) particles, but off-axis trapping and orbiting
for larger particles.
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9. The dependence of rotation rate on mass, volume and shape of a rotor which had been
surface-functionalised with an appropriate biomolecule was recently shown to be
sufficiently sensitive to detect the presence of single cells or bacteria [328].

10. See footnote 5.

11. In the case of a feedback-cooled particle, the product I'qTe,y can be substituted for
Tett Tetr, where I'g is the effective damping due to the feedback and Tef is the resultant
effective temperature.

12. We note that libration or torsional motion [258] and orbital motion [329] have been
demonstrated with tethered oscillators, but free spinning of such systems is not
possible.

13. An alternative quantum non-demolition measurement of rotation has been proposed
for levitated He droplets in [330].
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