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Abstract: The optical rotation technique arose in the 1990s. Optical tweezer brought an ideal platform for research on the angular
momentum of laser beams. For decades, the optical rotation technique has been widely applied in laboratory optical manipulation
and the fields of biology and optofluidics. Recently, it has attracted much attention for its potential in the classical and quantum
regimes. In this work, we review the progress of experiments and applications of optically induced rotation. First, we introduce the
basic exploration of angular momentum. Then, we cover the development and application of optical rotation induced by orbital
angular momentum, and the spin angular momentum is presented. Finally, we elaborate on recent applications of the optical
rotation technique in high vacuum. As precise optical manipulation in a liquid medium enters its maturity, optical tweezers in high

vacuum open a new path for the high-speed micro-rotor.
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1 Introduction

When Poynting first demonstrated that a photon
carried an angular momentum of ¢/, where o is +1
and —1 for left- and right-handed circularly polarized
light, respectively, he did not expect that Beth (1936)
set up an experiment to demonstrate that the angular
momentum carried by a photon could be transferred
to matter in the form of mechanical torque. A quartz
wave plate was hung by a fine quartz fiber in Beth
(1936)’s apparatus to enhance the torque and reduce
the interference. Although the outcome showed that
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angular momentum brought by polarized light rotated
the plate, further exploration of angular momentum
was limited by the lack of appropriate experimental
method.

Ashkin (1970) introduced the concept of “optical
tweezers,” which facilitated the use of laser beams to
manipulate micro-scale particles. In a later experi-
ment, the rotational motion of an optically trapped
particle was observed (Ashkin and Dziedzic, 1977).
Owing to a lack of detection methods, Ashkin and
Dziedzic (1977) failed to give the exact rotational
frequency, but they speculated that an optically levi-
tated sphere in vacuum could reach a limited rota-
tional frequency of 1500 MHz. Optically induced
rotational motion of a particle trapped by optical
tweezers was then observed and qualitatively dis-
cussed (Santamato et al., 1986; Sato et al., 1991).
Allen et al. (1992) proposed that apart from spin an-
gular momentum (SAM) carried by a photon, La-
guerre-Gaussian (LG) mode light also carried orbital
angular momentum (OAM). This was emblematic of
the commencement of a new era of study on optically
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induced rotation. Rotational motion of nanoparticles
of different shapes, liquid crystals, and gas molecules
has been observed. Optically induced rotation was
widely applied in several diverse areas, such as bio-
physics, nanotechnology, microrheology, microflu-
idics, and chiral resolution. With the latest break-
through in cooling technique and the development of
quantum optomechanics, optically induced rotation
has rapidly become a vital instrument in microscopic
particle manipulation and torque measurement.

2 Pioneering exploration of angular mo-
mentum: OAM and SAM

Following Poynting, Beth (1936) realized that
angular momentum brought by light had a spin part
associated with polarization. The angular momentum
associated with circular polarization is a reflection of
photon spin. According to the electromagnetic theory,
light waves of a certain spatial distribution can carry
angular momentum. Chang and Lee (1985) calculated
the optical torque on an optically levitated weak ab-
sorbing sphere based on the classical electromagnetic
theory. It is now generally considered that the angular
momentum carried by light contains OAM and SAM.
However, at that point, the discrimination between
these two kinds was not well made. A further analyt-
ical study was required to interpret the experimental
phenomenon.

OAM was first introduced in Allen et al. (1992),
which showed that a laser beam could carry an orbital
part associated with spatial distribution. The authors
demonstrated that the photon of an LG mode laser
beam with an azimuthal mode of exp(—ily), where / is
the mode index and y the azimuthal angle, carried an

OAM of Iy that could be delivered to trapped particles.

The azimuthal phase determined the helical phase
surface. When provided with an appropriate phase
change, a Hermite-Gaussian (HG) mode beam could
be transformed into a single LG mode beam. Astig-
matic optical elements, such as cylindrical lenses,
have been proved to be the perfect choices for mode
converters in early experiments on laser transfor-
mation (Tamm and Weiss, 1990; Abramochkin and
Volostnikov, 1991).

Based on Allen et al. (1992)’s analysis, it is fea-
sible to produce laser beams carrying exactly defined
amounts of OAM. The helical phase of the LG mode

beam provides a helical structure and phase singular-
ity, which was described by Friese et al. (1996) as a
“doughnut laser beam.” Three different kinds of mode
converters could be applied to produce a helical laser
beam. Spiral phase plates and computer-generated
holographic converters can bring an azimuthal phase
term to the classical HG 9 mode, while the
cylindrical-lens mode converters employ changes in
the Gouy phase to convert a higher-order HG mode
laser beam. With the approximation in Allen et al.
(1992), the angular momentum density per unit power
on the z component of an LG mode beam is
/ 2  Or a|/l|2
M. _a)|#| +2a) or O
where w is the angular frequency of light, 7 the union
factor, i the complex scalar function describing the
amplitude of the light field, and o==1 for left- and
right-handed circularly polarized light respectively,
and 0 for linearly polarized light. The total angular
momentum of the beam is given by

-1
= 1+oto| =2 | |, )
2p+1+1

where k is the wavenumber of the light, z, the Ray-
leigh range, and p the mode index. For a collimated

beam, kz,>>1. Therefore, quantum mechanically, each
photon carries (/ F o)k of angular momentum. The

angular momentum carried by linearly polarized light
with a spatial distribution is given by

L, €)

where P is the laser power.

SAM was defined to describe the angular mo-
mentum determined by the polarization of light.
Friese et al. (1998b) rotated a calcite fragment in
water at a high frequency of 357 Hz, and proposed an
incident polarized laser beam containing a circularly
and linearly polarized component. Detailed analysis
was presented in Nieminen et al. (2001a, 2001b,
2001c). The torque exerted on a material of thickness
d and extraordinary and ordinary refraction indices of
ne and ng per unit, respectively, is given by
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T=- EE; sin [kd(n0 - ne)] cos(2¢)sin(26)
20 4)
+ %Eg {1-cos[kd(n, —n,)]}sin(29),

where E, represents the field intensity, ¢ the degree of
ellipticity of light, & the free-space wavenumber, ¢ the
permittivity, d the thickness of particle, and 6 the
angle between the fast axis of a quarter-wave plate
and the optic axis of a birefringent particle. For line-
arly polarized light, ¢=0 or 2m, and the torque is
proportional to sin(26), which means that the linearly
polarized light carries an alignment torque so long as
6 is not 0. Trapped by a circularly polarized laser
beam, a particle will experience constant torque
brought by SAM. This was in line with the experi-
mental results in Friese et al. (1998b).

Friese et al. (1998b)’s analysis brought a major
revolution to momentum measurement. Before that,
the observation on rotational motion was based
mainly on charge-coupled device (CCD) and photo-
diodes (Sato et al., 1991; He et al., 1995; Sato and
Inaba, 1996; Simpson et al., 1997; Friese et al., 1998a,
1998b; Rubinsztein-Dunlop et al., 1998). Verification
experiments were carried out later by manipulating
particles of different shapes by circularly and linearly
polarized light (Bishop et al., 2003). Nieminen et al.’s
work included measuring torque applied by decom-
posing the incident and outgoing light into left- and
right-handed circularly polarized light, and applying a
T-matrix on torque calculation (Nieminen et al., 2003,
2004a, 2004b). This method was proved to be effi-
cient in later experiments (Rowe et al., 2003; Bishop
et al., 2004; La Porta and Wang, 2004). Analysis on
non-spherical particles also was proved to be the basis
of measurement and detection of the transferred an-
gular momentum (Friese et al., 2001). Theoretical
studies of torque for particles of different shapes and
beams of different spatial distributions were subse-
quently proposed (Bonin et al., 2002; Sheu et al.,
2010; Liaw et al., 2015).

3 Rotation and application in liquid media
Many diverse factors can cause particles in op-

tical tweezers to rotate at a certain speed. In dualbeam
optical tweezers, a small rotational angle can be made

by the rotation of one of the fibers (Kreysing et al.,
2008) or misalignment along the radial axis (Li WQ
et al., 2018), as shown in Fig. 1. It was proposed by
O'Neil and Padgett (2002) that a rotating rectangular
aperture can be inserted to change the front phase of
the incident laser beam to achieve preferential rota-
tional alignment. There are also some simplified
methods to rotate particles. Friese et al. (2001) used
two steerable circularly polarized beam traps, one to
trap a CaCOs crystal and the other to trap a six-tooth
Si0, structure, which by no means would rotate in the
polarized laser beam, in the same plane. The SiO,
structure would start to rotate when the two beams
were brought close. The optical torque was trans-
ferred via the motion of the surrounding fluid.

| Y | Rotation sphere
X

! : i Fiber 2

Fiber 1 | Trapping beams

|

Fig. 1 Rotating particle by misalignment along the radial
axis

Reprinted from Li WQ et al. (2018), Copyright 2018, with
permission from OSA

Rotational motion of particles in optical twee-
zers can be divided into “spin” and “orbit” based on
the rotating axis, but each type of rotational motion is
not necessarily confined to the kind of angular mo-
ment corresponding to its name. OAM leads a particle
to an optically induced rotation state due to the ab-
sorption of light, while SAM acts as counter torque on
birefringent particles. Angular momentum of such
kinds can be added or subtracted. In He et al. (1995)’s
experiment, a CuO particle trapped by a linearly po-
larized LG03 mode was rotated in the same direction
as the helicity of the beam. Friese et al. (1996) carried
out further experiments to prove the coexistence of
OAM and SAM. The angular velocity of a trapped
CuO particle in a left-handed circularly, linearly, and
right-handed circularly polarized LG03 mode donut
beam was in the ratio of 2:3:4, and this corresponds to
the result that the photon of such a beam had a total
angular momentum of 2/, 34, and 44. A similar ex-
periment carried out by Simpson et al. (1997) applied
a laser beam with /=1 mode. Trapped by a left-handed
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circularly polarized laser, a particle experienced no
rotation, which verified the coupling of OAM and
SAM. Furthermore, Friese et al. (1998a) used an
elliptically polarized laser beam to achieve the control
of rotation direction and frequency by controlling the
degree of polarization.

Early experiments on angular momentum in the
1990s focused mostly on particles in liquid media, the
viscosity of which damped the oscillation and helped
form a stable trap. Most experiments focused on using
polarized laser beams to manipulate birefringent par-
ticles and explore light with helical phase surfaces.
Heating of absorbing particles is one of the main
obstructions to enhancement of rotational frequency
and further research. Rubinsztein-Dunlop et al. (1998)
successfully captured and manipulated absorbing
particles against a substrate, only to find that the en-
ergy transferred from the LG03 mode laser would
cause the particle to heat up, and it might even reach
the temperature above the boiling point of the sur-
rounding liquid medium. On one hand, to obtain sta-
ble trapping and relatively high-speed rotation, using
circularly polarized laser beams to trap transparent
particles was suggested in Friese et al. (1998a). On
the other hand, beams carrying OAM can be focused
on certain shapes, such as an annular vortex and
concentric circles. Such traps can confine particles
of high absorption or low reflectivity. The special
spatial distribution of light also makes it possible
to trap and manipulate a large number of particles
simultaneously.

After this pioneering stage, the focus of the re-
search moved on from the abovementioned aspects.
At that time, optical rotation was applied mainly to
biology, micro-rotor, and micro-machine (Chang and
Lee, 1985; Sato et al., 1991; Galajda and Ormos, 2001,
2002a, 2002b; Dharmadhikari et al., 2004). These
required both precise control of movement in three
dimensions and certain rotational frequency. It was
referred to as an “optical spanner” for its ability to
make non-contact manipulation of macro matter
(Simpson et al., 1997). The shape and material of the
trapped particle influenced the rotational motion.
Rotational effects caused by altering shapes at the
microscopic level also triggered much research.
Galajda and Ormos (2001, 2002b) had been devoted
to building shaped microscopic light-driven rotors.
They also introduced the technique of using laser

light-induced two-photon polymerization of light-
curing resins to make sophisticated rotors and mode-
converters. This pioneered a new field of sophisti-
cated rotors (Jones et al., 2009; Asavei et al., 2010;
Ukita and Kawashima, 2010).

3.1 Rotation induced by SAM

Essentially, the exchange of angular momentum
in optical tweezers is the mechanical influence of
light on matter. An optical process that involves a
change of polarization means the exchange of SAM.
Optical tweezers can trap and confine dielectric par-
ticles of micrometer size, or even nanometer Ssize.
This makes them the perfect platform for research on
angular momentum. Santamato et al. (1986) demon-
strated that although the transfer of angular momen-
tum was insufficient to rotate a macroscopic body at
that time, an elliptically polarized laser beam could
induce time-dependent polarization rotation in a
liquid-crystal medium. Although this experiment
could not be regarded as particle manipulation, the
outcome predicted that using micron-particles might
be the solution to convert angular momentum.

The first attempt of using optical torque to rotate
a micro-fabricated machine rotor was made by Hi-
gurashi et al. (1998). They found that a shape aniso-
tropic micro-object, whose axis was perpendicular to
the trapping laser beam, would follow the focal point
of the laser beam when trapped. It would also rotate
along an axis perpendicular to the laser beam axis
after being trapped in three dimensions. In the early
days, rod-shaped bacteria and ellipsoid blood cells
had been observed to be fixed along the trapping axis
of a laser beam (Sato et al., 1991). Controlled rotation
was later managed (Bayoudh et al., 2003; Dasgupta
et al., 2003; Rowe et al., 2003; Dharmadhikari et al.,
2004; Mohanty et al., 2004; Singer et al., 2006).

Nieminen et al. (2001b)’s analysis showed that it
is the alignment torque which exists in linearly po-
larized light that aligns particles at a certain angle in
an optical trap, and that it is the rotational torque
which exists in circularly polarized light, making
particles rotate. A birefringent particle acts as a mi-
croscopic waveplate. A calcite crystal trapped by
linearly polarized light will be aligned in a particular
orientation, while the crystal’s fast axis coincides with
the plane of polarization. Rotating the waveplate
results in the rotation of the plane of polarization.
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Therefore, it could rotate the crystal through a preset
angle. A calcite crystal trapped in circularly polarized
light would experience constant torque, which would
be balanced by the drag torque brought by the sur-
rounding medium (Friese et al., 1998b).

A linearly polarized laser was proved to be effi-
cient at aligning non-spherical particles at certain
positions and orientations (Yogesha et al., 2012),
while the rotational speed could also be controlled by
rotating the linear polarization with a half-waveplate
or modulating the power of the component of the
circularly polarized laser. Such rotational motion had
not only been observed on a birefringent micron-
object (Higurashi et al., 1998), but also been studied
on blood cells, disc-shaped cells, and other ellipsoidal
particles (Sato et al., 1991; Bayoudh et al., 2003;
Oroszi et al., 2006; Arzola et al., 2014; Liaw et al.,
2015), as shown in Fig. 2. When a rod-like particle
was trapped by a linearly polarized laser, the equilib-
rium angle between the particle and the linear polar-
ization was proved to be able to directly show the
change of flow velocity (Lin et al., 2006). Rotating an
inserted waveplate could result in direct rotation of
the particle (Bishop et al., 2003), while the limitation
of the rotation speed was obvious. It was proposed
that an elliptically polarized laser beam could achieve
feedback torque control by switching the handedness
of the polarization and maintaining a constant rota-
tional frequency to balance the effect caused by vis-
cous drag or irregular shape (Zhong et al., 2009; Yu
and She, 2014). Therefore, the rotation of an ellipti-
cally polarized trapping beam can rotate an elongated
particle along its axis (O'Neil and Padgett, 2002).
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Fig. 2 Alignment of chloroplasts with linearly polarized
laser beam

Reprinted from Bayoudh et al. (2003), Copyright 2003, with
permission from Informa UK Limited

Left- and right-handed circularly polarized light
is the perfect example of chiral entities. While con-
ventional trapping and manipulating experiments
could be defined as an interaction of chiral light with
achiral objects, it also opened a route for chiral
optomechanics. Chiral solid particles, for instance,

chiral mirrors, yield a highly polarization-dependent
optomechanical effect. Donato et al. (2014) discov-
ered chirality-controlled photonic effects, while a
specific ratio between the chiral particle radius and
the helical pitch of the incoming light was set, as
shown in Fig. 3. The inner Bragg structure of a
trapped particle and the variation of the reflectivity
allow only those SAM parallel to the particle hand-
edness to be transferred. Tkachenko and Brasselet
(2014) introduced an effective selective chiral particle
trapping. Their results also showed that chiral parti-
cles of all types and sizes can be selectively
3D-trapped. Further experiments involving linearly
polarized light and unpolarized light were made
(Hernandez et al., 2015).
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Fig. 3 Principle of chiral selection: (a) a traditional mirror
with reflectance R experiences only a radiation force; (b) a
left-handed chiral mirror experiences a radiation force
and a torque

Reprinted from Donato et al. (2014), Copyright 2014, with
permission from Springer Nature

The mathematical relation between the total
amount of angular momentum transferred to a trapped
particle and the detection of rotational frequency
provides a feasible way to measure the viscous re-
sistance of the liquid medium. It is also a vital factor
in enhancing rotational frequency. Although Ashkin
(1970) observed rotating motion of an optically levi-
tated sphere in vacuum, most primary experiments on
optical rotation were set in liquid media. Although
there had been an explosive development of interest
in optical rotation since the 1990s, the measurement
of optical torque was first introduced by Nieminen
etal. (2001c). By decomposing the incident and
outgoing plane waves, they claimed that the variation
of angular momentum could be given by the differ-
ence between the incident and outgoing angular
momentum fluxes. This provided a means to measure
the torque. Such a method was applied in later
experiments and proved to be effective in torque
measurement.
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A stable rotating particle in optical tweezers
experiences optical torque and counterpart drag
torque. The quantization of torque makes it possible
to calculate features of certain particles and certain
media. Parkin et al. (2007) characterized a micro-
viscometer using optically rotated particles to per-
form measurements over a large dynamic range of
viscosities, as shown in Fig. 4. Efforts have been
made to reduce the hydrodynamic coupling between
the probe and the fluid. By observing the rotational
Brownian motion, data on smaller samples and more
highly nonhomogeneous fluids could be collected.
The interaction between the trapped particles and the
surrounding medium also provided a perfect platform
for studying the adhesivity of certain surfaces
(Vaippully et al., 2019; Vaipully, 2019). By pulling a
rotating birefringent particle away from a surface, the
shear force caused by rotating motion would break the
bonds. Such an approach was expected to take the
place of conventional techniques, while it could probe
softly and sense interaction at a higher resolution.

g )
V= .
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Fig. 4 A phase-contrast image of a vaterite rotating inside
a cell as a microviscometer

The left arrow points to the cell membrane. The right arrow
points to the vaterite within the cell membrane. The inset
picture shows the normalized intensity that is used to deter-
mine the rotation rate of the vaterite. Reprinted from Parkin
et al. (2007), Copyright 2007, with permission from American
Physical Society

Mason and Weitz (1995) pioneered the idea that
small particle Brownian motion excited by thermal
stochastic force could reflect the viscoelasticity of the
medium. This might make it possible to obtain quan-
titative information that was not accessible by con-
ventional means about the rheological properties of a

polymer matrix. Experimental verifications of ap-
plying optical tweezers in the field of microrheology
were presented (Leach et al., 2006; Sriram et al., 2010;
Bennett et al., 2013). Such passive microrheological
characterization has been widely applied because of
the simplicity of experimental setup and data analysis.
The limitation caused by the thermal motion of the
probe particles that decreased the measurement to a
linear response regime can be eliminated by actively
driving the particle. Bishop et al. (2004) demonstrated
a microrheology system with a nearly perfectly
spherical crystal probe to measure the viscosity in a
cellular structure.

Rotating motion induced by SAM has greatly
impacted many fields, including chiral optomechan-
ics, microrheology, and biology. While linearly po-
larized light was suitable for position and orientation
control, the spin of a birefringent particle trapped in
circularly polarized light pioneered a new branch of
optical manipulation. Transmission of SAM, which
can be simply interpreted as the transfer of the po-
larization state, has been proved to be an efficient way
to circumrotate micro-particles.

3.2 Rotation induced by OAM

Allen et al. (1992) introduced that a single pho-
ton could carry multiple units of %, and used a com-
bination of cylindrical lenses to transform the beam
and successfully produced laser-carrying OAM in a
laboratory, which laid the foundation for an “optical
spanner.” While polarized light could trap and rotate
transparent particles, the absorption of the OAM of
light could achieve a stable trap and rotation of ab-
sorbing particles. Sato et al. (1991) took the lead on
optically rotating particles by trapping and manipu-
lating a blood cell; his group used a higher-order HG
mode laser beam to achieve a 360° rotation of the
blood cell. They also found that the axis of blood cells
coincided with the elongated direction of beam in-
tensity, and this predicted the feasibility of optical
manipulation by OAM.

The use of annular beams was first brought up by
Ashkin (1992), who used the LG mode beam to create
annulus and trapped absorbing particles in the
high-intensity region. A transparent low-index parti-
cle would be pushed away from the beam, but could
stay in the dark region of an annular beam because of
the scattering force (Garcés-Chavez et al., 2002b).
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Hollow glass spheres could be imprisoned in the dark
region and carry certain drugs (Prentice et al., 2004).
Further experiments of trapping low-index particles
using laser beam carrying zero average angular mo-
mentum have been made (O'Neil et al.,, 2002;
Santamato et al., 2002; Nieminen et al., 2008; Ran
etal., 2012; Mitri, 2016a, 2016b; Chen MS et al.,
2018).

The special spatial distribution of beam-carrying
OAM not only provided the opportunity to trap and
manipulate particles in three dimensions, but also
broke the limit on the population of particles. Ex-
periments involving a polarized “doughnut beam”
were performed to elaborate the possibility of rotating
and manipulating a large number of absorbing parti-
cles made by different materials (He et al., 1995;
Garcés-Chavez et al., 2002a; Arzola et al., 2014,
Ivanov and Hanstorp, 2018). It was also noted that a
birefringent particle was observed simultaneously
spinning and orbiting around the optic axis (O'Neil
et al., 2002; Garcés-Chavez et al., 2003). Calculation
and derivation results showed that both OAM and
SAM could trigger intrinsic rotation, while extrinsic
rotation could be caused only by the OAM of light
(O'Neil et al., 2002).

It is natural to speculate that by altering the spa-
tial distribution, precise rotation control can be
achieved. Paterson et al. (2001) generated a rotating
beam by interfering with an annular-shaped laser
beam (LG03 mode) and with a reference beam (plane
wave) to make an attempt to confine a very large
number of particles within the interference pattern.
Although it was the first demonstration of manipu-
lating multiple objects simultaneously, the large
quantity of particles collapsed in a short time.
MacDonald et al. (2002a) trapped a cubic structure of
eight particles in the interference pattern of two
counter-propagating LG beams, and rotated the cube
at a frequency of 2 Hz by simply changing the path
length of one of the beams. MacDonald et al. (2002b)
also presented different cross-sections of LG laser
beams at different azimuthal numbers. The spiral
interference pattern could be tailored to fit the shape
of the cluster and be used to trap and rotate structures
of silica micro-spheres. Setting a frequency shift
between the interfering modes could create a con-
tinuous rotating pattern, which allowed rotating con-
trol (Arzola et al., 2014; Mitri, 2016a, 2016b; Li RX

et al., 2017a, 2017b). Further research also showed
that such a method could lower only the rotational
speed of particles. To set the rotational speed of an
interference pattern higher than a critical value would
cause trapped particles to rotate at periodic angular
velocities (Arzola et al., 2014).

Experimental results showed that the azimuthal
phase brought transverse manipulation along the axis,
and that several groups were also seeking the perfect
beam for radial manipulation. Bessel beams are
propagation-invariant. The arbitrary transmission
cross-section is a series of concentric circles. llumi-
nating a Gaussian beam on a conical shaped optical
element is the simplest way to generate a beam that is
a close approximation of a Bessel beam over a char-
acteristic propagation distance. It can create an optical
trap that extends for millimeters of confining force.
The two-dimensional optical tweezers formed by the
Bessel beam can push a particle precisely over a cer-
tain distance, as shown in Fig. 5. Garcés-Chavez et al.
(2002a) constructed Bessel beam tweezers that could
manipulate particles of large spatial separation along
the optical axis. Then they used circularly polarized
high-order Bessel beam tweezers to capture and rotate
a birefringent particle (Garcés-Chavez et al., 2003).
Apart from rotating around its own axis because of
the SAM, it also rotates around the beam’s axis. This
is consistent with Allen et al. (1992)’s and Friese et al.
(1998b)’s analysis. Simulations and experiments of
torque on different sizes of absorbing particles were
also made (Nieminen et al., 2001a; Mitri, 2016a,
2016b).

Fig. 5 Wavefront of Bessel beam
Reprinted from Li RX et al. (2017a), Copyright 2017, with
permission from Elsevier Ltd.

Non-contact manipulation had been one of the
optical tweezers’ dominant advantages. It is favored
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for trapping and manipulating cells and bacteria, and
even intracellular objects, thanks to the noninvasive
operation and relatively precise control. Many groups
had applied optical rotation techniques in biology
since a blood cell was successfully trapped and ro-
tated in Sato et al. (1991). With gradual maturity of
the technique, the applications of optical tweezers in
biology developed rapidly (Oroszi et al., 2006). The
interferometric approach introduced by Paterson et al.
(2001) avoided the trapping object’s thermal effect
induced by the laser, and this could efficiently avoid
the damage of the heating generated from the energy
transferred to trapped absorbing objects. This made it
possible to achieve prolonged trapping (MacDonald
et al., 2002b). Most trapped objects in the biological
field lack spherical symmetry, and thus alignment can
be handy (Bayoudh et al., 2003; Homer et al., 2010;
Liang et al., 2010; Xie et al., 2016; Cao et al., 2017).

As well as the abovementioned ways of manip-
ulating particles, other innovative ways have been
applied. Horner et al. (2010) used two position-
adjustable optical traps focusing on both ends of a
rod-shaped bacterium to achieve rotation. Wu et al.
(2012a, 2012b) tried using a laser-driven birefringent
sphere to guide the behavior of the growth cone at the
tip of a growing nerve axion. Specific detection of
certain particles, e.g., DNA, was made (Oroszi et al.,
2006; Deufel et al., 2007). It is convenient to control
particles rotating at a low speed by the application of a
rotating beam. Particles of different materials and
larger sizes were used in laboratory experiments and
theoretical studies (Starr et al., 2005; Raghu et al.,
2010; Arzola et al., 2014; Liaw et al., 2015, 2016;
Tanaka, 2018; Chen XT et al., 2019).

4 Up to date optical rotation in high vacuum

The unwanted axial forces, viscous resistance,
and heating of absorbing particles are the main ob-
structions for the enhancement of rotational frequency.
The fastest rotating speed in an aqueous solution can
reach 1000 Hz. It is beneficial to choose transparent
articles as research subjects, to avoid thermal defor-
mation caused by absorbing particles and consequent
boiling of the surrounding medium. To further in-
crease the rotation rate, reducing the viscous drag
force and stabilizing the trapped particles are the

burning issues. An obvious solution is to suspend and
manipulate particles in air. It becomes the focus of
recent research (Manjavacas and Garcia de Abajo,
2010; Roy et al., 2014; Arita et al., 2016; Rodriguez-
Sevilla et al., 2018; Diniz et al., 2019). The rotational
frequency of a particle with ultra-high mechanical
quality attributes and low viscoelasticity environment
was predicted to reach the order of GHz (Monteiro
et al., 2018).

A micro-particle suspended in a fluid colliding
with surrounding molecules experiences random
Brownian motion. The dynamics and effect of a ho-
mogeneous, rotating birefringent particle levitated in
high vacuum generated heated debate. Friese et al.
(1998Db) predicted that the lack of mechanical friction
in the optical tweezer system in high vacuum can
eliminate environmental decoherence. The method of
feedback cooling, which was first introduced in cavity
optomechanics that trapped particles in an optical
cavity, could be stabilized by modulating the trapping
frequency, and this led to cooling of the center-of-
mass (COM) motion. Based on their previous appa-
ratus to measure the Brownian motion, LI TC et al.
(2011) successfully cooled an optically levitated glass
microsphere’s COM motion from room temperature
to 1.5 mK. Their research was an important step to-
ward quantum cooling, and showed that optical
tweezers could be the perfect platform to study issues
concerning the quantum ground state.

The increment of rotational frequency became a
hot topic, for certain phenomenon occurred only on
high-speed rotating particles. Arita et al. (2013) made
arevolutionary leap in optical rotation. A rotation rate
of 2.45 MHz was realized at a pressure of 1 Pa. By
decreasing the pressure in the trapping regime, a ro-
tation rate of 10 MHz was achieved, which was the
highest rotation rate measured at that time. They also
discovered that when the rotational frequency coin-
cided with the oscillation frequency of the trapped
particle while decreasing the pressure, resonance
occurred, which led to enhancement of the detection
signal. The effect brought by high rotation rates was
similar to that of a micro gyroscope’s intrinsic stabi-
lization. According to Arita et al.’s experiments and
simulations, the rotational motion of the particle
could play a crucial role in cooling the COM of the
particle while no active feedback cooling was applied,
for the distribution width of transversal angular
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velocity decreased. The positional stabilization in the
experiment showed an effective cooling to 40 K. This
experiment opened a new route to explore new di-
rections in optical rotation. The realization of stabi-
lized high rotation rate presented the possibility for
the study of the performance of rotors at the micron-
scale, while the cooling effect provided a potential
mean for measuring quantum rotational effects.

The coupling of rotational motion and transla-
tional motion is a result of hydrodynamic interaction,
and thus contains useful information about the nature
of interactions and Brownian motion. The crucial
sticking point of discrimination between the above-
mentioned motion types was solved by Roy et al.
(2014) by setting a coupled Langevin equation for
rotational Brownian motion and translational motion,
allowing the detection of each motion, along with the
coupling effect. Such a method has been proved to be
efficient in measuring the rotational motion of
asymmetric particles with high sensitivity, and inde-
pendent of birefringence, polarization, and effective
width of the particle.

Ahn et al. (2018) and Reimann et al. (2018) de-
tected particles rotating at frequencies exceeding
1 GHz, as shown in Fig. 6, at almost the same time.
The major difference laid on the shape of the trapped
objects. Ahn et al. (2018) trapped a nano-dumbbell in
linearly polarized optical tweezers, as shown in Fig. 7,
while Reimann et al. (2018) chose a silica nanoparti-
cle with a diameter of 100 nm.

One of the prominent obstacles for maintaining
particles at a steady-state high rotational speed is the
perturbation caused by precession and laser heating.
Dumbbell-shaped particles had been proposed as
suitable for studying multi-body systems isolated
from the environment (Lechner et al., 2013), and thus
became Ahn et al. (2018)’s ideal choice. Particles of
such shape also showed excellent stiffness in their
experiments and appeared to be less easy in escaping
the trap than particles of other typical shapes (Hoang
et al., 2016), e.g., nanosphere and nanorod. An ul-
trasonic nebulizer was used to deliver the dumbbell in
Ahn et al. (2018)’s experiment. Their vacuum
chamber would be set below 0.001 33 Pa after suc-
cessful trapping and then retained at the desired
pressure level. A new method of measurement by
detecting the damping rate of the particle was applied.
The dumbbell acted as an ultrasensitive nanoscale

torsion balance in linearly polarized optical tweezers
and became an ultrafast nanomechanical rotor when
captured in circularly polarized light. A dumbbell
rotating at a frequency of 1.1 GHz was detected on a
position sensitive detector (PSD). The increase of
rotational frequency would lead to the disassembly of
the dumbbell because of centrifugal force. Not only
could such a nano-dumbbell detect the Casimir torque,
but might it be able to sustain a frequency beyond
10 GHz (Ahn et al., 2018).

Toc.m.
detection

Vacuum
chamber

Fig. 6 Experimental setup in Reimann et al. (2018)’s
research

Reprinted from Reimann et al. (2018), Copyright 2018, with
permission from American Physical Society

Rotation

Fig. 7 Scheme of a nano-dumbbell rotating in optical
tweezers

Reprinted from Ahn et al. (2018), Copyright 2018, with per-
mission from American Physical Society

A similar experimental setup was applied in
Reimann et al. (2018). The detected rotational fre-
quency reached above 1 GHz, while the pressure in
the vacuum chamber was decreased to below 107 Pa.
Reimann et al. (2018)’s work involved the analysis of
torques on particles and corresponding laboratory
data. The coupling of COM and rotational degrees of
freedom was not observed (Reimann et al., 2018).
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The precise control of rotational frequency has
always been a prominent topic. Kuhn et al. (2017b)
designed a system that set the rotational frequency
locked at a certain frequency, as shown in Fig. 8. The
introduction of an external clock, which switched the
laser polarization between linear polarization and
circular polarization, could tune the rotational fre-
quency over a range of 1012 linewidths. By modu-
lating a certain ratio between the driving frequency
and the rotational frequency to a certain region,
locking of rotation rate could happen. Although there
were proposals that a more stable clock might further
stabilize the rotor, no further research has yet been
carried out.

Input light

Pol. control

-10101-

Trapped nanorod
I b

f;

Detection
fibre

Photodiode

Fig. 8 Scheme of frequency locking experiment
Reprinted from Kuhn et al. (2017b), Copyright 2017, with
permission from the authors, licensed under CC BY 4.0

Quantum optomechanics is an emerging field
that has its roots in the study of mechanical action of
light. A breakthrough of quantum ground state cool-
ing of mechanical oscillators was first proposed by Li
TC et al. (2011). Later, several groups successfully
showed the effect in experiments (Chan et al., 2011;
Kuhn et al., 2015, 2017a; Stickler et al., 2016). The
combination of optical tweezers and optomechanical
systems has attracted great attention. An optically
levitated particle experiences no mechanical contact,
so the decoherence of the system is negligible. This
makes it the ideal carrier for research on macroscopic
quantum mechanics. Research on quantum optome-
chanics has undoubtedly become a current hotspot
topic.

Optomechanical systems are usually employed
to solve quantum mechanical issues such as superpo-
sition, decoherence, and entanglement. By cooling
the COM of the optically levitated particle to the
quantum ground state with sideband cooling, such

systems can achieve ultrasensitive detection for
Casimir force, non-Newtonian force, gravitational
wave, single molecule collisions, and so on. An initial
experiment involving an optical cavity and angular
momentum was carried out by Kuhn et al. (2015).
They used an intense intra-cavity field to capture
nanorods launched from laser-induced mechanical
cleavage, and cooled the rotational motion and tor-
sional optomechanics by optical torque. The cavity
field could also induce coupling between rotational
degree and motion degree. The influence of the op-
tical potential was so sufficiently prominent that the
exchange of motion and rotational degree was ob-
served (Stickler et al., 2016). The full rotation of na-
norods in a cavity was realized by setting elliptically
polarized light with particular degree of polarization
(Kuhn et al., 2017a). By modifying the optical po-
tential, the rotational frequency can be tuned, which
opens the route to rotational ground cooling and fur-
ther research.

5 Conclusions and outlook

For research on optically induced rotation, op-
tical tweezers created opportunities. The technique of
trapping and manipulating particles made significant
progress since first proposed. Controllable rotation
and precise alignment made the optical trap the most
suitable tool for manipulating biological cells and
obtaining liquid character. Owing to the successful
trapping of a particle in high vacuum with optical
tweezers, the optically induced rotation had entered
into a brand-new phase. With extremely low drag
force, the rotation rate increased dramatically. In this
review, we explored the development process of op-
tical rotation. Experiments and multiple methods to
impart rotating motion on trapped particles and ap-
plications of such techniques were introduced.

We also presented recent advances in laboratory
optical rotation and progress in the quantum regime,
as shown in Fig. 9. While the COM motion was
agreed with an avalanche of publicity, ultrafast rotors
optically levitated became a new platform, not only
for their interaction with COM motion, but also for
their own prospects to explore friction and precise
measurement. Furthermore, particles rotating at GHz
frequency might provide a path to cosmology.
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In addition to wide application in biophysics,
nanotechnology, microrheology, microfluidics, and
chiral resolution, optical rotation made its way to
become the research hotspot for its potential in re-
searching ground-state cooling, material properties,
precise measurement, thermodynamics, and so on.
Challenges remain, such as thorough dynamic analy-
sis, improvement of detection method, and realization
of ground-state rotation, but their potential encour-
ages researchers to continue exploration.
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