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Abstract:

Propulsive effects of light, which often remain unnoticed in our daily-life experience, manifest
themselves on spatial scales ranging from subatomic to astronomical. Light-mediated forces
can indeed confine individual atoms, cooling their effective temperature very close to absolute
zero, as well as contribute to cosmological phenomena such as the formation of stellar planetary
systems. In this review, we focus on the transport processes that light can initiate on small
spatial scales. In particular, we discuss in depth various light-induced mechanisms for the
controlled transport of microscopic particles; these mechanisms rely on the direct transfer of
momentum between the particles and the incident light waves, on the combination of optical
forces with external forces of other nature, and on light-triggered phoretic motion. After a
concise theoretical overview of the physical origins of optical forces, we describe how these
forces can be harnessed to guide particles either in continuous bulk media or in the proximity of
a constraining interface under various configurations of the illuminating light beams (radiative,
evanescent, or plasmonics fields). Subsequently, we introduce particle transport techniques
that complement optical forces with counteracting forces of non-optical nature. We finally
discuss particle actuation schemes where light acts as a fine knob to trigger and/or modulate
phoretic motion in spatial gradients of non-optical (e.g., electric, chemical, or temperature) fields.
We conclude by outlining possible future fundamental and applied directions for research in
light-induced particle transport. We believe that this comprehensive review can inspire diverse,
interdisciplinary scientific communities to devise novel, unorthodox ways of assembling and
manipulating materials with light.
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1. Introduction

Within the past five decades, light-induced confinement and transport of physical objects - once
merely an interesting peculiarity and a popular attribute of science fiction books and movies -
has firmly established itself as a precise, versatile experimental technique with applications in a
variety of research fields ranging from natural sciences, to engineering and medicine. For the
field of optical manipulation, this successful path to the spotlight began in the early 1970’s by a
series of pioneering articles authored by Arthur Ashkin [1-3] and culminated in 2018, when
he was awarded the Nobel Prize in Physics “for the optical tweezers and their application to
biological systems” [4]. This outstanding scientific achievement followed two other Nobel Prizes
in Physics that were previously awarded in 1997 for groundbreaking experiments exploiting the
transfer of momentum carried by light for cooling of individual atoms [5] and in 2001 for forming
Bose-Einstein condensates - macroscopic physical systems that display quantum coherence [6].

Since its inception, the actuation of microscopic particles by light has undergone a remarkable
evolution. The first proof-of-principle demonstrations used the radiation pressure of a single
loosely focused laser beam to accelerate and guide particles along the beam axis [1]. By
employing two counter-propagating beams with mutually opposing radiation pressures, it was
possible to confine the particles in all three dimensions [1]. The invention of the optical tweezers,
which enabled full spatial confinement of micro- and nanoparticles with a single tightly focused
laser beam [7], then represented a major breakthrough that eventually introduced light-based
micromanipulation into research laboratories across diverse scientific disciplines. Gradually,
the range of configurations of the incident light waves that could be harnessed to confine and
transport the illuminated particles has been expanded to include evanescent fields created in
the vicinity of material interfaces and inner and outer boundaries of optical waveguides [8, 9],



propagation-invariant light beams with various spatial profiles of optical intensity and phase
generated by complex beam shaping [10, 11], plasmonic fields of metallic nanostructures [12],
and even illumination geometries known as “tractor beams” that enable pulling the particles
against the incident photon flux [13, 14]. In addition to relying solely on the direct transfer of
momentum between the incident light waves and the illuminated microscopic particles, optical
forces have been complemented by other external forces acting on the transported particles, such
as gravity [2], hydrodynamic forces [15, 16], acoustic forces [17] and electric forces [18-20].
Selective light-induced particle guiding and sorting has been also achieved in the presence of a
constraining interface [16,21]. Alternatively, the energy of the incident photons has been used
as a means to actuate particles indirectly by inducing non-optical external forces on the target
particles [22,23].

All these routes for light-driven material manipulation have offered significant versatility
to researchers and engineers, so the list of research fields that have immensely benefited
from these methods is long and impressive: it includes, for example, colloid and interface
science [24-26], fluid mechanics and microfluidics [27-29], analytical and preparative chemistry
and biochemistry [30-32], micro- and nanofabrication [33, 34] as well as biophotonics and
biomedicine [35-37]. Optical stimulation has also proved attractive for developing novel types
of active self-propelling particles acting as non-equilibrium microscopic transducers of free
energy [38,39].

In this review, we aim to provide a comprehensive picture of the physical origins, specific
implementations, and selected applications of different light-induced mechanisms for the
controlled transport of particles in liquids and gases. We intend the review as a practical guide
for the reader to navigate through the range of experimental tools that are currently available
for the optical control of the motion of solid and liquid particles with sizes ranging from
tens of nanometers up to a few millimeters. In Section 2, we present a condensed theoretical
framework that describes the physical origins of the optical forces exerted on microparticles
and nanoparticles by an optical field. Section 3 is dedicated to the guiding of particles with
optical forces in continuous bulk media using different beam configurations, including Gaussian
beams, propagation-invariant Bessel beams, accelerating or curved beams, tractor beams and
non-interfering or interefering counter-propagating beams. Alternative methods for the optical
delivery of particles in bulk media are summarized too. Section 4 covers the main experimental
strategies in which light-induced transport of particles is assisted by a constraining interface,
including those based on radiative waves, evanescent waves, and plasmonics fields in the proximity
of liquid/solid interfaces. Strategies for particle actuation that can be employed in the vicinity
of air/liquid and air/solid interfaces are also briefly mentioned. In addition, particle transport
techniques that complement optical forces with counteracting forces of non-optical nature (in
particular, hydrodynamic forces) are presented. Section 5 discusses experimental schemes where
light triggers phoretic motion in non-optical fields associated with spatial gradients of electric
potential, temperature, and concentration generated by light in the particle’s surroundings. In
addition, this section also introduces self-phoresis driven by light-induced asymmetry in the
physical or chemical properties of the manipulated particles. Finally, Section 6 outlines possible
future fundamental and applied directions for research in light-induced particle transport.

2. Physical origin of optical forces: a reminder

In this section, we lay the theoretical groundwork for understanding the methods of manipulation
and transport of small particles that are based on the direct exchange of momentum between
the incident photons and the irradiated object located either in the bulk of a continuous host
medium or at the interface between two different media. This type of light-matter interaction
has been intensively studied since the 1970’s when Arthur Ashkin published his first papers
on the behavior of microparticles immersed in a liquid medium and illuminated by a laser



beam [1, 40]. Since Ashkin's seminal work, forces generated by light have been exploited to
develop many useful devices. These achievements have been summarized in numerous general
review articles [9,12,21,29, 30,472] and books [7383] and includeoptical tweezer§7, 50, 73]

for the 3-D manipulation of nano- and micro-objects using tightly focused laser beatitsl
stretcherdor stretching deformable arti cial microobjects or living cells and characterizing their
elastic properties [84, 85holographic optical tweezemnabling the simultaneous independent
manipulation of tens of microobjects [889], iTweezeraising an iPad to view and manipulate
microparticles [90]pptical grippersfor manipulating a selected object with the help of several
optically trapped microscopic handles surrounding the target object [91, 92], various types of
optical tweezers exploiting user interfaces coming from the computer gaming industry (e.g., 3-D
joysticks and haptic devices [91, 93], Kinect technology [@8], and sensors tracking hands or
gaze and accepting voice commands [9fsmonic tweezemsmploying plasmonic resonances

to increase the near- eld intensity in the optical trap [12,881], optical pico-tensiometers
measuring the tiny forces in the range from tenths to hundreds of piconewtons (pN) associated
with molecular motors [53,57, 58pptical sortersfor separating objects with di erent physical
properties upon illumination of the mixture [16, 1AD6], optical conveyor beltfor delivering
objects bidirectionally in spatially structured laser beams [14,109], andoptical tractor
beamspulling objects against the incident photon ux [13,110 112].

Here, we will not present a detailed theoretical description of the calculation of optical
forces (covered, for example, in Refs. [78,79, 81, 113]); instead, we will introduce limiting-case
theoretical approaches based on ray optics and induced dipoles that o0 er a more intuitive picture
of the origin of optical forces and their in uence on the behavior of illuminated particles. In
particular, the ray optics approximation is justi ed if the particle diameter is much larger than
the trapping light wavelength and acceptable quantitative results can be obtained for objects of
diameters in units of micrometers [81,114,115]. On the other hand, treating the manipulated
particles as elementary induced dipoles is possible within the framework of Rayleigh scattering
approximation that holds well for objects with characteristic dimensions su ciently smaller than
the trapping light wavelength, typically less than a few tens of nanometers [116, 117].

2.1. Optical forces on a microparticle

An elementary explanation of the optical forces acting upon a re ecting, absorbing or refracting
object is illustrated in Fig. 1. If such an object is illuminated by a bundle of light rays, the
incident photons are re ected, absorbed and refracted by the object. Following Newton's second
law, the rate of change of the photon momentum is associated with the force acting on the
photons. Consequently, a force of the same magnitude and opposite direction is applied to
the irradiated object by virtue of Newton's third law of action and reaction. The force due to
single-photon scattering has a noticeable e ect only on a tiny object with a su ciently small
mass and momentum, such as a cold atom. In order to in uence the behavior of bigger objects
with sizes up to tens of micrometers, the coordinated action of many photons is required. This
can only be achieved with an intense light eld such as that of a focused laser beam. Obviously,
absorption of the trapping light by the particle (and also by the surrounding medium) should be
low to avoid excessive heating of the sample. In general, optical forces are linearly proportional
to the total laser powd? incident on the object and can be expressellsgs= nmPQ-c, where

N is the refractive index of the medium surrounding the objei,the speed of light in vacuum,
andQ is the vectorial trapping e ciency factor that depends on the size, shape, material, and
position of the particle, as well as on the wavelength and the spatial pro les of the beam intensity
and phaseQ reaches its maximal absolute valy@j = 2) in the case of purely back-re ected
normally-incident light (for example, from 400%re ective mirror), corresponding to the
maximal transfer of momentum from the photons to the particle. However, its typical value
encountered in optical micromanipulation experimeniQis' 0:1. In comparison with the



case of nanopatrticles discussed in the next subsection, the nomenclature of individual force
components in the ray-optics regime is not fully rigorous; the force pushing the particle along (or
pulling it against) the direction of the Poynting vector of the incident light is usually called the
scatteringpushing (or pulling) force, whereas the force acting in the direction of the axial or
lateral gradients of optical intensity is usually called ¢hadientforce [114]. In some cases, the
maximal optical force can reach hundreds of pN, but in the majority of experiments, itis in the
range from tenths to tens of pN.

Fig. 1. An elementary explanation of the optical forces exerted on a re ecting, absorbing
and refracting object. In the case mfection, let us assume normal incidence of light
and100%re ectivity of the object's surface, with alN photons incident on the object

re ected back. Each incident and re ected photon carries a linear momepitum-k;

andpy = ~k;, respectively, wherk denotes the wavevecter= he2 , andh is the Planck
constant. Following Newton's second law, the net fdfggot acting upon the photons due

to the interaction with the object is proportional to the rate of change of linear momentum
of all photons:Fpnot = *pr  pi°Ne t. Following Newton's third law, the reaction force
acting upon the object is then equaRg,j = Fphot Similar considerations apply to the
case ofabsorption assuming for simplicitt 00%object absorption. Under these idealized
conditions, the optical force acting upon the re ecting object is two times larger than the
force acting on the absorbing object. In the caseefiction/scatteringlet us assume the
wavefront of the incident beam can be divided into small area segmgmisrresponding

to individual rays within the beam. The powgy of each ray can be then expressed as
Pj = jISij Aj, wheretSi is the time-averaged Poynting vector at the locatioApand the

ray propagates along the directiont& , perpendicularly tad;. Thus, along thet" ray and
within atime t, Nj = P; tel~! ©photons carry energl; t, incident momentunp;; and
scattered momentupy; , with ! being the angular frequency of the light. The total optical
force Fqpj acting upon the object is then obtained as the sum of the force contributions
from all rays in the beam. The schematics inside the object illustrates the change of photon
momentum p coming from the two representative rays 1 and 2 (see [81,114, 115] for more
details).

2.2. Optical forces on a nanoparticle

Since a nanoparticle is much smaller than the wavelength of visible or near-infrared light typically
used in optical micromanipulations, the above described ray optics approach cannot be applied.
Instead, an illuminated nanoparticle is frequently treated as an elementary induced electric dipole
subjected to the Lorentz force in an incident electromagnetic (EM) eld, which leads to the



following equation for the time-averaged force acting upon the nanopatrticle [116]:

1 ~ 1 ~

T2 O : T2 O .

i o= L g E -l --ijk@
@, T 12, @

jik=xy;2

By dt; 1)

whereT is the period of the time-harmonic EM eldjx, Ex, B¢ are the real-value&!"
components of the time-harmonic dipals;t° = <f dir° expt i! t°g, electric eld Etr;t° =
<f Er° expt il t°g and magnetic eldr;t° = <f Bir® expg i! t°g respectively<fg denotes
the real part of the quantity in the bracketsare the spatial coordinates, ahgt denotes the
Levi-Civita tensor. Indiceg j; k then run through th&; y andz components of the vectors.

Using Maxwell's equations for the complex amplitudes of the EM eld vectors and the standard
vector calculus identities, Eq. (1) then gives [81,116,118,119]:
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In Eq. (2), time averaging of the harmonically varying quantities on the right-hand side has been

carried out and the asterisklenotes the complex-conjugated quantyis thej™ component of

the induced dipole following Bohren's notation [117} is the permittivity of vacuumi;,,  n2,

is the relative permittivity of the medium surrounding the particle withbeing the refractive

index of the medium, and is the polarizability of the particle. In general, the polarizability
has a real and an imaginary patand 0 respectively; thus Eq. (2) can be rewritten in

component or vector form as [81,116,118,119]:
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wherejXj = px X and=f Xgdenote the absolute value and the imaginary part of the complex
vector X, respectively. This expression can be further rewritten using Maxwell's equations
(r E = it oH ,r E=0),thevectorcalculus identities, the time averaged Poynting v&ctor
and the spin density of transverse electromagnetic Leléh the following vector form [118,120]:
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The imaginary part of the polarizability®is associated with the particle absorption (for
example, in metals) or with the interaction of the induced dipole with itself through the scattered
light [121]. Thus, the polarizability at the optical frequencies can be written in the form:
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wherek = 2 np* o = npkp, o denotes the vacuum wavelength, and the valueydbr a
spherical particle with radiua can be expressed using the Lorentz-Lorenz relation as:
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where", ng is the relative permittivity of the particle, generally complex for an absorbing
particle, andh, is its refractive index. Following Bohren [117], Eq. (7) can be rewritten using
the cross-sections for absorpti@a,s = k 09 scatteringCsca= j 0j°k**16 ©, and extinction
Cext = Cabs* Csca

Cabs | . Csca 0 - Cext

SR s R Y S ©)

Using Eqg. (9) and Eq. (5), we can write the nal expression for the optical force acting upon a
nanoparticle as:

Fo= 0'n %P+ Coa S+ Coor L (10)
Let us stress that, in all the above presented equations, only the unperturbed elds incident on the
particle are considered. Furthermore, it is also assumed that the nanopatrticle represented by an
induced dipole scatters light symmetrically with respect to the polar anglaus, instead of the
full cross-section for the radiation press@g = Cext h cog °i Csca Cext alone can be used, as
the asymmetry parametlgos °i = 0in this case [117].

The rstterm in Eq. (10) is known as thgradient forceFy,, because it is proportional to
the gradient of the squared magnitude of the electric eld. For a nanoparticle illuminated by a
transverse electromagnetic wave (for example, a laser beam), this term can be expressed using
the optical intensity, or irradiancé,= nm" ocjEj?* 2 of the wave as:

Mmoo .
For= 5 %1 (11)

The gradient force is conservative and pulls the particle to the location of the maximal eld
intensity if 9> 0, i.e., if the refractive index of the particle is higher than the refractive index of
the surrounding mediufm, > ny°. In the case of °< 01n, < ny?, the particle is repelled to
the low-intensity region of the beam. Figure 2a illustrates the spatial pro le of this force.

The second term in Eq. (10) describes slattering force. (also known as the radiation
pressure), which points in the direction of the Poynting vector, i.e., along the energy ux density:

n
Fsc= Cext?m S (12)

Regardless of the ratio of refractive indices of the particle and the surrounding medium, the
particle is always pushed in the direction®fFigure 2b illustrates the physical origin and the
spatial pro le of this non-conservative force.

The last term in Eq. (10) then describes the non-conservspivecurl force which arises
from the polarization gradients in the incident eld [81,118]. Since it is usually much smaller
than the scattering and gradient force, we will not consider it further.



Fig. 2. Elementary explanation of the optical forces acting upon a nanoparticlegviting,
illuminated with a focused Gaussian laser beam incident from the left. (a) lllustration of the
gradient forceFgr pointing to the high-intensity region of the beam (red) as a result of the
behavior of an induced electric dipole placed into an inhomogeneous electromagnetic eld.
(b) lllustration of the scattering fordesc resulting from the change of linear momentum of
the photons incident on the object from a single direction and scattered by the object in all
directions. (c) lllustration of the total optical force acting upon the nanoparticle, obtained as
the sum of the gradient and scattering forces. Due to the pushing e ect of the scattering
force, the equilibrium position of the nanoparticle is located slightly behind the beam focus
(in the beam propagation direction).



3. Transport of particles with optical forces in continuous bulk media

This section deals with the transport of particles that are surrounded by a gaseous or liquid
medium and con ned and propelled solely by optical forces. Figure 1 shows that if an illuminated
object re ects, absorbs, or scatters incident light away from its original direction of propagation,
the resulting radiation pressure pushes the object along this direction. Probably the oldest mention
of this phenomenon in the scienti c literature can be found in the astronomical observations
of Johannes Kepler and is related to the shape and direction of comets' dust tails. According
to Kepler's proposal, it is the radiation pressure of sunlight that pushes the dust particles in
the comets' tails away from the Sun [122]. The same principle has been recently tested as an
alternative mechanism for propelling manmade satellites equipped with extremely thin, highly
re ective solar sails [123126]. Coincidentally, the solar light pressure was also utilized to
control the pointing of the spacecraft Kepler, which - while looking for Earth-like exo-planets
- su ered a malfunction of two of its stabilization gyroscopes [127,128]. However, the low
intensity of solar illumination can only provide a weak pushing force. In the case of the solar sail
Ikaros launched by The Japan Aerospace Exploration Agency, the measured force acting upon
its 196 n? sail was merely 1.12 mN [125]. In order to achieve stronger propulsion forces, the
Breakthrough Starshot Initiative proposed to use a phased laser array placed on Earth [129]. This
laser array would target a nano-spacecraft with an ultra-thin sail of mass about 1 g and area 10
m? and accelerate it to relativistic speeds of u@2c needed for a space travel towards Alpha
Centauri.

Clearly, the requirements that have to be met by light sails usable for practical space explorations
- in particular, low mass, high re ectivity, high structural integrity and resistance to mechanical
damage by interplanetary dust - pose major technological challenges for the production and
handling of the sails [130,131]. Fortunately, laboratory-scale experiments with controlled
transport of small particles initiated by the forces of light can be readily performed on a table
top using currently available technology. As mentioned above, radiation pressure resulting from
illumination of objects with light of intensity comparable to that of solar radiation on the surface
of the Earth is rather small. For a microparticle with a cross-sectional areamf lthe net
optical force is on the order df0 18 N, much smaller than the typical force due to gravity acting
on the same patrticle. Therefore, in order to achieve more signi cant forces, experiments carried
out at the microscale usually rely on focused or structured laser beams [1].

3.1. Pushing and guiding of particles along the beam direction in 3-D

The directed guiding of an object with optical forces involves the pushing of the object along the
beam propagation direction and, simultaneously, its con nement in the lateral direction. In this
subsection, we will focus on those beam geometries, in which the object is laterally con ned by
the beam itself and, thus, the lateral optical foFeg:'r© is stronger than any other external force
(e.g., gravity or stochastic thermal force) acting on the particle. In the case of an optically trapped
nanoparticle, thermal activation is the leading mechanism of particle's escape from the potential
well formed by the illuminating light beam. In order to keep the particle laterally con ned, the
work Wiaterai Needed to remove the particle from the beam in the lateral direction must be much
larger than the thermal energy:

1
1

Wateral = o I:r;optlrodr ksT; (13)

wherekg is the Boltzman constant affdis the absolute temperature.

3.1.1. Gaussian beams

In order to demonstrate the typical approach to the analysis of optical forces acting on a particle
illuminated by a laser beam, let us consider rst the archetypal example of a paraxial Gaussian



Fig. 3. Schematic illustration of the e ects of a Gaussian beam upon an object illuminated by
the beam. (a) A weakly focused Gaussian beam propagating from the left attracts a particle
of refractive index higher than the surrounding medium towards the high-intensity region
on the beam axis and, simultaneously, pushes the particle along the beam axis through the
beam focus. At the maximal delivery distarngg, behind the focus, the particle escapes
laterally either due to gravity (for larger objects and horizontal beam propagation) or due
to stochastic thermal forces (for smaller objects). (b) A tightly focused Gaussian beam
provides a su ciently strong longitudinal intensity gradient (generating the gradient force)
to overcome the scattering (pushing) force. Thus, an optical tweezers is formed, allowing
the particle to be trapped at the equilibrium distarggbehind the beam focus [7]. Dashed
empty circles indicate the initial position of the particle in the beam, solid full circles indicate
the nal position of the particle in the beam.

beam (i.e., th@ EMgo mode with a Gaussian lateral intensity pro le [132], see Fig. 3) polarized
along thex axis. The electric eldEx of such a beam depends on the radial and axial coordinates
Ir; 2 as:

2 ep2

. k
—— exp ikz+ il
wizo2 2R
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Eylr; 2° = Eowlzo

. z
ex larctan — 14
p = (14)

q—H
wherer? = x? + y2, Wiz° = wy 1+ 7274 is the beam widthR'z° = 711 + z3+z%° s the radius
of curvature of the beam wavefromg = W(Z)' is the Rayleigh lengthyyg is the beam waist and
= (*hy is the light wavelength in the medium, withy being the vacuum wavelength. If such
a beam of total poweP illuminates a non-absorbing nanoparticle that is optically denser than
the surrounding medium (i.enp > nm), the scattering and gradient forces acting on the particle
can be expressed analytically using Eq. (10) as [133, 134]:

Fir; 22 = Fpscafl; 22+ Fz;gradlr; z° (15)
w2 2r2
Frscatl; 22 = F;gl%twlgoz exp W ; (16)
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wheree expl°and the force amplitudes) ¢, F,. g @ndF;. - correspond to the maximal
values of the forces:
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wherem = nye Ny, represents the relative refractive index of the particle.
Analysis of these equations give us an insight into the physical mechanism behind the optical
forces acting in laser beams. The ratio

Frscat _ 2p_l w M 1 w a3 22)
Famp = 3 me + 2
r;grad

reveals that the pushing axial forEé};T;tincreases with respect to the lateral gradient force

F2™P_with increasing beam waist size and particle radius. For tiny partiakes (1), it then

r;grad
follows thath;‘g"rgd is much stronger thaR; .2 and, consequently, the particle quickly moves to
the beam axis.

In the axial direction, the two force componefiscatandFzgrad COmpete with each other:
while Fzscapushes the particle along thexis, F;graq pulls the particle towards the beam waist
position atz = 0. If the scattering force is stronger than the gradient force everywhere along the

beam axis, i.e.,
Fzscat0; 22 + Fz;graolO; >0 (23)

the nanoparticleés pushed past the position of the maximal longitudinal gradienHgyggat
r=0andz= zg* 3and, thus, the particle cannot be con ned along the beam axis (see Fig. 3a).
In the opposite case, the so callgatical tweezerss formed [7] and an equilibrium longitudinal
positionzeq > 0 exists, at which the net axial for¢g0; ze> = 0 and the slope of,10; 2° with
respect taz is negative (Fig. 3b).

Since the beam intensity and width change alongzthgis, the particle can be guided by the
beam only over a limited longitudinal range, within which the lateral gradient fergga is
su ciently strong to con ne the patrticle in the lateral direction. As the particle moves farther
away from the beam waist positionat 0, the workW.grad*z° needed to release the particle in
the lateral direction decreases as:

1
1
Wi grad*Z® = 0 Frgrad'r; 2°dr =

p_

ngrad” 2 1415 ZR°2: (24)

WhenW; .gradz®  kgT, the particle can be released from the beam by random thermal uctuations.
Under this condition, the maximal longitudinal delivery distaggg from the beam waist can be
expressed as:

S —mp Pz —— s
Z4el = 2R I:r;grad €Wo 1= lg 4npadP m? 1 (25)
© 2kgT ckeT Mm2+2

Thus, larger beam waists, larger particle sizes, and higher beam powers ensure longer delivery
distances. Let us note that for the beam and particle parameters satisfying inequality (23), the



maximal longitudinal delivery distance is equalary, as the particle can be delivered from

Zgel 10 Zge. However, if expression (23) does not hold, the maximal longitudinal delivery
distance is equal taye + Zg, Since one can deliver the particle fronzge to zeq where the
particle will be stopped and stably trapped in 3-D (compare Fig. 3a and Fig. 3b).

The time of the deterministic particle delivetgg can be easily estimated for an overdamped
system, when the inertial term in the equation of motion can be neglected and the particle velocity
can be obtained as:

dz _ R0
Vz at ;
where =6 ais the hydrodynamic drag coe cient of the particle ands the viscosity of
the surrounding medium. Assuming that the particle is located on the beam axis at all times
(i.e.,r = 0), an analytical solution of the di erential equation (26) can be found; however, the
resulting expression is not an easy one to read. Instead, neglecting the contribifigrfo
the net longitudinal forc&,, one obtains the following solution (assuming that formula (23) is
valid) for the delivery time of the particle from= 010 z = Zye:
" #
1 &blz
tdel = Ziel—zmp 1+ 5 —
Fraw 3 =

(26)

(27)

Obviously, faster delivery over the same distaaggcan be achieved with largégy, and
smaller . For a xed zje) and beam parameters, the delivery time scales with the particle radius
5
asa °.
Unfortunately, the problem of the delivery time in an underdamped system is more complicated
and, generally, an analytical expressiontfgris not accessible. The easiest solution can be

obtained if one assumes a constant longitudinal f6£&". In this case

dv Famp
EZ-FEVZZ Zm (28)
gives
Famp
wite = 2 1 ewm! +y,10% wi (29)
1 tdel amp m Famp
Zgel = v itodt = 2 —tgei + — V100 2 1 e mwiel : (30)

0

Assuming the delivery distanage, is again given by Eq. (25), the delivery time can be obtained
by numerically solving the transcendent Eq. (30).

The majority of the experimental demonstrations of object manipulation by Gaussian beams
has been done in a liquid medium, using the standard optical tweezers or their holographic
variant (see, for example, [81,136]). An exciting application of this form of particle delivery is
the patterning of glass surfaces with laser-guided metal nanoparticles (also referréabstr as
printing [135] - see Fig. 4 for an illustration). Using this technique, it is possible to manufacture
plasmonic nanostructures in a fast and simple way (see Fig. 5). The laser wavelength is chosen
so that it is close to the plasmon resonance of the metal nanoparticles; thus, the optical pushing
force is strongly enhanced [137]. A gold nanopatrticle with a diameter of a few tens of nanometers
(typically 60-80 nm) can be positioned with the accuracy of 50 nm [135], limited mainly by
the residual Brownian motion in the lateral direction. Mutual electrostatic and electromagnetic
interactions between adjacent nanoparticles limit their minimal interparticle distance to hundreds
of nanometers [138, 139]. Multiple experimental and theoretical works have considered mutual
interactions between individual nanoparticles due to scattered light (so optiedl binding as a



Fig. 4. Employing optical forces for the controlled deposition of nanoparticles (NPs) on solid
substrates. (a) Diagram of the experimental setup. A dark- eld illumination microscope was
adapted to introduce a manipulation laser beam into the optical path via a water immersion
objective with a high numerical aperture. This objective was used to simultaneously focus
the manipulation beam on the sample and to collect the light scattered by the trapped
nanoparticles for imaging purposes. The sample position was controlled with piezo-driven
stepper-motor translation stages and the sample was imaged using a digital camera. (b)
Schematic representation of the optical forces acting on a NP during the deposition process.
(c) Calculated dependence on the separation distance for the electrostatic, van der Waals, and
total forces acting on a positively charged Au NP in the vicinity of a positively charged silica
surface. Inset: in order to print the NPs, the optical forces need to surpass the net repulsion.
Adapted with permission from [135]. Copyright 2010 American Chemical Society.

means for the self-arrangement of nanoparticles [139]. By using di erent laser wavelengths
for nanoparticles made of di erent materials (in particular, Au and Ag) with distinct plasmonic
resonances, it was possible to reduce the distance between deposited Au and Ag nanoparticles
to about 50 nm [146] (see Fig. 5d-e). This observation indicated that the interaction between
the already deposited and incident nanoparticles could include a contribution of thermophoretic
origin [147]. Heat dissipation was optimized and Au dimers made of 63 nm spheres were printed
on a reduced graphene oxide layer placed onto a sapphire substrate [146].

Two di erent laser wavelengths were used simultaneously to orient and deposit Au nanorods
with an accuracy of 16° [148]. In addition, dual-wavelength illumination was employed
to trap plasmonic nanorods [149] or nanoparticles with more complex shapes [150], to align
them along the beam polarization direction with a non-resonant laser beam, and to guide them
to the surface with a resonant laser beam [1%B]. The heating of highly crystalline gold
nanorods excited at their plasmonic resonant frequency was adopted to induce their deterministic
bending controllable by the power of the used laser beam. Using optical forces, the resulting
V-shaped nanorods were then printed on a supporting substrate [154]. Size-selective optical
printing of silicon nanoparticles based on their dipolar magnetic resonances was demonstrated
as a very e cient way for surface patterning in liquids [155], which represents a prerequisite
for the fabrication of all-dielectric metamaterials or metasurfaces [158]. Optically guided
plasmonic Janus nanoparticles were positioned on the surface of a cell and, subsequently, injected
into the cell by the combined e ect of plasmonic heating and optical forces exerted by a focused
illumination beam [159, 160]. Multiplying the number of guiding laser beams using a spatial
light modulator (SLM) enabled the implementationagttical force stamping lithographyvhich
provided a faster and more exible deposition of complex nanoparticle patterns [161] (see Fig.
5a-b).

3.1.2. Bessel beams

Lateral and longitudinal variations of the Gaussian beam properties represent their main
disadvantage for long-distance particle guiding. A possible solution of this drawback is the use of



Fig. 5. Deposition of plasmonic nanoparticles on a glass surface. (a) Five square 5x5 Au
nanoparticle patterns deposited sequentially by a stamp of 5x5 Guassian beams [161]. (b)
The same method applied to deposit sequentially three 5x5 pattens of Au nanoparticles with
di erent pitch size [161]. (c) A map of Argentina formed by 60 nm Au nanopatrticles [146].

(d) Dark eld image of Au and Ag nanopatrticles deposited close to each other [146]. (e)
The same particle con guration as shown in (d) imaged by scanning electron microscopy.
Adapted with permission from [146, 161]. Copyright 2011, 2016 American Chemical
Society.

a beam that does not change its lateral and longitudinal properties during propagation and, thus,
can guide the particles over longer distances with an (almost) constant velocity. Such beams are
calledpropagation-invariant or non-di racting - with the paraxial Bessel beam [161%6]

being probably the best-known member of this family. Its name comes from the Bessel function
of the rst kind andm™ orderJ,, that describes the lateral pro le of the beam intensity:

Etr; " 2°= Eg Jnikrroexpik;2expt im' ¢, (31)

wherek, = ksinqo andk; = kcos g are the lateral and longitudinal components of the

wavenumbek = k? + k2, respectively. Paraxial Bessel beams can be viewed as a product
of the superposition of an in nite number of plane waves whose wave vectors lie on a conical
surface with half-apex angle, (see Fig. 6). Theeroth-order Bessel bean{fm = 0) is the only
Bessel beam having an intensity maximum on the beam axis. In contrast to their mathematical
idealization expressed in Eq. (31), real quasi-Bessel beams must possess a nite energy and
can only keep the propagation-invariant beam properties over a limited longitudinal distance.
They can be experimentally generated using an annular aperture on a SLM [167] or an axicon
illuminated with a Gaussian beam [168, 169] (see Fig. 6). For the latter method of generating a
Bessel beam , the quality of the axicon tip signi cantly in uences the axial properties of the
formed Bessel beam [170].

The radiug of the central intensity maximum, the axial extegtof the ideal zeroth-order



Fig. 6. Schematic representation of a quasi-Bessel beam of zeroth order generated by an
axicon illuminated with a Gaussian beam of widttand wavenumbek. The quasi-Bessel

beam represents a superposition of plane waves with wave vectors lying on a conical surface
with half-apex angle . It retains the main characteristics of an ideal Bessel beam: its
radial intensity pro le is described by the zero-order Bessel function with a constant width
of the central core (i.e., the beam is propagation-invariant). However, its on-axis intensity -
indicated by the solid red curve - is in uenced by the pro le of the Gaussian beam incident on
the axicon. The quasi-Bessel beam exists only over an axial region of lgfigtioportional

to the value ofwv. Within this region, the beam displays self-healing property: an inserted
object with transverse sizedisturbs the beam pro le signi cantly only within a conical
volume with half-apex angleg and base diameter[162].

Bessel beam and its optical intensity® are given by [108]

by
= - : 2
s ksin o (32)
ra rAkz I'Ak
= = A 33
ZB tal’l 0 kr kr ' ( )
Pg
1o = |0.J§1krl’°: M)ngkrro; (34)

wherera denotes the radius of the beam-generating aperture or axicon (for quasi-Bessel beams
generated by axicons, is equal to the Gaussian beam half-wieltat the axicon))y is the

on-axis optical intensity of the bearn, ' 2:4048corresponds to the rst zero crossing &fth°,

andPg is the power carried by the central core of the Bessel beam. The power carried by each
of the concentric rings in the transverse pro le of the beam is almost the same as that of the
central core. The properties of this Bessel beam can be easily compared with those of a Gaussian
beam. Let us assume that the characteristic widths of both beams are related slsvg, where

M > Qis an arbitrary constant. Assuming that the annular aperture can generate a Bessel beam
with N rings, the following simpli ed relations can be derived [171]:

zz ' M?Nz (35)
Ps ' %; assumingM > 1; (36)

wherePg is the total power of the Gaussian beam apds its Rayleigh length. Thus, the Bessel
beam generally o ers a much longer longitudinal delivery distancdahan the Gaussian beam.

A more detailed comparison of delivery distances of the two beams can be obtained using Eq.
(25). On the other hand, the powes carried by the central core of the zeroth-order Bessel
beam, which is available for particle pushing and guidindgyi8mes lower than the pushing
powerPg of a Gaussian beam with the same total power. The seemingly straightforward solution



of this disadvantage - increasing the total power in the Bessel beam - also leads to an increased

light absorption in the surrounding (liquid) medium . At a certain threshold power level, this can

eventually induce unwanted uid convection interfering with the optical guiding of the particles.
The self-healing property of Bessel beams is another of their aspects desirable for optical

delivery. If an obstacle of transverse dimensihre.g., a particle of diametet; is placed in the

beam, the Bessel beam recovers its transverse intensity pro le at distances behind the particle

larger than [172]:

_ d _dk, dk.

T 2tart o° 2k 2k

Intuitively, the illuminated object casts a geometric shadow into the beam, with the axial extent
of the shadowed regionec given by the diameter of the object and the illuminating angle.
Zeroth-order Bessel beams have been successfully used to deliver multiple microparticles
between di erent sample chambers separated by several millimeters and aligned along the axis of
a monochromatic beam [173] (Fig. 7A) or to guide particles over distances of several millimeters
using a supercontinuum Bessel beam with a broad spectral bandwidth [174,175] (Fig. 7B).

Zrec (37)

Fig. 7. Manipulation and delivery of microparticles with a single Bessel beam of zeroth
order. (A) Simultaneous manipulation of microparticles with di erent optical properties in
two sample chambers (I, Il) of depth 106n and separation distance of 3 mm. Chambers |
and Il contain agueous suspensions of hollow and solid silica particles with diameters 5
respectively. The hollow silica particles with relative refractive indgxnm < 1 are radially
localized in the low-intensity regiona, whereas the solid particles with relative refractive
indexnpenm > 1 localize in the high-intensity regiond, Immediately after passing a
particle, the beam pro le is distorted,€); however, at the top surface of each chamber,
the beam pro le is fully recoverecc(f). With a su ciently high laser power, the particles

can be propelled to the top surfaces of their respective chambers. Adapted by permission
from Springer Nature Customer Service Centre GmbH: Nature [173] Copyright 2002. (B)
Delivery of particles of 5 m diameter over the distance of 3 mm in a supercontinuum
Bessel beam of zeroth order. The light scattered by the particles at di erent axial locations
changes color due to beam dispersion at the axicon. Near the axial distance of 2.75 mm,
corresponding to the intensity maximum of infrared wavelengths, convective heating appears
and drives the particle away from the beam. (C) Comparison of measured particle guiding
velocities and distances in CW (blue), femtosecond (green) and supercontinuum (red) laser
beams. The use of supercontinuum Bessel beams enables guiding of particles over the
largest distances. Adapted with permission from [176]. Copyright 2005 Optical Society of
America.

A higher-order Bessel beam (i.e., one wifmj > 0in Eq. (31)) has a helical wavefront. Due
to a phase singularity on the beam axis, it forms an intensity minimum along the axis (see Fig.
8); therefore, it is also referred to dsughnut bearor vortex beamThe helicity of the beam,



characterized by the topological chamgegives rise to amrbital angular momenturequal to

m~ per photon. The transfer of this angular momentum to a nanoparticle leads to an optical
scattering forcé= in the azimuthal direction. In the Rayleigh approximation, this force can be
expressed as:

m n e
F= 2 Po'nBiintkers (38)
where", = nZ, denotes the relative permittivity of the medium. We refer the reader to Ref. [177]
for a more detailed theoretical treatment of the problem.

Fig. 8. Schematic representation of a quasi-Bessel beam of rst order generated by an axicon
illuminated with a Laguerre-Gaussian beam. Similarly to Fig. 6, the generated beam retains
the main characteristics of an ideal Bessel beam: its radial intensity pro le is described by
the rst-order Bessel function with a constant width of the central bright ring (i.e., the beam
is propagation-invariant). In contrast to the zeroth-order Bessel beam shown in Fig. 6, there
is now an intensity minimum on the beam axis. Thus, a small particle (A) with the relative
refractive indexyenm > 1is con ned in the high-intensity ring, with its center localized o

the beam axis. Consequently, it is propelled along a spiral path due to the combined e ect of
the axial and azimuthal scattering forces. On the other hand, the center of a larger particle
(B) with the size comparable to the diameter of the central high-intensity ring is localized on
the beam axis and the particle moves along a straight path coincident with the beam axis.

If a nanoparticle illuminated by a vortex beam is optically denser than the surrounding
medium, it is con ned by the gradient force o -axis in the high-intensity part of the beam and,
simultaneously, pushed along a spiral trajectory by the sum of the azimuthal and axial scattering
forces (see particle A in Fig. 8). However, a larger particle that laterally overlaps with one or
more high-intensity rings can localize its center on the beam axis [178,179], and, subsequently, it
is pushed straight along the axis (see particle B in Fig. 8). A particle with a refractive index lower
than that of the surrounding medium (e.g., a hollow glass microsphere immersed in water) is
repelled from the high-intensity region of the beam. Thus, upon illumination with a vortex beam
featuring an intensity minimum on its axis, the particle can be laterally con ned there [3,180]. In
order to keep such a low-index particle con ned on the beam axis, the dimensions of the particle
should be smaller than the diameter of the central high-intensity ring of the beam [181]. In this
case, the edges of the particle overlap with the high-intensity ring of the beam and the particle is
again pushed along the beam propagation direction by optical forces. However, if the particle
absorbs the light of the guiding beam, thermal forces could dominate over radiation pressure and
di erent underlying physics must be considered (see Section 5).

A similar mechanism has been also proposed for delivering cold atoms con ned in the
high-intensity or low-intensity regions of vortex beams that were red-detuned or blue-detuned
relatively to the atomic transition frequency, respectively [182,183].



3.1.3. “Curved” beams

Fig. 9. Examples of optical beams that propagate along curved trajectories in homogeneous
media and have been used for optical guiding of objects laterally con ned in the beam due
to the gradient optical force. (a) A curved" Bessel beam [167, 184], (b) a solenoidal

beam forming a high-intensity spiral, along which the energy propagates through the
medium [187,188], (c) an accelerating beam bending along its propagation axis with a
smaller bending radius compared to the case shown in (a). Various types of accelerating
beams exist that are usually named after the functions or di erential equations describing
their properties, e.g., Airy [189, 190], Mathieu [191, 192] or parabolic (Weber) beams [193].

The utilization of di ractive optical elements, such as holograms and phase gratings, o ers
the possibility of shaping the Bessel beam intensity pro le not only laterally [194], but also
along the beam axis [167]. It is even possible to generate beams that do not propagate along
a straight line in a homogeneous medium, but instead follow a curved snaking or spiraling
trajectory [184 186] (see Fig. 9a). Using such curved beams, particles can be guided around
non-transparent obstacles, which has interesting applications in microfabrication or particle
sorting.

Optical guiding of particles along helical trajectories has been also demonstrated using an
optical solenoid bearfil87, 188], a complicated beam shape that represents an example of a
rotating scale-invariant eld or a beam with twisted phase and amplitude [188] (see Fig. 9b).
Practically, solenoid beams can be formed by interference of several co-propagating optical
vortex beams with various topological chargasTheir electric eld within the longitudinal
region of their existence can be described as:
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whereAis an amplitude, «* and denote the mutually independent pitches of the phase and
intensity helix, respectivelpx¥denotes the integer part &f R is the radius of the intensity

spiral andg?, = k* 1°  mP? 2, with k being the wavenumber of the source optical wave
used to generate the solenoid beam. Intensity maxima of solenoid beams trace curves in three
dimensions, with arbitrary amplitude and phase pro les along these curves. Examples of the
intensity spirals with di erent wavefronts are shown in Fig. 10. A particle with the refractive
index higher than the surrounding medium is con ned to the high-intensity spiral by the gradient
force and - according to the local orientation of the beam wavevector that is perpendicular to the
wavefronts at each location - it is pushed along the intensity spiral in the forward direction (Fig.
10a) or in the backward direction (Fig. 10c).

There exist other types of curved beams (also referred to as accelerating) suitable for optical
manipulation, which do not change their lateral intensity pro le over certain propagation length
(i.e., they are propagation-invariant; see Fig. 9¢). Such beams also display self-healing properties,
i.e., they recover their lateral intensity pro les at a certain propagation distance behind an obstacle.
For example, exponentially apertured Airy beams [189, 190] have been generated experimentally
using cubic phase masks imposed on an SLM [195]. With Airy beams, particles can be
delivered along parabolic trajectories [198], including transport between two compartments
separated by a vertical wall [199] (see Fig. 11). SLMs also enable the generation of arrays of



Fig. 10. Optical guiding of particles with solenoid beams. The direction of particle motion
along the high-intensity helix propagating in the positivéirection depends on the actual
orientation of the wavevectdrin the solenoid beam for given values'cdndm (see Eq.
(39)). () When > 0, the projection ok on the helix points forward along the local helix
direction and the particle moves along the positive direction oftheis. (b) When = 0,

the beam wavefronts are parallel to the helix. Sikég everywhere perpendicular to the
local direction of the helix, the particle feels no net pushing force along the beam. (c) When
* < 0, the projection ok on the helix points backward along the local helix direction and
the particle moves along the negative direction of zfexis. The pitch of the helix was

xed with = arctat k° for all three cases (a) - (c). (d) Three-dimensional trajectories
of silica spheres dispersed in water, moving along one turn of the helix along the positive
z-axis ( = 30, blue curves) and along the negatiraxis ( = 30, red curves). The top
image shows a single particle at 6 consecutive positions along its trajectory. Adapted with
permission from [187]. Copyright 2010 Optical Society of America.

multiple Airy beams [200, 201]; such con gurations have been tested, for example, for optical
path clearing in a turbid medium formed by a dense colloidal suspension.

The so-called autofocusing circular Airy beams represent radially symmetric light beams
that focus laterally (either inward or outward) during propagation, thus displaying transverse
acceleration [202]. In the far- eld, these beams morph into non-di racting Bessel beams.
Inward-focusing Airy beams have been successfully used for particle transport, serving as virtual
tapered channel guides for microparticles [202] (see Fig. 12).

The paraxial accelerating Airy beams discussed above can bend only slightly along their
propagation direction before breaking the validity of the paraxial approximation. A substantial
advance to larger bending angles of almost°®188me with the solutions of the full vectorial
Maxwell's equations [203]. Since these equations have a complete symmetry with respect to the
lateralx; y and longitudinak directions, a solution in the form of a circular trajectory can be
found. Non-paraxial shape-preserving parabolic [204], Weber [193], Mathieu [191, 192, 205],
or arbitrary transverse pro le [206,207] beams have been reported theoretically. The only
experimental demonstration of the use of non-paraxial beams for particle transport reported so
far used half-Bessel beams to guide particles in absorbing media without su ering an intensity
decay along the beam propagation path [208] (see Fig. 13).



Fig. 11. Optical guiding of particles with accelerating Airy beams. (a) Illustration of
the transport of particles over a solid wall. Adapted with permission of Royal Society of
Chemistry, from [199]. Copyright 2009; permission conveyed through Copyright Clearance
Center, Inc. (b) Transport of suspended particles between di erent compartments within the
sample chamber. lllumination of the particle suspension with an Airy beam, whose lateral
cross-section is denoted with the white pattern, induces particle motion along the white
arrow from the green to the purple compartment. Adapted by permission from Springer
Nature Customer Service Centre GmbH: Nature Photonics [198] Copyright 2008.

Fig. 12. Demonstration of particle transport in a radially symmetric autofocusing Airy beam.
(a) lllustration of particles' motion through a virtual tapered particle guide formed by an
inward-focusing Airy beam. The red arrows indicate the direction of motion of the particles
(white circles) and the color map describes the intensity pro le of the autofocusing beam.
(b)-(f) Snapshots of guided 2m polystyrene particles acquired at di erent lateral planes
along the beam axis whose positions are indicated in (a). Initially, the particles are trapped
within the high-intensity ring of the beam (b). As the beam gradually contracts during the
propagation, the particles are pushed towards its axis (c), (d). After passing the focal point
(e), the beam morphs into a zero-order Bessel beam (f). Dashed circles serve as a reference
for the initial diameter of the beam. Adapted with permission from [202]. Copyright 2011
Optical Society of America.



