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Abstract 
 
The impact of optical forces in the physical and biological sciences now extends from 
familiar uses in trapping to more recent concepts of forces and torques enabling the 
manipulation of objects ranging in size from biological cells down to a single atom.  These 
mechanical effects of optical fields have profound and far-reaching consequences, and 
attention is increasingly focused upon the opportunities for the non-contact assembly of 
particles into specific geometries.  The present overview focuses on the two aspects of multi-
particle trapping and optical binding.  These can broadly be grouped as methods based on 
light-mediated inter-particle interactions, offering potential for the organisation of large 
numbers of micro- or nano-particles using optical forces alone.  
 

1. Introduction   

Few could have predicted the immense impact that optical forces have had in the physical 
and biological sciences. Whilst we are familiar with the uses of light for imaging and 
spectroscopy, the concept of light exerting a force by imparting the momentum of a photon 
may perhaps appear rather insignificant.  However, at scales ranging from a single cell right 
down to that of a single atom, the mechanical effects of optical fields now have profound and 
far-reaching importance.  In fact, the ideas embodied in this field have a history going back to 
the time of Kepler, four hundred years ago.  In De Coriolis (1619), he published observations 
regarding the tails of comets pointing away from the sun at all points on their highly eccentric 
orbits.  To explain the phenomenon, Kepler conceived the notion of some form of solar light 
pressure – a revolutionary proposition signifying the basis for the first ideas that light, despite 
its intangible nature, could exert a real mechanical force.  
 
The arrival of the laser, with its capacity to deliver highly intense, directional and coherent 
radiation, rapidly opened up a range of new opportunities to optically manipulate small 
particles.  Within the modern field of applications, there have been incredible advances at the 
atomic scale where the radiation pressure and dipole (or gradient) forces of light have been 
used to great effect.  Radiation forces resulting from absorption and spontaneous emission 
cycles have been used to remove kinetic energy from atomic ensembles by repeated 
absorption and emission and appropriate internal atomic states, initiating what is termed laser 
cooling. The very low (and originally unexpected!) temperatures associated with this method 
led to the Nobel Prize in 1997 being awarded for these advances.  The gradient force in itself 
provides a means to controllably guide and trap atoms, this force relying in particular upon 
absorption followed by stimulated emission. Powerful “sub-Doppler” cooling techniques 
have allowed scientists to access microkelvin temperatures for atomic ensembles, without the 



need for cryogenic apparatus.  Combined with evaporative cooling techniques, this has 
ultimately paved the way for the realisation of a weakly interacting Bose-Einstein 
condensation and ultracold Fermi gases [1, 2].  Crucially for the purposes of our discussion 
the forces of light and their impact upon the mechanical motions of a body is not restricted to 
the atomic scale: in fact, the very same types of optical force may trap and move objects that 
range in size from the nanoscale, right up to the size of a mammalian cell (a few tens of 
microns in diameter).  This is the range of size scales that dominates the subject matter of the 
present article. 
 
Nearly four decades ago, Arthur Ashkin [3] performed experiments upon micron-sized 
spheres with a visible (argon ion) laser.  With a single, horizontally propagating laser beam 
he saw the microspheres aligning on the propagation axis, subsequently to be pushed along it, 
due to radiation pressure of the beam: this was the first observation of optical guiding.  The 
addition of a second counter-propagating light beam (of equivalent optical power) created a 
radiation pressure force in the opposite direction.  Under these conditions the guiding effect 
could be removed and instead the particle was held at rest between the two laser beams: the 
first optical trap was formed.  This dual beam trapping geometry [3] was made more 
compact and practical with the use of single mode optical fibres over twenty years after the 
first observation [4].  Pertinent to this review, this setup has been central for the realisation of 
longitudinal optical binding [5, 6].  
 
Following these counter-propagating beam studies, Ashkin [7] also investigated the stability 
of trapping of hollow and glass spheres with optical beams, balancing optical forces against 
gravity.  In the case of hollow spheres annular light fields were used [8, 9].  In 1986 Ashkin 
et al. realized particle confinement with the single beam gradient trap (popularly known as 
optical tweezers) [10].  This is now the most accessible and ubiquitous method for applying 
optical forces as a means of moving microscopic particles.  Optical tweezers have now been 
well-recognized as having the largest impact within the broader field of optical 
micromanipulation [11].  Whilst the technique is powerful, and important in providing a 
miniscule calibratable force transducer, a major impetus that has developed in the area has 
been to explore multiple trapping and inter-particle interactions. 
 
Optical micromanipulation has seen a consistent and ever- increasing impact across all of the 
natural sciences, and one of the major topics of the last decade has been the use of creating a 
plurality of trap sites to trap multiple objects in pre-defined geometries: this is the area of 
multiple optical trapping.  Related to this has been the emergence of the area of optical 
binding where optically modified particle-particle interactions dominate.  Whilst there are 
several recent review papers in the general field of trapping [12-15], the present overview is 
distinguished by focusing on these two aspects of multi-particle trapping and optical binding. 
These can broadly be grouped as methods to understand light-mediated inter-particle 
interactions, offering the potential to organise large numbers of microparticles using optical 
force alone.  In a combined sense, this is undoubtedly one of the most future important 
directions in the field, particularly from the viewpoint of the physical sciences.   
 
The article is organised as follows: in the next section we describe the theoretical basis for 
single beam optical trapping, including a discussion of how the forces may be understood to 
operate at different size scales.  We then progress to describing experiments related to 
multiple optical trapping, demonstrating why this is now such a significant issue.  The 
majority of these experiments exhibit interesting arrays of microparticles but ignore the 
particle-particle interactions that lead to optical binding – which may play a dominant role in 



the system.  Later parts of the article are devoted to this topic of optical binding, exploring 
the theoretical basis for the field and the experiments performed to date.  Optical binding may 
complement and enhance multi-particle trapping to create more advanced self-assembled 
structures. 
 
 
 

2. Theoretical basis for single beam optical trapping  

 
In addition to techniques exploiting well-established radiation pressure effects, many 
methods have been developed to take advantage of high intensity coherent radiation having 
large field gradients, enabling the trapping and sorting of particles with continuous-wave 
laser beams [14]  The single-beam trap exploits the highly inhomogeneous spatial field 
distribution of the beam, causing strong optical forces to act upon any particle near the focus, 
creating an attraction towards the highest intensity part of the field via the gradient force.  We 
also of curse have scattering forces present in the system. At a point where these forces 
balance we will achieve a stable equilibrium which results in a  “trap”.  

 

 

Fig. 1. Addition of scattering and gradient forces produces an axial position of equilibrium 

 
 
When studying radiation pressure experimentally, the presence of thermal forces can obscure 
and destabilize trapping effects.  These thermal forces result from temperature gradients in 
the medium surrounding the particles; caused by the absorption of radiation, they produce a 
thermal motion effect known as photophoresis [16]. A straightforward solution to such 
problems is the use of relatively transparent media and particles.  
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The ratio of sizes between the small particles involved and the wavelength of the radiation 
determines the mechanistic regime under which the system must be considered; there are two 
important limiting cases.  For dielectric particles whose radius is much smaller than the 
optical wavelength, each particle acts as a simple oscillating dipole, and the system is said to 
be in the Rayleigh regime.  For cases where the particles are large compared with the 
wavelength, the geometric optics regime suffices to describe the phenomena of optical forces 
that result from refraction and reflection.  The following sections focus on these two regimes.   
 
2.1. Rayleigh regime 
 
Single-beam intensity gradient traps were originally designed for application to Rayleigh 
particles, where the particle radius r is much smaller than the wavelength λ of the 
electromagnetic radiation.  To implement an optical trap entails the use of a highly intense 
and strongly focused beam, and the trap stability exhibits a balance between the attractive 
forces due to the beam’s gradients, forcing particles towards the narrow focus of the beam, 
and the repulsive scattering force acting away from the focus, in the direction of the 
throughput light.  Within the dipole approximation, the force on a particle with sub-
wavelength radius, due to its dynamic interaction with an electromagnetic wave, can be 
expressed simply by the Lorentz force, 

 ( )= ⋅∇ + ×F p E p B&  (1) 

where E and B  are the electric and magnetic fields of the radiation, respectively; p is the 
particle’s induced dipole moment and p&  is its time derivative.  The first term in equation (1), 
which arises due to the interaction of the induced dipole with the inhomogeneous field, 
delivers the gradient force.  The second term delivers a force that fluctuates at the optical 
frequency and which, in terms of particle dynamics, can therefore be ignored. 
 
The total Lorentz force, experienced by a particle in a medium of refractive index nm 
accommodates both a gradient and scattering force.  In particular, when electromagnetic 
plane-waves are considered and a linear dipole response to the electric field is assumed, 

α=p E  where α is the polarizability, and the total optical force is [10, 17-19]  
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where k is the radiation wave-vector, λ its corresponding wavelength, ε0 the vacuum 
permittivity and the effective particle polarizability for a homogeneous dielectric particle is  
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In equation (3), m = np/nm, where np is the refractive index of the particle.  For finite radiative 
frequencies, particles will scatter and attenuate the electromagnetic radiation.  Consequently 
a phenomenological correction to the polarizability expression (3) may be added in order to 
account for this effect [19]. However, where the dipole approximation is a good 
representation, this correction effect is in general minor.  As particle size diminishes, the 



polarizability delivered by (3) progressively evolves towards the dynamic molecular 
polarizability whose dispersion properties can be determined by quantum electrodynamical 
calculation.  
 
The threshold for axial stability of a single beam trap occurs when the ratio, between the 
backward axial gradient force and the forward scattering force, is unity.  In particular, for a 
Gaussian beam of focal spot size 0w  at an axial position 2

0 3z wπ λ= , we have: [10] 
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Optical trapping under these conditions has been demonstrated in numerous experiments with 
latex and metal microparticles, their sizes ranging from tens to hundreds of nanometres. [20-
22].  It is interesting to comment on the exact role in optical trapping of the polarizability α 
and refractive index, issues of particular interest when considering metallic nanoparticles.  In 
any material the polarizability depends on the electronic properties and the mutability of the 
charge distribution under the influence of the electromagnetic field.  In general, the index of 
refraction is an effective medium concept based on a homogenization of the microscopic 
polarizability over the particle in question.  This assumes that the constituent molecules or 
atoms of the material are all in the same average environment, equivalent to an infinitely 
extended bulk material.   
 
In the case of dielectric nanoparticles this is a valid approach, as the local polarizability 
originates from bound electrons.  Generally, the gradient force is proportional to the particle 
volume, and for this reason it is very difficult to trap inert dielectric nanometre-sized objects.  
Metallic particles, though, differ in several respects; per unit volume they present much 
larger polarizability values.  To accurately model the optical forces exerted on metal 
nanoparticles it is necessary to consider the associated dispersion properties.  Specifically, in 
the Drude model, the frequency-dependence of the polarizability given by (3) emerges from 
the formula ( ){ }2 2 21 pm iω ω γω= − + , where ωp is the plasmon frequency and γ is the 

damping.  It also becomes important to consider that the behaviour of the conduction 
electrons alters, when they are in close proximity to the metal surface.  If the particle 
dimensions are smaller than the corresponding ‘skin depth’, the incident field interacts with 
the whole particle volume, resulting in a linear dependence between force and volume – the 
particle is rather transparent.  However, for particle sizes greater than the skin depth, the field 
interacts only with a thin outer layer and the force varies as the square of the diameter.[23-
26] 
 
2.2. Ray optics regime 
 
The single-beam optical trap, first used for Rayleigh-size particles, was later found to be also 
a good instrument for trapping larger particles on the micron scale.  Such traps are now used 
to manipulate a variety of biological systems, including living cells, where the best results are 
obtained with infrared traps, to reduce photodamage due to the trapping light [15]. Here, the 
focus of most studies is on particles sufficiently large for the propagation of light within them 
to follow the principles of simple ray optics.  Calculations based on a model sphere can thus 
be used to describe the optical forces exerted by the scattering of light. Figure 2 [27], shows a 



qualitative representation of a dielectric particle trapped by a single optical beam.  The 
totality of the beam can be decomposed into individual rays, each with an appropriate 
intensity, direction and polarisation, propagating in straight lines within uniform media of 
refractive index n.  Each ray can change direction when it reflects or refracts, and it changes 
polarisation at dielectric interfaces according to the Fresnel equations.  The refraction of light 
ray at the particle surfaces results in a transfer of momentum from the trapping laser to the 
particle; the rate of momentum delivery determines the overall trapping force.   
 

 
Fig 2: Qualitative view of the trapping of a dielectric sphere, showing that the refraction of a 

typical pair of rays a and b of the trapping beam result in forces, aF  and bF  
respectively, whose sum is always restoring towards equilibrium for axial and 
transverse displacements of the sphere from the trap focus, located at the intersection 
of the dashed lines.  The cases a) and b) show the axial restoring force acting on a 
particle that is axially displaced from the focal plane. Similarly c) shows the lateral 
restoring force upon the particle towards the beam focus.  

 
 
The analysis is based on the calculation of forces due to individual rays of power P and angle 
of ray incidence on the sphere surface θ.  The total force on a spherical particle comprises a 
sum of contributions due to reflected rays of power PR , and an infinite number of emergent 
refracted rays of successively decreasing power 2 mPT R , with 0,1,2,...m = .  , where the 
quantities R and T are the Fresnel reflection and transmission coefficients of the surface at 
incidence θ.  The result can be expressed as follows, in a form that exhibits a close 
relationship to the classical Maxwell-Bartoli relation; [28] 
 

 .mn P
c

=F Q  (5) 

Here nm is the refractive index of the medium and the trapping efficiency Q  is dependent on 
the Fresnel coefficients R and T – for a more detailed analysis see [27].  Accordingly the total 
force, equation (5), acting on the particle is described as a sum of forces aF  and bF  resulting 
from the refraction and convergence of the beam, on the simplifying assumption of zero 
surface reflection.  Detailed calculations show that, for arbitrary displacements of the 
sphere’s centre, the restoring force directs the sphere back to the focus, making the trap 
stable. 
 
2.3. Mie and Lorenz-Mie regime  



 
For particles whose linear dimensions approach or are equal to the optical wavelength, 
classical electrodynamics can be used to apply the conservation law for linear momentum in 
an optical field.  Here the net optical force exerted on an arbitrary object is completely 
determined by Maxwell’s stress tensor ( ), tT r

t
,[29],  

 ( ) ( ),
S

t da= ⋅∫F T r n r
t

Ñ , (6) 

where  the angular brackets denote a time average, and the integral over S signifies a closed 
surface enclosing the particle, with ( )n r  defining the outward unit vector normal to the 
integration surface.  The optical force expressed in these terms is of general validity for an 
arbitrary (albeit rigid) body within the surface; it is entirely determined by the electric and 
magnetic fields at the surface.  If the body deforms, additional electro- and magneto-strictive 
forces must be included.  The fields used for the calculation of force using equation (6) are 
self-consistent fields, i.e. superpositions of the incident and scattered fields.  If the media in 
which the dielectric particle resides is represented by an isotropic electric permittivity εm and 
magnetic susceptibility µm, then Maxwell’s stress tensor has components given by: 

 ( ) ( )1 2 1 21
1 2,ij m i j m j m m ijT t E E B B E Bε µ ε µ δ− −= + − +r  (7) 

Detailed calculations of this approach can be found in work by Barton et al.  [30, 31].  The 
stress tensor can be calculated for a sphere with the he lp of Mie theory, considering all fields 
inside and outside of the sphere to be continuous at the surface.   
 
A different approach to the Maxwell stress tensor has been described by Rohrbach  [32, 33].  
Here the approach is similar to that followed in the Rayleigh regime, where the optical force 
described in terms of the Lorentz expression, (1), is split into two components: the scattering 
force, and the gradient force.  The advantage of this approach is that the particles can be of 
arbitrary shape, and the interaction can be determined for arbitrary modes of the 
electromagnetic field.  However, where the particle size is similar or slightly smaller than the 
wavelength, the local structure of the electromagnetic fields invites attention.   
 
2.4. The counter-propagating dual beam trap 
 
Before considering the creation of arrays of multiple traps, it is appropriate to note the 
deployment of other single particle trapping geometries, beyond the standard optical 
tweezers.  The major other single particle confinement technique has been a dual beam trap, 
as briefly described above, that uses two counter-propagating fields.  As with all traps, it is 
the interplay between the gradient force and the scattering force that is key.  The dual beam 
trap was revolutionised by Constable and colleagues in 1993 using a dual fibre geometry [4].  
This is interesting as it makes the trap compatible with microfluidic channels, and it requires 
no high numerical aperture optics for operation – though of course such optics are desirable 
for viewing. This trap has a large catchment area and ability to distribute the optical force 
over substantial regions. This has led to the confinement of large cells: The dual beam system 
has proven interesting for combining trapping with other methods such as optical stretching 
and Raman spectroscopy[34, 35] and of interest for us the dual beam trap has been a key to 
major experiments in the geometry of longitudinal optical binding, as discussed later [6].  



 

 
Fig 3: Diagram of a dual beam fibre trap geometry. A particle is kept between the fibres by 

gradient force in the lateral direction and in the axial direction it seeks the position 
where the scattering forces from both fibre generated beams are balanced.   

 
2.5. Traps for precision measurements 
 
It is worth briefly commenting here upon how optical tweezers are converted into 
measurement apparatus for macromolecules and cell biology. An optically trapped bead in a 
buffer medium (e.g. water) turns out to be a very good example of an over-damped oscillator 
with a rapid frequency roll-off of around 1 kHz or so [15]. In this area of study, rather than 
trap any molecule directly (which would be hard due to its small size and polarisability) a 
bead is functionalised with surface chemistry (e.g. a biotin-streptavidin link) to tether it to the 
molecule of interest to the bead. To create a useable force transducer requires ready 
calibration of the system, and this may be achieved by use of fast position-detection system.  
Whilst the trapped object is held in a diffraction- limited beam, particle excursions are of 
course well below this distance. The trap creates a parabolic optical potential well. For small 
displacements away from trap centre, the force is directly proportional to displacement – a 
microscopic version of Hooke’s Law.  It is therefore possible to use high precision position 
sensitive detectors to calibrate the displacement and so record the trap stiffness. Whilst the 
relative force may be calculated, calibration via measurement of the Brownian motion is the 
technique of choice for absolute measurements.  Here, either the bead position is recorded, 
temporal correlation measurements made, or one obtains the power spectrum of the bead 
locations, which can show a characteristic roll-off frequency. The accurate determination of 
trap position is achieved either via a quadrant photodiode detector (very high bandwidth, typ. 
10kHz) or fast camera [36]. It is important to place these studies in the context of multiple 
traps and binding: as we look ahead we see that positional analysis of multiple trap sites and 
bound particles will indeed pave the way for more elaborate studies in cell and molecular 
biology. 
  
The most widely adopted procedure interprets the power spectrum of Brownian fluctuations 
in position of a trapped particle.  This behaviour may be described by the Einstein–Ornstein–
Uhlenbeck theory of Brownian motion that leads to a Lorentzian power spectrum.  In turn the 
Lorentzian form of the spectrum permits explicit analytical results for the values of fitted 
parameters as functions of the experimental power spectrum. The trap strength is 
consequently derived with a high precision that may be limited mainly by the calibration of 
the position detection system.  Several papers elucidate the theory in this case [37, 38].  
 



In this manner, highly accurate measurements may be made: particular examples include the 
field of microrheology [39]. High resolution stepwise motion of macromolecules can be 
recorded.  A good example is the motion of kinesin upon microtubules (in ~8 nm steps) [40] 
the famous muscle contraction system: actin-myosin. Very recently, angstrom level 
displacement has been achieved with an ultra-stable apparatus to explore the key process of 
transcription where RNA polymerase (RNAP) moves processively along a DNA template, 
creating a complementary RNA [41].  
 
 

3. Experiments and technology for multiple traps  

 
3.1. Introduction 
 
Single beam optical tweezers present an excellent tool for various biomedical, colloidal and 
fundamental studies.  We first discuss the limitations of using a single Gaussian beam for a 
single optical trap: this will lead to an understanding of the appeal of multiple-trap arrays and 
the use of optical binding for larger scale particle organisation.  Whilst powerfully effective, 
optical tweezers have some inherent limitations.  Single beam tweezing uses a microscope 
objective lens and a zeroth order Gaussian laser beam.  This results in an ellipsoidal volume 
at beam focus, which in turn constrains the ratio of trap stiffness in the lateral and axial 
directions.  A single Gaussian beam thus does not lend itself to tailoring the trap (and thus its 
stiffness) in a three-dimensional space.  
 
Furthermore, diffraction of the Gaussian beam potentially limits the types of applications, 
e.g. optical guiding or sorting of microparticles.  In addition to lateral and axial motion, 
securing precise rotational control within optical tweezers opens up new possibilities in the 
domain of microrheology [42, 43].  This rotational control may be achieved with rotating 
light patterns, or the transfer of spin or orbital angular momentum to a given microparticle.  
A particle spinning at a constant rate reaches equilibrium related to the medium’s viscosity, 
and so may used to measure a range of viscoelastic behaviour in different media.  Spinning 
single or multiple particles can induce fluid pumping within a microfluidic environment; [44-
46] this may be employed for mixing small volumes of analyte.  By increasing the plurality 
of optical trap sites and creating multiple traps we may implement different trapping 
experiments in parallel, or work with larger arrays of cells or colloids.  
 
Importantly, an extended array of optical tweezers may be represented in terms of an optical 
potential energy landscape (a pattern of potential energy wells created by light).  With 
suitably disposed beams, this can impose optical forces over a large region.  Such landscapes 
can optically arrange microparticles or cells into two and three dimensional quasi-crystals. 
Furthermore, one can tune the inter-particle interaction in this multi-particle system by 
surface chemistry or judicious use of solvent.  Such an assembled ensemble of particles 
allows for major studies in materials science and thermodynamics [47, 48].  In the following 
sections we explore in particular the topic of multiple trapping.  With regard to the use of 
more exotic light fields (e.g. Bessel and Laguerre-Gaussian beams) we refer the reader 
elsewhere [12].  The community acknowledges that this topic holds great promise for future 
studies, extending the remit of optical trapping.  For example, assembling a set of given 
microparticles into a predetermined geometry is of significance for materials science 
research.  A wide range of innovative science may be performed with independent control 



over a given trap site and invoking large arrays of trap.  Collective or co-operative effects 
between objects positioned within a potential landscape are also of interest: these can be 
dictated by the sample medium, particle surface chemistry or hydrodynamics for example.  
Dillen et al. discuss and emphasise how by, the self assembly of microparticles, [49] it is 
possible to study phase transitions (liquid-solid).  These are just some of the reasons to 
explore techniques to generate extended trap arrays.  In the next section we discuss how to 
make large trap arrays, concentrating on the two most powerful and widely used methods.  
 
A plurality of discrete optical traps may be generated by a number of methods: a direct and 
straightforward way of obtaining multiple trapping sites is through the use of interference 
[50-52].  This naturally uses two or more beams, and may create 2D and 3D arrays of 
particles at will. Dynamic interference optical landscapes were used for long-distance 
delivery of objects in free space or near the surface [53, 54].  Exploiting the optical near-field 
is also another power method to obtain a large area self assembly of particles, given the large 
potential surface area over which particle may be organized [55-57].  Other methods include 
using arrays of diode lasers, particularly vertical-cavity surface-emitting laser (VCSELs), to 
generate 2D trap arrays [58-60].  However it is not trivial to generate appropriate variations 
in periodicity along a given dimension in any pattern, thus imposing some basic limitations.  
Therefore, in cases where fast and precise positioning of multiple optical traps at will is 
required, such geometries are not suitable. Much better results can be achieved by 
controllable splitting of a single trapping beam into a number of trapping positions.  For a 
limited number of traps this can be achieved using beam-splitters or gratings [61].  However, 
for advanced experiments two technologies have come to the fore, namely the method of 
time-sharing a laser beam (typically acousto-optically) and generating multiple sites by 
wavefront shaping using dynamic diffractive optics techniques (typically in the form of a 
spatial light modulator). 
 
3.2. Time-sharing multiplexing of optical traps 
 
Optically trapped particles or cells are generally dispersed within a liquid medium (e.g. water 
or a buffer solution).  The viscous nature of the medium means the trapped object behaves as 
a harmonic oscillator in a highly over-damped regime.  Thanks to the slow diffusive rate of 
the particles we can afford to move a laser beam away from a given trap site and return it 
later if the time of absence is not too long.  Once the trapping field is moved away from a 
particle’s position, the particle is left free to diffuse due to Brownian motion.  It can be 
assumed that the laser field revisits its original position and “re-confines” the particle within 
a very short time period (e.g. < 0.1 millisecond).  The diffusion distance d of a particle in a 
given time t may be determined by: 

 2
6

Bk T
d t

rπη
= , (8) 

where Bk is the Boltzmann constant, T is the absolute temperature, η is the viscosity, r is the 
radius of the particle and t is the time during which the optical tweezing beam is removed.  
Hence, the smaller the particle, the larger the diffusion distance whilst the trap is absent.  In 
this way it is possible to simultaneously trap multiple particles at each of the discrete sites 
arbitrarily displaced over a focal plane of a microscope objective, by rapidly time-sharing the 
laser field between each trapping site.  This aspect of time-sharing, however, naturally leads 
to a maximum number of optical traps.  Positioning of the trapping beam in a sample plane is 



typically provided by a beam-steering element placed to a conjugated plane with respect to 
the used microscope objective back aperture. A typical geometry for this time-sharing 
method is presented in figure 4. 

 
Fig 4: Generation of multiple optical traps using time-sharing method. One is able to send a 

laser beam light only to one trapping position at the time, however the ability of very 
fast switching between the trapping positions enables one to create up to several 
hundred stable time-shared optical traps in one axial plane. The beam-steering 
element (galvo/pezo-mirror, AOD or EOD) and the objective back apertures are 
placed at conjugated planes of a relay telescope.  

 
 
 
The concept of a scanning trapping system was demonstrated by Sasaki et al. [62, 9] by using 
a pair of fast scanning mirror driven by galvanometers.  By scanning a single trap repeatedly 
along a specific path, microspheres were aligned into a designated 2-dimensional patterns.  In 
this instance the group were able to hold metallic and low refractive index particles by 
rotating the incident light field in a circular path.  Nowadays the systems can operate at time-
sharing rates of up to 2 kHz.  Some improvements in resolution are seen with piezoelectric 
systems [63]. 
The most popular form of time-shared traps are generated by acousto-optic deflectors (AOD), 
as presented by Visscher et al. [64].  This device enables tuneable and highly precise beam-
steering.  The principle is based on the acousto-optic effect in an appropriate medium: a 
piezoelectric transducer generates an acoustic wave at radio frequencies (RF, tens of MHz) 
propagating inside a transparent crystal (e.g. tellurium oxide).  This induces a periodic 
modulation of a refractive index along one direction where a light beam propagating through 
diffracts similarly as it would from a phase grating.  The steering angle is thus controlled by a 
frequency of the RF signal applied to the piezoelectric transducers, and the RF amplitude 
influences the intensity of the light in the 1st diffraction order (the maximal 1st order 
diffraction efficiency is typically around 70%; 50% for 2-axial steering).  Using a pair of 
AODs aligned orthogonally with respect to one another along the propagation axis one can 
generate a number of optical traps, arbitrarily displaced over the focal plane, with time-
sharing rates of ~10 kHz.  The technical limitation of this method is mostly caused by 
reflections of the acoustic wave on the crystal walls and its unwanted persistence after the RF 
signal is changed.  Naturally this technique is limited usually to multiparticle manipulation in 
a single lateral plane, but more elaborate optical schemes may generate more layers using this 
method [65]. 
 
In combination with a precise measurement of particle position, most frequently provided by 
a quadrant photodiode [66, 15], the geometry of optical tweezers with AOD-based time-
sharing has become a frequently used basis for studies in molecular or cell biology.  For 
example, Dame et al. [67] used an AOD based optical trapping system to independently 



handle two DNA molecules, allowing the systematic investigation of protein-mediated 
DNA–DNA interactions.  Guilford et al. [68] optimized particle position detection for AOD 
generated multiple time-shared traps that enabled the simultaneous observation of kinesin-
mediated displacements on two kinesin-coated optically trapped particles. 
 
An alternative to AOD-based systems may be found in the use of electro-optic deflectors 
(EOD) [69] where a refractive index gradient of the medium (for steering) is achieved by 
applying an external electric field. The power efficiency and the switching rates are much 
higher; however, the range of deflection angles attainable is very small.  

A quantitative description of typical parameters for each of the time-shared devices discussed 
in this section is shown the following table. 

Device Switching 
rate [kHz] 

Power 
efficiency 
[%] 

Angular range 
of deflection 
[mrad] 

Resolution 
[µrad] 

Reference 

Galvo-mirror 1 -- * 500 10 [62, 9] 

Piezo-mirror 1 -- * 50 0.1 [63] 

AOD 10-50 50 30 <1nm** [64] 

EOD >100 80 1 <1nm** [69] 

* The power losses are reduced only due to the used mirror; ** The resolution is very high 
compared to the other devices. For more details see [69].  
 

  
3.3. Holographic optical trapping 
 
Rather than time-sharing the light field between a number of trap sites, a natural inclination 
would be to actually distribute the light field to all desired trap sites simultaneously.  A 
number of techniques may achieve this, the most powerful being the use of diffractive optical 
elements in either a static or dynamic form.  In particular, a popular technique in the last 
decade has been the use of holography to create the desired optical potential energy 
landscape in the sample.  In holography, the intensity and phase (complex amplitude) of an 
object is captured by the interference patterns between the light scattered of the object and a 
reference light field, and recorded upon a light sensitive medium in the form of diffractive 
element (hologram).  Illuminating the hologram with the reference beam can therefore reveal 
a virtual image of the object.  In holographic optical tweezers (HOT), however, the 
diffractive element is not recorded but the concept of digital holography is implemented: the 
diffractive element is designed by a computer and appropriate algorithm to achieve the 
desired field – no physical object is needed from the outset.  In the most common geometry 
the diffractive element is placed at the Fourier plane (any plane conjugated with the back 
aperture of the trapping objective lens) where it modulates the spatial spectrum of the desired 
field.  



 
Fig. 5. Typical assembly of holographic optical tweezers. The 1st diffractive order of the 

hologram on the SLM chip is imaged onto the objective back aperture by relay optics.   
The SLM hologram in this case is the Fourier conjugate of the optical pattern created 
at the sample plane. 

 
 
The major advantages of such a scheme, when compared to time-sharing, are the possibilities 
to organize trap sites in three dimensions, to independently shape individual optical traps, 
remove aberrations, and to arbitrarily distribute power between them.  One of the first 
implementations of holography in optical trapping was presented by Fournier et al. [70] who 
illuminated a binary hologram and generated self- images of the grating (Talbot images) in 
planes that are periodically positioned along the direction of propagation.  Laguerre-Gaussian 
beams may have a phase singularity (vortex) at beam centre and an associated orbital angular 
momentum.  They can be formed by a computer-generated hologram, and they have been 
used for trapping and rotation of a ceramic particle by He et al. [71, 72].  The computer-
generated hologram can be imprinted by an etching procedure into a glass or plastic material. 
This then acts as a static diffractive element [73], or implemented with a liquid crystal 
display, spatial light modulator (SLM), typically an array of nematic liquid crystal pixels that 
are addressed either electrically or optically.  The majority of the optical trapping 
applications is done by nematic phase SLMs, where one can shape the wavefront of the input 
field at will within the modulation bit depth (typically 256 levels), while the amplitude 
remains unchanged.  The major advantage of this approach is the potential to rapidly 
reconfigure the imprinted phase modulation and so relocate the trapping sites.  This attribute 
makes the use of SLM possibly the most promising technology of the upcoming prospects for 
multiple trapping and generation of sculptured light fields [74-87]. At present the resolution 
and refresh rate of nematic phase SLMs reaches the quality of LCD monitors and that makes 
their addressing extremely simple, typically using a DVI computer graphics card output.  
Ferroelectric SLMs, in contrast, can reach refresh rates of ~ 10 kHz, but they are limited to 
only two levels of phase modulation [77]. 
 
The convenience of a hologram design algorithm for phase-only modulation relies on a 
particular application.  For the case of a few optical traps, the most simple and frequently 
used approach is the algorithm of tilts and lenses, where the optical fields generating each 
individual optical trap are added, the resulting amplitude modulation is ignored, and only the 
phase modulation is used.  This approach brings even higher power efficiency than exact 
complex modulation, but one creates a number of ghost orders that might impede the ideal 
performance of the trapping system.  For a larger number of particles, and for all traps being 
placed on a single axial plane, much better light conversion (over 90%) into the intended 



light pattern can be achieved using the Gerchberg-Saxton algorithm.  Whyte and Courtial 
[88] showed that this technique can be extended to allow three-dimensional shaping of the 
trapping field.  Since this is an iterative algorithm containing two Fourier transforms in each 
cycle, it can impose very high demands on computational power. Other algorithms might 
help to obviate this issue for the prise of significant power efficiency loss [83].  Finally we 
comment that one does not need to place the SLM in the Fourier plane, but indeed can use 
them in a “Fresnel” mode. The holographic read-out is performed in the off-axis Fresnel 
regime rather than in the typically used on-axis Fourier regime. The diffractive structure is 
computed as a Fresnel hologram. In this instance, after reflection at the SLM only the desired 
first diffraction order is guided to the input of an optical microscope, where the desired 
optical trapping field is created. The system is fast and suppresses undesired diffractive 
orders [89]. 
 
The use of the SLM in optical manipulation is not restricted to the standard Gaussian beams; 
any optical field can be multiplexed and positioned at will in three dimensions within a given 
volume.  A good recent example is the direct multiplexing of a Bessel “non-diffracting” light 
beam in three dimensions using an axicon lens and SLM in tandem [90].  This particular 
beam has shown applications in optical sorting [91], nanopatterning [92] and cell transfection 
[90].  
 
The generalized phase contrast technique is another method that uses SLMs in an optical 
trapping system. As an alternative to HOT, the SLM is used here as a phase element.  The 
phase modulation encoded here is further converted to an amplitude modulation using a 
phase filter inside a 4f assembly of appropriate lenses [93].  The technique has analogies with 
the well known method of phase contrast imaging in microscopy.  This conversion has a very 
high efficiency, and high computational power is no longer required – making it a very fast 
and potentially more amenable system for rapid motion and dynamical studies within optical 
traps.  The system does not, however, allow a high focussing of the trapping beams, and so to 
achieve a stable 3-dimensional confinement one needs to control two counter-propagating 
beams from both sides of the sample chamber.  This configuration has the advantages of 
longer working distances within the sample chamber, and potential ease of side viewing [94].  
This has been successfully shown by Dam et al. and even realised in a compact, user- friendly 
geometry [95].  
 

4. Optical binding  

4.1. Introduction 
 
The facility of optical trapping methods to isolate small numbers of microparticles in close 
proximity allows unprecedented experimental access to the study of inter-particle 
interactions.  To set the scene for the intricate optically- induced forces that can operate 
between particles, and as a context for their better understanding, it is worth recalling the 
fundamental principles that operate at nanoscale levels.  In the physical world we inhabit, 
chemically stable atoms and molecules are seldom found individually far apart; gases are the 
exception rather than the rule.  Most matter exists in a condensed phase whose cohesion and 
integrity owe their origin to the fundamental interactions between the constituent particles of 
matter, primarily represented by dispersion forces.  These are forces of attraction balance the 
short-range repulsions in regions of wavefunction overlap (as in the well-known Lennard-
Jones potential), supporting the formation of stable equilibrium structures.  Dispersion 



(London) forces are open to a variety of interpretations, commonly being considered to arise 
from an electrostatic coupling between randomly fluctuating electric dipoles [96](p.633)   
 
The notion that there could be a coupling between optically induced dipoles was first 
entertained by Thirunamachandran [97], in an elegant analysis based on quantum 
electrodynamical considerations.  A subsequent, semiclassical analysis by Burns et al. [98] 
provided the first plots of the pair potential energy against centre separation for the simplest 
case of two identical, spherical particles – where particle separation is orthogonal to the 
Poynting vector.  These graphs, exhibiting striking landscapes of rolling potential energy 
maxima and minima such as illustrated in Fig.6, instigated a rapid recognition of the 
enormous potential for practical applications, spurring on the first experiments.  Indeed, the 
prospect for unprecedented precision in manipulating atoms and molecules was almost 
immediately flagged in an influential futurology of chemistry [99].  Later studies have shown 
that optically induced inter-particle forces offer a number of highly distinctive features which 
can be exploited for the controlled optical manipulation of matter.  The first rigorous proof 
for the three dimensional stability of optical binding was given in work by Ng et al. [100] 
where they show that cluster consisting of three or more particles can be formed. 
The terms ‘optical binding’ and ‘optical matter’, which have gained some currency for such 
forces, highlight the possibilities for a significant interplay with other interactions, such as 
chemical bonding and dispersion forces.  Exploiting such interactions, new opportunities for 
creating optically ordered matter have already been demonstrated both theoretically and 
experimentally [50, 101-110]  

 

Fig  6.Dependence of optically- induced potential energy, for a pair of particles separated by 
distance R, plotted against kR, where k = 2π  /λ and λ is the laser wavelength. The solid line 
shows the case where the inter-particle axis is aligned with the propagation wave-vector 
direction R kP , while the dashed line is the case where ⊥R k   (figure by J. Rodíguez).   

 

In the semiclassical depiction, the oscillatory electric field of monochromatic radiation 
produces motions in the charge distributions of the particles it encounters.  Such motions lead 
to corresponding oscillating electric dipoles, whose phase is determined by that of the 
radiation at each particle.  For two particles in sufficiently close proximity, the interactions 



between their oscillating dipoles is evidently subject to the relative phase of the optical field 
at the two locations; it is also subject also to the sharp decline of such an interaction with 
distance.  From such a physical picture one can correctly surmise the physical existence of an 
optically induced force that exhibits a strongly damped oscillatory dependence on the 
separation of the particle pair.  The result is not quite as simple as one might expect, 
however, even in the case of two spherical particles, because the electric field produced by an 
oscillating dipole has a relatively complex dependence on displacement R and orientation of 
the source dipole µ, as delivered by the following equation; [29] ( p.411) 
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in which k = ω/c is the magnitude of the wave-vector (2π/λ) for an optical wavelength λ.  In a 
medium of refractive index n(ω), equation (9) is modified by the replacement of each k by 
n(ω)k leading to potential energy minima whose locations depend on the dispersion 
properties of the medium.  While the above expression is fully consistent with the retarded 
near-field  [111] inferred from an analysis based on quantum electrodynamics (QED), the 
latter theory affords deeper insights into the mechanisms at work in optical binding.  The 
following QED development of theory not only affords a reliable route to results of general 
applicability, it illuminates the underlying relationship to other multi-centre interactions – in 
particular, dispersion forces.  In the detail of the ensuing results, several facets of optical 
binding emerge that have yet to be tested experimentally, such as the detailed dependence on 
optical polarization, the behaviour of non-spherical particles, and the influence of deploying 
wide-bandwidth radiation. 
 
 
4.2. Quantum electrodynamical derivation 
 
To establish the QED representation of optical binding, it is helpful to recall how this theory 
addresses the normal dispersion interaction between particles.  Here, calculations are 
performed on a system state where both the particles and the radiation field are in the ground 
state.  This system state couples with other short- lived states in which the electromagnetic 
field has a non-zero occupation number for one or more radiation modes, signifying the 
presence of virtual photons.  The dispersion interaction emerges from a perturbative 
calculation based on an exchange of two virtual photons, each created at one particle and 
annihilated at the other.  These two quanta of light may (but need not) overlap in time as they 
propagate between the two units.  Cast in such terms, the theory delivers a result – the 
Casimir-Polder formula – valid for all distances, correctly accounting for the retardation 
which leads to a long-range R-7 asymptote dependence on the pair separation R [112], [113] 
(p. 54)  [114-118].   
 
While this interpretation lends a fresh perspective to the physics involved in the more 
familiar R-6 van der Waals interaction – the attractive part of the Lennard-Jones potential 
[119] (p.29) – it also strongly suggests that other effects may be manifest when the system 
state has an occupied radiation mode, i.e. when there is a throughput of electromagnetic 
radiation.  Indeed it is the same, fourth order of perturbation theory that gives the leading 
result, and the optically conferred pair energies prove to exhibit a linear dependence on the 
photon number of the occupied mode.  Cast in terms of experimental quantities, this is 
manifest as an energy shift indE∆ , linearly proportional to the irradiance.  The corresponding 



laser- induced coupling forces emerge from the potential energy result, as the spatial 
derivative. 
 
QED delivers a result that is applicable to optical fields with arbitrary polarisation and beam 
geometry [120-122] .  For the usual case of plane-polarized light the following result can be 
derived for the optically induced inter-partic le potential energy, produced by a beam of 
irradiance I acting on two particles A and B; 
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where R  is the separation between the particles, B A−R R , ie  is the ith component of the 

laser polarization vector, ( ) ( );ij ijk k kξ ξα α≡ −  is the dynamic polarizability and ( ),jkV k R  the 
retarded resonance dipole-dipole interaction tensor [123]; 
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In fact, the familiar dispersion interaction is a spontaneous, vacuum field component of the 
non-resonant optically- induced coupling. [124, 125]  It is another example of direct link 
between QED and classical results - the same equation describes the field propagation 
between two induced dipoles (dyadic Green's function).  The only other terms to arise in this 
order of perturbation theory, which involve static dipoles, are normally disregarded.  Since 
the orientation of a free pair of particles with respect to a throughput beam is arbitrary, it is 
expedient to introduce a refe rence frame.  As depicted in Fig. 7, we choose to define the 
direction of the electric field vector e as the x-axis, also denoting the common plane that 
contains the inter-particle vector R and the electric field vector as (x, z).  To represent the 
angular disposition we define as φ  the angle subtended by R on to the electric field of the 
laser radiation; ζ ?designates the angle between the plane containing these vectors and the 
optical wave-vector k.  With spherical particles we then find; 

 
( ) ( ) ( )

( ) ( ){ } ( )

2 3
0

2 2 2 2

Re ; cos sin cos
2

(1 i 1 3cos sin exp i ,

I ck
E k k kR

c R

kR k R kR

α φ ς
π ε

φ φ

 
∆ = −  

 
× − − − 

2

 (12) 



 
 

Fig 7. Particle pair orientation for optical binding (see text).  
 
 
For example, for the commonly employed longitudinal binding geometry k ª R we have 
φ = π/2 and ζ = 0, hence; 
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When the pair of particles is aligned with the polarization vector, equation (13) delivers a 
result whose graph exhibits the familiar R-dependence [104].  This result (alone) is 
independent of ζ.  For the angle dependence in general, it is a trivial matter to prove that, in 
the near-zone, the isotropic average of the optically induced pair energy vanishes.  
Nonetheless at all distances the energy landscape is decidedly anisotropic, and must therefore 
generate both positive and negative forces. 
 
Extending the range of applications for the QED theory, calculations have also been 
performed for non-spherical particles – where the parameter space is substantially larger.  
One important case is where the particles have cylindrical symmetry, their polarizability 
being characterised by one transverse and one longitudinal component.  The results, for 
cylindrical particles in various configurations, have been applied to single-walled carbon 
nanotubes.  These nanoparticles are of interest not only for their intrinsic properties and 
applications but, since they are strongly polarizable species, they afford ideal opportunities to 
exploit the quadratic dependence on polarizability in the potential energy equations.  
Assuming that the α⊥  and αP  values are consistent with the corresponding static 
polarizabilities, then for nanotubes 200 nm in length and 0.4 nm in radius, separated by a 
distance R = 2 nm, and with off-resonant optical radiation at an incident intensity I = 1×1016 
W m-2, the forces range between 10-12 and 10-5 N, according to the geometry [126].  The 
results demonstrate that laser- induced forces can be either positive or negative according to 
conditions; use of the term ‘binding’ force in various papers [102, 104] is potentially 
misleading, though ingrained.  To quantify the forces it might prove possible to deploy 
atomic force microscopy – a technique already associated with carbon nanotubes.[127]  
Significantly, the forces lie in a range indicating realistic possibilities for the 
nanomanipulation of carbon nanotubes, through laser optomechanical control.  Other 
theoretical studies using Foldy-Lax multiple scattering of optical trapping and binding of 
cylindrical particles have been carried out by Grzegorczyk et al. [128, 129]. 
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4.3. Molecular aggregates 
 
To consider optical binding between molecular aggregates, each formed of p molecules or 
optical centres, we need to entertain an effective polarizability of the aggregate given by the 
following expression [130]; 
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where the ( )
iI ξ

λ  are direction cosines relating the space-fixed to the molecule-fixed axes.  The 
relative position of molecule ξ, within the aggregate ζ., is given by ξ∆R , see Fig.8.  The 
aggregates can be considered as mesoscopically disordered material, within which local 
domains possess particular ordered structures.  The optically induced potential takes the 
form: 

 
Fig 8. Molecular aggregates A and B separated by a distance RAB 
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where ,ξ ξ ξ ξ′ ′∆ ≡ ∆ − ∆R R R   It has been shown [125] that the result carries a linear 
contribution which is present for particles of any size, persisting for large particles wherein 

,ξ ξ′∆R  can be orders of magnitude larger than the optical wavelength λ , such as the case of 

micro-particles (see for example ref. [131]).  However for nanoparticles where ,ξ ξ λ′∆R = , 
there is a weighting factor that is quadratic in the number of molecules p.  In the limiting 
case, by an analysis similar to that given in ref  [132], the sum over molecules ξ  in the 
susceptibility may be approximated by a continuous integral and the optically induced energy 
of interaction between two spherical aggregates of radius r  emerges as follows;  
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where ρ is the number density of molecules.  Representing the dependence on ρ in this 
manner demonstrates that optical binding, in aggregates comprising relatively few, high 
volume particles, will be less significant than in other aggregates of the same size, 
comprising a larger number of low-volume species. [133] 
  
To complete the representation of a standard trapping environment, account should be taken 
of the dielectric influence of the medium in which particles are suspended.  It has previously 
been shown, see for example [134-136], that the relative values of the refractive index 
between the particles and the surrounding medium significantly influences optical binding 
phenomena, modifying the positions of stability.  With the incorporation of appropriate 
Lorenz field factors, the dependence on kR  changes to a dependence on ( )n ck kR , where the 
multiplier is the complex refractive index of the medium supporting the particles.  Most 
experiments are conducted with wavelengths at which the system is optically transparent, 
well away from any resonance.  Then, the dielectric effect of the medium is equivalent to a 
simple scaling of the particle separations by the index n, i.e. the given results can be regarded 
as establishing the coordinates of energy minima on a scale where distance values are given 
by R/n. 
 
4.4. Potential energy landscapes 
 
As the distance between any particle pair increases, the optically induced force rapidly 
overtakes in magnitude the more sharply distance-dependent Casimir force. [136]  Over short 
distances a convenient basis for comparison with the latter interaction is the dimensionless 
parameter hc2k/IR3 (hc2k3/IR5 in the long-range, kR »1).  With a wavelength of 355 nm and a 
modest irradiance of 1012 W m-2, the optically induced interaction typically exceeds the 
Casimir force at all distances beyond about 55 nm, subject to the pair orientation.  Although 
detailed force fields are derivable, they can also be inferred from the potential energy 
landscape, mapped from expression (12), and pictorial representations of the latter, scalar 
fields, are also visually less cluttered.  When the optical input has a constant intensity, (or, if 
pulsed radiation is used, the throughput has a repetition interval that is short compared to the 
particle diffusion times), optical binding forces will operate to move particles to separations 
related to the locality of different minima in the energy shift landscapes, depending on the 
values of the salient geometric parameters [137].   
 
Results from typical calculations are shown in Fig. 9, where angles φ and  ζ are as defined in 
Fig7.  On each of these plots, with a distance abscissa and an angle ordinate, local potential 
energy gradients are depicted by vector arrows; projections of these vectors on the horizontal 
axis thus denote forces directed towards local energy minima, those on the vertical scale 
corresponding torques.  Similar graphs can be constructed to exhibit the dependence on the 
angular disposition of the wave-vector. 

 



 

 



Fig.9 Contour maps of optically induced pair energy.  Plots of ∆E as a function of φ  and 
kR: (a) ζ = 0; (b) ζ = π/2. The variation of ∆E with kR along the abscissa, φ = 0, 
shows its first two maxima at kR ~ 4.0, 10.5, the first (non-proximal) minimum, at kR 
~ 7.5.  The horizontal scale typically spans distances R of several hundred 
nanometres, depending on the value of k (see text). The units of the colour scale are 

3 22 /(4 )oIk cπε . The arrows indicate the forces and torques that particle B experiences, 
according to its position. [136] [Color version for web: greyscale for printed version] 
Copyright (2008) Elsevier. 

 
 
In each landscape, local minima distinguish optical binding configurations.  The contours 
intersect the abscissa scale orthogonally, reflecting an even dependence on each angular 
variable; the variation in the domain ( ) ( ){ },   with  , 0, 2φ ζ φ ζ π∈  is notionally revealed by 
unfolding along the distance axis.  The physical significance is that a system whose 
( , , )kR ζ φ  configuration has φ  = 0 or ζ = 0, but not situated at a local minimum, is always 
subject to a force drawing it towards a neighbouring minimum without change of orientation.  
For the same reason, there is no torque when φ = π/2 or ζ = π/2.  Most systems in an arbitrary 
configuration will be subject to both forces and torques.  Fig. 9(a) illustrates the emergence 
of potential energy features supporting longer-range order, such as columnar patterns of 
alternating minima and maxima at constant kR, conducive to the formation of ring structures. 
 
 
4.5. Broadband radiation  
 
Recent theoretical research has shown that particle arrays whose formation is optically 
induced can be micromanipulated, assembled and dissassembled with precision by a 
secondary field  [138].  Further control over the morphology of optically fabricated arrays can 
be achieved using continuum light.[124]  For convenience the spectral irradiance of broad 
continuum light may be assumed to have Lorentzian form:  
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where 0ω  determines the centre frequency; the parameter K  determines the maximum and γ  
the width of the function.  Each of the interacting pair of particles is assumed to comprise 
molecules with a two-level response dominated by the ground state, 0 , and one excited 
state, r ; consequently the particle susceptibilities are given by: 
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where N is the number of optical centres per particle; 0rωh  is the difference of energy 
between the states 0  and r ; 0 0r rµ µ=  is the transition moment associated with the 



electronic transition 0r → .  Expression (18) is closely related to the molecular aggregates 
discussed in Subsection 4.3.  To avoid absorption and attendant thermal effects, and to 
observe the dependence of the inter-particle potential energy surfaces on spectrally different 
forms of irradiance, part of the light tailored with a long-pass filter, whose effect is illustrated 
in Fig. 10.  Under these conditions, and for simplicity ignoring the dispersive effects of a 
support medium, the inter-particle potential energy for each particle pair can be written as 
follows:[124] 
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where ( )BA z

R  is the z-component of the separation vector BAR .  It is then possible to explore 
the effect of choosing different spectral intervals by using different pass filters (hence 
different values of 1ω ).  The graphs in Fig. 11 show the optically induced inter-particle 
potential along the Poynting vector of the beam for different values of 1ω .  The results reveal 
that, by increasing the region of the spectrum interacting with the particles, the magnitude of 
the binding energy is significantly increased as shown in the first three graphs; this is a 
simple consequence of the corresponding increase in irradiance.  More significantly, the 
sequences of minima within each such curve form a series in which each is separated from 
the next by about the same distance, a condition that favours the formation of particle chains  
[139].  With a change of 1ω , the locations of all the minima in every graph are displaced in a 
positive or negative sense in identical proportion.  This suggests that any variation in the 
position of the first minimum is indicative of a corresponding change in the length of particle 
chains along the Poynting vector.   The dependence on optical frequency of the location of 
the first potential energy minimum reveals that optically induced chains may be controllably 
extended or contracted by filtering appropriate frequency regions of the continuum input 
radiation. 

 
Fig. 10. Spectral irradiance of light, with Lorentzian spectrum, transmitted through a long-

wavelength pass filter. 



 

 
Fig 11. Optically induced inter-particle potential given by equation (11) for 0 10ω γ= , 

0 20rω γ=  and for (a) 1 5ω γ=  (b) 1 8ω γ=  (c) 1 12ω γ=  (d) 1 15ω γ= .  The units of 
energy and distance are ( )42 0 2400 /r

oKN cµ ε h and /c γ , respectively. The Poynting 
vector is along the z axis , the polarization is along the x axis and, Rz the separation 
of particles along the z axis.  . 

 

5. Multiple particle optical binding  

 
5.1. Optically fabricated particle assemblies 
 
Although optically induced pair forces fall away rapidly with distance, they are clearly 
dominated by nearest-neighbour interactions, so that it is possible to deduce the patterning of 
a particle assembly on the basis of pair interactions.  From expressions (10) and (11), 
optically induced energy shift contour plots can be obtained, giving detailed information 
about the location of the system’s stability points; see Fig. 13.  In this figure the abscissa 
scale representing distance is cast in terms of the dimensionless parameter kR; starting at a 
non-zero value to avoid non-physical divergences that would imply overlap of the particles 
(in other words, the separation R must be larger than the diameter of the particles involved). 
Additionally, these contour plots show that the derivatives of the energy with respect to ζ are 
zero at 0 or 2ζ π= , independently of the value of φ , indicating that no torques are present.  
Particles positioned elsewhere will experience forces and torques directed towards the nearest 
points of stability (represented by arrows in Fig.9).  It can be observed that for / 2ζ π=  (the 
propagation vector impinging transversely on to the pair, see Fig. 7) the only minima are 
found at / 2φ π= . Naturally, when the pair is aligned with the polarization vector e, the 
energy shift is independent of ζ.  Plots such as those exhibited are essentially templates from 
which the energy landscape for any larger number of particles can be ascertained.   
 
The occurrence of multiple local minima and maxima in the energy landscapes indicates that 
a variety of assemblies may be possible; the probabilities of formation depend on the size and 



shape of the potential landscape concavities, determined by a sum of all pair interaction 
energies.  The simplest assemblies are chain structures – linear distributions of particles, for 
which the angles φ and ζ  (for polarized light) or γ* (non-polarized) have the same values for 
every A–B pair.  If all such particles are identical, a regular one-dimensional lattice can form 
when they are all intercepted by light of the same intensity.  This lattice will be based on a 
repeated superposition of the energy landscape, displaced by multiples of the distance 
corresponding to one particular minimum in the surface – usually the closest.  A minor 
degree of stabilization or destabilization by the interaction between non-neighbouring 
particles might be present, modifying the stability of the linear assembly; an ideal case, with 
enhanced stability, arises when the relative dispositions of closest and non-closest particle 
pairs are simultaneously close to the locations of different energy minima.  In all 
configurations the energy shift associated with interactions between next-nearest neighbours 
is about half of that between neighbouring particles, (essentially a consequence of the R-1 
energy shift dependence for large kR), consolidating the stability of the linear configuration 
[140].   
 
Many more complex structures are also possible.  For example with reference to Fig. 9(a), for 
polarized laser radiation, it is evident that with there is an energy minimum close to 
φ = π/4 (also −π/4, 3π/4, −3π/4) for kR = 12.5, suggesting the possible formation of an 
assembly of four particles placed approximately on the vertices of a square, orthogonal to the 
beam axis.  The occurrence of several minima for a fixed angle ζ, as also shown in Fig. 9(a), 
further suggests the possible formation of variety of ring structures.   

 
Such studies are valid in the Mie size regime, i.e. where the sphere diameter exceeds the 
wavelength, and input fields are well approximated as paraxial.  Considering particles of like 
dimensions, Chaumet and Nieto-Vesperinas [104] have derived results both for isolated 
spheres, and for spheres near a surface.  In the former case they have found that inter-particle 
forces depend significantly on the polarization and wavelength of the incident light, and the 
particle size.  Furthermore, Ng and Chan [100] have determined the equilibrium positions in 
an array of evenly spaced particles, aligned in parallel with the wave-vector of the optical 
input.   
 
 
5.2. Three or more particles 
 
The energetics associated with the arrangements of more than two particles can now be 
explored by placing particles in the minima of a suitable template that optimizes the pair 
interactions. [141, 125, 138, 133]  The two-particle landscape that is physically favored 
provides a sensible basis for determining the optically induced potential energy resulting 
from placement of one or more additional particles on the (y, z) plane, as shown in Fig. 13.  
Contour maps of the energy surfaces of three interacting particles, as a function of the 
coordinates of one of the particles, are shown in Fig. 14.  In contrast to earlier potential 
energy landscapes mapped to illustrate and differentiate forces and torques, these figures are 
plotted on a pair of Cartesian axes to clarify the relative positioning of configurations with 
more than two particles.  As the number of particles increases, there is a dramatic rise in the 
number of stable, physically realistic arrays.  When the fixed displacement vector is 
longitudinal to the direction of propagation of the particles, and kR = 3 as in Fig. 14(a), the 

                                                 
* The angle  γ is defined as the angle between the wave-vector k and the separation vector R. 



most significant minima are given the sequence ( , , ) (0,3 ,0)x y zkR kR kR n=  for 
2,3,4...n = with an energy that is inversely proportional to n; a longitudinal chain is the most 

stable configuration, as may also be observed in Fig. 14(b) when the magnitude of this 
separation is 6kR = .  When the displacement between the two fixed particles is transverse to 
the propagation direction, as in Fig. 14(c), for example, there is a sequence of potential 
energy minima at approximately the positions (0,3 ,3) for  = 1, 2, 3...n n  with the lowest of 
them for n  = 2; another significant minimum may be observed close to the position (0,8, 3) .  
When the fixed displacement vector is given by (0, 8.6, 3), as in Fig. 14(d), there are two 
important symmetrically equivalent stability points at approximately (0, 2, 3) and (0, 7, 0).  
By extending the analysis is extended to four or more particles, it becomes evident that a 
variety of 2-dimensional arrays may be optically fabricated in a plane perpendicular to the 
polarization of the laser beam.  
 

 
 

 
 

Fig 13. Optically induced inter-particle energy surface on the (y, z) plane of Fig 7. The scale 
is in ( )2 32 oI k cα ε  units. Field polarization directed along the x-axis, wave-vector 



on the z-axis. P. [Color version for web: greyscale for printed version] Copyright 
(2008) by the American Physical Society. 

 

 

 



Fig. 14. Optically induced potential energy landscapes for three identical interacting 
particles as a function of the vector positions of one of them, when the other two 
are located, respectively, at the origin and at: (a) (0, 0, 3); (b) (0, 0, 6); (c) (0, 6, 0);  
(d) (0, 8.6, 3).  Black circular shapes represent local divergences in energy shift in 
the proximity of the fixed particles. Scale, polarization and wave-vector as in Fig. 
13 [Color version for web: greyscale for printed version] Copyright (2008) by the 
American Physical Society 

 
 

5.3. Structured light 
 
One of the most rapidly developing areas of modern optics concerns the production and 
application of structured beams [142], for example Laguerre-Gaussian (LG) vortex beams 
produced with the use of bifurcated gratings.  The associated introduction of optical phase 
discontinuities is typically manifest in nodal axes, planes and surfaces in the beam intensity 
profile.  Correspondingly, such beams display characteristically structured regions of high 
intensity where particle trapping can occur.  A classic example is the case of an optical vortex 
with one radial node at the beam centre, a common feature of a ‘twisted’ LG beam with 
arbitrary l and p = 0 (these two indices serve to designate a specific modal structure, i.e. l 
defines the azimuthal mode while p describes the number of radial nodes in the field).  The 
nature and form of optically induced forces between particles trapped in the annular high-
intensity region of such a vortex are of special interest.  Generally, experiments utilize two 
counter-propagating beams, to offset Maxwell-Bartoli forces and net rotation about the beam 
axis.  When two or more particles are held in the LG trap, the distance R between any pair of 
circumferentially adjacent particles A and B will usually be small compared to the radius of 
the optical trap, and the optically induced energy and force equations can be recast in terms 
of the angular displacement ∆ψ ; see Fig. 15 (a).  The general result (for arbitrary p) is as 
follows; 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

(a)                                                              (b)                                                               (c) 
Fig 15. (a) Geometry of a particle pair in a Laguerre-Gaussian beam (p = 0); (b) Clustering 

of nanoparticles in an LG beam; (c) Contour graphs of 0
ABCE∆  against 1ψ∆  (x-axis) 

and 2ψ∆  (y-axis) for three particles in an LG beam with  l = 20; lighter shading 
denotes higher values of 0

ABCE∆ .  Adapted from refs [143-145] 
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where flp and Alp are standard LG beam functions as defined in [146], and 0α  is the 
polarizability of each spherical nanoparticle, φ is the angle between the polarization of the 
input radiation and R, and ψ∆  is the azimuthal displacement angle.  In the short-range 
region ( 1kR = ), the leading term of equation (20) is determined from Taylor series 
expansions of ( )sin kR  and ( )cos kR .  By simple trigonometry, the result 0

ABCE∆  can be 
expressed as [143-145] ; 
 

 
( ) ( )

( )

2 2 2
00

3 22 3
0

1 3sin cos

8 2 cos
lp

ABC
lp

If l
E

r cA

α φ ψ

πε η ψ

 − ∆
 ∆ =

− ∆  
 . (21) 

 
Here, η is a damping factor whose introduction, in place of the unity that emerges from 
simple trigonometry precludes a singularity at ∆ψ = 0.  The long-range (large ring radius) 
result has a considerably more complex asymptotic behaviour. 
 
The result has a number of interesting features: (i) at l = 0 – i.e. for a conventional Gaussian 
laser beam –  a single energy minimum occurs at ∆ψ = 180°, illustrating that the energetically 
most favourable position of the particles in the beam cross-section is where they are 
diametrically opposite each other, as might be expected; (ii) for odd values of l > 1, only a 
local minimum (not the energetically most favourable) arises for this configuration; (iii) for 
even values of l, a local maximum occurs at ∆ψ =180°; (iv) generally, for l ? 0, there are l 
angular minima and (l – 1) maxima.  Additional features reflect the behaviour associated with 
increasing values of l: (v) the number of positions for which the particle pair can be mutually 
trapped increases, becoming less energe tically favourable as the angular disposition increases 
towards diametric opposition, and; (vi) absolute minima are found at decreasing values of ∆ψ 
physically signifying a progression towards particle clustering.   
 
To identify the possibilities for stable formations of more than two particles, as illustrated in 
Fig. 15 (b), the two-particle analysis is readily extended to a system of three (or more) 
particles.  In this case 0

ABCE∆  is determined by summing the pairwise laser-induced 

interactions between the three particles, employing variables 1ψ∆  and 2ψ∆  as the azimuthal 

displacements between particles A-B and B-C respectively.  A typical contour plot of 0
ABCE∆  

against 1ψ∆  and 2ψ∆  is exhibited in Fig. 15 (c).   
 
Interestingly, recent studies have begun to explore optical binding of nanoparticles linking 
potentially to some of the presented theoretical ideas. Svedberg and colleagues [147] have 
explored metallic nanoparticle pairs with applications for surface-enhanced Raman 
spectroscopy. In this work, they explored the behaviour of a system in which one trapped 
nanoparticle was brought a close vicinity of another adhered nanoparticle. The immobilised 
particle affected the potential energy landscape of the system and a second deep potential 
well for the trapped particle confinement was seen – a consequence of an optical binding 



effect. The trapped particle might “hop” between both potential wells. Dienerowitz et al. also 
explored nanoparticle behaviour within a Laguerre-Gaussian beam [148]. Particle 
confinement was mediated by scattering of the light field that was tuned below the plasmon 
resonance of the particles. The nanoparticles did not attract each other or accumulate as 
might be expected: in this case rather repulsion between the particles was observed with 
particles assuming diametrically opposite positions in the trap, as expected from the form of 
the binding interactions described above. Due to the optical angular momentum properties of 
the Laguerre-Gaussian beam, rotation was also observed as orbital angular momentum was 
transferred to the particles.  
 

 
5.4. Collapsing optically bound structures  
 
As has been shown, quantum electrodynamical studies of the optically induced inter-particle 
potential have revealed intricate features in the energy landscapes, indicating the possibility 
of optically inducing a variety of multi-particle structures, forces and torques using only a 
single pair of counter-propagating throughput beams [139].  If additional beams are 
introduced, the construction of significantly more complex three-dimensional particle 
configurations becomes possible.  Indeed, even in the simple case of trapped atoms, stable 
configurations such as cubic structures can be established by the use of twisted beams in an 
optical molasses setup.  The open structures thus formed are built on a scale where neither 
dispersion nor optically- induced forces are relevant [149].   
 
In systems where multi-particle optical binding occurs, as discussed in Sect. 5.2, the 
introduction of additional beams offers other enticing prospects, including the deformation 
and dissipation of bound structures.  Consider, for example, four plane waves in the setup 
shown in Fig. 16; from equation (12) an expression of the following form emerges for the 
inter-particle potential energy;[138] 
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where 2

1 1 2(1 cos )cos( sin cos )nC n kRθ θ θ= −  and 2
1 2(2 sin )cos( cos )nD n kRθ θ= − ; Ip and Is 

are the irradiances of the primary and secondary counter-propagating beams, respectively.  
The two angles that feature in Cn and Dn are 1θ , the angle between the displacement vector R  
and the y axis, and 2θ , the angle between the R  projection on the zx plane and the x axis. In 
deriving (22), each pair of counter-propagating beams is assumed to have equal and opposite 
Poynting vectors – in practice their wavelengths will be offset to preclude holographic optical 
trapping. 
 
Interesting features arise concerning the variations in inter-particle potential with the 
irradiances Ip and Is.  In the near- field, (for particle separations kR << 1), and when 2s pI I≠ , 
the dominant term in the expression for the pair energy may be written as; 
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With 2s pI I> , such that the secondary beam exerts the principal optical trapping force 
directed along the y axis, the first term in brackets in equation (23) is negative, and for any 
given particle separation a potential energy minimum will occur at 1 / 2θ π= ± .  This 
indicates that, under such conditions, an assembly of many particles can group in a lamellar 
form on the xz plane of Fig. 16.  Conversely, when 2 p sI I> , the term in brackets is positive, 

and the potential energy minimum for a fixed particle separation is at 1 0θ =  or ± π; in this 
case, a linear assembly will form along the y axis. 
 
The special case where 2 p sI I=  merits careful attention, as the approximate limiting result 
given by equation (2) no longer applies.  In applying the full result (22), the R-dependence of 
the Cn and Dn parameters therefore needs to be taken into account.  As shown elsewhere 
[138], the inter-particle potential is then proportional to the inverse power of the particle 
separation; moreover it is always attractive.  The result indicates that a system of particles, 
subjected to these conditions, will agglomerate.  (A similar effect can be engineered in Bose-
Einstein condensates – see ref. [150] ).  
 
Consider the configuration shown in Fig. 16, when particles initially trapped in a 
conventional counter-propagating beam setup are subjected to secondary beams of increasing 
intensity.  At first, with particles separated by small distances, the Casimir-Polder potential 
might be considered of considerable importance, its inverse sixth power distance dependence 
enabling a group of trapped particles to form a compact structure. However, the laser 
irradiances employed in optical trapping are usually high enough for the particles line up 
along the polarization direction, here the y axis.  By smoothly increasing the irradiance of the 
secondary laser (and also, thereby, the reflected field), the particle system is passively 
modified to a spherical form when the irradiance of the secondary field matches that of the 
counter-propagating beams. On further increase of the secondary beam irradiance, the sphere 
adapts a lamellar form transverse to the secondary field propagation direction.  The initial 
structure can be recovered by reducing the irradiance of the secondary field. 
 
When the particle separations are larger, in the order of magnitude of the laser wavelength, 
different arrays may be formed.  When the secondary beam, Is, is brought into play, and its 
irradiance increased, the most striking feature is the disappearance of the most prominent 
potential energy minimum originally located at kR ~ 3 (with 1 / 2θ π= ), destabilizing a 
particle chain.  The effect occurs at an intensity threshold Is ≅ 1.2Ip.  Physically, this signifies 
that a chain of particles which might originally extend in space over a distance of the order of 
micrometers collapses to a very much smaller structure, where the Casimir-Polder forces or 
short-range optical binding dominate.  
 



 
 
Fig 16. Pair of particles irradiated by counter-propagating beam pairs designated primary, 

(E1, k1) and (E2, k2), (standard optical binding) and secondary beams (E3, k3) 
reflected with transverse polarization as (E4, k4). The angle subtended by the inter-
particle displacement vector R  on the y axis is 1θ , and the angle between the R  
projection on the zx plane and the x axis is 2θ . 

 
 
To elucidate the dynamics of optical binding with generality and rigour we have expanded 
upon the QED approach in detail, but naturally other approaches have been developed over 
the last few decades that have also proved accessible and useful for the experimental optical 
binding community. In terms of longitudinal optical binding, a paraxial optics approach has 
proved productive; this may be derived through approximations from a complete vectorial 
Maxwell theory. In this instance, the trapped particles refocus the incident optical fields and 
in turn this effects adjacent particles along the beam propagation direction.  More 
specifically, the paraxial theory applies to particles in the Mie size regime whose diameter 
exceeds the optical wavelength, trapping beams that are not too tightly focused thereby 
allowing for a scalar paraxial treatment of the field propagation, allowing small refractive-
index mismatches between the bound spheres and surrounding medium: this means tha t back-
reflections may be largely neglected. With such assumptions, the paraxial theory accurately 
reproduces much data seen in longitudinal binding experiments.  In comparison to the more 
general vector Maxwell theory the paraxial theory has calculational virtues in that it is 
considerably less computer- intensive, thereby allowing for treatment of longitudinal optical 
binding over spatial scales much larger than the wavelength.  In recent work, paraxial 
approaches have been used to explain some of the phenomena observed in longitudinal 
optical binding such as chains in Gaussian and Bessel modes and bistability for two bound 
spheres (eg [107, 135]).   
 
Other approaches have also proved popular: The coupled dipole approximation or discrete-
dipole method (CDM) [19, 151] may be used to determine the scattering and absorption by 
arbitrarily shaped, inhomogeneous, anisotropic objects [152]. The technique is based on the 

θ1 θ2 



decomposition of the object into many dipoles that are organized in an orthogonal grid with 
inter-dipole distances d. This distance is very small, thus replicating the overall object shape. 
The field in the region of each dipole can be considered uniform. Studies have shown that the 
coupled dipole approach is equivalent to a digitized Green’s function method or volume-
integral equation formulation in the low-frequency limit [152]. Analogously to the paraxial 
approach, the CDM may lead to inaccuracies if the object refractive index difference between 
the particle and the surrounding medium. To capture such cases accurately, one may use a 
more complex description of the polarizability of the dipolar units (dipoles). In principle the 
CDM accuracy can be improved by increasing the number of dipoles N, but naturally this 
makes the method computationally very intensive. The CDM has been applied to a number of 
binding experiments.  Recently it was applied to experimental studies of binding in two 
counter-propagating Bessel modes and predicted the observed behavior of long and short 
range creation of particle chains [153].  
 
For large assemblies of homogenous spherical particles the generalized Lorenz-Mie theory or 
multiple scattering theory [154] came to the fore due to the relatively high precision and very 
high computational power efficiency. This approach extends the single-sphere Mie theory 
based on decomposition of the field quantities into a series of vector spherical harmonic 
functions. The expansion coefficients are obtained by solving a system of 2NLmax(Lmax+ 2) 
linear equations, where N is a number of the spheres and Lmax represents a truncation order 
that controls the precision of the results. This method was for example employed in 
theoretical predictions of photonics clusters formation [100] or to explain experimentally 
observed phenomena of large particle ensemble behaviour in evanescent standing wave 
geometries [155].  
 
 

6. Experiments for optical binding  

Experimentally it is now twenty years since the first experiments in optical binding. The two 
main experiments attributed with the birth of optical binding were performed in 1989 and 
1990 by Burns et al.  The first study [98] looked at the organisation of particles within a 
weakly focused light field incident upon a colloidal sample on a glass surface.  These 
experiments explored what is now termed transverse optical binding where the incident light 
field is orthogonal to the direction of particle organisation. As well as first experimental data 
for transverse binding, the authors provided an analytical model for understanding the 
experiment.  To interpret their experiments, they considered the incident field as a plane 
wave that in turn induced oscillating dipole moments in the particles, giving rise to scattering. 
The particle distance dictates the forces exerted, showing a dependence upon the phase of the 
scattered fields.  An analytical expression for the interaction potential was determined by 
solving the coupled Maxwell-Lorentz equations for the system, in agreement with the QED 
equation (10).  
More recent studies by Mohanty et al. explored such optical binding at near infra red 
wavelengths [106].  They investigated the motion of two polystyrene spheres (radius ~ 150 
nm) trapped in a near infra-red optical tweezers setup. The motion of the two particles was 
tracked for ~ 25s at video rate (25 frames per second) and found to be correlated. The 
histogram denoting the separation of the particles exhibited certain maxima, stable particle 
separations approximately correlating with multiples of the binding laser wavelength.  
Studies of the dependence on the plane of polarization of the interacting beam also gave good 



agreement with calculations based on considering the objects as dipoles interacting with an 
incoming plane wave. 
In 2002, and six months later in 2003, two groups independently observed what is now 
termed longitudinal optical binding: here the particle organisation was achieved in one 
dimension in the counter-propagating trap geometry.  Tatarkova et al. [5] used two weakly 
focused Gaussian beams similar to the original Ashkin geometry.  They observed the 
formation of a string of trapped micron-sized particles in a system where the inter-particle 
spacing was much larger than the sphere size.  The chains thus formed exhibited Brownian 
motion, but they were robust. Interference effects were avoided by the use of beams 
propagating in paths beyond their coherence length.  The observations were attributed to a 
binding effect where in a simple model one could infer a given particle in the chain focused 
(or forward scattered) the incident field onto an adjacent particle. A naïve interpretation 
(without binding) might cause one to think all the particles would accumulate at trap centre, 
but this was not the case. The authors observed centre-of-mass motion and breathing mode 
type behaviour by appropriate manipulation of one of the trapping beams.  By allowing more 
and more particles to build up within the array, the authors also identified the form of the 
trapping potential.  At around the same time, Singer et al. secured analogous data for binding 
using the same geometry, but this time implemented with optical fibers and smaller particles 
[6]. Following the resurgence of general interest in optical binding, attention has refocused 
on the more widely studied system, longitudinal binding which we now progress to discuss. 
 
6.1. Longitudinal binding studies  
 
Subsequent to the first observations described above, Metzger et al. [135] performed a 
number of experiments to explore the dynamics of binding – including correlations in particle 
behaviour and visualization of the optical field.  The researchers used a dual beam fibre trap 
to show the presence of bistability and hysteresis for two trapped spheres.  In this study the 
formation of a 1D array of trapped micron-sized particles was observed as the fibre 
separation was varied.  The observations were consistent with a theory treating the particles 
as Mie scatterers, using the Lorentz force formula in the paraxial regime, incorporating the 
focusing effect of each sphere.  In the case of two spheres the system was naturally coupled, 
with an interdependency and interplay between the spheres due to light re-scattering.  This, in 
turn, dictated the location of the equilibrium positions.  Three points on the graph of force 
against separation indicate places where the force is zero and are thus positions of 
equilibrium: naturally only those with a negative slope are stable, leading to bistability.  The 
origin of such bistability is the feedback inherent in the system.  Altering the sphere 
separation changes the electromagnetic field distribution via a refocusing effect, which in 
turn modifies the forces on each sphere. Nonlinearity is not a necessary prerequisite for such 
bistability, and indeed such effects have been seen for example in the radiation pressure on an 
intracavity field on a moving mirror [156].  The experiment used two opposed single mode 
fibres to form the trap with powers up to 200 mW; three micron diameter spheres were used 
in the study. The binding phenomenon was explored for variation in the fibre separation and 
the relative refractive index between the spheres and the medium.  The system proved very 
sensitive to these parameters, and a clear observation of bistability, bifurcation of solutions 
and hysteresis when the fibre separation was changed adiabatically was observed.  



 
Fig 17:  Multistability of particle separation in a fibre trap. With the varying distance 

between the fibre facets Df a separation between 2 trapped particles D changes. For 
a certain range of Df values there exist 2 stable configurations D, responsible for 
the observed hysteresis in the inter-particle separation while the fibre facets are 
moving towards or apart each other.  Reprinted figure with permission from [135].  
Copyright (2006) by the American Physical Society. 

 
Subsequent studies by the same group developed a novel technique for an in situ visualisation 
of the scattered light field by a particle, making it possible to observe the particle position 
and gain a detailed intensity map of the light redistribution within the sample [157].  This 
was achieved by using fluorescein dye within the sample liquid and with ultrashort 
(femtosecond) pulses for the trapping and binding.  The laser light was able to not only 
mimic the continuous-wave case for the binding (just like trapping, an average power effect) 
but an in situ optical field was seen due to two photon excitation in the liquid, giving an 
excellent signature of the light redistribution. 
 



 
 
Fig. 18 Visualisation of optically bound arrays: A) Array of two 3 µm spheres with a 

separation of 8 µm with ? n = 0.06. 1) On-axis intensity distribution showing the 
full waist separation of 72 µm (blue – experimental data; red – theoretical 
prediction). 2) Theoretical simulation of diffraction pattern in a 2 sphere array, 3) 
False color image of two-photon fluorescence. B) Same array as in A) with left 
propagating field blocked, and for a time such that the sphere separation is 9 µm. 2) 
Theoretical simulation of the diffraction pattern, 3) false color image of two-photon 
fluorescence beam coming from left side of picture.  C) Array of three 3 µm 
spheres with a separation of 5 µm with ?n = 0.05 and a waist separation of 100 µm. 
1) On-axis intensity comparison between theory and experiment which is being cut 
off at 60 µm. 2) and 3) theoretical and experimental images of diffraction pattern. 
D) Array of four 3 µm sphere array with a separation of 12 µm with ?n = 0.01 with 
a waist separation of 85 µm. 1) On-axis intensity plot, 2) Theoretical image 
matching, 3) experimental false color image of two-photon fluorescence with right 
and left hand side of the beam being partly cut off. Reprinted figure and caption 
with permission from [108]. Copyright (2006) by the Optical Society of America. 

 
 
The dependence upon each sphere in longitudinal binding lends itself to the interesting notion 
of correlated behaviour.  This was explored by Metzger et al in their subsequent study [158], 
focusing on the motion of two microspheres in the presence of noise.  The specific advance 
in this study was measurement of the decay time of the correlation functions of the centre of 



mass and relative normal modes of the bound matter system, allowing for an in situ 
determination of the optical restoring forces.  The theoretical basis for this was an extension 
of studies performed by Meiners and Quake [159] and Bartlett et al. [160], including the 
hydrodynamic coupling between the particles.  The authors developed the appropriate 
Langevin equations of motion for small amplitude sphere displacements, adding a cross-force 
term to account for the binding interaction.  From this they derived the form of the 
correlation functions between the spheres.  By experimentally measuring the normal mode 
decay times the researchers were able to access the direct and cross force components in situ.  
Both of these forces scale linearly with power, and so their ratio is power independent.  The 
experiment employed dedicated particle tracking to make position measurements and infer 
the forces at play.  
 
More recent experiments of longitudinal optical binding have had the aim of exploring 
interference effects and extending the range of the interaction. Gherardi et al. [161] 
developed a novel form of dual beam trap that used photonic crystal fibre that can potentially 
deliver multiple wavelengths at the same time rathe r than the more standard single mode 
fibre.  This fibre was used to create optically bound arrays with broadband “white” light.  The 
importance of this lay in the fact that such temporally incoherent light removed any artefacts 
in the binding from inter-particle interference that can create subsidiary maxima and minima 
in the binding process. This method will open up new studies in the future with multiple 
wavelengths for the binding process.  
 
Karásek et al [134] developed the coupled dipole model (described earlier) to explore 
longitudinal binding. They explored how well their model mirrored the data of Metzger et al. 
[135] and then went onto explore long range optical binding.  In their study they used two 
counter-propagating Bessel beams which are propagation- invariant or immune to diffraction 
over a given range. The use of these beams is attractive as they offer the potential to create 
very long 1D chains of bound particles, and might thus allow for a deeper understanding of 
free space self-assembly with light.  In the experimental study two counter-propagating 
Bessel modes generated via axicon elements were used.  The study showed a number of very 
new features, including the emergence of multistability due to interference effects between 
particles, with chains up to 200 microns long being formed [153]. 
 
In the last few years, optical force induced self-assembly and binding type behaviour has 
been observed in near- field optical trapping arrangements.  Also, as in the experiments 
described already, the inherently coupled nature of the interactions driving these self-
assembly processes give rise to nonlinear effects such as bistability and in particular 
modulational instability. These may be employed to generate particle arrays that are 
dynamically reconfigurable.  Mellor and Bain [162] explored a near- field geometry in the 
Kretschmann configuration for trapping. They observed that large numbers of microscopic 
colloidal particles accumulated at a surface with counter-propagating interfering evanescent 
waves.   Perhaps surprisingly, these particles formed highly ordered arrays with sub-
micrometer precision. The lattice parameters were influenced by the polarization of the used 
optical field, the underlying interference standing-wave- like pattern generated, and the size of 
the trapped particles.  Rotating the polarization of the trap by 90 degrees the researchers were 
able to see in real-time transitions between different lattice patterns namely checkerboard and 
hexagonal[163].  It was inferred that the ordering mechanism was intricately linked to optical 
binding.  
 
 



 
 
Fig.19. Observing self-organization by optical forces: binding on a surface. (a)-(d) 

Successive video frames showing the reorientation of a two-dimensional optically 
bound lattice when the polarization of the optical trap is switched from s- to p- 
polarization; the lattice geometry is seen to change from a square lattice to a 
hexagonal lattice Reprinted with permission from [163] Copyright  (2006) by the 
Optical Society of America. 

 
 
The formation of 2D structures with sub-micron colloidal particles in surface (evanescent) 
traps was the further analysed theoretically and described by Taylor et al. Their studies 
showed that collective behaviour of larger numbers of optically trapped particles exhibits 
qualitative differences to that seen with small numbers.  This was shown both with a 
computer model and in experimental results.  The optical binding interaction can dominate as 
the number of particles in the structure is increased.  Optical binding forces can be 
sufficiently large to overcome the optical landscape imposed by the interference fringes of 
the laser beams and impose a different, competing structure [155].  In this study, numerical 
modelling deployed a Generalized Lorenz-Mie Theory (GLMT) to determine the field and 
overall forces exerted on a group of spherical particles.  In these calculations for spherical 
(and nonmagnetic) particles it proved sufficient to ignore any light re-scattered by the surface 
interface. 
 

 



Fig. 20. Examples of “broken hex” optically-bound structures with vacant fringes. (a) 
shows a snapshot from a Brownian dynamics simulation, and (b) shows an 
experimental image. In both cases the particle radius is 260nm. In the experimental 
image the vertical extent of the particle array is limited by the shape of the focused 
Gaussian beams. Reprinted figure and caption with permission from [155]. 
Copyright (2008) by the Optical Society of America. 

 
 
In an analogous experimental arrangement, Reece et al. [164] also showed optically induced 
self-organization of microparticle arrays, but this time the incident field was un-patterned.  
Their system also used a dielectric resonator for enhancement of the evanescent field.  High 
concentrations (> 0.1% solid) of sub-micrometer diameter particles were seen to collect at the 
centre of the overlap region of the beams.  These colloidal particles formed regularly spaced 
linear arrays oriented along the direction of the incident beam axis with a lateral separation of 
several micrometers.  The authors interpreted the behaviour of the colloidal arrays, formed 
parallel with the laser propagation-axis, as being linked to the break-up of the incident field 
into optical spatial solitons, the lateral spacing of the arrays being related to modulation 
instability of the colloidal system.  In nonlinear media, optical spatial solitons (OSS) are 
spatially localized, non-diffracting modes that have gained much attention. They are the 
result of a balance between diffraction and self-phase modulation which results in self-
focusing under intense illumination.  Modulational instability (MI) was interpreted as the 
cause of this effect: for an incident field consisting of a plane wave, small wavefront 
perturbations may cause the optical field to break-up into periodic arrays of spatial optical 
solitons or more complex patterns.   
 

 
 
Fig. 21. Linear arrays of colloids observed at the surface of a prism acting as a dielectric 

resonator. The three pictures on the right illustrate array formations for different 
illumination intensities. Below the threshold soliton behaviour is not observed 
(top), even after extended periods of illumination. Just above threshold stable 
arrays of OSS are formed. The graph shows the period of array spacing as a 
function of the input power above threshold. The period (L) is normalized with 



respect to its threshold value (Lth) and the input coupling power (P) is normalized 
to the threshold power (Pth). The solid line indicates the variation as predicted by 
the continuum model. Reprinted figure with permission from [164]. Copyright 
(2007) by the American Physical Society. 

 
 
The presence of both OSS and MI is suggestive of the presence of optical nonlinearity in the 
colloidal dispersion. In fact, such dispersions have been considered potential candidates for 
artificial optical nonlinear Kerr materials.  Ashkin and co-workers indicated the potential of 
bulk colloidal suspensions to act as an artificial Kerr medium in a number of nonlinear 
optical experiments, including self- focusing, optical bistability and four-wave mixing [165]. 
The mechanism behind the nonlinear properties of these materials is an electrostrictive effect 
due to the optical gradient forces experienced by the dielectric particulates, which aggregate 
at regions of high intensity, thereby locally increasing the refractive index and leading to a 
self-phase modulation.  In the experiments described by Reece et al. [164] the dielectric 
resonator was treated as a prism-coupled nonlinear waveguide where the colloidal dispersion 
acted as an artificial Kerr medium with a local nonlinear response (continuum 
approximation).  This was sufficient to predict the main experimental observations; the 
presence of a threshold power for the onset of the array formation, the magnitude of the 
lateral array spacing and its power dependence.  For a deeper understanding of the optical 
nonlinearity of the colloidal dispersions and its resulting effects the detailed granular nature 
must be considered, i.e. the non- local response.  Recently, Conti et al. [166] developed a 
theoretical non- local model for the non- linear optical response of emulsions (including 
colloid dispersions) which accounts for microscopic particle-particle interactions using a 
static structure factor.  However this is just one of a number of competing models which aim 
to describe the detailed dynamics of the nonlinear process. 
 

7. Future prospects for large scale self-assembly 

 
Larger scale controlled self-assembly of colloidal particles is certainly attainable in the near 
future. Optical fields can create and pattern particles in 2D and 3D thus forming various  
structures from microobjects at will.  This has generated much interest in potentially creating 
templates for the nucleation of larger crystals: this may be used to realise cubic structures and 
other crystalline lattices.  It is also important to emphasise that such templating is not 
restricted to colloids, but may be extended to biological cells.  This in turn opens up the 
prospect of new studies in cell biology that includes templating for tissue generation and 
studies in cell differentiation.  
 
Optical binding has revealed some interesting aspects of multi-particle interactions mediated 
by light.  One also sees how this topic has revealed aspects of feedback due to the inherent 
interplay and coupling in these systems.  This effect has been seen in transverse geometries 
and on surfaces where large numbers of particles have been organised.  Indeed, checkerboard 
and hexagonal arrays have been seen on surfaces as well as organisation due to nonlinear 
effects. Numerical models are being developed to understand these effects.  Longitudinal 
binding has seen immense advances since 2002 and numerical calculations have assisted the 
understanding between small numbers of objects.  The inherent feedback in the system and 
interplay between the spheres has led to observations of bistability, multistability and chain 
formation.  Numerical studies have been developed at size scales from the nanoscale to the 



microscale, and it is intriguing and instructive to compare these to emerging experiments to 
see the limitations and understand the exact results seen in experimental studies. 
  
With the growth to maturity of both theory and experimental technique, the future for optical 
forces and their impact on multi-particle organisation is very promising: as we gain a deeper 
understanding and unravel the manner in which we can apply both multiplexed fields and 
exploit the self-organisation using optical binding, we will emerge with new tools for a 
variety of templates for new studies right across the natural sciences.  
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