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We generate and dynamically control one-, two- and three-dimensional optically bound structures

of soft matter in the geometry of counter-propagating incoherent laser beams. We report results for

the Bessel, Gaussian, and Laguerre-Gaussian laser modes and particularly focus on the influence of

the lateral dimensions of the beam profile on the resulting self-arranged optically bound structures.

Employing the transfer of the orbital angular momentum of light in the Laguerre-Gaussian beams,

we show that optically bound structures can conserve their spatial arrangements even while orbiting

along the beam circumference. VC 2011 American Institute of Physics. [doi:10.1063/1.3634007]

Optical binding presents an original method for self-

arrangement of solid microparticles in liquid or air.1–4 The

resulting equilibrium positions of the particles in an optically

bound structure (OBS) are not only influenced by the spatial

intensity profiles of the incident laser beams but also by the

light scattered from all the bound particles.5 From a practical

point of view, an OBS can be generated by simple experi-

mental configurations that are commonly objective- or lens-

free and well suited to integration with microfluidic

systems.3,6–8 However, in contrast to widely spread multiple

optical trapping based on computer generated holograms9,10

or deflections of a trapping laser beam, such configurations

do not allow individual positioning of each particle within

the structure.11,12 The inter-particle distances in OBSs can be

externally controlled by changing the refractive index of the

medium13 or the spatial intensity distribution of the counter-

propagating (CP) beams.14–16

In this paper, we present a method for dynamic size tun-

ing of multi-dimensional OBSs via control of the spatial in-

tensity profiles of the trapping beams. We dynamically

modified the lateral intensity profiles of the incoherent CP

beams using a flexible dual-beam setup based on a spatial

light modulator (SLM).17 We show that an OBS can be

stretched or squeezed along the direction of the optical axis

within a wide range of the inter-particle distances, under-

going phase transitions if squeezed beyond a certain limit.

We also show that a two-dimensional (2D) or three-dimen-

sional (3D) OBS can be assembled and optically manipu-

lated with a system of two CP Laguerre-Gaussian beams

(LGBs) or several pairs of CP Gaussian beams (GBs),

respectively. In both cases, the spatial arrangement of the

OBS is conserved.

Our experimental system consisted of identical polysty-

rene (PS) microparticles dispersed in deionized water inside

a glass capillary with an inner diameter of 100 lm (Vitrocell

8510). The capillary was inserted into an optical field of CP

laser beams and resulting OBSs were observed from a direc-

tion perpendicular to the axis of the laser beams. Individual

beams (vacuum wavelength of 1064 nm) were synthesized

on an SLM (Hamamatsu LCOS X10468-07) in the form of

zero-order Bessel beams (BBs),18 GBs, or LGBs,19 each

with the required width of the beam transversal profile. The

diffraction losses of different phase masks were determined

from the laser beam intensity incident on the SLM and the

diffracted intensity measured in air at the sample plane.

The following examples reveal that the size of the laser

beams has a significant influence on inter-particle distances

within an OBS. Figure 1 presents a systematic theoretical

and experimental comparison of the inter-particle distance as

a function of the radius q0 of a BB with suppressed longitu-

dinal intensity variations.20,21 Therefore, the final OBS shape

does not depend significantly on the axial position in the BB.

Following theoretical predictions based on the coupled-

dipole method,22 we changed q0 and analyzed the inter-

particle distances of structures containing two and three

FIG. 1. (Color online) Optical binding in Bessel beams. Top: An example

of the BB spatial intensity profile for the beam core radius

q0¼ (1.67 6 0.03) lm. Bottom: Dynamic size tuning of an OBS made of

polystyrene particles of diameter 1070 nm (Polysciences Inc.) is achived by

varying the q0 of two identical BBs counter-propagating along z axis (the

radii were determined to less than 5% error). The beam width decreases

from top to bottom image rows. Laser power in the BB core incident on the

OBS varied from 4 mW to 7 mW for the widest to narrowest beams, respec-

tively. The grayscale images show the mean positions of the particles, red

crosses denote the results of the theoretical predictions. The image on the

bottom right (beam core radius q0¼ 1.69 lm) illustrates a collapse of the

OBS and indicates the OBS phase transition.a)Electronic mail: zemanek@isibrno.cz.
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self-arranged particles. The agreement between the experi-

mentally observed inter-particle distances and the theory is

reasonably good for smaller inter-particle distances. The

deviations for larger inter-particle distances may be caused

by imperfections in the axial intensity profile of the BBs.

The BB represents an advantageous choice if one

requires particles self-arrangement over long distances.

However, in this situation, clustering of optically bound par-

ticles can occur.15 In contrast, wide CP GBs are easier to

generate and can also provide non-clustered self-arranged

chains of large numbers of particles. Figure 2 illustrates that

modification of the GB waist radii also leads to squeezing or

stretching of an OBS comprising many particles. Squeezing

of OBSs occurs in narrower beams that push particles closer

together untill the OBS becomes unstable, collapses, and a

phase transition occurs. In contrast, we have not observed

OBS collapse as the beams waist radii increase.

Experiments presented in Figs. 1 and 2 used radially

symmetric laser beams that produced only one-dimensional

OBS. However, we also obtained 2D OBSs existing in bulk

liquid, far from any surfaces by using elliptical CP incoher-

ent GBs. Up to now, OBSs in 2D have been observed only

near a surface using CP evanescent waves23–25 or wide

GBs.26 We kept the beam ellipticity constant (beam waist ra-

tio wx/wy¼ 5) which gave the theoretical estimate of the ratio

of on-axis optical trap stiffness jx/jy¼ 1/25. This allowed a

larger separation of the particles along the x axis and, subse-

quently, led to off-axis localization of the particles due to

transverse optical binding.

Figure 3 presents the 2D self-arrangement of several

particles far from any surface and illustrates direct propor-

tionality between the beam waist size and the increase of

inter-particle distance (1.8� for the data shown). In the case

of OBS squeezing, this procedure enables further studies of

phase transitions in colloidal structures.

Modification of phase mask at the SLM enables the gen-

eration of several pairs of CP incoherent GBs with variable

beam waists. Figure 4 presents particle self-organization in

three pairs of CP GBs with radially symmetric profiles

whose axes were arranged laterally at the vertices of an equi-

lateral triangle. Each image corresponds to a different beam

waist radii while the distance between the axes of the beam

pairs was constant. Similarly to Fig. 2, the inter-particle

FIG. 2. Particle separation of an OBS comprising many particles is dynami-

cally tuned by varying the waist radius w0 of identical CP incoherent GBs.

Each beam propagated along the z axis ensuring lateral confinement of the

PS particles (diameter 800 nm Duke Scientific). The incident powers of the

wider and narrower beams varied between 20 mW and 40 mW, respectively.

The bottom row illustrates the collapse (phase transition) of the OBS in the

narrowest beam and the consequent escape of the particles.

FIG. 3. Size control of 2D optically

bound matter. The first row shows the

beam waist profiles of three different el-

liptical Gaussian beams used in the

study. The following rows show

dynamic size tuning of 2D OBSs with

various initial configurations of particles

(1070 nm in diameter) self-arranged in

the above depicted beams. The total

power of a single beam at the sample

plane varied between 80 mW and 35

mW for the narrowest and widest beam,

respectively.
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distances in the OBSs depended on the sizes of the beam

waists and also on the number of particles arranged in each

beam pair. Aside from the longitudinal binding, there was an

optical interaction between particles confined in different

pairs of CP GBs that led to correlated behavior of particles

across the beam pairs. Therefore, several pairs of CP GBs

indeed enable formation of tunable optically bound three-

dimensional structures.

The presented concept of OBS size tuning is applicable

also to optical vortices and particles in motion. Figure 5

introduces an example of a 2D OBS revolving around the op-

tical axis of CP incoherent LGBs of opposite topological

charges 61. The angular momentum coming from one

absorbed photon from each beam is equal to 2�h and keeps

the particles orbiting around the optical axis.27 However, we

observed remarkably different behavior with a single parti-

cle, which showed no orbiting, compared to an OBS that

revolved faster if more particles were confined in the struc-

ture. Besides optical binding, hydrodynamic effects should

also be taken into account to fully describe this complex

behavior.28 Similarly to the static OBS case, comparison of

OBSs revolving in beams of different sizes reveals that the

size of the OBS is proportional to the beam waist radii and

the OBS conserves its shape.

To date, only static OBSs have been investigated. Here,

we have presented a method to change the dimensions of an

OBS in real time by varying the lateral profile of the illumi-

nating laser beams. We have also demonstrated phase transi-

tions within the OBS for critical beam profile parameters.

Such tool paves the way for series of new studies where the

sizes of OBSs can be tuned to create self-arranged structures

of appropriate size or to induce collapse (phase transition) of

the OBS into a closely packed colloidal crystal or a photonic

band-gap structures even in 3D.
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kia, Appl. Phys. Lett. 93, 041110 (2008).
8J. Liu, Q.-F. Dai, X.-G. Huang, L.-J. Wu, Q. Guo, W. Hu, X.-B. Yang, S.

Lan, A. V. Gopal, and V. A. Trofimov, Opt. Lett. 33, 2617 (2008).
9P. Rodrigo, V. Daria, and J. Glückstad, Appl. Phys. Lett. 86, 074103

(2005).
10M. Woerdemann, C. Alpmann, and C. Denz, Appl. Phys. Lett. 98, 111101

(2011).
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Zemánek, Opt. Express 18, 25389 (2010).
27N. B. Simpson, K. Dholakia, L. Allen, and M. J. Padgett, Opt. Lett. 22, 52

(1997).
28J. Ng, Z. Lin, and C. Chan, Phys. Rev. Lett. 104, 103601 (2010).

FIG. 4. Dynamic size tuning of 3D OBSs using three pairs of CP incoherent GBs. The diameter of PS particles was 1070 nm, the waist radii of all GBs were

subsequently set to 2.25 lm, 2.75 lm, and 3.25 lm (left to right). Fixed lateral separation between the beam pair axes was set by the SLM to 5.1 lm and the

total power in each GB was 20 mW.

FIG. 5. Configurational dynamics of three PS particles of 1070 nm in diam-

eter illuminated by CP incoherent LG beams of opposite topological

charges 6 1. The beam waists were 2.2 lm (top) and 3.4 lm (bottom) with

corresponding incident powers in a single beam 50 mW and 25 mW, respec-

tively. The duration of the single period of OBS revolution was 0.56 s and

1.8 s for the narrow and wide beams, respectively.
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