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Colloidal suspensions of micron- and submicron-sized
particles act as effective nonlinear media that can self-
arrange into intricate static or dynamic structures upon
illumination with a laser beam. Optical spatial soli-
tons (OSSs) represent a prominent example of such
light-induced structures. We study the formation of
two-dimensional arrays of interacting OSSs from col-
loidal particles of varying sizes illuminated by counter-
propagating light-sheet beams. We monitor evolution
of growing OSS arrays upon addition of individual con-
stituent particles and show that a small change in the
total number of particles in the structure can induce
long-range reconfiguration of the overall OSS layout.
In particular, the minimal distance between the neigh-
boring OSSs in the array is observed to nearly linearly
increase with increasing number of constituent particles.
Our experimental observations are semi-quantitatively
supported by theoretical modeling based on the rigor-
ous multiple Mie scattering theory.
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Controlled exchange of momentum between light and mat-4

ter has been employed for both stable spatial confinement and5

dynamic driving of motion of micron- and submicron-sized6

particles suspended in liquid or gaseous environments, with ex-7

perimental applications in research fields ranging from physics8

through chemistry to biology [1, 2]. Optical manipulations typi-9

cally exploit carefully shaped incident laser beams that generate10

well-defined external force fields capable of capturing or moving11

illuminated particles along desired trajectories [1, 2]. In contrast12

to such predefined force fields, dynamic landscapes of optical13

forces can arise due to complex two-way interactions between14

the incident light and illuminated particles that cause modula-15

tions of the intensity profile of the incident light wave. For parti-16

cles much smaller than the incident light wavelength (Rayleigh17

scatterers), this light–matter interaction predominantly results18

from the local spatial gradients of optical intensity that tend to19

pull particles optically denser than the ambient medium to the20

place of maximal intensity [3]. On the other hand, for larger21

particles that strongly scatter the incident light, dynamic forces22

that drive the particle motion originate primarily in the interfer-23

ence between the incident and scattered light waves, leading to24

so–called optical binding in which both gradient and scattering25

forces in the resulting interference pattern are relevant [4].26

In general, the above described light-matter interactions are27

nonlinear and can lead to emergence of complex, non-intuitive28

static or dynamic self-assembled structures. A prominent exam-29

ple of such pattern formation are optical spatial solitons (OSSs),30

spatially localized, non-diffracting modes supported in nonlin-31

ear optical media [5]. Formation of OSSs in colloidal suspensions32

has been studied both theoretically [6–8] and experimentally [9–33

11] and application of OSSs in reconfigurable optofluidic waveg-34

uiding has been demonstrated [12]. Depending on the size of35

the constituent particles, OSS formation can be described using36

either the model of an effective continuous medium with a spa-37

tially varying refractive index [6–8], which extends down to the38

scale of degenerate quantum gases [13], or the framework of39

optical binding that takes into account discreteness of the system40

resulting in enhanced light scattering effects [4].41

As shown recently, non-conservative character of optical bind-42

ing interactions causes inherent instability of optically bound43

clusters with increasing number of constituent particles [14]. In44

particular, the influx of momentum from the illuminating light45

beam that is asymmetrically redistributed by multiple scattering46

events inevitably leads to the emergence of unstable modes of47

collective motion of optically bound structures. Such behavior48

has indeed been experimentally observed and interpreted in49

terms of non-pairwise character of optical binding forces [15].50

Despite this progress, systematic characterization of dynami-51

cally formed, mutually interacting OSSs under well controlled52

conditions of self-assembly remains a formidable task.53

In this Letter, we report on a systematic study of formation54

of arrays of OSSs from colloidal particles of varying sizes illu-55

minated by counter-propagating light-sheet beams generated56

by a spatial light modulator (SLM). The light-sheet illumination57

geometry [16] with on-the-fly adjustable profiles of the beams58

allows us to confine the optically bound OSS arrays to two di-59

mensions (2D) by the strong gradient forces acting along the light60

sheet thickness [y axis; see Fig 1(a)], which greatly facilitates the61

observation of positions of all constituent particles during the62

process of OSS array formation. We monitor the evolution of63

growing OSS arrays upon addition of individual constituent64

particles and show that a small change in the total number of65

particles in the structure can induce long-range reconfiguration66

of the overall OSS layout. Our experimental observations are67

semi-quantitatively supported by theoretical modeling based on68
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Fig. 1. (a) Dual-beam optical trap formed by two linearly po-
larized, counter-propagating light-sheet laser beams (LB and
RB) with orthogonal polarization controlled by a half-wave
plate (HW). Optically trapped and bound particles located in
the plane of the light sheet (the xz-plane) are observed using a
microscope oriented along the y-axis. (b) Polystyrene particles
of various diameters d self-assembled into arrays of parallel
OSSs upon illumination with C–P light-sheet beams with fixed
beam-waist radii of w0,x = 10.5 µm and w0,y = 1.6 µm.

the rigorous multiple Mie scattering theory.69

In our experiments, we employed a dual-beam optical trap70

formed by two counter-propagating (C–P) light-sheet beams71

(wavelength 1064 nm) with orthogonal linear polarization, over-72

lapping inside a vertically oriented glass capillary with square73

cross-section (inner dimensions 100 × 100 µm). The capillary74

was filled with a suspension of monodisperse polystyrene mi-75

crospheres (refractive index 1.59) in deionized water. In the76

experiments, the microsphere diameter d varied between 60 –77

995 nm. Using an SLM, we created focused light-sheet beams78

with transverse beam-waist radii of w0,x = (10.5 ± 0.1) µm and79

w0,y = (1.6± 0.1) µm. The trapping power of each beam just out-80

side the capillary was set to ∼ 125 mW by controlling the power81

of the trapping laser. Resulting quasi-planar self-assembled col-82

loidal structures were observed by an optical microscope from83

a direction perpendicular to the plane of the light sheet (the y-84

direction), see Fig 1(a). Detailed description of the experimental85

setup can be found in Section 1 of Supplement 1.86

As illustrated in Fig. 1(b), upon illuminating aqueous sus-87

pensions of polystyrene particles of varying diameters indicated88

in the images with cross-polarized C–P light-sheet beams, we89

observed the formation of multiple parallel chains of particles90

confined in the plane of the light sheet. These structures corre-91

sponded to quasi-planar 2D arrays of OSSs [9]. Inspection of92

Fig. 1(b) reveals that the spacing of neighboring chains monotoni-93

cally decreased with increasing particle size (for 995 nm particles,94

a single characteristic spacing is not well defined). As argued95

in [9], this effect can be attributed to the increasing importance96

of the granular nature of the effective nonlinear medium repre-97

sented by the colloidal suspension in which the OSSs are formed.98

This implies that the continuous-medium approach, appropri-99

ate for modeling suspensions of nanoparticles [9, 11], gradually100

breaks down and multiple scattering events that lead to optical101

binding start dominating the process of self-organization. As in-102

dicated by direct visual inspection of the recorded images, with103

increasing particle size, individual constituent particles forming104

the OSSs become more regularly arranged by the optical bind-105

ing forces, reflecting the spatial distribution of the interference106

maxima in which the particles are preferentially confined [4].107

The process of formation of an OSS array from polystyrene108

particles with the diameter of 657 nm is depicted in Fig. 2(a).109

Initially, optical binding forces induce self-assembly of illumi-110

nated particles into a single linear chain with non-equidistant111

spacing between neighboring particles located on the axis of112

symmetry of the light-sheet beams (optical axis) [12] (top panel).113

With growing size of the primary OSS chain, the complexity of114

the force landscape created due to multiple scattering events115

from this chain increases, eventually leading to formation of new116

stable trapping positions away from the optical axis, which sub-117

sequently serve as nucleation sites for the second and additional118

parallel linear OSS structures (middle and bottom panels).119

The phenomenon of optical binding, triggered by multiple120

scattering of light, depends not only on the properties of the121

illuminated objects, i.e., their shape [17, 18], material [19], or in-122

ternal structure [20], but also on the spatial profile of the incident123

field [21, 22] and its polarization [23]. Moreover, intensity of the124

scattered field and, consequently, stability of the secondary off–125

axis optical traps are also influenced by the number of particles126

in the primary on–axis chain. Generally, for the given particle127

size and material, the number of stable off–axis traps increases128

with growing length of the primary chain. However, once the129

number of particles in this chain reaches a critical value (de-130

termined by the particle size and refractive index and by the131

transverse intensity profiles of the trapping beams) for which132

the trapping beams are not allowed to propagate through the133

structure [12], the structure becomes unstable and starts oscillat-134

ing and dynamically rearranging [24, 25]. For a larger particle135

size, this dynamic structural instability occurs at a smaller total136

number of particles in the structure; it represents the effect of137

increasingly more non-conservative binding forces acting along138

the directions both parallel and perpendicular to the propagation139

axes of the light-sheet beams [14].140

Figure 2(b) shows trajectories of individual particles diffus-141

ing one by one towards an already formed primary OSS. These142

particles eventually joined the OSS structure aligned along the143

red dashed line. Position histogram in Fig. 2(c) then quantita-144

tively summarizes the motion of the particles from Fig. 2(b), with145

yellow color indicating the region of the highest 2D probability146

density of particles’ occurrence where the secondary OSS is most147

likely to form. After applying the Boltzmann statistics to the148

position histogram 2(c) [26], it could be converted to an effective149

potential landscape created in the vicinity of the primary OSS150

due to the interference of the incident and scattered fields. This151

analysis revealed that the deepest trap, in which the particles re-152

mained transiently confined for the longest time, was created at153

x ≈ ±2.5 µm away from the center of the OSS structure located154

at [x, z] = [0, 0] µm.155

To corroborate our experimental observations, we carried out156

numerical simulations of the formation of additional particle157

chains in the vicinity of existing OSS structures with varying158

numbers of constituent particles (see Section 2 of Supplement 1159

for the details of the simulation methodology). The simulation160

parameters were chosen to reflect the real experimental system,161

i.e., particle diameter 657 nm, particle refractive index 1.59, aque-162

ous ambient medium with refractive index 1.33, and beam waist163

radii of the light-sheet beams w0,x = 10.5 µm and w0,y = 1.6 µm.164
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Fig. 2. (a) (top to bottom) Time evolution of the formation of parallel OSSs from polystyrene particles of diameter 657 nm illu-
minated by C–P light-sheet beams. Red dashed lines mark the optical axis. (b) Transient trajectories of particles diffusing in the
vicinity of an OSS originally formed from 15 particles along the red dashed line and centered at [x, z] = [0, 0] µm. Each trajectory
corresponds to a single particle approaching the OSS, serving as a probe of the local force field before it joins the OSS and increases
the number of particles in the structure by one (see Section 4 of Supplement 1 for details on the determination of local optical forces
from the recorded particle trajectories). (c) 2D histogram of positions obtained from the ensemble of trajectories shown in (b). The
yellow region centered at [x, z] = [2.5, 0] µm indicates the area of the highest probability density of particle occurrence, i.e., a local
minimum of the optical potential landscape where a secondary OSS is most likely to nucleate. (d) Simulations of the formation of
secondary optical traps in the vicinity of OSSs with varying numbers of constituent particles N. The grayscale background visual-
izes the simulated spatial profile of the net optical intensity around the primary on–axis OSS (empty circles), colored circles indicate
individual secondary trapping locations whose normalized lateral stiffness κx/(κx)max is color encoded [(κx)max: maximal value of
κx for all considered N]. Experimental and simulation parameters: particle diameter 657 nm, particle refractive index 1.59, ambient
refractive index 1.33, beam waist radii of the light-sheet beams w0,x = 10.5 µm, w0,y = 1.6 µm.

The number of particles in the primary OSS structure N then165

varied as N = 6 − 9. Initially, we found a stable configuration166

of the linear chain of N self-arranged particles in the primary167

on–axis OSS. Subsequently, we moved a single probe particle168

along a regular 2D grid surrounding the primary OSS, deter-169

mined the value of Fopt(x, z) exerted on the probe particle at the170

given location [x, z], and evaluated the trap stiffness κx, κz along171

the x and z axes at the tentative secondary trapping positions172

(see Supplement 1 for details).173

Figure 2(d) summarizes the results of the simulations de-174

scribed above. Specifically, individual panels show the spa-175

tial profiles of intensity of the net optical field (grayscale back-176

ground) formed in the vicinity of the primary OSS chains of177

varying length (empty circles). The colored circles then mark178

possible off-axis trapping locations created in the net optical field179

around the primary OSS. Asymmetry of these trapping locations180

with respect to z = 0 results from orthogonal polarization of the181

two C–P light-sheet beams. To facilitate quantitative assessment,182

the normalized lateral stiffness κx/(κx)max of the secondary183

traps, which characterizes the strength of interaction between184

the parallel chains in the OSS structure, is color-encoded, with185

red color indicating maximal stiffness and blue color indicating186

minimal stiffness. In general, off-axis traps with a higher value187

of κx are more likely to function as stable nucleation sites for188

the secondary OSS chains. Overall, the simulated shape of the189

secondary trapping domain is very similar to the experimentally190

observed profiles presented in Fig. 2(b) and 2(c). As shown in191

Section 3 of Supplement 1, the configuration of 2D OSS arrays is192

rather sensitive to the size of the constituent particles. This fea-193

ture directly reflects the complex landscapes of optical binding194

forces that exist in the interference field between the incident and195

scattered light and that can greatly vary near the resonant scat-196

tering conditions. Using the stochastic simulations, it is possible197

to quantitatively characterize the formation of the dynamic 2D198

OSS structures under fully controlled conditions, which would199

be rather challenging to achieve in the experiments.200

Inspection of numerically found off–axis trapping positions201

around the OSSs containing 6 – 9 particles reveals that the pre-202

dicted positions of these secondary traps shift farther from the203

on–axis OSS with increasing number of particles in the struc-204

ture [see Fig. 2(d)]. To verify this prediction, we experimentally205

studied the minimal separation distance ∆x between the adja-206

cent OSSs as a function of the total number of particles in the207

structure, Ntotal. Figure 3 shows the evolution of ∆x for two208
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Fig. 3. Dependence of lateral spacing in OSS arrays on the
total number of constituent particles Ntotal. (a) Polystyrene
particles (diameter 520 nm, Ntotal = 50) self-assembled into
two parallel OSS chains upon illumination with two C–P light-
sheet beams (beam waist radii w0,x = 10.5 µm and w0,y =
1.6 µm). ∆x defines the minimal separation distance of the
adjacent OSSs determined using parabolic fits of positions of
particles in the top and the bottom chain (dashed lines). (b)
Experimentally determined dependence of ∆x on Ntotal for
polystyrene particles of two different diameters (520 nm and
657 nm). Solid and dashed line denote the respective linear fits
to the experimental data. The data points and error bars were
determined from 10 independent records of OSS formation.

parallel OSS chains of varying length gradually formed in C–209

P light-sheet beams from particles of two different diameters210

(520 nm and 657 nm). Careful adjustment of particle concentra-211

tion allowed observing discrete elongation events represented212

by addition of individual particles to the existing OSS struc-213

tures. Within the studied ranges of Ntotal, the values of ∆x were214

observed to nearly linearly increase with Ntotal. The measured215

slope of the dependence of ∆x on Ntotal for the larger 657 nm par-216

ticles was then 1.74-times bigger than the corresponding slope217

for the smaller 520 nm particle. This is expected, as the larger218

particles act as stronger scattering centers and, thus, addition of219

a single particle to the OSS structure has a more profound effect220

on its overall configuration. Also, OSSs formed from larger par-221

ticles start displaying dynamic instability for a smaller value of222

Ntotal [12]. From Fig. 3(a), it is evident that OSSs with extended223

length tend to be curved [compare with Fig. 1(b) and 2(a)]. This224

feature results from the spatial variation of the local width of the225

light-sheet beams along the x-axis as the beams propagate along226

the z-axis [compare also with the simulations in Fig. 2(d)].227

In conclusion, we have systematically characterized the for-228

mation of 2D OSS arrays in colloidal suspensions with varying229

particle sizes illuminated with two C–P light-sheet beams. Our230

observations indicate that the structure and stability of such231

OSS arrays is strongly influenced by the number and size of the232

constituent particles. In contrast to the surface-assisted 2D ex-233

perimental geometry used in [9, 27], our 2D OSS arrays are held234

in bulk solution solely by the forces of light. Thus, light-particle235

interactions can be studied in isolation from surface effects in-236

duced by the proximity of the sample chamber walls. Adjust-237

ment of the beam waist radii of the incident light-sheet beams238

generated by an SLM then, in principle, allows controlling the239

configuration of the self-assembled OSS structures and character-240

izing their response to changes in external optical forces [12, 22].241

The reported results pave the way to the development of an242

experimental toolbox for characterizing the optomechanics of243

complex coupled systems with the level of coupling nonlinearity244

controlled by shaping of the incident optical field, potentially245

applicable in designing novel mesoscopic-scale photonic devices246

whose spectral or polarization response can be reconfigured in247

situ by light.248
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