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In this paper we demonstrate the formation of a sta-

ble two-dimensional lattice of colloidal particles in the

interference pattern formed by four evanescent optical

fields at a dielectric interface. The microspheres are ob-

served to form a two-dimensional square lattice with

lattice vectors inclined relative to the beam propagation

directions. We use digital video microscopy and parti-

cle tracking to measure the Brownian motion of parti-

cles bound in the lattice, and use this to characterize

fluctuations in the local ordering of particles using the

bond orientational order parameter, the probability dis-

tribution of which is shown to be a chi-squared distri-

bution. An explanation for the form of this distribution

is presented in terms of fluctuations of the modes of a

ring of particles connected by springs.
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OCIS codes: (140.7010) Laser trapping; (170.4520) Optical con-
finement and manipulation; (350.4855) Optical tweezers or optical
manipulation.

http://dx.doi.org/10.1364/ol.XX.XXXXXX

Optical binding [1–3] refers to the spontaneous arrangement
of microscopic particles in an intense optical field as a result of
multiple scattering between the particles. Although the ability
of light to exert a significant force on matter has been widely
exploited in the case of manipulating single particles in optical
tweezers [4, 5], the phenomenon of optical binding has been
much less studied. Optical binding is frequently realized using
a pair of counter-propagating Gaussian laser beams, e.g. the
output from single-mode optical fibers [6, 7]. In this situation,
one-dimensional chains of longitudinally optically bound mi-
croscopic particles form where the beams overlap [8]. An al-
ternative means of introducing the intense fields required for
optical binding is to use evanescent fields created either at the
surface of a prism by a beam incident at the critical angle [9],

or around an optical fiber tapered to a sub-micron waist [10].
Transfer of momentum from the evanescent field to microscopic
particles immersed in the field results in propulsion of the par-
ticles along the direction of beam propagation [9, 11], and the
introduction of a counter-propagating field to balance the radi-
ation pressure can produce a stable trap and the formation of
stable structures [12–14].

Although microscopic spheres are commonly employed in
optical binding, recently the range of particles used has been
extended to include gold [15] and silver [16] nanoparticles, and
carbon nanotube bundles [17] in differing experimental geome-
tries. The effect of particle size (and shape) is of interest since
it was shown that even in a one-dimensional beam geometry
a rich variety of two-dimensional particle structures that are
strongly dependent on particle size and laser polarization can
be formed [18, 19].

In this work we study optical binding of microscopic spheres
in a two-dimensional geometry, using an evanescent field
formed by two pairs of counter-propagating laser beams. We
observe the formation of a stable colloidal lattice with a square
symmetry, and characterize fluctuations on the local order of
the lattice using the frequency distribution of the local bond ori-
entational order parameter [20]. We present a model that de-
scribes the observed frequency distribution by considering the
Brownian fluctuations of a ring of four particles surrounding
the lattice site at which the order parameter is evaluated. Such
an optically bound lattice may be useful for testing models of
two-dimensional crystal melting [21, 22].

The experimental apparatus is adapted from our previous
work on one-dimensional optical binding [23], and is shown
in Fig. 1(a). The beam from a Nd:YAG laser, wavelength λ =
1064 nm and maximum output power Pmax = 2 W, is expanded
by a telescope and divided into two equal intensity beams by
a 50/50 beam splitter. Both beams are focused by lenses (fo-
cal lengths F1 = F3 = 150 mm) onto the planar surface of a
near-hemispherical prism, where they intersect at right angles
and form waists measuring approximately 70 µm× 50 µm. The
beams are subsequently recollimated (by lenses of focal lengths
F2 = F4 = 150 mm), retro-reflected, and re-focused by the same
lenses, such that all four beam waists overlap on the prism sur-
face. Half-wave plates in each beam are used to set the polariza-
tion of each beam to be perpendicular to the prism surface. The
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Fig. 1. Experimental apparatus. (a) The laser beam is ex-
panded by a telescope, then split at the 50/50 beam splitter.
The lenses F1 and F3 focus the two beams which are then col-
limated and re-focused after retro-reflection by lenses F2 and
F4 respectively. In this way all four beams are incident on the
prism surface at the critical angle for the glass-water interface
where they overlap. The two half wave plates (λ/2 plate) are
used to set the polarizations to be perpendicular to the prism
surface.

experiment is visualized by illumination using a white LED ar-
ray, and imaged via a NA = 1.25 oil immersion objective and
F5 = 175 mm focal length tube lens onto a 1.3 megapixel CMOS
camera. A colored glass filter is used to eliminate scattered laser
light as shown in Fig. 1(b).

Samples are made by diluting 0.5 µl of 1 µm diameter sil-
ica microspheres solution (initial concentration 50 mg/ml) with
50 µl of deionised water containing 10% of the surfactant Triton-
X to prevent the microspheres from irreversibly sticking to-
gether or to the plane surface. A cell is made on the lens surface
using an adhesive SecureSeal spacer (diameter 9 mm, depth
0.12 mm), filled with diluted bead solution and sealed with a
No. 1.5 cover slip.

When only a single pair of counter-propagating beams is
used, then for incident laser powers of a few hundred milli-
watts the microspheres are observed to spontaneously form op-
tically bound chains parallel to the directions of propagation of
the laser beams. When both laser beams are incident on the sam-
ple, large numbers of particles accumulate in the intersection re-
gion and are observed to form a regular square lattice structure
as shown in Fig. 2(a). As is readily seen in Fig. 2(a) the axes
of the lattice do not coincide with the xy axes defined by the
directions of propagation of the laser beams. In fact, in all our
experiments the lattice axes are rotated with respect to the lab
xy frame by an angle Θ ≃ ±22.5◦. Both positive and negative
rotations of the lattice are observed to occur with almost equal
frequency, and this rotation is reproduced each time the lattice
re-forms, e.g. after obstructing the laser beams. It is perhaps
not surprising that the colloidal lattice is not congruent with
the underlying interference pattern. The difference between the

(a)

(c)(b)

(d)

Fig. 2. (a) An optically bound lattice containing over 200 1 µm
diameter silica microspheres which forms spontaneously in
the counter-propagating evanescent fields. The wavevectors
ki (i = 1 . . . 4) and electric field polarizations Ei (i = 1 . . . 4)
are oriented as shown (the scale bar is 10 µm); (b) A reduced
area of interest measuring approximately 7.5 µm × 5.9 µm is
used for achieving higher frame rate digital video recording
(the scale bar is 2 µm); (c) Image of video frame after spatial
filtering and convolution with a Gaussian kernel. The lattice
axes u and v are in the directions shown. In parts (b) and (c) a
unit cell of the square lattice of side a = 1.06 µm is marked;
(d) A scatter plot of measured particle positions over 5 × 103

frames in a section of the lattice with axes rotated to lie along
the lattice u, v axes.

lattice of our experiments and earlier work demonstrating col-
loidal lattices such as [2] or [24] is that the lattice is formed in the
plane containing the incident and forward-scattered directions.
Even for the case of a pair of dipolar particles multiple scat-
tering between them dominates the background field effects to
control the dimer position and orientation [25]. Calculations on
clusters of cylinders in a three-beam interference pattern [26]
show that they are bound in a lattice that has the same symme-
try as, but is incommensurate with, the background intensity



Letter Optics Letters 3

(a) (b)

(c) (d)

Fig. 3. (a) Brownian position fluctuations of four particles that
make up a unit cell of the optically bound lattice in the lat-
tice u-direction; (b) histogram of position fluctuations in the
u-direction; (c) Brownian fluctuations of the same four parti-
cles in the lattice v−direction; (d) histogram of position fluctu-
ations in the v-direction. In all cases the particle positions have
been separated by 1 µm for clarity.

due to multiple scattering effects.

We use digital video microscopy and particle tracking [27]
to record the Brownian position fluctuations of the particles. A
reduced area of interest (measuring approximately 7.5 µm ×
5.9 µm) is used to permit high frame rate digital video record-
ing, as shown in Fig. 2(b). Up to 2 × 104 video frames are
recorded with a video frame rate of 307 frames per second. The
frames are spatially filtered and subject to convolution by Gaus-
sian kernel. The maxima of the resulting intensity peaks, shown
in Fig. 2(c), corresponding to the centroids of the particles can
then be tracked with sub-pixel accuracy.

The Brownian fluctuations of the optically bound parti-
cles reveal information about the structure of the lattice and
strength of the optical binding interaction. From the average
particle positions (after subtraction of the center of mass mo-
tion of all tracked particles) we determine the lattice constant to
be a = 1.06 ± 0.01 µm.

Fig. 3(a) shows the position fluctuations in the u−direction
for the particles that make up the unit cell of the lattice as
marked in figure 2(c). For clarity the average particle positions
have been separated by 1 µm. Fig. 3(b) shows the histograms
of these fluctuations which are Gaussian distributed. Similarly,
Fig. 3(c) shown the position fluctuations of these particles in the
lattice v−direction, and Fig. 3(d) the Gaussian-distributed his-
togram of these fluctuations. The Gaussian distribution of posi-
tion fluctuations suggests that each particle is bound in an (ap-
proximately) harmonic potential well that results from the light
scattered onto it from all other particles in the lattice. We exam-

(a) (b)

Fig. 4. The bond orientational order parameter, ψ4 (a) fluctua-
tions of ψ4(t) measured as a function of time; (b) histogram of
fluctuations in ψ4.

ine a region shown in Fig. 2(b) which is close to the middle of
the lattice to avoid edge effects. From the distribution of fluctu-
ations of the particles in this area we deduce that the curvature
of the lattice potential (lattice spring constant) for each particle
in this regions is 〈κu〉 = 2.2 ± 0.1 pNµm−1 in the u−direction,
and 〈κv〉 = 2.1± 0.1 pNµm−1 in the v−direction. The dynamics
of particles in the lattice are determined by both optical and hy-
drodynamic interactions [28] which in this case are difficult to
separate since we are not able to image the entire lattice during
video microscopy to determine the hydrodynamic coupling.

The optically bound colloidal lattice is robust and persists
for long times, maintaining the square symmetry. In order to
quantify this persistence and order we evaluate the bond orien-
tational order parameter, defined for a particle j in the square
lattice as

ψ4 = |
1

zj

zj

∑
m=1

exp(4iθ
j
m)|, (1)

where zj is the co-ordination number (i.e. the number of near-

est neighbors, zj = 4 in this case), and θ
j
m is the angle between

the direction of the bond from particle j to particle m and the
x−axis. For perfect square symmetry, ψ4 = 1. The experimen-
tally determined temporal fluctuations of ψ4(t) measured at an
exemplar particle in the square lattice are shown in Fig. 4(a),
with a histogram of fluctuations shown in Fig. 4(b).

To model the distribution of fluctuations in ψ4 (i.e. pΨ4
) we

re-write the equation for ψ4 assuming that the amplitude of fluc-

tuations in θ
j
m away from their average positions are small, i.e.

φm = θ
j
m − 〈θ

j
m〉 ≪ 1. In this limit

ψ4 = 1 −
1

2 ∑
m 6=m′

(φm − φm′ )2 = 1 − 2 ∑
n=1...3

α2
n, (2)

where αn (n = 1 . . . 3) are the (higher) modes of a ring of four
particles connected by springs [29], represented graphically in
Fig. 5(a). Note that the fundamental mode α0 does not appear
in the summation since this mode does not contribute to local
distortions of the square. The temporal fluctuations of αn are
shown in figure Fig. 5(b), and histograms of these fluctuations,
shown in Fig. 5(c), show that these are normally distributed.
Since αn are normally-distributed random variables, each of the
quantities α2

n are χ2
1-distributed. The quantity

Ψ4 =
1 − ψ4

2
= ∑

n=1...3

α2
n (3)
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α0 = (ϕ1+ϕ2+ϕ3+ϕ4)/2  α3 = (-ϕ1+ϕ2-ϕ3+ϕ4)/2  α2 = (ϕ2-ϕ4)/√2  α1 = (ϕ1-ϕ3)/√2  

Fig. 5. Mode analysis of thermal fluctuations in the bond ori-
entational order parameter. (a) Illustration of the modes of a
four-particle ring, αn , n = 0 . . . 3; (b) measured fluctuations
in the higher modes αn, n = 1 . . . 3; (c) histogram of mode
fluctuations; (d) probability function, pΨ (open circles), with
prediction based on chi-squared model with effective degrees
of freedom νE = 2.4778 (line).

is therefore the sum of three chi-squared distributions and is it-
self chi-squared distributed. Since the variances σn are unequal
we apply the Satterthwaite approximation to find the effective
number of degrees of freedom of the combined distribution as
νE = 2.4778

The probability distribution pΨ4
is shown in figure 5(d),

where the open circles are the experimental data and the solid
line is the modeled distribution based on the measured vari-
ances of the modes αn=1,2,3, which demonstrates very good
agreement. It can be observed that the most probable value of
Ψ4 is not zero, i.e. the most probable instantaneous local order-
ing of particles is not a square lattice, although the structure on
average retains four-fold rotational symmetry.

We have presented here a two-dimensional optically bound
colloidal lattice that forms in the interference pattern of two
pairs of counter-propagating beams. Analysis of the Brownian
motion of the particles in the lattice reveals information about
the lattice constant, strength of binding of the particle to the lat-
tice site, and fluctuations in the local ordering. We anticipate

that such an optically bound lattice could be useful for testing,
e.g., theories of two-dimensional crystal melting.
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