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ABSTRACT: Light-driven self-organization of metal nanoparticles (NPs) can lead to
unique optical matter systems, yet simulation of such self-organization (i.e., optical
binding) is a complex computational problem that increases nonlinearly with system size.
Here we show that a combined electrodynamics−molecular dynamics simulation
technique can simulate the trajectories and predict stable configurations of silver NPs in
optical fields. The simulated dynamic equilibrium of a two-NP system matches the
probability density of oscillations for two optically bound NPs obtained experimentally.
The predicted stable configurations for up to eight NPs are further compared to
experimental observations of silver NP clusters formed by optical binding in a Bessel beam.
All configurations are confirmed to form in real systems, including pentagonal clusters with
five-fold symmetry. Our combined simulations and experiments have revealed a diverse
optical matter system formed by anisotropic optical binding interactions, providing a new
strategy to discover artificial materials.

Novel electronic and photonic materials not only rely on
the intrinsic properties of underlying constituents but

also depend on the integration approach.1,2 Light can induce
self-organization of microscopic particles into mesoscale
clusters by harnessing their interparticle electrodynamic
interactions.3,4 The particles scatter light and modify the
incident field, causing interactions between the particles. If the
interactions are strong, e.g., in an intense laser field, the
particles can self-organize into specific configurations with well-
defined interparticle separations. This optical phenomenon was
first observed by Burns, Fournier, and Golovchenko in 1989.5

By trapping polystyrene microparticles on a glass surface using
a line-shaped laser trap, they noticed that two trapped particles
tended to maintain their separation at the integral multiples of
the laser wavelength in the host medium, a behavior that they
termed “optical binding”,5 while the optically bound particles
were termed “optical matter”.6 Yet, since then, nearly of all the
experimental reports on optical binding have been focused on
dielectric microparticles3,4 because the optical binding force
depends on the scattering cross section,3 which is usually too
small for dielectric nanoparticles (NPs).
Plasmonic metal NPs have stronger scattering and thus can

show more significant optical binding interactions.7 Similar to
molecular isomers with the same chemical formula but different
atomic arrangements, metal NPs have shown the ability to self-
organize into a great variety of photonic clusters (i.e., optical
matter isomers) by optical binding.7−10 However, accurately
predicting the optical matter isomers is not a trivial task. Due to
the nature of multibody and directional interactions, the
complexity of optical binding increases nonlinearly with the
number of particles involved.3,11 In pioneering work, Ng et al.
applied a multiple scattering technique to predict various
geometric configurations of photonic clusters formed by

dielectric microspheres.12 Later we developed a coupled-dipole
model for optical binding of multiple NPs.8 The strong
electrodynamic interactions between metal NPs suggest an
analogy to molecular assembly and the formation of atomic
clusters.13−15 Therefore, inspired by the role of the potential
energy surface (PES) in molecular science, we recently found
that particular equilibrium configurations of optically bound
NPs are governed by the electrodynamic PES and, more
importantly, by the initial positions and pathways of the NPs
accessing particular stationary points of the PES.9 This
electrodynamic PES method was effective in explaining the
formation of certain optical matter clusters, but the scattering
field from additional NPs will affect the optical binding
interactions between the existing NPs; therefore, their
interparticle separation will change. In principle, the PES of
optical matter is not static but dynamic; therefore, the PES for
the dynamics of self-organization needs to be continually
modified. Very recently, a combined electrodynamics−
Langevin dynamics approach has been developed to understand
optical binding of Ag NPs.16 The reported results, however,
were limited up to three NPs because it would take prohibitive
amounts of time and computational requirements to simulate
larger clusters on a single processor.16

In this Letter, we report an integrated electrodynamics−
molecular dynamics simulation (ED−MD) technique to
improve the search of optical matter isomers and exper-
imentally verify the predictions. We calculate the optical
binding interactions among Ag NPs with finite-difference time-
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domain (FDTD) simulations and integrate the equations of
motion using an modified algorithm17,18 from MD simulations
to find the optical matter configurations accurately and
efficiently. We have simulated the trajectories and stable
configurations of optical matter system with up to eight Ag NPs
and predicted how the configurations evolve as new NPs enter
the system. The predicted configurations are further confirmed
through experimental observations of the optical binding
behaviors of Ag NPs. In particular, we found the existence of
pentagonal photonic clusters from both simulations and
experiments, which may lead to optical matter quasicrystals
with five-fold symmetry.19

We first tested the ED−MD simulation approach (see the
Methods section and Figure S1 in the Supporting Information)
using a two-particle system where the optical binding behaviors
have been well-studied.5,8,9,15,20 It is known that the dimer has a
preferred stable configuration with an interparticle separation
around the wavelength of light in the medium and an
orientation perpendicular to the linear polarization. Only
when two NPs are assembled along the polarization direction
can a dimer form along this direction, but it is unstable.9 Figure
1a shows the simulated trajectories of two Ag NPs assembled
from different initial positions and orientations in a plane wave
polarized along the x-direction. A single stable configuration
was found for a two-particle system, with both NPs aligned
perpendicular to the polarization direction, and a metastable
configuration was found in the horizontal direction, which
matches known behavior. It is worth noting that the trajectories
around the stable configurations are elliptical instead of round
because the equilibrium optical binding separation along the
polarization is longer than that along the perpendicular
direction.
We further simulated the self-organization of three and four

Ag NPs in a plane wave. For these cases, all but one of the NPs
were placed in a stable configuration, and then, the last NP was
placed at various angles near the cluster. This was done to
mimic a new NP adding itself to a cluster that had already
formed9 so that we could observe how one configuration leads
to another (see Figure S2, Supporting Information). When a
third NP is added, there are two distinct conformations that the
cluster can take. If the third NP enters so that it has a y-position
between the existing two NPs, it will tend to form an isosceles
triangle, oriented as shown in Figure 1b-I. The two NPs aligned
in the y-direction are closer to each other than the third NP by
a small amount. If the NP comes from above or below, the
system forms a vertical line of three NPs, as shown in Figure
1b-II. In both cases, the equilibrium of the two existing NPs is
disrupted and their separation distance changes slightly.
When a fourth NP is added, there are three distinct

configurations that form, as plotted in Figure 1c. If the starting
configuration is the triangle and the new NP comes from above,
the triangle will rotate so that two of the NPs are aligned in the
x-direction and the new NP sits above the tip of the triangle (c-
I). This same configuration will form starting from the three
vertically aligned NPs if the new NP comes from the side (c-
III). In case II of the four-NP system, two of the NPs collapse
and contact each other. This indicates that, although there is a
potential energy barrier along the x-direction for a dimer,
adding two NPs in the vertical direction decreases the energy
barrier and makes the horizontal dimer unstable. The final
configuration of the four-NP system extends the chain
configuration along the y-direction. However, as the chain
gets longer, it becomes less likely to occur. In the three-NP

system, as long as the third NP came from a y-position above or
below the existing two, it would go into the chain
conformation. In the four-NP case, the NP must come much
more closely to vertical for this configuration to form. This
indicates that, although forming a vertical chain may always be
possible, a configuration with a lower average distance between
the NPs is more likely.
The simulation method has also revealed several metastable

configurations, as shown by the dashed red circles in Figure 1c-
V,VI. These clusters are stable due to their symmetry, but a
small perturbation causes the cluster to change into one of the
stable configurations seen previously. In Figure 1c-V, the cluster
is the same shape as one of the stable configurations, just
rotated by 90°. When perturbed, this system simply rotates to
its normal vertical position. In Figure 1c-VI, the starting
conformation is not one of the stable ones, but its symmetry
allows it to be metastable. When this system is perturbed, it
cannot simply rotate to form a stable configuration. Instead, the

Figure 1. ED−MD simulation of light-driven self-organization of Ag
NPs (150 nm diameter) in water illuminated by a plane wave (λvacuum
= 800 nm). The light is linearly polarized along the x-direction. (a)
Trajectories of two NPs from different initial positions and
orientations. The open circles indicate the equilibrium positions.
The NPs can also reach equilibrium positions when they assemble
along the x-direction, but the positions are metastable because
fluctuation will cause the NPs to rotate to open circle positions.
Positions of the two NPs are always central-symmetric in the
trajectories. (b) Trajectories of three NPs. The red spheres indicate
the initial positions, and the open cyan circles show the equilibrium
positions. (c) Trajectories of four NPs. I, III, and IV are stable
configurations, while two NPs in II have collapsed. The dashed red
circles in V and VI are metastable configurations; when the NPs have
thermal fluctuations, e.g., to the positions indicated by the red solid
spheres, they will transit to other configurations marked by the open
cyan circles. VII is a new stable cluster assembled from four Ag NPs
with surface charges. All scale bars are 200 nm.
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two pairs rotate separately and one of them eventually
collapses, leading to case II of Figure 1c.
Because the silver NPs are coated with surfactants with

negative charges, the electrostatic forces may also contribute to
the light-driven self-organization. We found that adding charges
to four NPs in the simulation can lead to a new configuration,
shown in Figure 1c-VII, with surface charges of −2.11 × 10−18

C for each particle assuming a laser intensity of 10 mW/μm2.
This configuration comes from the same starting positions as
those in Figure 1c-II, yet with electrostatic repulsions, the NPs
have enough force keeping them apart that they do not
collapse. This indicates that electrostatic forces are not
insignificant in determining conformation and separation
distance.
We have conducted experiments to validate the predicted

light-driven self-organization of 150 nm Ag NPs in the relatively
flat central spot of a zero-order Bessel beam. Previously we
studied optical binding in a defocused Gaussian beam, but the
trapping force was so strong that it prevented observations of
the intrinsic optical binding configurations.9 Figure 2a shows

the trajectories of two NPs where the second one entered the
field from a top-right position. When the raw data is plotted,
there is too much noise due to strong Brownian motion in a
relatively flat optical field (panel I), but when the NP positions
are plotted so that the centroid of the pair is always at the
origin, the noise is almost entirely removed (panel II). The NPs
quickly move toward the equilibrium points (panel III), in only

around 0.04 s in this case. The corresponding optical images of
this assembly process are displayed in Figure 2b. Brownian
motion then causes the dimer to oscillate around the
equilibrium points. However, these oscillations are not equal
in all directions; instead, they form crescent moon shapes,
exactly the same as those shown in the simulation (Figure 1a).
These shapes follow the lowest gradient in potential energy,
indicating that the optical binding between the two NPs has a
higher radial stability than angular stability. These oscillations
are confirmed though a probability density plot of the two NPs
(Figure 2c), where the highest probabilities, i.e., the preferred
optical binding positions, occur at the vertical orientation.
These results suggest that our simulation method can correctly
predict the optical binding behaviors of the NPs.
Optical binding experiments were also conducted for three-

and four-NP systems, as shown in Figure 3a. All of the

configurations predicted in Figures 1 and 2 were observed in
the experiments, and representative trajectories for forming
these clusters are plotted in Figure 3b. These images and
trajectories give evidence that the simulation method is
correctly simulating the motion and interactions of the NPs.
Figure 3b-III also confirms that electrostatic forces are
important because the cluster that relies on those forces to
form appears here. The trajectories further show how each
cluster can form from a random starting position, and give
insight into which configurations are preferred. For example, in
case IV, the starting position is close to one of the stable ones
(Figure 1c-I), but with the NPs slightly offset. Under Brownian
motion, the NPs form a different configuration (Figure 1c-II).
In our experiments, this configuration is the most stable one,
and it can hardly change to another configuration. Case VI also

Figure 2. Experimental results of light-driven self-organization of two
Ag NPs. (a) I. Trajectories of two NPs in 10.3 s with a time interval of
1/300 s. II. Replotted trajectories where the centroid of the two NPs at
each time is chosen as the origin of the coordinate system, i.e., the
Brownian motion of the dimer system is removed. III. Initial
trajectories of the assembly where rotation of the dimer from nearly
horizontal to vertical can be seen. (b) Corresponding dark-field optical
images of the NPs recorded by a camera with a frame rate of 300 fps.
(c) Probability density of the NP positions.

Figure 3. Experimental results of light-driven self-organization of three
and four Ag NPs. (a) Optical images of typical photonic clusters at
equilibrium positions. (b) Representative trajectories of NPs
assembling into the photonic clusters. Red spheres indicate the initial
positions, and open circles are the final positions. All scale bars are 600
nm.
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shows that the four-NP chain is relatively difficult to form,
requiring a starting position close to the final configuration. In
contrast, the three-NP chain is much easier to form (Figure 3b-
II).
We have further simulated the equilibrium configurations for

optical matter isomers of five and six Ag NPs and verified the
predicted results with experiments. Figure 4 shows the
predicted and observed optical matter isomers formed by
stable optical binding interactions. Clusters with collapsed
dimers, similar to the case of cluster 4-II, are thus not shown
here. For optical matter isomers with five NPs, we found five
configurations from the simulations, and all have been observed
in the experiments, as shown in the first row of Figure 4. For
optical matter isomers with six NPs, the simulations predicted
13 configurations, and again all were observed in our
experiments. The simulation typically finds a new cluster by
adding a new NP to an existing one, but in a special case of 6-
XI, we have to move the central NP in 6-IX to get the ring. In
experiments, the momentum of a new NP entering the system
is sometimes enough to disrupt the existing NPs and cause a
new configuration to re-form. In particular, a stable pentagonal
photonic cluster (6-XIII) appeared in both simulations and
experiments, and clusters with seven and eight NPs (7-I and 8-
I) expanded from the pentagonal photonic cluster were also
observed. These clusters show five-fold symmetry, which is
apparently different from the ordinary hexagonal clusters
formed in traditional colloidal self-assembly.21 These results
demonstrate that new structures can arise from the anisotropic

optical binding interactions, which may lead to optical matter
quasicrystals.19

It is worth mentioning that in the current study all photonic
clusters are planar structures due to the strong radiation
pressure in the laser propagation direction, which confines the
NPs near a glass surface. To compensate for the radiation
pressure and create 3D optical matter, one needs a dual-beam
optical assembly system using two counterpropagating laser
beams. Accordingly, our simulation method can be extended to
model the 3D self-organization by releasing and tracking
particle motion in the third dimension. This will largely
increase the possible configurations for optical binding and
create new 3D optical matter lattices. An optical lattice can also
be created by interference of three or more laser beams6,22 or
by holographic optical tweezers.23 However, the former method
only allows certain interference patterns and lacks structural
tunability and the latter generally only works for microparticles
with minimal particle (lattice) separations of several micro-
meters.
While the 3-D project is beyond the scope of our current

work, our work compares favorably against previous
simulations.8,12,16 The multiple scattering and Maxwell stress
tensor methods are efficient, yet many of the structures
predicted by those simulations were not observed in our
experiments while some observed structures were missing.12

Similar issues exist for the coupled-dipole model that we have
developed previously.8 The electrodynamics−Langevin dynam-
ics approach is accurate, but the results were limited up to three
NPs due to the heavy computational burden,16 and in order to

Figure 4. Predicted and observed optical matter isomers consisting of up to eight Ag NPs. The plotted schematics are the equilibrium configurations
predicted by simulations, while the optical images show the corresponding clusters observed in the experiments. The two scale bars in the last panel
are 600 nm.
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simulate the NP motion using Langevin dynamics, the
simulation sets the displacement of a NP to less than 1/10th
of its diameter in each step. Our method shows that it is not
necessary to take steps as small as previously thought to get
accurate simulations of optical binding interactions. A large
improvement of our method is in the maximum size of the
steps taken between force calculations, and our method allows
the simulation of larger systems in reasonable time (see Figure
S3 and the note on computational cost in the Supporting
Information). In addition, our simulation method can provide
new physical insight into the properties of optical matter, e.g.,
spatial inhomogeneity of stability in an eight-NP cluster (Figure
S4) that has been verified by experiments (Figure S5,
Supporting Information).
In conclusion, we have developed a combined ED−MD

method to simulate optical binding of silver NPs. We show that
this method can predict the stable configurations of optical
matter, as well as the trajectories that the NPs take to get to
those conformations. Experimental images of silver NP clusters
show that all predictions are correct. These simulations also
show that metastable conformations can exist in theory, but
under a small perturbation, they change to one of the stable
conformations, causing them not to appear in practice. One
conformation that was observed in experiments was only
predicted by the simulation when electrostatic forces were
included, demonstrating that these forces play a significant role
in cluster formation. These experiments and simulations have
found many new types of photonic clusters, including a
pentagonal cluster that remains stable as more NPs are added.
This could lead to larger structures that retain the five-fold
symmetry found here. The insights gained through these
combined experiments and simulations can lead to a new way
of discovering artificial materials.
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