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ABSTRACT: Spatially modulated optical fields provide the perspective of
tuning nanoparticle (NP) dynamics in a colloidal suspension. Here, it is
shown that the lateral interferometric optical field created by a chain of
optically bound Au NPs (i.e., optical matter) can tailor the electrodynamic
interactions among more Au NPs. The free-standing NP chain, which is
assembled and confined by an auxiliary optical line, shapes the main
trapping beam and guides the self-organization of Au NPs under an
optimized polarization direction. We find that the NP chain can largely
enhance the anisotropic optical binding interaction of two nearby NPs but
suppress the anisotropic interaction of multiple NPs, leading to isotropic
self-organization. The dynamics and structural transitions of the NPs are well-reproduced in a simulation by using a coupled
finite-difference time-domain (FDTD)-Langevin dynamics approach. Our work provides a new dual-beam optical trapping and
in situ laser beam shaping approach to study and control interparticle electrodynamic interactions among colloidal NPs.
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Colloidal particles, due to their easy visualization and slow
dynamics compared with atoms and molecules, have

been widely used to study various problems in statistical
physics such as phase transition and self-assembly.1−6 Colloids
are susceptible to optical forces,7−10 making it possible to tailor
particle dynamics and arrangements using spatially modulated
light.7,11,12 In particular, when the periodicity of an optical
pattern is commensurate to the mean particle distance, the
periodic optical potential can induce disorder-to-order
transitions.13−16 Interferometry techniques are commonly
used to create such periodic optical potential.17,18 For example,
in a standing wave pattern of two interfering laser beams,
reversible transitions between amorphous and crystalline
phases are observed in the colloidal assembly of polystyrene
microparticles.16 These observations suggest that the balance
between particle−particle and particle−potential interactions
plays a key role in triggering colloidal phase transition in a
potential landscape. Relevant experimental studies have been
focused on colloidal microparticle systems.13−16,19−21 Since
particle−particle interactions are usually weak and the
Brownian fluctuations are strong at the nanometer scale, NP
dynamics in periodic energy landscapes are mainly focused on
studies of particle diffusion.22−24

Metallic NPs can interact strongly through interparticle
forces induced by coherent laser scattering, a phenomenon
known as optical binding.25,26 Optical binding provides a novel
way to drive disorder-to-order transition in colloidal metal NPs
confined by extended optical fields,27−31 e.g., the fabrication of
quasi-one-dimensional metamolecules in a smooth Gaussian
beam.31 Modulated potential energy landscapes can signifi-
cantly influence optical binding.17,28,32 The Povinelli group

investigated the behavior of strongly interacting Au NPs within
a periodic array of optical traps generated by a photonic crystal
template, where one-dimensional chains and two-dimensional
arrays could be selectively fabricated by tuning the lattice
constant and lattice symmetry of the template.33 Very recently,
we reported a strategy to create in situ interferometric optical
tweezers by illuminating single Ag nanowires deposited on
glass substrates.34 However, the trapped NPs were not in the
same plane with the Ag nanowires due to the electrostatic
repulsion between charged surfaces of the substrates and NPs,
and thus, the interferometric optical fields were not fully
experienced by the NPs.34 Moreover, the modulated optical
fields lack controllability and tunability because the Ag
nanowires of varied sizes were just drop-casted on the
substrates with random orientations.
In this Letter, we show that the free-standing and optically

bound metal NP chains with tunable lengths35 are better
candidates to generate controlled periodic potentials for
studying dynamic self-assembly of metal NPs in a two-
dimensional plane. In our experiments, an auxiliary optical line
is used to fabricate a NP chain as illustrated in Figure 1a.
Another extended laser beam, which has the same wavelength
but orthogonal polarization to that of the auxiliary optical line,
is used to create the interference fringes from the NP chain and
confine multiple metal NPs in a two-dimensional space. Thus,
the loosely confined NPs and tightly trapped chain are in the
same trapping plane. Most importantly, this dual-beam system
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is totally different from the previous cases where standing wave
optical line traps were generated by a reflecting substrate28 or
gold nanoplate mirror.32 The intensity modulation direction is
perpendicular to the trapping plane in those standing wave
traps, and the NPs are always immersed in one of the
interference fringes. By introducing lateral interferometric
optical fields, two competing processes appear in our system:
the alignment of NPs along the interference fringes (particle−
potential interaction) and self-assembly of chain structures
perpendicular to the interference fringes (anisotropic and long-
range particle−particle interaction). We find that, when the
polarization direction of the trapping beam is along the
orientation of the NP chain, the light intensity is the strongest
in the far field and the periodicity of the interference fringes
matches well with the optical binding separations of metal
NPs. Consequently, in a two-NP system, we observe a
dominant particle−particle interaction, which leads to the
formation of a rigid dimer oriented perpendicular to the
interference fringes, and the interparticle interactions are
largely enhanced by the NP chain. However, in a multi-NP
system, the two competing processes result in the suppression
of anisotropic interparticle interactions and development of
isotropic self-organization of the NPs. Our results provide a
novel strategy to investigate dynamic NP self-assembly in a
two-dimensional space and reveal the perspective of tuning NP
electrodynamics in periodic optical potentials.
Details of our experiment setup are illustrated in Figure S1.

Briefly, a polarizing beamsplitter cube is used to generate two
beams (denoted as the auxiliary and trapping beams,
respectively) from a continuous-wave laser (λ = 800 nm).
To fabricate tunable free-standing NP chains with high

spatiotemporal stabilities, the auxiliary beam is shaped into
an optical line trap using a spatial light modulator.35 At the
same time, the trapping beam spot is expanded to ∼13 μm in
diameter, which overlaps with the auxiliary beam and allows
confining multiple NPs in the x−y plane near a coverslip
surface.30 Because the optical path difference of the two beams
is much larger than the coherent length (2.4 mm at a 40 GHz
line width) of the 800 nm continuous-wave laser, there is no
coherence between the auxiliary and trapping beams.
The calculated intensity distributions of light around a single

Au NP and a chain with four Au NPs (150 nm in diameter) are
presented in Figure 1b, which clearly show several interference
fringes with anisotropic spatial character in the far fields
(similar to the optical pattern generated by the longitudinal
surface plasmon modes of a single Ag nanowire34). The single
Au NP scatters more strongly in the direction perpendicular to
the light polarization, leading to clear interference fringes. The
fringes are broadened and enhanced as four Au NPs self-
organized into a chain. Accordingly, it is expected that in the
trapping beam both the trajectories and potential energies of
the confined NPs could be largely tailored by the chain
structure.
To verify this conjecture, we calculate the potential energies

of a single Au NP in these interferometric optical fields. The
simulation model assumes the position of the scattering object
(e.g., a single NP or a NP chain oriented along the x-axis) is
fixed while that of another isolated Au NP varies along the y-
axis. The sign of the calculated optical forces oscillates between
positive (repulsive) and negative (attractive) as the separation
increases, leading to a series of equilibrium positions of the NP
(where the total force is zero and restoring force exists around

Figure 1. Enhanced NP trapping with a spatially structured potential generated by a one-dimensional optically bound NP chain. (a) Schematic of
the experiment setup with two linearly polarized laser beams. One is shaped into an optical line for assembly of a NP chain and the other is
expanded into a broad Gaussian beam to trap NPs and probe the trapping potentials near the chain. The centers of two laser beams are separated
by ∼1.5 μm along the y-axis. (b) Calculated intensity distributions of the electric fields created by a single Au NP and a chain of four Au NPs (150
nm in diameter, interparticle separations of ∼600 nm). The NPs are immersed in water and illuminated by a plane wave of λ = 800 nm with linear
polarization along the chain. (c) Calculated trapping (binding) potential wells for an isolated Au NP induced by the single Au NP (blue line) and
NP chain (red line), respectively. (d) Measured trajectories and probability density (ρd) distributions of the y-positions of the isolated Au NP in the
interferometric optical fields. The trajectories of the NPs in each plot are obtained from 1400 dark-field images.
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this position; see Figure S2). However, the optical trapping
strength for a single NP saturates when the chain has four or
more NPs (Figure S2). As two representative examples, Figure
1c compares the potential energy of the isolated Au NP (by
integrating the optical force over the position) at ∼1.65 μm
away from another single Au NP and a chain of 4 NPs,
respectively. The corresponding experimental results are
shown in Figure 1d. The left column shows the trajectories
of the NPs, in which the NPs trapped by the auxiliary beam are
marked with a gray color and the single NP in the main
trapping beam is marked with a blue or red color. The single
NP’s trajectories clearly reproduce the interference fringes of
the optical field, and the lateral confinement of the NP is
largely enhanced by the chain of 4 NPs. The right column of
Figure 1d shows the corresponding probability density (ρd)
distributions of the NP’s y-positions. These results agree well
with our calculations.
The free-standing NP chains can act as tunable scattering

objects for optical trapping. Figure 2a shows the calculated
intensity distributions of the electric field around a 7-NP chain
with different polarization directions, defined by the angle θ
relative to the x-axis. In the near field, the electric fields are
strongly confined near the surface of the NPs for all
polarization directions. When θ = 90°, dumbbell-like electro-
magnetic (EM) spots are generated at the middle of adjacent
NPs, which is different from the EM field created by a metal
nanowire (the electric field is strongly confined near its surface,
and no localized EM spots appear away from the surface34).
Therefore, the NP chain offers another degree of freedom to
guide the formation of quasi-two-dimensional structures
caused by these localized EM spots36 (see Figure S3).
Additionally, the enhanced interference fringes around the
termini of the chain could guide the assembly of a much longer
chain. As θ decreases from 90° to 0°, the interference fringes
around the termini of the chain and the dumbbell-like EM
spots become weak, and yet, the intensities of the interference
fringes increase along the y-axis (with y > 1 μm).

In the experiments, a half-wave plate is used to change the
polarization directions of two laser beams; therefore, the
polarization directions of the beams are always perpendicular
to each other. It is worth noting that the NP chain can scatter
light from both the auxiliary and trapping beams, and the
loosely confined NPs can only scatter light from the trapping
beam. For simplicity, we denote the three types of scattering as
Ach, Tch, and Tnp, respectively. It is the interference of
scattering Tch with the incident trapping beam that leads to
spatial gradients in the lateral plane. We find that the scattering
light Tnp has negligible feedback on the chain in the auxiliary
beam (Figure S4). The scattering Ach also has a negligible
influence on the NPs in the trapping beam when the
polarization angle of the trapping beam is small (e.g., θ = 0°
as examined in Figure S5). However, as θ increases, the
influence of scattering Ach on the loosely confined NPs
becomes more significant (e.g., θ = 60° and 90°, see Figure
S6). Figure 2b presents the calculated optical forces exerted on
a single Au NP as it continuously moves away from the NP
chain with different polarization angles. The optical forces
include the contributions from both the auxiliary beam and the
trapping beam. When θ = 90°, no equilibrium position exists.
As θ decreases, several equilibrium positions appear, and the
amplitudes of the optical forces largely increase. The θ-
dependent probability density distributions of the loosely
confined NP’s y-positions are shown in Figure 2c (see Figure
S7 for their trajectories). When θ = 90°, the NP experiences a
very weak interferometric optical field, and thus, the
probability density of its y-position is dominated by the center
of the trapping beam (which is set at ∼1.5 μm along the y-axis
and the center of the auxiliary beam is set at 0). As θ decreases,
the interferometric optical field becomes stronger and the
distribution curve is much narrower with its center shifting to
∼1150 nm. These results agree well with our simulations.
Moreover, subwavelength manipulations may be achieved by
using the plasmonic fields of these free-standing NP chains to
introduce opto-thermoelectric fields near the NP surfa-
ces.4,37,38

Figure 2. Tunable lateral confinement of a single Au NP with different polarization directions. (a) Calculated intensity distributions of the electric
fields around a chain formed by 7 Au NPs with different polarization directions. (b) The corresponding optical forces exerted on a single Au NP as
a function of the separation between the NP (150 nm in diameter) and the chain. (c) Measured probability density (ρd) distributions of the NP’s y-
positions with different polarization angles.
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The distances between the antinodes of the interference
fringes generated by the NP chains are ∼600 nm, which match
the interparticle separations of optically bound metal NPs.27

We find that the optical binding interactions of a NP dimer can
be enhanced by the interferometric optical fields. Figure 3a
shows the trajectories of a dimer in the trapping beam without
(I) and with (II−IV) periodic potentials. To evaluate the
optical binding strength in the dimer structure, we measure its
angular probability density distributions as a function of the
interparticle separation (Figure 3b). Two optically bound NPs
prefer to be separated by discrete distances equal to integer
multiples of the trapping laser’s wavelength in the liquid (∼600
nm), and along the direction perpendicular to the light
polarization (90°). In the absence of the interferometric optical
field (I, without scattering objects and the trapping beam is
on), the angular probability density distribution shows two
regions located at the first (∼600 nm) and second (∼1200
nm) optical binding separations. However, in the presence of
the interferometric optical fields (II−IV), the distributions
only show a single peak located at the first optical binding
separation and 90°, and the probability density increases as the
chain length increases.
In a homogeneous optical field, the dimer unit experiences

no net force and the optical binding energy can be treated as
the trapping potential created by one NP on the other.
However, in an inhomogeneous optical field created by other
scattering objects, especially when the modulated potential
gradient is along the orientation of the dimer, a net force is
applied on the dimer.39 In this case, the pure optical binding
interaction in a dimer unit is difficult to describe. Therefore,
we resort to dynamic simulations using a coupled FDTD-
Langevin dynamics approach. We assume that the acceleration
of any NP is negligible in the overdamped limit, and thus, its
motion follows the simplified 2D Langevin equation:

r rF t t( ) ( ) d /dη γ+ = (1)

where F(r) is the optical force acting on the NP at position r =
(x, y), γ is the friction coefficient given by Stokes’ law (γ =
6πνR, where ν and R are the dynamic viscosity of the medium
and radius of the NP, respectively), and η(t) is the random
(white noise) force. F(r) is calculated by the FDTD
simulations, and η(t) obeys a normal distribution with a

mean of zero and a standard deviation of 1.1 × 10−22 N/(W/
m2); the direction is randomly chosen between −π and π. The
positions of the NPs are evolved using customized scripts in
Lumerical FDTD.30,40 All NPs are illuminated by a plane wave
(λ = 800 nm) in water. As two representative examples, we
simulate the trajectories of a dimer without and with a 7-NP
chain and calculate their angular probability density distribu-
tions as a function of the interparticle separation (Figure S8).
These calculations also agree well with our experiment data,
suggesting a reliable simulation method to study particle−
particle and particle−potential interactions in multiple NPs.
The chain length affects the strength of interparticle

interactions between 2 NPs as revealed by Figure 3, and it
also determines the effective area of the interference field for
the self-organization of multiple NPs. Without the scattering
objects, the NPs tend to form long chain structures as shown
in Figure 4a-I. However, when a chain of 8 NPs is trapped by
the auxiliary beam, the NPs (in the trapping beam) are more
likely to self-organize into hexagonal lattices or short (dimer)
chains (Figure 4a-II). These observations clearly reveal two
competing processes for a multi-NP system inside a lateral
interferometric optical field: the alignment of NPs along the
interference fringes and anisotropic self-assembly of chain
structures perpendicular to the interference fringes (the
competition also exists in a three-NP system, see Video S1).
We further investigate the spatial arrangements of multiple

NPs in the trapping beam by measuring the separations and
orientations of all pairs of NPs without and with the influence
of the NP chain. The corresponding probability density
distributions as a function of the orientation and separation of
any two particles are shown in Figure 4b. In the absence of a
chain, the probability density distribution of 12 loosely
confined NPs shows similar characteristics with that of
multiple Ag NPs, owing to the long-range optical binding
interactions.30 However, the distribution changes in the
presence of a chain: (i) at the first optical binding separation,
the orientation of any two NPs shows a significant preference
along 0° and ±60° (the ρd at ±90° decreases); (ii) at the
second optical binding separation, new orientations appear at
±30°; (iii) the formation probability of any two NPs at the
third and fourth optical binding separation drastically decreases
at ±90°. These results strongly suggest the suppression of

Figure 3. Enhancing the optical binding interaction in a NP dimer oriented perpendicularly to the interference fringes. (a) Measured trajectories of
a NP dimer without (I) and with (II−IV) interferometric optical fields created by a single Au NP (II) and five (III) and seven (IV) Au NPs. The
trajectories of the NPs in each plot are obtained from 1400 dark-field images. (b) The corresponding measured angular probability density
distributions as a function of the interparticle separation of the dimers.
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optical binding anisotropy along the potential modulation
direction; namely, the periodic spatial potential leads to the
phase transition from one-dimensional structures to quasi-two-
dimensional structures.
In order to understand why a lateral interferometric optical

field can tailor optical binding interactions among multiple
NPs, dynamic simulations of an electrodynamically coupled
NP system (12 Au NPs under thermal fluctuations) are
performed without and with a stationary chain of 8 Au NPs.
The simulated trajectories are shown in Video S2, which
clearly reproduce the assembly processes in the experimental
system. Additionally, the simulated probability density
distributions of the 12 NPs (Figure 4c) also agree well with
our experiment results.
In summary, we have shown that a free-standing optical

matter structure can be used as a novel laser beam shaper to
tailor the electrodynamic interactions among colloidal metal
NPs. The interference fringes created by a NP chain impose a
periodic trapping potential onto the NPs in the cross section of
a laser beam, which can be easily tuned by changing the laser
polarization direction. In particular, the optical binding
strength in a dimer structure increases as the chain length
increases, and a longer chain can create an extended scattering
field, which effectively guides the assembly of multiple NPs
into different configurations. These observations are well-
described by electrodynamics simulations using a 2D Langevin
equation. Our results provide a novel strategy to manipulate
mesoscale interparticle interactions in structured optical fields,

which will benefit the studies of phase transition behavior and
on-demand construction of reconfigurable photonic devices
with designed functionalities.
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(26) Dholakia, K.; Zemańek, P. Rev. Mod. Phys. 2010, 82, 1767−
1791.
(27) Yan, Z.; Shah, R. A.; Chado, G.; Gray, S. K.; Pelton, M.;
Scherer, N. F. ACS Nano 2013, 7, 1790−1802.
(28) Demergis, V.; Florin, E.-L. Nano Lett. 2012, 12, 5756−5760.
(29) Yan, Z.; Gray, S. K.; Scherer, N. F. Nat. Commun. 2014, 5,
3751.
(30) Nan, F.; Han, F.; Scherer, N. F.; Yan, Z. Adv. Mater. 2018, 30,
1803238.
(31) Nan, F.; Yan, Z. Angew. Chem., Int. Ed. 2019, 58, 4917−4922.
(32) Yan, Z.; Bao, Y.; Manna, U.; Shah, R. A.; Scherer, N. F. Nano
Lett. 2014, 14, 2436−2442.
(33) Huang, N.; Martínez, L. J.; Jaquay, E.; Nakano, A.; Povinelli, M.
L. Nano Lett. 2015, 15, 5841−5845.
(34) Nan, F.; Yan, Z. Adv. Funct. Mater. 2019, 29, 1808258.
(35) Nan, F.; Yan, Z. Nano Lett. 2018, 18, 1396−1401.
(36) Yan, Z.; Manna, U.; Qin, W.; Camire, A.; Guyot-Sionnest, P.;
Scherer, N. F. J. Phys. Chem. Lett. 2013, 4, 2630−2636.
(37) Lin, L.; Wang, M.; Peng, X.; Lissek, E. N.; Mao, Z.; Scarabelli,
L.; Adkins, E.; Coskun, S.; Unalan, H. E.; Korgel, B. A.; Liz-Marzań, L.
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