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ABSTRACT: Optical matter (OM) arrays are self-organizing, ordered arrange-
ments of nanometer- to micrometer-size particles, where interparticle forces are
mediated by incident and scattered coherent light. The structures that form and
their dynamics depend on the properties (e.g., material, size) of the constituent
particles, as well as the incident and scattered light. While significant progress has
been made toward understanding how the OM arrays are affected by the phase,
polarization, and intensity profile of the incident light, the polarization induced in
the particles and the light scattered by OM arrays have received less attention. In
this paper, we establish the roles of electrodynamic interference, many-body
coupling, and induced-polarization concomitant with the coherent light scattered
by OM arrays. Experiments and simulations together demonstrate that the spatial
profile and directionality of coherent light scattered by OM arrays in the far field
are primarily influenced by interference, while electrodynamic coupling
(interactions) and the associated polarization induced in the nanoparticle constituents have a quantitative wavelength-dependent
effect on the total amount of light scattered by the arrays. Furthermore, the electrodynamic coupling in silver nanoparticle OM arrays
is significantly enhanced by constructive interference and increases superextensively with the number of particles in the array.
Particle size, and hence polarizability, also has a significant effect on the strength of the coupling. Finally, we simulate larger
hexagonal OM arrays of Ag nanoparticles to demonstrate that the electrodynamic coupling and scattering enhancement observed in
small OM arrays develop into surface lattice resonances observed in the infinite array limit. Our work provides insights for designing
OM arrays to tune many-body forces and the coherent light that they scatter.

■ INTRODUCTION
In general, two or more particles simultaneously present in
optical traps interact electrodynamically with one another, and
these interactions produce optical binding forces.1 As a result,
the particles tend to self-organize into ordered optical matter
(OM) arrays with preferred interparticle separations at (near)
integer multiples of the incident laser wavelength.1−7 The
optical binding forces arise from the interaction between the
polarization induced in each particle by the light incident and
scattered from other particles.4,8 OM arrays are open,
nonequilibrium systems because the coherent light source
that mediates the optical binding forces also provides a
constant flux of electromagnetic energy through the system.9

Conversion or redirection of the momentum from the incident
laser light makes possible phenomena such as nonreciprocal
forces,9−11 negative optical torque,12−16 OM machines,16−18

and nanoscale light sails.19 Therefore, a full description of an
OM array requires knowing the detailed properties of both the
incident and scattered electromagnetic fields, in addition to the
positions, sizes, shapes, and composition of each particle.
While there has been steady progress toward understanding

how tailoring the phase and intensity profiles of the incident

fields can affect the dynamics and structures formed by
optically trapped plasmonic nanoparticles,6,20−26 the character-
istics of coherent light scattered by OM arrays are an area of
current research.16,27−29 The periodic wavelength-scale struc-
tures of OM arrays30 suggest that electromagnetic interference
plays an important role in the properties of the light they
scatter. In addition, the large scattering cross sections of the
plasmonic nanoparticles that OM arrays are often comprised
of5,7 suggest that electrodynamic coupling (i.e., interactions)
may also be important, leading to new forces and collective or
many-body properties and behaviors.16,17,31−33 However, the
respective roles of electromagnetic interference and electro-
dynamic coupling with respect to the coherent light scattered
by OM arrays and their interdependency have received little
attention.
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By electrodynamic coupling, we mean the polarization
induced in one particle due to light scattered by another
particle, which can be categorized into two regimes.34−36 In
near-field coupling, the interaction between particles with
separations much smaller than the wavelength of light is
treated as quasi-static.37,38 When objects in coherent electro-
magnetic fields are separated by distances on the scale of that
wavelength, their interactions are described as far-field
coupling and occur through scattered radiation. Both types
of coupling modify the induced polarization of a particle in the
array due to light scattered by other nearby particles. In large
arrays, where far-field coupling dramatically affects each
particle’s induced polarization, the interaction between
particles is frequently treated analogously to methods in
solid-state physics, i.e., with approaches that invoke the
periodicity of the array.39−42 It is important to note that
coupling and the associated induced polarizations give rise to
the many-body nature of OM arrays.16,33 Near-field coupling is
significantly stronger than far-field coupling and is often
studied on a pairwise basis.37,38 Far-field coupling is usually
studied in the limit of very large arrays, although some research
has examined finite-size effects.43 The approaches typically
used in the near- and far-field coupling regimes are not suitable
for describing coupling in small OM arrays: a quasi-static
approach is inappropriate because retardation is significant
over the wavelength-scale distances characteristic of OM
arrays, and the edges and boundaries of finite-size arrays
preclude momentum space representations.
In this paper, we show that OM arrays exist in a regime

where interference determines the spatial profile of the light
scattered by the array, but coupling (and multiple scattering)
enhances the polarization induced in the array’s constituent
material elements (e.g., metal or dielectric nanoparticles).
These properties have visual manifestations. We show that the
images obtained with coherent backscattered light (termed
coherent imaging) from OM arrays contrast strongly with
those obtained with incoherent light. While diffraction (i.e.,
fringe) patterns visible in the coherent images characterize the
electric field intensity surrounding the OM arrays, the more
striking finding is the replacement of particle-centric images
obtained with incoherent light illumination with images where
the intensity is shifted between particles when visualized with
scattered coherent light. We investigate the directional
scattering of coherent light over polar angles by performing
generalized multiparticle Mie theory (GMMT) calculations of
ordered OM arrays with 1−7 particles.16,44 In contrast to the
largely dipolar scattering of a single particle,45,46 the light
scattered from ordered OM arrays develops a lobed structure
with maxima in specific sideways, forward, and backward
directions. This scattering can also be described in terms of
collective modes that arise from multiparticle coupling.16,43

We find that the total scattering of small OM arrays at the
trapping laser wavelength grows superextensively (i.e., faster
than linear) when nanoparticles are added to the array. The
superextensive growth of the scattering is the result of “all with
all” electrodynamic coupling. We quantify the strength of
electrodynamic coupling in OM arrays at the trapping laser
wavelength by calculating the ratio of the total electric field
intensity to the incident intensity at a vacant site in the array,
finding that the contribution from neighboring particles
becomes significant even for small (1−6 neighboring particles)
OM arrays. The measured scattering and local density of states
(LDOS) enhancement for a range of wavelengths shows that

both increase near the trapping laser wavelength as more
particles are added to the OM array, and a collective resonance
develops at the expense of the single-particle Mie resonance
scattering from individual particles.43 We also show simulated
and experimental backscattered spectra that demonstrate the
scattering enhancement of a coherent light source by OM
arrays. Finally, we extend our investigation to larger hexagonal
arrays to show the connection between OM arrays of
plasmonic nanoparticles and surface lattice resonances
(SLR’s; also known as lattice plasmons).35,39−41,47,48 Specifi-
cally, the sharp resonances that yield scattering enhancement
in large regular arrays of nanoparticles occur concurrently with
enhancement of the induced polarization similar to that seen in
small OM arrays.
We interpret our results in the context of analytical theory

within the point-dipole approximation and show that electro-
dynamic coupling in OM arrays is strengthened by
constructive interference. Specifically, the large scattering
cross sections of the plasmonic particles often used in OM
experiments, the emergent periodic structures that self-
organize, and the wavelength-scale separations between the
particles all play important roles. Our work demonstrates that
collective excitations in OM arrays are equivalent to SLR’s in
the small lattice-size regime.43

■ EXPERIMENTAL SETUP
Our experiments were conducted with a single-beam optical
tweezers in an inverted microscope, as described previously.49

A schematic of the experimental setup is shown in Figure 1. A
dilute aqueous solution of PVP-coated 150 nm Ag nano-
particles was placed inside a sample chamber made from an
adhesive spacer sandwiched between two glass coverslips. A
continuous wave Ti-sapphire laser was slowly diverging at the
back aperture of a 60× microscope objective (Nikon SAPO
60× water; numerical aperture (NA) = 1.27), creating a
converging beam at the plane of the array of Ag nanoparticles.
The radiation pressure from the beam was balanced by
electrostatic repulsion of the PVP molecules on the Ag
nanoparticles by the charged upper glass surface of the sample
chamber, causing a small number of nanoparticles to be
trapped close to the top glass surface. The focus of the optical
trapping beam was adjusted with a spatial light modulator
(SLM; Meadowlark) to create an inwardly directed phase
gradient at the trapping plane that increased the confinement
of the nanoparticles.16,21 The trapping laser was circularly
polarized in all experiments and calculations.
To image the coherent backscattered light, we employed a 2-

channel configuration where one channel allowed detection of
470 nm incoherent LED dark-field illumination, and the other
channel filtered out the LED light and allowed detection of the
backscattered laser light but with significant attenuation (OD =
5). The two channels form spatially separated images on the
same CMOS detector (Andor Neo). The simultaneous
measurements are necessary because the particle positions
are not obvious from the images of backscattered coherent
light, as can be seen in Figure 1b−g. No additional field stops
or aperture stops were introduced to the optical path, so the
nominal NA is that of the objective.
To experimentally determine the wavelength-dependent

scattering enhancement in OM arrays, we measured back-
scattered spectra using a spatially coherent broadband source.
A backscattering geometry was chosen for excitation and
detection, where the direction of propagation is normal to the
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plane of the array so that each particle in the array is excited
with the same phase. Although we anticipate a scattering
enhancement at wavelengths near that of the trapping laser
(because it defines the characteristic optical binding distance),
the trapping laser wavelength needs to be filtered out because
it is much more intense than the spatially coherent broadband
source. We employed a pulsed supercontinuum fiber laser
(Fianium WL400-4-PP), operating at maximum power with a
5.00 MHz pulse repetition rate, coupled to a computer-
controlled variable interference filter (Fianium SuperChrome)
set to its maximum bandwidth. As shown in Figure 1a, the
broadband beam was directed to travel collinear with the
trapping laser into the optical trap, and the backscattered light
was sent through a DBS and notch filter (Semrock StopLine
NF03�25) to remove the trapping laser intensity from the
backscattered light. 20% of the light was directed toward a
CMOS array detector (Andor Neo) for imaging, and the
remaining 80% of the light was directed toward a spectrograph
(Andor Shamrock SR-193i-B1-SIL). A pair of relay lenses
(Thorlabs AC508-100-B-ML) with a focal length f = 100 mm
were then used to bring the resulting spectrum from the
spectrograph to a second CMOS array detector (Andor NEO).
The imaging and spectral CMOS detectors were synchronized
so that the spectral measurement was acquired at the same
frame rate as the imaging. Both detectors were started, and
1000 images and spectra were acquired at 160 fps once an OM
array had formed. The spectra were classified by (i) specific
numbers of nanoparticles and (ii) as arising from ordered vs
disordered arrays based on the fitting error (i.e., deviations of
the particle positions from the lattice), resulting from real-
space lattice fitting of the OM arrays in each frame.

Coherent Imaging of OM Arrays. The optically trapped
150 nm diameter Ag nanoparticles in our experiments rotate,
translate, and dynamically reconfigure in the aqueous solution
due to the thermal energy of the bath (i.e., undergo Brownian
motion).16,27,49 Therefore, dark-field microscopy videos (e.g.,
see Supporting Video 1) typically show particle arrays with
fluctuating configurations where the probability of each specific
configuration depends on the interparticle forces. Particle
separations with integer multiples of the trapping wavelength
in the solvent medium λ = λlaser/n, where n is the index of
refraction, are favored due to optical binding.1−5

The individual images containing two randomly fluctuating
particles in the optical trap were processed by the following
protocol: (i) the two Ag nanoparticles were tracked in the
images obtained with incoherent light using Mosaic (ImageJ);
(ii) the particles were centered with respect to their “center of
mass” and rotated with respect to the orientation of the pair;
(iii) the oriented images were averaged in bins conditioned on
interparticle separation to dramatically improve the signal-to-
noise ratio of the images. See the Supporting Information for
further details; see Video 1 for the raw data and Videos 2 and 3
for averaged and aligned videos measured with incoherent and
coherent light, respectively.
Figure 1b,c shows averaged dark-field images measured with

incoherent light where the pair of particles is separated by 1.5λ
and λ, respectively. The images show that the incoherent light
scattered from each of the particles is manifested as well-
defined Gaussian spots regardless of interparticle distance to
separations as small as 300 nm. Figure 1d,e shows averaged
images measured with coherent light for the same separations.
The images for particles separated by r = 1.5λ show two
distinct spots, ostensibly near the particle locations, and a

pattern of interference fringes around the dimer with two
brighter spots on the perpendicular bisector between the
particles. The image for r = λ shows a single elongated spot
between the particle locations that is reminiscent of σ-bonding
orbitals in diatomic molecules.50 The pattern of interference
fringes also changes at r = λ compared to r = 1.5λ, with the first
ring of fringes becoming ellipsoidal.
We performed GMMT calculations to generate simulated

images for the particle configurations shown in Figure 1b−e (λ
= 800 nm).16,44,51−53 GMMT is based on a generalization of
single particle Mie theory54 to that of multiple particles
illuminated by an arbitrary source using the translation
theorems of the vector spherical harmonic wave functions.51,55

GMMT is particularly useful for OM systems because
subwavelength particles largely only emit dipolar and
quadrupolar scattering modes. Furthermore, GMMT accounts
for all possible interactions between these modes in each
particle. GMMT can be used to calculate the forces and
torques on the surface of every particle. We developed an open
source software, MiePy, was developed to efficiently imple-
ment GMMT in an easy-to-use and flexible Python library.44

The simulated images closely match each of our
experimental results measured with coherent light scattered
from the OM arrays when the simulated NA is set to 1.00.
Fresnel reflection losses at high NA inside the objective may
reduce the effective NA of the experimental image. Also, the
particle images may be displaced from their true positions due
to the spin-to-orbit angular momentum conversion of scattered
light and the associated tilt of the scattered wavefront and
shifting of the particle images in the transverse plane.56 Our
imaging may capture an aspect of this displacement that blurs
the averaged images. The image-averaging procedure also
causes blurring. Therefore, despite the quoted experimental
and simulated NA (1.27 vs 1.0, respectively), Figure 1
demonstrates that the image of a pair of nanoparticles
illuminated by coherent light depends on the distance between
them.
We also recorded images of small 2D Ag nanoparticle OM

arrays illuminated by spatially coherent light. Figure 2a−c
shows aligned and averaged incoherent images for three
different arrays. The associated averaged coherent dark-field
illumination images are shown in Figure 2d−f. A real-space
lattice fitting procedure was employed to detect ordered arrays
and define the rotation and translation required for the
averaging of each raw experimental image (see Supporting
Information for details). The OM array in Figure 2a is a 6-
particle triangular configuration as shown by the incoherent
darkfield image. The positions of the corner particles are bright
in the corresponding coherent image, while the positions of the
three interior particles are dimer by comparison. Moving away
from the array, bright fringes are visible in the coherent image
of Figure 2d with maximum intensity located outward from the
three central particles in the triangle. The array in Figure 2b is
a different six-particle arrangement (termed a chevron) with a
concave edge. Its coherent image in Figure 2e contains a
smooth, bright fringe following the arc of positions of the outer
particles, with the center particle appearing dark. There are
exterior fringes projected outward from the bisectors of each of
the 5 exterior edges of the array and a bright spot located at the
3 o’clock position. Figure 2c shows the incoherent image for
the 7-particle hexagonal array obtained by adding a particle to
the array in Figure 2b. The coherent image in Figure 2f is
annular with a dark center that resembles a benzene π-

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.3c08459
J. Phys. Chem. C XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c08459/suppl_file/jp3c08459_si_001.avi
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c08459/suppl_file/jp3c08459_si_006.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c08459/suppl_file/jp3c08459_si_001.avi
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c08459/suppl_file/jp3c08459_si_002.mp4
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c08459/suppl_file/jp3c08459_si_003.mp4
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c08459/suppl_file/jp3c08459_si_006.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c08459/suppl_file/jp3c08459_si_006.pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c08459?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


orbital.50 There are fringes arranged parallel to each edge of
the hexagon. The images in Figure 2a−c and d−f have 3-fold,
2-fold, and 6-fold rotational symmetry, respectively, which
matches the symmetry of each particle array. Figure 2g−i
shows simulated coherent backscattering images (λ = 800 nm;
NA = 1.00) for each of the experimentally measured arrays in
Figure 2a−c. The agreement between the measured and
simulated images is very good.
Figure 2j−l shows the simulated electric field intensity |E|2 at

and around each of the three arrays for comparison with the
experimental and simulated coherent backscattering images.
Comparison of the coherent images in Figure 2d−f
(experimental) and g−i (simulated) with the electric field
distributions in Figure 2j−l shows that they are clearly different
inside the OM array but become more similar moving outward.
Figure 2j exhibits two local intensity maxima outside each edge
of the triangle that are in a similar location to the bright fringes
in the experimental and simulated coherent images. The
intensity maxima just outside of the array in Figure 2k,l are also
coincident with fringes in the measured and simulated
coherent images.
The electric field intensity distribution is related to the

coherent images of OM arrays by far-field interference.57 For
plane-wave illumination with incident electric field E0 and
wavevector k, the electric field intensity at a point (ρ, ϕ) in the
transverse plane is given by46 (see Supporting Information for
derivation)

= + | |
+

I E E A
k

k
( , ) 2

cos( )
0
2

0
s

(1)

where A is a complex constant related to the nanoparticle’s
polarizability, and φs is a phase shift factor. Meanwhile, the
field in the image plane scattered by a point dipole μi located at
the origin (in the paraxial limit) is46

=
[ ]

E B
J k

k
( , )

sin( )1 obj

(2)

where B is a complex constant, J1 is a Bessel function, and θobj
is the collection angle of the microscope objective. Replacing
the Bessel function by its asymptotic form and including the
electric field reflected off the water−glass interface, Er, the
intensity is

+ · * +

+

EI E B
k

k

O
k

( , ) 2Re( )
cos( sin( ) /4)

( )

1
( )

r r
2 obj

3/2

3

i
k
jjjjj

y
{
zzzzz (3)

Comparing eq 3 to eq 1 (and ignoring the |μ|2 term) shows
that for a perfect objective (sin(θobj) = 1; NA = 1.33), the
coherent images and the electric field intensity for a single
particle have identical features up to a constant phase shift,

Figure 1. Optical trapping setup and averaged images of dimers. (a) Optical trapping setup with simultaneous video microscopy and backscattered
spectral measurements. HWP�half wave plate; QWP�quarter wave plate; SLM�spatial light modulator; DBS�dichroic beam splitter; and
PBS�polarizing beam splitter; and SP�notch filter. (b,c) Incoherent light darkfield (NA = 1.27) images of a NP dimer at separations of 1.5λ (b)
and λ (c). (d,e) Coherent light-backscattered (NA = 1.27) images of the NP dimer at separations of 1.5λ (d) and λ (e). (f,g) Simulated coherent
light-backscattered (NA = 1.00) images of NP dimer at separations of 1.5λ (f) and λ (g). See Supporting Videos 2 and 3 for a sequence of images
for different interparticle separations obtained with incoherent and coherent light.
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although the image intensity modulation falls off faster, as ρ3/2.
Eqs 1−3 apply to single particles. The difference between the
coherent images and the near-field intensity in the interior of
the array is due to the limited NA of our experimental coherent
images.

Multiparticle Scattering, Induced Polarization, and
Coupling in OM Arrays. Figure 1 and Video 3 demonstrate
that the separation between particles has a dramatic effect on
the images of coherent light scattered by a pair of particles.
Figure 2 demonstrates that the size and shape of the OM array
do as well. However, the relative importance of interference

Figure 2. OM arrays imaged with incoherent and coherent light and comparison to the simulated electric field intensity. (a−c) Experimental
incoherent backscattered images of OM arrays with 6 (a,b) and 7 (c) particles. (d−f) Experimental coherent backscattered images of OM arrays
with 6 (d,e) and 7 (f) particles. (g−i) Simulated coherent backscattered images each of the three OM arrays as panels (a−c), respectively. (j−l)
Simulated electric field intensity (color: red to blue) at and around each of the OM arrays (near-field and far-field) for comparison with the results
of coherent imaging. The nanoparticles in (j−l) are gray filled circles. Scale bars are 1.0 μm. See Supporting Videos 4 and 5 for a six-particle
triangular OM array obtained with incoherent and coherent light, respectively.
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and coupling in various characteristics of OM arrays needs to
be established.
We performed GMMT calculations at a wavelength of 800

nm (600 nm in water) for ordered OM arrays with a lattice
spacing of 600 nm with 1−7 particles to facilitate a quantitative
comparison between the light scattered by OM arrays with
different numbers of particles. The induced polarization of a
particle in an OM structure can be calculated by taking the 2-
norm of the electric dipole of the nanoparticle (see Supporting
Information). From this, we can calculate the averaged induced
polarization and the enhancement of the induced polarization,
the expressions for which are in Supporting Information. The
simulated OM arrays have the structures and orientations
shown in Figure 3a. Projections of the scattered intensity onto
the y−z plane are shown in Figure 3b,c when (c) normalized to
1 and (b) by the number of particles. Full 3D far-field
scattering profiles for 1−7 particles are shown in Supporting
Information.
A single particle scatters in all directions, although there is a

greater scattering intensity in the forward and backward (±z;
up/down) directions than in the sideways (y; left/right)
directions. The pattern is reminiscent of a dipole emitter
oriented perpendicular to the incident beam propagation
direction. However, it is altered due to the higher-order (e.g.,
quadrupole) modes of the generalized Mie theory description
of a single 150 nm diameter Ag NP and by the broken
symmetry between forward and backward scattering. As more
particles are added to the OM array, the scattering intensity
develops a strong lobe structure with maxima in the forward
(+z) and backward (−z) directions and smaller maxima in the

sideways (±y) directions. The change going from 2 to 3
particles is particularly striking and notable because this is the
first array where a particle is added offset from the x axis and
also where multiparticle scattering and many-body induced
polarizations occur.
Figure 3b,c shows that the directional scattering from an

OM array is altered significantly compared to a single particle
when electrodynamic interactions (i.e., coupling) are enabled.
Figure 3d,e shows the effect of disabling coupling (i.e., induced
polarization from particle−particle scattered fields) between
the particles so that the polarization induced in each particle is
only due to the incident field. The shape of the angular
scattering profile is nearly identical, but the magnitude (Figure
3d) is 2-fold smaller than that when coupling is allowed
(Figure 3b). Specifically, Figure 3e shows that the total
scattering cross-section, σN, (at a wavelength matching the
lattice spacing) of an OM array with N particles is directly
proportional to N (σN = Nσ1) with coupling disabled, while σN
grows superextensively (i.e., faster than N) with electro-
dynamic coupling enabled.
We also repeated our calculations of coherent images with

coupling disabled to determine whether the images are
affected. We find that the resulting images are nearly identical
to the results shown in Figures 1 and 2 with coupling enabled
(see Supporting Information). Essentially, only the total
scattered intensity changes (increases) with coupling.
The results in Figures 1 through 3 demonstrate that the

imaging and directionality of light scattered by OM arrays are
primarily influenced by interference and that electrodynamic
coupling changes the magnitude but not the spatial character-

Figure 3. Effect of electrodynamic coupling as seen in projections of the far-field angular scattering (λ = 800 nm; 600 nm in water) onto the yz
plane from NP arrays with 1−7 particles. (a) OM arrays (lattice spacing = 600 nm) and corresponding color coding for (b−d). The incident field
in (b−d) propagates along the z direction (upward on the page). (b) Angular scattering normalized by the number of particles in the array. (c)
Angular scattering normalized to unity. (d) Same as (b), but with interparticle electrodynamic interactions (i.e., coupling) disabled. Comparing (b)
to (d) shows that coupling increases the strength of the far-field scattering. On the other hand, coupling does not significantly change the shape of
the angular fields. (e) Total scattering normalized by single particle scattering with coupling enabled (red) and disabled (blue). In simulations
where coupling is enabled, the scattering increases super extensively.
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istics of the scattered coherent light. There are two (limiting)
cases, where electrodynamic coupling between nanoparticles is
particularly important: (i) when interparticle separations are
small compared to the wavelength of light, retardation can be
neglected, and the interaction between particles can be treated
as quasi-static; i.e., as between the surface charges of the two
particles in a pair or dimer;37,38 (ii) on the other hand, large
field enhancements can occur in extended, regularly spaced
arrays of particles at wavelengths near the array spacing due to
constructive interference.39,58

Spectral Dependence of Electrodynamic Coupling.
We have shown that electrodynamic coupling, where the
induced polarization is influenced by the fields scattered
between particles, leads to increased scattering of coherent
light at the trapping laser wavelength (800 nm; 600 nm in
water) in OM arrays and now turn our attention to the origin
of the coupling. We carried out GMMT calculations to study
the effects of the number of particles, size of particles, and
excitation wavelength on the coherent light scattered by OM
arrays. Figure 4a shows the ratio of the total field to the
incident field at the (empty) location of the center particle in a
hexagonal six-particle OM array for vacuum wavelengths of
800 nm (violet), 760 nm (blue), and 580 nm (red). For λ =
800 nm and λ = 760 nm, the enhancement is small (≈7

percent) with a single particle nearby. However, every particle
added to the array contributes to a growing enhancement so
that the scattered field is approaching half the magnitude of the
incident field for 6 nearby particles and the growth from 1 to 6
is nonlinear. Conversely, at λ = 580 nm, the total field at the
location of the vacant site at the center of the OM array
diminishes monotonically with increasing particle number.
Figure 4b shows the six-particle GMMT simulation of field

enhancement at the vacant site as a function of particle radius
ranging from 20 to 100 nm for the same three wavelengths as
in Figure 4a. The dependence of the field enhancement on
particle size is nonlinear at each wavelength. The magnitude of
the field enhancement at λ = 800 nm increases monotonically
with particle size, while the field enhancement reaches a peak
near the 80 nm radius at λ = 760 nm before decreasing slightly.
Conversely, the strength of the electric field decreases with
increasing particle size for λ = 580 nm. These results follow
from changes in the scattering cross sections due to the
nanoparticle volume changing ∝ r3, in addition to the dipolar
resonance red shifting with increasing nanoparticle size.
Together, Figure 4a,b show that significant electrodynamic
coupling occurs even in small arrays (2−7 particles) due to the
combined scattering from several neighbors for particles larger
than ≈50 nm in radius.

Figure 4. Electrodynamic coupling and emergence of a collective scattering mode in OM arrays. (a) Electric field enhancement at the vacant
location of the center of a hexagonal OM array (open circle in (a)) for varying number of neighboring particles (filled circles in (a)) at incident
vacuum wavelengths of 800 nm (violet), 760 nm (blue), and 580 nm (red). (b) Six-particle results from panel (a) repeated for varying particle sizes
(radius) at wavelengths of 800 nm (violet), 760 nm (blue), and 580 nm (red). (c) Simulated scattering enhancement as a function of wavelength in
OM arrays versus number of particles. The inset shows the integrals for the wavelength ranges corresponding to (i) single-particle Mie resonance
and (ii) collective mode resonance resulting from electrodynamic coupling. (d) Local density of (electromagnetic) states enhancement in OM
arrays for 1−7 particles. The results in (d) are on a per-particle basis. (e) Simulated wavelength-dependent total scattering of the NP arrays
normalized by the particle number. Note that the spectral range of the experiment corresponds to that between the dashed vertical lines. (f)
Experimental backscattering spectra of NP arrays normalized by a 1 NP spectrum measured with spatially coherent light.
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Figure 4c shows the scattering enhancement of spatially
coherent broadband light (compared to N-fold multiplication
of single-particle scattering) as a function of wavelength for
OM arrays with 1−7 particles. Consistent with the results in
Figure 3e, the scattering grows superextensively at wavelengths
near the trapping laser wavelength. The dependence of this
scattering enhancement on electrodynamic coupling suggests
that it is collective in nature. Figure 4c also shows that the
scattering near the single-particle Mie resonance decreases as
the number of nanoparticle constituents in the OM array
increases. The inset in Figure 4c shows the integral of the
scattering enhancement for the collective and single-particle
resonances. As the number of particles increases, the integral of
the collective resonance enhancement steadily increases, while
the integral of the single-particle resonance diminishes.
The local density of (electromagnetic) states (LDOS) at a

certain location within or near an OM array controls the
emission rate of a dipole emitter placed at that location.59,60 In
the limit of large arrays of plasmonic particles, the LDOS
enhancement (for specific in-plane wave vectors) occurs
together with large field enhancements.40 Figure 4d shows
the LDOS enhancement in an OM array for 1−7 nano-
particles, which is consistent with the significant field
enhancement shown in Figure 4a,b. The LDOS enhancement
increases prominently near the trapping laser wavelength as
more particles are added to the OM array.
Figure 4e shows simulated backscattered spectra for an OM

array consisting of 1−7 particles normalized by the single
particle spectrum. Peaks in scattering enhancement emerge
near 500 and 800 nm as particles are added to the array. The
experimentally measurable range of wavelengths is indicated by
the black vertical dashed lines in Figure 4e. Figure 4f shows the

experimentally measured backscattered spectra normalized by
the single-particle scattering spectrum. The experimental and
simulated spectra of the OM arrays are in good agreement,
thus verifying the collective scattering resonance.

Induced Polarization and Electromagnetic Field
Scattering Enhancement in Large OM Arrays. We
extended our investigation to large hexagonal arrays of 150
nm Ag NP’s to elucidate the connection between the
electrodynamic properties of small OM arrays and SLR’s in
the infinite lattice limit. Figure 5a shows the average
enhancement of the induced polarization (i.e., the ratio of
the average induced polarization of the particles to the induced
polarization of an isolated particle in the same incident field) in
a hexagonal NP array with 469 particles and a lattice constant
varying from 400 to 900 nm (in a simulated water environment
with index of refraction n = 1.33 and a vacuum wavelength of λ
= 800 nm). The enhancement of the induced polarization, and
hence electrodynamic coupling as a result of multiparticle
scattering, grows slowly for lattice spacings from 400 to 600
nm before rapidly increasing to a peak at 667 nm. It then
declines rapidly to a value below 1 and then increases back
toward 1 with increasing spacing. Figure 5b,c shows visual-
izations of the induced-polarization enhancement of the
particles in the array for lattice spacings of 600 and 667 nm,
respectively. At 600 nm, the induced-polarization enhancement
has a 6-fold symmetric pattern and is small. At 667 nm (the
spacing where the induced-polarization enhancement is
maximized), the maximum enhancements are nearly radially
symmetric, with the strongest (nearly 10-fold) enhancements
at the center of the array.
We simulated scattering spectra for arrays with three

separations marked with vertical dashed lines. Figure 5d

Figure 5. Induced-polarization and scattering enhancement in large hexagonal NP arrays. (a) Average induced-polarization enhancement in a large
(469 particles) hexagonal NP array with variable interparticle spacing. The simulation is for λ = 800 nm (vacuum) and index of refraction of the
medium, n = 1.33. The inset shows the arrangement of Ag nanoparticles. (b) Visualization of induced-polarization enhancement as a result of
multiparticle scattering in a large hexagonal NP array with 600 nm spacing. (c) Visualization of induced-polarization enhancement in a large
hexagonal NP array with 667 nm spacing. (d) Enhancement of the scattering cross section per particle for hexagonal arrays with lattice constants of
d = 600, d = 667, and d = 680 nm. (e) Average induced-polarization enhancement of NP’s in a hexagonal array as it is built particle-by-particle for
lattice constants of d = 600, d = 667, and d = 680 nm. (f) Enhancement of the scattering cross section per particle versus average polarization-
enhancement of NP’s in a hexagonal array as it is built particle-by-particle indicated by the purple to red color scale for lattice constants of d = 600,
d = 667, and d = 680 nm.
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shows the results obtained from GMMT simulations of 469-
particle hexagonal arrays (in water) for wavelengths between
500 and 900 nm. The resonance peaks occur at 733, 799, and
812 nm for lattice spacings of 600 nm (blue), 667 nm
(orange), and 680 nm (green), respectively. There is a nearly
linear relationship between the resonance wavelength and
lattice spacing over the range of OM structures studied.
We also conducted GMMT simulations as NP arrays were

built particle-by-particle to investigate how the electrodynamic
properties of the arrays scale with the number of nanoparticle
elements, N. Figure 5e shows plots of induced-polarization
enhancement versus the number of particles. When d = 600
nm (i.e., the laser wavelength is equal to the interparticle
spacing), the induced-polarization enhancement increases
rapidly for a small number of particles before leveling off and
decreasing slightly. For d = 667 nm, the polarization
enhancement increases more slowly for a small number of
particles compared to d = 600 nm but continues to increase
steadily, becoming 4-fold larger than the result for d = 600 nm
with 469 particles. In contrast, the induced-polarization
enhancement increases only slightly at d = 680 nm.
Figure 5f shows plots of scattering enhancement versus

polarization enhancement for hexagonal arrays with a varying
number of particles (indicated by the purple-to-red color scale)
for a simulated incident wavelength of 800 nm and lattice
spacings of d = 600, d = 667, and d = 680 nm. The scattering
enhancement increases steadily and monotonically with the
polarization enhancement for d = 667 nm. However, scattering
enhancement increases up to a certain number of particles
before decreasing for d = 600 and d = 680 nm. These
contrasting behaviors indicate that an increase in induced
polarization does not necessarily result in increased total
scattering. The phase of the induced polarizations of the
particles in the array (see Supporting Information) shows that
the collective excitation in the 469-particle array: (i) lags
behind the phase of the incident light for d = 600 nm; (ii) is
close to the phase of the incident light for d = 667 nm; and
(iii) is advanced compared to the phase of the incident light for
d = 680 nm.

■ DISCUSSION AND CONCLUSIONS
We have shown that electrodynamic coupling and associated
induced polarizations in small (N = 1−7) metal nanoparticle-
based OM arrays have distinct effects on the scattering of
coherent light by OM arrays versus single scattering and
interference in the absence of such electrodynamic inter-
actions. Figure 1 shows that imaging the backscattering of the
spatially coherent trapping laser from an OM array gives
dramatically different results versus imaging the particles
illuminated by an incoherent source. Furthermore, the
coherent images of the OM arrays have some features in
common with the near-field electromagnetic field intensity
because both are controlled by similar phase-dependent
relationships according to eqs 1 and 3. Figure 3 shows that
multiple scattering and electrodynamic coupling do not
significantly affect the (qualitative) spatial characteristics of
coherent light scattered by OM arrays, i.e., how the images
look.
However, Figure 4 demonstrates that coupling leads to an

enhancement of total scattering at the trapping laser wave-
length, but total scattering is not enhanced at all wavelengths.
Figure 5 shows how the electrodynamic properties of OM
arrays evolve as the arrays grow. For large hexagonal arrays, the

collective scattering resonance wavelength (in a water medium
with n = 1.33) is significantly shifted compared to the lattice
spacing. However, our results show that maximization of
scattering still occurs concurrently with large induced-polar-
ization enhancements due to constructive interference of the
light scattered by neighboring particles.
Figure 4a shows that each particle added to the OM array

increases the electric field strength at the vacant central site of
a hexagonal array for trapping laser wavelengths (λ/1.33) near
the 600 nm (fixed) particle spacing. For the geometry and
symmetry shown in Figure 4a, the light scattered from each
particle has the same phase at the central location marked in
that figure because that location is equidistant from all of the
particles. The relative phase between the incident and scattered
light, however, depends on the lattice spacing in comparison to
the wavelength of the excitation. For the trapping laser, the
laser wavelength (accounting for the index of refraction of the
medium) and lattice spacing are nearly equal, and the scattered
light interferes constructively with the incident light. At λ =
580 nm, the interference is destructive, and the field at the
location of the vacant central site is diminished.
The total strength of the coupling also depends on the size

and polarizability of the particles. Figure 4b shows that the
scattering cross sections of the 150 nm diameter Ag
nanoparticles used in our experiments and most calculations
shown are large enough to result in significant field
enhancement in OM arrays. However, Ag nanoparticles with
diameters under 100 nm create almost none. Therefore, the
geometry, interparticle separations, and choice of particles in
OM arrays contribute to the significant electrodynamic
coupling that we report here.
There is an important relationship between interference and

coupling that can be understood within the point dipole
approximation.4 Consider a two-dimensional array of particles
with isotropic polarizability α arranged in the transverse plane
of an electromagnetic plane wave with wavelength λ0. The
induced polarization, pi, of particle i is proportional to the total
electric field at the location of particle i, = =p Ei r ri

with
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where l and m are polarization directions of the field, R = |ri −
rj| is the distance between the two particles, and k is the wave-
vector of the incident light. At single-wavelength distances kR
= 2π the far-field terms in the propagator with

R
1 dependence

give the largest contribution, although all terms are significant
for OM systems. Due to the eikR phase factor in eq 5, the
induced polarization of a particle in an OM array will have the
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largest contribution from light scattered by neighboring
particles when all of the scattered contributions are in-phase,
i.e., when they are interfering constructively.
Eq 4 is an approximate solution for the scattered field at the

location of a particle in an OM array expanded in orders of
scattering. Each scattering order is weaker by a factor of αG.
Based on the results in Figure 4a, we estimate that the terms in
αG are approximately 0.05 in magnitude. As an OM array
grows, an increasing number of terms contribute to higher-
order (and multiparticle) scattering. In the limit of large
lattices, as demonstrated in Figure 5, higher-order and
multiparticle scattering (and hence many-body interactions)
and what we term electrodynamic coupling make the dominant
contribution to the induced polarization of each particle, hence
multiple-scattering and many-body effects cannot be ignored.
Both interference and electrodynamic coupling play

important roles in understanding light scattered by OM arrays,
analogous to SLR’s. Interference dramatically alters the spatial
profile and directionality of the light scattered by the OM
arrays. Furthermore, while the magnitude of the field scattered
by a single particle is small compared to the incident field, the
combined contributions from several nearby particles interfer-
ing constructively lead to significant field enhancement and
coupling. This is especially true for large hexagonal arrays
where the induced polarization becomes >5× larger than that
of an isolated particle under the same illumination. These field
enhancements and coupling could also be exploited for
applications in nonlinear optics, where the phenomena have
an E2n dependence, with n indicating the order of non-
linearity.62,63
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