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Abstract Metallic nanostructures are used for various
applications because of their characteristic optical respon-
ses that generate strong near-fields. We have theoretically
clarified that the configuration of nanoparticles (NPs) and
their optical properties can be controlled by optical
manipulation. In this study, we greatly improved our pre-
viously reported simulation method, and this improvement
enables investigation of the stable states of optically trap-
ped NPs in a three-dimensional system. On the basis of this
method, the assembly process of rod-shaped silver NPs is
concisely clarified, where NPs of a specific shape are
selectively assembled even in a mixture of NPs of different
shapes. In particular, our simulation method clarifies how a
light-induced force drives assembly processes, which is an
important subject to consider for extending the degree of
freedom of an optical manipulation. Furthermore, as
reported in our previous studies, an assembled structure
inherits the properties of light used for the optical trapping;
e.g., rod-shaped silver NPs are radially connected to each
other and assembled into a ring-shaped structure under the
irradiation of a radially polarized vector beam with a ring-
shaped intensity distribution. The assembled structure is an
artificial light-harvesting antenna because it theoretically
exhibits an enhancement of near-field and extinction in a
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broader wavelength range than that of the original NPs
composing the antenna and also a response to the non-
polarized light such as the sunlight. On the basis of an
optically manipulated configuration of NPs and their opti-
cal properties, we discuss the selective optical assembly in
a three-dimensional simulation.

1 Introduction

Metallic nanostructures have the characteristic optical
properties of enhancement of near-field, scattering, and
absorption because of the collective oscillation of elec-
trons. They have attracted the interest of many researchers
because of their potential for a wide range of applications,
for example metamaterials realizing an optically negative
index [1, 2] and metallic photonic crystals for visible light
sources [3]. Lithography and etching are two methods of
constructing such structures with high accuracy [4-6]. In
contrast, a bottom-up process based on self-assembly
enables an orderly arrangement of nanoparticles (NPs) [7—
9]. Synthesis methods for NPs of various shapes such as
rod-, cage-, and star-shaped NPs have been studied [10-
12], and therefore, how to arrange these NPs is an impor-
tant subject to study for effectively improving the optical
properties based on the interaction between NPs.

We have previously clarified the possibility of control-
ling the optical properties of metallic NPs via optical
manipulation of their alignment [13]. Characteristic light
such as the Laguerre—Gaussian beam with angular
momentum and holographic laser with arbitrary light
intensity can be generated to realize a variety of optical
manipulations of small objects. By using a vector beam
with a ring-shaped intensity distribution and axially sym-
metric  polarization, we have theoretically and
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experimentally demonstrated that silver NPs are assembled
on a substrate according to the properties of incident light
[14, 15]. In particular, even in a dispersion liquid including
NPs of various shapes, the NPs of a specific shape are
selectively assembled and a two-dimensionally isotropic
optical antenna with the property of harvesting broadband
light is constructed.

Nanostructures exhibiting any desired optical properties
can be constructed by optical manipulation, and the range
of their potential application can be expanded by the
development of laser and manipulation techniques. Against
this background, establishing a method for predicting the
configuration of assembled structures under arbitrary light
and their optical properties is necessary. In particular,
clarifying how the light-induced force (LIF) drives the
assembly process is important.

Therefore, in this study, we greatly improved our pre-
viously developed simulation method, the Light-induced-
force Nano-Metropolis Method (LNMM), to simultane-
ously investigate the configuration of assembled structures
and their assembly process under irradiation. As the
assembly target, we assumed rod-shaped silver NPs under a
radially polarized vector beam with a ring-like intensity
distribution. In our previous research, NPs of a specific
shape were selectively assembled from a mixture of NPs of
various shapes. When considering such a selectivity, how
the LIF affects the NPs is important to understand, but LIF
is very complex because of the interaction between NPs.
Our improved LNMM clarifies how the LIF acts and the
selective assembly process of NPs. Furthermore, the
assembled structures show a characteristic optical response
based on their configuration, which is controlled by the
vector beam. We also discuss the optical properties of
assembled structures that can be treated as artificial light-
harvesting antennae.

2 Calculation methods
2.1 Light-induced-force nano-Metropolis method

To investigate the stable states of NPs under irradiation, we
have previously developed the LNMM on the basis of the
Metropolis method and a general expression of LIF [16]
derived from the Lorentz force. The general expression of
time-averaged LIF is

1
F]_[F = ERG

Z/Vdr(VE(r,a))*) -P(r,w) (1)

where E is the response field, P is the induced polarization,
o indicates the angular frequencies for irradiation of any
lasers, and V indicates the region where the NP exists. To
operate the volume integral, NPs are approximately divided
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into any number of spherical cells, with each cell assigned
to a sequential index. When the wavelength of incident
light is sufficiently longer than the size of a cell, the LIF
acting on the i-th cell becomes F; = 1Re[(VE]) - P;Vi],
where E; and P; are homogeneous in the region of the i-th
cell with the volume V; under the long wavelength
approximation. E; and P; are given by self-consistently
solving the following simultaneous equations:

N

E;, = E<O>(I'l‘) + Z G(l’i - I‘j)PjVj +S:P; (2)
J#i

Pi = X[Ei (3)

where r; is the center position of the i-th cell, E© is the
electric field of incident light, N is the number of cells, G is
the Green’s function in a homogeneous medium, S; =
Jy, dr'G(r; — ') is the analytical integral result for j = i,
and y; is the electric susceptibility given by the Drude
model in a visible light region.

The stable states of NPs during their random motion can
be investigated by the Metropolis method, in other words, a
Monte Carlo method, based on the balance between the
thermal fluctuations and the potential profile due to the
LIF. In the Metropolis method, the motion of NPs in each
step is carried out according to the following probability:

(AH <0)

(AH > 0) “)

1 )
P { exp(—AH /ksT),
where kg is the Boltzmann constant, 7 is the temperature of
medium, and AH is the change in the potential of the total
system between before and after the motion of NPs. In each
step, we assume that the random motion of individual NPs
is attempted in order (simultaneous movement of all NPs is
also possible). When a NP is translationally displaced by
Ar and rotated by A@, AH is evaluated as follows:

AH = —Fxp - Ar — 1tnp - AO + AVprvo (5)

where the magnitude of displacement and the change in
LIF between before and after the motion must be suffi-
ciently small. The LIF and torque acting on the NP are
given by Fxp = >, F; and tnp = Y, d; X F;, respectively,
where the sum is operated for the cells composing the NP
and d; is the distance between the rotation axis and each
cell. However, focusing on Ar{®, which is the displacement
of each cell by the rotation, the rotation potential change is
given by tnp-A0=) (A0 xd;)-F; =), Ar® F,.
Therefore, Eq. (5) is rewritten as

AH = — Z F,‘ . AI‘[ -+ AVDLVO (6)

where Ar; = Ar + Arf®. However, when NP motion is
attempted, the translational and rotational motions can be
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attempted separately. Then, the last term on the right-hand
side of Eq. (6) evaluates the phenomenological attractive
and repulsive forces due to the van der Waals force and
electric double layer based on the DLVO theory. To cal-
culate the DLVO interaction between rod-shaped NPs, we
substitute the expression for the spherical particles [17].
The rod-shaped NPs are divided into any number of
spherical cells, similar to the LIF calculation, and the
diameter of the cells corresponds to the length of the short
axis of the NPs. AVprLyo is obtained by evaluating the
DLVO potential between all cells and its difference
between before and after the motion of NPs. After the
potential change is calculated, all motions are not always
accepted and carried out according to the probability of
Eq. (4). By repeating this procedure 10° times, we can
finally obtain the assembled configuration of NPs as the
stable state.

To perform the simulation of assembly, we must record
not only the position but also the orientation of NPs for
non-spherical objects. In the case where only in-plane
rotation in a two-dimensional system is considered, it is
sufficient to record the rotation angle from the axis per-
pendicular to the system. Therefore, also for three rota-
tional degrees of freedom in a three-dimensional system,
Euler angles, which express the rotation around the each
coordinate axis, can be easily employed. However, using
Euler angles is not suitable because they cause the gimbal-
lock problem, which reduces the rotational degrees of
freedom. Instead, using the quaternions, which can express
the orientation by the rotation around an arbitrary axis, is a
widely employed method. The quaternions have scalar and
vector components; for example, the quaternion expressing
a 0 rotation around the wunit vector Vv s
g = (cos0/2,vsin0/2). Then, the vector r' after the rota-
tion of r by ¢ is expressed as r’ = grq*, where ¢* is the
conjugate of ¢ and the product is operated along the rules
of quaternion. Additionally, further rotation ¢’ after ¢ is
expressed by ¢'q. Thus, we can simply perform the simu-
lation with three-dimensional rotation.

2.2 Calculation model

The detailed calculation model is shown in Fig. 1. The
substrate exists at z > 0, whereas at z<0, there is room-
temperature water where NPs can move. Two types of rod-
shaped silver NPs with approximately equal volume but
different length are assumed as the NPs; long and short
NPs are indicated by red and blue color, respectively, in
Fig. 1a. To calculate the LIF acting on the anisotropic NPs,
the long and short NPs are expressed by three- and two-
connected spheres as the cells, respectively. In the initial
state, NPs are configured in a grid at z = —1 pm, and
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Fig. 1 Calculation model of LNMM. The intensity distribution on the
substrate and the initial configuration of NPs are shown in a three-
dimensional and b top-side (x—y) views. The symbols a and b in
a show the length of long and short axes of NPs, respectively,
a=120nm and b =40 nm for long NPs, a=91.56 nm and
b = 45.78 nm for short NPs. The divided spheres in NPs correspond
to the cells in the calculation of the DLVO potential. The cells in the
calculation of the LIF are also similar, but they have a slightly larger
size to compensate for the volume of the original NPs

orientated randomly. As the incident light E©), we assume
a z-propagating radially polarized vector beam whose focal
point exists at the origin; its power is 50 mW, and the
radius of the highest intensity contour, as the spot size, is
1 pm. In each step of the simulation, random translational
displacement within 1 nm and random rotation around a
random direction within 1° are employed as Ar and A,
respectively.

2.3 Calculation of optical response
After the optically assembled structures under the radial

vector beam are obtained by the LNMM simulation, we
evaluate their optical response by using the plane waves as
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Fig. 2 a-e Snapshots of each
step in LNMM simulation. f Top
(x—y) view of e, which is the
final configuration
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another incident light E©. The LIF for a plane wave does
not include the gradient force; therefore, the z-component
of LIF under the z-propagating plane wave is proportional
to the extinction as a sum of absorption and scattering:

ZF,Z

where the momentum conservation law is satisfied.
Therefore, we can understand how the optically assembled
structures respond to the white light by calculating the LIF

o-ext

, (7)

when the plane wave is used as the incident light E©).

3 Results and discussion

Figure 2 shows the process whereby NPs are moved and
converged to the stable states. This process appears as a
time-dependent assembly process, but the steps in the
process do not indicate the time-dependent dynamics of
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NPs. In each step, NPs are randomly displaced according to
the probability of Eq. (4). However, the LIF acting on the
NPs can be obtained during the LNMM simulation;
therefore, the timescale of simulation can be estimated via
the diffusion speed and friction coefficient of NPs in the
medium. Additionally, strict time dependence is obtained
by simulation based on the Langevin equation. Previously,
we have also reported such time-dependent simulation
studies [13, 18], and we can discuss the correspondence
relationship. On the other hand, the qualitative assembly
process driven by LIF can be understood from Fig. 2. If the
NPs are acted on by stronger forces, they move and con-
verge to stable states in fewer steps. Based on this concept,
we can confirm that the forces acting on the long NPs are
clearly stronger than those acting on the short NPs.

As shown in Fig. 3a, b, in the visible light region, the
silver NPs have a strong optical response caused by the
localized surface plasmon resonance (LSPR). The short
axis LSPR peaks of both NPs exist at almost the same
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Fig. 3 Extinction spectra of a the long NP, b short NP, and
¢ assembled structure d obtained by LNMM simulation for 100 long
NPs. Spectra are evaluated by the z-propagating plane wave with a
specific polarization direction (0 = 0,7/6,n/3,7/2,2n/3,51/6) and
normalized by the maximum value of long NP 0 = 0(x) and the
number of NPs

wavelength near 400 nm, whereas the long axis LSPR
peaks exist near 630 nm for the short NPs and 810 nm for
the long NPs. The wavelength of light used for the
assembly is 1064 nm, which is different from both of the
long axis LSPR peaks, but the long NPs can be assembled
on the substrate because the LSPR peaks have a long tail.

The short NPs are also pushed weakly by the LIF; there-
fore, their average z-position can approach z =0, but
individual NPs undergo Brownian motion because of
thermal fluctuations, and these are not assembled. There-
fore, by employing the LNMM, the reason why NPs of a
specific shape are selectively assembled in a system
including NPs of various shapes can be understood.

The motion of long NPs shows another interesting phe-
nomenon. The NPs indicated by the orange arrows in Fig. 2
can be understood as being pushed by a very strong LIF
because they reach the substrate in a small number of steps,
and in particular, they are connected in the longitudinal
direction of NPs. These connections induce the collective
mode of longitudinal LSPR of long NPs and make the LSPR
peak wavelength red-shifted and closer to the incident light
wavelength of 1064 nm. Therefore, connected NPs with a
resonant wavelength near 1064 nm are pushed by a strong
LIF, and the structures that can effectively respond to the
incident light are selectively assembled. Additionally,
Fig. 2f shows that the assembled structures are dependent on
the intensity distribution and polarization direction of the
incident light. This result means that the assembled struc-
tures inherit the properties of incident light such as the
wavelength and the profile of electric fields.

We now focus on the optical properties of the assembled
structure, which can be expected to be modulated by the
incident light. To emphasize the characteristics, we perform
the LNMM simulation for 100 long NPs. In the initial state,
they are located in a square region of 2.4 x 2.4 pum?, similar
to Fig. la. The assembled structure obtained by LNMM is
shown in Fig. 3d, and its extinction spectra under the plane
wave with polarization in various directions are shown in
Fig. 3c. In addition to the original LSPR peak of long NPs,
we can confirm two different peaks near the wavelengths
1064 and 690 nm. As mentioned previously, both these
peaks are attributed to the collective mode of longitudinal
LSPR. Here, 1064 and 690 nm represent bonding and anti-
bonding modes because their peak energies are decreased
and increased by the attractive and repulsive interactions,
respectively. The appearance of such modes makes the total
spectra very broadened. Furthermore, the extinction spectra
have less dependence on the polarization direction because
the structure is assembled according to the axially sym-
metric intensity distribution and polarization direction.
Therefore, even under the non-polarized white light, the
assembled structure can effectively respond to the
light differently from the initial condition.

Additionally, Fig. 4 shows the response field for both
1064 and 690 nm. As shown in a, b, the x-polarized plane
wave propagates in the z-direction and is reflected by the
assembled structures at both wavelengths. In particular, in
the region near x =1 um, the light of (a) 1064-nm
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Fig. 4 Enhancement degree of
response field for the assembled
structure of Fig. 3d under the

(a) 1064 nm (y = 0) |

(b) 690 nm (y = 0

irradiation of x-polarized plane . | —— .
. . 0
wave corresponding to Fig. 3c.
a, b and c—f are x—z and x— — 5
iRt : s - — - -
y distributions, respectively. As LW

the wavelength, a, ¢, e 1064 nm
for the bonding mode and b, d,
f 690 nm for the anti-bonding
mode are assumed. c—f is the
cross section at z = —40 nm,
because the NPs are not
perfectly attached to the
substrate. e and f show enlarged
views of the areas enclosed by
the red lines in ¢ and d. The
green lines in the figure show
the contour lines indicating 1. In
a, b, the projections of all NPs
are shown by the white regions,
whereas in ¢—f, the cross
sections at z = —40 nm are
shown

04 08 12

X [um]

wavelength is strongly reflected because there are densely
assembled NPs and LSPR is redshifted, as shown in the area
enclosed by the red line of (¢). In contrast, for (b) 690 nm, the
reflection is not strong, and therefore, there is a possibility to
realize wavelength-selective reflection if an appropriate
wavelength is chosen to assemble the structures. Further-
more, focusing on the near-field enhanced near the assem-
bled NPs in c—f, we can confirm that an enhancement factor
of more than a thousand is obtained. Such an enhancement
due to the collective modes can be induced for a wide range
of wavelengths according to Fig. 3c. Therefore, the assem-
bled NPs play a role of optical antenna and show promise for
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application in various research fields. For example, wave-
length-selective reflection can be used for the mirrors to
improve solar devices [19], and near-field enhancement for a
wide range of wavelengths can be used for surface-enhanced
Raman scattering [20].

4 Conclusion
We have improved our developed simulation method

LNMM, which enables investigation of the stable configu-
ration of NPs of various shapes under the irradiation of
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arbitrary light. By using LNMM, we have theoretically
clarified the assembly process where the longitudinally
connected long NPs are acted on by a particularly strong
LIF and selectively assembled on the substrate. Under the
irradiation of a radially polarized vector beam with a ring-
like intensity distribution, a ring-like structure of NPs is
assembled and radially aligned. As an artificial antenna, the
assembled structure shows the characteristic properties of
broadband near-field enhancement and extinction and
wavelength-selective reflection. These structures have
potential for the use in various applications such as solar
devices and surface-enhanced Raman scattering. The
results obtained in this study significantly extend the
degree of freedom in constructing and controlling a variety
of optically assembled structures and their optical
properties.
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