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A highly efficient natural light-harvesting antenna has a ring-like structure consisting of dye molecules
whose absorption band changes through selective evolutionary processes driven by external stimuli, i.e.,
sunlight depending on its territory and thermal fluctuations. Inspired by this fact, here, we experimentally
and theoretically demonstrate the selective assembling of ring-like arrangements of many silver nanorods
with particular shapes and orientations onto a substrate by the light-induced force of doughnut beams with
different colours (wavelengths) and polarizations in conjunction with thermal fluctuations at room
temperature. Furthermore, the majority of nanorods are electromagnetically coupled to form a prominent
red-shifted collective mode of localized surface plasmons resonant with the wavelength of the irradiated
light, where a spectral broadening also appears for the efficient broadband optical response. The discovered
principle is a promising route for "bio-inspired selective optical assembly" of various nanomaterials that can
be used in the wide field of nanotechnology.

A
ssembly processes driven by fluctuations and dissipation1 under external perturbations have created a
variety of biological and non-biological nanosystems2–4. For instance, a natural light-harvesting
antenna (LHA) in a bacterium has a ring-like structure consisting of dye molecules5,6 whose absorption

band has been changing through selective evolutionary processes7 driven by external stimuli, i.e., sunlight and
thermal fluctuations depending on its territory. Paying attention to this fact, we pose a question: ‘‘Can we
selectively assemble non-biological nanomaterials exhibiting specific spectroscopic properties by tailored light and
fluctuations?’’

In this paper, to shed light on this question, we experimentally and theoretically demonstrate the selective
assembling of ring-like arrangements of many anisotropic nanoparticles (NPs) with particular shapes and
orientations from a group of NPs with various shapes by light-induced forces in conjunction with thermal
fluctuations at room temperature. To clarify the possibility of the above-mentioned selective production of an
optically-assembled structure of NPs with high-rotational symmetry and efficient optical properties analogous to
LHA in natural photosynthetic systems, we investigated the dynamics of silver (Ag) nanomaterials experiencing
light-induced force of designed light fields under the random collisions of environmental molecules. In previous
works, such a light-induced force has allowed us to manipulate micronparticles8, semiconductor and metallic
NPs9–13, and to control the local photopolymerization14. Also, there are reports with specialized light fields, for
example, the transport of NPs with modulated standing wave15, the manipulation of multiple particles by
holographic tweezers16 or femtosecond pulses17, and the trapping of molecules by localized field between metallic
NPs18. However, for the above-mentioned selective assembling as the purpose of this study, we particularly pay
attention to light-induced force under the irradiation of a laser beam with high rotational symmetry and unique
polarization distributions, i.e., axially-symmetric polarized vector beams (APVBs)19,20. Although several experi-
ments about optical trapping of a small number of gold nanorods (NRs)21–23 and semiconductor core-shell NRs24
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were reported, there is no work demonstrating selective extraction
and assembling of many Ag NRs with a uniform shape. In addition,
since selective production of Ag NRs with a particular aspect ratio is
difficult and the synthesis method is limited25, our method would be
useful for this purpose. Furthermore, as it can be expected that
assembled metallic nanomaterials exhibit the collective interaction
of localized surface plasmons (LSPs) leading to strong radiative
coupling13,26–28, we have measured dark-field scattering spectra of
the optically-assembled structures and theoretically evaluated the
spectra in terms of the mutual coupling of Ag NRs.

Results
The experimental configuration of the present study for the selective
assembling of plasmonic nanomaterials is shown in Figure 1. TEM00

continuous wave (CW) lasers with different wavelengths (660 nm
and 1064 nm) were used as light sources for optical manipulation.
Since Ag nanostructures show a strong optical response with sharp
LSP resonance (owing to a small nonradiative damping29) and are
suitable for optical manipulation at room temperature, Ag NPs were
prepared as target materials by a reduction method30. The transverse
mode and polarization of each laser was converted into a doughnut-
like beam with either azimuthal or radial polarization. Irradiation
with the doughnut-like beams for several minutes resulted in the
deposition of many Ag NPs on the surface of a glass slide (see
Methods for more details). Fig. 1c shows a dark-field scattering
image of 3 3 3 doughnut-like microstructures produced by several
minutes irradiation of a radially polarized doughnut beam at
1064 nm per each microstructure (assembling process of a single
doughnut-like microstructure is recorded in monochromatic movie
in Supplementary Movie S1). Surprisingly, the majority of produced
microstructures exhibit orange colour although the LSP resonance of
individual Ag NPs is in the wavelength region of purple (Fig. 1b). The

following passages describe the detail of our research to clarify what
phenomena occurred under the irradiation of the doughnut beam.

It was confirmed by transmission electron microscopy (TEM),
that most of the prepared Ag NPs had shapes with low aspect ratios;
a small number of nanostructures with high aspect ratios (.3) were
also observed (Fig. 2a). This is consistent with the extinction spec-
trum shown in Fig. 1b. The detailed geometric properties of the NPs
were observed under high magnification (inset of Fig. 2a); the mag-
nified TEM image shows various shapes existed, for example, spher-
ical, triangular, and rod-like. However, after irradiation by the
doughnut-like beam (azimuthal or radial polarization) for 6 minutes
under the conditions illustrated in Fig. 1a, nanostructures with spe-
cific characteristics were manipulated according to the properties of
the beam. As a result, depending on laser wavelengths, many Ag NRs
with different aspect ratios were strongly fixed on the glass substrate
even after washing with ultrapure water (Figs. 2b–2e). For the both
wavelengths, the majority of Ag NRs were concentrated in the region
corresponding to the spatial distribution of the doughnut-like intens-
ity distribution of diameter ,2 mm. The remarkable point is that
NRs of low aspect ratio (,2) were selectively fixed by the laser of
660 nm wavelength, whereas NRs of high aspect ratio (,3) were
fixed by the laser of 1064 nm. Most interestingly, in the case of
1064 nm wavelength, the majority of NRs were oriented to be par-
allel to the polarization direction of the azimuthal and radial (polar-
ized) beams. Furthermore, many head-to-tail pairs of Ag NRs were
observed (more than 60% of the fixed NRs), as indicated by the red
arrows in Figs. 2c and 2e.

In order to understand the phenomena observed in Fig. 2, we
theoretically evaluated the light-induced force on Ag NRs of different
aspect ratios (sphere, Ag NRs of aspect ratio 2 and 3) in Fig. 3 (See
Methods for more details). Two types of forces are shown here. One
is the dissipative force arising from the photon momentum transfer

Figure 1 | Experimental setup and optical image of doughnut-like microstructures consisting of selectively assembled Ag nanoparticles. a, Aqueous

solution of Ag nanoparticles (NPs) of various shapes and sizes, including Ag nanorods (NRs), are dropped between a substrate (glass slide) and a cover

slip. A red diode laser (wavelength 5 660 nm, power 5 12.0 mW) or a Nd31:YVO4 laser (wavelength 5 1064 nm, power 5 23.8 mW) is used as the light

source for optical tweezing and is focused on the substrate surface for the fixation of Ag NRs. An oil immersion lens is used as the objective lens for laser

focusing. b, Extinction spectrum of the suspension of Ag NPs. c, Dark-field optical image (scattering image) of ring-like arrangement of Ag NPs

produced under the irradiation of radially polarized Nd31:YVO4 laser with diameter ,2 mm.
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in Figs. 3b and 3e, which pushes objects toward the laser propagation
direction (1z-direction at {A} in Figs. 3a and 3d). The other is the
gradient force (Figs. 3c and 3f) that is proportional to the light
intensity gradient (2x-direction at {B} in Figs. 3a and 3d). The gra-
dient force shown in Figs. 3c and 3f attracts NRs toward the high
intensity region leading to the trapping condition when the laser
wavelength is longer than the resonance of the LSP corresponding
to the peak of dissipative force in Figs. 3b and 3e. In the calculation,
the long axis (length) and the short axis (width) of Ag NRs with high
aspect ratio were set as 120 nm and 40 nm (in reference to white
arrows in the inset of Fig. 2a corresponding to NRs selected in Figs. 2c
and 2e), whereas the length and width of Ag NRs with low aspect
ratio were 80 nm and 40 nm (Figs. 2b and 2d). The refractive index
of the surrounding medium was set to 1.33 (the value of water). With
experimentally used laser power, the optical potential well for Ag
NRs of high aspect ratio parallel to the light polarization is much
deeper than the available thermal energy kBT, (See Supplementary

Figures S1b and S1d; an indication of the strength of fluctuations in
the suspension: kBT 5 26 meV, where kB is the Boltzmann constant,
and the temperature T 5 298 K). Whilst the potential wells for the
spherical Ag NPs and the perpendicular Ag NRs are shallower, the
large trapping potential of the parallel Ag NRs results in a more
effective selection process under the thermal fluctuations of kBT.
As shown in Figs. 3b and 3e, at 1064 nm, the dissipative force on
the parallel Ag NR of high aspect ratio (405120 nm) is much greater
than that on the spherical Ag NP, the perpendicular Ag NR, and the
Ag NR of low aspect ratio (40580 nm). Furthermore, when multiple
Ag NRs are closely spaced and parallel to the polarization, the gra-
dient force and the dissipative force for a pair of Ag NRs is greater
than for the case of a single NR due to a redshift of the LSPs
approaching the wavelength of the Nd31:YVO4 laser. It is expected
that the potential wells become deeper for more NRs aligned parallel
to the polarization, and that the attractive and repulsive interparticle
light-induced force12,13 (Supplementary Figures S2–S3) have an

Figure 2 | Electron microscope images of the Ag nanorods before and after selection by doughnut laser beams with different wavelengths.
a, Transmission electron microscope (TEM) image of Ag NPs used in this study without laser irradiation. Inset: enlarged view. b, c Scanning electron

microscope (SEM) images of Ag NRs selected by the azimuthally polarized doughnut beam. d, e SEM images of Ag NRs selected by the radially polarized

doughnut beam. Beams of 660 nm and 1064 nm wavelengths were used for b, d and c, e, respectively. The insets of b, c, d and e show the intensity

distribution of the doughnut beam, as visualized by using fluorescence; and a schematic of the respective polarization.
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Figure 3 | Calculated spectra of the light-induced forces on Ag nanostructures. a, d, The schematic geometries of a spherical NP (60 nm in diameter), a

single NR with low aspect ratio (40 nm width, 80 nm length) or with high aspect ratio (40 nm width, 120 nm length) in azimuthally and radially

polarized beams, respectively. A pair of Ag NRs of high aspect ratio with 30 nm separation is also considered. The text colours correspond to lines in

spectra. b, e, Dissipative force on Ag nanostructures whose centre of mass was located at {A}: (XCM 5 1000 nm, YCM 5 0, ZCM 5 0), with the highest light

intensity. c, f, Gradient force on a spherical NP, a single NR, and two NRs whose centre of mass was located at {B}: (XCM 5 1510 nm, YCM 5 0, ZCM 5 0),

with the steepest gradient of light intensity outside of the doughnut.
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effect on the orientation. These results indicate that a group of Ag
NRs with a particular aspect ratio and orientation can be efficiently
extracted by resonant light-induced force aided by thermal fluctua-
tions. Assembling processes under the irradiation of azimuthal and
radial beams were also simulated by Monte Carlo method with self-
consistently determined light-induced force (Figs. 4c and 4d, see also

Supplementary Movies S2 and S3) that well explain the experi-
mental results. Several Ag NRs are coupled with inter-object light-
induced force and aligned parallel to the polarizations with a certain
disorder arising from the thermal fluctuations. Furthermore, the area
of assembled structure of Ag NRs can be scaled down if more tightly
focused beam (Supplementary Figure S5) or the near-field APVBs31

Figure 4 | Scattering from collective plasmonic modes of assembled Ag nanorods. a and b Scattering images, and the corresponding scattering spectra of

Ag NRs densely assembled by 6 minutes irradiation of the azimuthally and radially polarized beams. c and d Calculated spectra of the total scattering from

assembled Ag NRs by azimuthal and radial beams under the configuration obtained by Monte Carlo simulation on the left. The number of NRs is NNR 5

36. Also, spectra of a single Ag NR, and a head-to-tail array of two or three Ag NRs (with 30 nm separations) are shown together. In each line, the

rotational average in xy-plane was taken under linear polarized light (red vertical bars in watery line indicate standard deviation in rotational average).
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are utilized. Also, similar selective assembling of Ag NRs with par-
ticular aspect ratio was observed under the irradiation of a single
Gaussian beam with wavelength of 660 nm or 1064 nm (See
Supplementary Figure S6–S7). In the experiment using the 1064-
nm beam, the orientations of selectively trapped AgNRs showed
parallel orientation to the beam polarization direction similarly to
the results for doughnut beams (Supplementary Figure S6a). These
results indicate that we can control the orientations of selected Ag
NRs by changing the spatial distributions of polarization and intens-
ity of an irradiated beam. Time dependence of assembling of Ag NRs
by 660 nm Gaussian beam was also investigated, where the number
of Ag NRs increases for longer irradiation time. Within the given
irradiation times, the thermal deformation can be almost neglected
even near the LSP resonance condition of NRs of low aspect ratio.
These results strongly support the selective arrangement of Ag NRs
reflecting the designed properties of manipulation light sources and
leading to optimum response to them.

Discussion
In order to understand the optical properties of the selectively
assembled Ag NRs, their light scattering images and spectra were
observed by dark-field optical microscopy (Fig. 4). The assembled Ag
NRs with a ring-like shape appeared in optical images, as shown in
Figs. 4a and 4b, with a corresponding scattering spectrum that had
broad peak structures of LSP resonance from visible to infrared
region. This behaviour is significantly different from the peak in
the extinction of the original Ag NP suspension as shown in
Fig. 1b owing to the selective deposition of NRs with high aspect
ratios (see Supplementary Figure S4). In this case, the LSP of a single
Ag NR should have a peak at 800 nm in water. As discussed in the
previous paragraph, however, if multiple Ag NRs are closely spaced
and fixed on the substrate it is expected that a large redshift of the LSP
resonance will occur. For example, numerical simulations showed
that when a pair of Ag NRs were aligned in the coaxial direction and
spaced 30 nm apart, the LSP resonance moved to about 920 nm
(Figs. 4c and 4d (right)). These numerically evaluated scattering
spectra of assembled structure have similar shape as those in the
experiment in Figs. 4a and 4b (right). In addition, a small peak
appears at 700 nm in Fig. 4b (right) is considered as an optical
forbidden mode of three NRs from the calculation (vertical broken
line). These results imply that the multiple Ag NRs exhibit signifi-
cantly strong electromagnetic coupling. Although the scattering
spectra in Figs. 4a and 4b do not show remarkable difference in
the measured wavelength range (400–900 nm) between two nano-
structures of Ag NRs assembled by radial and azimuthal polariza-
tions, numerical simulations under a condition of higher initial
density of Ag NRs provided clearly different spectra for respective
polarizations. It was confirmed that the Ag NRs assembled by the
radially polarized beam showed prominent red-shifted collective
modes of LSPs resonant with the irradiated light and a spectral
broadening due to the strong confinement in the radial direction
was more pronounced than the result of azimuthally polarized beam.

The results and discussion presented here will pioneer the innov-
ative approach to selective assembling and separating analysis of
various nanostructures with properties desired in the wide field of
nanotechnology, for example, the nanoscale optical circuits32, the
high performance LHA for solar cells33, the medical applications34,
the biosensors and the catalysts35.

Methods
Optical setup. The experimental setup for the present study is illustrated in Fig. 1. A
linearly polarized CW laser with a TEM00 transverse mode was used as the light
source for optical manipulation (a diode laser with 660-nm output wavelength or an
Nd31:YVO4 laser with 1064-nm output wavelength). The beam profile and
polarization were simultaneously modified by a liquid crystal (LQ) polarization
converter (ARCoptix, Switzerland) to produce a doughnut-shaped beam with either
azimuthal or radial polarization. By changing the applied voltage, the two
polarizations were reciprocally converted without causing optical misalignment due

to mechanical contact to the LQ device. The doughnut beam was focused onto the
sample solution by an objective lens (NA 1.35, 3100, Olympus, Japan) attached to an
inverted optical microscope (IX-70, Olympus, Japan). The spot size at the sample
plane of the objective was controlled using a pair of lenses (lens 1 and 2). The intensity
profile of the doughnut beam was estimated by detecting the fluorescence intensity
distribution of an amorphous thin film of a fluorescent material excited either via
two-photon absorption of 1064-nm laser beam or via one-photon absorption of the
660-nm beam.

Preparation of the colloid solution. The Ag NP colloidal solution was prepared by
reduction of Ag ions in a AgNO3 aqueous solution by sodium citrate at ,373 K,
according to a previously reported procedure30. The shape and size of the synthesized
Ag NPs were characterized by a scanning electron microscope (SEM, JSM-6060,
JEOL, Japan) at acceleration voltages of 15–20 kV, and a transmission electron
microscope (TEM, JEM-2000FXII, JEOL, Japan) operating at an acceleration voltage
of 200 kV with a Cu microgrid (200 mesh, 6511, Nisshin EM, Japan). The samples for
SEM imaging were coated by osmium to improve the conductivity.

Glass slide preparation. Glass slides (S-1111, Matsunami, Japan) were well washed
with acetone before use. 60 mL of the Ag NP colloid was dropped onto a washed glass
slide and covered with a cover slip. The doughnut beam was focused onto the Ag NP
colloid solution sandwiched between the glass slide and cover slip so that the focal
point of the doughnut beam was located on the surface of the glass slide. Ag NRs were
assembled and deposited on the surface of the glass slides by radiation pressure of the
Nd31:YVO4 doughnut beam. After deposition, the glass slide was washed with
ultrapure water and dried in an experimental room and the remaining Ag NPs were
observed by SEM.

Scattering spectra. The scattering spectra of Ag NRs assembled on the glass substrate
were obtained with a miniature fibre-optic spectrometer (USB4000, (Grating#3)
SLIT-25, detector range: 200–1100 nm, Ocean Optics, USA,) and Halogen lamp as a
white light source, which was connected to an optical microscope (ECLIPSE 80i,
NIKON, Japan) via an optical fibre (core diameter: 50 mm).

Theoretical method. To evaluate the optical spectra, the spatial distribution of the
response field around the Ag NRs and the force exerted on the Ag nanostructures, we
evaluated the response field E, and induced polarization P, of Ag nanostructures from
the solution of the relevant Maxwell equations. Using a discretized integral method13

and modelling the spherical Ag NP as a spherical cell and the Ag NR as an assembly of
cubic cells:

Ei~E(0)
i z

PN
j=i

Ghm(rij)PjVjzSiPi, ð1Þ

Pj~xjEj, ð2Þ

where N is the number of cells, Vj is the volume of each cell, E(0)
i is the electric field

component of an incident optical field, Ghm is the Green’s function in a homogeneous
medium, and xj is the electric susceptibility. The integral Si~

Ð
Vi

dr’Ghm(ri{r’) for i
5 j as the self-term in Equation (1) was analytically calculated. By substituting the
obtained E and P as solutions of the simultaneous Equations (1) and (2) into the
general expression of light-induced-force12:

vFiw~(1=2)Re½
X

v

ð
Vi

dr(+E(r,v)�):P(r,v)�, ð3Þ

we can evaluate the gradient force, dissipative force, and interparticle light-induced
force (the spectral properties of these components are shown in Supplementary
Figures S1–S3). The total light momentum transfer rate is proportional to the
extinction. The extinction spectrum of the total system can be calculated by
evaluating the sum of the radiation pressure vFpw

j w on all of the nanostructures

under irradiation of a propagating plane wave as vFext
totalw~

X
j

vFpw
j w, which is

the sum of scattering and absorption forces. Finally, the total scattering spectra of the
assembled Ag NRs can be obtained by evaluating vFscat

totalw~vFext
totalw{vFabs

totalw,
where vFabs

totalw~
X

j

(Vj=2)Im½k(P�j
:Ej)� is the absorption component (k is the

wave vector of the plane wave). In addition, the Drude type electric susceptibility is
used to determine the xj of Ag nanostructures whose parameters were determined
from the experimental results and the published optical constants of Johnson and
Christy29. The incident electromagnetic field of the axially-symmetric vector beam
(Figs. 3a and 3d) was determined from the general expressions without paraxial
approximation20.

Furthermore, in order to find the final configuration of Ag NRs under the irra-
diation of doughnut beams as shown in Fig. 4c (left) and 4d (left) (also in
Supplementary Movies S2 and S3), we use the Monte Carlo simulation taking into
account self-consistently determined light-induced force with Equations (1)–(3). The
variation of optical potential is given as dEsz1~{

X
i
vFiw

:dri after the random
positional changes of Ag NR during the sth and (s 1 1)th steps. If dEs11 # 0 is
satisfied, the (s 1 1)th state is always adopted since the energy of this state is lower
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than that of the sth step. On the other hand, if dEs11 . 0 is satisfied, the (s 1 1)th
state is adopted with the probability of p 5 exp(2dEs11/kBT) or the configuration
does not change since the energy of this state is higher than the sth step. The
variations of potential due to random rotational motions of Ag NRs are also con-
sidered. Repeating these procedures, we can find the more stable spatial configuration
of assembled Ag NRs. Each Ag NR is described with three combined cubic cells.
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