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Section S1. Unidirectional side scattering of light by an asymmetric nanorod pair

In the case of a single gold nanorod smaller than an illumination light wavelength, its far-field
scattering patterns in xy plane and xz plane show a simple dipole radiation, as shown in fig. S3A.
When we put another nanorod with different length, i.e., different phase of plasmon oscillation,
the scattering patterns drastically change from the dipole radiation to unidirectional side scattering
(fig. S3B). The directionality is determined by the distance d and phase difference A® between
the two nanorods, as shown in fig. S4. The retardation phase kd due to the propagation of their
scattered light with wavenumber k can compensate A® in one direction along the line connecting

them and add up in the opposite direction.

Section S2. Translational and rotational friction coefficients

The friction coefficient f of a particle can be obtained from Einstein’s relation (37):
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where D is the diffusion coefficient of the particle, k,;T is the thermal energy, and k, is the

Boltzmann constant. The translational diffusion coefficient D; is given from the mean squared

translational displacement <Ax*> of the Brownian particle in time 7 (37):
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The rotational diffusion coefficient D, is also described with the mean squared angular
displacement <A&> (37):
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Therefore, the measurements of displacements Ax and A@ in time ¢ determine the translational and

rotational friction coefficients, respectively. In order to estimate the lateral force on the
rectangular microblock in Fig. 2, we measured the mean squared translational displacement of the

Brownian block in its longitudinal direction and obtained the friction coefficient, f;, = 58



fN/um-sec”. To derive the torque on the square block in Fig. 3D, we obtained its rotational

friction coefficient, f, = 140 pN-nm/rad-sec™.

Section S3. Optical force calculation with Maxwell stress tensor
The optical force acting on asymmetric nanorod pairs was calculated from the conservation law of

linear momentum, which can be expressed as

d
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where P, is the mechanical momentum of the pairs, P;,,is the momentum of the field, § is an
arbitrary closed surface surrounding the pairs, and n is the outward normal to its surface. T, is

Maxwell stress tensor (MST), which is defined as
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where £ and u are the permittivity and permeability of the surrounding medium. ® denotes the

operation of dyadic product. I is the unit dyadic. E and B are the electric and magnetic field. The
right-hand side of Eq. (4) represents the flux of linear momentum that enters the surface S. The
time derivative of the field linear momentum is zero when it is averaged over one oscillation

period. Therefore, the time-averaged mechanical force on the pairs can be obtained by
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Section S4. Plasmonic heating effects

Since heating is intrinsic to gold nanoparticles supporting localized plasmon resonances, it may
give rise to an undesired fluid motion that affects or interfere with the motor motion. In particular,
the presence of temperature gradient imposes thermophoretic force on a particle, which pushes

the particle from regions of high temperature to low. Fig. S5 shows calculated temperature



distributions of a silica microblock containing a single motor. We used a finite element method
solver (Comsol) for the simulation of a model in fig. SSA. A plane wave (the intensity of 0.4
mW/um” and wavelength of 910 nm used in the experiment) excites a plasmon resonance of the
motor. The temperature is concentrically distributed around the motor, and the maximum
temperature rises on the motor, the top and side walls of the block are about 4.5, 1.5 and 0.5
degrees, respectively, as shown in fig. SSB. For the sample of the linear nanomotors in Fig. 2, the
maximum temperature rise on the motors, the top and side walls of the block can be estimated to
be less than 10, 3 and 1 degrees, respectively, from the temperature rise on the individual motors
and the heat transfer function in the silica block. Some previous studies report that the
temperature rise less than 5 degrees on a gold microdisk in water by a plasmon excitation leads to
a maximum fluid velocity on the order of 1 nm/s (38, 39). This thermally induced fluid
convection is much slower than the measured velocity of the linear motor, 6.8 um/s. Furthermore,
since our nanomotors are periodically arranged in the center of the microblock, the temperature
should be symmetrically distributed on the block surface. Thus, the thermophoretic forces on the
side walls, arising from collisions between the water molecules and the block surface, can be
canceled each other out. These indicate that the plasmonic heating effect is negligible for the

motion of the motors in our study.

Section S5. Rotational behavior with symmetric nanorod pairs

In order to confirm that the directional rotation in Fig. 3D stems from neither the plasmonic
heating effect and the surface roughness of the microblock, the rotational behavior of the
microblock with symmetric nanorod pairs in fig. S6A has been analyzed. The dimension and
material of the block are the same as those in Fig. 3C. The nanorod pairs have a single plasmon
resonance at a wavelength of 910 nm, corresponding to the illumination wavelength, as shown in
fig. S6B. Fig. S6 (C and D) show that the sample does not rotate in one direction under the same

illumination condition as Fig. 3D. In other words, slightly different nanorod lengths produce the



obvious difference of the rotational behavior. This strongly supports that the directional rotation is
a result of torque generated by the lateral force due to the unidirectional side scattering by the

asymmetric nanorod pair.

Section S6. Directivity of scattered light from an asymmetric nanorod pair

Fig. S7 shows the dependence of the directivity of the scattered light on the illumination
wavelength in relation with the extinction spectrum in Fig. 1B. The directivity of the scattered
light is defined as the ratio of the intensity between two diametrically opposite angular regions,
i.e., ¢ =0° and 180° in Fig. 1C. The directivity peak is just between the two resonances because
here we have the ideal interfering situation of both nanorods radiating with almost the same

power.
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Fig. S1. Fabrication process. (A) A Si layer and a SiO, layer were deposited on a coverslip
substrate by sputtering. (B) Gold nanostructures were fabricated using electron beam lithography
(EBL). (C) Additional sputtering of a SiO, layer sandwiched the nanostructures. (D) A second
EBL fabricated an Al etching mask. (E) Etching of SiO, shaped a microblock. (F and G) After

removing the mask and the sacrificed layer of Si, the sample can be released from the substrate.
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Fig. S2. Light illuminations of the samples. The samples were illuminated by a linearly
polarized beam at the normal incidence from the top. (A) For the experiment of linear movement,
the optical focal line to confine and align the sample was generated by a cylindrical lens. (B) For
the experiment of the sample rotation, the laser beam was weakly focused with a larger spot size

than the sample to obtain uniform illumination.
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Fig. S3. Caluculated far-field scattering patterns: (A) a single nanorod and (B) an asymmetric
nanorod pair embedded in silica glass. The scattering patterns drastically change from the dipole

radiation to unidirectional side scattering.
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Fig. S4. Directional scattering from two dipole sources. When two dipoles separated by a
distance d have the phase difference A®, there are the asymmetric interferences between their
radiation fields in right and left directions, constructive interference in one direction and

destructive interference in the other.
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Fig. S5. Calculated temperature distribution of a silica microblock containing a motor. (A)
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A simulation model. A 600-nm-thick, 2 ym x 2 ym silica block contains a single nanomotor in its
centre. The microblock is surrounded by water. (B) Temperature distributions on the motor and
the top and side walls of the block under the normal incidence of a linearly polarized plane wave
for the intensity of 0.4 mW/um® and wavelength of 910 nm, which we used in the experiments of
Fig.2. The illumination light polarization is parallel to the rod axis. The temperature is
symmetrically distributed around the motor. The maximum temperature rises on the motor, the

top and side walls of the block are about 4.5, 1.5 and 0.5 degrees, respectively.
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Fig. S6. Experimental characterization of rotational behavior with symmetric nanorod
pairs. (A) SEM image of a circular array of symmetric nanorod pairs. Scale bar is 200 nm. (B)
Extinction spectrum of the pairs embedded in silica glass. (C) Time sequence of optical
microscopy images of a sample in water under the normal incidence of a linearly polarized light
(wavelength of 910 nm, the intensity of 4.5 mW/um?). The sample is a 600-nm-thick, 2.5 ym x
2.5 pm square silica block containing the pairs. The dashed red circles indicate the same corner of

the block. (D) Rotational dynamics of the sample.
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Fig. S7. Calculated wavelength dependence of directivity of the scattered light. The red dots

and a gray curve show the directivity and extinction cross-section, respectively, of an asymmetric
nanorod pair embedded in silica glass. The directivity of the scattered light is defined as the ratio
of the intensity between two diametrically opposite angular regions, i.e., ¢ = 0° and 180° in Fig.
1C. The nanorod pair embedded in silica glass exhibits strong lateral directionality at the central

wavelength between two dipolar resonances.



Movies (S1-S4) Captions

Movie S1. Linear movement produced by a linear array of the nanomotors. The sample was
illuminated by a linearly polarized beam at the normal incidence. An optical focal line generated
using a cylindrical lens can confine and align the sample along its line axis. The sample travels
along the line axis perpendicular to the incident light direction. It should be noted that the
illumination light beam carries the linear momentum in its incident direction only, with a zero

lateral component in the line axis direction.

Movie S2. Polarization switching of the linear movement. For the polarization direction along
the nanorod axis, the sample travels along the optical road. When the polarization is rotated by
90° at ~ 2 s, while keeping the light intensity constant, the linear movement stops quickly. The
video after the polarization rotation can be seen to be slightly brighter than before, because of

differential reflectivity of a dichroic mirror on front of an imaging CMOS camera.

Movie S3. Rotational movement produced by a circular array of the nanomotors with
separation of 290 nm. A linearly polarized beam was weakly focused with a larger spot size than
the sample to obtain uniform illumination. The sample rotates in an anticlockwise direction under

the illumination of light without angular momentum.

Movie S4. Rotational movement produced by a circular array of the nanomotors with
separation of 1340 nm. The sample rotates at double speed with less than half of the light

intensity, while keeping the whole volume of the nanoparticles.
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