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Spin and Orbital Rotation of Plasmonic
Dimer Driven by Circularly Polarized Light
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Abstract

The plasmon-enhanced spin and orbital rotation of Au dimer, two optically bound nanoparticles (NPs), induced by
a circularly polarized (CP) light (plane wave or Gaussian beam) were studied theoretically. Through the optomechanical
performances of optical forces and torques, the longitudinal/transverse spin-orbit coupling (SOC) of twisted
electromagnetic fields was investigated. The optical forces show that for the long-range interaction, there
exist some stable-equilibrium orbits for rotation, where the stable-equilibrium interparticle distances are nearly
the integer multiples of wavelength in medium. In addition, the optical spin torque drives each NP to spin
individually. For a plane wave, the helicities of the longitudinal spin and orbital rotation of the coupled NPs
are the same at the stable-equilibrium orbit, consistent with the handedness of plane wave. In contrast, for a
focused Gaussian beam, the helicity of the orbital rotation of dimer could be opposite to the handedness of
the incident light due to the negative optical orbital torque at the stable-equilibrium interparticle distance;
additionally, the transverse spin of each NP becomes profound. These results demonstrate that the longitudinal/
transverse SOC is significantly induced due to the twisted optical field. For the short-range interaction, the mutual
attraction between two NPs is induced, associated with the spinning and spiral trajectory; eventually, the two NPs will
collide. The borderline of the interparticle distance between the long-range and short-range interactions is approximately
at a half-wavelength in medium.
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Background
The optical binding of two microparticles (MPs) or nanopar-
ticles (NPs) irradiated by a linearly polarized (LP) light is an
important optomechanical behavior, which is the result of
light-matter interaction [1–4]. There are several stable-equi-
librium interparticle distances between the optically bound
dimer; these distances are nearly the integer multiples of
wavelength in medium [3–6]. In addition, the orientation of
the dimer is perpendicular to the polarization of LP light. As
the interparticle distance is close to integer multiples of the
wavelength, the scattered photons between particles make a
constructive interference to induce a binding force. The phe-
nomena of optically bound array of multiple silica MPs or
Ag NPs were also studied [7–10]. For the illumination of a
circularly polarized (CP) plane wave, Haefner et al. reported

that the helicities of the longitudinal spin and orbital rotation
of the two coupled silica NPs with size of 100–700 nm are
the same with the handedness of the incident light [11]. Re-
cently, Sule et al. experimentally found that the helicity of
the orbital rotation of two Ag NPs of radius 75 nm bound
by optical force is opposite to the handedness of a focused
CP Gaussian beam of 790 nm in water [12]; i.e., Ag dimer
suffers a negative optical orbital torque [13, 14]. In addition,
the measured orbit rotation was about 4 kHz [12]. On the
other hand, the spin of a single Au NP of radius 100 nm in-
duced by a CP Gaussian beam has also been studied [15–
18]. The measured spin rotation was as high as 3.5 kHz [15].
In recent decades, the longitudinal/transverse spin-orbit
coupling (SOC) of optical field attracts a lot of attention
[19–23]. For example, an optical vortex beam (e.g.,
high-order Laguerre-Gaussian beams with azimuthal or ra-
dial polarizations) or highly focused CP Gaussian beam can
be used to induce the SOC [24–34]. The twisted electromag-
netic (EM) field of the optical vortex beam carries both the
spin angular momentum and orbital angular momentum,

* Correspondence: markliaw@mail.cgu.edu.tw; mkkuo@ntu.edu.tw
1Department of Mechanical Engineering, Chang Gung University, 259
Wen-Hwa 1st Rd., Kwei-Shan, Guishan District, Taoyuan City 33302, Taiwan
5Institute of Applied Mechanics, National Taiwan University, Taipei 106,
Taiwan
Full list of author information is available at the end of the article

© The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made.

Liaw et al. Nanoscale Research Letters  (2018) 13:322 
https://doi.org/10.1186/s11671-018-2739-3

http://crossmark.crossref.org/dialog/?doi=10.1186/s11671-018-2739-3&domain=pdf
http://orcid.org/0000-0003-0524-8227
mailto:markliaw@mail.cgu.edu.tw
mailto:mkkuo@ntu.edu.tw
http://creativecommons.org/licenses/by/4.0/


thereby inducing the longitudinal/transverse spin and orbital
rotation of a nearby probing NP [18–26]. In particular, the
SOC in the near field of Au or Ag NPs is more significant
due to the collective motion of free electrons in these NPs
(plasmon effect) [28–31].
In this paper, we theoretically study the optomechanical

behaviors (optical forces and torques) of two coupled Au
NPs (dimer) supported by a substrate, which are induced
by the illumination of a CP Gaussian beam. The substrate
is necessary to confine these freestanding NPs moving in
the focal plane, instead of floating in 3D space. The mul-
tiple multipole (MMP) method is used to simulate the EM
field numerically and then to analyze the optical orbital
and spin torques upon the optically bound dimer [35, 36].
Through the optomechanical responses of the dimer, the
longitudinal/transverse SOC will be manifested. In par-
ticular, the condition to generate a negative optical orbital
torque on the dimer will also be investigated.

Methods
Figure 1 shows the configuration of a pair of identical Au
NPs supported by a substrate and irradiated by a normally
incident left-handed (LH) CP light (plane wave or Gaussian
beam), where d represents the interparticle distance. The
waist of the Gaussian beam is denoted by w0, and the focal
plane is at the central cross section of Au NPs. The formu-
lations of the electric field of plane wave and Gaussian
beam are attached as Appendix. We assume that the

refractive index of the substrate is the same as that of the
surrounding medium, water. Therefore, the reflected light
will not be induced at the interface between the medium
and the substrate; the optical field is not disturbed by the
existence of the substrate [37]. On the other hand, the ex-
istence of the substrate serves as a confinement to support
NPs moving on the substrate. The multiple multipole
(MMP) method is used to simulate the induced electro-
magnetic field [17, 18, 35, 36]. The optical forces Fj exerted
on the jth NP (j = 1, 2) are expressed by

F j ¼
Z

S j

T � ndS: ð1Þ

Here, n is the outward normal vector on the surface of
the jth NP, and T is the time-average Maxwell stress ten-
sor expressed as

T ¼ 1
2

Re εEEþ μHH−
1
2

εE � Eþ μH �H� �
I

� �
: ð2Þ

In Eq. (2), I is a 3 × 3 identity matrix, the overbar de-
notes the complex conjugate and Re the real part [17, 18,
35, 36]. Here, ε and μ are the permittivity and permeability
of the surrounding medium. Notice that the E and H are
the exterior total field used for Eq. (2). In fact, T is also
the time-averaged linear momentum flux. Throughout
this paper, the optical forces are expressed in the cylin-
drical coordinates: the radial, azimuthal, and z-axis com-
ponents. The radial force can tell the attraction or
repulsion between the two NPs and the azimuthal force
the helicity of NPs’ orbital revolution.
On the other hand, the optical spin torque on the jth

NP (j = 1, 2) for the spinning of individual NP is given by,

M j ¼
Z

S j

x j � T � ndS: ð3Þ

In Eq. (3), xj ×T is the angular momentum flux and xj is
the relative position vector of a point x on the surface Sj
with respect to the center of mass x j

cof jth NP; x j ¼ x−x j
c .

The longitudinal direction is designated to be parallel to
the optical axis (say z direction) of the incident light, and
the transverse direction is perpendicular to the optical
axis. On the other hand, the longitudinal optical orbital
torque in the z direction on each NP, caused by the azi-
muthal optical force, is defined as Fθ d/2 in the cylindrical
coordinates. The relative permittivity of Au at λ = 800 nm
used in the simulation is (− 24.062, 1.507) [38].

Results and Discussion
We study the optical forces and torques exerted on two
identical Au NPs with radii 100 nm irradiated by a nor-
mally incident LH CP plane wave or a focused Gaussian

Fig. 1 Configuration of a pair of NPs with a supporting substrate,
irradiated by a normally incident LH CP Gaussian beam of waist
(w0). The central cross sections of these NPs are at the focal plane
of the Gaussian beam, and d is the distance between the centers of
NPs. The optomechanical responses are the longitudinal orbital
rotation and longitudinal/transverse spin
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beam at the focal plane. The surrounding medium is water.
The fluence of the plane wave or Gaussian beam at the cen-
ter is 25 MW/cm2. The centers of the two freestanding
NPs, supported by a virtual substrate, are allowed to move
in the xy plane (focal plane). The optical forces (Fr, Fθ) ver-
sus the interparticle distance d for a CP plane wave or a fo-
cused Gaussian beam with a waist of 500 nm of λ = 800 nm
are shown in Fig. 2a, b, respectively. The central cross sec-
tion of these NPs is at the focal plane of the Gaussian beam.
Figure 2a indicates that for a plane wave, there are several
stable-equilibrium interparticle distances with Fr = 0 and a
negative slope; the first one d1 is at 603 nm and the second
one d2 at 1204 nm. These “stable-equilibrium” interparticle
distances are nearly the integer multiples of wavelength in
medium; i.e., dm=mλ/n, where n is the refractive index of
medium and m = 1, 2, 3... It is a result of the long-range
light-matter interaction caused by the optical binding force.
It suggests that there is an optical spring connecting the
two NPs; the restoring force Fr of the optical spring keeps
NPs apart from each other at these stable-equilibrium inter-
particle distances. For the case of the Gaussian beam, the
first two stable-equilibrium interparticle distances d1 and d2
are 585 and 1131 nm respectively, as shown in Fig. 2b,

slightly smaller than those of a plane wave due to the gradi-
ent force induced by the Gaussian beam.
In fact, the longitudinal orbital torque Fθ d/2 will drive

these NPs to rotate in orbits with diameters of d1 and
d2. For the cases with the Gaussian beam, orbits will be
centered at the beam axis. The sign of the azimuthal op-
tical force (Fθ) indicates that the longitudinal orbital ro-
tation (revolution) at the first stable-equilibrium orbit
induced by the Gaussian beam is opposite to that by a
plane wave. This shows that the negative Fθ of CP
Gaussian beam generates a negative orbital torque Fθ d1/
2 at the first stable-equilibrium orbit; more importantly,
the helicity of the orbital rotation of Au dimer is oppos-
ite to the handedness of the incident CP light [12]. It is
also of interest to note that Fθ is always negative as d >
300 nm for the cases with the Gaussian beam; the
phenomenon of reverse rotation (revolution) of the op-
tically bound NPs, due to negative orbital torque, is eas-
ily observed in optical tweezers systems. The negative
optical orbital torque could be attributed to the twisted
EM field of the Gaussian beam [23].
According to Stokes’ law of a sphere driven by a force F to

move in a viscous fluid, the terminal speed vT is vT= F/

Fig. 2 Optical forces (Fr, Fθ) versus d for λ = 800 nm by CP a plane wave and b Gaussian beam with a waist of 500 nm at the focal plane. The 2D
streamline maps of optical force (Fr, Fθ) induced by CP c plane wave and d Gaussian beam. The color bar represents the amplitude of Fr. The dashed
ring is the limit circle of the centers of two NPs where NPs are in contact
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(6πrη), where η is the dynamic viscosity of water (0.001 kg/
m s). This is a result of the applied force balanced by a drag
force of viscous fluid [39]. Based on Stokes’ law, the terminal
velocity vector of a NP in a viscous medium is proportional
to the applied force [39]. Hence, we used the optical force
field to obtain the streamlines, which are almost equivalent
to the trajectories of these NPs. Furthermore, the 2D stream-
line maps obtained directly from the optical force vector field
(Fr, Fθ) exerted on NPs are plotted in Fig. 2c, d for plane
wave and Gaussian beam respectively, where the color bar
represents the amplitude of Fr. Note that the tangent of the
streamline at each point is then parallel to the optical force
vector and hence is also parallel to the velocity of NP. For
small interparticle distance range (d < d0.5), the radial optical
force Fr is negative, so these two NPs will attract each other
to collide eventually, as shown in Fig. 2c, d. The dashed ring
is the limit circle of the centers of two NPs where NPs are in
contact. The inner annulus (blue) is a region of the
short-range interaction. The inner ring C0.5 between the
inner annulus (blue, with negative Fr) and the second annu-
lus (red, with positive Fr) is the border line between the
short-range and long-range interaction regions of Au dimer;
the diameter of C0.5 is d0.5 = 291 nm in Fig. 2c and d0.5 =
296 nm in Fig. 2d. In the long range (d0.5 < d < d1.5), the ra-
dial and azimuthal optical forces drive the two coupled NPs
to approach the first stable-equilibrium orbit C1 with a diam-
eter d1 due to the effect of optical binding force. The optic-
ally bound Au dimer rotates counter-clockwise (CCW)
along the orbit C1 (d1 = 603 nm) in Fig. 2c, whereas along C1

(d1 = 585 nm) clockwise (CW) in Fig. 2d. The former rota-
tion is the same as the handedness of incident light caused
by the positive orbital torque (Fθ > 0), and the latter is reverse
due to the negative orbital torque (Fθ < 0). According to our
analysis of the scattering cross section spectrum of a dimer
with a stable-equilibrium distance of 603 nm irradiated by a
CP plane wave (not shown here), the coupling surface plas-
mon resonance (SPR) of the optically bound dimer is almost
at 800 nm corresponding to the incident light, which is
off-resonance of a single NP (530 nm). In general, the coup-
ling SPR of a dimer depends on the interparticle distance;
the larger the distance the more red-shifted the coupling
SPR of the dimer. If we use a longer-wavelength Gaussian
beam (e.g., 1064 nm), the stable-equilibrium interparticle dis-
tance increases. However, as the distance between the two
NPs becomes too large, the optical coupling effect decreases
so the coupling SPR gradually disappears. Consequently, the
SPR of a single NP at 530 nm becomes dominant.
For an Au NP of radius 100 nm which moves along an

orbit with a diameter d and an angular speed Ωz, the
speed is Ωzd /2 = Fθ/(6πrμ). If the Gaussian beam is ap-
plied (Fθ = − 4 pN), the angular speed Ωz (cycles per sec-
ond) along C1 is about − 7 kHz. The order of magnitude
is consistent with the experimental result [12]; the angular
speed of the orbital rotation of two Ag NPs of r = 75 nm

irradiated by the Gaussian beam with 14 mW is − 4 kHz.
If d1.5 < d < d2.5, these NPs will approach and rotate along
the secondary stable-equilibrium orbit C2 (not shown
here). Notice that for these cases the optical force of
Fz is negative to push these NPs downstream due to
the radiation pressure; Fz = − 161.3 pN for plane wave
and − 117.2 pN for the Gaussian beam. This infers
that the reaction force from the supporting substrate
is necessary to balance the driving optical force of Fz.
Consequently, the resultant forces in z direction upon
these NPs are zero; these two NPs are confined to
move in the xy plane of the focal plane.
On the other hand, Fig. 3a, b shows the optical spin

torques (Mr, Mθ, Mz) versus d induced by a plane wave
and Gaussian beam at the focal plane, respectively. Since
the results of these two NPs are the same, only a set of
optical spin torques is plotted here. The former two (Mr,
Mθ) are the transverse spin torques, and the latter Mz is
the longitudinal one. It is found that the helicity of the
longitudinal spin torque is the same as the handedness
of incident light for both cases. This is because that the
angular momentum of absorbed photons of incident CP
light is transferred to these NPs for spinning and orbital
rotation. It is of interest to point out that the transverse
optical spin torques (Mr, Mθ) induced by a Gaussian
beam are significantly large, compared to those by the
plane wave. This could be attributed to the transverse
components of the twisted EM field at the focal plane of
a Gaussian beam. Moreover, the maximum magnitudes
of the optical transverse spin torques roughly occur at
the first stable-equilibrium orbit C1 (d1 = 585 nm), as
shown in Fig. 3b. According to Stokes’ law of a spinning
sphere rotated by a torque M in viscous fluid, the ter-
minal angular velocity of the sphere is ωT =M/(8πr3μ)
[18]. Hence, the magnitudes of the longitudinal/trans-
verse spin angular velocities of NP at C1 are about
10 kHz, of which the orders of magnitude are in agree-
ment with the measured longitudinal spin velocity [15],
about 3.5 kHz. Summarily, the above phenomena, as
shown in Figs. 2b and 3b, demonstrate that the longitu-
dinal orbital rotation is accompanied by the longitu-
dinal/transverse spins. The motion of the two coupled
NPs is similar to that of a binary-star system, where the
optical forces provide the binding and orbital driving
forces for these NPs as well as the optical spin torques
cause their spinning.
Furthermore, one can adjust the iris of object of op-

tical tweezers to change the size of the incident beam,
thereby altering the numerical aperture and the waist of
a Gaussian beam. Figure 4a shows the optical orbital
torque Fθ d/2 on two coupled Au NPs of radius 100 nm
rotating at the corresponding first stable-equilibrium
orbit (d = d1) versus the waist of a CP Gaussian beam of
λ = 800 nm. The corresponding first stable-equilibrium
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distance d1 is also plotted in Fig. 4a (scale bar in the
right side), where a plane wave can be treated as a spe-
cial case of w0→∞. The turning point for the waist of a
Gaussian beam between the positive and negative orbital
torques is at 1150 nm, corresponding to Fθ = 0, as shown
in Fig. 4a. The smaller the waist of a Gaussian beam is,
the larger the magnitude of negative orbital torque. As
the waist increases, the d1 of a Gaussian beam ap-
proaches the value (603 nm) of a plane wave (w0→∞).
In particular, as the waist decreases, the magnitudes of
the transverse spin torques (Mr, Mθ) at d1 significantly
increase, while the longitudinal spin torque Mz de-
creases, as shown in Fig. 4b. These results illustrate that
the waist of a Gaussian beam is the key factor to induce
a negative longitudinal orbital torque and transverse spin
torques due to the degree of the distortion of EM field.
The mechanism of the negative orbital rotation and the

transverse spinning of these NPs could be attributed by
the curl of the light field’s spin angular momentum, even
without the contribution of the light beam’s orbital angu-
lar momentum [23]. Through the performances of the

negative longitudinal orbital torque and the transverse
spin torques upon Au dimer, the plasmon-enhanced SOC
of photons can be manifested. In addition, the directions
of the orbital rotation of the dimer and the spin of individ-
ual NP depend on the handedness of incident light.

Conclusions
The optomechanical responses (optical forces and torques)
of a pair of Au NPs irradiated by CP light were studied the-
oretically. Our results showed that the stable-equilibrium
orbits for their rotation (revolution) can be induced for the
long-range interaction; the stable-equilibrium interparticle
distances are nearly the integer multiples of wavelength in
medium. The azimuthal optical force causes the orbital ro-
tation of these NPs, and the optical spin torque induces
their spinning, particularly the transverse components. This
motion is similar to that of binary stars of equal mass mov-
ing in a circular orbit around their common center of mass.
When the waist of a Gaussian beam is smaller than a turn-
ing point, the helicity of the orbital rotation of the optically
bound Au dimer is opposite to the handedness of the

Fig. 4 a The optical orbital torque and d1 at the first stable-equilibrium orbit versus the waist of a Gaussian beam of λ = 800 nm. The turning
point of the waist for producing positive or negative orbital torque is at 1150 nm. b The optical spin torques versus the waist at d1

Fig. 3 Optical spin torques (Mr, Mθ, Mz) versus d at λ = 800 nm for a plane wave and b Gaussian beam with w0 = 500 nm at focal plane
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incident CP light. Moreover, the longitudinal/transverse
SOC becomes significant as the waist of a Gaussian beam
decreases; therefore, the transverse spin of the two NPs be-
comes more profound. For the short-range interaction, the
optical force causes the mutual attraction. Consequently,
the two coupled plasmonic NPs not only spin but also ro-
tate with a spiral trajectory and will collide eventually. In
addition, the borderline of the interparticle distance be-
tween the long-range and short-range interactions of two
coupled NPs roughly is at a half wavelength in the medium.
Our results demonstrated that the order of magnitude of
optical force is about pN, which can be compared with the
other forces (e.g., ponderomotive force) to identify the con-
tribution on NPs’ motion. Our finding may pave the way to
the applications of SOC on light-manipulating NPs for
nanoscience and nanotechnology. Furthermore, it is worth
studying the correlation between the optical spin and or-
bital torques on the two NPs and the spin and orbital angu-
lar momentum densities of EM field; the former is defined
by ImðE� EÞ=2ω and the latter shown in Ref. [23]. In
addition, the SOC in the twisted near field of metamaterials
is worth investigating [40–43].

Appendix
The formulations of the electric field of LH CP plane
wave and Gaussian beam with common time factor e−jωt

are given as follows, where k is the wavenumber in the
surrounding medium.

(1) Plane wave

Ex ¼ E0ffiffiffi
2

p ejkz; Ey ¼ jE0ffiffiffi
2

p ejkz;Ez ¼ 0:

(2) Gaussian beam

Ex ≈
E0e

−ρ2= 1þ z=z0ð Þ2ð Þ
ffiffiffi
2

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ z=z0ð Þ2

q e j kz 1þz0ρ2= kz2þkz20ð Þ½ �− tan−1 z=z0ð Þf g;

Ey ≈
jE0e

−ρ2= 1þ z=z0ð Þ2ð Þ
ffiffiffi
2

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ z=z0ð Þ2

q e j kz 1þz0ρ2= kz2þkz20ð Þ½ �− tan−1 z=z0ð Þf g;

Ez ≈
− j xEx þ yEy

� �

z0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ z=z0ð Þ2

q e− j tan
−1 z=z0ð Þ;

where z0 ¼ kw2
0=2 and ρ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðx2 þ y2Þ=w2

0

p
.

Abbreviations
CP: Circularly polarized; EM: Electromagnetic; LH: Left-handed; LP: Linearly
polarized; MMP: Multiple multipole; MP: Microparticle; NP: Nanoparticle;
SOC: Spin-orbit coupling

Funding
The funding was from the Ministry of Science and Technology, Taiwan
(MOST) (105-2221-E-182-031, 105-2221-E-002-079, 106-2221-E-002-100-MY3)
and Chang Gung Memorial Hospital (CIRPD2E0033, CMRPD2G0341).

Availability of Data and Materials
The datasets generated and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Authors’ Contributions
JWL drafted the manuscript and approved the final version. MCH and HYC
developed the code, calculated the EM field optical forces and torques, and
plotted the figures. MKK developed the code, revised the manuscript, and
approved the final version. All authors read and approved the final
manuscript.

Competing Interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Department of Mechanical Engineering, Chang Gung University, 259
Wen-Hwa 1st Rd., Kwei-Shan, Guishan District, Taoyuan City 33302, Taiwan.
2Department of Mechanical Engineering, Ming Chi University of Technology,
Taishan District, New Taipei City 24301, Taiwan. 3Medical Physics Research
Center, Institute for Radiological Research, Chang Gung University and
Chang Gung Memorial Hospital, Linkou, Taiwan. 4Center for Advanced
Molecular Imaging and Translation, Chang Gung Memorial Hospital, Linkou,
Taiwan. 5Institute of Applied Mechanics, National Taiwan University, Taipei
106, Taiwan.

Received: 18 August 2018 Accepted: 1 October 2018

References
1. Demergis V, Florin EJ (2012) Ultrastrong optical binding of metallic

nanoparticles. Nano Lett 12:5756–5760
2. Mohanty SK, Andrews JT, Gupta PK (2004) Optical binding between

dielectric particles. Opt Express 12(12):2749–2756
3. Brzobohaty O, Cizmar T, Karasek V, Siler M, Dholakia K, Zemanek P (2010)

Experimental and theoretical determination of optical binding forces. Opt
Express 18(24):25389–25402

4. Shen Z, Su L (2016) Plasmonic trapping and tuning of a gold nanoparticle
dimer. Opt Express 24(5):4801–4811

5. Li Z, Käll M, Xu H (2008) Optical forces on interacting plasmonic
nanoparticles in a focused Gaussian beam. Phys Rev B 77:085412

6. Liaw JW, Kuo TY, Kuo MK (2016) Plasmon-mediated binding forces on gold
or silver homodimer and heterodimer. J Quant Spectrosc Radiat Transf 170:
150–158

7. Tatarkova SA, Carruthers AE, Dholakia K (2002) One-dimensional optically
bound arrays of microscopic particles. Phys Rev Lett 89:283901

8. Karasek V, Čižmár T, Brzobohatý O, Zemánek P, Garcés-Chávez V, Dholakia K
(2008) Long-range one-dimensional longitudinal optical binding. Phys Rev
Lett 101:143601

9. Yan Z, Shah RA, Chado G, Gray SK, Pelton M, Scherer NF (2013) Guiding
spatial arrangements of silver nanoparticles by optical binding interactions
in shaped light fields. ACS Nano 7:1790–1802

10. Bao Y, Yan Z, Scherer NF (2014) Optical printing of electrodynamically
coupled metallic nanoparticle arrays. J Phys Chem C 118:19315–19321

11. Haefner D, Sukhov S, Dogariu A (2009) Conservative and nonconservative
torques in optical binding. Phys Rev Lett 103:173602

12. Sule N, Yifat Y, Gray SK, Scherer NF (2017) Rotation and negative torque in
electrodynamically bound nanoparticle dimers. Nano Lett 17:6548–6556

Liaw et al. Nanoscale Research Letters  (2018) 13:322 Page 6 of 7



13. Chen J, Ng J, Ding K, Fung KH, Lin Z, Chan CT (2014) Negative optical
torque. Sci Rep 4:6386

14. Hakobyan D, Brasselet E (2014) Left-handed optical radiation torque. Nat
Photon 8:610–614

15. Lehmuskero A, Ogier R, Gschneidtner T, Johansson P, Käll M (2013) Ultrafast
spinning of gold nanoparticles in water using circularly polarized light.
Nano Lett 13:3129–3134

16. Shao L, Yang ZJ, Andrén D, Johansson P, Käll M (2015) Gold nanorod rotary
motors driven by resonant light scattering. ACS Nano 9(12):12542–12551

17. Liaw JW, Chen YS, Kuo MK (2014) Rotating Au nanorod & nanowire driven
by circularly polarized light. Opt Express 22(21):26005–26015

18. Liaw JW, Chen YS, Kuo MK (2016) Spinning gold nanoparticles driven by
circularly polarized light. J Quant Spectrosc Radiat Transf 175:46–53

19. Zhang Y, Shi W, Shen Z, Man Z, Min C, Shen J, Zhu S, Urbach HP, Yuan X
(2015) A plasmonic spanner for metal particle manipulation. Sci Rep 5:15446

20. O’Connor D, Ginzburg P, Rodriguez-Fortuno FJ, Wurtz GA, Zayats AV (2014)
Spin–orbit coupling in surface plasmon scattering by nanostructures. Nat
Commun 5:5327

21. Rodriguez-Fortuno FJ, Engheta N, Martinez A, Zayats AV (2015) Lateral
forces on circularly polarizable particles near a surface. Nat Commun 6:8799

22. Bliokh KY, Bekshaev AY, Nori F (2014) Extraordinary momentum and spin in
evanescent waves. Nat Commun 5:3300

23. Ruffner DB, Grier DG (2012) Optical forces and torques in nonuniform
beams of light. Phys Rev Lett 108:173602

24. Bliokh KY, Rodriguez-Fortuno FJ, Nori F, Zayats AV (2015) Spin-orbit
interactions of light. Nat. Photon. 9:796–808

25. Triolo C, Cacciola A, Patanè S, Saija R, Savasta S, Nori F (2017) Spin-momentum
locking in the near field of metal nanoparticles. ACS Photonics 4(9):2242–2249

26. Stewert AM (2005) Angular momentum of the electromagnetic field: the
plane wave paradox resolved. Eur J Phys 26:635–641

27. Zhao Y, Shapiro D, Mcgloin D, Chiu DT, Marchesini S (2009) Direct
observation of the transfer of orbital angular momentum to metal particles
from a focused circularly polarized Gaussian beam. Opt Express 17(25):
23316–23322

28. Alabastri A, Yang X, Manjavacas A, Everitt HO, Nordlander P (2016)
Extraordinary light-induced local angular momentum near metallic
nanoparticles. ACS Nano 10(4):4835–4846

29. Lehmuskero A, Li Y, Johansson P, Käll M (2014) Plasmonic particles set into
fast orbital motion by an optical vortex beam. Opt Express 22(4):4349–4356

30. Dienerowitz M, Mazilu M, Reece PJ, Krauss TF, Dholakia K (2008) Optical
vortex trap for resonant confinement of metal nanoparticles. Opt Express
16(7):4991–4999

31. Sakai K, Nomura K, Yamamoto T, Sasaki K (2015) Excitation of multipole
plasmons by optical vortex beams. Sci Rep 5:8431

32. Cao Y, Zhu T, Lv H, Ding H (2016) Spin-controlled orbital motion in tightly
focused high-order Laguerre-Gaussian beams. Opt Express 24(4):3377–3384

33. Li M, Yan S, Yao B, Liang Y, Zhang P (2016) Spinning and orbiting motion of
particles in vortex beams with circular or radial polarizations. Opt Express
24(18):20604–20612

34. Aiello A, Banzer P, Neugebauer M, Leuchs G (2015) From transverse angular
momentum to photonic wheels. Nat Photon 9:789–95.

35. Liaw JW, Lo WJ, Kuo MK (2014) Wavelength-dependent longitudinal polarizability
of gold nanorod on optical torque. Opt Express 22(9):10858–10867

36. Liaw JW, Lin WC, Kuo MK (2017) Wavelength-dependent plasmon mediated
coalescence of two gold nanorods. Sci Rep 7:46095

37. Liao J, Ji L, Zhang J, Gao N, Li P, Huang K, Yu ET, Kang J (2018) Influence of
the substrate to the LSP coupling wavelength and strength. Nanoscale Res
Lett 13:280

38. Johnson PB, Christy RW (1972) Optical constants of the noble metals. Phys
Rev B 6:4370–4379

39. Liaw JW, Chien CW, Liu KC, Ku YC, Kuo MK (2018) 3D optical vortex
trapping of plasmonic nanostructure. Sci Rep 8:12673

40. Chen CC, Hsiao CT, Sun S, Yang KY, Wu PC, Chen WT, Tang YH, Chau YF,
Plum E, Guo GY, Zheludev NI, Tsai DP (2012) Fabrication of three
dimensional split ring resonators by stress-driven assembly method. Opt
Express 20:9415–9420

41. Huang YW, Chen WT, Wu PC, Fedotov V, Savinov V, Ho YZ, Chau YF,
Zheludev NI, Tsai DP (2012) Design of plasmonic toroidal metamaterials at
optical frequencies. Opt Express 20:1760–1768

42. Chau YFC, Wang CK, Shen L, Lim CM, Chiang HP, Chao CTC, Huang HJ, Lin
CT, Kumara NTRN, Voo NY (2017) Simultaneous realization of high sensing
sensitivity and tunability in plasmonic nanostructures arrays. Sci Rep 7:16817

43. Chau YFC, Chou CTC, Chiang HP, Lim CM, Voo NY, Mahadi AH (2018)
Plasmonic effects in composite metal nanostructures for sensing
applications. J Nanopart Res 20:190

Liaw et al. Nanoscale Research Letters  (2018) 13:322 Page 7 of 7


	Abstract
	Background
	Methods
	Results and Discussion
	Conclusions
	Appendix
	Abbreviations
	Funding
	Availability of Data and Materials
	Authors’ Contributions
	Competing Interests
	Publisher’s Note
	Author details
	References

