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ABSTRACT We demonstrate theoretically that Fano resonance can 2
induce a negative optical scattering force acting on plasmonic nanoparticles Ag -~

in the visible light spectrum when an appropriate manipulating laser beam 5 & Ry Y g 54

is adopted. Under the illumination of a zeroth-order Bessel beam, the 3 45] / l
plasmonic nanoparticle at its Fano resonance exhibits a much stronger 396 432
forward scattering than backward scattering and consequently leads to a Au
net longitudinal backward optical scattering force, termed Fano resonance-

induced negative optical scattering force. The extinction spectra obtained
based on the Mie theory show that the Fano resonance arises from the
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interference of simultaneously excited multipoles, which can be either a broad electric dipole mode and a narrow electric quadrupole mode, or a

quadrupole and an octupole mode mediated by the broad electric dipole. Such Fano resonance-induced negative optical scattering force is demonstrated to

occur for core—shell, homogeneous, and hollow metallic particles and can therefore be expected to be universal for many other nanostructures exhibiting

Fano resonance, adding considerably to the flexibility of optical micromanipulation on the plasmonic nanoparticles. More interestingly, the flexible

tunability of the Fano resonance by particle morphology opens up the possibility of tailoring the optical scattering force accordingly, offering an additional

degree of freedom to optical selection and sorting of plasmonic nanoparticles.
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ptical micromanipulation based on

optical forces' ™® due to the light

—matter interaction has found a
variety of vital applications ranging from
physics,” "> to chemistry,'*~'® to biology.'” ~°
Among all these interdisciplinary applica-
tions, optical tweezers, which are based
upon optical trapping due largely to the
gradient force originating from inhomo-
geneity of the optical field, play a dominant
part' "®1071418=21 3nd have been devel-
oped into an indispensable tool for con-
tactless confinement of small particles or
control of the position of a mesoscopic
object up to submicro- and even nano-
metric precision.?! Optical force basically
falls into two categories: the gradient force
and the scattering force (the latter includes
absorption force). The former can be written
as a gradient of a scalar function ¢(r) of
optical fields. As such the gradient force
generally traps, favoring optical confinement
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by equilibrating an object at the extremum
of ¢(r). On the other hand, the scattering
force typically transports, since it usually
pushes particles forward along the propaga-
tion of light, destabilizing optical trapping. A
metallic plasmonic particle, quite like a high-
refactive-index particle, is more difficult to
trap, because the refractive index mismatch
between the trapped particle and its sur-
rounding medium causes strong backscat-
tering and increases the scattering force,
resulting in a deterioration of the trapping
efficiency. So some elegant methods were
proposed to reduce backscattered light by
photonically modulating the object to be
trapped,®?2* among which an antireflection
coating is the simplest and most efficient
way, by which single-beam optical trapping
of a high-refractive-index particle with a
trapping force greater than a nanonewton
has been achieved.?* Here we propose an
alternative scenario to attenuate the forward
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Figure 1. (a) Schematic representation of a core—shell nanoparticle. (b and c) Scattering intensity S(6) fora Au—Ag core—shell
particle at an incident wavelength of 1 = 635 nm (b) and 1 = 392 nm (c) under the illumination of a zeroth-order TM-polarized
Bessel beam propagating along the z axis with a cone angle of o = 78° and a field intensity at the beam axis of /(0) = 100 mW/um?>,
The core and shell radii of the particle are R; = 40 nm and R, = 80 nm, respectively. The particle is positioned on the beam axis.
The surrounding medium is water with the refractive index n,¢s = 1.33. The black arrow in (c) denotes the resulting backward
recoil force that dominates over the incident force and brings about the net NOSF that tends to pull the particle all the way

toward the light source.

scattering force, that is, through enhancing the for-
ward scattering by taking advantage of Fano reso-
nance of the plasmonic particles.

Fano resonances,® arising from the interference
between a narrow discrete resonance and a broad
continuum state, have been extensively observed and
studied in physical, chemical, and biological sciences in
recent decades.’®~%8 In particular, with the advent of
plasmonics and metamaterials, Fano resonances in
plasmonic nanostructures, including single metallic
particles,>*° core—shell nanoparticles,®' =33 ring/disk
cavities,>**> plasmonic nanoparticle clusters,**~>® and
other plasmonic nanostructures,>**~*' have received
considerable attention, owing to their flexibly tunable
resonance and dramatically enhanced plasmon field.
While a great deal of effort has been focused on the
promising applications of Fano resonances in biosens-
ing,*>*? surface-enhanced Raman scattering,**** optical
switching,***® plasmon-induced transparency,>"*’ and
many others,**~>' much less attention is devoted to its
effect on optical force for optical manipulation. Some
exceptions are those examining the optical force trans-
verse to the direction of light propagation®>~>* and
the one studying laser cooling associated with Fano
resonance.>® The role of Fano resonances in tailoring
longitudinal optical scattering force for optical manip-
ulation, however, has been left largely unexplored.

In this theoretical paper, our effort is devoted to
investigating the effect of Fano interference on tailor-
ing the longitudinal scattering force acting on plasmo-
nic nanoparticles. To focus solely on the scattering
force, our study takes a zeroth-order Bessel beam with
transverse magnetic (TM) polarization as the incident
beam,*®° due to its propagation-invariant character-
istic. We start with a Au—Ag core—shell nanoparticle
for the convenience of physical illustration. For the
broad single dipolar resonance, the Au—Ag core—shell
nanoparticle exhibits a nearly symmetric forward
and backward scattering intensity distribution, and
the longitudinal scattering force is along the beam
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propagation direction, as usual. When approaching the
Fano resonance, an asymmetric scattering diagram
develops, where forward scattering is significantly
enhanced, while the backscattered light is consider-
ably reduced, leading to a substantial attenuation of
forward scattering force along the direction of light
propagation and, more interestingly, even resulting in a
net negative optical scattering force (NOSF), which has
recently stimulated burgeoning research activities,%* =%’
for its anomalous pulling action opposite the flow of
light, and thus adds a novel degree of freedom to optical
manipulation, in addition to the well-known optical
propulsion and trapping. The calculations of extinction
efficiency spectra for the core—shell particle based on
the Mie theory®® reveal that the Fano resonance origi-
nates from the coupling of a broad bright dipole mode
with the narrow dark quadrupole and octupole modes.
Such a multipolar Fano resonance and the induced
NOSF are demonstrated for both homogeneous and
hollow metallic particles and thus can be anticipated
universally for other nanostructures exhibiting Fano
resonance, rendering the optical micromanipula-
tion of the plasmonic nanoparticles much more
versatile. More importantly, the flexible tunability
of Fano resonance enables an effective tailoring of
the optical scattering force, either forward or back-
ward, accordingly, which may contribute signifi-
cantly to the development of optical manipulation
of plasmonic nanopaticles.

RESULTS AND DISCUSSION

We start our discussion with the scattering proper-
ties of a Au—Ag core—shell nanoparticle, which can be
synthesized through simple chemical reduction tech-
niques.®? The schematic representation is illustrated in
Figure 1a, where R; and R, denote the radius of the Au
core and Ag shell, respectively. In our calculations, we
assume that the particle is embedded in water with the
refractive index ns = 1.33 and is illuminated by a
zeroth-order Bessel beam of TM polarization®®>” with
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a magnetic field perpendicular to the propagating
direction along z. The particle is positioned on the
beam axis so that it is subjected solely to the scattering
force due to the propagation-invariant characteristic of
the Bessel beam.”®™>° The electric field of the Bessel
beam is given in eq 4 in the Methods section, and its
intensity at the beam axis is taken as 100 mW/um?
throughout this paper. The scattering problem of
the particle is solved based on the generalized
Lorenz—Mie theory®® with analytically derived beam
shape coefficients (see Methods).”®”" Typical far-field
scattering intensity distributions of the Au—Ag particle
are shown in Figure 1b and c, for the single dipole
resonance at the incident wavelength 1 = 635 nm and
the dip of the Fano resonance at 4 = 392 nm, respec-
tively. The normalized scattering intensity is defined in
eq 11 in the Methods, which is independent of the
azimuthal angle due to the azimuthal symmetry. In our
calculation, the circular frequency w-dependent per-
mittivities of Au and Ag are evaluated using Drude's
dielectric function”>”® g(w) = e.. — v/ (@* + iwY),
where ¢.. is the high-frequency-limit dielectric con-
stant, y is the damping constant, and wy, is the plasmon
resonance frequency. We use the best fit parameters®?
of Auand Ag obtained from the experimental dielectric
functions.”® Figure 1b shows a nearly symmetric for-
ward and backward distribution of far-field scattering
energy around the particle, inducing nearly vanishing
backward recoil force in the proximity of the single
dipolar resonance, which will be further manifested
in Figure 2a. As the incident frequency increases,
the multipolar Fano interference comes into play and
a forward-tilted scattering pattern develops, as typi-
cally visualized, at the dip of the Fano resonance at
A =392 nm, in Figure 1c. This obviously forward-
directed scattering results in an enhanced backward
recoil force *F, in the longitudinal z direction, denoted
by a black arrow, suggesting a possibility of tuning the
scattering force by the Fano resonance.

To illustrate the Fano resonance-tailored optical
scattering force exerting on the Au—Ag core—shell
nanoparticle, we calculate the optical force as a func-
tion of the incident wavelength 4 based on the gen-
eralized Lorenz—Mie scattering theory and the
Maxwell stress tensor approach.”>~’” An explicit ex-
pression for the longitudinal optical force is given by
eq 14 in the Methods, where the total optical scattering
force F, is decomposed into the incident force 'F, and
the recoil force RF,.8" Physically, the incident term 'F,
arises from the interaction of the excited multipoles
with the incident field, which is always positive due
to momentum transfer from the incident photons.
The recoil term RF,, on the other hand, comes from
the interference of the adjacent multipoles excited on
the nanoparticle, possibly inducing a negative optical
force. For simplicity, we do not present the equations
and results for the transverse optical force since it
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Figure 2. Longitudinal incident force 'F, and the recoil force
RF,, defined by eq 14 in the Methods, acting on a Au—Ag
core—shell nanoparticle (a) and the total extinction effi-
ciency Qe and partial extinction efficiency Q,,, Qp,, (b) as
functions of the incident wavelength 1, indicating that the
NOSF is induced by the Fano interference between different
plasmon modes excited in the particle, while the interfer-
ence between narrow adjacent quadrupole and octupole
dark modes is mediated by the broad electric dipole mode.
All other parameters are the same as those in Figure 1
except for a plane wave incidence in part b.

vanishes due to the azimuthal symmetry. The calculated
longitudinal scattering optical force is displayed in
Figure 2 together with the total and partial extinction
efficiency Qe It can be observed in Figure 2a that as
the incident frequency increases and the Fano inter-
ference is brought into play, the negative recoil force °F,
(blue line) is significantly enhanced, while the positive-
definite incident force 'F, (red line) remains relatively
inert to the change of the incident frequency, leading
to a sharp decrease of the total scattering force
F, (black line) when approaching Fano interference.
In the proximity of the dip of the Fano resonance, the
backward recoil force surpasses the forward incident
force, yielding a remarkable net negative optical force
ranging nearly from 390 to 460 nm in the visible light
spectrum.

To confirm the relationship between the net NOSF
and the Fano interference, we present in Figure 2b the
partial as well as the total extinction efficiency spectra
versus the incident wavelength. For a general spherical
particle subject to a plane wave incidence, the extinc-
tion efficiency can be evaluated according to®

Qext = z (Qan +an) (1)
n=1
with
200+
Qan = kR Re(an),
2(2n+1)
n — ————R n
Q a7 Relbn 2)
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Figure 3. Near-field plots of the z-component of the electric field for a Au—Ag core—shell particle excited at the wavelength
(a) 1=635 nm (dipole peak), (b) A =430 nm (quadrupole peak), and (c) A =392 nm (Fano dip) under the illumination of a zeroth-

order TM-polarized Bessel beam propagating along the z axis.

where a,, and b, are Mie scattering coefficients®® asso-
ciated with the electric and magnetic multipolar
modes, respectively, k is the wavenumber in the back-
ground, and R is the particle radius. In the plasmonic
Fano resonances, generally, the dipolar mode of a
single particle is a bright mode, while the higher order
resonances are dark modes.?® 28 In the small particle
limit with R << 4 in the range from 540 to 800 nm, the
total extinction spectra denoted by the black solid line
in Figure 2b is dominated by the contribution from the
dipole mode. Compared with Figure 2a, the corre-
sponding optical force is positive because the recoil
force RF, is nearly vanishing, due to the rough back-
ward and forward symmetry of scattering; see
Figure 1a. As the wavelength decreases, the electric
quadrupole mode makes its appearance, as shown by
the green dashed line, leading to an enhancement of
backward recoil force and thus a sharp decrease of the
total scattering force. The situation evolves further as
the Fano interference between the dark electric quad-
rupole mode and the bright dipolar mode is intensified
in the vicinity of the quadrupole resonance, resulting in
a predominance of the recoil force *F, over the incident
force 'F, and thus bringing about a net NOSF. As the
incident wavelength decreases further, a prominent
asymmetric dip emerges at A = 392 nm, originating
from the interference between the adjacent quadru-
pole and octupole modes mediated by the bright
plasmonic dipolar mode, as manifested by the broad
peak of partial extinction efficiency from the dipole
excitation (see the red dashed line in Figure 2b). When
an appropriate incident beam is adopted, this Fano dip
may roughly signify a possible onset of a net NOSFon a
plasmonic particle at the higher frequency end, while
the NOSF occurs in a range from about 390 to 460 nm,
caused by the dipole—quadrupole and quadurpole—
octupole Fano interference.®® A pictorial demon-
stration of the excitation and interference of the
multipole modes can be visualized by the near-field
maps shown in Figure 3, where one can observe the
excitation of dipole resonance, dipole—quadrupole
interference, and dipole-mediated quadurpole—
octupole interference, illustrated in panels a, b, and
¢, respectively.
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It is noted that a negative recoil term F, with large
magnitude in the proximity of a Fano resonance does
not necessarily bring about an NOSF. The occurrence
of an NOSF also requires an appropriately devised
manipulating optical beam. For a single plane wave,
the positive definite incident term 'F, always surpasses
the recoil term RF,, ruling out any possibility of NOSF
even at a Fano resonance. To diminish the incident
term 'F,, we need to engineer an optical beam
such that it consists of only planar modes with a
large transverse component of the wave vector,
as was previously analyzed.’” Bessel beams with a
large cone angle are typical examples that satisfy this
requirement. A pair of glancing coherent plane waves
may be the simplest optical field for this purpose,
as has been corroborated both theoretically and
experimentally.5"®” In any case, the Fano resonance
offers a great chance to achieve an NOSF provided
that the manipulating beam is devised to meet the
above requirement.

The Fano resonance-induced NOSF is not solely
limited to core—shell particles. It is quite universal in
the sense that it also occurs for homogeneous and
hollow metallic particles, enabling an alternative tool
for optical manipulation of plasmonic particles, which,
like high-refractive-index particles, are usually difficult
to trap by a single gradient trap due to strong forward
scattering force. Figure 4a shows the longitudinal
incident force 'F,, recoil force ®F,, and the total scatter-
ing force F, on a homogeneous Au particle of radius
R =110 nm when it is immersed on the beam axis of a
zeroth-order TM-polarized Bessel beam. It can be seen
that a notable net NOSF can be induced in the range
from 505 to 596 nm, originating from the same physical
mechanism, as can be established from the total
and partial extinction efficiency spectra displayed in
Figure 4b. That is, a net NOSF comes about within
the frequency range of the Fano interference between
the broad dipole mode and the narrow quadrupole
resonance and between the qudrupole and octupole
modes, with the latter coordinated by the broad
dipole state. Compared with Figure 2, the optical force
on the homogeneous Au nanoparticle has a larger
magnitude and the Fano dip exhibits a red shift to
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Figure 4. Same as Figure 2, except that a homogeneous Au
nanoparticle (a, b) and a hollow Ag shell particle (c, d) are
considered. The homogeneous Au nanoparticle has the
radius R; = 110 nm, and the hollow Ag particle has the
empty core of radius R, = 40 nm and the outer radius
R, =90 nm.

A =510 nm because of the larger particle size and
the relatively lower frequency response of surface
plasmons of Au. The NOSF can be easily realized for
the Au particle with a diameter of around one-third
of the working wavelength at the plasmonic reso-
nance, suggesting a promising way to decrease the
forward scattering force that hinders the flexible
trapping of such gold nanoparticles close to the
plasmon resonance frequency.”®

Similarly, the multipolar Fano interference-induced
net NOSF also manifests itself on a single hollow Ag
shell, as typically shown in Figure 4c. For a Ag shell
a remarkable NOSF appears in the range from 400 to
495 nm, with its profile rather similar to that of the
core—shell particle, except that it shows a slight
red shift due to the larger particle size; see the black
line in Figure 4c. The NOSF comes from the recoil
force due to the multipolar Fano interference, as can
be understood by Figure 4d. The extinction spectra
for the hollow Ag shell reveal that the Fano dip is also
attributed to the broad-dipole-mode-intermediated
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Figure 5. Phase diagrams of longitudinal optical force F,
acting on a Au—Ag core—shell nanoparticle (a) and the
corresponding extinction efficiency Q. (b) with respect to
the incident wavelength 1 and the core radius R;, exhibiting
the red shift of the NOSF phase with an increase in particle
radius, in accord with the Fano interference. The optical
force is in units of pN. The outer (shell) radius is fixed at
R, =80 nm. All other parameters are the same as in Figure 1.
The white line denotes the positions of the Fano dip due to
the quadrupole—octupole interference mediated by the
dipole mode, which may serve roughly as a guide to the
eyes for the onset of the NOSF phase for the core—shell
plasmonic nanoparticle when it is illuminated by a zeroth-
order TM-polarized Bessel beam specified in the caption of
Figure 1.

narrow qurdrupole and octupole coupling, as illu-
strated in Figure 4d.

It should be pointed out that in this paper we
work with spherical particles, because the numerical
calculation can be performed to very high precision
based on the generalized Mie theory. For more general
nanostructures, the analysis can be performed within
the framework of multipole expansion, where the inci-
dentterm'F, can be written as a sum of tensor products
of multipoles with multiple gradients of incident fields,
while the recoil term ®F, is a sum of tensor products
of adjacent multipoles.®” Physically, a Fano resonance
corresponds to a simultaneous excitation of mutiple
multipoles. It therefore augments ®F, remarkably in
magnitude, rendering a big opportunity to generate an
NOSF.

The Fano resonance-induced NOSF is characterized
by its adjustability, arising from the flexible tailorability
of the Fano resonance by particle morphology such
as size, structure, and shape. Therefore, it allows for
tailoring the scattering force and adds significantly
to the toolbox of optical manipulation such as size-
selective trapping and sorting on plasmonic particles
and/or nanostructures. Figure 5 gives such an example
by presenting phase diagrams of longitudinal optical
force F, and extinction efficiency Qe with respect
to the incident wavelength and core radius R, for a
Au—Ag core—shell nanoparticle with a fixed outer
radius R, = 80 nm, which are, nonetheless, tailorable
by tuning the radius R, of the Au core. The parameter
space corresponding to the NOSF phase and the phase
of positive optical scattering force (POSF) can be
discriminated in Figure 5a, and, interestingly, a transi-
tion from POSF phase to NOSF phase is discerned,
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Figure 6. Phase diagrams of the longitudinal optical force in units of pN with respect to the incident wavelength and the
particle size for ahomogeneous Au nanoparticle with radius R, (a) and for a hollow Ag nanoparticle with an empty core radius
fixed at R, = 40 nm and an outer radius R, (b). White regions indicate the parameter space for the POSF phase, while colored
regions denote the parameter space to implement the NOSF phase. The tunability of the optical scattering force by particle
size is manifested by the red shift of the NOSF phase with the increase of the particle size. The red region in the upper-left
corner of panel b denotes an NOSF phase resulting from the interference of higher order multipoles up to electric
hexadecapole. The longitudinal optical forces at typical wavelengths of 1 = 570, 600, and 630 nm in panel a and 1 = 490,
520, and 550 nm in panel b are plotted versus particle size in panels c and d, respectively, to illustrate the particle selection
effect of the pulling and pushing forces. All other parameters are the same as in Figure 1.

signifying a reversal of optical action from repulsion
to attraction. A Fano dip corresponding to a variant
Au—Ag core—shell nanoparticle is marked by the white
ling, lying close to the high-frequency side of the NOSF
phase, implying a crucial role of Fano interference for
realizing the NOSF phase, in good agreement with
Figures 2 and 3. One can also observe that the NOSF
phase shrinks and exhibits a red shift as the core
radius increases, in accord with the tendency of the
Fano dip. This core-size-induced shift originates
physically from the plasmon resonances of both
Au core and Ag shell. When the core size is large
enough, the plasmon resonance of the Au domi-
nates the hybridized coupling resonance over the
Ag shell. So an increase of core size leads to a red
shift of the NOSF phase along with the multipolar
Fano resonance, despite the fact that under the
same circumstances the Ag shell has a more intense

CHEN ET AL.

resonance than that of Au.”® On the contrary, as the
core size decreases, a blue shift takes place because
the plasmon mode of Ag plays an increasingly pre-
dominant role in the same situation. The interaction
between the two plasmon modes can be visually under-
stood with the plasmon hybridization method.®° This
typical paradigm indicates that engineering compo-
site plasmonic nanoparticles enables a tailorable Fano
resonance and NOSF phase, thus facilitating optical
manipulation.

The flexible tunability of the Fano interference-
induced NOSF is likewise obvious for other plasmonic
nanoparticles apart from the core—shell ones, as is
illustrated via the phase diagrams of the longitudinal
optical force with respect to the incident wavelength
and the particle size, shown in Figures 6a and b,
for homogeneous Au and hollow Ag nanoparticles.
The white and colored regions in Figure 6 indicate
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the POSF and NOSF phase, respectively. Figure 6a
demonstrates a conspicuous red shift of the NOSF
phase and an enhancement of the NOSF with an
increase in particle size. This comes from the fact that
the plasmon resonance of the Au particle is easily
tuned by particle size, as is the Fano resonance.
The similar phenomenon can also be observed for a
hollow Ag nanoparticle, as shown in Figure 6b, where
the empty core radius is fixed at R; = 40 nm. As the
outer radius R; increases, the NOSF phase also shows
a red shift due to that of the Fano interference. This
tunable characteristic of the Fano resonance-induced
NOSF can be anticipated for other plasmonic nano-
structures.

Interestingly, for the larger hollow Ag nanoparticles,
there appear multiple entrances from the POSF phase
to the NOSF phase, as indicated by the colored region
in the upper-left corner of Figure 6b. The upper NOSF
phase originates from the even higher order Fano
interference up to electric hexadecapole. A similar
phenomenon has also been observed for the trans-
verse optical binding force, where the multiple sign
reversals occur due to the Fano interference between
the dipole and higher multipole modes.>® In addition,
the concept of phase diagrams shown in Figures 6a
and b can be used to implement the particle selection
as illustrated in Figures 6¢ and d for Au and hollow
Ag nanoparticles, respectively. As the NOSF pulls
backward while the POSF pushes forward, particles
with different sizes are expected to be sorted, and
those within a specified size range can be selected. The
mechanism is quite different from the particle sorting
that requires two counterpropagating beams with dif-
ferent incident wavelengths,®' offering an additional
degree of freedom to optical manipulation of plasmo-
nic particles.

Finally, from the experimental point of view, the
heating effect might be an inevitable issue due to
the absorption of metallic nanoparticles®%* The
material absorption induces a temperature increase
of the illuminated particles, which, in high light
intensity, can even yield bubbling of the surrounding
liquid and thus can ruin stable optical manipulation.
To analyze this effect in our situation, we have esti-
mated the temperature rise (AT) on the particle sur-
face by?283

AT = Pabs

= 3
4mRK,y ()

where P, is the absorption power, R is the radius of
the nanoparticle, and K, is the thermal conductivity
of water. For a reliable estimation, we have compared
all the parameters in the present work with the
experimental data®? and retrieved the temperature
increase, AT. For the 80 nm Au—Ag core—shell nano-
particle, 110 nm Au nanoparticle, and 90 nm hollow
Ag nanoparticle considered in Figures 2 and 3, the
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temperature rise (AT) is estimated to be about 100,
300, and 65 °C, respectively, at the frequency where
maximum NOSF occurs. The Au nanopatrticle exhibits
the largest temperature rise due to its large particle
size and strong material loss. Nonetheless, even if AT
reaches 300 °C, explosive boiling is not observed in
the experiment.®® In addition, the stable optical trap
is reported for a larger Au nanoparticle with a radius
of 127 nm’®%* and Ag nanoparticle with a radius
of 138 nm.®> So we may expect the NOSF-based
manipulation to remain feasible. More importantly,
in the present proof-of-concept demonstration,
we have assumed a relatively high intensity to show
a conspicuous effect. For practical application, an
optical force close to 1 pN could still come into play,
which allows for a decrease of manipulating light
intensity by a factor of 8 and thus diminishes the
temperature rise (AT) to about 37 °C even for a
110 nm Au particle that has the largest absorption,
while for the other two cases, AT is around 10 °C.
In this case, the disturbance of the heating effect
on the practical implementation of the NOSF is
expected to be largely eliminated in the aqueous
environment.

CONCLUSIONS

In conclusion, we have theoretically demonstrated
that the Fano resonance provides a powerful way to
tailor the optical scattering force on plasmonic parti-
cles and, in particular, can even induce a net NOSF on
plasmonic nanoparticles when an appropriate incident
optical beam is adopted. In our study, a zeroth-order
Bessel beam of TM polarization serves as an example
for an optical beam to achieve an NOSF, while the
plasmonic particles can be core—shell, homogeneous,
or hollow nanoparticles. The underlying physical me-
chanism of the Fano interference-induced NOSF lies in
the fact that multiple multipoles are simultaneously
excited, which is a signature of the Fano resonance,
substantially enhances the forward scattering via the
Fano interference, leading to a dramatically increased
backward recoil force that beats the forward incident
force. As a result, other nanostructures exhibiting Fano
interference can be expected to undergo a net NOSF as
well, based on a similar physical mechanism. As Fano
resonances have been identified in many fields ran-
ging from atomic physics®*>%° to classical optics, 2’22
the so-induced NOSF is anticipated to be ubiquitous
provided that a suitable incident optical beam is im-
plemented, contributing potentially as an additional
degree of freedom to the development of optical
manipulation. Moreover, one prominent feature of
the Fano resonance-induced NOSF lies in its tunability
brought about by the flexibility in engineering the
Fano resonance through particle morphology such as
size and shape as well as particle cluster configuration.
The flexible tunability of the optical scattering force will
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considerably broaden the application of optical force
in nanomanipulation, in particular, in optical selection,

METHODS

Scattering Energy. For a zeroth-order Bessel beam of TM
polarization with the magnetic field perpendicular to the
propagation direction z, the electric field is given by>”—>°

Ei(o, ¢,2) = Eo|— %ﬁ (kpple, +k—k"Jo(k,,p)eZ el (4)
where E; is the amplitude of the electric field, whereas e,, e,
and e, are three unitary base vectors associated respectively
with the coordinates p, ¢, z of a cylindrical coordinate system
(0.9,2). k, = k sin ac and k, = k cos o are respectively the trans-
verse and longitudinal wave numbers, with o being the cone
angle®® and k the wavenumber in the background medium.
Jox) and J;(x) represent the zeroth- and first-order Bessel
functions. Here the time dependence e’ has been assumed
and suppressed.

In the generalized Lorenz—Mie theory,* the incident electric
field E; is expanded in terms of the regular vector spherical wave
functions®>”” N9, (k.r) and MG, (k,x) with the origin of the sphe-
rical coordinate system (r,6,¢) located at particle center, namely,

Y EolPmnNOoL (K, 1) + Gmn M, (k, V)] (5)

where

n(n+1) (n+m! ©
The partial wave expansion coefficients p,,, and g, for
incident beam field, also known as the beam shape coeffi-
cients,%® have been worked out analytically for general vector
Bessel beams.”®”" When the particle is placed at the beam axis
of a zeroth-order TM-polarized Bessel beam, they reduce to®®

2n+1 (n —m)! /2
an =

Pmn = —PnOmo, gmn = 0 (7)
where
n+11"%
n = [n(n+1)} sin olP,(cos ) (8)

with P,(x) and P’n(x) being the Legendre polynomial and its
derivative, respectively.

The scattered electric field E; from a scatterer is written in
terms of the vector spherical wave functions®®”” N&), and M&),:

MZ

n
E= 3 3 M polamNE D +bmME (] ©)
n=1m=-n
The partial wave expansion coefficients for the scattered
field, a,,, and b,,,, can be obtained from the Mie scattering
coefficients a,, and b, of a spherical particle according to®®

Amn = AnPmn, bmn = anImn (10)
The normalized scattering energy flow is determined by®®

g B0
|Eol
When a spherical particle is positioned at the beam axis of a
TM-polarized zeroth-order Bessel beam, S(6,¢) is independent
of ¢, due to the azimuthal symmetry.
Optical Force. The time-averaged optical force acting on a
particle under the illumination of an arbitrary incident optical
field is calculated by the integration of the Maxwell stress tensor

over the outer surface S of the particle:’>”%%”

5(6,¢) = lim

r — oo

(1m

(Fy = f;i‘-(T) ds (12)
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separation, and sorting associated with plasmonic
nanoparticles.

where (T) is the time-averaged Maxwell stress tensor,”>”® and ¥

is the outward unit normal on the surface S. For a particle in the
lossless background medium, the integration can be performed
at a spherical surface with its radius Ry — oo, owing to the
conservation of momentum. This allows for an explicit ana-
lytical expression in terms of partial wave expansion coeffi-
cients.24%890 When a spherical particle is located at the beam
axis of a zeroth-order TM-polarized Bessel beam, with the use of
eqgs 7 and 10, the longitudinal component of the optical force in
Cartesian coordinates turns out to have a simple and transpar-
ent form:

F,='F, +"F, (13)

where

2.7[80‘E0|2 —

'F, = 7 e > [enl@npnlp}y . 1 +Cn - 1(@npalp; _ 11,

2 oo
— > Re z Cn [(anpn)(a:+ 1P; +1 )]

n=1

(14)

with a, denoting the Mie scattering coefficients®® and the
superscript * representing the complex conjugate. The coeffi-
cient ¢, reads

B n(n+2) 12
= |@entn@n+3)

In eq 14, 'F,, termed the incident force in this paper, is a
product of an electric multipole a,,p,, excited on the particle and
multipole expansion coefficients p,.; for the incident field. It
thus represents the interaction between a multipole and the
incident field. Physically, it comes from the momentum of
incident photons acquired by the particle when it is subject to
illumination by an optical field and is therefore positive definite
(pointing in the direction of light propagation). On the other
hand, RFZ, designated as the recoil force, is a product of adjacent
multipoles, a,p,and a,, 1p,. 1, implying a recoil force stemming
from the interference of incident field excited multipole radia-
tion. It is this recoil term, ®F,, that plays the role of attenuating
the forward scattering force and even gives rise to a negative
optical force,®! while this term is dramatically enhanced at the
Fano resonance due to the simultaneous excitation of multiple
mutipoles.

Finally, it is noted that both 'F, and FF, are scattering
forces when the particle is positioned on the beam axis of a
propagation-invariant beam. In general, 'F, contributes to both
gradient and scattering forces, so it is termed the incident force
rather than the gradient force.
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