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We demonstrate that, in a simple linearly-polarized plane wave, the optical pulling forces on nanoparticle clusters with
gain can be induced by the Fano-like resonance. The numerical results based on the full-wave calculation show that the
optical pulling forces can be attributed to the recoil forces for the nanoparticle clusters composed of dipolar nanoparticles
with three different configurations. Interestingly, the recoil forces giving rise to optical pulling forces are exactly dominated
by the coupling term between the electric and magnetic dipoles excited in the nanoparticle clusters, while other higher-
order terms have a negligible contribution. In addition, the optical pulling force can be tailored by modulating the Fano-like
resonance via either the particle size or the gain magnitude, offering an alternative freedom degree for optical manipulations

of particle clusters.
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1. Introduction

Optical manipulation based on the optical force has been
a subject of intensive research after the pioneering works in
optical trapping (well-known as optical tweezers nowadays)
by Ashkin and collaborators.!'?! Optical tweezers together
with other optical manipulation techniques have become in-
dispensable tools in various research fields such as biology,"!
chemistry*3) as well as physics.!®7] Optical tweezers make
use of the optical gradient force to stably trap particles,
generally confining particles around the maximum of light

1891 The optical scattering force, counterpart of the

[2,10-12 13-16]

intensity.!
gradient force, however, usually propels 1 or pulls!
objects, achieving particle transportation, even along curved
trajectories.!'?! The optical pulling force,!!”!8] a member of
the optical scattering force family, has attracted increasing
attention in the last decade since it offers an opportunity to
present a counterintuitive phenomenon: pull particles against
light propagation. In contrast to the traditional ability of an op-
tical force to trap or propel particles, optical pulling force can
pull particles toward the source and accelerate particles over
a long distance without an equilibrium position defined. In
the past decade, some theoretical and experimental scenarios
have been proposed to achieve optical pulling of complex par-
ticles or structures by various structured light beams besides

conventional homogeneous polystyrene sphere, such as parti-
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cles with chiral, gain, hyperbolic materials via nondiffractive
Bessel beam, Airy beams, solenoid beam, interference of mul-

e.[13-18]1 However,

tiple beams and, even, a single plane wav
these studies are mostly limited to a single particle or dimer,
optical pulling of cluster has yet been observed, although clus-
ter is extremely critical in many subjects including condensed
matter physics, chemistry, biology and so on, in which the
cluster can be used as a model to study properties of extended
systems such as crystals and proteins. ]

In this paper, we focus on exhibiting the optical pulling
forces exerted on the nanoparticle clusters with gain. Clus-
ters discussed here are composed of three, four, or five dipolar
nanoparticles which make up three different configurations. It
is found that, under the illumination of a simple single plane
wave, optical pulling force can be achieved for all three clus-
ters via exciting the Fano-like resonance. The Fano-like res-
onance describing the asymmetric line shape is an extended
notion of Fano resonance, which originates from the origi-
nal work of Fano, characterizing the coupling of a discrete
atomic state with a continuum. 2% Recently, the Fano-like res-
onance has found its application in inducing optical force, but

[21-23

these researches limit in single nanostructure 1 or plas-

[24-26] However, its effect on tailoring the opti-

monic dimer.
cal force on clusters, especially optical pulling of clusters, has

yet to be explored. Here, based on the full-wave calculation
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27 mul-

which combines the generalized Lorenz—Mie theory,
tiple scattering theory!?8! as well as the Maxwell stress tensor
approach, >*! we put forward the optical pulling of clusters at
its Fano-like resonance. Our sufficient numerical results indi-
cate that the optical pulling forces can be exactly attributed to
the interaction between electric and magnetic dipoles excited
in the nanoparticle clusters, which suppresses the extinction
force giving rise to optical pushing force and, finally, pull clus-
ters against light propagation direction. In addition, besides
the adjustable force amplitude through the material gain, the
resonant frequencies for clusters with different particle sizes
present obvious shift, rendering its possible application in op-

tical sorting of different clusters.

2. Results and discussion

Three different configurations illuminated by a single lin-
early polarized plane wave are schematically demonstrated in
Fig. 1, which are considered as examples to present the Fano-
like resonance-induced optical pulling forces in nanoparticle
clusters. The cluster composed of three spheres in Fig. 1(a)
forms an isosceles triangle with a sphere adhered to another
two spheres, whose Cartesian coordinates are (300,350,0) nm,
(0,0,0) nm, and (0,700,0) nm, respectively. The rest two clus-
ters presented in Figs. 1(b) and 1(c) are both symmetric re-
garding x axis with spheres attached to each other. Each com-
ponent particle in clusters is silicon sphere sharing the same
radius R = 200 nm and permittivity. In general, the permittiv-
ity of material can be described as & = g + ig/’ and its imag-
inary part £ < 0 denotes the material gain.[*%3!! The gain is
(32341 ¢/ — (A /47)NS,, where A is the illuminat-

ing wavelength, & is the emission cross section and N is the

given by

concentration of E; ions. As a proof-of-concept demonstration
of the optical pulling, we take & = 12.6096 —0.51 for different
wavelengths in our theoretical calculations, whose gain can be
kept constant by adjusting the & and N in experiments. In
this paper, we assume that the irradiance of the plane wave
is Iy = 1.0 mW/um? and the background is vacuum. Based

on the generalized Lorenz—Mie theory,*’]

multiple scatter-
ing theory,?8) and Maxwell stress tensor approach,?°! one
can obtain the optical forces exerted on clusters composed of
nanospheres with arbitrary configurations. Let us recapitulate
the expression of optical force exerted on a cluster of N par-
ticles. In our cases, we focus on the longitudinal component
of the optical force F, along the light propagation direction,

which reads[28-33-36]

N oo

4meoE} n
F, = neo —>CR GZZ Z [c1fi+c2fa], (1)

j=ln=1m=—

where k and g are the wave number and permittivity in
background, respectively. Ej is the amplitude of the elec-
tric field, which can be derived by the irradiance through
Io = |Eo|?/(2Zy), with Zy being the wave impedance of back-
ground. The constant coefficients c; and c; are given by
m
n(n+1)’
nn+2)(n—m+1)(n+m+1) 1/2
2= { (1t 1220+ 1)(2n13) ] @

while the f| and f> dependent on the scatters and incident op-

Cc] =

tical field can be formulated as
1 . s
= L (o8t + o).

fr = ) ) +b(1) pI* > (G%LP%L]

= m n+1 mn=mn+1

m,nPm,n
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The superscript * denotes the complex conjugate. aﬁ,{?n
and bf,{>n are the scattering coefficients for j-th particle, whose
relationship between the expansion coefficients of the total op-
tical field imping on the j-th particle (pﬁ,,’)n and qﬁ,,’)n) presented
later, can be bridged by the Mie scattering coefficients ag,j ) and
b of the j-th particle®”!

asin = a piih, bl = b g, )
with
) 1 o () 1% ()] =i () [ jn (m )

2 (1) ) : /
ums ju (mjx;) [thn (xj')] —Hjhn " (xj)mjxjjn (mjx;)]
_ —Wjn (x ) [mjx/Jn (m]x])],

b,(lj)* Wjjn (mjx;) [x)jn (x; )}
Hjjn (m,-xj)[x,-hﬁl) (xj‘)} —uhﬁ, ) (xj)[m X jn (mjxj)]’

bl

&)

where [xf(x)]" denotes the derivative with respect to x. (i)
is the relative permeability of background (particle j). x; =
k;R; is the size parameter of particle j with R; being the ra-
dius of particle j. m; = k;/k indicates the relative refractive

(1)

index of the j-th particle. j, and h, ’ are, respectively, the

spherical Bessel function of the first and third kinds. p,(,{>n and
q,(,{y)n in Eqgs. (3) and (4) are the expansion coefficients of the
total optical field imping on the j-th particle in terms of vector
spherical wave function.*”] The total optical field imping on
the j-th particle consists of two distinct parts: firstly the ini-
tial incident wave striking the whole cluster, and secondly the
sum of the scattered wave from all other particles except the

considered particle j. The expansion coefficients can thus be

given by 38!
IN) o v
7 _ (j)_( l b() u (g
pm,n—Pm,n Z Z auV mn ] + MVB _n(7.]) 9
I#j v=1lu=—v
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1#j v=1u=—v
(6)
where P,E{ 21 and Qﬁ,{)n denote the expansion coefficients of the

e,139]

initial incident wave, while the rest represent all the scat-

(L J)

and Bl (1, j) are the translation coefficients, ™) referring to

tered fields from all other particles except particle j. A

the mathematical process that translate the expansion center

of each particle [ to that of the considered particle j.

(a) 1% (d) 17
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Fig. 1. Schematic illustration of clusters composed of three (a), four (b), and
five (c) nanoparticles, respectively. The incident optical field is a linearly-
polarized plane wave propagating along the positive z direction. Clusters are
located in the xoy plane with radius R = 200 nm for each constituent particle.
We next calculate the F, exerted on clusters demonstrated
in Fig. 1 based on the force formulations presented in Egs. (1)-
(6). The results are shown in Figs. 2(a)-2(c) for different clus-
ters corresponding to those in Figs. 1(a)-1(c), respectively.
For all three cases, one can see that the Fano-like resonances
come into play roughly around A = 1500 nm in the range de-
noted by the two dashed reference lines, which results in re-
markably enhanced optical pulling forces with F, < 0. The
asymmetric Fano-like resonance line shapes are mimicked by
the spectrum of total extinction efficiencies Qeyt, as presented
by the red lines in Figs. 2(a)-2(c). For clusters illuminated by

a single plane wave, the Q¢ can be evaluated according to (40]

Qext = Cext/(Nn'Rz)a (7)

with

4r
Cex; = ﬁ Re

%) o
rx, Z (Pl + 0} ®)

Also, we see from Figs. 1(a)-1(c) that the optical force on
the cluster composed of four particles is the weakest by com-
paring with the ones of three and five particles. This is be-
cause the four-particle structure has a smallest cross section
Cpr7[4l]
rection of light propagation is proportional. In addition, one

to which the magnitude of the optical force in the di-

can roughly find that the structures of the three clusters gener-
ating the optical pulling force share the following same char-
acteristics. First, these structures can exhibit a Fano-like in the
illuminating wavelength. Second, all particles constituting the
structures lie in the same plane that is perpendicular to the di-

rection of light propagation and they do not have a crossover

in the propagation direction. Third, the structures are sym-
metric with respect to the axis normal to the direction of both
the light propagation and the electric field polarization. These
properties can be treated as a reference to generate the optical
pulling force on other clusters.

To trace the physical origin of the optical pulling force,
we decompose the optical force into the extinction force 'F,

and the recoil force RF;, which can be expressed as!!?]

F.='F.+RE, )

o (piald +aihald)

() ()=

vea (dl el + il + ol ) |

(10)
AmegEr Yoo & .
vp - Ry Y Y {cl (ahtld)
j=ln=1m=—n
2 (athal, + ol ) } : (an

The extinction force !F, is proportional to the polarizability,
stemming from the coupling between the multipoles excited
in particles and the incident field. It can be physically un-
derstood from the process that particles in the light path will
intercept the light and then an extinction force will be exerted
on the particles due to the optical momentum transfer. The
recoil force RFZ, however, has quadratic dependence on the
polarizability, arising from the coupling between various mul-
tipoles excited in particles with the physical picture that recoil
will occur by light re-emitted by the oscillating multipoles.
The expressions of extinction force !F, and the recoil force
RE. can thus be easily derived by, respectively, splitting the
linear and quadratic terms of Mie coefficients in Eqgs. (1)—(3).
Figures 2(d)-2(f) present the decomposed results 'F, (orange
line) and RF, (pink line) for different clusters in Figs. 1(a)—
1(c), whose optical forces have been shown in Figs. 2(a)-2(c)
and reproduced in Figs. 2(d)-2(f) by black lines for clarity.
One can observe that, for all three clusters considered in this
paper, the extinction forces !F, are always along the propaga-
tion direction with IFZ > (0. At the Fano-like resonance, the
recoil forces RF, surpass the extinction forces 'F;, leading to
the optical pulling with F; < 0. It is worth noting that the
Fano-like resonance-induced optical pulling force is the result
of the collective interaction of all particles in clusters, whereas
it can not occur for an individual particle due to 'F, > RF, in

our case.
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Fig. 2. The z component of the optical forces and the extinction spectra for different clusters (a)-(c) corresponding to those in Figs. 1(a)-1(c), respectively.
(d)—(f) The z component of decomposed optical forces corresponding to panels (a)—(c).
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Fig. 3. The near-field plots of the z component of the electric field and the x
component of the magnetic field for the cluster composed of five particles at
the wavelength A = 1525 nm. All the other parameters are the same as those
in Fig. 1(c).

A more deep understanding about the underlying physics
of the optical pulling can be achieved through distinguishing
the coupling between various multipoles, termed as different
coupling channels here. After careful investigation, we find
that the recoil forces can be thoroughly traced to the lowest
coupling channel from the interaction between electric and
magnetic dipoles, viz. Fyy, as indicated by the overlap be-
tween the cyan line and pink line in Figs. 2(d)-2(f). Contri-
butions from all other coupling channels referring high-order
multipoles, viz. Fyper presented by the green line in Figs. 2(d)-
2(f), however, can be ignored. The formulations for F,, and
Fother are expressed as

47 E2 N 1 . N
Fn=——30Re Y ¥ ¥ e (ailhili),  (120)
j=1ln=1m=-1
dregER
Fother = — 2 g
N oo n . . . .
X {Re 21 21 193 (aﬁr'z]%a%ﬁl +b£r'z],)nb£r{,>n*+1>
J=ln=1lm=—n
N o n . .
+ReY Y Y ¢ (af,{,)nbn{j ) } : (12b)
j=ln=2m=-n

An intuitive demonstration of the excitation of the electric
and magnetic dipoles can be visualized by the near-field pat-
terns as shown in Fig. 3, where the cluster composed of five
particles is just given as an example. One can roughly observe
that the z component of the electric field and the x component
of the magnetic field suggest the excitation of the electric and
magnetic dipoles in the cluster due to the collective contribu-
tion from each particle.

The Fano-like resonance-induced optical pulling force
can be agilely tailored owing to the flexible adjustability of the
Fano-like resonance through particle properties. The particle
size and material gain of each constituent particle for cluster
composed of five particles shown in Fig. 1(c) are considered as
typical examples here. Figures 4(a) and 4(b) demonstrate the
spectra of the optical forces as well as extinction efficiencies
for various clusters with different particle sizes. It can be ob-
served in Fig. 4(a) that the optical pulling forces exhibit a red
shift as the particle size increases, following shift tendency of
the resonance of the extinction efficiencies shown in Fig. 4(b).
The crucial role of the Fano-like resonance in inducing op-
tical pulling is thus suggested, in agreement with the results
in Fig. 2. It should be also noticed that the maximum of the
optical pulling forces always occurs around A /R = 7.6, one
can therefore selectively pull clusters of different particle sizes
with an appropriate operating wavelength. Furthermore, the
optical forces and the corresponding extinction efficiencies for
the cluster composed of five nanoparticles with different gains
are also calculated in Fig. 5. One can see that the emergence
of the optical pulling forces for different gains lies always in
the range around the Fano-like resonance. With increasing the
gain from —0.4 to —0.55, the pulling force is significantly
enhanced, while the optical pushing forces exhibit nearly no
graphically discernible difference, as illustrated in Fig. 5(a).
It is therefore concluded that the Fano-like resonance-induced
optical pulling force can be flexibly tailored through both the
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particle size and gain, providing alternative degrees of free-
dom to manipulate particle clusters.
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Fig. 4. The z component of the optical forces (a) and the extinction spectra
(b) for the cluster composed of five nanoparticles with different radii. All
other parameters are the same as those in Fig. 1(c).
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Fig. 5. The z component of the optical forces (a) and the extinction spectra
(b) for the cluster composed of five nanoparticles with different gains. All
other parameters are the same as those in Fig. 1(c).

3. Conclusions

We have demonstrated that, using the full-wave calcula-
tion, the Fano-like resonance can induce the optical pulling
forces on different nanoparticle clusters with gain immersed
in a plane wave with linear polarization. It is revealed that the
Fano-like resonance-induced optical pulling force comes en-
tirely from the recoil force, which is mostly dominated by the
interaction between electric and magnetic dipoles while other
higher-order coupling channels have a negligible contribution.

Besides, the Fano-like resonance-induced optical pulling force
can be flexibly tailored by both the particle size and gain, it
thus may find application in optical sorting and separation of
particle clusters. As Fano or Fano-like resonances are widely
occurred in various systems such as plasmonic structures and

s,[427441 the Fano-like resonance-induced opti-

photonic device
cal pulling force is expected to be universal for other systems

exhibiting Fano or Fano-like resonances.
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