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Fano-enhanced pulling and pushing optical force on active plasmonic nanoparticles
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We demonstrate tunable pulling and pushing optical forces on plasmonic nanostructures at plasmon singularity
and Fano resonance. The plasmonic nanostructure containing a spherical core with optical gain and a metallic
shell shows much larger optical pulling force than a pure gain sphere. When the size of the nanostructure is beyond
the quasistatic limit, one can obtain large field enhancement and giant pulling force at the emerged quadrupole
mode. The introduction of an optical pump compensates the dissipative loss from the metal shell, thus enabling
strong coupling between a narrow quadrupole mode and a board dipole mode, giving rise to Fano resonance. The
giant negative forces originate from the reversal of the electric field at Fano resonance, which leads to pulling
forces on bound currents and charges. Meanwhile, the separation of the Lorentz force helps to reveal the nature
of the pulling forces in the gain system. We have shown that by applying the Lorentz force density formula,
it is possible to obtain the correct value of the force inside our complex inhomogeneous structure made up of
dispersive and lossy metamaterial irrespective of the electromagnetic momentum density. Our results provide a
practical way to manipulate nanoparticles and give deep insight into light-matter interaction.
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I. INTRODUCTION

An object is usually pushed by electromagnetic waves [1]
due to the fact that the scattered radiation cannot be unidirec-
tional. In general, the momentum transferred to the object is
more than that scattered by the object in the propagation of
plane waves. To obtain pulling force, one may reduce the input
momentum or increase the forward scattering [1]. Employing
optimized multiple plane waves with oblique incidence angle
[2] one can reduce the input momentum along the z axis while
maximizing the forward scattering. Instead of using multiple
plane waves, Chen et al. [3] proposed to realize optical pulling
force via a Bessel light beam, which can project less photon
momentum along the propagation direction and increase the
forward scattering by the interference between multipoles of
the particle. A proper Bessel beam can pull desired particles
along both transverse and longitudinal directions as a tractor
beam [4-8], and very recently other types of tractor beams
have been demonstrated by using a Gaussian beam [9] or
a chiral light [10]. Optical solenoid beams also possess the
capability to exert a pulling force on microscopic objects
[11]. In addition, light fields with phase gradients [12],
optical vortices [13,14], or nonuniform helicity [15] can be
exploited for optical manipulation in alternative approaches.
These proposed optical beams have promising applications in
optical capture, transport, and sorting various objects, such
as biological molecules and living cells [16—-18]. However,
complex beams have their limitations in the amount of control
that can be exerted. Due to unintended intensity variations [11]
or short working distances [9], objects can be dragged only for
several micrometers. In addition, it is still a big challenge to
experimentally generate strong nonparaxial Bessel beams or
uniform solenoid beams.
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While it is usually considered impossible to attract particles
with a uniform electromagnetic plane wave, linear momentum
of light can be amplified and shows a pulling force when scat-
tered from a lower refractive index medium into a higher one
or passing through an object with gain [19,20]. For an active
system due to the momentum conservation, a tiny negative
optical force is exerted on the stimulated gain medium that
scatters extra momentum in the forward direction. However,
it is difficult to stably manipulate particles with small optical
forces because of their susceptibility to Brownian motion [21].
Enhanced optical forces were found on nanoparticles at the
localized surface plasmon resonance [22,23]. Hence, similar
effects are expected at gain-assisted surface resonances and
plasmon singularities. Meanwhile, plasmonic nanostructures
are good candidates to sustain various plasmon resonances
[24]. The interaction between resonances in a nanoscale
plasmonic system may give rise to Fano resonances, which
were observed in both symmetric [25,26] and asymmetric
[27] nanostructures. Due to their unique inherent sensitivity,
Fano resonances have promising potential applications in
ultrafast switches and chemical sensors [28], all-optical light
modulation [29], and sorting nanoparticles [30-32].

In this paper, we report enhanced optical pulling and
pushing forces on an active plasmonic nanosphere around
the Fano resonance. The active nanostructure is composed of
an active core and a metallic shell. This type of plasmonic
lasing nanostructure also features a low plasmonic lasing
threshold [33]. When a uniform plane wave is incident upon
the coated nanoparticle, the pulling force can be much larger
than that exerted on a single active sphere [19] due to the
field enhancement in the nanostructure. By tuning the volume
fraction of the gain core, the subradiant quadrupole mode can
be redshifted to couple with the superradiant dipole mode,
giving rise to Fano resonances. Remarkably, the pulling
force can be enhanced by two orders of magnitude due
to the strong field enhancement and the dominant negative
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FIG. 1. (a) Schematics of the core-shell nanosphere in vacuum
with plane wave incident from left. The core is made of gain material
by encapsulating fluorescent dye molecules (small blue particles)
into the dielectric material. (b) The normalized forces on gain sphere
(p = 1), Ag sphere (p = 0), and coated active sphere with p = 1.5%.
Parameters are b = 20 nm and the pump rate is [pymp = 1.5%10% 571
In all the calculations, the intensity of incident light is normalized to
I mW pum=2.

Lorentz force on bound currents and charges at the Fano
resonance.

II. RESULTS AND DISCUSSION

We consider a core-shell nanosphere with an active (gain)
core and a subwavelength plasmonic (metallic) shell, sur-
rounded by a homogeneous medium [see Fig. 1(a)]. The
relative permittivity of the metallic shell (Ag) is described by
the modified Drude model [34]. The corresponding parameters
for the Ag shell are o, = 5.0, bulk plasma frequency w, =
9.5eV, and the reciprocal electron relaxation time for bulk
', =0.076eV.The gain effect of the sphere core can be
realized by semiconductor material or dye molecules with
external pumping [35]. In this paper, we model the gain
material as a four-level atomic system, such as fluorescent
dye molecules [36,37],

O, (t21 — TIO)Fpump &
0 +iAw,0 — a)g 1+ (132 + 121 + T10) T pump €0 ’

(D

where ¢, = 2.05 is the relative permittivity of the dielectric
host medium, o, = 1.71x 1077 C? /kg is the coupling strength
of the polarization density to the electric field, 7;; is the
lifetime of the transition from state i to the lower state j, with
71 = 3.991ns, 135 = 1190 = 100 fs. The center emission angular
frequency is w, = 27w c/A., with angular frequency linewidth
Aw, = 2wcAA, /)\5. We assume a high concentration for
the density of dye molecules as Ny = 8x10'® cm™> and the
pumping rate ['yump = 1.5% 107571,

Firstly, we consider the small coated nanoparticle in the
Rayleigh range, where the incident wavelength is much larger
than the dimension of the coated particles. For a nonmagnetic
Rayleigh nanoparticle, the time-averaged optical force is
written as [19]

g =28+

(F) = 1KE; Im(), )

= SkE},
where the wave vector k = ke, = 2w . /¢, / o€, (em is the

relative permittivity of the host medium), Ej, is the electric
field amplitude of the incident plane wave, and « is the electric

PHYSICAL REVIEW A 96, 043826 (2017)

@ - (b)

Imaginary part
%

Real part
---- p=0.5%
— p=2.5%

Force (pN)

1
—_
1

Re(€e) and Im(Ee)

310 320 330 340 310 320 330 340
A (nm) A (nm)

FIG. 2. (a) Optical forces and (b) corresponding equivalent per-
mittivities of the coated particles as a function of incident wavelength.
For Rayleigh particles, the enhancement and sign transition of the
optical forces can be explained in view of the particle’s equivalent
permittivity.

polarizability including the radiation correction [38],

2 ko,
a=a, | —iz ¢ , 3)
3 4mepen,

where o, is the approximate static polarizability of the core-
shell nanoparticle [39],

» (&5 — em)(ec +28¢) + p(ec — &5)(Em + 2¢5)
(85 + 28,,1)(86 + 285) + ZP(Ss - gm)(gc - 8&)
“

with the volume fraction p = a3/b>. In addition, &, and &, are
the relative permittivities of the core and the shell.

According to Eq. (2), we calculate the optical force in the
direction of wave propagation acting on the coated particle
by a uniform plane wave Ej, = Epe’*e~1“'¢,. For simplicity,
the background medium is assumed to be air, and we shall
use low-power incident light so that the thermal effect on
the particle can be neglected. As shown in Fig. 1(b), for
coated nanospheres, two resonant peaks for the pushing forces
are found at A, = 318 nm (bonding plasmon resonance) and
A_=350nm (antibonding plasmon resonance) due to the
interaction between the sphere and cavity dipole modes, and
the long-wavelength resonant peak exhibits a redshift in com-
parison with that for the single Ag sphere (p = 0). All those
can be understood within the hybridization model for nanoshell
structures [40]. It should be noted that the large optical pulling
force arises between the bonding plasmon resonance and anti-
bonding plasmon resonance, and the pulling force can be about
70 times larger than that of a pure dielectric gain sphere (p =
1). To verify the approximate theory, we also perform numeri-
cal calculations with full-wave Mie theory and good agreement
is found around the range in which pulling force appears.

In Fig. 2(a), the optical force is plotted as a function
of the incident wavelength for various volume fractions p.
For small volume fractions (p < 0.5%), no pulling force
exists in the studied wavelength region. The particle can
generate more power in the core with the increase of volume
fraction. When the generated power overcomes the scattering
forward force, the particle undergoes a pulling force [19].
For p = 2.5%, one achieves the maximal negative force near

o, =4mwepe,

)
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A_ ~ 318 nm. After that, the optical force decreases with the
increases of the core’s volume fraction. The high sensitivity of
optical force on volume fraction is due to inherent sensitivity
of Fano resonance, which is induced by the interaction
of bonding plasmon and antibonding plasmon [41]. Small
changes in the structure or material of core-shell particles
will lead to dramatic variation in optical force. Hence, one
could optimize the core-shell particle’s structure parameters
or external pumping to realize optical manipulation. To under-
stand the enhancement and sign transition of optical forces,
we check the corresponding equivalent permittivity &, =
eslec(1 +2p) + 2e,(1 — p)l/[ec(1 — p) + &2 + p)] of the
active coated nanoparticle, as shown in Fig. 2(b). It is
evident that the maximal negative force results from the
surface plasmon resonance and the plasmon singularity. In
the Rayleigh limit (ignoring the radiation correction), we we
approximate the optical force as
3 8//
(F) = SKEj —————.
2 (8/ + 2) + 8//2
with &./e, = ¢ + ie”. The optical force is expected to be
enhanced at the surface plasmon resonant condition &’ = —2.
For metallic material, the resonance shape is broadened by its
loss ¢” > 0. However, by introducing the gain in the particle,
the loss may be reduced or even overcome. Then at plasmon
resonance, the effective loss of a coated nanoparticle is either
quite small (¢” — 0) or becomes an equivalent gain medium
with ¢” < 0, which can exhibit large pushing force or pulling
force at the plasmon singularity, respectively. Additionally,
we also investigate the roles of nonlocal effects for small
particles (not shown in the figures), and find that nonlocality
only slightly reduces the field enhancement and blueshifts
the resonance frequencies, and the value of optical forces on
core-shell spheres is robust to spatial dispersion.

For larger particles, higher-order eigenmodes (such as
quadrupole and octupole) arise and interfere with the dipole
modes [28]. In this situation, the dipole approximation is not
accurate anymore. Precise calculations of optical forces for
large spheres can be performed by using Maxwell’s stress ten-
sor (MST) 7' = 1/2(goen EE + 1o, HH) — 1/4(g0¢,, |E|> +
woitm | HI?)I, where E and H are the total fields obtained by
Mie theory. Then the time-averaged force on the nanoparticle
is the integration over any surface o surrounding the total
coated particle [4,42],

®)

(F) = / (T - m)ds (6)

where n is the normal outwards direction to the surface o.

As is shown in Fig. 3(a), a large particle has similar results
to a small one, except that additional resonances arise from
higher-order modes (such as quadrupole modes at about A =
457 nm). The plasmon response of this core-shell nanostruc-
ture can be easily understood by the hybridization model [43].
The hybridization between a dipolar sphere and shell plasmons
gives rise to a superradiant plasmon mode and a subradiant
plasmon mode. Usually the quadrupole mode is suppressed
due to the significant optical losses from metal shell. However,
the dissipative optical loss can be compensated or even
overcome by introducing gain materials into the system [44].
Once the structure becomes nondissipative or weakly dissipa-
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FIG. 3. (a) Optical forces on large particles with a = 50nm
and b = 60nm. Insets are the electric field distributions when the
particles are under pulling force. (b) Three-dimensional distributions
of the Poynting vector’s magnitude and Poynting vector lines
when the pulling force reaches its maximal value at A = 457 nm.
The streamlines demonstrate the trajectory of some representative
Poynting distribution showing the emitted energy flow from the
particle. The black arrows show the direction of the Poynting vectors.

tive, anomalous light scattering may arise around quadrupole
resonance with a narrow and giant line shape [45]. The narrow
quadrupole mode interferes constructively and destructively
with the broad dipole mode, giving rise to Fano resonance. As
is shown in Fig. 3(a), the optical forces are increased with the
increase of optical pumping at the Fano resonance, and even
flip its direction when the pumping rate reaches the threshold
Tpump = 0.8x10° s7'. The E fields are greatly enhanced at the
surface of the sphere and show the typical quadrupole pattern.
Huge excited energies are transferred to the surface plasmon
and radiate out like a “lasing spaser” [33,46]. When the
generation of power in the core-shell particle is larger than that
of scattering from the particle, the light amplification by gain
particles leads to the pulling force [19]. Note that the maximal
pulling force is about two orders larger than that of a single gain
particle. In Fig. 3(b), the Poynting vector lines clearly show
that energy flow radiates from the gain structure. Two vortices
are formed at the backward side of the particle (represented by
yellow lines) due to the strong interaction of the radiated and
incident waves. Around the vortices, the streamlines rotate up
or down from the xz plane. This counterdirection propagation
cancels most of the field momentum [47] in the backward
direction. In contrast, radiation in the forward direction (white
lines) is emitted without the appearance of vortices, which is in
favor of increasing forward linear field momentum and hence
realizing large pulling forces.

Although far-field scattering of the objects could shed
some information on the optical force [1], it is hard to
explain quantitatively the origin of the pulling force. Besides,
stimulated emission of radiation in the gain system can
be overwhelmingly larger than the scattering intensity. The
direction of total force has little correlation with the far-field
scattering. Compared to the above MST method by the
application of the momentum conservation theorem, it is
more fundamental to calculate the radiation pressure on an
object directly using the Lorentz force [48]. The momentum
contributions can be separated into forces on bound currents
and charges (F}) and on free currents (F.) [49]. In this paper,
we only consider nonmagnetic materials, so the bound current
density from the magnetization V x M and the magnetic charge
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density —V - M are zero. Then the two parts of the Lorentz
force density f;, and f. can be reduced as follows [49],

f, = 1Re[eg(V - E)E* — iweg(eg — DEXB],

1 . (7

f. = ;Re[we;ExB*],
where * represents the complex conjugate of a quantity and
eg (gy) is the real (imaginary) part of the relative permittivity
in the core or shell. The first and second terms of f;, are the
force contributions from bound electric charges and bound
electric currents, respectively. The total Lorentz force on the
core-shell nanostructure is the sum of the integration of f; and
f. over the whole structure. In the following, we use the finite
element method (COMSOL MULTIPHYSICS V.5.0) to obtain the
Lorentz force and verify the results from Mie theory by the
MST method.

In a lossy system, the force density on the bound electric
charges and currents f;, can be positive or negative depending
on the polarization P at that position. The force density on
free currents f, is a pushing force because the incident light
attenuates and transfers momentum to free currents in the lossy
media [50]. However, in a gain medium the light is magnified
and produces extra momentum to the free currents, resulting
in negative f.. When the magnitude of F.. is larger than F,, the
total force will become a pulling force and drag the particle
towards the light source. This also explains why there is a
threshold gain for a gain sphere to be pulled by a plane wave
[19]. If the particle has the same real part of the permittivity as
the background media, there will be no bound electric charge
or current at the boundary. Then f, disappears and the threshold
gain vanishes as well.

Core-shell nanostructures have the advantage of low-
threshold pumping in realizing plasmon stimulated emissions.
Dipole surface plasmon modes in the metallic shell can be
excited in this core-shell nanostructure enhancing the electric
field in the gain core [33]. However, with the increase
of pumping rate, the metallic losses from the shell are
compensated around the quadrupole resonance, making the
strength of the quadrupole mode comparable to that of the
dipole mode. Then the narrow, dark quadrupole mode will
couple with the broad, bright dipole mode, giving rise to a
Fano resonance. As is shown in Fig. 4, the induced bound
force F, is dominant, while the force on free currents is
basically negligible. When the pumping rate is increased, the
field intensity is greatly increased around Fano resonance.
However, the enhancement of optical force does not come
from the force on free currents in the gain core (the force
on free currents of the core remains the same), but from the
large force f;, on the metal shell. This is easy to understand:
The bound current density J, = 0P/dt = —iwep(e — 1)E is
increased with the enhanced E field. Large f, corresponds to
a large local polarization density.

Further increasing the pumping rate, the quadrupole mode
and dipole mode will interact destructively above Fano
resonance. More interestingly, the optical force on core-shell
particles will not only be greatly enhanced, but also reverse
its direction around Fano resonance. By tuning the pumping
rate, one could switch the pulling force and pushing force on
active plasmonic nanoparticles. Similar to the pulling-pushing
effect on a tapered fiber by photophoretic force [51], external
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FIG. 4. Forces on a core-shell nanostructure (¢ = 50nm and
b = 60nm) for different pumping rates. The total Lorentz forces
are divided into two parts: Fj, and F,, respectively. The results from
the Lorentz force show good consistency with the results from the
MST method. The observable divergence may be due to the vast
spatial variation of Lorentz force density when the field intensities
are greatly enhanced.

pumping may provide an alternative way to transport nanopar-
ticles back and forth. The interference of two radiative modes
generates a very complex near-field distribution, presenting
optical vortices of energy flow ExH* inside the nanoparticle
[45]. The handedness of the optical vortex is reversed due to the
change of interaction ways from constructive to destructive.
From Eq. (7), one can see that the magnitude and direction of
energy flow can alter the force density on induced currents, and

below Fano resonance: above Fano resonance:

| 130

- -130

Max

X

L»z

Min

FIG. 5. The distributions of Ex (a,b) and charge density (c,d)
at the surfaces of core-shell particles around Fano resonances.
The below-Fano resonances (I'pump = 0.7 10° s7!) and above-Fano
resonances (I'pump = 1.1x 10°s~") correspond to the resonances in
Fig. 4. The arrows represent the direction of induced current.

043826-4



FANO-ENHANCED PULLING AND PUSHING OPTICAL ...

therefore change the direction of total force. Figure 5 shows
the induced charge distribution and current distribution below
Fano resonance and above Fano resonance, respectively. Both
induced bound charges at the core-shell surfaces and induced
current inside the particle flip around Fano resonance, leading
to the reversal of fj,.

III. CONCLUSION

In conclusion, large optical forces are demonstrated on
both small and larger nanostructure particles with gain.
Pulling and pushing optical force can be switched in different
plasmonic modes by controlling the incident wavelength.
Large enhancements of negative optical force are achieved
at the plasmon singularity and Fano resonance. The giant
negative force mainly roots in the Lorentz force on bound
currents and charges of the metallic shell. Note that the
numbers of dye molecules in the core are estimated to be
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sufficient to have random distribution of gain elements [46].
One could optimize the parameters such as the concentration of
dye molecules, the external pumping, and the volume fraction
to realize optical manipulation. Our work may give deep
insight into the mechanism of pulling force in gain systems
and offer an effective way to obtain large negative forces for
nanomanipulation.
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