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It is of particular importance to bridge nanophotonics and nanomechanics by utilizing near-field-induced
gradient forces to manipulate dielectric objects. On the basis of the finite-difference time-domain method, we
theoretically study nanocavity-resonator-induced optical forces on different dielectric nanorods. The optical
system consists of a nanorod which is optically coupled to a photonic crystal slab with a predesigned L3
nanocavity that has a resonant mode of high-quality factor Q ≈ 104 and small modal volume 0.1 µm3. Tunable
attractive and repulsive (bipolar) optical forces on the nanorod are discovered, which crucially depend on the
size of the nanorod and its separation from the slab. The magnitude of the force is revealed to be on the order
of 103 pN with source irradiance I ) 10 mW/µm2 for a nanorod of size around 200 × 100 × 100 nm3 at a
separation d ) 100 nm. The results are compared with those by the Rayleigh scattering approximation, which
suggests that the optical force is dominated by the gradient force due to the strong local field around the
nanocavity. We further demonstrate the optomechanical stability of the system. Such a system provides a
promising integrated on-chip platform for all-optical operation of nanomechanical devices.

I. Introduction

It has been a lengthy pursuit to harness a weak light force to
maneuver tiny nanomachines and to utilize the pushing effect
from solar photons, which can possibly provide necessary
driving energy during interplanetary travel. Over the past
decades, many simulations and experiments show the great
potential of such bridges between nanophotonics and nanome-
chanics, by using concentrated light to manipulate semiconduc-
tor or biological objects in nanoscale, at high precision and
accuracy.1-7 Recently, a tunable optical force is experimentally
achieved in several optomechanical systems,8-11 while current
on-chip exploitation of the optical force still lacks a highly
localized light source, which can enable near-field optical
manipulations operating under different circumstances.

The idea that nanocavities of photonic crystal slabs (PCSs)
can provide an optical trap effect is preceded by an optical
tweezer, which is regarded as a cornerstone in atomic and
condensed matter physics and in biology instruments. Optical
tweezers were first proposed by Ashkin and later greatly
developed in biology,6,7 using the concentrated gradient potential
nature of a tightly focused laser beam to trap small particles,
virus, or bacterium cells ranging in size from several microme-
ters to a few hundred nanometers. However, the manipulation
of objects with smaller size demands much stronger confinement
of light beyond the normal diffraction limit. Due to the ease of
design and fabrication, PCS nanocavities are a promising
candidate for the next generation of near-field optical tweezing,

as they provide a highly compacted and easily “accessible”
optical mode in nanoscale.12-19 The strongly confined electro-
magnetic field inside the cavity leads to an enhanced light-matter
interaction, which gives the possibility of ultrasmall laser, optical
switching, chemical sensing, and nanoparticle micromanipula-
tion. Such cavities can also be applied in fluidic systems,20 where
the fluid fills the cavity or flows in the vicinity of the cavity,
thereby modifying the refractive index; rather rigorous consid-
erations for such a system include complex drag forces and
velocity effects.21

The first near-field optical potential distribution in a PCS
cavity was reported in 2006 by Rahmani et al.12 Calculations
have shown that, for such structures, the electromagnetic field
is tightly confined within a specific region, which could lead to
a strong optical gradient force on small particles. However, the
way to manipulate dielectric objects using the near-field-induced
gradient force still remains largely unexplored. In this article,
we consider such a PCS nanocavity with a very high resonant
quality factor (up to Q ≈ 104), where the mutual optical
interaction between the cavity’s resonant mode and the dielectric
particle is no longer negligible. The presence of the particle
affects the optical resonant mode and therefore the gradient
potential in the vicinity of the PCS, which would pull or push
the particle to a possible equilibrium position. Through eva-
nescent wave (near field) coupling, there is a strong optical
interaction and momentum exchange between the nanoparticle
and the PCS nanocavity. It is worth mentioning that such a
cavity-enhanced optical force was observed in a microdisk
coupled to a waveguide ring, showing an extraordinary opto-
mechanical effect.3 As also shown by Koenderink et al. in
numerical simulations,13 the insertion of a dielectric-tip probe
slightly tunes the eigen-frequency of an ultrahigh-Q nanocavity
and reduces its quality factor. Our simulations will show that,
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in the presence of nanoparticles, a resonant-frequency shift less
than 1.4% is introduced into the cavity mode and the highest
quality factor change is around 9% (without considering lateral
radiation loss).

II. Model

The system under consideration consists of a nanorod made
of a high-refractive-index material (e.g., conjugated polymer
with dielectric constant ε ) 25) on top of a PCS with the
separation distance below 140 nm, as shown in Figure 1a. In
all the calculations, the nanorod height (dimension along the
y-axis) is kept at 200 nm and the radius of its cross section
varies from 60 to 100 nm. A cavity (L3 cavity) is designed in
the PCS (ε ) 11.56, thickness t ) 180 nm) with three
consecutive air holes of radius r ) 60 nm at the center of a
periodic hexagonal lattice (lattice constant a ) 200 nm) filled
up (absence). Song et al. first showed that an ultrahigh-quality
factor Q in such a PCS L3 cavity can easily be obtained by
shifting the neighboring two air holes on the cavity edges to
achieve a smooth electric field distribution, greatly reducing the
vertical radiation loss.16 Photons are then strongly confined in
the PCS cavity for all the propagation directions, when the Bragg
reflection conditions are achieved in the lateral directions. Since
then, the L3 (and likewise) cavity aroused great interest in
improving the Q-factor of a cavity in PCS and the structure is
now utilized in picosecond light pulse application17 and in cavity
quantum electrodynamics of semiconductor quantum dots that
couples to such PCS cavities.18,19 L3 cavity structure is now
still one of the best options for obtaining ultrahigh Q for certain
resonances and can be easily fabricated and have been widely
adopted over many nanodevices.21 Many exotic phenomenaslike
vacuum Rabi splitting, reflectivity, and transparencyshave been
observed in such PCS cavities.22 In our case, the cavity’s end-
edge hole shifting distance is 40 nm (see Figure 1a) and the
simulated cavity optical mode (see the mode pattern in Figure
1b) has a resonant frequency ωa/2πc ) 0.246 (wavelength
λ ) 813 nm), quality factor Q ≈ 104 with modal volume V )
0.1 µm3 (smaller than the fundamental limit (λ/2n)3). The
correspondent line width is ∆λ ≈ 0.12 nm. The dielectric
nanorod is optically coupled to this resonant mode, which is
excited by an external source at the resonant frequency.

The finite-difference time-domain (FDTD) technique23,24 is
applied to calculate the distribution of the Poynting vector and
then to obtain the optical radiation pressure on the nanorod,
which can be decomposed into the scattering and gradient forces.
The FDTD technique divides space and time into rectangular
Yee grid, discretizing Maxwell’s equations with first-order
accuracy.23,24 Standard perfectly matched layers (PMLs) are used
at the computational boundaries, providing absorbing boundary
condition in the z direction. We use the FDTD-based Maxwell’s

stress tensor algorithm for the force calculation and analysis.25

According to the conservation of momentum, Maxwell’s stress
tensor σik of an object with volume V and surface area A in an
electromagnetic field satisfies the relationship26,27

where Pi represents the coordinate component of the total
electromagnetic field’s Poynting vector and nk the normal unit
component. Note that the optical mechanical force comes from
the variation of the object’s Poynting vector ∂P0i/∂t. The rigorous
stress tensor on the object reads

where ε and µ are the medium’s permittivity and permeability,
respectively. Similar to 2D objects like nanowires and nano-
tubes, which extend uniformly (translational invariant) in one
direction, the optical force for the nanorod is Fi ) dPj0i/dt )
∫σj iknk dA ) ∆SjiLxLy/c, which can be compared to the Rayleigh
approximation.28 The relationship is valid when the surrounding
medium is air. The differential Poynting vector ∆Sj is obtained
by comparing the components of the electromagnetic vectors
inside and outside the nanorod over several time cycles along
(E, H) grid points in the region of interest,29 thereby representing
the change of the electromagnetic energy flow. From Figure
1a, we expect that the energy flow in the PCS plane (xy plane)
is conserved. Also, it should be symmetric along the axis of
the nanorod along the y direction and will not contribute to the
optical force components. Therefore, it is much easier to obtain
the optical force when the nanorod is elongated. In such cases,
by virtue of symmetry in the system configuration, forces in
the +x and -x and +y and -y directions cancel each other
out; only the force along the z direction remains finite. The
geometry of the system and arrangement of he nanorod ensures
that there is only vertical (i.e., z-axis) force exerted on the
nanorod.

III. Numerical Results

Figure 2 shows the typical Poynting vector strength in the
nanorod-nanocavity system. The Poynting vector fields rep-
resent the energy flow in the system and indicate the radiation
pressure on the nano-objects. For the drawing consideration of
symmetry, we added another nanorod in -z direction. Then,
the Poynting vector of the system is symmetric in all the
directions.

Figure 3 shows the averaged force density distribution in the
plane of the nanorod’s cross section (xz plane). The detailed
geometry and other parameters can be found in the figure
caption. The sharp ridges of some regions in the figure illustrate
the force density of these areas is higher, and the profile lines
below the center plane shows repulsive force. As for nanorods
at two different separations, the side profiles of the optical force
are symmetrical with respect to the x axis and asymmetrical
about the z axis, which results from the mode profile (see Figure
1b) of the resonant mode in the PCS cavity and gives a net
force in the z direction.

Figure 4 shows the distribution of the optical potential in the
3D space when the optical frequency of the nanocavity is fixed

Figure 1. (a) Schematic graph showing the system of a nanorod
coupled with the cavity of a PCS. Notice the system axis z is
perpendicular to the slab (xy plane) in the figure. (b) The profile of
electric field component Ex of the fundamental L3 cavity mode. The
electrical field is normalized by the maximum value of Ex.

∂

∂t ∫Pi dV +
∂P0i

∂t
) -∫ σiknk dA (1)

σik )
δik

2
(ε0ε|E|2 + µµ0|H|2) - ε0εEiEk - µµ0HiHk

(2)
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at 369 THz (wavelength 810 nm), which is ideal for high-speed
MEMS operation of mechanical resonance oscillation.30 The
results in this figure are for the case in which the radius of the
nanorod is r ) 100 nm and the nanorod-cavity separation is
increased from d e 20 nm (as in Figure 3) to d ) 130 nm. The
magnitude of the optical potential is normalized to the maximum
absolute value. Note that the repulsive potential (light blue in
color) dominates in the area between the bottom of the nanorod

and the surface of the PCS. On the top z-section of the nanorod,
there is an energy ball that provides most heavy trapping
potential (red in color) in the system. The position of trapping
ball also manifests the asymmetric distribution of optical force
along the z-direction as shown in Figure 3. For nanorods of
different locations and/or sizes, the balanced optical potential
is different and determines whether the attractive or repulsive
optical force emerges. As the separation between the nanorod
and PCS decreases, larger area of repulsive potential is observed.
We also notice that the air holes of the PCS always have
attractive potential when the separation distance and nanorod
size change.

The detailed calculations for the separation and size-dependent
forces are shown in Figure 5a. For clearance, the separation in
the coupled system is as defined in Figure 5b. If the separation
is reduced to d ) 10 nm, the nanorod (r ) 100 nm) will
experience a strongly repulsive force (for convention, a positive
sign stands for an attractive force since the -z direction toward
the PCS as depicted in Figure 1a). Further calculations show
that, when the nanorod is closer to the slab surface, the optical
mode of the PCS cavity will be deteriorated, this is as expected
according to the relationship31 1/Qtot ) 1/Qcavity + 1/Qcoup, where
Qcavity is the quality factor of the isolated nanocavity and Qcoup

Figure 2. Three-dimensional distribution of the normalized Poynting vector in the coupled nanorod and PCS system, which represents the energy
flux when photons are injected into the cavity. The grayish surface in (a-c) is to visualize vector field for its directional structure in one cutting
plane using line integral convolution algorithm. (a) Projection of the Poynting vector on the cross-sectional plane of the PCS (xy plane) using a line
integral convolution algorithm.29 (b) Projection of the Poynting vector on the cross-section of the nanorod (xy plane). (c) The Poynting vector’s
projection on the cross section of the PCS (xz plane). (d) The volume rendered Poynting vector distribution.

Figure 3. The side profile of the optical force per unit volume,
distributed on the nanorod’s cross section (xz plane). The irradiation
source power is 10 mW/µm2 in the nanocavity region. (a) The
geometrical parameters are nanorod radius r ) 100 nm and the
separation distance from the PCS surface d ) 20 nm; (b) the geometry
is changed to r ) 80 nm and d ) 10 nm. The positive value of force
shows the attractive exertion on the nanorod toward the slab, and vice
versa.

Figure 4. Distribution of the normalized electromagnetic energy in
the coupled system. An attractive optically induced potential ball is
formed in the top part of the nanorod. Here, k is the Boltzmann constant
and T the room temperature.

Figure 5. (a) Optical force as a function of the distance d between
the nanorod and the PCS, as schematically shown in (b). The error bar
is not shown on the diagram, and it is within 5% of the value displayed.
The main error comes from the grid point selection for the force
distribution in the vicinity of the nanorod after the FDTD simulations.

17172 J. Phys. Chem. C, Vol. 113, No. 39, 2009 Jian et al.
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the optical coupling, which increases dramatically as the nanorod
approaches the PCS cavity (i.e., as d decreases). Thus, by
exploiting the optical force characteristics, a nanorod with a
large radius r g 100 nm can be trapped so that it floats on top
of the PCS considering its gravity which is an order of
magnitude smaller than the optical force. For further increased
separation, the nanorod does not disturb the optical mode much
and the force becomes attractive. The force will eventually go
to zero when the separation distance is large enough. However,
for a smaller nanorod with radius r e 60 nm (notice that the
air hole has radius of 60 nm), the force characteristics are quite
reversed (see Figure 5a): when it approaches the PCS cavity,
there is an increased attractive force and the nanorod will
eventually enter the air holes of the PCS. It is then expected
that the resonant cavity mode would be influenced dramatically;
however, the mode could still survive. For such nanorods,
polymer dispersed materials like fluidic liquid crystals can be
used to seal the air holes to prevent them from disturbing the
optical mode,32,33 which would slightly change the refractive
index of the PCS. Finally, the optical cavity mode is found to
be completely degraded when nanorods with an intermediate
radius between 60 and 100 nm approach the PCS cavity well
below d ) 30 nm. For example, as seen in Figure 5a, the force
curve for the case of r ) 80 nm drops quickly to zero as the
nanorod is either too far or too close to the PCS. Applications
using the observed bipolar force features for differently sized
nanorods are numerous, such as cell/DNA isolation, molecule
sieving,34 and local sample preconcentration.35 We note that the
mechanism for bipolar optical forces here is different from that
for whispering-gallery mode induced ones in dielectric particles,
which are excited by an evanescent wave.31

With a bipolar optical force observed, we go one step further
to analyze the origin of such attractive and repulsive forces from
another perspective: if we treat the nanorod as a dielectric
waveguide, its effective index will also change when the photon
frequency shifts. Even though the operating wavelength is much
longer than the size of the nanorod, the resonant mode of the
cavity can result in a heavily modulated field near the nanorod.
The closed optical system has the following dispersive relation-
ship36 (∆ω)/(ω) ) (∆λ)/(λ) ) -(∆n)/(ng), where ∆n is the
effective index change and ng ) c[(∂k)/(∂ω)] is the group index
of the waveguide. It is well-known that the separation distance
can possibly induce a sign change of the effective index in the
waveguide.3 Therefore, both negative and positive forces can
be obtained with different guided modes.

As mentioned above, the optical force exerted on the nanorod
is similar to that from the Rayleigh scattering approximation,
which is valid when the particles are much smaller than the
light’s wavelength such that its optical response can be regarded
as a simple dipole. For our case, the average length scale of the
nanorods is about 100 nm, which is much smaller than the
wavelength of light used here (more than 800 nm), so we can
invoke the Rayleigh approximation to better understand our
results. In the Rayleigh limit, the gradient force is given by
Fscat ) [(R)/(2)]∇|E|2, where R is the polarizability factor of
the nanoparticle.37 For a particle with cylindrical-like structure,
the polarizability factor of the gradient force is38,39

Plugging the specific dielectric constant of nanorod into the
above equation, we have R ≈ εV. Here, N is the depolarization

factor, n the refractive index of the nanorod, and V the volume
of the nanorod. Figure 6 shows the optical gradient force
distribution when the nanorod approaches the PCS. The yellow
arrows in the figure show in detail the complex gradient force
behavior around the air holes of L3 structure in the PCS. It is
shown that optical energy with the strongest gradient is in the
area of nanocavity and the air holes.

Finally, we evaluate the stability of the coupled nanorod-cavity
system. In order to analyze this system, we calculate the force
required to move the nanorod that sits at a particular position.
First, we assume that the nanorod floats on the top of the slab
in the equilibrium state and we treat the whole system as a
closed one. Then, the nanorod is perturbed downward by a small
distance ∆d, which is regarded as an adiabatic process: both
the absorption mechanisms in the constituent materials of the
PCS and the radiation loss are ignored. During this process,
the optical frequency of the cavity will simultaneously be
changed by ∆ω if a particular mode is present. The electro-
magnetic energy U is the dominant factor inducing the me-
chanical force because the energy conservation condition results
in the required force on the nanorod39

We use the quantum nature of photons in the derivation
process of the equations. The initial energy of the closed system
is from the injected photons into the PCS cavity and can be
estimated as U ) Nppω, where p is the reduced Planck constant,
Np the total number of photons which are initially in the
nanocavity, and pω is the energy per photon. Figure 7 shows
the results of the nanorod’s shifting force. The scale of the
shifting force is in the order of ∼µN, which is far greater than
typical optical force (in the order of pN). The stability of the
coupled system is thus revealed. The nonlinear relationship
between the optical force and spatial displacement shows the
opt-mechanical effect due to the exceptional cavity figure of
merit (Q/V), which would give rise to an asymmetric transmis-
sion spectrum when the light penetrates the nanorods.

The energy conversion efficiency of the mechanical control
over the nanorod is another factor of our interest, which is also
an important issue for the optomechanical coupling. The location
of the nanorod can be controlled and manipulated by slightly
adjusting the optical frequency of the nanocavity, such as in
resonance Raman process and deformable Fabry-Perot optical

R ) 2
3

πε0V( n2 - 1

1 + N(n2 - 2)) ≈ 2π(n - 1)ε0V )

2π∆nε0V (3)

Figure 6. The magnitude and direction of the gradient force around
and inside the PCS. The components of R∇|E|2 are projected on the xz
plane. Parameters: PCS thickness, 180 nm; air hole diameter, 60 nm;
nanorod radius, 80 nm; and distance from the PCS surface, 20 nm.

F ) -∆U
∆d

) -U
ω

∆ω
∆d

(4)
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cavity.41 The energy efficiency in our system is determined by
the high electromagnetic coupling mechanism between the
nanocavity and the nanorod. So, increasing the absorption and
transmission of photons in the nano-object by evanescent wave
coupling is a good method to enhance the total energy
conversion.

IV. Discussion and Conclusion

We have reported the possibility of using nanocavities of
PCSs (photonic crystal slabs) in manipulating, sorting, and
selecting dielectric nanoparticles. The force on the nanoparticles
mainly originates from the cavity-enhanced optical dipole force,
due to a Fabry-Perot-like resonance in the nanocavity. The
system demonstrates a tunable and reconfigurable all-optical
coupling. Our optomechanical device can also be used as low-
power monitoring and sensing device such as chemical detector,
which can maintain its functionality with high robustness. It
can further be used to mechanically control the miniaturized
optical elements which are frozen in the circuits. We have also
carried out a detailed analysis on the relationship between the
optical force and the size of the nanoparticle, and justified the
equilibrium and stability of the system.

In summary, we have studied a coupled nanorod-nanocavity
system and found tunable, bipolar optical forces. Such interac-
tions form the foundation for the operation of a new class of
light force devices and circuits. The use of a high-Q nanocavity
resonance as a near-field optical maneuvering tool is beneficial.
The optical cavity could enhance the robustness and reconfig-
urability of an opto-mechanical system, enabling spatial control
of optical force over a flexible geometrical structure. The
adaptive nanocavity resonator also introduces an important
relationship between the localized photon energy and the system
configuration, which stabilizes a nanoparticle and can be used
to monitor nanophotonic components. Future extensions of this
work could be on different kinds of nanorods, such as metallic
or gradient nanowires, nanotubes, and doped nanoparticles,40-45

in an attempt to enhance the coupling efficiency through
intensifying the evanescent field strength and coupling ef-
ficiency. The sensitive optical force response to the geometric
structure in the strongly coupled system indicates that the
nanocavity has the ability to adapt to the environment in a
complex nanoelectromechanical system.
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