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Based on the three-dimensional dispersive finite difference time domain method and Maxwell stress tensor equation,
the optical trapping properties of nanoparticle placed on the gold film with periodic circular holes are investigated numeri-
cally. Surface plasmon polaritons are excited on the metal-dielectric interface, with particular emphasis on the crucial role
in tailoring the optical force acting on a nearby nanoparticle. Utilizing a first order corrected electromagnetic field compo-
nents for a fundamental Gaussian beam, the incident beam is added into the calculation model of the proposed method. To
obtain the detailed trapping properties of nanoparticle, the selected calculations on the effects of beam waist radius, sizes
of nanoparticle and circular holes, distance between incident Gaussian beam and gold film, material of nanoparticle and
polarization angles of incident wave are analyzed in detail to demonstrate that the optical-trapping force can be explained
as a virtual spring which has a restoring force to perform positive and negative forces as a nanoparticle moves closer to or
away from the centers of circular holes. The results of optical trapping properties of nanoparticle in the vicinity of the gold
film could provide guidelines for further research on the optical system design and manipulation of arbitrary composite
nanoparticles.

Keywords: surface plasmon, periodic circular holes, optical trapping force, Maxwell stress tensor, gold film
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1. Introduction

Since the Ashkin et al.’s pioneering work on trapping a
dielectric microsphere by using a single focused laser beam,[5]

optical trapping and manipulation of particles have been
widely used in different areas of science, particularly in re-
search of the optical trapping properties of surface plasmon
polaritons (SPPs) due to their advantages of high precision
and sensitivity,[1–4] It has recently been used to manipulate
nanoparticle near the gold film with periodic structure. Due
to their noninvasive and noncontact advantages, the significant
phenomenon of surface plasmon polaritons (SPPs) have been
widely used in various areas of science,[6,7] such as plasmonic
optical tweezers toward molecular manipulation[8] and surface
plasmon radiation forces.[9] The SPP refers to evanescent sur-
face electromagnetic excitation that occurs on metal-dielectric
interface[10,11] and have an ability to significantly improve the
interaction between light and target at controlled resonance
wavelength, which means that the optical trapping force act-
ing on a nanoparticle in the vicinity of periodic structure gold
film can be remarkably amplified[12] compared with the opti-
cal tweezer’s optical trapping force acting on trapping and ma-
nipulating nanoparticles.[13–20] Accurate prediction of optical
trapping force exerted on nanoparticles placed on the gold film

which can excite SPPs induced by the illumination of Gaus-

sian laser beam enables a better understanding of the physi-

cal mechanism of light–matter interaction, and may offer im-

portant applications in contact-free manipulation of nanopar-

ticles. However, the investigation of optical trapping proper-

ties induced by periodic structure is rarely performed, which

requires more effective methods to investigate the optical trap-

ping properties of nanoparticle near the complex structures ac-

curately and reliably.

Surface plasmon polaritons play a crucial role in tailor-

ing the optical force acting on a nearby nanoparticle, which

means that the optical trapping force can be tailored by chang-

ing the structure of the gold film under different conditions.

This in turn enabled us to study the new aspects of specific

applications[21–23] and investigate the interaction between sur-

face plasmon polaritons and complex structure. Over the past

few years, considerable research effort has focused on the op-

tical trapping properties of particle in the vicinity of an optical

surface. The lateral optical force properties of chiral parti-

cles and circularly polarizable particles next to a surface were,

respectively, studied with an illumination of plane wave by

Wang and Chan[24] and Rodrı́guez-Fortuño et al.[25] Beside,

Petrov et al. found that the optical pulling force can be as-
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sisted by SPPs for a nearby particle.[26] Shalin and Sukhov

utilized plasmonic amplification for accelerating and trapping

the nanoscale particles.[27] Righini et al. investigated the par-

allel and selective trapping properties in a patterned plasmonic

landscape.[28] In addition, the optical trapping force properties

of a nanoparticle in the vicinity of the metallic substrate with

an illumination of Gaussian beam were studied by Ivinskaya

et al.[29] Although considerable effort has been devoted to in-

vestigating the properties of optical trapping forces exerted on

particle next to a surface, few studies have focusing on the

nanoparticle in the vicinity of gold film with periodic struc-

ture irradiated by a Gaussian beam, especially when the gold

film has periodic circular holes.

To solve the problem of achieving nanoscale localization

and find the unique optical trapping properties of SPPs, plas-

monic tweezers require the introduction of auxiliary structures

that can excite highly confined electromagnetic fields.[30–34]

The finite difference time domain (FDTD) method is a pow-

erful and well-known technique to calculate electromagnetic

fields around the nanostructures, especially when the nanos-

tructures have complex and arbitrary geometries. Accord-

ing to the advantages of the finite difference time domain,

this method is used to reliably analyze the electromagnetic

fields when research targets are too complicated for analytical

approaches.[35,36] With the development of the FDTD algo-

rithm, once the FDTD computing model is set up accurately,

it will have wide applications and become a reliable tool for

investigating the properties of composite optical system. Con-

sequently, the calculation model of nanoparticle in the vicinity

of the gold film with periodic circular holes is established by

using three-dimensional (3D) dispersive FDTD method. The

periodic circular holes are filled with SiO2 material. To accu-

rately calculate the radiation pressure in arbitrary direction for

the composite structure, the discrete Maxwell stress tensor is

added into the calculation model by performing an appropri-

ate conversion according to the theory of the radiation force,

which is based on the foundation of theoretical analysis with

taking advantage presented by many researches for the radi-

ation pressure forces exerted on a spherical particle given by

Gouesbet and Gréhan,[37] and Ren et al.[38,39]

In the present article, the effects of the various parame-

ters on the composite model are investigated in detail in or-

der to obtain the analytical results. Figure 1 shows the main

schematic diagram of the present investigations. The mean-

ings of the parameters used in our study will be discussed in

detail in Section 3.
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Fig. 1. Schematic diagram of spherical nanoparticle placed on gold film
with periodic circular holes: (a) Full view and (b) sectional view.

2. Establishing the calculation model
2.1. Theory of Maxwell stress tensor in FDTD

To calculate the radiation pressure of nanoscale targets
in near-field, we generalize the conservation law for momen-
tum by using 3D FDTD method, which can only consider the
momentum changes without taking into account the shapes of
targets. In the computational field, the composite gold film
and dielectric nanoparticle will reflect and refract the light,
and the changes in photon momentum around the nanoparti-
cle will induce a force exerted on this particle. As a conse-
quence, when the electromagnetic field in the entire area of
FDTD model is correctly calculated, the electromagnetic field
around a nanoparticle or the other targets can be utilized to
calculate the radiation pressure by using the law of momen-
tum conservation. The conservation law of total momentum
of a system can be expressed as[40]

𝐹 =
∫

V
𝑓 dτ =−

∮
S
𝑇 · n̂dS. (1)

The radiation pressure acting on the charge system in the total
electromagnetic field equates the surface integral of Maxwell
stress tensor 𝑇 over the area S that is around the target. Ac-
cording to the 3D FDTD method of electromagnetic calcula-
tion, the Maxwell stress tensor 𝑇 can be expressed as

𝑇 = ∑
i j

(
ε0εr𝐸+µ0µr𝐻

2
𝛿i j − ε0εr𝐸i𝐸 j −µ0µr𝐻i𝐻 j

)
, (2)

where 𝐸 and 𝐻 are respectively the vector of the electric field
and magnetic field intensity in free space of FDTD model; i
and j respectively represent the x, y, and z directions; 𝛿i j is
the unit stress tensor; ε0 and εr are respectively vacuum per-
mittivity and relative permittivity; µ0 and µr are, respectively,
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vacuum permeability and relative permeability. To obtain the
properties of optical trapping force exerted on a nanoparticle
in the total electromagnetic field, the radiation pressure which
is along each of three axial directions in a certain integral area
should be calculated.[40]

By combining the above theoretical basis, the optical
trapping force along the x axis can be expressed as

Fx =
b1

∑
m=a1

d1

∑
n=c1

(
− ε0εrE2

mn +µ0µrH2
mn

2

+ε0εrE2
xmn +µ0µrH2

xmn

)
∆y∆z. (3)

The trapping force along other two axial directions can also be
obtained similarly, as follows:

Fy =
b2

∑
m=a2

d2

∑
n=c2

(
− ε0εrE2

mn +µ0µrH2
mn

2

+ε0εrE2
ymn +µ0µrH2

ymn

)
∆x∆z, (4)

Fz =
b3

∑
m=a3

d3

∑
n=c3

(
− ε0εrE2

mn +µ0µrH2
mn

2

+ε0εrE2
zmn +µ0µrH2

zmn

)
∆x∆y, (5)

where ∆x, ∆y, and ∆z each are the 3D discrete grid space step
in the calculation model of FDTD. For the convenience of
FDTD calculation, a specific rectangle boundary surrounding
the nanoparticle in the plane parallel to x = 0 plane is taken
in formula (3). The [a1,b1] and [c1,d1] are, respectively, the
projected interval in y-axis and z-axis of the rectangle bound-
ary. The m and n in formulas (4) and (5) are the rectangle
boundaries which are similar to those in formula (3).

According to this theoretical basis, the optical trapping
force along arbitrary direction can be calculated by sampling
the electromagnetic field on the cube boundary surrounding
the nanoparticle in 3D FDTD calculation model. This is
very promising as a fundamental theory to calculate the op-
tical trapping force exerted on a nanoparticle in the near-field,
which makes full use of the advantages of the FDTD method.
The optical trapping force on arbitrary nanoparticle in the
vicinity of the complicated structure can also be accurately
calculated and investigated by using this method.

2.2. Model of full-space dispersive FDTD with Gaussian
beam incidence

This paper establishes a composite model of a nanoparti-
cle in the vicinity of the composite gold film with periodic cir-
cular holes by using 3D dispersive FDTD method with Gaus-
sian beam incidence. A first order corrected electromagnetic
field components for a fundamental Gaussian beam can be ob-
tained from Ref. [41]. The electromagnetic field component
expressions of incident Gaussian beam are suitable for FDTD

iteration with appropriate conversion, which can be obtained
as follows:

Ex = E0ψ0(x,y,z), Ey = 0, Ez =−2Qx
l

Ex, (6)

Hx = 0, Hy = H0ψ0(x,y,z), Hz =−2Qy
l

Hy. (7)

In the above for

ψ0(x,y,z) = iQexp
(
−iQ

x2 + y2

w2
0

)
exp(ikz), (8)

where Q = 1/(i +2z/l), with l = kw2
0 and w0 being the beam

waist radius, and k is 2π/λ . In the 3D FDTD method, for-
mulas (6) and (7) can be added to the connection boundary
of computing space, which is different from the conventional
plane wave connection boundary condition in the calculation
model.

In this paper, the basic iterative framework for the 3D
FDTD method is compiled based on C++ programming. To
solve the problem of gold dispersion, the recursive convolution
method of Drude dispersive medium for the FDTD analysis is
used.[42,43] For the FDTD simulation, the perfectly matched
layer (PML) is used as the absorbing boundary to eliminate the
possible errors due to the light reflections from the outer grid
boundaries. The outer grid boundaries are used to simulate
the infinite space with limited space in the FDTD calculation
model. The theoretical basis of the FDTD method can refer to
Refs. [44]–[48]. Based on the theory of Subsection 2.1, a cube
boundary surrounding the nanoparticle is used to sample and
bring the value of electromagnetic field into formulas (3)–(5)
for optical trapping force with arbitrary direction. To illustrate
our method, figure 2 shows the primary calculation model.

PML

PML

P
M

L

P
M

L

incident
Gussian
beam

target
(single particle)

gold film with periodic circular holes 

Fx Fy

Fz

cube boundary
(sample the 

electromagnetic field)

Fig. 2. Sectional view of 3D dispersive FDTD model.

3. Results of our numerical calculation
In this paper, the variable parameters of the composite

structure are shown in Fig 1. Lx and Ly denote the size of
the gold film; Lz represents the thickness of the gold film; w0
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is the beam waist radius of incident Gaussian beam; d is the
distance between the waist center and gold film; R and r are
respectively the radius of circular hole and nanoparticle. The
distance between contiguous centers of circular holes can be
expressed as L. For the incident Gaussian beam with linear
polarization, our research focuses on the case of vertical inci-
dence, and polarization angle of incident wave is α . The in-
cident Gaussian beam is assumed to be symmetrically located
in the central zone of gold film. The center of the structure
coincides with that of the incident Gaussian beam in actual
investigation. In all our calculations, the power of incident
Gaussian beam going through the focal plane is P = 100 mW.

3.1. Numerical confirmation of the SPPs excitation

To test the calculation model and validate the accuracy
of the computations, the results are selected to compare with
those of different incident wavelengths provided by the same
calculation model in this paper. The distribution of the mag-
netic field component Hz on the gold film is shown in Fig. 3
which proves the correctness of SPPs excitations. The results
are obtained at different incident wavelengths (λ = 0.588 µm,
λ = 0.6328 µm, λ = 0.808 µm, and λ = 1.064 µm) to prove
the correctness of SPPs. For the simulation, the size of the
gold film is fixed, i.e., Lx and Ly are both 1048 nm, Lz is
20 nm, L and d are, respectively, 212 nm and 175 nm; radius
r and the refractive index of the dielectric nanoparticle that is
placed on the gold film in air are 40 nm and (1.55,0), respec-
tively; the polarization angle of incident Gaussian beam is 0◦

(electric field is directed along the x axis); the radius of cir-
cular hole R is 32 nm; the beam waist radius w0 is chosen to

be 450 nm; the size of the discrete grid in the FDTD method
is λ/158. The reason why these parameters are used is that
they satisfy the condition of numerical dispersion stability of
the FDTD method and the resonance condition of SPPs. Fig-
ure 3(b) shows that the magnetic field component Hz around
the sides of circular holes along the y axis is significantly am-
plified by the structure of the gold film. This is the direct nu-
merical confirmation of SPPs’ excitations in the y direction.
This gold film with periodic circular holes will support the
SPPs’ propagation. For the dielectric nanoparticle on the film,
the SPPs’ propagation will have a significant influence on the
manipulation of this nanoparticle.

Figure 3 shows that the magnetic field component Hz on
the edge of the gold film is not strong. This happens because
the beam waist radius of the incident wave is limited, and the
beam waist radius is smaller than the length of the gold film.
Figures 3(a)–3(d) show that the distribution of the magnetic
field component Hz is far less than that of the magnetic field
component Hz in Fig. 3(b). Under these wavelength condi-
tions, the structural parameters of the gold film are not suffi-
cient for SPPs’ excitation. So SPPs are excited when incident
wavelength is λ = 0.6328 µm. To more clearly illustrate the
excitation of SPPs, figure 4 shows the optical response of the
gold film with periodic circular holes. This indicates that the
scattering intensity of the composite gold film is significantly
amplified when the wavelength is about λ = 0.6328 µm. Once
the electromagnetic fields have been obtained by using the
FDTD method, the properties of optical trapping force acting
on the nanoparticle can be studied, which will be discussed in
detail in Subsection 3.2.

x

yz

Magnetic field component Hz

field distribution at 
off resonance condition
(different wavelengths) 

magnetic field component Hz
magnetic field component Hz

magnetic field component Hz
magnetic field component Hz

resonance condition of 
SPPs

(a) (b)

(c) (d)

-1.930T104

-1.549T104

-1.168T104

-7.870T103

-4.060T103

-2.500T102

3.560T103

7.370T103

1.118T104

1.499T104

1.880T104

λ=0.588 mm

λ=0.808 mm λ=1.064 mm

λ=0.6328 mm

Fig. 3. Vertical view of distribution of magnetic field component Hz on the gold film for (a) λ = 0.588 µm, (b) λ = 0.6328 µm, (c) λ =
0.808 µm, and (d) λ = 1.064 µm.
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To better illustrate the interaction and relationship be-
tween SPP and periodic structure gold film, the distribution
of the magnetic field component Hz on the gold film under
the resonance condition of λ = 0.6328 µm is presented in
Fig. 5 using some parameters the same as those used in Fig. 3.
To give readers a better understanding, the plots of vertical

view and full view of SPPs on the gold film are presented in
Figs. 5(a) and 5(b), respectively. Figure 5 shows that the SPPs
are controlled by the periodic circular holes of gold film. The
magnitude plots for the magnetic field are presented. This in-
dicates that the electromagnetic field which occurs on the gold
film around the circular holes is significantly amplified. The
interaction between incident wave and the gold film with pe-
riodic circular holes causes the SPPs to change. This change
is determined by the structure parameters which are connected
with the radius of circular hole. This result in turn enables us to
tailor the optical trapping force by changing the structure pa-
rameters of gold film, which will be discussed in detail in Sub-
section 3.2. In addition, the incident Gaussian beam allows us
to control the circular hole that can excite the strongest SPPs.
Hence, the optical film system with Gaussian beam incidence
plays a crucial role in determining the overall performance.

After obtaining these results, we can investigate the op-
tical trapping properties of nanoparticle placed on the gold
film and understand the internal physical characteristics bet-
ter, which means that this paper can provide a more effective
method to simulate the properties of optical film system.
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Fig. 5. (a) Vertical view and (b) full view of distribution of magnetic field component Hz on gold film.

3.2. Manipulation of nanoparticle placed on gold film with
periodic circular holes

To find the properties of single nanoparticle in the vicinity

of the gold film, figure 6(a) shows the optical trapping force of

single nanoparticle and single nanoparticle placed on the gold

film with and without periodic circular holes. The horizon-

tal coordinate y in Fig. 6(a) is the transverse distance between

nanoparticle and the incident beam. The position of nanopar-

ticle in the x direction is x = Lx/2. Figure 6(b) shows the

characteristic of optical trapping force exerted on nanoparti-
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cle placed on the film with periodic circular holes. Due to

the space symmetry of the research problem, it is clear that

Fx is zero on condition that nanoparticle moves in the y direc-

tion. The trapping force Fy on condition that the nanoparticle

moves in the y direction with a polarization angle of 0◦ will

have the same properties as Fx on condition that the nanopar-

ticle moves in the x direction with a polarization angle of 90◦.

The nanoparticle will be manipulated to move toward the gold

film and bound on the surface, which implies that the property

of lateral optical trapping force Fy in horizontal direction is

more intriguing in this paper. Consequently, in this paper we

mainly investigate the trapping force Fy. The incident wave-

length is λ = 0.6328 µm. The beam waist radius of incident

Gaussian wave is w0 = 250 nm. The other parameters in Fig. 6

are the same as those used in Fig. 5.
To better investigate the manipulation of nanoparticle in

the vicinity of the gold film, it is necessary to first validate
the accuracy of the FDTD calculation model developed in this
paper. The black dot in Fig. 6(a) represents the optical trap-
ping force of single nanoparticle, obtained from the general-
ized Lorenz–Mie theory under the same parameters.[37–39] As
expected, our results from the FDTD calculation model are in
excellent agreement with those from the generalized Lorenz–
Mie theory. This consistency can verify the validity of our
theory and codes, which indicates that the accuracy of the
conditions of Maxwell stress tensor and Gaussian beam in the
FDTD calculation model is verified. When various conditions
of FDTD method are set up and correct, this calculation model
can be applied to a number of research problems, and the cal-
culation model in this paper can be used for in-depth research
in the following.

In Fig. 6(a), for the case of nanoparticle placed on the
gold film without periodic circular holes, it is of interest to note
that there is an opposite optical trapping force exerted on the
nanoparticle compared with the scenario for the case of sin-
gle nanoparticle. This indicates that the interaction between
incident wave and gold film has an effect on the manipula-
tion of nearby nanoparticle, and the gold film without periodic
circular holes plays a crucial role in changing the scattering
field of nanoparticle. For the case of nanoparticle placed on
the film with periodic circular holes, there is a unique optical
trapping force exerted on the nanoparticle. Optical trapping
force is significantly larger than those in the other cases, and
the optical trapping force Fy exerted on the nanoparticle is tai-
lored by the structure of gold film, indicating that the SPPs are
controlled by periodic circular holes under the illumination of
Gaussian beam. To give our readers a better understanding, in
Fig. 6(b) we depict the characteristic diagram of optical trap-
ping force Fy, which is presented by the solid line with trian-

gles in Fig. 6(a).
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Fig. 6. Single nanoparticle and single nanoparticle placed on film with
and without circular holes: (a) Lateral optical trapping force Fy, and (b)
characteristic diagram of optical trapping force exerted on nanoparticle
placed on the film with periodic circular holes.

As shown in Fig. 6(b), the SPPs are more effective to ma-
nipulate the nanoparticle, which is based on delicate equilib-
rium between the optical trapping forces resulting both from
the incident beam and from the light re-scattered by gold film.
The stable equilibriums of nanoparticle occur at the centers
of the circular holes, and the scattering field of periodic cir-
cular holes is necessary to provide sufficient trapping force
overcoming the forces induced by incident Gaussian beam to
stabilize the stable equilibrium. The first stable equilibrium
position at y = 0 is the most stable because it has the largest
negative slope under the same influence of finite illumination
area of incident Gaussian beam. These results indicate that op-
tical trapping force exerted on nanoparticle placed on the gold
film with periodic circular holes can be explained as a virtual
spring[49] which has a restoring force to perform positive and
negative forces as nanoparticle moves closer to or away from
the centers of circular holes in the y direction. In contrast,
according to Fig. 6(b), the other null force positions with a
positive slope are the unstable equilibrium positions because
they are equivalent to a spring with negative spring constant.
The unstable equilibrium of nanoparticle occurs in the center
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between two contiguous circular holes, the nanoparticle will
be manipulated to the next stable equilibrium which occurs in
the center of the circular hole if any disturbance occurs. Be-
sides, the amplitude of the stable oscillation (solid line with
triangles) in Fig. 6(a) is higher, which means that the gold film
with periodic circular holes generates a strong scattering field.
This gives rise to stronger optical interaction between nanopar-
ticle and the film, indicating that the properties of the optical
trapping force are completely controlled by the structure of
gold film. The effects of various parameters on optical trap-
ping force will be further investigated in the following.

3.3. Effects of structural parameters of gold film on optical
trapping properties

To find the effects of the structural parameters of gold
film on the properties of optical trapping force exerted on a
nanoparticle placed on the gold film with periodic circular
holes, we must consider two key parameters that affect the
SPPs: the radius R and number of circular holes. The optical
trapping properties of a nanoparticle placed on the gold film
versus various radii of circular holes are given in Fig. 7(a).
The other parameters in Fig. 7(a) are the same as those used in
Fig. 6. As shown in Fig. 7(a), the position of the relative max-
imum and relative minimum values of optical trapping force
will change with the increase of the radius of circular hole. It
is clear from Fig. 5 that the SPPs will be excited around the
sides of circular holes along the y axis, which means that the
radius of circular hole will determine where the position of the
maximum or minimum optical trapping force is. In addition,
the optical trapping force becomes larger with the increase of
the radius of circular hole until the radius is 60 nm. It is be-
cause the oscillations of the scattering fields on the gold film
around the circular holes, which result from the interference
between the fields scattered by the each circular hole, go up
as the radius of circular hole increases, which gives stronger
optical interaction, resulting in greater optical trapping force
of nanoparticle. To illustrate the reason better, the magnitude
plots for the magnetic field are presented in Fig. 7(b). The
observed cross section is the same as that shown in Fig. 7(a),
and the sampling point of electromagnetic field is on the gold
film. In Fig. 7(b), the numerical result of magnetic field com-
ponent Hz is normalized. It is clear that the electromagnetic
field around the circular hole will change with the increase of
the radius of circular hole. The electromagnetic field is the key
factor to determine the optical trapping force, which implies
that the radius of circular hole plays a crucial role in manip-
ulating the nanoparticle placed on the film. Besides, we also
notice that the variable radius of circular hole will not change
the position of stable equilibrium nor unstable equilibrium of
nanoparticle, which is attributed to the unchanged central po-

sition of circular hole on the gold film.
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Fig. 7. Effects of different radii of circular holes: (a) optical trapping force,
and (b) magnetic field component Hz.

The optical trapping properties of a nanoparticle placed
on the gold film versus various numbers of circular holes are
given in Fig. 8. It can be concluded that there are 3 × 3,
5× 5, and 7× 7 periodic circular holes on the gold film with
fixed size. As shown in Fig. 8, the stable equilibrium position
will change with the increase of the number of circular holes,
which implies that the number of stable equilibrium positions
is proportional to that of circular holes. The maximum and
minimum value of optical trapping force will increase with
the number of circular holes increasing. All of the above re-
sults show that the optical trapping force is controlled by the
structure of the gold film, especially the radius and number of
circular holes will affect the position and the magnitude of rel-
ative maximum value and relative minimum value of optical
trapping force.

Next, numerical effects of various parameters with re-
spect to radii of nanoparticle and beam waist, distance between
incident Gaussian beam and gold film, material of nanoparti-
cle and polarization angle of incident wave are numerically
analyzed in detail. In Fig. 9(a), plotted are the results for a
nanoparticle with different radii in the vicinity of the gold film
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with periodic circular holes. The other parameters in Fig. 9(a)
are the same as those used in Fig. 6(a). The result shows that
the optical trapping force becomes larger with the increase of
the radius of nanoparticle. Only a negative (positive) optical
trapping force is exerted on the nanoparticle in the positive
(negative) y direction when the radius of nanoparticle is larger
than the diameter (2R) of the circular hole. In this case, the
position of stable equilibrium will only occur in the center of
the gold film, which implies that the nanoparticle will not be
trapped by the other circular holes. This happens because the
intensity of SPPs that is excited at the other position of cir-
cular holes is not enough to trap the nanoparticle. With the
further increase of radius of nanoparticle, the optical trapping
properties will gradually tend to be that for the case of single
nanoparticle, which is similar to the black line in Fig. 6(a).
Hence, to effectively manipulate the nanoparticle in the vicin-
ity of the gold film with periodic circular holes, the radius
of nanoparticle cannot be larger than the diameter of circular
hole.
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Fig. 8. Effects of different numbers of circular holes on optical trapping
force.

Figure 9(b) plots the results for the incident Gaussian
beam with different beam waist radii, with the other pa-
rameters remaining unchanged. According to the results in
Fig. 9(b), when beam waist radius increases, the optical trap-
ping force becomes larger, and constant amplitude of the oscil-
lation seems to emerge if the beam waist radius increases be-
yond a certain threshold. As shown in Fig. 9(b), the maximum
value and minimum value of the optical trapping force which
is around the central circular hole tend to be constant when the
beam waist radius is more than 350 nm, the secondary maxi-
mum value and secondary minimum value of optical trapping
force also tend to be constant when the beam waist radius is
more than 450 nm. These results indicate that optical trapping
force will have a limit value under the condition of fixed struc-
ture parameters. With the increase of beam waist radius, the
optical trapping force around each circular hole will be con-
stant and gradually become stable due to the fixed intensity of

incident electric field. In addition, the beam waist radius of
incident Gaussian beam will not change the position of stable
equilibrium with respect to the zero force, which implies that
the beam waist radius of the incident Gaussian beam only in-
fluences the magnitude of optical trapping force. Hence, it can
be concluded that the structural parameters of the gold film
are more effective than those of incident wave to determine
the optical trapping properties of nanoparticle.

To find the effects of distance between incident Gaussian
beam and gold film, the properties of optical trapping force
varying with distance d are shown in Fig. 9(c). As shown in
Fig. 9(c), the usual oscillation of the force results from the in-
terference between the field scattered by the nanoparticle and
gold film as the distance d varies, while the amplitude of the
oscillation is directly related to the strength of optical trapping
force. It is clear that the variation of distance d can signif-
icantly affect the magnitude of optical trapping force acting
on a nanoparticle, which implies that the larger d will reduce
the potential of manipulation exerted on nanoparticle. It is
because SPPs are surface electromagnetic excitations that are
determined by the interaction between gold film and incident
wave, the larger distance d can reduce this interaction. The
combination of Fig. 9(b) with Fig. 9(c) provides us a signifi-
cant idea that the distance d and beam waist radius have the
same effect on optical trapping properties, which implies that
the distance d and beam waist radius only affect the magni-
tude of optical trapping force. These results can help us to
reliably manipulate the nanoparticle in the vicinity of the gold
film with periodic circular holes.

Furthermore, nanoparticles of different materials have
been used as the target to investigate the scattering contri-
bution of nanoparticle in a composite structure. Figure 9(d)
shows the results for nanoparticles of different materials
placed on the gold film. The other parameters in Fig. 9(d)
remain unchanged. According to the results in Fig. 9(d), it is
clear that ordinary dielectric nanoparticle has few effects on its
own optical trapping properties, which implies that the scatter-
ing field of ordinary dielectric nanoparticle is slight compared
with SPPs excitations that propagate along the surface of the
gold film. These results are consistent with the advantages that
SPPs are more effective to manipulate the nanoparticle in the
vicinity of gold film with periodic circular holes. Besides, the
scattering contribution of the nanoparticle for gold material is
larger than that for the case of ordinary dielectric material, and
the overall effect of gold nanoparticle is to increase the magni-
tude of the optical trapping force. This is due to the existence
of localized surface plasmon which makes its own electromag-
netic field much larger on the surface of the gold nanoparticle,
leading to the scattering contribution on the optical trapping
force.
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Fig. 9. Effects of structural parameters of gold film on optical trapping force for the cases: (a) different radii of nanoparticle placed on the gold film, (b)
different beam waist radii, (c) different distances between center of Gaussian beam and gold film, and (d) different materials of nanoparticle placed on gold
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In this paper, the optical trapping force can be explained

as a virtual spring that has a restoring force to perform posi-

tive and negative force as nanoparticle moves closer to or away

from the center of circular hole in the y direction under the il-

lumination of Gaussian beam of linear polarization. So, it is

crucial to investigate the effect of polarization angle α on op-

tical trapping force. Figure 10 shows the effects of different

polarization angles of incident Gaussian beam on optical trap-

ping properties, where the other parameters in Fig. 10 are the

same as those used in Fig. 6(a). We study theoretically how

the optical trapping force depends on the polarization angle.

According to Fig. 10, the optical trapping properties will be

reversed by changing the polarization angle from 0◦ to 90◦.

The exchange of the positions of stable equilibriums and un-

stable equilibriums will happen with the polarization angle in-

creasing. We also note that the force in α = 90◦ polarization

is larger than that in α = 0◦ polarization, which is attributed

to sensitive interaction between incident wave and gold film

when the incident electric field along the moving direction of

nanoparticle (α = 90◦). To better illustrate the properties with

different polarization angles, figure 11 shows the distribution

of the magnetic field component Hz. This indicates that the di-
rection of SPPs will change correspondingly with the change
of polarization angle. So, it can be concluded that the optical
trapping force can be switched between positive trapping and
negative trapping by changing the polarization angle, and the
positions of stable equilibriums and unstable equilibriums can
also be switched by utilizing the different polarization angles.
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periodic circular holes.

Finally, the effect of the size of nanoparticle on the prop-

erties of longitudinal optical trapping force (along the beam

axis) is numerically investigated to demonstrate that the prop-

erties of longitudinal optical trapping force are similar to those

of lateral optical trapping force. Figure 12 shows the longitudi-

nal optical trapping properties with different radii of nanopar-

ticle. The parameters in Fig. 12 are the same as those used in

Fig. 6(a). This result indicates that the size of nanoparticle has

an influence on the magnitude of longitudinal optical trapping

force. The most important in all the cases in Fig. 12 is that

the longitudinal optical trapping force is always negative, no

matter where the nanoparticle is. It can therefore be concluded

that the nanoparticle will be manipulated to move toward the
composite gold film and become bound on the surface, which
implies that the properties of lateral optical trapping force Fy in
the horizontal direction is more intriguing in this paper. Hence,
all the results which are investigated based on lateral optical
trapping force Fy in Section 3 are valid and can provide guide-
lines for the manipulation of arbitrary nanoparticles.

4. Conclusions
In this paper, the calculation model of the compos-

ite structure is established by using 3D dispersive FDTD
method to investigate the optical trapping force properties of
a nanoparticle in the vicinity of the gold film with periodic
circular holes. Maxwell stress tensor is added into the calcu-
lation model to solve the problem of accurate calculations of
optical trapping force. The accuracy of the calculation model
in this paper is verified by comparing our numerical results
with the results obtained by generalized Lorenz–Mie theory
given by the literature. This calculation model is better than
the other methods because of its wide range of applications.
Once various conditions of FDTD method are set up correctly,
this calculation model can be applied to a number of research
problems. In this work, the effects of various cases on the opti-
cal trapping force are investigated in detail, which can help us
open up possibilities for manipulating the nanoparticle more
accurately and reliably. Our results indicate that the SPPs play
a crucial role in manipulating the nanoparticle. Lateral optical
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trapping force exerted on nanoparticle can be explained as a
virtual spring which has a restoring force to perform positive
and negative forces as nanoparticle moves closer to or away
from the center of circular hole (stable equilibrium). Addi-
tionally, the effects of the structural parameters on the optical
trapping properties are investigated. These results show that
the radius of circular holes will determine where the position
of the maximum or minimum optical trapping force is. There
is only negative (positive) optical trapping force exerted on the
nanoparticle in the positive (negative) y direction when the ra-
dius of nanoparticle is larger than the diameter (2R) of the cir-
cular holes. The beam waist radius and the distance between
incident Gaussian beam and gold film only affect the magni-
tude of optical trapping force. For the cases of different ma-
terial nanoparticle, the effect can be valid when the localized
surface plasmon is excited on the surface of gold nanoparticle.
Finally, the optical trapping force can be switched between
positive trapping and negative trapping by changing the po-
larization angle, and the positions of stable equilibriums and
unstable equilibriums can also be switched by utilizing the dif-
ferent polarization angles. The above results can provide a the-
oretical basis for optical system design, and they are helpful
for manipulating the nanoparticle. However, further investiga-
tions are still required before reaching the final goal. In the
program compilation (C++), the time taken for the numerical
calculation depends on the step length of moving nanoparticle,
size of composite gold film, discrete grid, etc. In this paper, it
takes about 18 min to calculate out the optical trapping force
exerted on nanoparticle at each point with WIN10 x64 system
(I5-7400 CPU 8-GB RAM), which will be accelerated by par-
allel computing. Therefore, it will be necessary to improve
the speed of the algorithm and consider more complex cases
in our future work.
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