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In this paper, we derive the analytical expression for themultipole expansion coefficients of scattering and interior
fields of a graphene-coated dielectric particle under the illumination of an arbitrary optical beam. By using this
arbitrary beam theory, we systematically investigate the optical forces exerted on the graphene-coated particle by a
focused Gaussian beam. Via tuning the chemical potential of the graphene, the optical force spectra could be
modulated accordingly at resonant excitation. The hybridized whispering gallery mode of the electromagnetic
field inside the graphene-coated polystyrene particle is more intensively localized than the pure polystyrene
particle, which leads to a weakened morphology-dependent resonance in the optical forces. These investiga-
tions could open new perspectives for dynamic engineering of optical manipulations in optical tweezers
applications. © 2016 Chinese Laser Press

OCIS codes: (350.4855) Optical tweezers or optical manipulation; (140.7010) Laser trapping; (250.5403)
Plasmonics; (170.4520) Optical confinement and manipulation.
http://dx.doi.org/10.1364/PRJ.4.000065

1. INTRODUCTION
Since Ashkin et al. proved the possibility of trapping a dielec-
tric particle by a focused light beam [1], the manipulation
of microscopic particles with optical tweezers has attracted
increasing interest and attention, where the results have con-
solidated the importance of this technology in several fields.
The optical tweezers have been used to manipulate and trap
microscale objects [1], liquid droplets [2], metal nanoparticles
[3], magneto dielectric particles [4], nanostructures [5], Janus
particles [6], and even some submicrometer objects such as
cells and viruses [7] without mechanical contact. The family
of microscopic objects under study of optical tweezers has
steadily expanded.

Recently, graphene, which is composed of a single layer of
carbon atoms, has attracted intensive investigation [8–10] due
to its excellent optical properties [11,12]. Graphene also
shows remarkable effects when the material interacts with
split-ring resonator-based metamaterials [13], nanoantennas
[14,15], Brownian motion [16], on-chip optical modulators
[17], and localized surface plasmons [18], and it is promised
as a novel platform for integrated optoelectronics and trans-
formation optics [19,20].

Recently, interest has emerged also in exploring the proper-
ties of light-plasmon interaction in curved configurations,
e.g., bent and corrugated sheets [21,22], cloaking structures
[23], and various coated nanowire systems [24,25]. The spheri-
cal geometry is also of experimental relevance, given recent
fabrication demonstrations [26]. Notably, one could electri-
cally control plasmonic resonances in gold nanorods [27].

In view of the excellent optical properties of graphene, in
this work, we apply it to the conventional optical tweezers via
graphene-coated dielectric nanoparticles. Here, we report our

systematic study on the optical forces exerted on a graphene-
coated spherical particle by a focused Gaussian beam by uti-
lizing the arbitrary beam theory (ABT). The detailed results
and discussions are shown as follows.

2. THEORETICAL DESCRIPTION
Within the Mie scattering problem, the general electromag-
netic wave scalar potential can be expanded as a series ex-
pression in vector wave functions, e.g., for the incident field,
the expansion is [28]
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the expansion for the scattered field:
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and the expansion for the internal field:
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The superscript of the scalar potentials for incident field is
designated by (i), the scattered field by (s), and the internal
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field is designated by (w), respectively. θ is the polar angle
and ϕ is the azimuthal angle; ξ�1�l � ψ l − iχl;ψ l and χl are the
Riccati–Bessel functions. k0 � ω∕c is the wavenumber in vac-
uum. k1 and k2 are the wave vector inside and outside the par-
ticle. R is the particle radius. The spherical harmonics are

Ylm�θ;ϕ� �
�
2l� 1
4π

�l −m�!
�l�m�!

�
1∕2

Pm
l �cos θ� exp�imϕ�: (4)

The expansion coefficients for the incident electromagnetic
field in ABT are
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Z
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where α2 � k2R.
Using the local-response approximation (LRA), both the

scalar potentials for electric field ΠE and the magnetic field
ΠH satisfy the homogeneous Helmholtz wave equation:

∇2Π� k2Π � 0: (6)

The corresponding electromagnetic field satisfies the condi-
tion of Eq. (6), which can be derived through the Maxwell
equations directly [28].

Here, the graphene coating can be considered as a surface
current K around the spherical dielectric particle. The boun-
dary conditions at the domain-interface of r � R are as
follows: the tangential component of the total electric field
E is continuous and the discontinuity of the tangential com-
ponent of the total magnetic field H is proportional in magni-
tude to the surface current density; thus, the boundary
conditions can be expressed as

er × �Ei � Es − Ew� � 0

er × �Hi �Hs −Hw� � K � σ�ω�E∥; (7)

where er is the associated normal vector, E∥ is the tangential
component of the total electric field. The complex surface
electrical conductivity of graphene σ�ω� is calculated with
the random-phase approximation (RPA) in the local limit from
the Kubo formula [29,30], including the interband and intra-
band transition contributions:

σ�ω� � σintra�ω� � σinter�ω�: (8)

Apart from the angular frequency ω, the value of σ�ω� depends
on the Fermi level of graphene Ef , temperature T , and carrier
relaxation time τ in graphene. For the intraband σintra�ω� and
interband σinter�ω� contributions, we have used the following
expressions:
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where kB is Boltzmann constant, ℏ is the reduced Planck con-
stant. In all the calculations, we have used T � 300 K (room
temperature), and graphene’s mobility with 10000 cm2∕�V · s�,
which are commonly used in many calculations. The spherical
particle’s permittivity can be tuned by changing the surface
conductivity of graphene σ�ω�, which have the relationship:
ε � 1� i�σ�ω�∕ωε0R�.

Finally, enforcing the boundary conditions translated into
local, linear continuum relations between the incident and
scattered amplitudes, the multipole expansion coefficients of
the scattered electromagnetic field by the graphene coated
particle are obtained as
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l�α2� − ψ l�α2�ψ 0

l�α1� � �1∕n2�σ�ω�
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where α1 � k1R; ñ � n1∕n2. Also, by adopting the boundary
conditions of the linear continuum relations between the
incident and internal amplitudes, the multipole expansion
coefficients of the interior electromagnetic field inside the
particle are derived as

cl � ñ�ψ l�α2�ξ0l�α2� − ψ 0
l�α2�ξ�1�l �α2��∕�ñψ l�α1�ξ0l�α2�
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The optical force F exerted on the spherical particle illumi-
nated by the electromagnetic wave can be expressed as a
series over the coefficients Alm, Blm, alm, and blm [31]. Here,
we redefine

alm � alAlm; blm � blBlm:

3. RESULTS AND DISCUSSION
The schematic of scattering is shown in Fig. 1. Here, the
graphene-coated polystyrene spherical particle is considered
as a two-component spherically symmetric system, coinciding
at the origin of the coordinate and coated by a conductive film
at the interface. The ambient medium is vacuum. A focused
Gaussian beam with waist radius w0 � 2 μm is incident upon
a graphene-coated polystyrene particle with radius R. The
refractive index of polystyrene particle is n1 � 1.59. We take
the x–z plane as the plane of incidence. The Gaussian beam is
p polarized, the beam center is at (x0, y0, z0). The input
power P � 10 mW.

Figure 2 depicts the vertical optical force Fz exerted on a
graphene-coated polystyrene particle by a focused Gaussian
beam as a function of wavelength with the variation of particle
radius R (while the Fermi energy is fixed as Ef � 0.6 eV)
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[Fig. 2(a)] and Fermi energy Ef (while the particle radius is
fixed as R � 50 nm) [Fig. 2(b)]. Figures 2(c) and 2(d) plot
the wavelength of the resonance peak with the variation of
particle radius and the Fermi energy, respectively. The math-
ematical description of the electromagnetic field of Gaussian
beam for the evaluation of the integrals is given in [32].

It is observed in Figs. 2(a) and 2(c) that, with the increase of
particle size, the corresponding wavelength of resonant peak
increases gradually. The optical force peaks are formed from
the plasmonic resonances, which are mainly generated by
dipole contribution in the analysis. In Figs. 2(b) and 2(d), with
the Fermi energy Ef increased (this can be quantified through
chemical doping of different level), the wavelength of the
resonant peak decreases accordingly.

In addition, the optical forces on graphene-coated particles
can be further controlled by the surface conductivity, which is
determined by the chemical potential that can be tuned with
the help of the gate voltage or doping. Figure 3 presents the
optical forces as a function of the displacement of the beam
center along the x axis on a graphene-coated polystyrene
spherical particle with radius R � 50 nm at resonant wave-
length λ � 5151 nm excitation with different Fermi energy.
It can be seen that the vertical force Fz reaches the maximum
at the center of beam waist and the bidirectional oriented
gradient force Fx would laterally pull the particle to the center
of the beam spot. Furthermore, on the resonant excitation,

with the designing of Fermi energy (or the chemical poten-
tial), the optical forces along the horizontal direction Fx and
vertical direction Fz can be tuned accordingly. In both cases,
the changes in optical force lines with the Fermi energy are
not monotonic. A maximum value of Fz at resonant Fermi
energy of Ef � 0.6 eV is exhibited, as shown in the inset of
Fig. 3(b). Due to the resonant absorption of graphene coating,
the amplitude of optical force is enhanced by 3 orders of mag-
nitude.

Then, we investigate the variation of vertical forces Fz as a
function of the displacement of the beam center along z axis
(beam propagating direction) in Fig. 4 with different Fermi
energy: (a) off-resonance, (b) at resonant Fermi energy of
Ef � 0.6 eV, under wavelength λ � 5151 nm, particle size
R � 50 nm, and beam waist radius w0 � 0.5 μm. The par-
ticle’s horizontal position is at the beam center of x � y � 0.

It is shown in Fig. 4(a) that under the condition of highly
focused Gaussian beam of small beam waist, the variation
of vertical force Fz along the beam propagating axis also ex-
hibits a bidirectional shape, which would trap the particle at
the beam center. By tuning the Fermi energy, the correspond-
ing adjustment of the vertical force could help to regulate
the trapping stiffness of the particle for optical manipulation.
In Fig. 4(b), at the absorbing resonance of the graphene layer,
Fz is greatly enhanced, and the vertical force line exhibits a
Lorentz shape that will pull the particle out of the beam
center.

These results illustrate the advantage of graphene coating,
which provides excellent control over the resonant amplitude
of the optical forces via the modulation of chemical potential.
Such tunability could be experimentally demonstrated and

Fig. 1. Focused Gaussian beamwith waist radiusw0 is incident upon
a graphene-coated polystyrene spherical particle with radius R.
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used to control the optical forces on manipulating the dielec-
tric particle or the cell and explore the dynamics between
matter and light in graphene [33,34]. Meanwhile, carrier con-
centration as high as 1014 cm−2 has been feasible, which cor-
responds to a chemical potential higher than 1 eV [35,36].

Figure 5 demonstrates the optical force as a function of
spherical particle radius (0.9 μm < R < 1.2 μm) in the case
of (a) polystyrene particle, (b) graphene coated polystyrene
particle, and (c) empty graphene particle (vacuum inside).
The particle is placed in air, and the Fermi energy is fixed
as 0.6 eV in all cases. w0 � 2 μm. As we can see, the optical
forces of the three kinds of particles are modulated with the
increase of the particle size. The variations in optical force
spectra of the polystyrene particle and graphene-coated poly-
styrene particle show obvious size-dependent oscillations of
morphology dependent resonance (MDR) in Figs. 5(a) and
5(b). Furthermore, it is clear to see that the oscillation ampli-
tude of MDRs of the graphene-coated polystyrene particle is
smaller than the bare polystyrene particle. This weakness in
resonance strength is caused by the absorption of the coated
graphene.

It should be mentioned that there is no oscillation for a bare
graphene spherical particle in the whole variations of particle
size in Fig. 5(c). It only shows a smooth and monotonous in-
crease of the optical forces with the increased particle radius.
This is because there does not exist mutual interfering reso-
nance of the electromagnetic wave inside the coated graphene
layer. Interestingly, the MDR order of a pure polystyrene par-
ticle as shown in Fig. 5(a), the multipole expansion coefficient
of the magnetic scattering wave (bl) appears first before that
of electric scattering wave (al). But, in Fig. 5(b), for a gra-
phene-coated polystyrene particle, the MDR order is inverted,
i.e., al emerges before the appearance of bl [37,38].

In order to get deep insight into the physical difference in
MDR resonant peaks between the pure polystyrene particle
and graphene-coated polystyrene particle, we investigate
the mutual interactions of these particles with the incident-
focused Gaussian beam. Here, we show two types of represen-
tative field patterns at a multipole resonant peak of electric
scattering field a12 in Figs. 6(a)–6(c) and magnetic scattering
field b12 in Figs. 6(d)–6(f), respectively. The spatial distribu-
tion of the electric field magnitude jEj around the particle
in the x–z plane (incident plane) is shown in Fig. 6.

It is demonstrated that at MDR [with respect to the bare
graphene particle shown in Figs. 6(c) and 6(f)], almost all of
the incident waves are coupled into the particle on resonance,
which is confined near the surface by total internal reflection.
The mutual interference of the internal traveling wave leads to
a lap of bright spots along the surface on resonance. As clearly
shown in Figs. 6(d) and 6(e), the occurrence of the multipole
resonant peak accompany a corresponding whispering gallery
mode (WGM) interior field structure, which is also applicable
for a graphene-coated dielectric particle. Taking into account
that the WGM is generated on the magnetic multipole b12 res-
onance, the MDR here is mainly contributed by the resonance
of a magnetic multipole scattering wave coefficient bl.

Essentially, the WGM pattern of the polystyrene particle
and the hybridized WGM pattern of the graphene-coated poly-
styrene particle on resonance of b12 are almost the same.
However, due to the electromagnetic coupling between the
WGMs of the polystyrene particle [Fig. 6(d)] and the internally
localized modes of the bare graphene coating [Fig. 6(f)], the
hybridized internal modes in the graphene-coated polystyrene
particle almost cannot penetrate outside the particle regions
and is confined within a surface layer of approximately one
skin depth in thickness. This means that the hybridized
WGMs of the graphene-coated particle are more intensively
localized than those of the pure polystyrene particle, which
leads to a weakened MDR oscillation in the optical forces
[Fig. 5(b)].

4. CONCLUSIONS
In summary, we obtained the analytical expressions for multi-
pole scattering and interior field expansion coefficients of a
graphene-coated particle with ABT. Based on these deriva-
tions, we systematically investigated the optical forces ex-
erted on a graphene-coated particle by a focused Gaussian
beam and compared the results with a Mie dielectric particle.
We found that the hybridized WGMs of the graphene-coated
particle are more localized due to the mutual electromagnetic
coupling between the WGMs of the pure dielectric particle
and internally localized modes of the pure graphene coating;
as a result, the corresponding MDR oscillation is weakened
for the graphene-coated particle. With the tunability in optical
properties of graphene, our investigations could open new
perspectives for dynamic engineering of optical manipula-
tions in optical tweezer techniques.
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