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In this paper, we develop a theoretical method based on ray optics to calculate the optical force and torque on a
metallo-dielectric Janus particle in an optical trap made from a tightly focused Gaussian beam. The Janus particle
is a 2.8 μm diameter polystyrene sphere half-coated with gold thin film several nanometers in thickness. The
calculation result shows that the focused beam will push the Janus particle away from the center of the trap,
and the equilibrium position of the Janus particle, where the optical force and torque are both zero, is located
in a circular orbit surrounding the laser beam axis. The theoretical results are in good agreement qualitatively
and quantitatively with our experimental observation. As the ray-optics model is simple in principle, user friendly
in formalism, and cost effective in terms of computation resources and time compared with other usual rigorous
electromagnetics approaches, the developed theoretical method can become an invaluable tool for understanding
and designing ways to control the mechanical motion of complicated microscopic particles in various optical
tweezers. © 2015 Chinese Laser Press

OCIS codes: (350.4855) Optical tweezers or optical manipulation; (170.4520) Optical confinement and
manipulation.
http://dx.doi.org/10.1364/PRJ.3.000265

1. INTRODUCTION
Light carries momentum and energy. When a light beam
illuminates an object, it produces radiation pressure on the
object through the exchange of momentum with the object.
In addition, when the light beam has some special spatial dis-
tribution of electromagnetic (EM) field intensity, a gradient
force can be produced to pull the object toward the field gra-
dient direction of the light beam. The coaction and balance of
these two forces, the radiation force and gradient force, make
it possible to form a three-dimensional (3D) optical potential
well to trap the object in space. Optical tweezers [1], a tech-
nique pioneered by Ashkin [2], use a highly focused laser
beam to implement 3D trapping of dielectric particles around
the focus spot. This technique opens up a new regime to ex-
plore the undiscovered phenomena in biological [3–5], physi-
cal [6,7] and materials sciences and engineering areas [8]. In
recent years, a variety of objects have been successfully
trapped by optical tweezers, such as biconcave human red
blood cells [9], gold nanoparticles [10–12], birefringent par-
ticles [13], and Janus particles [14–17].

It is well known that the optical forces strongly depend on
the geometric and physical properties of the object under
trapping. Theoretical and numerical analyses have become
invaluable tools for better understanding the underlying phys-
ics and for deeper insight toward exploring novel ways to
manipulate the mechanical motion of microscopic objects via
optical forces. In this paper, we present a theoretical study of
the optical forces on a polystyrene (PS) micrometer-sized
spherical particle with a nanometer-thick gold thin film coat-
ing only half of its outer surface. This specific particle, in a
broad aspect, belongs to an interesting family of so-called

Janus particles. These particles, named after the double-faced
Roman god, show two distinct physical, chemical, or other
properties. They have found applications in Janus motors
[18,19], switchable devices [20], and optical probes [21].
This class of asymmetric particles, when embedded within
an optical trap, will exhibit interesting mechanical motion
behaviors. For instance, Merkt et al. reported that a gold-
coated Janus particle can move away from and rotate around
the focus of the laser beam used to form an optical trap [17].

Recently, we also performed optical trapping of Janus
particles by using a focused Gaussian beam and found a
similar behavior of mechanical motion. The half Au-coated
Janus particle under our theoretical and experimental study
is a metallo-dielectric hybrid optical microstructure. The
introduction of the Au-coating film would bring about
unique mechanical properties under the optical trap that a
usual single-composite spherical particle does not have.
Quantitative knowledge of the optical force and torque on
the Janus particle is helpful or even indispensable for deeply
understanding the physical mechanism of its translation, rota-
tion, and other mechanical motion behaviors. However, this
requires extensive numerical computation because analytical
solutions based on the well-known Mie’s theory are not appli-
cable to these asymmetric hybrid particles. Up to date, the
quantitative theoretical analysis of mechanical motion of a
Janus particle within optical tweezers is still blank; thus, it
is the task of this work.

When the particle size is smaller than or close to the wave-
length of light, some practical methods based on electromag-
netism have been proposed to calculate the optical forces,
including the finite element method [22], the finite-difference
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time-domain (FDTD) method [23,24], the discrete dipole
approximation [25,26], and the T-matrix method [27]. In the
scenario of this paper, however, the particle diameter is so
large (several micrometers) compared with the coated gold
thin film (several nanometers). This drastic contrast in space
scale for two distinctly different materials (metal versus di-
electric) will cause a huge calculation burden. Taking the
widely used method of FDTD as an example, the simulation
area is needed to be 5 μm × 5 μm × 5 μm for a Janus particle
2.8 μm in diameter. Meanwhile, the mesh grid is required to be
less than 1 nm in order to accurately reflect the interaction of
the light beam and the metal film. Hence, the total cell number
can be up to a huge number of 1.25 × 1011, and the computa-
tion is far beyond the capacity of usual computers.

To lift this severe obstacle, other methods adopting a very
different concept must be considered. In the early 1990s,
Ashkin demonstrated that ray optics can give a reasonable
and reliable theoretical value for the trapping force on the di-
electric sphere with a diameter much larger than wavelength
[28]. This simple ray-optics method, although an approximate
model, works very well in comparison with experiments.
Obviously, this method has a big advantage over rigorous
electromagnetism simulation techniques in terms of computa-
tion resource and time. For this reason, we develop a theoreti-
cal method based on the ray optics to calculate the force and
torque on a Janus particle in a trap, for which the usual
electromagnetism methods are difficult to handle. To prove
the feasibility of this method, we compare the theoretical
and experimental results about the equilibrium position of
the Janus particle in a trap. In addition, we give a reasonable
explanation about the mechanical motion of the Janus particle
in the trap.

The rest of this paper is organized as follows. In Section 2,
we describe the computational procedures of the developed
method. In Section 3, we make a comparison between theory
and experiment and verify the feasibility of the proposed
method. In Section 5, we conclude this paper.

2. THEORY AND FORMULATIONS FOR
OPTICAL FORCES AND TORQUES
We consider calculation of the optical force and torque on the
Janus particle in a trap from the perspective of momentum
exchange, which should happen at each interaction point
of the focused Gaussian beam with the surface of the particle.
In the regime of ray optics, the focused Gaussian light beam is
decomposed into a large amount of individual rays. At the in-
terface of the particle and the surrounding medium, the rays
are reflected and refracted, and sometimes they are absorbed
by the particle. In this way, the momenta of light are trans-
ferred to the particle, creating optical force at each point.
To quantitatively account for the momentum transfer, we em-
ploy the Fresnel formula to calculate the reflection, refraction,
and absorption coefficients for each ray at each event of its
intersection with the particle interface. Then, we calculate the
momentum transfer and the corresponding interaction forces
generated by the reflections, refractions, and absorptions of
each ray at each interface. Finally, we sum up all these forces,
which is the net force on the Janus particle in the trap.
Following a similar procedure, we can calculate the net torque
on this Janus particle by combining the force and position in-
formation at the entire surface of the particle.

As illustrated in Figs. 1(a) and 1(b), the Janus particle is the
PS particle with radius rs and half-coated with gold film of
thickness h. In our practical experiments, the Janus particle
is prepared by magnetron sputtering gold film normally
onto PS microspheres. The thickness of gold film is then
maximal at the top surface of the PS sphere and reduces
gradually to zero at the position of equator, approximately fol-
lowing the relation of h � h0 sin ψ , where h0 is the maximum
thickness at the top of the PS particle, while ψ is the inclina-
tion angle of a particular point at the PS surface with respect
to the y axis. The gold film configuration is rotationally sym-
metric with respect to the sputtering direction, which is des-
ignated as the y-axis direction in Figs. 1(a) and 1(b). The Janus
particles are suspended in an aqueous solution in practical
optical trapping experiments.

The single-beam optical trap is generated by a strongly fo-
cused Gaussian laser beam, which propagates along the z-axis
direction. The Janus particle is initially oriented in such a way
that the unit vector from the PS side to the metal side, namely,
the normal vector of the metal-dielectric separation plane
of the Janus particle, is parallel to the y axis. Due to the asym-
metric feature, the Janus particle will experience the optical
torque and rotate around the x axis. The orientation angle de-
noted by α is the rotational angle of the Janus particle around
the x axis. The initial rotational angle is set to be zero.

A. General Concepts of the Ray-Optics Model
The coordinate system used for the calculation is shown in
Fig. 1(c). The center of the Janus particle, point “O,” is set
as the coordinate origin. The collimated Gaussian beam at
a wavelength of 1064 nm propagates along the z axis and
is focused by a high NA microscope objective to a focal point
located at f � �f x; f y; f z�. The total light beam is decomposed
within its cross section into a number of individual rays
with appropriate intensity and propagation direction. The
initial propagation directions of these rays are denoted by

k⃗1; k⃗2; k⃗3;…; k⃗n;… before they interact with the Janus particle.

Here, the propagation direction k⃗n can be represented as

k⃗n � �−r sin φ;−r cos φ; f z�. Note that all these directional
vectors are normalized as a unit vector of norm 1.

In order to better describe the calculation of the total force,
we first consider the force due to a single ray of a power P
hitting the Janus particle at the propagation direction k⃗1 with
an incident momentum Pn1∕c per second, where n1 is the re-
fractive index of the aqueous solution, and c is the speed of
light in vacuum. Note that the incident ray will be subject to
multiple reflection and refraction events within the particle,
and each time there will be momentum transfer and exchange
between light and particle, generating optical force and

torque. Then, the overall force F⃗ � �Fx; Fy; Fz� can be given

by F⃗ � Q⃗ · Pn1∕c, where Q⃗ � �Qx;Qy; Qz� is a dimensionless
factor that describes the momentum exchange coefficient
of each ray interacting with the Janus particle and is associ-

ated with the overall reflection of the light beam. The factor Q⃗
is the sum of the reflected ray with directional strength

k⃗1rR1, and the infinite number of emergent refracted rays of

directional strength k⃗2tT1T2; k⃗3tT1R2T3;…; k⃗ntT1Tn�R2 · R3…

Rn−1�;…. The quantities Tn and Rn represent the Fresnel re-
flection and transmission coefficients at the nth intersection
event of the transport ray with the particle surface. A diagram
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of the above mechanical analysis in the regime of ray optics
is illustrated in Fig. 1(d) in detail for clarity. The general
framework of the above ray-optics theoretical model and
calculation formalism is composed of the following important
elements.

B. Computational Procedures
The proposed ray-optics method consists of the following
six steps:

1. Check whether the intersection and interaction point
exists for a particular ray of light. If the ray and the Janus
particle do not intersect, then no interaction occurs and
Q⃗ � �0; 0; 0�. If the intersection and interaction occur, go to
step 2. Otherwise, go to step 5.

2. Calculate the coordinate value �x1; y1; z1� of the inter-
action point a⃗1 and determine which side (the Au surface or
the PS surface) the incident ray reaches.

3. Calculate the Fresnel reflection and transmission coef-
ficients at the interaction position, assuming a locally flat

surface for the incident ray. The transmission coefficient is
denoted by T , and the reflection coefficient is denoted by
R. These two quantities are normalized to the incident ray
strength. If R < 10−15, which means that the ray strength at
this specific interaction has been extremely weak and can
be negligible, go to step 5.

4. Track the ray. When an interaction occurs, go to step 2;
otherwise, go to step 5.

5. End the iteration. Calculate and output the net optical
force and torque from all the above R and T for the particular
ray of light, which is the vector sumof all the forces and torques.

6. Repeat the above five procedures for all rays of light.
Calculate the total net optical force and torque for the whole
incident Gaussian beam upon the Janus particle.

C. Calculation of Reflection and Transmission
Coefficients
We proceed to discuss the details of the above procedure,
where R and T are the key values for characterizing the

Fig. 1. Diagram of ray-optics model used to handle trapping and motion of Janus particles in a tightly focused Gaussian laser beam. (a) 3D
stereogram of the Janus particle made from a PS bead half-coated with thin gold film. The Au–PS separation plane of the particle can rotate
around the axis of laser beam (z axis, denoted by the angle γ), and the orientation of its surface normal vector with respect to the laser beam
axis can change (denoted as by the angle α). (b) Schematic diagram of the cross-sectional geometry of the Janus particle in the plane of x � 0. The
gold thin film thickness reduces gradually from the top of the PS bead (the y-axis direction) to the separation plane (the x–z plane). (c) Diagram of a
Gaussian laser beam tightly focused by a high-NA microscope objective lens with pupil radius rmax and illuminating the Janus particle for optical
trapping and manipulation. In the ray-optics model, the laser beam is decomposed into a large amount of rays of light denoted by their directional
unit vectors k⃗1; k⃗2; k⃗3;…; k⃗n;…. The ki ray intersects with the objective pupil at the position with polar coordinate r⃗i � �r;φ�. (d) Diagram of the ray
tracking for a specific ray k⃗1 within the Janus particle, where multiple events of ray reflection and refraction will take place at the positions a⃗1, a⃗2,
a⃗3, etc. Momentum exchange and transfer at each event can be calculated to yield the optical force and torque, all of which will sum up to yield the
net total force and torque by the laser beam upon the Janus particle.
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precise quantity of momentum exchange and transfer. Due
to the special metal film coating on the Janus particle, the re-
flection of light on the Au surface (namely, the water–Au inter-
face) is much stronger than that on the PS surface (namely,
the water–PS interface). This kind of difference will result
in the different behavior between the PS particle and Janus
particle. In this paper, we use the well-known Fresnel formu-
lae [29] to calculate R and T .

1. Polystyrene Surface
If the ray hits the PS surface, we only need to consider the
single interface of water and PS. The schematic configuration
of light transport with the incident angle θ1 and the refraction
angle θ3 is shown in Fig. 2(a). The refractive indices of water
and PS are represented by n1 and n3, respectively. The
method of calculating R and T varies with the polarization
state of the incident ray. Hence, the electric field vector of
the incident ray is separated into the vertical vector and par-
allel vector with respect to the incident plane.

If the electric field vector is perpendicular to the plane of
incidence (s-polarized light), the reflection and transmission
intensity coefficients are given by

RE �
�
n1 sin θ1 − n3 cos θ3
n1 sin θ1 � n3 cos θ3

�
2
;

TE � n3 cos θ3
n1 cos θ1

�
2n1 sin θ1

n1 sin θ1 � n3 cos θ3

�
2
: (1)

On the contrary, if the electric field vector is parallel to the
plane of incidence (p-polarized light), the reflection and trans-
mission intensity coefficients are given by

RM �
�
n3 cos θ1 − n1 cos θ3
n3 cos θ1 � n1 cos θ3

�
2
;

TM � n1 cos θ3
n3 cos θ1

�
2n3 cos θ1

n3 cos θ1 � n1 cos θ3

�
2
: (2)

2. Au Surface
When the ray hits the Au surface, we need to consider the two-
interface problem consisting of water, gold film, and PS, as
illustrated in Fig. 2(b). Let n̂2 � n2 � ik2 be the complex re-
fractive index of gold and define n̂2 cos θ2 � u2 � iv2, where
u2 and v2 are real numbers, for the sake of calculation con-
venience. The value of θ2, u2, and v2 can be easily calculated
from Snell’s law under an incident angle θ1.

For the s-polarized light, we obtain

RE �jrj2� ρ212e
2v2η�ρ223e

−2v2η�2ρ12ρ23 cos�ϕ23−ϕ12�2u2η�
e2v2η�ρ212ρ

2
23e

−2v2η�2ρ12ρ23 cos�ϕ23�ϕ12�2u2η�
;

(3)

TE � n3 cos θ3
n1 cos θ1

jtj2 � n3 cos θ3
n1 cos θ1

×
τ212τ

2
23e

−2v2η

1� ρ212ρ
2
23e

−4v2η � 2ρ12ρ23e−2v2η cos�ϕ23 � ϕ12 � 2u2η�
:

(4)

In the above equations, the unknown parameters are given
as follows:

ρ212 �
�n1 cos θ1 −u2�2�v22
�n1 cos θ1�u2�2�v22

; tan ϕ12 �
2v2n1 cos θ1

u2
2�v22 −n

2
1cos

2θ1
;

ρ223 �
�n3 cos θ3 −u2�2�v22
�n3 cos θ3�u2�2�v22

; tan ϕ23 �
2v2n3 cos θ3

u2
2�v22 −n

2
3cos

2θ3
:

In Eqs. (3) and (4), η � 2πh∕λ0, where h is the thickness of
the coated metal film, and λ0 is the wavelength of the incident
beam, which is 1064 nm here.

For the p-polarized light, we can derive the reflection and
transmission intensity coefficients with similar mathematical
manipulations. The results are

RM �jrj2� ρ212e
2v2η�ρ223e

−2v2η�2ρ12ρ23 cos�ϕ23−ϕ12�2u2η�
e2v2η�ρ212ρ

2
23e

−2v2η�2ρ12ρ23 cos�ϕ23�ϕ12�2u2η�
;

(5)

TM � n1 cos θ3
n3 cos θ1

jtj2 � n1 cos θ3
n3 cos θ1

×
τ212τ

2
23e

−2v2η

1� ρ212ρ
2
23e

−4v2η � 2ρ12ρ23e−2v2η cos�ϕ23 � ϕ12 � 2u2η�
:

(6)

The other unknown parameters are given as follows:

ρ212 �
�n2

2�1− κ22�cos θ1 −n1u2�2��2n2
2κ2 cos θ1 −n1v2�2

�n2
2�1− κ22�cos θ1�n1u2�2��2n2

2κ2 cos θ1�n1v2�2
;

tan ϕ12 � 2n1n2
2 cos θ1

2κ2u2 − �1− κ22�v2
n4
2�1� κ22�2cos2θ1 −n2

1�u2
2�v22�

;

τ212 �
4n4

2�1� κ22�2cos2θ1
�n2

2�1− κ22�cos θ1�n1u2�2��2n2
2κ2 cos θ1�n1v2�2

;

ρ223 �
�n2

2�1− κ22�cos θ3 −n3u2�2��2n2
2κ2 cos θ3 −n3v2�2

�n2
2�1− κ22�cos θ3�n3u2�2��2n2

2κ2 cos θ3�n3v2�2
;

tan ϕ23 � 2n3n2
2 cos θ3

2κ2u2 − �1− κ22�v2
n4
2�1� κ22�2cos2θ3 −n2

3�u2
2�v22�

;

τ223 �
4n2

3�v22�u2
2�

�n3u2�n2
2�1− κ22�cos θ3�2��n3v2� 2n2

2κ2 cos θ3�2
:

In the end, the overall transmission coefficient T and
reflection coefficient R are given by T � �TE � TM�∕2 and

Fig. 2. Sketch of the propagation of a ray on (a) the PS surface and (b) the Au surface. Reflection and refraction of the ray happen, and the
corresponding intensity reflection and transmission coefficients can be calculated based on Fresnel’s formulae.
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R � �RE � RM �∕2, when considering the rotational symmetry
of the current optical problem involving spherical PS
particles.

D. Calculation of Optical Forces and Torques
Tracking the ray transport is another important step in the
calculation procedure. The incident light direction vector
k⃗1 � �kx; ky; kz� is already known, the direction vector of
the first reflection ray of light is denoted as k⃗1r , and the direc-
tion vector of the nth transmission ray of light is denoted as
k⃗nt. All the above reflection and transmission direction vectors
can be straightforwardly derived from the law of reflection
and Snell’s law. Again, all these directional vectors are nor-
malized as unit vectors. The overall force contributed by
this ray can be calculated via the principle of the exchange
of momentum as

F⃗k1 �
Pn1

c

�
k⃗1 − k⃗1rR1 − k⃗2tT1T2 −

X∞
n�3

k⃗ntT1Tn�R2 ·R3…Rn−1�
�

� Pn1

c
Q⃗k1 : (7)

The total force imposed upon the Janus particle by the fo-
cused Gaussian beam is simply the vector sum over the force
of all rays of light:

F⃗ total �
XN
i�1

Wki F⃗ki �
Pn1

c

XN
i�1

WkiQ⃗ki : (8)

Here, Wki is the weight of contribution parameter of the ki
ray of light, which is proportional to the intensity profile of the
incident Gaussian beam in the entrance pupil of the high-NA
lens, and N is the total number of rays considered in the cal-
culation. This means that the central rays have the largest
weight of contribution, while the rays at the edge of the pupil
have the smallest weight of contribution. The variation of
weight from the center to the edge follows a simple Gaussian
distribution function.

In a similar way, the torque of a ray and the total torque of
the Gaussian beam on the Janus particle can be calculated
as follows:

τ⃗k1 �
Pn1

c
��a⃗1 − S⃗�× k⃗1 − �a⃗2 − S⃗�× k⃗1rR1 − �a⃗3 − S⃗�× k⃗1r k⃗2tT1T2

−

X∞
n�3

�a⃗n − S⃗�× k⃗ntT1Tn�R2 ·R3…Rn−1�� �
Pn1

c
M⃗k1 ; (9)

τ⃗total �
XN
i�1

Wki τ⃗ki �
Pn1

c

XN
i�1

WkiM⃗ki : (10)

Here, the vector S⃗ denotes the position vector of the
focus spot center of the Gaussian beam, and, as such, the
torque of the Janus particle is measured with respect to
the focus spot.

In the above equations, the force and torque are related to
the power P of each ray of light comprising the incident laser
beam. In experiments, this parameter can be connected with
the total power Ptotal of the laser beam entering the pupil of
objective lens by

P � Ptotal
rΔφ · Δr
πr2max

(11)

for the ray of light (with directional vector k⃗i) hitting the ob-
jective lens at the position with polar coordinate r⃗i � �r;φ�.
Here, the power density of the incident laser beam within
the objective lens is estimated as P � Ptotal∕�πr2max�, where
rmax is the maximum radius of the objective pupil. The total
force and torque of the laser beam on the Janus particle are
then correlated with the total power of the beam by rewriting
Eqs. (8) and (10) into

F⃗ total �
Ptotaln1

c

XN
i�1

WkiQ⃗ki

rkiΔφ · Δr
πr2max

; (12)

τ⃗total �
Ptotaln1

c

XN
i�1

WkiM⃗ki

rkiΔφ · Δr
πr2max

: (13)

It can be seen that the total force and torque are propor-
tional to the total power (or, equivalently, the average power
density) of the laser beam. Other factors contributing to the
force and torque include the size and geometry of the Janus
particle, the NA of objective lens, and the refractive index
of the PS bead. These physical and geometric parameters
determine the mechanical motion behaviors of the Janus
particle in the optical trap. The total torque τ⃗total � �τx; τy; τz�
can be written alternatively as τ⃗trap � M⃗ · Ptotaln1∕c, where
M⃗ � �Mx;My;Mz�. Based on the above analysis, we can obtain
the force and torque of a Janus particle in an arbitrary
position.

3. CALCULATION RESULTS AND
DISCUSSIONS
For a dielectric sphere, the stable equilibrium point S⃗ �
�Sx0; Sy0; Sz0� can be calculated under the condition of F⃗ total �
�0; 0; 0�. This equilibrium position is related to the translational
motion of the particle. However, the situation is different for a
Janus particle due to its asymmetric structure. The torque is
connected with the orientation angle. A half-Au-coated Janus
particle does not necessarily reach equilibrium if only the con-
dition of F⃗ total � �0; 0; 0� is matched. Because nonzero torque
(τ⃗total ≠ �0; 0; 0�) will lead to the rotation of the Janus particle in
the trap, it will eventually modify the translational-motion
equilibrium position of the particle. Hence, the stable equilib-
rium point S⃗ � �Sx0; Sy0; Sz0� should be obtained under the
condition of F⃗ total � �0; 0; 0� and τ⃗total � �0; 0; 0� for the transla-
tional and rotational motions of the particle.

The parameters we used in the calculation are as follows.
The PS bead has a diameter of 2.8 μm and is half-coated with
gold film 3.5 nm in maximum thickness, i.e., h0 � 3.5 nm. The
numerical aperture of objective is NA � 1.4, n1 � 1.33,
n3 � 1.6, and n̂2 � 0.0963� 6.3317i for gold at the wave-
length of 1064 nm. The incident Gaussian beam propagates
along the z direction. Figure 3(a) shows the calculated
dependence of R and T on the incident angle θ1, where θ1
varies from 0° to 90° for a simplified model system where
the gold thin film has a fixed thickness of 0, 2, or 4 nm every-
where in the half sphere. The result shows that the reflection
of the gold film layer is much higher than that of the PS layer
when the angle is small, which means the momentum ex-
change from the light beam to the gold film layer is higher than
that of the PS layer. This strongly asymmetric reflection prop-
erty at the PS half sphere and the gold half sphere could lead
to an unbalanced scattering force, and the net force would
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point from the gold side to the PS side if the Janus particle is
fixed exactly at the focus spot center. Of course, because the
Janus particle is free, it will be pushed by this net force

and move along this direction until reaching an equilibrium
position somewhere away from the focus spot center of the
Gaussian beam.

Fig. 3. (a) Calculated intensity reflection and transmission coefficients as a function of the incident angle θ1 on the gold thin film layer with the
thickness of 0, 2, and 4 nm, respectively. (b) Calculated optical torques of laser beam upon the Janus particle as a function of the orientation angle α
of the Au–PS separation plane.

Fig. 4. Comparison of the optical force and torque on a Janus particle with those on a PS particle imposed by the focused laser beam. (a) Sketch of
Qx ∼ �Sx∕rs�. (b) Sketch ofQy ∼ �Sy∕rs�. (c) Sketch ofQz ∼ �Sz∕rs�. (d) Sketch ofM ∼ �Sx∕rs�. (e) Sketch ofM ∼ �Sy∕rs�. (f) Sketch ofM ∼ �Sz∕rs�.
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In order to get the point where τ⃗total � �0; 0; 0�, we vary the
orientation angle α in the range from −15° to 90° and calculate
τ⃗total at each value of α. As has been illustrated in Fig. 1(a),
the orientation angle α describes the relative posture of the
asymmetric Janus particle, in particular, its separation plane
orientation with respect to the axis of the Gaussian beam.
α � 0° means that the separation plane is parallel to the beam
axis, while α � 90° means that the separation plane is
perpendicular to the beam axis. As shown in Fig. 3(b), the
total torque against the Janus particle reaches zero at the
orientation angle of α � 17°. This orientation angle is stable
because any angular deviations from this orientation angle
will be countered by restoring torque. When the orientation
angle of the Janus particle is confirmed, we can go further
to find out the equilibrium position under the condition that
the total force F⃗ total � �0; 0; 0�.

To clearly show this point, we display the calculated force
and torque as a function of the position and orientation of the
Janus particle around the identified equilibrium position in
Fig. 4. For the sake of comparison, we also plot in Fig. 4
the force and torque of the PS spherical bead. Comparison
between them illustrates the clearly distinct mechanical prop-
erties of these two particles in the optical trap. It can be seen
in Figs. 4(a)–4(c) that the equilibrium position of the PS bead
is �0; 0; 0.08rs� when interacting with the optical trap. This
means that the PS bead is trapped at the laser beam axis with
zero lateral offset and has a small longitudinal offset along the
laser beam propagation direction due to the scattering force.

The equilibrium position of the Janus particle is
�0; 0.107rs; 0.2rs�, with the value of Sy0 equal to 0.107rs.
This means that the optical force tends to push the Janus

particle outward with a distance from the laser beam axis
of 0.107rs, which is about 150 nm. This lateral offset from
the focus spot center is attributed to the asymmetric scatter-
ing force by the laser beam hitting on the gold side and the PS
side, with the former much larger than the latter. Meanwhile,
in Fig. 4(c), the longitudinal offset of the Janus particle
along the laser beam propagation direction (�z axis) is much
higher than that of the PS bead. This is again attributed to
the much larger overall scattering force of the laser beam
induced by the much stronger reflection of light by the gold
film and larger momentum transfer. This large longitudinal
offset also indicates that the Janus particle is less stable than
the PS sphere because it is far away from the focus spot
center. With increasing thickness of the gold film layer, the
offset becomes larger and larger. If the force in the z direction
keeps being greater than zero, then the Sz0 does not exist.
In this case, the optical trap cannot trap the Janus particle
three dimensionally.

In addition, we compare the torque of the Janus particle
with that of the PS spherical bead in Figs. 4(d)–4(f). Whether
for the Janus particle or the PS spherical bead, the equilibrium
positions when the torque τ⃗total � �0; 0; 0� and the force
F⃗ total � �0; 0; 0� are the same—and they are stable at each equi-
librium position. Furthermore, through scanning the light
beam focus along the x, y, and z axes, the torque of the PS
spherical bead in the z axis is invariably equal to zero, which
means that it is impossible to observe the rotation of the PS
spherical bead in a single laser beam. However, when the
Janus particle enters into the laser beam from outside, the
Janus particle can obtain the torque in the z direction, as
shown in Fig. 4(d), which can support its rotation.

Fig. 5. (a) 3D stereogram of the asymmetric Janus particle with its separation plane rotating around the axis of a laser beam denoted by the angle
γ. (b) Calculated equilibrium positions of the Janus particle in the x–y plane as γ varies, which are located at a circle 0.107 rs in distance from the
axis of the laser beam. (c) Plane graph of the Janus particle posture with respect to the laser beam axis when γ � 0°; 45°; 90°; 180°. The corre-
sponding equilibrium positions of the particle are explicitly marked in panel (b) by colored dot signals. In each case, the equilibrium position, which
is also the center of the Janus particle, when measured with respect to the laser beam axis (denoted by the red-cross signal), remains fixed with the
same later offset distance. This further confirms the result of panel (b) that the center of the Janus particle will rotate around the laser beam axis in a
fixed distance.
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4. COMPARISON WITH EXPERIMENTS
Another issue concerning the mechanical motion of the Janus
particle is its rotation around the laser beam axis, as was ex-
perimentally reported in [17]. To see whether this is reason-
able in physics, we have made many more calculations by
changing the rotation angle γ of the Janus particle, following
the geometric configuration, as shown in Fig. 5(a). The situa-
tion of γ � 0° has been considered in the above numerical cal-
culations, as illustrated in Fig. 4, where the Janus particle
center has an offset away from the laser beam axis along
the y-axis direction, namely, with �Sx0; Sy0� � �0; Sr �. These cal-
culations show that, at each value of γ, there is always a lateral
offset of the particle center with respect to the laser beam
axis, which is measured by �Sx0; Sy0�. Moreover, the absolute
value of all the offset is the same, namely, S2

x0 � S2
y0 � S2

r , so
that the Janus particle center is located at a circle (with radius
of Sr) surrounding the laser beam axis, as shown in Fig. 5(b).
In addition, there always exists a longitudinal offset along the
laser beam propagation direction in all rotational angles, and
the value is the same. The position of Janus particle’s center,
which is also the equilibrium position of the particle in terms
of force and torque, keeps fixed relatively when measured
with respect to the Au–PS separation plane. The situation
can be clearly seen in Fig. 5(c).

Further calculations are made by changing the gold film
thickness. The results are plotted in Fig. 6 for the dependence
of the lateral offset distance Sr on the maximum gold film
thickness h0. It is clear that the offset distance increases when
the gold film becomes thicker. This is a natural result because
the reflection in the gold side becomes larger; thus, the mo-
mentum exchange in the gold side and PS side differs more.
As a result, the scattering force asymmetry gets more pro-
nounced at thicker gold film, leading to a larger lateral offset
distance of the particle center from the laser beam axis.

We also have performed similar experiments with Janus
particles and found phenomena similar to [17] and consistent
to our above theoretical calculations. The geometrical and
physical parameters of Janus particles used in our experiment
are consistent with (but surely not identical to) those used in
the above calculations. They are loaded between two cover
glasses and sealed using optical glue (Norland 65). An optical
trap is generated by focusing an infrared Gaussian beam laser
(Nd:YVO4, Coherent Compass 1064 nm) with an oil-immersion
objective (Leica, HCX PL APO, ×100, NA � 0.7–1.4). The laser
power entering the objective was measured to be 57 mW.

A typical optical microscopy image of a Janus particle
trapped by the optical tweezers in the experiment as recorded
by a CCD is shown in Fig. 7(a). A black-white separation line
existing within the Janus particle in this picture is clearly seen.
This line simply corresponds to the Au–PS separation plane,
which is dominantly but not exactly parallel to the axis of the
focused laser beam. Furthermore, when a Janus particle was
captured by the optical trap, it started to rotate clockwise
or counterclockwise stably around the optical axis of the
focused laser. The evidence is that, in optical microscopy,
the black-white separation line rotated around the laser beam
axis. We have recorded many events of the Janus particle po-
sition. The recorded data for the Janus particle center are dis-
played in Fig. 7(b). To facilitate convenience of eye view, we
fit the data and find that the Janus particle center, on average,
resides in a circle surrounding the laser beam axis. The radius
of this circle simply corresponds to the averaged lateral offset
of the Janus particle center due to the optical trap, as defined
by Sr � �S2

x0 � S2
y0�1∕2. According to Fig. 5(b), this radius is

about 0.102rs, which is close to the theoretical calculation
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Fig. 6. Calculated distance of the equilibrium positions of the Janus
particle away from the laser beam axis with variation of the thickness
of gold film.
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Fig. 7. Experimental results of Janus particle trapping and motion within an optical tweezers produced from a Gaussian laser beam focused by a
NA � 1.4microscope objective lens. (a) Typical optical microscopy image of a Janus particle observed in experiments. The separation plane of the
PS side (bright part) and gold side (dark part) particle can be clearly recognized, indicating that the Au–PS separation plane is dominantly parallel to
the laser beam axis, which is normal to the paper sheet. (b) Recorded positions of the Janus particle center relative to the laser beam axis (where
the optical trap center resides), which is set to locate at the origin of coordinates. The blue curve is the fitting averaged circular orbit where the
center of the Janus particle resides when it rotates around the laser beam axis.
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value of 0.107rs, as discussed in Figs. 4 and 5 for h0 � 3.5 nm.
More accurately, the offset distance 0.102rs should corre-
spond with the Janus particle with a gold film thickness of
h0 � 3.4 nm. In Fig. 7(b), one also can see quite a large fluc-
tuation of the particle center around the averaged circular
orbit. This can be attributed to the Brownian motion of the
Janus particle as well as the instability of the optical tweezers
system. However, overall good agreement between calcula-
tion and experiment results has been observed—not only
qualitatively but also quantitatively. This agreement strongly
supports the effectiveness and efficiency of the proposed ray-
optics method in application to the new class of metallo-
dielectric Janus particles.

5. CONCLUSION
In summary, we have developed a theoretical method based
on a ray-optics model to calculate the optical force and torque
on a half-Au-coated PS micrometer-sized spherical Janus par-
ticle trapped in optical tweezers. The calculations show that
the coated gold thin film greatly increases the reflection upon
light, so that the Janus particle obtains more momentum ex-
change and transfer from the laser beam on the gold side than
on the PS side. As a consequence, the scattering force on the
gold side is much larger than on the PS side. This asymmetric
optical force will push the Janus particle away from the laser
beam axis laterally to a new equilibrium position in terms of
optical force and torque. In addition, the Janus particle will
rotate around the laser beam axis along a circular orbit whose
radius increases when the thickness of gold film increases.
The calculation results are in good agreement with experi-
mental observation made by our group and other researchers.
This qualitative and quantitative agreement indicates that
the simple ray-optics model is effective and efficient when
it is applied to solve the mechanical motion of a complicated
metallo-dielectric Janus particle ignited by optical forces and
torques.

Because the ray-optics approach is much more user
friendly than other rigorous EM simulation methods in regard
to computational resources, time, and costs, it is expected
that this simple while powerful approach can open up a
new avenue in order to understand the mechanical
motions within optical tweezers on the basis of quantitative
calculation of the optical forces and torques. These particles
can have complicated geometric and physical configurations,
with the Janus particle being a prominent example. Besides,
the optical tweezers can be made from either focused
Gaussian beams or other beams such as focused line beams,
Bessel beams, cylindrical vector beams, and so on. The ideas
and insights accumulated via these theoretical studies can
stimulate novel ways of optical tweezers engineering to
manipulate the mechanical motion, including translational,
rotational, and spinning motions of microscopic particles
in a designated way that can be fascinating for applications
in the areas of biology, physiology, physics, chemistry, nano-
sciences, and nanotechnologies.
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