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Abstract

According to the electromagnetic scattering of two spheres, the incident on-axis Gaussian beam is expanded in terms of spherical
vector wave functions (SVWFs), and the beam shape coefficients are obtained by applying the localized approximation method.
Using the addition theorem, the interaction scattering fields of two chiral spheres and the internal fields are also expanded in
terms of SVWFs. Based on the continuous tangential boundary conditions, the scattered field coefficients are derived analytically.
Utilizing the Maxwell’s stress tensor integration technique, the optical binding force between two chiral spheres is formulated
explicitly. Numerical simulations of the binding force are carried out. The effects of the beam width and the radius of the sphere
on the force are analyzed. The numerical results are compared with the results from references.
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1. Introduction

Radiation pressure is perhaps the most commonly known manifestation of optical forces. When an
electromagnetic wave is reflected off an object, momentum is imparted to the object such that the total momentum
of the system (wavetobject) is conserved. When two or more particles are present, the multiple scattering between
the objects can, under certain conditions, lead to optically bound states. This is often referred to as optical binding,
and it was first discovered by Burns ef al. on a system of two plastic spheres in water in 1989[1]. The optical

E-mail address: wuzhs@mail.xidian.edu.cn

1877-7058 © 2015 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Selection and peer-review under responsibility of Chinese Society of Particuology, Institute of Process Engineering, Chinese Academy of Sciences (CAS)
doi:10.1016/j.proeng.2015.01.152


https://core.ac.uk/display/81210124?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://crossmark.crossref.org/dialog/?doi=10.1016/j.proeng.2015.01.152&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.proeng.2015.01.152&domain=pdf

330

Yuanyuan Zhu et al. / Procedia Engineering 102 (2015) 329 — 335

binding phenomenon has found wide application not only in fundamental physics but also in fields as diverse as
physical chemistry, cell biology and nanotechnology. The OB force was observed[1] that when two or more
particles are present in an optical field, their motion becomes coupled due to interactions between the induced
electric currents and scattered fields.

Many scholars have analysed OB force quantitatively in theory. Chaumet et.al calculated the force when the
incident wave is a plane wave or wave beam by using the coupled dipole method (CDM)[2-4]. Jack investigated the
OB force of a two-sphere cluster utilizing the Maxwell Stress Tensor and Multiple scattering approach (MS-MST)
under the illumination of a plane wave[S5]. Kawano investigated the force of an array of polystyrene micronsized
spheres in a dual-beam trap by using the Maxwell Stress Tensor and Generalized Multiple Technique (MST-
GMT)[6]. The T-Matrix approach is also a very effective method and has been applied to the study of this problem
by some researchers[7]. Zhang et.al investigated the OB force of two nanorods under plane wave illumination[8, 9].

However, the literature referred to focused on isotropic particles, and the reports on chiral particles are extremely
scarce in the literature. The scattering of a large chiral sphere has been investigated in [10]. In this paper, based on
MST and Generalized Lorenz-Mie Theory (GLMT), we investigate the OB force between two isotropic chiral
spheres illuminated by an on-axis Gaussian beam. The effects of the beam width, radius of the sphere on the OB
force are analyzed.

2. Theory formulations
2.1. Expansion of total incident fields and scattered fields

Considering two identical isotropic chiral spheres of radius @ and global coordinate system Oxyz , the axes of
the coordinate systems O,x,y,z, and O,x,y,z, are respectively coincident and parallel with the axes of coordinate
system Oxyz .The coordinates of the centers of sphere 1 and sphere 2 are (0,0,2) and (0,0,0). As shown in Fig.1, the
spheres are illuminated by an X -polarized on-axis Gaussian beam that propagates in z -direction, and the center of
the beam waist is located at (0,0,0) .

Fig. 1. Scattering of on-axis Gaussian beam from bisphere

In terms of SVWFs[11], the incident Gaussian beam can be expanded in the coordinate system Oxyz as follows:
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Here, k,=27z/4 and 2 is the surrounding medium wavelength, x, denotes the permeability of the surrounding
medium, and the normalization factor E,, and the incident coefficients f), and g/, are defined as:

mn



Yuanyuan Zhu et al. / Procedia Engineering 102 (2015) 329 — 335 331

E =i 2n+1)(n—-m)! )
\) n(n+1)(n+m)!

ﬂmn = EOIZ p(s’msn)cnsg;,nw” /Emn’ gj‘mn = 0 Z p(s,m,n)Cmg;’TE” /Enm (3)

s=—n

where g’ ,," and g, " are the beam shape coefficients obtained by applying the local approximation of GLMT:
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The scattered fields of sphere 1 can also be expanded with the SVWFs as follows:
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For sphere 1, the total incident fields include two parts[12]: the initial incident field E',H' and the scattered field
of sphere 2 E*,H"> which can be written as

Eir :Ei+E.y2 , Hit :Hi+H.v2 (8)

The scattered fields of sphere 2 have the same form as Eq. (7). Based on the addition theorem of SVWFs[13, 14],
the total incident field of sphere 1 can be derived as follows:
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The corresponding coefficients are [12]:
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and g/ are initial incident coefficients, 4** and B“’ are the so-called addition theorem coefficients.
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2.2. Expansion of internal field in a chiral sphere

The media of the chiral sphere can be describes by the following constitutive relations[15]:
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where ¢, , 4., and x are permittivity, permeability, and chirality parameter of the sphere, respectively; ¢, and
4, denote the permittivity and permeability of free space, respectively. An electromagnetic wave with angular

frequency o in chiral media is a S de comy osed into two modes: the right-handed circularly polarized (RCP)
wave with wave number kg _a) \/M . \/ﬂo&‘o and the left-handed circularly polarized (LCP) wave with wave

number k, = o(\1e, —Kx ﬂo«?o

Based on Bohren’s method[16], the expansions of the internal field of a chiral sphere can be written as[10]:
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where Q= —z}fs(, /u, . A, and B, represent the unknown expansion coefficients of the internal field.

2.3. The scattering coefficients

Substituting Egs. (7) (9), and (12) into the boundary conditions at the spherical interface yields the relationship
b as follows:
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2.4. Derivation of binding force

For sphere 1, the binding force exerted on the particle can be expressed as[16]:
binding

1 27 p7 1 1 ~ .
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where E, =E" +E" and H, =H" + H"' are the total external fields of sphere 1. Substituting E, and H, into Eq.
(16) , the axial and transverse binding force can be expressed as following:
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where P, =kawiE,’ /(4au,) is the power of the incident beam.
3. Numerical results and discussion

In order to verify the correctness of our theory and codes, Fig. 1(a) shows the comparison of the axial binding
force between our numerical results and those in [15]. The black curve represents the axial radiation force of a chiral
sphere. Since the interaction between spheres can be ignored when the distance between them are large enough.
Therefore for the red curve, we put the two spheres at (0,0,0) and (0,0,2000) on z-axis. The parameters used in
Fig.1(a) are as follows: the refractive index of the sphere is n=1.54 ;the refractive index of the surrounding medium
is n, =1.33 ;the radius of the spheres are @ =0.5um; the power of the incident Gaussian beam is P=0.1W; the
wavelength of the beam in vacuum is 1=0.488um; and the beam waist radius is @, =0.5um . They are in good
agreement, confirming the validity of the theory and codes in this paper.
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Fig. 2. Axial binding force. (a)Comparison with literature; (b) F. exerted on sphere 1 and sphere 2
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Fig.1(b) shows the axial binding force exerted on sphere 1 and sphere 2. It is clear that when d <5um, force of
sphere 1 is larger than that of sphere 2; and when d >5um, force of sphere 2 is larger than that of sphere 1. This is
because the center of the incident beam and the center of sphere 2 are superposable.

As the spheres are located on the z-axis, they experience a zero transverse binding force. Fig.3 shows axial
binding force F, of sphere 1 when sphere 2 stay fixedly and sphere 1 varies from 2 to 10 on z-axis. Fig. 3(a) shows
F, versus inter-particle separation d for different beam waist radii, assuming the spheres with radius a =0.5um, the
chirality parameter x=0.2 and refractive index n=1.59 in a surrounding medium with refractive index n,=1.33.
The beam center of the incident Gaussian with wavelength 1 =0.488um in vacuum and power P=0.1W is located at
the origin. The beam waist radius @, 150.5pm , 1.0pm and 1.5pm , respectively. As shown in Fig.3(a), as the distance
between the two spheres increases from 2um to 10um, F, decreases in general. And with the increase of w,,
Fig. 3(b) shows F, versus inter-particle separation 4 for different radii of sphere. The radius of sphere is 0.3um ,
0.5um and 0.6um , respectively. It is clear that F, decreases when the radius increases. This is because when the
radius increases, the two spheres become closer.
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Fig. 3. Effects of beam waist radius and sphere size on axial binding force
4. Conclusion

In this paper, the initial incident fields and the scattered fields of a sphere are transformed into the total incident
fields of another sphere in a chiral bisphere system. The specific form of total incident fields are given. Based on the
far-field approximation, the analytical expressions of the binding force exerted on one of the two spheres are
obtained by an incident on-axis Gaussian beam. We calculated the OB force exerted on both sphere 1 and sphere 2.
The effects of the beam waist radius and radius of sphere on the force are numerically analyzed. The works in this
paper indicate that the method we used here is reasonable and feasible, which is helpful to further research on
binding force between more complex particles.
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