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Abstract: We investigated theoretically and numerically the optical pulling and pushing 
forces acting on silicon (Si) nanospheres (NSs) with strong coherent interaction between 
electric and magnetic resonances. We examined the optical pulling and pushing forces 
exerted on Si NSs by two interfering waves and revealed the underlying physical mechanism 
from the viewpoint of electric- and magnetic-dipole manipulation. As compared with a 
polystyrene (PS) NS, it was found that the optical pulling force for a Si NS with the same 
size is enlarged by nearly two orders of magnitude. In addition to the optical pulling force 
appearing at the long-wavelength side of the magnetic dipole resonance, very large optical 
pushing force is observed at the magnetic quadrupole resonance. The correlation between the 
optical pulling/pushing force and the directional scattering characterized by the ratio of the 
forward to backward scattering was revealed. More interestingly, it was found that the high-
order electric and magnetic resonances in large Si NSs play an important role in producing 
optical pulling force which can be generated by not only s-polarized wave but also p-
polarized one. Our finding indicates that the strong coherent interaction between the electric 
and magnetic resonances existing in nanoparticles with large refractive indices can be 
exploited to manipulate the optical force acting on them and the correlation between the 
optical force and the directional scattering can be used as guidance. The engineering and 
manipulation of optical forces will find potential applications in the trapping, transport and 
sorting of nanoparticles. 
© 2017 Optical Society of America 

OCIS codes: (160.4236) Nanomaterials; (160.6000) Semiconductor materials; (290.5850) Scattering, particles; 
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1. Introduction 

In recent years, silicon (Si) nanospheres (NSs) with diameters ranging from 100 to 250 nm, 
which exhibit distinct electric and magnetic dipole (ED and MD) resonances in the visible to 
near inferred spectral range, have attracted tremendous interest because they are considered 
as the most promising building blocks for metamaterials operating at optical frequencies 
where artificial atoms made of metals fail to work due to large Ohmic loss [1–13]. One 
remarkable feature of such Si NSs is the MD induced by a circular displacement current 
which results in the strong scattering of white light termed as “magnetic light” [1]. 
Directional scattering of such Si NSs has been studied in both the microwave and the visible 
to near infrared spectral ranges and it was found that Si NSs exhibit much different forward 
and backward scattering at specific wavelengths [4,5] (e.g., the wavelengths satisfying the 
first and second Kerker conditions [14]). 

Very recently, Fano resonances were observed in Si NS dimers and core-shell Si NSs 
[15,16], which belong to all-dielectric systems, and they were attributed to the interference 
between the significantly broadened EDs and the nearly unbroadened MDs of the coupled Si 
NSs or core-shell Si NSs. In these cases, the Fano resonances were observed near the 
wavelengths of the MDs. In fact, Fano resonances were also observed in the oligomer of Si or 
Au NSs owing to the collective interaction between the constituent Si or Au NSs [17–21]. In 
general, the directional scattering and Fano resonances indicate the existence of strong 
coherent interaction between the EDs and MDs in Si NSs. From the viewpoint of momentum 
conservation, the large forward scattering implies a weak optical force in the forward 
direction while a large backward scattering indicates a strong optical force in the forward 
direction. 

In the field of optical trapping, Ashkin et al. discovered the existence of radiation 
pressure in 1970s and demonstrated a technique now referred to as optical tweezers in 1980s 
[22,23]. Since then, optical trapping have attracted tremendous interest in both fundamental 
research and device application [24–27]. In conventional optical tweezers, the balance 
between gradient force and scattering force is exploited to capture particles. Various methods 
have been proposed to realize the trapping of micro- and nanoparticles, such as the use of 
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evanescent field [28] and surface plasmons [29–32]. Si nanoparticles have already been 
experimentally trapped in an optical tweezers [33]. The investigation of optical torque based 
on optical force was also carried out [34,35]. In recent years, optical pulling force, which 
makes particles move against the propagation direction of light in the absence of intensity 
gradient, has stimulated the interest of researchers working in this field because it is a 
counter-intuitive phenomenon since the discovery of optical radiation pressure. It was 
discussed theoretically by Chen et al. by using a Bessel beam and demonstrated 
experimentally by Brzobohatý et al. by using two interfering waves [36,37]. Several 
scenarios have been proposed to achieve optical pulling force [38–40]. Although the optical 
beams used in the analytical model or the configurations used in the experimental 
demonstration are different, the underlying physical mechanism for optical pulling force is 
the strong scattering of the incident light in the forward direction which leads to an optical 
force against the photon stream based on the conservation of momentum. 

So far, the particles used in the study of optical pulling force are polystyrene (PS) beads 
with relative large radius. For trapping light with a wavelength of 1064 nm, it was found that 
optical pulling force occurs only for PS beads with radius larger than 400 nm [36]. For 
nanoparticles with large refractive indices such as Si, germanium (Ge) and gallium arsenide 
(GaAs) NSs, it is expected that optical pulling force can be achieved at a much smaller size 
because of the significant directional scattering resulted from the strong coherent interaction 
between EDs and MDs. The optical force generated by single plane wave irradiation has been 
systematically investigated for Ge NSs [41]. In this case, the total optical force (Ftotal) can be 
decomposed into three components of Fe, Fm, and Fem which are related to the ED, MD and 
their coherent interaction, respectively. It was revealed that Fe and Fm are positive while Fem 
is negative. In the case of single plane wave irradiation, however, Fem cannot beat Fe and Fm 
and the total optical force (Ftotal = Fe + Fm + Fem) is always positive. It implies that optical 
pulling force cannot be generated by using single plane wave irradiation. Such a conclusion 
is obvious from the momentum conservation theory. In the limit case of all the incident 
photons are scattered in the forward direction, one can only expect a zero optical force. If we 
consider two interfering waves, then it is possible to generate optical pulling force for Si NSs 
with small sizes which will be interesting for the researchers in the fields of both all-
dielectric metamaterials and optical trapping. In other words, the two hot topics belonging to 
different research fields (i.e. all-dielectric metamaterials and optical forces) are bridged by 
the strong directional scattering which has been observed for Si NSs. Therefore, it seems very 
interesting to investigate not only the optical pulling force but also the optical pushing force 
for Si NSs. In Fig. 1, we show schematically the Si NS irradiated by two interfering waves 
with s- and p-polarizations considered in this work. The orientations of the ED and MD 
induced by the two interfering waves with different polarizations and the resulting directional 
scattering and optical force are also illustrated. 

2. Theoretical and numerical methods 

The scattering spectra described in this work were either calculated by using Mie theory (see 
Appendix Information, Section 6.1) or simulated by using the finite-difference time-domain 
(FDTD) technique [42]. The nanoparticles discussed in this paper, including Si and PS NSs, 
are assumed to be immersed in water with a refractive index of 1.33. The optical forces 
acting on Si NSs were either theoretically calculated based on the Maxwell strain tensor or 
numerically simulated based on the FDTD method. In the FDTD simulation, the volumetric 
technique analysis group was used to calculate the optical force acting on Si and PS NSs. The 
calculated optical force has been normalized to the power of the incident light. In the 
numerical simulations, a non-uniform grid with the smallest size of 1 nm as well as a 
perfectly matched boundary condition was employed. A detailed description of the 
theoretical method used to calculate the optical force is provided in Appendix Information 
(see Section 6.2). 
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Fig. 1. (a) Schematic showing the use of two interfering waves to generate an optical pulling 
force for a Si NS. The orientations of the ED and MD induced in the Si NS by the two 
interfering waves with s- and p polarizations and the resulting directional scattering and 
optical force are illustrated. (b) Various parameters used to characterize the incident plane 
wave. (c) and (d) Schematics showing two s- and p-polarized waves, respectively. 

3. Results and discussion 

3.1 Physical origin of the optical pulling force 

For Si NSs with diameters ranging from 100 to 250 nm, one can see well-defined EDs and 
MDs appearing in the visible to near infrared spectral range. If the light wavelength is chosen 
in this spectral range, it is generally sufficient to consider only the EDs and MDs with 
coherent interaction when discussing the optical force acting on such Si NSs. In this case, we 
consider a Si NS as a dipolar particle embedded in a medium with relative dielectric 
permittivity ε and magnetic permeability μ, irradiated by an incident light whose electric and 
magnetic fields are E(i) and B(i), respectively. In the dipolar approximation, the scattered field 
of the Si NS corresponds to that radiated by the induced electric and magnetic dipole 
moments, p and m, respectively. The total time-averaged optical force acting on the Si NS 
can be expressed as [43–45]: 

 ( ) ( ) ( )
4

( ) ( )1 2
2 3

i i kF E p B m p mμ
ε

∗ ∗ ∗ 
 
  

= ℜ ∇ ⊗ ⋅ + ∇ ⊗ ⋅ − ×
     

 (1) 

Eq. (1) represents the generalized result for the time-averaged optical force acting on the 

Si NS immersed in a medium with refractive index of n εμ=  [46]. The wavenumber is k = 

nω/c, ω being the frequency. The symbol ⊗ represents the dyadic product so that the matrix 

operation ( )V W∇ ⊗ ⋅
 

 has elements Wj∂iVj for i, j = 1, 2, 3. The first two terms in Eq. (1) are 

the optical force exerted by the incident light on the induced electric and magnetic dipoles 
(i.e., <Fe> and <Fm>) while the third term is the optical force originating from the interaction 
between the two dipoles (i.e., <Fem>) [46,47]. 

Previously, the optical force exerted on a Si or Ge NS which is irradiated by a single 
plane wave has been discussed and the contributions of the ED, MD and their coherent 
interaction to the optical force (i.e., Fe, Fm, and Fem) has been clarified [41,45]. Although Fem 
can be negative at some wavelengths, optical pulling force cannot be realized in the case of 
single plane wave irradiation. Now we can theoretically analyze the optical force exerted on 
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the Si NS by two interfering waves. The electric field created by the two interfering waves 
with an incidence angle of θ [see the definition in Fig. 1(a)] can be expressed as follows: 

 ( ) ( )0
i 1,2

cos sin exp ,ki i ki i iE E ikk rθ γ φ γ
=

= + ⋅
  

 (2) 

where ( )sin cos ,sin sin ,cosi ki ki ki ki kik θ φ θ φ θ=


, ( )cos cos ,cos sin , sinki ki ki ki ki kiθ θ φ θ φ θ= −


, 

and ik i kikφ θ= ×
 

 [see Fig. 1(b) for the definitions of γ and φ]. 

For s-polarized wave, we have 1 1 1/ 2, , 0k kγ π θ θ φ= = = , 2 2 23 / 2, ,k kγ π θ θ φ π= = = . In 

this case, the optical force in the z direction (Fz), which can be derived by substituting the 
above parameters into Eqs. (2) and (1) (see Appendix Information), is expressed as: 

 

( ) ( )
3

1 3
0 3 3

e

1 2
4 cos cos cos ,

3

s s ss

z z z z

-
e m e m

m em
F F F F

kF
r r

με α θ μα θ α α θ
ε

∗

= + +

 
= ℑ + − ℜ 

 

   

 (3) 

where 3 2
0 0 / 2F r kEε= , αe and αm are the electric and magnetic polarizabilities of the Si NS 

which can be determined by the Mie coefficients (see Appendix), ℑ  and ℜ  stand for the 
imaginary and real parts of a complex. In Fig. 1, it can be seen that the z components of the 
wavevectors of the two incident waves are in the + z direction. For this reason, the optical 
forces in the + z and –z directions are referred to as optical pushing and pulling forces, 
respectively. 

By comparing Eq. (3) with Eq. (13) in [41], it can be easily found that a factor of 4cosθ is 
added in Fe and Fem while a factor of 4cos3θ is included in Fm when the illumination source is 
changed from single plane wave to two interfering waves. For this reason, it is expected that 
Fe and Fem decrease in a slower rate (cosθ) as compared with Fm (cos3θ) when the incidence 
angle is increased. As a result, Fem may exceed the sum of Fm and Fe and become dominant 
after a critical value of θ. In this case, a negative force (i.e., pulling force) is created by the 
two interfering waves. 

From the viewpoint of momentum conservation, it is impossible to generate optical 
pulling force by using single plane wave irradiation because the momentum of the photons 
being scattered into the forward direction cannot exceed the initial momentum of the incident 
photons. However, the generation of optical pulling force becomes possible when two 
interfering waves are employed. If the most of the incident photons are scattered into the 
forward direction, then the momentum of the scattered photons may become larger than the 
sum of the momentums of the two incident waves along this direction when the angle 
between them exceeds a critical value. In this case, an optical pulling force is generated. 
Therefore, the generation of optical pulling force is closely related to the directional 
scattering of nanoparticles. It has been demonstrated that Si NSs exhibit directional scattering 
in the visible and near infrared spectral range. Thus, optical pulling force is expected to occur 
at the wavelength where the maximum ratio of forward to backward scattering is achieved. 

In Fig. 2(a), we present the spectrum of the total optical force Ftotal(λ) acting on a Si NS 
with a radius of r = 100 nm calculated by using Eq. (13) in [41]. It appears to be quite similar 
to the scattering spectrum of the Si NS. If we decompose the spectrum into the contributions 
of Fe(λ), Fm(λ) and Fem(λ), it can be seen that Fe(λ) and Fm(λ) look like very much the Mie 
scattering coefficients a1(λ) and b1(λ) which represent the contributions of the ED and MD to 
the total scattering. Apparently, Fe(λ) and Fm(λ) remain to be positive over the entire spectral 
range. In sharp contrast, Fem(λ) appears to be negative and reaches a minimum value on the 
right side of the MD. Since Fem(λ) cannot counteract Fe(λ) and Fm(λ), Ftotal(λ) remains to be 
positive over the entire spectral range and no optical pulling force can be realized by using 
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single plane wave irradiation, as discussed above. In Fig. 2(b), we show the spectra of Ftotal(λ) 
and its constituents [Fe(λ), Fm(λ) and Fem(λ)] when the Si NS is irradiated with two interfering 
waves. In this case, the two interfering waves are assumed to be s-polarized with an 
incidence angle of θ = 78°. It is noticed that Fe(λ) and Fem(λ) remain nearly unchanged while 
a significant reduction of Fm(λ) to nearly zero is observed. As a result, optical pulling force 
can be achieved in a narrow wavelength range of 780−830 nm. As will be shown later, the 
optical pulling force is reduced rapidly if the polarization angle of the incident wave is varied 
from 90° (s-polarized) to 0° (p-polarized). 

 

Fig. 2. Wavelength dependence of the total optical force (Ftotal) and various components (Fe, 
Fm, and Fem) acting on the Si NS with r = 100 nm calculated for the irradiation of single plane 
wave (a) and two s-polarized waves with an incidence angle of θ = 78° (b). (c) Dependence of 
total optical force (Ftotal) and various components (Fe, Fm, and Fem) on the incidence angle. (d) 
Dependence of the optical force in the z direction (Fz) on the radius of the Si NS calculated for 
two s-polarized waves with λ = 800 nm and θ = 78°. 

Physically, the configuration of two-wave irradiation offers us the opportunity to 
manipulate the spatial orientations of the ED and MD excited in the Si NS and thus the 
directional scattering of the Si NS. For p-polarized wave, the MDs induced by the two 
incident waves are canceled out because they are antiparallel and in phase, as shown in Figs. 
1(a) and 1(d). As a result, Fm(λ) and Fem(λ) disappear completely whereas Fe(λ) remains to be 
a positive value. Therefore, no optical pulling force will be generated if only the ED and MD 
of the Si NS are considered [see Appendix Information, Eq. (19)-Eq. (23)]. For s-polarized 
wave, the electric field does not change with the incidence angle because it is in the y 
direction (i.e., Ey = E0). On the other hand, the z components of the magnetic field of the two 
incident waves are canceled out because they are antiparallel and in phase. A constructive 
enhancement is expected for the x components of the magnetic field of the two incident 
waves, as shown in Figs. 1(a) and 1(c). In this case, the magnetic field is in the x direction 
and the induced magnetic dipole decreases with increasing incidence angle (Bx = Bcosθ). As 
a result, Fm(λ) decreases more rapidly than Fem(λ) and optical pulling force is available for 
incidence angles larger than a critical value [see Appendix Information, Eq. (12)−Eq. (15)]. 

Theoretically, we have calculated the dependence of Fe, Fm, Fem, and Ftotal at λ = 800 nm 
on the incidence angle (θ), as shown in Fig. 2(c). While the dependence of Fe and Fem on θ 
follows a function of cosθ, the dependence of Fm on θ follows a function of cos3θ. It means 
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that Fm decreases more rapidly than Fe and Fem with increasing θ. As a result, there exists an 
angle range (68°≤ θ ≤ 90°) in which Fem beats Fe and Fm, leading to the generation of optical 
pulling force. By fixing the light wavelength at λ = 800 nm and the incidence angle at θ = 
78°, we also examined the dependence of the optical pulling force (Fz) on the size of the Si 
NS, as shown in Fig. 2(d). It can be seen that the maximum optical pulling force is achieved 
in the Si NS with r = 100 nm. 

3.2 Strong optical pulling force observed in Si NSs 

Previously, Chen et al. studied theoretically the optical pulling force acting on PS NSs with 
different sizes by using two interfering beams at 1064 nm with θ = 87° [36]. However, the 
influence of the polarization, wavelength and incident angle on the optical pulling force has 
not been discussed in detail. Zemanek et al. also studied theoretically the optical pulling force 
acting on a PS NS with r = 410 nm by using two interfering light at 532 nm. They found that 
optical pulling force couldn’t be generated by p-polarized light. For s-polarized light, the 
optical pulling force was observed only for a narrow incidence angle range of 79°≤ θ ≤ 90°, 
where θ is the half angle between the two interfering light which is the same as that defined 
in Fig. 1. As discussed above, the coherent interaction between the ED and MD is expected 
to be much stronger in Si NSs than that in PS NSs. As a result, directional scattering appears 
to be more significant in Si NSs than that in PS NSs. 

Here, we investigated theoretically the optical force exerted on a Si NS with r = 100 nm 
by two interfering light at 800 nm. In order to see the effects of light polarization on the 
optical pulling force, the z component of the total optical force (Fz) as a function of θ has 
been calculated for incident light with different polarization angles of γ = 0°, 30°, 60°, and 
90°, as shown in Fig. 3(a). Here, polarization angles of 0° and 90° correspond to p- and s-
polarized light, respectively. Although optical pulling force is still not available for p-
polarized light, it can be seen that optical pulling force can be obtained in a much wider angle 
range of 68°≤ θ ≤ 90° for s-polarized light, as shown in Fig. 3(a). In addition, the maximum 
optical pulling force is achieved at θ = 78°. Obviously, the wider angle range achieved in Si 
NSs makes it easier to experimentally investigate optical pulling force. For comparison, we 
calculated the dependence of optical force acting on Si and PS NSs with the same radius of r 
= 100 nm on the incidence angle for p- and s-polarized light, as shown in Fig. 3(b). Apart 
from the wide angle range observed for the Si NS, it can be seen that the optical pulling force 
acting on the Si NS is enhanced by a factor of ~70 as compared with the PS NS. Such an 
enhancement arises from the strong coherent interaction between the ED and MD in the Si 
NS which leads to the stronger scattering in the forward direction. In order to see the 
correlation between the optical pulling force and the directional scattering, we have 
calculated the radiation patterns of the Si NS in the xz plane for the incident waves with 
different polarization angles, as shown in Fig. 3(c). For γ = 90° (s-polarized), it can be seen 
that the forward scattering is much stronger than the backward one and a large optical pulling 
force is obtained. For γ = 60°, the forward scattering remains much stronger than the 
backward one. However, the optical pulling force is reduced significantly. The reduction of 
the optical pulling force is caused mainly by the reduction of the induced magnetic dipole. As 
γ is reduced to 30°, no optical pulling force is available although the forward scattering is still 
stronger than the backward one because the net momentum of the forward scattering cannot 
exceed the initial momentum of the incident photons in the z-direction. For γ = 0° (p-
polarized), only the ED along the z direction is induced in the Si NS and the radiation pattern 
appears as the typical one for a dipole. 
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Fig. 3. (a) Dependence of the optical force in the z direction exerted on the Si NS with r = 100 
nm on the incidence angle calculated for the incident wave with polarization angles of γ = 0° 
(p-polarized), 30°, 60°, and 90° (s-polarized). (b) Dependence of the optical force in the z 
direction on the incidence angle calculated for the Si and PS NSs with r = 100 nm irradiated 
with s- and p-polarized waves. In both cases, the wavelength of the incident wave is chosen at 
the minimum of Fem (λ = 800 nm for the Si NS and λ = 340 nm for the PS NS). (c) Radiation 
patterns of the Si NS with r = 100 nm in the xz plane calculated at λ = 800 nm for γ = 0° (p-
polarized), 30°, 60°, and 90° (s-polarized) with an incidence angle of θ = 78°. 

3.3 Strong optical pushing force observed at magnetic quadrupole resonance 

By using the formula presented in Section 3.1, one can easily calculate the optical force 
acting on a nanoparticle which can be described approximately by an ED and a MD. In other 
words, only the ED and MD induced by the incident wave are taken into account in the 
simple theoretical model. The advantage of the theoretical analysis is the decomposition of 
the total optical force into the contributions of the ED, MD and their coherent interaction. For 
nanoparticles with large sizes, however, one need to consider the contributions of high-order 
electric and magnetic resonances and the addition of such high-order resonances makes the 
theoretical calculation of optical force more complicate. In this case, numerical simulation 
based on the FDTD method appears to be a more convenient way to analyze the optical force 
acting on nanoparticles. 

In Fig. 4(a), we present the wavelength dependence of the optical force (pulling or 
pushing) in the z direction (Fz) for a Si NS with r = 100 nm and θ = 78° simulated by using 
the FDTD method. The same optical force calculated by using the theoretical model 
considering only the ED and MD is also provided for comparison. It can be seen that the 
optical force calculated by using the two methods agree well for wavelengths longer than 600 
nm. In means that the consideration of only the ED and MD of the Si NS in the calculation of 
the optical force is sufficient if the wavelength of the incident wave is chosen to be larger 
than 600 nm. In Fig. 4(b), we compare the wavelength dependence of the optical force in the 
z direction and the scattering spectrum of the Si NS and identify three remarkable features. 
First, the maximum optical pulling force is achieved at the long-wavelength side of the MD. 
Second, the optical force disappears completely at the MD of the Si NS. Finally, it is noticed 
that an optical pushing force as large as ~4.5 pN is achieved at the magnetic quadrupole 
(MQ) resonance. Since the MQ resonance is quite sensitive to the size of the Si NS, the 
strong optical pushing force appearing at the MQ may be exploited in the sorting of 
nanoparticles. In Fig. 4(b), we also present the absorption spectrum of the Si NS. It can be 
seen that the absorption at the MD and ED of the Si NS is negligible while a maximum 
absorption is observed at the MQ. The reasons for this phenomenon are twofold. First, the 
imaginary part of the complex refractive index of Si increases rapidly for wavelengths shorter 
than 600 nm. Second, very large electric field enhancement is observed at the MQ. These two 
factors lead to the strong absorption observed at the MQ. From the viewpoint of momentum 
conservation, the large absorption at the MQ also contributes the optical force in the forward 
direction. 
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Fig. 4. (a) Wavelength dependence of the optical force in the z direction calculated 
theoretically and simulated numerically for the s-polarized wave with θ = 78°. (b) Comparison 
of the spectrum of the optical force in the z direction with the scattering spectrum of the Si NS 
with r = 100 nm. The absorption spectrum of the Si NS is also provided. 

3.4 Correlation between optical pulling/pushing force and directional scattering 

In Fig. 5, we show the wavelength dependence of the ratio of the forward to backward 
scattering and compare it with the wavelength dependence of the optical force in the z 
direction. It can be seen that the largest optical pulling force is achieved at the wavelength 
where the largest ratio of the forward to backward scattering is observed (λ ~800 nm). In 
addition, the strongest optical pushing force is obtained at the MQ where the minimum ratio 
of the forward to backward scattering is observed (λ ~580 nm). 

 

Fig. 5. (a) Correlation between the spectrum of the optical force and that of the ratio of the 
forward to backward scattering. (b) Radiation patterns in the xz plane calculated at λ = 800 and 
580 nm for two s-polarized waves with θ = 78°. (c) Electric and magnetic field distributions 
calculated for the Si NS with r = 100 nm at λ = 800 and 580 nm where the maximum optical 
pulling and pushing forces are observed, respectively. 

It should be emphasized that the maximum ratio of the forward to backward scattering is 
only the necessary condition for the achievement of optical pulling force, not the sufficient 
condition. For example, the backward scattering vanishes at the wavelength where the first 
Kerker condition [14] is satisfied and the ratio of the forward to backward scattering is 
infinite in the case of single plane wave irradiation. However, no optical pulling force is 
generated at this wavelength. In order to gain a deep insight into the correlation between the 
optical pulling/pushing force and the directional scattering, we also calculated the radiation 
patterns of the Si NS at 800 and 580 nm, as shown in Fig. 5(b). For the incident light with λ = 
800 nm, it can be seen that the forward scattering is about 3 times stronger than the backward 
one. In contrast, the scattering occurs mainly in the x direction for the incident light with λ = 
580 nm. The scattering intensity in the z direction is quite weak. In this case, it is noticed that 
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the forward scattering is weaker than the backward one. In Fig. 5(c), we present the electric 
and magnetic field distributions for the Si NS calculated at λ = 800 and 580 nm where the 
maximum optical pulling and pushing forces are achieved, respectively. 

3.5 Optical pulling force utilizing the high-order electric and magnetic resonances 

Now we fix λ = 800 nm and θ = 85° and examine the dependence of the optical force in the z 
direction on the radius of the Si NS, as shown in Fig. 6(a). It can be seen that very large 
optical pulling force can be achieved for Si NSs with r ~450 nm. More interestingly, optical 
pulling force is available not only for s-polarized wave but also for p-polarized one. In 
addition, the optical pulling force generated by p-polarized wave reaches half of that 
generated by s-polarized wave. 

 

Fig. 6. (a) Dependence of the optical force in the z direction on the radius of the Si NS 
calculated for s- and p-polarized waves with λ = 800 nm and θ = 85°. (b) Dependence of the 
optical force in the z direction acting on a Si NS with r = 450 nm on the incidence angle 
calculated for s- and p-polarized waves at λ = 800 nm. (c) Dependence of the optical force in 
the z direction acting on a Si NS with r = 450 nm on the incidence angle calculated for s- and 
p-polarized waves at λ = 3360 nm. (d) Radiation patterns of the Si NS with r = 450 nm 
calculated for s- and p-polarized waves with λ = 800 nm and θ = 80°. 

In order to gain a deep insight into these phenomena, we calculated the dependence of the 
optical force on the incidence angle for both s- and p-polarized waves, as shown in Fig. 6(b). 
It can be seen that the maximum optical pulling force as large as ~6 pN is obtained at θ ~80° 
for s-polarized wave. For p-polarized wave, the maximum optical pulling force of ~3 pN is 
achieved at a larger angle of θ ~84°. Actually, the largest optical force for the Si NS with r = 
450 nm is obtained at λ = 3360 nm where the maximum Fem is observed, as shown in Fig. 
6(c). In this case, the optical pulling force is calculated to be ~8 pN for s-polarized wave but 
it is not available for p-polarized wave. From the experimental point of view, however, the 
use of 800-nm laser light is more attractive because the optical pulling force can be achieved 
not only for s-polarized light but also for p-polarized light. It means that the high-order 
electric and magnetic resonances of large Si nanoparticles can be exploited to realize optical 
pulling force. In Fig. 6(d), we show the radiation patterns of the Si NS with r = 450 nm 
calculated for s- and p-polarized waves at λ = 800 nm. It can be seen that the radiation 
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patterns in the two cases are quite similar except the larger scattering in the forward direction 
for s-polarized wave. It implies the close relationship between optical pulling force and 
directional scattering. 

 

Fig. 7. (a) Wavelength dependence of the optical force in the z direction of the Si NS with r = 
450 nm calculated for two s-polarized waves with θ = 80°. The scattering spectrum of the Si 
NS calculated by using Mie theory is also provided for comparison. The one-one 
correspondences between the scattering peaks and the Mie scattering coefficients are indicted 
in the scattering spectrum. (b) Spectra of the forward and backward scattering and their ratio 
calculated for the Si NS with r = 450 nm. (c) and (d) show the wavelength dependence of the 
optical force in the z direction and the ratio of the forward to backward scattering in the long- 
and short-wavelength regions, respectively. The correlations between the maximum optical 
pulling/pushing force and the maxima/minima of the ratio are indicated by dashed lines. 

If we calculated the scattering spectrum of the Si NS with r = 450 nm, it is found that the 
scattering intensity at λ = 800 nm includes the contributions from the Mie scattering 
coefficients of a5, a6, and b4, as shown in Fig. 7(a). For the Si NS with r = 450 nm, it is also 
noticed that optical pulling force is available at other wavelengths such as ~1100 and ~1400 
nm [see Fig. 7(a)]. In Fig. 7(b), we show the forward and backward scattering spectra 
calculated for the Si NS with r = 450 nm which is irradiated by two interfering waves. Also, 
we present the ratio of the forward to backward scattering in the same figure. In Fig. 7(c), we 
plot the wavelength dependence of the optical force together with that of the ratio of the 
forward to backward scattering in the long-wavelength range where the ED, MD, EQ and 
MQ (corresponding to a1, b1, a2, b2) are located. It is remarkable that the maximum optical 
pulling force is achieved at the wavelength of the maximum ratio (λ = 3360 nm) while the 
maximum optical pushing force is achieved at the wavelength of the minimum ratio (λ = 
2270 nm). Similar one-one correspondence can be found in the short wavelength range where 
high-order electric and magnetic resonances (or high-order Mie scattering coefficients) are 
located, as shown in Fig. 7(d). However, the minima of optical force do not necessarily mean 
optical pulling force. On the other hand, it is noticed that the minima of the ratio correspond 
to the maxima of optical force which is an optical pushing force. 
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4. Conclusion 

In summary, we have investigated theoretically and numerically the optical pulling and 
pushing forces acting on Si NSs which possess strong coherent interaction between electric 
and magnetic resonances. The physical mechanism responsible for the generation of optical 
pulling force under the irradiation of two interfering waves is elucidated based on the 
manipulation of the electric and magnetic dipoles induced by the incident light with different 
polarizations. It was found that optical pulling force with enhanced value and enlarged angle 
range can be generated for Si NSs whose sizes are much smaller than PS NSs. In addition, 
very strong optical pushing force is observed at the MQs of Si NSs. It was revealed that the 
high-order electric and magnetic resonances play a crucial role in generating optical pulling 
force for Si NSs with large sizes, which is observed not only for s-polarized wave but also for 
p-polarized one. The correlation between the optical pulling/pushing force and the directional 
scattering of Si NSs has been established. While maximum optical pulling force is observed 
at the maximum of the ratio of the forward to backward scattering, maximum optical pushing 
force is observed at the minima of the ratio. The engineering and manipulation of optical 
force will find potential applications in the trapping, transport and sorting of nanoparticles. 

Appendix 

A.1 Theoretical analysis of the scattering spectra of Si NSs based on the Mie theory 

Based on Mie theory, the scattering efficiency Qscat of a single Si NS can be decomposed into 
a series of multipolar contributions and it can be expressed as [48]: 

 ( ) 2 2
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∞

=

= + +  (4) 

where x = kr = 2πr/λ, k is the wavevector of light, an and bn denote the electric and magnetic 
Mie coefficients, λ is the wavelength of light in the ambient medium. 

A.2 Optical force generated by two interfering waves 

Dipolar particles are usually characterized by their electric and magnetic complex 
polarizabilities, αe and αm, which may be written in the form [43]: 

 1 13 3

3 3
,

2 2e mi a i b
k k
εα α

μ
= =    (5) 

Now we consider two plane waves each of which can be characterized by the parameters 
shown in Fig. 1(b). Here, γ determines the polarization direction in the θkφk plane, θ is the 
angle between the incident wave and the z axis, φ determines the plane of incidence. 

A.2.1 Optical force generated by two s-polarized waves 

For s-polarized wave which is schematically shown in Fig. 1(c), one of the plane waves is 
characterized by 1 1 1/ 2, , 0k kγ π θ θ ϕ= = =  while the other is described 

by 2 2 23 / 2, ,k kγ π θ θ ϕ π= = = . According Eq. (2), we can easily obtain: 

 1 1 1(sin , 0, cos ), (cos , 0, sin ), (0,1, 0),k θ θ θ θ θ φ= = − =
  

       (6) 

 2 2 2( sin , 0, cos ), ( cos , 0, sin ), (0, 1, 0).k θ θ θ θ θ φ= − = − − = −
  

       (7) 

With the help of Eqs. (6) and (7), the electric field of the incident wave can be rewritten as: 

                                                                                      Vol. 25, No. 11 | 29 May 2017 | OPTICS EXPRESS 12369 



 
( ) ( ) ( ) ( )

1 2 1 2

0 00,1, 0 exp sin cos 0,1, 0 exp sin cos

y yE E E E E

E ik x θ z E ik x zθ θ θ

= + = +

= + + − +      

  
  

    
(8) 

In this case, the electric dipole moment is given by: 

 1 2 1 2( ).ep p p E Eα= + = +
   

 (9) 

Since the light is incident on the xz plane, we will consider only the z component of the 
optical force because the x and y components are much weaker. Because the particle size is 
very small at the origin of the coordinate, we can choose x = 0 so that the complex 
exponential term can be simplified. 
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Basically, the optical force exerted by the incident wave on the induced electric dipole (i.e. 
<Fe>) can be expressed as [43]: 
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With the help of Eqs. (6), (7) and (8), we can derive the magnetic fields to be: 

 1 1 1 1 1( ) cos siny yB k E iE kEμε με θ θ = × = − + 
   

 (12) 

 2 2 2 2 2( ) cos siny yB k E iE kEμε με θ θ = × = − − 
   

 (13) 

In this case, the magnetic dipole moment is given by: 

 1 2 1 2( )mm m m B Bα= + = +
   

 (14) 

Therefore, the optical force exerted by the incident field on the induced magnetic dipole (i.e. 
<Fm>) is given by: 
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The optical force exerted by the incident field due to the interaction between both dipoles 
(i.e. <Fem>): 
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Previously, the total optical force induced by single plane wave irradiation is expressed as 
[41]: 
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If we compare Eqs. (11), (15) and (16) with Eq. (17), it can be easily found that Fe and Fem 
are increased by a factor of 4cosθ while Fm is increased by a factor of 4cos3θ when the 
illumination of single wave is replaced by the two interfering waves. For this reason, it is 
expected that Fe and Fem decrease at a slower rate (cosθ) as compared with Fm (cos3θ) with 
increasing θ. As a result, the value of Fem may exceed that of Fm and become dominant after a 
critical value of θ. In this case, a negative force (i.e. pulling force) is generated by the two 
interfering waves. 

A.2.2 Optical force generated by two p-polarized waves 

Similar to the s-polarized wave, we can use 1 1 10, , 0k kγ θ θ φ= = =  and 

2 2 20, ,k kγ θ θ φ π= = =  to describe the two p-polarized waves schematically shown in Fig. 

1(d). 
The electric field induced by the two p-polarized waves can be written as: 
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(cos ,0, sin )exp[i ( sin cos )]

( cos ,0, sin )exp[i ( sin cos )]

E E E E k x z
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θ θ θ θ
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So, the optical force acting on the induced electric dipole is given by: 
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Based on Eqs. (6), (7) and (18), the magnetic field can be derived as: 

 ( )1 1 1 1 1 1( ) cos sinx z yB k E j E E Bμε με θ θ= × = − =
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 (20) 

 ( )2 2 2 2 2 2( ) cos sinx z yB k E j E E Bμε με θ θ= × = + =
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 (21) 

According to Eqs. (14), (20) and (21), we have 
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With Eq. (18), (20) and (21), we obtain: 
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It is found that the total magnetic dipole disappears for p-polarized waves because the two 
magnetic dipoles induced by the two incident waves are canceled out. Therefore, both Fm and 
Fem equal to zero while Fe remains to be positive. This is why optical pulling force cannot be 
generated by p-polarized waves for small Si NSs. For large Si NSs, the optical force is 
determined by the high-order electric and magnetic resonances and their coherent interaction. 
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