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The contribution of the scatering force relative to the gradient force in the Rayleigh 

regime 

The gradient force and the scattering force can expressed as,16 











0

32

0

2

0

2
0 2

1ˆ







 KKExF xgrad

v

.2
0

0
222

2
0

0
2

2
ˆ

2
ˆ x

pm
x

pm
scat E

nK
yE

n
zF 























v

We note that  is the polarizability of a spherical particle, in which 
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, the effective refractive index of a weakly absorbing sphere in a medium with 
mn
Innm 20

~

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of ) is the scattering cross-section of particles,  is the normalized coordinate that results 2m 56.0

in a maximal gradient force,  is a constant for the use of an objective lens with NA 0.9, and 
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unit of ) is the average of laser power,  (in unit of ) is the speed of light in W 8103c sm

vacuum, and  (in unit of ) is the beam waist. 7
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Accordingly, the ratio of the magnitude of the gradient force relative to that of the 

scattering force can be expressed as,
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We then simplify the term, , as following,
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Note that the doped nanobeads employed in this work comprise dielectric materials 

(polystyrene) and dopants (dye molecules), with the dielectric materials presumably dominant relative 

to the dopant. Because the abundant dielectric material is resonant with neither the fundamental nor 

the 2nd harmonic of the optical frequency of the laser whereas the less abundant dopant is resonant 

with the 2nd harmonic of the laser, the effective refractive index can then be expressed as , in Inn 20
~

which  and  is the linear and nonlinear refractive index of the spherical nanobeads, respectively. 0n 2
~n

In general,  is a real quantity while  is a complex quantity and is appreciable at the fundamental 0n 2
~n

wavelength of the laser provided that the two-photon resonant condition is energetically fulfilled.21 

We next assume that the nonlinear term, which includes the laser intensity, can be simply 

defined as , where  and  are the magnitude of the real and imaginary iBAIn 2
~ A B

components of the complex nonlinear refractive index, respectively. 

Accordingly,  can be expressed as,
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gradient force. Therefore, the ratio of the magnitude of the gradient force relative to that of the 

scattering force becomes: 
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Because  and , hence . Accordingly,
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force is much greater than that of scattering force and the contribution of the scattering force is 

estimated to be less than  or 5.35%. Accordingly, we conclude that the contribution of the 17.18 

scattering force is much less than that of the gradient force as long as the particle is in the Rayleigh 

regime regardless of non-resonant or resonant conditions. 


