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Investigation of multiple metal nanoparticles near-field 
coupling on the surface by discrete dipole approxima-
tion method* 
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We use the method of discrete dipole approximation with surface interaction to construct a model in which a plurality of 

nanoparticles is arranged on the surface of BK7 glass. Nanoparticles are in air medium illuminated by evanescent wave 

generated from total internal reflection. The effects of the wavelength, the polarization of the incident wave, the number 

of nanoparticles and the spacing of multiple nanoparticles on the field enhancement and extinction efficiency are calcu-

lated by our model. Our work could pave the way to improve the field enhancement of multiple nanoparticles systems. 
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Total internal reflection occurs when a plane wave 

propagates from a medium of higher refractive index to a 

medium of lower refractive index with an incident angle 

exceeds the critical angle. Evanescent field, which is as-

sociated with total internal reflection, is generated in the 

vicinity of the boundary of two media[1]. The mean free 

path of electrons in general metals is smaller than the 

noble metals, the free electrons in the noble metal 

(Au/Ag/Cu) have a mean free path of about 50 nm[2]. In 

other words, noble metal nanoparticles have significant 

scattering phenomenon when excited. Placing noble 

metal nanoparticles with a diameter far less than the 

wavelength of the incident wave in the vicinity of surface, 

intensely absorption and scattering phenomena occurs, 

that is well known as localized surface plasmon reso-

nance (LSPR) scattering[3]. Taking advantages of the 

strong LSPR scattering of noble metal nanoparticles, 

multiple-nanoparticles have great potential for applica-

tion as catalysts, optics and biosensing[3-8]. For example, 

biomedical processes are also closely related to plasmon 

resonance in nanoparticles, such as Raman spectroscopy 

of analytes, fluorescence enhancement, catalysis, and 

conversion of sunlight energy in photosynthesis[9-12]. In 

addition, in the field of materials science, multi-

nanoparticles are able to create new types of sensing ma-

terials with high sensitivity[13,14]. In nanoscience, multi-

nanoparticles systems are widely used in studying nano-

dimer structures[7,15-17]. 

In this work, we used the discrete dipole approxima-

tion (DDA) method to simulate Ag nanoparticles (ANPs) 

Ag nanospheres disposed on the surface of BK7 glass, in 

the air medium[5,18-20], Nanoparticles are illuminated by 

evanescent wave generated from total internal reflection, 

the near-field coupling between multiple metal nanopar-

ticles are calculated by DDA method[21-23]. It is worth 

noting that in our simulation, the arrangement of 

nanoparticles is approximately random, which is more in 

line with the actual condition of the experiment[24]. We 

discussed the effects of the wavelength, the polarization 

of the incident wave, the size and the number of ANPs 

and the spacing of multiple ANPs on the near-field cou-

pling to optimize the experiment conditions. 

In the DDA model, the arbitrary scattering object is 

considered as an array of point dipoles that interacts with 

the incident field[1]. In details, scattering object is discre-

tized as point dipoles at position ri (i=1,2,…,N) with po-

larizability αi, where αi is the Clausius-Mossotti polariza-

bility[25]: 
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Assume Ei is the local field intensity of dipole at 

position ri, Einc,i is the incident field which is equal to 

the sum of Ei plus contributions from the N−1 dipoles,                    

Einc,i= Ei+Σi≠kAikPi,                                             (2) 

and each point dipole at position ri has polarization Pi, 
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Pi=αiEi.                                                                        (3) 

Aik is the 3×3 off-diagonal tensor of the interaction matrix, 
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where rik is the distance between ri and rk, eik is the unit 

direction vector from point ri to rk. From the Helmholtz 

equation we obtain Aik=k2Gik, where Gik is the Green’s func-

tion of the electric field generated by the radiating dipole ri. 

Defining Aii=αi
-1, substituting it into Eq.(2), we obtain: 

inc,

N
k i ik i i� �� A P E .                                                     (5) 

However, placing the nanoparticles in the vicinity of a 

surface, the surface reflection is unneglectable. In the pres-

ence of the surface, it is necessary to consider the reflec-

tion effect between ‘image’ dipoles on the surface of the 

substrate. The incident field should be the sum of the two 

effects, the expression of incident field is given by: 

inc, 1 1
( )N SI N

i k ik i k ik ik i� �� � �� �E A P A R P ,                      (6) 

where Rik is an additional term of surface reflection. The 

specific formulation is given as[20] 
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where ,V HI I� � ,and V
zI  are  the Sommerfeld identities[1]. 

Defining higher refractive index n1, lower refractive in-

dex n2, incident angle θ1 and transmitted angle θ2, the 

wave vector of the evanescent field is given by 

ke=(0, n2k0sinθ2, n2k0cosθ2),                                    (12) 

sinθ2=(n2/n1)sinθ1 ,                                                  (13) 

2 2

2 2 1 1
cos i ( / ) sin 1n n� �� �  .                              (14) 

Thus, the unit direction vectors of TM and TE wave are 

given by:  
2 2

2 1 1 2 1 1
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(1,0,0)s �e .                                                            (15) 

The corresponding Fresnel formulas of s- and p-
polarization will be: 
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The corresponding evanescent field in the surface of me-

dium will be given by: 

Ee,p=ep|T2,p|,                                                              (18) 

Ee,s=es|T2,s|.                                                               (19) 

In our model, the dipoles are illuminated by the eva-

nescent wave that generated by the plane wave undergo-

ing total internal reflection. Eqs.(18) and (19) describe 

the evanescent wave fields of vertical and parallel polari-

zation, respectively. Then the field of nanoparticles is 

calculated by Eq.(6)[26]. 

Another physical quantity to be studied in the article is 

the extinction coefficient, and the extinction cross section 

is defined as 
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The extinction coefficient is the extinction cross section 

divided by the cross-sectional area of the scatterer[27]. 

In this work, the scattering object is ANPs with a di-

ameter of 30 nm, the range of wavelength is from 300 nm 

to 700 nm. The refractive index of the substrate (BK7 

glass) is 1.15—1.55[28]. Thus, the critical angle is about 

40°—42°. An incident angle of 45° is thus selected to 

ensure the total internal reflection. In previous studies, 

the probe of the atomic force microscope (AFM) is repre-

sented as an array of dipoles and analyzed the change of 

dipoles field intensity when the distance between the 

probe and the nanoparticle changes. Taking the spacing 

of 1 nm and 14 nm as examples, closer distance between 

the probe and the nanoparticles provides higher field en-

hancement[1,20,29]. We thus varied the separation distance 

of nanoparticles by changing the coordinates of each dis-

cretized nanoparticle. l1 (10 nm<l1<15 nm) and l2 

(0<l2<1 nm) to two cases of nanoparticles distributions, 

respectively. In every case, the separation distance of 

nanoparticles is limited between the minimum and 

maximum of l. Fig.1 shows the selected field intensity 

distributions of nanoparticles at separation l2. 
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Fig.1 The field intensity distribution of each dipole in 
the case of incident plane waves with different polari-
zations: (a) and (b) are the case of one ANP is placed 
on the substrate; (c) and (d) are the case of two ANPs 
are placed on the substrate; (e) and (f) are the case of 
four ANPs are placed on the substrate 
   

We took the mean of the field intensity of 552 dipoles 

as the field intensity of each nanoparticle. Changing the 

wavelength of the incident wave and the number of 

nanoparticles, the variation of the field intensity of 

nanoparticles is shown in Fig.2. 

 

 

 

 

 

Fig.2 The field intensity of nanoparticles versus the 
incident wavelength: (a) and (b) The separation of 
nanoparticles is l1; (c) and (d) The separation of 
nanoparticles is l2; (a) and (c) Scattering object is il-
luminated by s-polarization wave; (b) and (d) Scatter-
ing object is illuminated by p-polarization wave 

 

It is worth noting that the field intensities of different 

numbers of nanoparticles are significantly different at the 

same wavelength. Compared with s-polarization, p-
polarization illumination provides higher field enhance-

ment. The reason for this phenomenon is that although all 

the nanoparticles are placed in the same horizontal plane, 

the lateral coupling between the nanoparticles is dominant. 

The TM field consists of lateral and vertical components, 

whereas the TE field is completely a lateral component. In 

Fig.2(c), when the nanoparticles are illuminated by s-
polarization wave and the wavelength of incident wave 

exceeds 400 nm, four and six nanoparticles have higher 

field enhancement compared to the case where the distance 

between the nanoparticles is l1, in Fig.2(a). 

   As shown in Fig.3, different numbers of nanoparticles 

introduce a significant peak shift of the extinction effi-

ciency at the same incident wavelength. In Fig.3(a) and 

(b), the nanoparticles are illuminated by different polari-

zation waves, the peak shift is completely in different 

direction. It is the same in Fig.3(c) and (d). 

From Fig.3, we can conclude that when the external 

conditions are consistent, the more the number of 

nanoparticles, the smaller the value of the extinction effi-

ciency. After changing the polarization direction of the 

incident wave and the spacing between the nanoparticles, 

the change of extinction efficiency of multiple nanoparti-

cle system is more obvious than that of a single nanopar-

ticle system. The number of nanoparticles and the dis-

tance between nanoparticles change the near-field cou-

pling effect of the nanoparticles, it redistributes the sur-

face electrons between the surface and the volume, result-

ing in the appearance of the above two phenomena. 

The size of the nanoparticle is also an important factor 

that cannot be ignored in practical applications[30]. In 

Fig.4, the field enhancement changes for different size 

nanoparticles. In order to eliminate the influence of the 

wavelength on the simulation results, we used the same  

incident wave at 632.8 nm.
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Fig.3 The extinction efficiency of nanoparticles ver-
sus the incident wavelength: (a) and (b) The separa-
tion of nanoparticles is l1; (c) and (d) The separation 
of nanoparticles is l2; (a) and (c) Nanoparticles are 
illuminated by s-polarization wave; (b) and (d) 
Nanoparticles are illuminated by p-polarization wave 

As shown in Fig.4, the abscissa represents the diameter 

of each nanoparticle, the ordinate represents the field en-

hancement, and the curves of different colors are the differ-

ent numbers of nanoparticles. We found that the field en-

hancement not only changes with the number of nanoparti-

cles, but also with the diameter of the nanoparticles. 

In terms of the magnitude of the field enhancement, it is 

similar to the results obtained in Fig.2, that is, the field 

enhancement around the nanoparticles is more obvious 

under p-polarization. The lateral coupling between the 

nanoparticles is dominant. Overall, the field enhancement 

is proportional to the number of nanoparticles, both in the 

case of s-polarization and p-polarization, but additionally 

the larger number of nanoparticles brings larger diameter 

of the nanoparticles at the peak position to achieve the 

maximum field enhancement. 

 

 

 

Fig.4 The field intensity of nanoparticles versus the 
diameter (D) of the nanoparticles (The separation of 
nanoparticles is l2): (a) Scattering object is illuminated 
by s-polarization wave; (b) Scattering object is illumi-
nated by p-polarization wave  

 

In summary, we have exploited the DDA method to 

simulate a multi-nanoparticle system. By varying the num-

ber of nanoparticles, the spacing of multiples nanoparticles, 

the incident wavelength, we studied the field enhancement 

and the extinction efficiency of multiple nanoparticles. 

This developed DDA algorithm provides a method to per-

form analysis of near filed coupling in the multiple-

nanoparticles system. Our work may improve the use of 
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multiple-nanoparticles in the field of catalysts, optics, and 

biosensing. 
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