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ABSTRACT— In this article, the optical 

properties of silver cubic-shape nanostructures 

(SCNs) were analyzed by employing the discrete 

dipole approximation (DDA) in aqueous media. 

The absorption, dispersion and extinction cross-

sections of these nanostructures were calculated 

based on the wavelength change of the incident 

light in the visible and near infrared region. 

Moreover, the height change, wavelength and 

full width at half maximum (FWHM) of 

extinction cross-section peaks (from plasmon 

resonances) based on the size of nanoparticles 

and the environment dielectric constant were 

surveyed. The results showed that only two peak 

modes, named dipole peak and quadrupole peak, 

exist in this spectrum, such as spherical particles. 

KEYWORDS: Silver cubic-shape 

nanostructures, Discrete dipole approximation, 

Plasmon, Absorption, Dispersion and 

extinction cross-sections. 

I. INTRODUCTION 

In nanostructures, the ratio of boundary atoms 

to total atoms is relatively high. The behavior 

of boundary atoms is different from mass 

atoms. Accordingly, the behavior of 

nanostructures is different from the mass of a 

material. Nowadays, nanostructures have 

received a lot of attention in various fields such 

as medical sciences [1], biology [2], electronics 

[3], photonics [4] and chemistry [5] due to their 

unique optical, electronic, magnetic and 

quantum properties. From a historical 

viewpoint, the dispersion and absorption of 

electromagnetic waves by nanostructures have 

resulted in introduction of theories such as 

Rayleigh, Mai, Ganz, and etc. Theories such as 

Mai and Ganz are suitable for description of the 

optical properties of specific geometric shapes. 

Therefore, other theories such as discrete dipole 

approximation has been introduced to illustrate 

the optical properties of a wide range of other 

nanostructure geometries [6]. By using this 

theory, the optical properties of nanostructures 

including adsorption, dispersion and extinction 

cross-sections, Muller dispersion matrix and 

pointing vector can be calculated. The optical 

properties of these particles can be used in the 

manufacture of optical devices according to 

considering their behaviors and 

intensifications. 

II. THEORY OF DISCRETE DIPOLE 

APPROXIMATION 

Discrete dipole approximation called paired 

dipole approximation is a general method for 

computing dispersion and absorption of 

electromagnetic waves by arbitrary geometry 

particles, which is one of its advantages, that 

has an acceptable approximation [7]. Discrete 

dipole approximation allows a great deal of 

freedom in studying particle shapes. This 

theory was proposed by Howard Devoe in 1964 

and then developed by Edward Purcell and 

Carlton Pennypacker to calculate the 
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absorption, scattering and extinction cross-

sections of interstellar particles [8], [9]. 

The particle becomes polarized under radiation 

of electromagnetic waves. According to this 

theory, a set of polarizable points (dipoles) are 

substituted for the target particles. The dipoles 

interact with each other as well as radiation 

field. The polarization of dipoles is obtained by 

solving a linear equation system, which is 

calculated by its algorithm [9]. Other 

parameters for dispersion can be calculated 

using the polarizations obtained [10]. 

As mentioned earlier, the radiation of 

electromagnetic waves induces polarization of 

intended particles, given by the equations: 

( ) ( )
.P E

ir loc ri i

=  (1) 

where i  is polarization in point i  and )( irlocE  

is the sum of radiation field. The induction field 

is given by the equation [11]: 

( ) ( ) ( )
E E E

loc r inc r ind ri i i
= +  (2) 

Induction field )( irlocE  is the result of induction 

field of N-1 of another dipole that is defined as 




−
ij

jij PA , therefore if the radiation wave is 

flat, we will have: 

( )exp . .
( ) 0 i

E E ik r A Pijloc r ji j i

= − 


 (3) 

0E
 
is radiation wave amplitude and ijA is a 

matrix that is defined below: 

( )
( ) ( )

exp
2 ˆ ˆ ˆ ˆ33 32ij

ikr ikrij ij
A k r r l r r lij ij ij ijr rij ij

 
 = − + −
 
  

 (4) 

Here, 
c

k


= , 
jiij rrr −= and polarization is as 

below: 

( )
2 2 31 1 2 3 3

CM

i
kCM LDR LDR LDRb b sb ik
d




  

=
  
  + + + −

  
  

 (5) 

In the above equation,   is dielectric function, 
CM  is Clausius-Mossotti Polarizability and 

other constants are as below: 

.s a ej j
j

  
 = 
 
 

 (6) 

33 1

4 2

dCM 


 

−
=

+
 (7) 

1.8915316
1
LDRb  , 0.1648469

2
LDRb  − , 

0.7700004
3
LDRb 

 

It is worth mentioning that ja


 is the vector in 

direction of radiation and je


 shows 

polarization direction. The polarization is 

achieved based on equation below [12]: 

( )
( ). exp . .

0 iP E ik r A Pij jir j ii


 
 = − 
  

 (8) 

Now by using the calculated polarization, the 

absorption, dispersion and extinction cross-

sections can be calculated [12]: 

( )
* 24 21 * 3Im .

2 31
0

Nk
C P P k Pj j j jabs

jE




   −= −   
  =   

 (9) 

( ) 4 *Im .,2
1

0

Nk
C E Pinc j jext

jE


= 

=

 (10) 

The cross-sections are as follows: 

C C C
sca ext abs

= −  (11) 

where absC , extC  and scaC are absorption, 

extinction, and dispersion cross-sections, 

respectively. 
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III. RESULTS 

The nature of the material used in nanomaterial 

production affects optical, mechanical, 

magnetic and other properties of 

nanostructures. More than half of the materials 

in the environment are metals. Silver is unique 

due to the presence of plasmon resonance bond 

in visible region. In this article, absorption, 

dispersion and extinction cross-sections of 

silver cubic-shape nanostructures will be 

discussed by employing discrete dipole 

approximation. Some factors affecting the 

above mentioned attributes will be discussed, as 

well. Type of material used, shape and 

environment are among the factors affecting 

specific properties of silver cubic-shape 

nanostructures. Cubic shape consist of many 

vertices and edges, so higher plasmon modes 

than dipole will be created. Therefore, many 

peaks are predicted in absorption, dispersion 

and extinction cross-sections, especially in 

higher heights [13]. 

It is worth mentioning that the analyses here are 

for a situation that the incident wave radiates 

perpendicular to the dimension of silver cubic-

shape nanoparticle and direction of landing on 

any side is similar because of the symmetry of 

the square cube. 

 
Fig. 1. The ratio of the scattering and absorption 

cross-sections to the extinction cross-section (cross-

section factors)  in terms of the length of silver cubic 

shape nanoparticles for a wavelength of 0.560 µm. 

Figure 1 illustrates the ratio of absorption and 

dispersion cross-sections to extinction cross-

section (absorption and dispersion factors) for 

silver cubic-shape nanoparticles based on their 

length. The wavelength of optional incident 

light is 0.560 µm. Clearly, for smaller particles, 

the dominant process is absorption while the 

dispersion share is almost zero. By increasing 

the size of the particle, gradually the absorption 

share decreases and dispersion process prevails. 

For particles larger than 0.05 µm in size, the 

dispersion share is more than absorption 

phenomenon. This behavior can be seen for the 

cross-section of silver spherical nanostructures 

according to Mai theory [14]. 

Figure 2 shows the cross-sections of absorption, 

scattering and extinction for silver 

nanoparticles with a length of 0.02 µm as a 

function of the wavelength of the incident light. 

As it can be seen, absorption is the prevailing 

phenomenon and scattering has a small share, 

most probably due to the small length of 

particle. Several peaks were observed in the 

mentioned cross-sections. The peaks at 430 and 

0.47 µm can be attributed to dipole and 

quadrupole modes, respectively. 

 

 
Fig. 2. Variations of the absorption, dispersion and 

extinction cross-sections of particles with a length of 

0.02 µm as in terms of the wavelength of the incident 

light. 

The peak height, FWHM and wavelength of 

each plasmon mode were evaluated. Figure 3 

shows the variations of a) peak height, b) peak 

wavelength and c) FWHM of plasmon 

resonance peaks of dipole and quadrupole 

modes in the extinction cross-section at 0.56 

µm. As it is shown in Fig. 3(a), by increasing 

nanoparticle length, the peak height of the 

plasmon resonance of dipole and quadrupole 

modes increased. The peak height of the 

plasmon resonance for dipole and quadrupole 

reached its maximum at 0.04 µm and at 0.06 

µm, respectively. The plasmon resonance 

height decreased for larger particles due to the 

emergence of higher modes than quadrupole, 

the height of peaks for the mentioned two 

modes declined. According to Fig. 3(b), for the 

     Wavelength (m) 
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dipole mode by increasing nanoparticle length, 

the wavelengths of plasmon resonance peaks 

were almost constant. However, the 

wavelengths of plasmon resonance peaks 

increased for the quadrupole mode as 

nanoparticle length increased. According to 

Fig. 3(c), a slow increase in FWHM of the 

peaks in lengths less than 0.05 µm were 

observed for both dipole and quadrupole 

modes. FWHM of the peaks significantly 

increased for lengths more than 0.06 µm. The 

media used for nanoparticles was water 

(med=1.33) for all samples in Fig. 3. 

 
Fig. 3. The variations of a) peak height, b) peak 

wavelength and c) FWHM of plasmon resonance 

peaks of dipole and quadrupole modes in the 

extinction cross-section in terms of the length of 

silver cubic shape nanoparticles at 0.56 µm. 

As it was mentioned previously, height and 

location of peaks varies by any change in 

dielectric constant of the environment. For 

example, if the size of nanoparticles is very 

small (Rayleigh approximation is dominant), 

resonances happen when [15]: 

2par med  = −  (12) 

where  med  is the dielectric constant of the 

environment and ´par is the real part of the 

dielectric constant of nanoparticle. As the 

dielectric constant of the environment 

increases, resonance occurs for larger amounts 

of real part of the dielectric function of the 

nanoparticle. In most of metals including silver, 

increasing length leads to higher negative 

values in the real part of the dielectric function. 

So, it is expected that the wavelength of 

plasmon resonance peak moves to longer 

wavelengths by increasing the dielectric 

constant of the environment according to 

Rayleigh approximation [14]. 

Figure 4 shows the variations of extinction 

cross-section as a function of incident 

wavelength for silver cubic-shape nanoparticles 

with the length of 0.02 µm in different 

environments. In all cases, two peaks were 

observed in analyzed region. As the dielectric 

constant of environment increased, the 

locations of plasmon peaks shifted toward the 

longer wavelengths (red shift) [14]. 

 
Fig. 4. Extinction cross-section as a function of the 

wavelength of incident light for different 

environments for silver cubic nanoparticles with a 

length of 0.02 µm. 

Herein, we will discuss the impact of dielectric 

constant of the environment on absorption and 

dispersion factors, height, wavelength and 

FWHM of plasmon resonance peaks. 

Figure 5 shows the absorption and dispersion 

factors of silver cubic shape nanoparticles with 

length of 0.02 µm, as the dielectric constant of 

the environment changes. Any variation in 

environmental dielectric constant influence the 

dominant process. The dominant process in the 

analyzed region for small silver cubic-shape 
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nanoparticles (0.02 µm length) was absorption. 

However, as the dielectric constant of 

environment increased, absorption factor 

decreased and dispersion factor increased. 

 
Fig. 5. The variations of dispersion and absorption 

factors as a function of the wavelength of incident 
light in different environments for silver cubic 

nanoparticles with a length of 0.02 µm. 

Figure 6 shows the impact of the refractive 

index of the environment on a) height b) 

wavelength c) FWHM of peaks for the 

extinction cross-section of particle length of 

0.02 µm. 

The height of the plasmon resonance peak of 

dipole and quadrupole modes increased by 

increasing the refractive index of the 

environment. Furthermore, the wavelength and 

FWHM of these peaks increased as the 

refractive index of the environment increased. 

In addition, the wavelength of plasmon 

resonance peak showed linear behavior with 

increasing refractive index of the environment. 

According to previous studies, the linear 

behavior has also been observed for silver 

spherical nanoparticles [16], [17]. 

 
Fig. 6. Impact of environmental refractive index on 

a) height, b) wavelength and c) FWHM of peaks in 

the extinction cross-section for silver cubic 

nanoparticles with a length of 0.02 µm. 

IV. CONCLUSION 

In this paper, the adsorption, dispersion and 

extinction cross-sections for silver cubic 

nanostructures were investigated using a 

discrete dipole approximation. The peaks at 

cross-section results from the particulate 

plasmon resonance. These resonances occur 

due to the coupling of the applied electric field 

with particle plasmons at certain wavelengths. 

In the visible region, only low-order plasmon 

modes (dipole and quadrupole modes) appear 

due to the small size of the nanostructures 

compared to the incident wavelength. This can 

be attributed to the multipolar distribution of 

conduction electrons on the surface of 

nanoparticles [18], [19]. 
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According to the results, the dominant process 

for very small nanoparticles was adsorption 

phenomenon while the scattering share was 

almost zero. However, as the particle size 

increased, the adsorption gradually decreased 

and the dispersion process became dominant. In 

addition, when the length of silver 

nanoparticles increased, the heights of plasmon 

resonance peaks of dipole and quadrupole 

modes showed an ascending trend. In larger 

lengths dues to the emergence of higher modes 

than quadrupole, the height of peaks for the 

mentioned two modes declined. Increase in 

environmental refractive index led to increase 

in height, wavelength and FWHM of the 

mentioned peaks. 
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