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The optical properties of metal nanoparticles have garnered researchers’ interests, since 1800s, owing to their strong extinction 

efficiency in the visible spectrum. With increasing interest in basic and applied nanosciences, the use of metal nanoparticles spans 

various fields like data storage, therapeutic purposes, biological sensors etc. This article describes a study, using numerical simulation, 

of the optical properties of nanoparticles as a function of their shape and size. The Discrete Dipole Approximation (DDA), wherein a 

target geometry is modelled as a finite array of polarizable elements, is employed for determining the optical properties of the 

nanoparticles. The results of the simulation provide a physical insight into the origins of the extinction peaks in the UV-Visible 

spectra. They also indicate that for gold and silver spheres, with sizes smaller than 20 nm, the significant contribution to scattering is 

from the dipolar term and the extinction efficiency varies linearly with size. The simulation results were compared with experimental 

spectra for platinum coated gold nanospheres and a homogeneous mixture of iron and platinum nanospheres, and served as a 

verification tool to understand the nature of the bimetallic nanoparticles. For triangular gold nanoprisms, the extinction efficiency 

proved to be largely dependent upon their aspect ratio and the pattern of multi-polar oscillations were verified by polarization plots. 

The results of this study can be helpful in designing appropriately shaped nanoparticles for in-vivo applications like photo-thermal 

cancer treatment and optical sensors. 
INTRODUCTION

 Nanoparticles are fascinating objects whose properties usually 

differ substantially from those of the corresponding bulk 

material. They are composed of clusters of atoms or molecules 

whose size is intermediate between bulk materials and individual 

atoms. They possess different optical properties from bulk 

material due to electron confinement, which alters their 

electronic properties as well as the properties of collective 

electronic excitations such as resonance frequency (Stahl et.al. 

2003).
 
Metal nanoparticles possess unique optical, electrical, 

chemical and magnetic properties that have led the researchers to 

investigate their applications in various fields like catalysis, 

medicine, biology, electronics, etc (Ghosh et.al. 2007). Among 

metal nanoparticles, noble metals are of particular interest as 

they exhibit strong optical absorption peak in the visible range of 

the spectrum. In recent years, the optical properties of these 

systems of reduced dimensions have attracted growing interest 

in both basic and applied sciences.     

 One of the greatest triumphs of classical physics was 

achieved in 1908, when Gustav Mie presented a solution to 

Maxwell’s equations that described the extinction spectra 

(extinction=scattering + absorption) of spherical particles of 

arbitrary size (Kreibig et.al. 1995). Since then, numerous efforts 

have been made to model the optical properties of non-spherical 

nanoparticles. Several techniques have been developed to 

calculate the optical properties of nanoparticles of different 

geometries, such as the quasi-static approximation, the boundary 

element method (Myroshnychenko et.al. 2008), the discrete 

dipole approximation (DDA) (Purcell et.al. 1973), the finite 

difference time domain method (FDTD) (Hatab et.al. 2008), and 

the modified long-wavelength approximation (MLWA) (Meier 

et.al. 1983).
 
     

 Quasi-static approximation is applicable for smaller 

particles (as compared to the wavelength of incident light), 

wherein the induced electric field is assumed to be uniform 

across the particle. In the boundary element method, induced 

electric and magnetic fields are presumed to originate from the 

boundary and it follows the principle that electromagnetic fields 

cannot be discontinuous at the boundary. MLWA is an extension 

of quasi-static approximation. Discrete dipole approximation is 

an approximation of a continuum target by an array of 

polarisable points which become polarised when illuminated. 

Among all these methods, DDA is the most effective technique 

and is used to calculate absorption and scattering of 

electromagnetic waves by targets having arbitrary geometry. The 

main objective of this work is to investigate the optical 

behaviour of nanoparticles of different size, shape and 

composition through simulation, using Discrete Dipole 

Approximation Scattering (DDSCAT) code (Draine et.al. 1994). 

The results of this study will aid in the design of nanoparticles 

with appropriate shapes for sensing and biomedical applications.  

MATERIALS AND METHODS 

 Implementation of DDA                           

DDA is a numerical technique which enables the calculation of 

the optical absorption and scattering of nanoparticles of any 

arbitrary geometry (Draine et.al. 1994). In its essence, DDA is 

an approximation of the continuum target by an array of 

polarisable points. In the presence of an electric field these 

polarisable points acquire a dipole moment, which in turn will 

affect the electrical field strength. The resultant electric field is a 

combination of both the field due to incident illumination and 

the field generated due to all dipoles, and is computed 

iteratively. Equation 1 expresses local electric field of any 

element.      
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Figure 2: a) Comparison of extinction efficiency of gold nanospheres 

having diameters 10 nm, 20 nm and 50 nm computed using Mie theory [13] 

and DDA. b) Variation of extinction efficiency of gold nanosphere of 

diameters 5nm, 10nm, 20nm, 50nm and 100 nm; Inset shows linear 

dependence of extinction efficiency with particle size only upto 20 

nm, deviating from linear dependency for larger size particles. 

 

 Each target geometry is assumed to be imitated by an 

array of point dipoles (j=1,....,N) with polarizabilities αj at 

respective positions rj.  The polarization, Pj, of each dipole is 

represented by αjEj, where Ej is the resultant electric field due to 

incident illumination, Eincident = Eoe
-i(wt-kr)

 and contribution of 

other N-1 dipoles. Incorporating these factors, the Equation 1 

can be re-written in form of Equation 2. Here, -AjkPk is the 

electric field at rj due to dipole Pk at location rk. Considering all 

the dipoles and their combined interactions, will transform the 

above expression to 3N linear equations, where N is total 

number of dipoles. These linear equations are then transformed 

into a 3N dimensional matrix with appropriate boundary 

conditions. On solving these equations iteratively, to ensure self-

consistency, the optical properties of nanoparticles are obtained. 

B. T. Draine and P. J. Flatau have implemented a fast Fourier 

transform method and advanced matrix calculations to solve 

these equations (Kelly et.al. 2003) in FORTRAN; their software 

is named DDSCAT, which is available under a free license. 

 

 

 

 

 

 

 

  All the simulation results for particles of arbitrary 

geometries and different materials reported in this work are 

obtained by using DDSCAT 6.0. For the polarization plots, 

DDSCAT 7.0 is used. In order to perform the simulations for 

desired shape, size and materials, it is necessary to modify the 

parameters in the DDSCAT code. As mentioned earlier, 

DDSCAT implements the technique of DDA by mimicking the 

target with a number of dipoles. It analyzes the geometry of the 

target by two parameters namely effective radius and shape 

parameters. The volume of the target is compared to the volume 

of a sphere and the effective radius is calculated. The dimensions 

of the target are first normalised by dipole lengths and then 

expressed as shape parameters. The number of dipoles is an 

input parameter, specified by the user. There is a minimum limit 

on the number of dipoles to accurately represent the target 

properties, and this depends on the wavelength under 

consideration and the target’s refractive index. Another 

significant parameter is the orientation of the target. This 

parameter has no role in case of spheres owing to its 

symmetrical structure. For triangular nanoprisms (Figure 1), the 

direction of electromagnetic radiation was chosen to be along x-

axis, which is perpendicular to its triangular faces with the 

electric field being oriented along y or z-axis. The orientation of 

the target can be modified using three different angles  (θ, φ, β) 

specified in the software. Figure 1 is an illustration of the 

discretized target geometry of triangular nanoprisms with 

different inter-dipole distances.   

 

 

 

 

 

 

Accuracy of the DDA                 
The size of dipoles used to mimic the geometry should be small 

in comparison to both the wavelength and target dimensions. 

The applicability of DDA necessitates the use of an inter-dipole 

separation, d, that is small compared to the wavelength, λ, of the 

light. This condition is adequately satisfied if d follows Equation 

3. Here, m (n+ik) is the complex refractive index of the target 

and k (2π/λ) is the wave-vector in vacuum. So, for a given d, the 

accuracy of the result decreases substantially as the magnitude of 

dielectric functions of the target particle increases. Keeping this 

in mind, and to validate our implementation of the DDSCAT 

program, the results for small gold nanoparticles are compared 

with the more exact Mie’s theory.    

 Mie applied Maxwell’s equation with appropriate 

boundary conditions for an electromagnetic wave interacting 

with small spheres with the assumption that the dielectric 

constant is not size dependent. If the size of nanoparticles is 

much smaller than the wavelength of the light, only dipolar 

oscillations contribute to the extinction efficiency and Mie 

theory simply reduces to Equation 4. Therefore, for small 

nanoparticles (<20 nm), the theory predicts that the absorption 

coefficient, in the visible range, is directly proportional to the 

volume of the particle. If the size of the nanoparticle is larger 

than 20 nm, then the dipolar approximation is no longer valid 

and higher order modes become important.   

Figure 1: Discretized Representation of triangular nanoprism 

targets with different inter-dipole distances 

 

 

 

Equation 1  

Equation 2 

 

 Equation 3 
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Figure 4: Variation of extinction, absorption and scattering efficiencies of gold nanospheres of 

diameter (a) 20nm, (b) 50nm and (c) 100 nm.  

 

Figure 3: Variation of extinction efficiency by using Palik and Johnson-

Christy dielectric constants data for a) gold nanosphere and b) silver 

nanospheres of diameter 10 nm 

 Figure 2 shows that the extinction efficiency (i.e. 

extinction coefficient per unit cross-sectional area of the 

nanoparticle) increases linearly with particle size up to a size of 

20 nm, which is in accord with Mie theory. The peak wavelength 

remains constant (520 nm) for sizes up to 20 nm and then shifts 

to higher wavelengths with increasing size. Also, the computed 

spectra deviate from the dipolar approximation at larger sizes. 

These plots validate our implementation of the DDSCAT code 

for calculating the optical properties of nanostructures.  

Effect of Optical Constants Data      
DDSCAT code also requires the material properties of the 

elements used; either of refractive index or permittivity will 

suffice. If the surrounding medium is not vacuum, then the 

wavelength and refractive indices must be divided by refractive 

index of the medium. The permittivity values must be divided by 

the square of refractive index of the medium. In this work, the 

number of dipoles used to mimic any structure for simulation 

was taken to be 15,000 approximately, based on computational 

tractability. For anisotropic nanostructures, the results shown are 

averaged for two incident polarisations and three target 

orientations. The dielectric constants used for simulations were 

taken from Palik’s handbook (1998).
 
For making those data 

suitable for use with water as surrounding medium, wavelengths 

and refractive indices of the metal are divided by refractive 

index of water.  

 

 

 

 

 

 

 For simulation of DDSCAT code, dielectric constants 

of bulk metals are used. But bulk values do not exactly depict 

the materials at nanoscale. 

Variations have been observed in 

the simulated spectra of the same 

nanoparticle using different sets of 

optical constant data. In Figure 3, 

the results obtained using data from 

Palik have been compared to those 

obtained using dielectric constants 

from Johnson and Christy (1972). 

In both Palik and Johnson & 

Christy data, complex refractive 

index, m, in the form of n+ik are provided, where n is the real 

part and k is imaginary part of refractive index. The SPR peak 

wavelength is similar, but there is considerable difference in 

extinction efficiency. Data from Palik is more appropriate for 

predicting the peak wavelength although it underestimates the 

imaginary part of the dielectric constant corresponding to 

absorption (Laven et.al. 2003). These differences have been 

attributed to slight differences in the corresponding experimental 

apparatus. As Palik's data sets are more suitable for ascertaining 

the position of the peak wavelength, which is the main objective 

of this work, it is used hence forth.  

 METHODS                
After establishing the accuracy of DDA and verifying the 

parameters used for simulation, the variation of extinction 

efficiencies with wavelength was studied for different noble 

metal nanoparticles. Several systems of interest in our lab, 

including magnetic and composite nanoparticles, were studied 

and also compared with the experimentally obtained spectra. For 

this, two different types of bimetallic nanospheres were 

considered namely, platinum coated gold core-shell nanosphere 

and nanosphere composed of homogeneous mixture of iron and 

platinum nanospheres. Platinum coated gold particles are 

suggested as alternatives to platinum catalyst to increase the 

efficiency of fuel cells (Kim et.al. 2004).
 
To understand their 

catalytic properties, it is essential to have atomic level control on 

the platinum layer thickness and UV-Vis spectra can be used as 

a simple tool to monitor the thickness of platinum coating. 

 Finally, we looked at the effect of shape on the surface 

plasmon bands and also utilized polarization plots to identify 

hot-spots of electric field enhancement that will be of use in 

Surface Enhanced Raman Spectroscopy (SERS) applications. 

The optical behaviour of gold nanoprisms were studied by 

varying their aspect ratios and maintaining either volume or side 

length or thickness constant and varying their aspect ratios. 

Aspect ratio is the ratio of side length to its thickness. The faces 

of the nanoprisms used for simulations were all equilateral 

triangles. 

RESULTS 

 

 Spheres           
Figure 4 shows the variation in contributions from absorption 

and scattering to the overall extinction efficiency as a function of 
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particle size for spherical gold nanoparticles. It is seen that for 

smaller nanoparticles, the extinction efficiency is predominantly 

governed by absorption efficiency. As the size of nanoparticle 

increases beyond 20 nm, scattering efficiency becomes more 

dominant.                                                                                                 

.    The variation of extinction efficiencies of silver nanoparticles 

is shown in Figure 5. The peak wavelength remains unchanged 

up to 20 nm and after that it increases with size. The peak 

wavelength is at 400 nm for spheres of size 20 nm, 425 nm for 

50 nm and 500 nm for 100 nm. The spectrum for 100 nm 

particles shows two resonances that can be attributed to the 

dipolar and quadrupolar modes. Noble metal nanoparticles such 

as gold and silver exhibit a strong optical extinction peak in the 

visible range of spectrum. A similar exercise was performed to 

simulate the spectra for platinum nanospheres. Figure 5B clearly 

depicts that there is no extinction peak for platinum nanospheres 

in the visible range.  

 

 

 

 

 

 

         

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: a) Variation of extinction efficiency of silver nanospheres of 

diameters 5nm, 10nm, 20nm, 50nm and 100 nm. b) Variation of extinction 

efficiency of platinum nanospheres of diameters 5nm, 10nm and 20nm 

 

Figure 6: a) Variation of extinction efficiencies of Fe, Pt and Fe-Pt 

nanospheres each of size 5 nm obtained using simulation. b)  Variation 

of absorption spectrum of platinum and iron-platinum nanospheres of 

diameter 5 nm measured using UV-Visible Spectroscopy. 

 

 

 

 

Figure 7: Variation of extinction efficiency of homogeneous mixture 

of iron-platinum nanospheres having diameters of 5 nm, 10 nm, 20 

nm, 50 nm and 100 nm. 

 

Figure 8: a) Variation of extinction efficiency of gold nanosphere of 

diameter 5 nm and gold nanosphere coated with one, two, three and five 

atomic layers of platinum. b) Absorption spectrum of gold nanospheres of 

size 5 nm and platinum coated gold nanosphere meaured using UV-Visible 

Spectroscopy. 

 

Figure 9: Extinction spectra of triangular gold nanoprisms calculated for 

different aspect ratios and constant thickness. 
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Figure 12: Polarisation plots for gold nanoprisms at a) 945 nm with aspect ratio of 150:13.3[single polar] 

b) 532 nm with aspect ratio of 100:30 [bipolar] c) 678 nm with aspect ratio of 200:10 [tripolar]. 

 

 

 

 

 

 

 

 

 

 

 

Magnetic Nanospheres                 

The optical properties of a binary 

alloy of iron and platinum were 

studied. The optical constants required 

for simulation of iron-platinum alloy 

were obtained from Lee et al. (2004) 

Figure 6A shows the computed spectra 

for iron, platinum and iron-platinum 

nanoparticles of 5 nm size. A shoulder 

is apparent in the computed spectra of 

FePt nanoparticles and a similar 

feature is also seen in the measured 

spectra (although the positions don't 

match, possibly due to the effect of 

additional stabiliser molecules on the dielectric properties of the 

colloidal solution) of FePt nanoparticles, whereas it is absent in 

the mono metallic nanoparticles.  The relative intensities of 

measured spectra for FePt and Pt, as well as the trends 

(crossover of spectra etc.) are also captured by the simulation. 

Thus, it is seen that the behaviour of extinction spectra obtained 

through DDA simulations are in agreement with the 

experimental results. Also, there is no surface plasmon 

resonance peak for FePt nanospheres in both experimental and 

simulated results plots. Simulations were also carried out for 

different sizes of FePt nanospheres as shown in Figure 7. 

According to the simulations results, a broad shoulder appears in 

the visible region for larger sized particles.   

 Platinum Coated Gold Nanospheres                
To understand the effect of thickness of platinum layer, the 

simulations were carried out for increasing layers of platinum 

coating beginning with a bare 5 nm gold nanosphere. Figure 8A 

shows that the prominent SPR peak of gold nanoparticles is 

completely suppressed by a platinum coating of only 2-3 atomic 

layers thickness. The dampening of the SPR peak with 

increasing atomic layers of platinum (for the first few layers) can 

be used to characterize the degree of coating, which is critical for 

catalytic applications. These simulation results were compared 

with the measured spectra of gold and platinum coated gold 

nanoparticles, which were synthesized in aqueous phase. Figure 

8B shows the experimentally obtained spectra for gold and 

platinum coated gold nanoparticles synthesized in our lab. The 

blue curve indicates absorption peak of gold nanoparticles (TEM 

diameter 5.8±0.8 nm) and red curve shows absorption peak of 

platinum coated gold nanoparticles (TEM diameter 7.2±1.2 nm). 

It is pertinent to note here that the absorption spectra measured 

through UV-Vis spectroscopy contains contributions from both 

absorption and scattering factors 

Triangular Nanoprisms   

  Constant Volume                

Here, the simulations were performed for two different gold 

nanoprisms of aspect ratios 3.33 (100:30) and 11.25 (150:13.3) 

as shown in Figure 9. The volume of each nanoprism was fixed 

by keeping their effective radius at 31 nm. With increases in the 

aspect ratio, the SPR peaks (dipolar and multipolar) shift 

towards higher wavelengths and the extinction efficiency also 

increases significantly for the multipolar peak in the NIR region. 

Constant Thickness                      
The extinction spectra of gold triangular nanoprisms were 

simulated for three different side lengths while maintaining a 

constant thickness of 10 nm.
 
The peak wavelengths for the 

Figure 10: Extinction spectra of triangular gold nanoprisms 

calculated for different side lengths at a constant thickness of 10 

nm. 

 

 

Figure 11:  Extenstion spectra of a triangular gold nanoprisims 

calculated for different thickness at a constant sidelenght of 100nm 
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dipolar SPR band increase with increasing side lengths as shown 

in Figure 10. Multi-polar bands also increase significantly with 

increasing  size. For side lengths >100 nm, the peaks due to 

quadrupolar and multipolar excitation cannot be differentiated. 

With further increases in the aspect ratio, both these peaks 

become significant. 

 

 

 

 

Equation 4 

 Constant Side length                 

For these simulations, the side length of the nanoprism was kept 

constant at 100 nm. The simulations were carried out on four 

nanoprisms of different thicknesses corresponding to aspect 

ratios of 13.3 (100:7.5), 10 (100:10), 6.7 (100:15) and 3.3 

(100:30). It is seen in  Figure 11 that the peak intensity and 

wavelength is higher at smaller aspect ratios.  

 Polarization Plots                

The simulation results were further analysed by plotting the 

magnitude and direction of electric field intensity at specified 

points for different sized nanoprisms at corresponding peak 

wavelengths (Figure 12). From each of the previous simulations, 

one particular peak pertaining to a size was considered for study 

using polarization plots (constant volume-150:13.3, constant 

thickness-200:10, and constant sidelength-100:30). DDSCAT 

7.0 offers use of this application by specifying the desired points 

in a filename called ddfield.in. The points to be specified should 

be provided in terms of dipole parameters.  

 

DISCUSSION 

In this work, the optical spectra of noble metal nanostructures 

have been simulated using DDSCAT code. The accuracy of the 

software was validated by comparing the results for small metal 

nanoparticles with the predictions of the exact Mie solutions. 

Data from Palik’s handbook were used for specifying the optical 

constants. The SPR peak wavelength obtained from Johnson & 

Christy’s data was similar but there was considerable difference 

in extinction efficiency. This was similar to the discrepancy 

reported by Billaud et al. (2007). After considering these 

parameters, various cases of interesting nanostructures were 

simulated.       

 For smaller nanospheres, only absorption efficiency 

contributes significantly towards extinction efficiency, but with 

an increase in size beyond 20 nm the contribution from 

scattering dominates, which is  seen in Figure 5, and a linear 

relationship is also seen between the extinction efficiency and 

particle size for the smaller nanoparticles. These trends are a 

consequence of the fact that the absorption is proportional to 

volume of the particle, whereas the scattering is proportional to 

square of volume of the particle. The peak wavelengths for 

nanoparticles up to size 20 nm remain constant (520 nm for gold 

spheres and 430 nm for silver spheres) as shown in figures 3B 

and 6A.       

 Multi-polar fields become considerably more important 

as the particle size increases. When larger particles are 

illuminated, light cannot polarize them uniformly and phase 

retardation effects lead to excitation of higher dipole fields 

(Kreibig et.al. 1995). In the case of silver nanoparticles as the 

size increases, an intermediate peak pertaining to quadrupolar 

excitation is seen for particles of size 50 nm. This peak merges 

with the dipolar excitation peak for a further increase in the 

particle size.     

 For platinum coated gold nanospheres, the comparison 

of simulation results with the experimentally obtained spectrum 

shown in figure 7A confirms that platinum was coated on gold 

nanoparticles. The dampening of the SPR peak is an indication 

of the presence of core-shell particles as opposed to 

monometallic mixtures. Also, it can be gauged that the coating is 

more than a few atomic layers thick, providing  valuable 

feedback for tuning the synthesis protocol. This analysis is 

corroborated by TEM analysis of the colloidal samples, which 

indicated a shell of 1.4 nm thickness.    

 Finally, for the gold nanoprisms it was established that 

peak extinction efficiency and peak wavelength depends mainly 

on aspect ratio. Triangular nanoprisms with sidelengths of the 

order of 100 nm and with thicknesses close to 10 nm were 

shown to be ideal candidates for in-vivo theraupeutic 

applications, as they have a large extinction coefficient in the 

NIR region of the spectra where absorbance due to tissues and 

other organs are minimal. For very high aspect ratio of 20 

(200:10) and 15 (150:10), the peaks due to multipolar excitations 

become significant. Similar results were reported for silver 

nanoprisms by Yang et.al. (2009). Polarisation plots were 

computed for nanoprisms of three different aspect ratios at their 

corresponding peak wavelength. The polarisation plots confirm 

the existence of multipolar excitations.  

 The results of this study can be helpful in designing 

appropriate target nanoparticle geometry for in-vivo applications 

like photo-thermal cancer treatment, optical sensors etc. The 

efficiency of fuel cells is affected due to carbon monoxide (CO) 

poisoning on the anode side and slow rate of oxygen reduction 

reaction on the cathode side. Platinum coated gold particles are 

suggested as alternatives to platinum catalyst to alleviate some 

of these problems. This study shows that Uv-Vis spectroscopy 

can be used as a simple and easy tool to monitor the platinum 

layer thickness with atomic level control. 
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