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ABSTRACT 

The collaborative oscillation of electrons in noble metal nanostructures results in a 

surface plasmon resonance that makes them useful for various applications including chemical 

and biological sensors, plasmonic waveguides, and enhanced spectroscopy. In this dissertation, 

we study the morphology dependent properties of the surface plasmon resonance, and the 

discrete dipole approximation method is used to investigate the optical properties of Ag 

nanostructures with different topologic shapes, such as the cylindrical nanorods, needle-shaped 

nanorods, period-shaped nanorods, L-shaped nanorods, Y-shaped nanorods, parallel-nanorod 

structures, U-shaped nanostructures, and the helical nanostructures. 

For the cylindrical nanorods, the extinction spectra depend on both the aspect ratio 

(length/diameter) and the diameter. For short nanorods, the longitudinal mode plasmon peaks red 

shift linearly with aspect ratio. For larger aspect ratios, multipolar plasmon peaks appear in the 

extinction spectra which also red shift linearly with aspect ratio. 

Comparing to nanorods with a simple shape (cylinder and needle), irregular nanorods 

shows many distinct plasmon resonances over a large spectra range. More hot spots are observed 

for the nanorods with more defects. These results show that defects or imperfections in Ag 

    
 



 

nanorod structures could drastically change the optical properties, generate extra hot spots for 

surface enhanced spectroscopy, and have different enhanced field distribution for future 

plasmonics applications. A U-shaped nanostructure has more hot spots than a parallel-nanorod 

structure; and at the longitudinal mode incidence, the electric field enhancements are much larger 

than those of the parallel-nanorod structure. These results could be used to engineer U-shaped 

nanostructures for specific plasmon applications. 

Helical nanostructures are another good structure to tune the plasmon peak and arrange 

the electric field distribution. The plasmon peak and the electric field distribution can be tuned 

not only by the structural parameters but also by the polarizations of the incident light, especially 

the circular polarizations. In addition, the origins of the plasmon modes are also investigated. 

The transverse modes are due to the electron oscillations perpendicular to the cross sections and 

the longitudinal plasmon peaks are due to the charge oscillations along the arc length of the helix 

and are mainly determined by the effective dipole length.  
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Surface plasmon resonance 

The colors of colloidal noble metal particles in stained glass windows have inspired not 

only artists but also many scientists. These colors have been used to decorate windows of many 

cathedrals, palaces, etc. In 1857, Michael Faraday showed these colors are due to the metal 

nanoparticles with a size much smaller than the incident wavelength[3]. In 1908, Gustav Mie 

explained these colors using classical electromagnetic theory [4]. The origin of these colors is 

due to the strong absorption and scattering of light by the dispersion of metal nanoparticles [5-7]. 

In a classical description, the electric field of an incoming light wave induces a polarization of 

the electrons with respect to the much heavier ionic core of a spherical nanoparticle. A net 

charge difference is only felt at the nanoparticle surface, which in turn acts as a restoring force. 

This creates, in the simplest case, a dipolar oscillation of all the electrons with the same phase. 

When the frequency of the electromagnetic field becomes resonant with the coherent electron 

motion, a strong absorption occurs in the spectrum. This is the origin of the observed color. The 

resonance between the frequency of electrons oscillation and the frequency of the incident light 

is known as plasmon resonance. Since the net charge difference appears at the surface of a 

nanoparticle, this resonance is also known as the localized surface plasmon resonance (LSPR)[5]. 
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Ag and Au are well known for their ability to generate LSPR. With resonant excitations, 

the strong interactions of the collective oscillations of the conduction electrons within the 

particles can excite a strong local electromagnetic field compared to the incident field, which is 

one of the major mechanisms of surface enhanced Raman scattering (SERS)[8-10]. The plasmon 

resonances of a nanoparticle depend strongly on its composition[11-14], morphology[15-27], 

surrounding media[28-30], as well as the assembly of the nanostructures[31-34]. For single 

metallic particles, the plasmon resonance frequency is determined by the particle size and 

particle shape. When spherical metal particles are transformed to rods[15, 16], disks[17, 18, 22], 

triangular prisms[19, 21], and nanorings[20], the plasmon resonances and the E field 

enhancement distributions are strongly affected. Composite particles, such as multilayer 

disks[11], core-shell spheres[12], and barcodes[13], also show unique LSPR properties. 

Because of the enhancement of the electric field around and between the metallic 

nanoparticles, sub-wavelength holes, corrugations, and textures in metallic films, the plasmon 

resonance is being exploited for the construction of nanoscale optical and photonic devices [35-

45], such as superlenses, optical data storage, plasmon waveguide, nano-optics, and apertureless 

near field scanning optical microscopy. Other important applications are sensors and biosensors 

based on the sensitivity of the surface plasmon band to detect attached molecules and 

environmental changes [46-48] or the surface electric field enhancement which amplifies the 

signal of several optical techniques: surface enhanced Raman scattering (SERS) [9, 10], surface 

enhanced resonance Raman scattering (SERRS) [9, 10], surface enhanced infrared absorption 

spectroscopy (SEIRAS) [49], and enhanced fluorescence spectroscopy [50-53]. Recently, based 

on the surface plasmon resonance, negative refractive index (NRI) materials have attracted a lot 
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of researchers[54-59], which show several interesting effects such as bending light oppositely, 

negative radiation pressure, and Dopper shift reversal [60, 61].  

 

1.2 Mie theory 

In 1908, Mie theoretically explained the extinction and scattering of small spherical metal 

particles by solving Maxwell’s equation for an electromagnetic wave interacting with a small 

sphere having the same macroscopic, frequency-dependent material dielectric constant as the 

bulk metal[4]. According to Mie theory, the scattering efficiency Qsca and the extinction 

efficiency Qext can be written as, 
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∞
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where m is the refractive index of the sphere relative to the ambient medium, μ1 is the ratio of the 

magnetic permeability of the sphere to the magnetic permeability of the ambient medium, the 

functions and are spherical Bessel functions of order n (n = 1, 

2, …), and the primes mean derivatives with respect to z. The derivatives follow the properties of 

the spherical Bessel functions, 
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Figure 1.1 The extinction spectrum of Ag spheres calculated by Mie theory. 
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Figure 1.1 shows the extinction efficiency Qext of Ag spheres with radius r = 20 and 60 

nm calculated from Eq. 1.2. The bulk refractive indicies are taken from Ref.[1]. When the radius 
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increases from r = 20 nm to r = 60 nm, the dipolar mode plasmon peak red shifts from λ = 0.368 

μm to λ = 0.429 μm. At the same time, because the incident light can not polarize the larger 

sphere homogeneously, higher-order mode (Quadrupole mode here) appears at the left side of the 

dipolar plasmon peak. 

 

1.3 Gans theory 

Mie’s theory was developed for particles of spherical shape only. Gans extended Mie’s 

theory within the dipole approximation. For randomly oriented elongated spheroids, Gans theory 

predicts that the extinction cross section Cext (Cext = Qext  πaeff
2, where aeff is the effective radius 

of the nanoparticles ) can take the following form[62],[63], 

∑
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where N is the concentration of the spheroids in small density solutions, V is the volume of a 

single spheroid, ε1 and ε2 are the real and imaginary part of the dielectric function of the material, 

ε is the dielectric constant of the surrounding medium, and the P (j = A, B, and C)m j  is the 

depolarization factor for the three axes: A (long axis), B (short axis), and C (short axis) of a 

spheroid,  
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where the aspect ratio ξ is defined as ξ = L/D. The diameter of the long axis of the spheroid is L, 

and short axis is D. It is found that extinction cross section Cext of the spheroid is only a function 

of the aspect ratio ξ. 

Figure 1.2 shows some representative extinction cross section spectra of the Ag spheroids 

with different aspect ratios ξ, in which we take NV = 1. The dielectric constants used in the 

calculation are the bulk Ag dielectric constant obtained from Ref.[1], and the surrounding 

medium is assumed to be vacuum, i.e., εm = 1. As expected, there are two extinction peaks in 

each spectrum, one located at wavelength λ < 350 nm, which corresponds to the transverse mode 

(TM) plasmon resonance TMλ , i.e. the collective electron oscillation perpendicular to the long 

axis of the rod. The other peak is located at λ > 350 nm, which corresponds to the longitudinal 

mode (LM) plasmon resonance LMλ , i.e. the collective electron oscillation along the axis. If the 

aspect ratio ξ is increased,  red shifts drastically while LMλ TMλ  blue shifts slightly. Similar to 

Ref.[64],  red shifts linearly with the aspect ratio ξ. LMλ
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Figure 1.2 Extinction cross sections Cext of randomly orientated spheroids with 
different aspect ratio calculated by Gans theory. 
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1.4 Discrete dipole approximation method 

Both Mie theory and Gans theory give analytic extinction coefficient for regular shaped 

nanoparticle. For arbitrary shaped particles, i.e. besides spheres and spheroids, there are no 

analytical solutions for the extinction coefficient. Numerical methods have been introduced to 

study the light scattering from particles with arbitrary shapes, including the discrete dipole 

approximation (DDA) [65-71], multiple multipole method (MMP) [72-75], the finite difference 

time domain method (FDTD) [76-81], and T-matrix method [82-90]. Each method has its own 

advantages and disadvantages. But for single nanoparticals of arbitrary shape and complex 

surrounding medium, DDA method has been proved to be accurate and more efficient. 
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Discrete dipole approximation (DDA) is first introduced by Purcell and Pennypacker [67]. 

In this method, as illustrated in Fig. 1.3, a targeted particle is represented by an array of N 

dipoles with polarizability iα  located at position ir
v . The polarization of each dipole, iP

v
, can be 

written as, 

v

Figure.1.3 Schematics to illustrate discrete dipole approximation method 
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)( ilocii rEP vvv
α=                                              ,                                                            (1.16)                         

where  is the sum of the incident field)( iloc rE vv tirki
iinc

ieErE ω−⋅=
vvvvv

0)(  and the local electric fields 

generated by all the other N - 1 dipoles at location ir
v , as illustrated in Fig. 1.3.  
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,0,)()( ,                             (1.17)                                                    

jP
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 is the dipole moment of the jth dipole, and , with jiA , ji ≠where , is a matrix element in a 

3N×3N interaction matrix, defined as, 
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Substituting Eq. (1.17) and (1.18) into Eq. (1.16) and rearranging terms in the equation, one can 

have, 

EPA
vvv

=⋅'                                                   ,                                                              (1.19)                         

where is a matrix derived from matrix'A
v

A
v

. By solving the 3N complex linear equations, the 

polarization of each dipole can be obtained, and the optical scattering and absorbance properties 

can be calculated. The extinction cross section C , the absorption cross section Cext abs, and the 

scattering cross section Csca can be expressed as, 

)Im(
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v
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E
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vvvv
v απ ,                       (1.21)                            

absextsca CCC −=                      .                                                                    (1.22)                      

The scattering E field is the sum of the incident field and the dipole field of all dipoles which is 

given by  
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2
0

2 |||| EE
vv

=γThe E field enhancement ( ) calculated by DDA may have an uncertainty factor 

of 2 to 3 compared to Mie theory for a sphere [91]. However, when the same lattice parameter is 

used, it is reasonable to investigate the relative effect of particle shape or particle size on the 

absorbance spectrum and the E field distribution. 

One of the effective and efficient methods to solve the Eq. (1.19) is to use the complex-

conjugate gradient method (CCG method) [92, 93]. In brief, beginning from an initial guess )0(
iP
v

, 

the CCG method generates a sequence )(n
iP
v

, where n = 1, 2, …, that converges monotonically for 

estimate P
v

until Eq. (1.19) is solved to some error criterion. The error tolerance may be specified 

as: 

h
EA

EAAPA
<

−
+

++

||
||                              ,                                                       (1.24) 

where is the Hermitian conjugate of A, and h is the error tolerance. We typically use h = 10-5+A  

in order to satify Eq. (1.24) to high accuracy.  

The DDA calculation results are strongly dependent on the dipole polarizabilities. Draine 

and Goodman established the lattice dispersion relation (LDR) method to prescribe the dipole 

polarizabilities [69]. Not only the dielectric constants but also the direction of the propagation 

and the polarization state of the incident polarization are also considered in LDR. By choosing 

these dipole polarizabilities, the infinite lattice of point dipoles will propagate electromagnetic 

plane waves with the same dispersion relation as in a medium of specified dielectric constants.  

           
])()3/2())()[(/(1 32
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α
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CMwhere m is the refractive index and α  is the Clausius-Mossotti polarizabilities in the infinite 

wavelength limit of the DDA, i.e.,  [67],  0→kd

                                                 
2
1

4
3 3

+
−

=
ε
ε

π
α dCM ,                                                     (1.26) 

and b  = -1.891531, b  = 0.1648469, b1 2 3 = -1.7700004, and S is a function of the propagation 

direction and the polarization of the incident wave. 

                                                    ,                                                        (1.27) ∑
=

=
3

1

2)ˆˆ(
j

jj eaS

where and are unit vectors defining the incident direction and the polarization state. 

Extensive DDA calculation for spheres, comparing with different dipole polarizability, proved 

that LDR appears to be best for 

â ê

1|| <kdm  [94].  

There are two obvious criteria for the validity of the DDA method. First, 1|| <kdm . 

However, if accurate calculations of the scattering phase function are desired, a more 

conservative criterion is needed. Second, the lattice spacing must be small enough 

to describe the target particle satisfactorily.  

5.0|| <kdm

In summary, the DDA method divides the targets into an array of polarized cubes 

(dipoles). The induced polarizations of each dipole by the incoming E field can be solved from a 

self-consistent equation. The optical properties of the targets can be obtained from the 

polarization induced by all dipoles. This method is conceptually simple and can yield accurate 

results when the number of dipoles used to approximate the target is increased. DDA method has 

already been applied in many difference systems, such as the scattering of interstellar [95], 

interplanetary dust grains [96], ice crystals [97], human blood cells [98], and metal particles [64, 

99]. The accuracy of the DDA method has been tested by a lot of researchers. DDA results were 

compared with those from other methods [100-102], Nordin et al. compared DDA result with 
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result from exact Mie solution for spheres [100]. They also compared DDA’s results with those 

from electrostatics method for spheroids. Jensen et al. compared DDA’s result with result from 

Modified long wavelength approximation (MLWA) method for spheres and spheroids [101]. 

Yang et al. compared DDA’s results with T-matrix’s results for spheroids [102]. These 

comparisons all show that the results from DDA method are in good agreement with the results 

calculated from other methods. 

In this study we follow Flatau [103] and use the public open source program, DDSCAT 

code [104], to solve the complex linear Eq. (1.19) for different shapes of Ag nanostructures.  

 

1.5 Organization of this dissertation 

This dissertation is organized as the following: 

Chapter 2 systematically investigates the optical properties of the cylindrical Ag 

nanorods with different diameters and aspect ratios using DDA method. The plasmon peak, the 

multipole mode, the anisotropic extinction properties are calculated. Those results are compared 

to the results obtained from Gans theory. 

Chapter 3 investigates the extinction spectra and the E field enhancement distributions of 

Ag nanorods with different topologic shapes, such as the needle-shape, period-shape, L-shape, 

Y-shape, and U-shape. To understand the anisotropic SERS signal and polarization dependent 

extinction spectra, the angular dependent optical properties are also studied. 

Chapter 4 systematically investigates the optical properties of the Ag helical 

nanostructures. We studied the incident polarization dependent extinction spectra and the E field 

enhancement distributions. The structural parameter dependent optical properties are also 

investigated, such as the pitch height and the total helix height. 
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Chapter 5 summaries this dissertation and gives a vision for future work in the optical 

property of metal nanostructures. 
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CHAPTER 2 

 

OPTICAL PROPERTIES OF AG NANORODS 

 

2.1 Introduction 

Recently, large SERS signals have been discovered from Ag nanorod/nanowire arrays by 

several research groups [105-108]. Tao et al. found that aligned Ag nanowires with a 45 ± 5 nm 

diameter and a 1.57±0.07 μm length gave an enhancement factor of ~109 when probing 

Rhodamine 6G [105], and both the Raman signal and the UV-Vis had a strong polarization 

dependence, which may be due to the shape anisotropy and large electromagnetic fields localized 

in the interstitials between adjacent nanowires. Stephen et al. also achieved a SERS enhancement 

factor of approximately 108 when probing trans-1, 2-bis (4-pyridyl) ethylene and using a silver 

rod array substrate with a length of 508 nm and the diameter of 80-90 nm fabricated by a so-

called oblique angle deposition [106]. They also showed that the anisotropic polarized SERS 

signals were consistent with the topological anisotropy of the nanorod arrays [107]. The stronger 

SERS signal appears perpendicular to the long axis of the nanorod arrays, while the maximum 

absorbance at the excited wavelength was observed along the direction of the long axis [107]. 

Although the nanorods have been investigated for their better ability to couple light to resonant 

collective electron plasmon oscillations than film and bulk material [5, 7], theoretically, for most 

investigations, the nanorod is approximated as an elongated spheroid, and its extinction 

propertyis usually described by Gans theory [62]. The basic assumption for Gans theory is that 
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the size of the rod is much smaller than the incident wavelength and can be considered as a 

single dipole. 

Experimentally, in the contrary, most research groups found that Ag nanorods with larger 

diameter and longer length in fact gave the best SERS enhancement [106, 109]. For example, the 

Ag nanowires made by Tao et al. are ~ 1.6 μm long and 45 nm in diameter [109] and the silver 

nanorods used by Chaney et al. have a length of 508 nm and diameter of 80-90 nm [106, 110-

112]. Those sizes are not small comparing to incident wavelength for Raman experiments and in 

general, thus the nanorods should not be considered as a single dipole, as assumed by the Gans 

theory. Therefore, the results obtained from Gans theory may not be accurate to describe the 

optical properties of those larger nanorods. A better way to investigate the extinction properties 

of those nanorods is to use a numerical method. We would like use DDA method. Although, 

others calculated Ag optical properties using DDA method, most DDA calculation on Ag 

nanoparticles impose volume constraints [113, 114]. The total volume of the nanoparticle or 

nanorod is fixed while the aspect ratio or the shape is varying. For theoretical investigations, this 

constraint can clearly demonstrate how the parameters such as aspect ratio or shape, affect the 

extinction spectra. However, experimentally, both the aspect ratio and the volume of a 

nanoparticle will change during the growth process. For example, the diameter and the length of 

the Ag nanorod array prepared by the oblique angle deposition method can be tuned by 

controlling the deposition conditions, such as deposition rate and time [106]. Thus, the change of 

the optical absorbance spectra is not only a reflection of the change of the aspect ratio, but also 

the change of the volume as well as the diameter of the nanorods. One cannot separate those 

parameters individually like the theoretical investigation. The combination effect of both the 

aspect ratio and the diameter in the experiments will lead to some complications in interpretation 
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of the extinction spectra. Yet, so far, a systematic and theoretical investigation of the extinction 

spectra of Ag nanorods with the change of both the aspect ratio and the diameter is not available. 

In this chapter, we present a systematic study on the optical properties of Ag nanorods 

with different diameter and aspect ratio using DDA method. The plasmon peaks, the multipole 

mode, the anisotropic extinction properties are calculated. 

 

2.2 Extinction spectra calculated by DDA 

In the literature, we find that most calculations for Ag nanostructures use the bulk 

dielectric constants data from two different sources [1, 2]. In order to investigate how the two 

sets of dielectric constants affect DDA results, we have calculated the extinction cross section 

Cext of a cylindrical Ag nanorod with a diameter D = 20 nm and an aspect ratio ξ = 2 at p-

polarization incidence and s-polarization incidence using these two different sets of dielectric 

constants. As shown in Fig. 2.1, the incident direction is perpendicular to the long axis of the Ag 

nanorod. The p-polarization is defined when the E field of the incident light is parallel to the 

nanorod, and the s-polarization is defined when the E field is perpendicular to the nanorod axis.  

 

Figure 2.1 Schematic for p-and s-polarization incidence on an Ag nanorod 
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The nanorod was divided into 5310 dipoles and the lattice spacing d = 1.33 nm. The 

extinction cross sections Cext as a function of the wavelength are plotted in Fig. 2.2. For p-

polarization incidence, results from both sets of dielectric constants give a single plasmon peak 

(longitudinal mode, LM). However, the location, amplitude, and the width of the resonant peaks 

are different. The plasmon peak using data from Ref.[1] is located at λp = 0.483 μm, while the 

peak calculated using data from Ref.[2] is located at λp = 0.463 μm. These two peaks have a 

wavelength difference of ~ 20 nm. For s-polarization incidence, both spectra exhibit double 

peaks at a UV wavelength region. Similar to the p-polarization incidence, the location, amplitude, 

and the width of these two peaks are different. The two peaks calculated from Ref.[1] are located 
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at 0.343μm and 0.380μm, respectively, and the separation between these two peaks is 37nm, 

while the two peaks calculated from Ref.[2] are at 0.345μm and 0.378μm, respectively, and the 

separation is 33nm. For p-polarization and s-polarization incidences, the plasmon peaks 

calculated from Ref.[2] are always sharper and stronger than those from Ref.[1]. From these two 

figures, we find that plasmon peaks calculated from Ref.[2] are always sharper than those from 

Ref.[1]. Although the results calculated from two dielectric constants are quantitatively different, 

they are qualitatively the same. In our calculation, we adapt the dielectric constant from Ref.[1] 

since the dielectric data extend to longer wavelength range.  

In order to explore the effect of both the diameter and the aspect ratio on the extinction 

spectra, we have calculated the Cext of Ag nanorods with four different diameters, D = 20, 40, 60, 

and 80 nm, respectively, and various aspect ratios. The configuration of the incident light and the 

definition of polarizations are shown in Fig.2.1. We divide the calculations into two groups: 

short nanorods (ξ = 1 − 4, i.e., L = 20 − 320 nm) and long nanorod (ξ > 6, L = 500 nm, 600 

nm, 700 nm, 800 nm, and 1000 nm, respectively). The results for the short nanorods will be used 

to compare with the results obtained from Gans theory since the size is smaller than the 

wavelength. During the DDA calculation of short nanorods, for nanorods with the same diameter 

but different aspect ratio, we use the same lattice space, i.e. the total number of dipoles for a 

nanorod being proportional to its length L. Table 2.1 summarizes the total number of dipoles 

used for the DDA calculation for short nanorods with different ξ.  

 

Table 2.1 Total dipole number of short nanorods (ξ ≤ 4)  

R 1.0 1.5 2.0 2.5 3.0 3.5 4.0 

 # of dipoles 2655 4071 5310 6726 7965 9381 10620 
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Table 2.2 Dipole number and lattice space for long nanorods (ξ > 4)  

L d 500nm 600nm 700nm 800nm 1000nm 

D          

20nm 10400 12480 14560 16640 20800 2.47nm 

40nm 10000 12000 14000 16000 20000 3.98nm 

60nm 6640 8000 9360 10640 13360 5.97nm 

80nm 8400 10080 11760 13440 16800 6.69nm 

 

 

The lattice space d of dipoles for different diameters D = 20, 40, 60, and 80 nm are d = 

1.333, 2.675, 3.998, and 5.331 nm, respectively. Table 2.2 summarizes the total number of 

dipoles used and corresponding unit dipole diameters for long nanorods. For different diameter 

nanorods, the size of the unit dipole is different, but the requirement for the DDA method, |m|kd 

< 1 (m is complex refractive index of Ag, and k = 2π/λ is the wavenumber) is fulfilled. Under 

this condition, different size dipoles will only shift the plasmon resonant wavelength slightly (a 

few nanometers) [100]. Thus, with the exception that the exact plasmon resonant wavelength 

may not be accurate (± few nanometers), the changes of the plasmon wavelength and the 

absorbance as functions of the nanorod diameter D and aspect ratio ξ will be well described. 

 

2.3 Results of DDA calculations 

2.3.1 The extinction coefficient Cext of small aspect ratio Ag nanorods (ξ ≤ 4) 

   18 
  



 

The extinction cross sections Cext of nanorods with D = 20, 40, 60, 80 nm and aspect 

ratios ξ ≤ 4 were calculated for both p-polarization and s-polarization incidence.  
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Figure 2.3 Extinction cross section Cext of D = 40nm nanorods calculated by 
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Figure 2.3 plots Cext spectra of Ag nanorods with D = 40 nm for aspect ratios ξ from 1 to 

4. For p-polarization incidence, as shown in Fig. 2.3 (a), there is only one extinction peak in each 

of the spectra, which corresponds to the LM plasmon resonance. With the increase of the aspect 

ratio ξ, the resonant wavelength LMλ  red shifts, the amplitude of the resonant peak increases, and 

the width of the resonant peak increases as well. This result agrees qualitatively with that 

obtained from Gans theory (Fig. 1.2). For s-polarization incidence, as shown in Fig. 2.3 (b), the 

Cext spectrum exhibits two extinction peaks, one at a longer wavelength (called transverse dipole 

mode, TDM) and the other at a shorter wavelength (called transverse quadrupole mode, 

TQM)[99]. This double-peak feature is not observed in Fig. 1.2. The amplitudes of both TDM 

and TQM peaks increase with ξ and the relative extinction amplitude changes as well. When the 
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ξ varies from 1 to 1.5, the intensity of the TDM peak is stronger than that of the TQM peak. 

When ξ ≥ 2.0, the peak intensity of TQM is stronger than that of TDM. We also find that the 

TQM mode blue shifts and TMD mode red shifts slightly with ξ. However, since the peak 

intensity of TMQ is stronger, the overall shift of peak position is blue, but will not be as 

significant as the red shift of , which is consistent with Gans theory. LMλ
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Figure 2.4 LM plasmon resonant wavelengths as a function of the aspect ratio ξ 
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To illustrate the effect of the nanorod diameter on the plasmon resonant peak, Figure 2.4(a) plots 

 obtained from the DDA calculations as a function of ξ. The LMλ LMλ  calculated from Gans 

theory (Fig. 1.2) is also plotted in Fig. 2.4 (a). All the curves in Fig. 2.4 (a) share one comment 

feature, that is, LMλ  increases linearly with the aspect ratio ξ, which qualitatively agrees with the 

Gans theory. However, for the same aspect ratio, larger diameter nanorods have a larger LMλ , 

and the  red shifts faster. The slope k (D) of the  shift for different nanorod diameters is LMλ LMλ
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0)( λξλ +⋅= DkLMobtained from Fig. 2.4(a) using the fitting equation  and is plotted in Fig. 

2.4(b).  

For the short nanorods, we find that the absorption process dominates the extinction 

spectra and the contribution of scattering is very small. For example, Figure 2.5 plots in semi-log 

scale the ratio of the absorption cross section Cabs to the scattering cross section Csca for Ag 

nanorods with the same diameter D = 20 nm and at ξ = 1 and ξ = 4. For both ξs, the ratio Cabs/ 

C  is larger than 1, and with the increase of R, the ratio Csca abs/Csca decreases, which demonstrates 

that the scattering becomes more and more important.  
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The above results can be understood qualitatively through the classic electromagnetic 

theory. When the volume of the nanorod becomes smaller, only the dipole oscillation /absorption 

contributes significantly to the extinction. Therefore, the Cext calculated from the DDA is close to 

that of Gans theory. However, when the size of the Ag nanorods increases, the scattering effect 

becomes more important. The red shift of the plasmon resonance is due to a so-called “dynamic 
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depolarization effect”, which relates to the interaction from radiation emitted at different points 

in the particle. Dynamic depolarization results in a strong red shift of dipolar plasmon resonance 

[115, 116]. The dynamic depolarization depends strongly on the total volume of the particle. For 

the same aspect ratio nanorods, when ξ increases, the total volume ( ) of nanorods 

with larger diameters increases faster than that of smaller diameter nanorods. This is the reason 

why the plasmon peak of longer diameter nanorods red shifts faster than shorter diameter 

nanorods. The broadening of the plasmon peak is caused by a so-called radiation damping effect, 

which is due to the damping of the dipole through radiation loss. For small particles, the effect of 

radiation resistance can be neglected. When the size becomes bigger, the radiation fields must be 

taken into account. The radiation damping effects reduces the intensity, makes the peak 

asymmetric, and broadens the peak [115, 117].  

4/3DV πξ=

The nature of the extinction of a nanorod is due to the forced oscillation of electrons 

inside the Ag nanorod. This oscillation is determined by the induced charge distribution in the 

nanorod. If the nanorod is small, and the induced charge distribution is uniform, the entire 

nanorod can be treated as a dipole. This is particularly true when the size of the nanorod is 

smaller than the incident wavelength.  The angular distribution of the far field scattering intensity 

is a good way to judge the nature of the plasmon resonance. In order to further understand the 

physical nature of the extinction of the Ag nanorods, we have investigated the angular 

distribution of the scattered far field intensity of nanorods. When the size of a nanorod is much 

less than the incident wavelength, the nanorod can be considered as one dipole. This is the basic 

assumption for Gans theory. For a dipole with polarization proportional to the incident field, 

according to the Rayleigh scattering approximation, the angular distribution of the scattering 

intensity in horizontal plane can be written as the following [118], 

   22 
  



 

θαθ 2
02

24

cos)( I
r

kI sca =                               ,                                                         (2.1) 

where α is the polarizability of the dipole/nanorod, and θ is the angle between the scattering 

beam and the incident beam. The scattering intensity Isca is collected within the plane of the 

incident E field and the incident direction, and I0 is the incident intensity. Thus, the horizontal 

scattering intensity Isca(θ) has a cos2(θ) distribution. This is a characteristic for dipole excitation. 

However, if the induced charge has a quadrupole distribution and the charge has an oscillating 

spheroidal distribution, then I (θ) will have the form of [119]. sca

8 2
2

2( ) cos (2 )sca
ck QI

r
θ θ=                                       ,                                                       (2.2)                         

where Q is the nonzero term in the electric quadrupole moment, and c is a constant which does 

not relate to the wavelength or the scattering direction. The angular distribution is different from 

that of the dipole. Thus, the angular distribution of the far field scattering intensity Isca(θ) is a 

reflection of the nature of the extinction of a nanorod. 

Since the extinction spectra calculated by the DDA for Ag nanorods with different 

diameters and aspect ratios are different from those obtained from Gans theory, one may expect 

that the angular distribution of the scattering intensity may be different as well. Therefore, we 

calculated the Isca(θ) of an Ag nanorod with D = 40 nm and ξ = 4 at p-polarization incident for λ 

= 0.5 μm, 2.0 μm and 0.783 μm, respectively (Figs. 2.6(a), (b), and (c)). The reason we chose 

those particular wavelengths is that from Fig. 2.3, λ = 0.783 μm is the LM resonant peak for this 

particular nanorod. One notices that all three of the angular distributions have similar shapes: the 

intensity reaches a maximum when θ = 0o and 180o, and it hits a minimum when θ = 90o. This is 

quite similar to the situation depicted by Eq. (2.1). Therefore, we used equation  

                                                                                                (2.3)                         θθ 2cos)( AIsca =
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to fit the scattering intensity (the solid curves in Figs. 2.6(a), (b), and (c)). The goodness of the 

fitting shows that the nanorod at these three different wavelengths behaves like a dipole. In 

addition, it is noticed that the scattering intensity at λLM = 0.783 μm is much stronger than those 

at the other two wavelengths, which is due to the plasmon resonance. We also calculated the 

Isca(θ) of the same Ag nanorod at s-polarization incident for λ  = 0.383 μm, λTDM TDM = 0.344 μm, 

and λ = 0.45 μm, respectively (Figs. 2.6(d), (e), and (f)). The Isca(θ) at all three different 

wavelengths has similar shapes as those for the p-polarization incident. For s-polarization 

incident, the incident electric field oscillates perpendicular to the long axis of the nanorod. 

Because the diameter of the nanorod is much smaller than the incident wavelength, the nanorod 

can be polarized homogenously along the short axis. However, due to the anisotropic nature of 

the nanorod, one cannot treat the rod as a single dipole. One can use the Rayleigh-Gans-Debye 

approximation to treat the rod [118]. This approximation assumes that the internal field in the rod 

is not altered by the presence of the particle and is identical to the incident wave and each 

infinitesimal part of the particle acts independently as a Reyleigh scatter. Thus, a series of 

parallel dipoles perpendicular to the long axis can be used to approximate the scattering intensity 

for TM incidence, and the scattering intensity in y-z plane can be written as,  

2
2/

2/

cos2
2

4
0' ][cos)( dxe
r
kIFI

L

L

ikx
sca ∫

−

−= ϕθθ                                       (2.4) 

where ϕ  is the angle between the infinitesimal Reyleigh scatter and scattering direction. F’ is the 

fitting parameter. The solid curves in Fig.2.6 (d), (e), and (f) are the results of the fitting, which 

demonstrates that the Rayleigh-Gans-Debye approximation works well. We also notice that the 

scattering intensity I (θ) at both λ  and λsca TDM TQM are much stronger than that at off-resonant 

wavelength.  
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Thus, the angular distribution of scattering intensity for both incident fields calculated 

from the DDA reveals that the Ag nanorods with small aspect ratio can be treated as dipoles, 

although the Gans theory does not predict quantitatively the same extinction behavior for those 

nanorods.  

Figure 2.6 The angular distribution of scattering intensity in x-z plane at p-polarization 
incidence with different incident wavelength (a) λ = 0.5 μm, (b) λ = 2.0 μm, and (c) λ = 
0.783 μm, and the angular distribution of scattering intensity in y-z plane in Fig. 2.1 at s-
polarization incidence with different incident wavelength (d) λ = 0.383 μm, (e) λ = 
0.344 μm, and (f) λ = 0.45 μm (Solid curves are calculated by fitting). 
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2.3.2 The extinction coefficient Cext of larger aspect ratio Ag nanorods (ξ > 6) 

The above results show that even at a small aspect ratio, the extinction cross section Cext 

calculated by the DDA method exhibits a strong dependence on the diameter of the nanorods. 

Therefore, it would be interesting to see how the larger aspect ratio affects the Cext for Ag 

nanorods with different diameters. The p-polarization extinction spectra of Ag nanorods with 

fixed L = 500 nm length and different diameter D = 20, 40 and 60 nm (ξ = 25, 12.5, and 8.33, 

respectively), are shown in Fig. 2.7. Comparing those spectra to the spectra for smaller aspect 

ratio nanorods (Fig. 2.3), the main LM plasmon resonant wavelengths λLM red shift further. For 

the same nanorod length, the larger aspect ratio nanorods shift λ  further. For example, the λLM LM  

for nanorods with ξ = 25 shifts beyond 2.5 μm. Despite the large extinction peak for the LM 

plasmon mode, at short wavelength, there are other additional extinction peaks that appear, as 

shown in the insert of Fig. 2.7. Those are the peaks that are not observed for small ξ. For nanorod 

with ξ = 8.33, two dominant peaks have been observed at λ = 0.588 μm, and λ = 0.436 μm, 

respectively. For nanorod with ξ = 12.5, two peaks have also been observed, at λ = 0.678 μm, 

and λ = 0.491 μm, respectively. However, for nanorods with ξ = 25, three dominant peaks have 

been observed at λ = 1.019 μm, λ = 0.675 μm, and λ = 0.539 μm, respectively. Another 

characteristic of those peaks is that, when the peak position separates further from the main 

resonant wavelength λLM, the extinction becomes smaller. We use the notation l to label all the 

extinction peaks: l = 1 denotes the main plasmon peak, l = 2 denotes the nearest extinction peak 

near main peak, and so on. In the literature, those extinction peaks with l ≥ 2 are assigned as 

multipole plasmon resonant peaks [120], where l = 1 represents the dipolar plasmon peak and l = 

2 represents the quadrupole plasmon peak and so on. 
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Figure 2.7 Extinction cross section Cext of L = 500 nm, D = 20, 40, 60 nm Ag 
nanorods calculated by DDA method, the insert figure plots the extinction spectra at 
short wavelength region. 
 

In order to understand the nature of those resonant peaks, we have also investigated the 

angular distribution of scattering intensity Isca(θ). Figure 2.8 plots the far field scattering intensity 

distribution for an Ag nanorod with D = 20 nm and ξ = 25 at λ = 2.5, 1.2, 1.0, 0.9, and 0.675 μm, 

respectively. For λ = 2.5 and 1.2 μm, the wavelength is in between the two major resonant peaks, 

l = 1 and l = 2. Figures 2.8(a) and (b) show that Isca(θ) is similar to those at lower R, i.e., Fig. 2.6, 

and Eq. (2.3)  fits the data (solid curves in Fig. 2.8(a) and(b)) very well. This is characteristic of 

the scattering for a dipole. At λ = 1.0 μm, i.e., the resonant peak at l = 2, the shape of Isca(θ) (Fig. 

2.8(c)) is much different from those in Figs. 2.8 (a) and (b): although at θ = 0o and 180o Isca(θ) 

reaches the maximum, the intensity drops very quickly to the minimum. The solid curve in Fig. 

2.8(c) shows an attempted fitting using Eq. (2.3). Qualitatively Eq.(2.3) follows the trend of the 

data, however, the difference between the fitting and the calculated data shown in Fig. 2.8(d) 

   27 
  



 

exhibit a double period within 180o. This difference is consistent with the angular distribution of 

the scattering intensity for a quadrupole, i.e., Eq. (2.2). Thus, at λ = 1.0 μm, the scattering 

intensity is a result of a combination from a dipole and a quadrupole. The shape of Isca(θ) at λ = 

0.9 μm (Fig. 2.8(e)) and at λ = 0.675 μm (Fig. 2.8(f)) can not be fitted by Eq. (2.3), 

demonstrating that there are higher order multipole effects other than dipole effect contributing 

to the scattering.  

 

0 40 80 120 160
0.000

0.001

0.002

0.003

0.004

0 40 80 120 160
0.00

0.01

0.02

0.03

0.04

0 40 80 120 160
-0.012

-0.009

-0.006

-0.003

0.000

0 40 80 120 160
0.000

0.008

0.016

0 40 80 120 160
0.000

0.008

0.016

0.024

0 40 80 120 160
0.0000

0.0003

0.0006

0.0009

 

 

(d) λ = 1.0 μm(c) λ = 1.0 μm

  

 

 

 

 

 

(e) λ = 0.9 μm

 

 

 

 

(f) λ = 0.675 μm

 

 

(b) λ = 1.2 μm(a) λ = 2.5 μm

 

 

 

 

  

 

 

 

 

 

 Sc
at

te
rin

g 
in

te
ns

ity
(a

.u
.)

 

 

 

 
Distribution angle θ (Degree)

Figure 2.8 The angular distribution of scattering intensity in x-z plane at p-
polarization incident with different incident wavelength (a) λ = 1.2 μm, (b) λ = 2.5 
μm, (c) λ = 1.0 μm (d) the difference of approximation with the scattering 
intensity with λ = 1.0 μm incident, (e) λ = 0.9 μm, and (f) λ = 0.675 μm , the solid 
curves are the fitting. 
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The above results demonstrate that for large aspect ratio nanorods, when the wavelength 

is comparable to, or smaller than the length of the nanorod, the incident light cannot polarize the 

particle homogeneously, and higher-order plasmon modes appear in the extinction spectra. With 

increasing particle size, these higher-order modes become more and more important. These 

multiple well-separated plasmon resonant peaks are found at higher resonance frequencies than 

the resonance frequency of the dipolar plasmon excitation (not appearing in Fig. 2.7).  
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Figure 2.9 Multipolar plasmon peak wavelength as function of aspect ratio R for 
different diameter Ag nanorods at p-polarization incidence calculated by DDA 
 

The resonant wavelengths for multipole plasmon also shift as aspect ratio and diameter 

(Fig. 2.9) [120]. For fixed nanorod diameters, multipole plasmon peaks red shift linearly with 

increasing aspect ratio. However, the dipole plasmon position is more sensitive to the aspect ratio 

of nanorod than other high order plasmon peaks. As for the same order multipole plasmon mode 

of nanorods with the same length, larger aspect ratio nanorods have larger resonant wavelengths. 

Because of the higher aspect ratio, for the same order multipole plasmon mode, the plasmon 
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peak of smaller diameter nanorods linearly increase faster than larger diameter ones. For the 

same length nanorod, with a increasing aspect ratio of the nanorod, a higher order resonance 

appears. For example, for the D = 40 nm and ξ = 12.5 nanorod, there are two multipole modes: l 

= 2 and 3. When the aspect ratio increases to 25, the 4th order multipole mode appears. 

For s polarization incidence, at longer nanorod length, the extinction spectra also exhibit 

two resonant peaks, TDM and TQM, as shown in Fig. 2.10(a). However, the TQM peak is much 

stronger than the TDM peak. With the increasing of the aspect ratio, both the intensities of TDM 

and TQM peaks increase. But the intensity of TQM peak increases faster than TDM peak.  
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Figure 2.10 (a) Extinction cross section Cext of Ag nanorod with D = 40 nm at s-
polarization incidence calculated by DDA method, and (b) the angular distribution 
of scattering intensity in y-z plane of D = 40 nm and ξ = 25 nanorod with s-
polarization incidence λ = 0.363 μm incidence. Solid curve is the fitting. 

 

 

 

 

 

 

 

 

 

 

 

 

The angular distribution of the far field scattering intensity I (θ) at λsca TM2 = 0.363 μm for 

an Ag nanorod with D = 40 nm and ξ = 12.5 is calculated, and shown in Fig. 2.10(b). Since the 
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diameter of the nanorod is smaller than the wavelength, one can still apply the Rayleigh-Gans-

Debye approximation to fit the data.  We also use a series of parallel dipoles to fit the intensity 

distribution using Eq. (2.4). The fitted curve is plotted as a solid line in Fig. 2.10(b), and shows 

good agreement with the calculated data. Therefore, for long nanorods at s polarization incidence, 

the electric field can polarize the rod homogenously. 

 

2.4 Conclusion 

We have performed systematic numerical calculations of Ag nanorods using the DDA 

method. For short length nanorods, when light is incident with p-polarization, nanorods can be 

considered as an ideal dipole, the LM plasmon peak red shift linearly with the aspect ratio of Ag 

nanorods, and the rate of the resonant wavelength shift increases with the diameter of the 

nanorod. When light is incident with s-polarization, the nanorod can be considered as a series of 

parallel dipoles, and the TM mode of the Ag nanorod consists of two peaks. For even larger 

aspect ratios, the p-polarization light will induce a multipolar plasmon resonant mode. Multipolar 

plasmon peaks also increase linearly with the aspect ratio of nanorods and lower-order plasmon 

peaks increase faster than high-order plasmon peaks. For the same length Ag nanorods, the larger 

the diameter, the more blue shifted the multipolar plasmon resonance becomes with respect to 

the primary resonant wavelength. 

 

 

 

 

 

   31 
  



 

 

 

CHAPTER 3 

 

OPTICAL PROPERTIES OF NANORODS WITH DIFFERENT TOPOLOGIC SHAPES 

 

3.1 Introduction 

As a surface plasmon-mediated phenomenon, SERS is strongly dependent on the E field 

enhancement distribution. Usually, the maximum E field enhancement occurs at the surface or 

the tips. When the nanostructure becomes more complex, more plasmon peaks appear. For 

example, Hao et al. investigated the plasmon resonances of the gold star-shaped 

nanostructure[121]. They showed that different plasmon resonances had significant surface 

charges associated with individual tips and that the scattering intensities of different plasmon 

resonances strongly depend on the incident polarization. So far, most of the nanostructures 

studied are of simple geometrical shapes, such as triangle, squares, etc., with protruding corners. 

More complicated nanostructures with different topological shapes such as corners, recesses etc., 

have not been studied, yet those topological structures could greatly influence their plasmonic 

properties and can be fabricated experimentally.  

Ag nanorod arrays can be fabricated through a so-called oblique angle deposition method 

and have been proved to have high SERS enhancement factors [106]. The SERS signal from 

nanorod array is also polarization dependent, and the SERS anisotropy is coincident with the 

appearance of the polarization dependent absorbance spectra of the substrate [107]. Figure 3.1 

shows the polarization absorption spectra of an Ag nanorod array fabricated by oblique angle 
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deposition method. Excitation light incidents normally to the substrate. When the incident 

polarization is parallel to the nanorod tilted direction, as the insert in Fig. 3(a), a very broad 

absorption peak appears at the visible wavelength region. When the incident polarization is 

perpendicular to the nanorod, a sharp absorption peak appears at the UV wavelength region.  
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Figure 3.1 (a) The polarized absorbance spectra of Ag nanorod arrays fabricated by 
OAD method. The insert shows a sampling SEM image of the Ag nanorod array. (b) 
– (d) TEM images of individual Ag nanorods obtained from Ag nanorod substrate. 
They represent corrugation (b), bending (c), and (d) bifurcation, respectively. 
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Theoretically, those nanorod array substrates were treated as a spheroid nanorod array 

[122, 123], and their optical properties are modeled based on the anisotropic effective medium 

theory [123]. However, the nanorods in the array are not perfect spheroids; they have various 

shapes, such as corrugation, bending, and bifurcation. Those imperfections, or the three-

dimensional topological structure, may significantly alter the optical properties. The three 

dimensional shaped nanorod structures can also be fabricated through a simple physical vapor 

deposition technique called glancing angle deposition (GLAD) [124-128]. By programming the 

substrate rotations, the nanorod array structures such as C shape and zigzag have all been 

fabricated [124-128]. Yet the ability to use this technique to tune the LSPR has not been reported. 

These nanostructures with different topological shapes could significantly tune the LSPR and 

may have significant effect on designing future plasmonic devices [129]. 

For the nanorod array substrate [106], a base layer of 500 nm Ag film is first deposited 

onto glass slides, and then Ag nanorod arrays are coated on top of the Ag film. Driskell et. al.. 

have investigated how the Ag base layer affects the Raman intensity [111]. The results show that 

the absolute Raman intensity of trans-1,2-bits(4-pyridyl)ethane (BPE) for silver nanorods on Ag 

film is three orders of magnitude stronger than that for silver nanorods on bare glass slides. This 

result demonstrates that when the additional Ag base layer is added, there could be stronger E 

field coupling between the Ag film layer and the nanorods; and more SERS hot spots could be 

generated in between the Ag film and Ag nanorods. So far, theoretically, the effect of the 

underlying Ag film on the optical property of the SERS substrate is not known. Structurely, the 

aligned nanorod arrays on an Ag thin film can be treated as a blanket structure and the simple 

unit in one dimension for such a structure is a U-shaped nanostructure. Once such U-shaped 

structure is arranged in a two-dimensional fashion, one obtains the Ag nanorod array substrate. 
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Thus, the optical properties of U-shaped nanostructures could shine some light on the 

understanding of the film effect and can be used as a crude model for the Ag nanorod SERS 

substrate.  

In this chapter, extinction spectra and the E field enhancement distributions of the needle-

shaped nanorods, the period-shaped nanorods, the L-shaped nanorods, and the Y-shaped 

nanorods are compared with those of cylindrical nanorods. The extinction spectra and the E field 

enhancement distributions of the U-shaped nanorods are compared with those of the parallel-

nanorod structure. In order to understand the anisotropic SERS signal and polarization dependent 

extinction spectra, the angular dependent optical properties are also studied. 

 

3.2 Cylindrical nanorods 

The cylindrical Ag nanorods used in the calculation has a diameter of 20 nm and the 

length varies from 40 to 160 nm. As shown in Fig. 2.1, light propagates perpendicular to the 

nanorod axis. The p-polarization is defined as the E field along the cylindrical nanorods long axis. 

The s-polarization is defined as the E field perpendicular to the long axis.  

Figure 3.2(a) plots the extinction efficiencies of cylindrical nanorod with p-polarized 

incident light. When the length L increases from 40 to 120 nm, there is only one extinction peak 

at the wavelength λp = 0.485, 0.681, and 0.873 μm for L = 40, 80, and 120 nm, respectively, in 

each of the spectrum, resulting from the longitudinal mode (LM) of LSPR. When the length 

increases to 160 nm, besides the main plasmon peak at λp = 1.084 μm (LM mode), another small 

peak appears at λ = 1.274 μm. With the increase of the length, the resonant wavelength of LM 

mode is red shifted linearly as shown in Fig. 3.3, which is well known from Gans theory[62, 64]. 

Figure 3.2(b) presents the E field enhancement distribution γ ( , where E2
0

2 ||/|| EEl=γ  is the l
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local field and E  is the incident field) of a cylindrical nanorod with L = 80 nm at λ0 p = 0.681 μm. 

A dipole-like E field is demonstrated, and the maximum enhancement occurs at the tips of the 

cylinder, which is consistent with the so-called lightening-rod effect. Other cylindrical nanorods 

with different lengths at λp have similar E field distribution. At off-resonance wavelength, for 

example, for L = 160 nm and λ = 1.274 μm, there is also a dipole like E field distribution, but the 

E field enhancement γ is much smaller than that at λ . p
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Figure 3.2 Cylindrical nanorods at p-polarization incidence (a) Extinction 
efficiency, and (b) E field enhancement contours ( γ10log ) of L = 80 nm cylindrical 
nanorod at λp = 0.681 µm. 
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For s-polarized light, the extinction spectra have two extinction peaks regardless the 

length of the nanorods., The peak located at a longer wavelength (λTDM and λTQM)[99]. The 

maximum E field enhancement at the TM mode is significantly smaller than that at the LM mode 

(at least two orders of magnitude less). At TDM incidence, the maximum E field enhancement 

occurs around the cylinder. At TQM incidence, the maximum enhancement occurs not at the tips 

but at the side, the top, and the bottom.  A quadrupole-like E field distribution is demonstrated. 

The Rayleigh-Gans-Debye approximation[118] works well for s-polarization incidence. When 

light is exciting the TM plasmon modes, the nanorod can be considered as a series of parallel 

Figure 3.3 Plasmon peak wavelengths as a function of length for different shaped 
nanorods. 
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dipoles. This principle can also be used to describe the TM plasmon modes of other 

nanostructures. 

 

3.3 Needle-shaped nanorods 

For the needle-shaped nanorod, the diameters of the two ends are fixed to be 20 and 40 

nm, and the length LN varies from 40 nm to 160 nm. As shown in Fig. 3.4, light propagates 

perpendicular to the long axis of the needle. The p-polarization is defined as the E field along the 

long axis. The s-polarization is defined as the E field perpendicular to the long axis. 
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Figure 3.4 Schematics for needle-shaped nanorod and the definition of 
the incident polarizations in the DDA calculation. 

 

 

 

 

 

 

 

 

For the needle-shaped nanorods, all the p-polarization spectra have a strong extinction peak at λp 

> 0.4 μm as shown in Fig. 3.5(a), which corresponds to LM plasmon resonance. Compared with 

the spectra of cylindrical nanorods, no additional plasmon peak appears at the right shoulder of 

the main plasmon peak even for L  = 160 nm. With the increase of LN N, the LM plasmon peak red 

shifts linearly from λ  = 0.437 μm for L  = 40 nm to λ  = 0.864 μm for L  = 160 nm. The p N p N

   38 
  



 

amplitude of the peak also increases, but is still smaller than that of a cylindrical nanorod with 

the same length. Compared to a cylindrical nanorod with the same length, the plasmon peaks of 

needle-shaped nanorod are blue shifted. This is because the effective diameter of needle-shaped 

nanorod is larger than that of cylindrical nanorod. Among nanorods with the same length, the 

plasmon peak blue shifts with increasing diameter. With the increase of the nanorod length, the 

plasmon peaks of needle-shaped nanorods do not red shift as dramatically as that of cylindrical 

nanorods, as shown in Fig. 3.3. Compared to cylindrical nanorods, all the main plasmon peaks 

for needle-shaped nanorods become broader. For example, the full width-at-half-maximum 

(FWHM) of L = 160 nm cylindrical nanorod is 78 nm and the FWHM of LN = 160 nm needle-

shaped nanorod is 89 nm.  The broader plasmon peak is due to the tilted side surface which 

increases the number of oscillation modes of plasmon resonance.  
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Figure 3.5 Needle-shaped nanorods at p-polarization incidence (a) Extinction 
efficiency, and (b) E field enhancement contours (

 

γ10log ) of LN = 80 nm needle-
shaped nanorod at λp = 0.573 µm. 
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Figure 3.5(b) illustrates the E field enhancement distribution γ of a needle-shaped 

nanorod of L  = 80 nm at λN p = 0.573 µm. The E field congregates to the sharp tip of the needle, 

as compared to the maximum field distribution on the two ends of a cylindrical rod. Other 

needle-shaped nanorods at λ  incidence have similar E field distribution.  p

There are also two TM resonance modes for s-polarized incidence, and the spectra almost 

do not change with LN.. At TDM incidence, the maximum enhancement is distributed at the two 

ends of the needle and a dipole-like E field distribution is also demonstrated. At TQM incidence, 

the maximum E field occurs at the side, the top, and the bottom and has a quadrupole-like E field 

distribution. The scattering E field distribution can also be treated as the result from a series of 

parallel dipoles.  

To better understand the polarization dependent extinction spectra, angular dependent 

polarized spectra were calculated every 10o from the direction of p-polarization. The nanorod 

length is fixed at 160 nm for needle-shaped nanorods.  

Figure 3.6(a) plots the angular dependent spectra of the needle-shaped nanorod, where β 

denotes the polarization angle with respect to p-polarization direction. With the increase of β 

from 0o to 90o, the Q  at λext p = 0.864 μm decreases and the Q  at λ  = 0.342 μm and λext TQM TDM = 

0.382 μm increases. Figure 3.6(b) shows the polar plot of the extinction efficiency with three 

incident wavelengths, λ  = 0.342 μm, λ  = 0.382 μm and λTQM TDM p = 0.864 μm, respectively. The 

polar plot of TM modes has a 90o phase shift with respect to the plot at LM mode. The best 

equation to fit the data is given by 

β2sinBAQext += .                                                         (3.1) 
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The solid curves in Fig. 3.6(b) result from the fitting of Eq. 3.1. The goodness of fit, R, is better 

than 0.998. The E field enhancement distribution of LN = 160 nm nanorod irradiated by the light 

with different polarization angle β are also calculated.  

 

Figure 3.6 Extinction efficiency for needle-shaped nanorod of LN = 160 nm (a) 
polarization dependent spectra and (b) polar plot at λTQM = 0.342 μm, λTDM = 0.382 μm, 
and λp = 0.864 μm. For better view, the Qext at λTQM = 0.342 μm and λTDM = 0.382 μm 
time 7. 
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Figure 3.7 E field enhancement contours of LN = 160 nm needle-shaped nanorod at 
λp = 0.864 μm with different polarization angle β (a) β = 0o, (b) β = 30o, (c) β = 60o, 
and (d) β = 90o, respectively. (e) Polarization dependent field enhancement γ for 
several locations around the nanorod surface (Solid curves calculated by fitting Eq. 
3.1). 
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Figure 3.7 illustrates the E field enhancement distribution at β = 0o, 30o, 60o o and 90 , 

respectively at λp = 0.864 μm, along with the fit according to Eq. 3.1. With the increasing 

polarization angle, the magnitude of the maximum E field enhancement decreases. When the 

polarization angle varies from 0o to 80o, the maximum E field occurs around the needle tip. 

When the polarization angle reaches 90o, the maximum E field occurs around the outer surface of 

the needle. In order to investigate how the E field around the surface changes with the incident 

polarization, the E field enhancement at several particular locations as a function of incident 

polarization angle are plotted in Fig. 3.7(e). Position A and B are close the bottom and top corner 

of the needle as shown in Fig. 3.7(a) and (b). Position C is close to the middle of the side surface 

as shown in Fig. 3.7(c). The solid curves are also the fitting plots using Eq. 3.1. For all three 

locations, the maximum E field enhancement occurs at p polarization, and the minimum 

enhancement at s polarization. Regardless of the polarization angle, the needle top (Position A) 

always has the maximum E field. The shape of the polar plot also depends on the incident 

wavelength. If the incident wavelength changes to the TM modes, the maximum E field 

enhancement occurs when β = 90o, and the minimum E field enhancement occurs at β = 0o.  

 

3.4 Periodically shaped nanorods 

For the period-shaped nanorods, each disk-like section of the nanorod has a fixed height of 20 

nm, but the diameter of the disk varies periodically along the height, alternating between 20 nm 

and 40 nm. The period-shaped nanorods are divided into two groups, integer-period nanorods 

and half-period nanorods. For integer-period nanorods, the structure contains equal numbers of 

large and small disks. For example, the period-shaped nanorod of LP = 40 nm (Period = 1) 

contains two disks with a height of 20 nm; the bottom disk has a diameter of 40 nm and the 
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upper disk has a diameter of 20 nm. For half-period nanorods, the structure contains unequal 

numbers of large and small disks. For example, the LP = 140 nm period-shaped nanorod has four 

small disks of diameter 20 nm and three large disks of diameter 40 nm. For DDA calculation, the 

total length LP of the periodic nanorod increases from 40 nm to 160 nm. The p polarization is 

defined as the E field parallel to the long axis of the structure; the s polarization is defined as the 

E field perpendicular to the long axis, as shown in Fig. 3.8. 
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Figure 3.8 Schematics for period-shaped nanorod and the definition of the 
incident polarizations in the DDA calculation. 

 

 

 

 

 

 

 

 

The period-shaped nanorods are divided into two groups: integer-period nanorods (LN = 

40, 80, 120, and 160 nm) and half-period nanorods (LN = 60, 100, and 140 nm). Integer-period 

nanorods show several extinction peaks in the p polarization spectra, as plotted in Fig. 3.9(a). For 

LP = 40 nm nanorods, there are two plasmon peaks at λ = 0.377 µm and λ  = 0.506 μm. For Lp P = 

80 nm nanorod, other than the main plasmon peak that appears at λp = 0.765 μm, there are two 

additional plasmon peaks appearing at λ = 0.383 µm and 0.503 μm, similar to LP = 40 nm 

nanorod. When LP increases from 80 nm to 160 nm, the spectra always have three extinction 

peaks, two located at ~ 0.377 µm and ~ 0.506 µm, the other several extinction peaks changing 
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from 0.765 µm to 1.136 µm. The plasmon peaks located around 0.38 and 0.5 μm only slightly 

shift, as shown in Fig. 3.9(b). The E field enhancement distribution γ gives a good explanation of 

the induced charge oscillation mode for each extinction peak.  
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Figure 3.9 Extinction efficiency for period-shaped nanorods with different lengths at 
different incident polarization: (a) p-polarization, (b) plot of the wavelengths of 
different extinction peaks versus nanorod length LP under p-polarized incidence. 
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Figure 3.10 E field enhancement contours ( γ10log ) of LP = 80 nm period-shaped nanorod 
with p-polarized incidence at different wavelengths: (a) λ = 0.383 µm, (b) λ = 0.503 µm 
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Figure 3.10(a) illustrates the E field enhancement distribution γ of LP = 80 nm nanorod at 

λ = 0.383 µm. The maximum E field is located around the corners of the large disks. For other 

period-shaped nanorods at the plasmon peaks around 0.38 µm, there are similar E field 

distributions. In addition, when an individual large disk (40 nm diameter and 20 nm length) is 

irradiated by the light with polarization along the axis of the disk, the plasmon peak is located at 

λp = 0.374 µm and the maximum E field enhancement occurs around the corners of the disk. 

These results demonstrate that the plasmon peaks around 0.38 µm for all the periodic nanorods 

are mainly due to the induce charge oscillations in the large disks, i.e. the oscillation in the 

protruded sections. Figure 3.10(b) illustrates the E field enhancement distribution of the LP = 80 

nm nanorod at λ = 0.503 µm. The maximum E field enhancement only distributes on the top 
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small disk (20 nm diameter and 20 nm length). Other period-shaped nanorods at the plasmon 

peaks around 0.5 µm also have similar E field distributions on the top section. For an individual 

small disk (20 nm diameter and 20 nm length) with polarization along the disk axis, the plasmon 

peak is located at λ = 0.401 µm and the maximum E field enhancement occurs around the side 

surface. When another larger disk is added at the bottom, i.e., the LN = 40 nm nanorod, the 

plasmon peak red shifts to λp = 0.506 µm and the maximum E field distributes around the top 

small disk, which is similar to the field distribution on the top 40-20 structure for LP = 80 nm. 

Thus, we can conclude that the plasmon peak around 0.5 µm is mainly due to the induced charge 

oscillation in the top 40-20 disks. For LP = 80 nm, at the main plasmon peak incidence (λp = 

0.765 µm), the maximum E field occurs around the corners of top small disk and the bottom 

large disk. The main plasmon peak is due to the induced charge oscillation in the entire structure 

from the bottom to the top.  Period-shaped nanorods of LP = 120 and 160 nm at λp have a similar 

E field distribution, and λp increases monotonically with LP. Compared to the cylindrical 

nanorods with the same length, the integer-period nanorods have a smaller E field enhancement, 

but more maximum field sites along the rod and a larger λp. This result infers that roughness 

along the Ag nanorods could alter the LSPR and the field distribution, and generates more hot 

spots for SERS. This is a benefit if the structured is used for chemical/biological sensors. 

For half-period nanorods, the p polarization spectra also show two to three extinction 

peaks. For LP = 60 nm nanorods, there are two plasmon peak located at λ = 0.38 µm and λp 

=0.528 µm. For LP = 100 nm nanorods, besides the main plasmon peak at λp = 0.79 µm, there are 

two plasmon peaks located at λ = 0.385, and 0.505 µm. With the increase of the length from LP 

=60 nm to 140 nm, main plasmon peaks λ  red shift from λ  = 0.528 μm to λp p p = 0.989 μm. The 

plasmon peaks located around 0.38 and 0.5 µm are also slightly shifted as shown in Fig. 3.9(b). 
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Figure 3.11 E field enhancement contours (

λp = 0.989µm

γ10log ) for period-shaped nanorod with 
different lengths with p-polarized incidence: (a) LP = 60 nm at λp = 0.528 µm, (b) LP = 
100 nm at λp = 0.79 µm and (c) LP = 140 nm at λp = 0.989 µm. 



 

Half-period nanorods irradiated at plasmon peaks of around 0.38 and 0.5 µm also have 

similar E-field distributions as integer-period nanorods. The maximum E field enhancement 

distribution γ occurs at the corner of large disks, and around small disks at two ends, respectively, 

thus they have similar origins. For LP = 60 nm nanorod at λp = 0.528 µm, the maximum E field 

enhancement occurs around two small disks (Fig. 3.11(a)). Figures 3.11(b) and 3.11(c) illustrate 

the E-field enhancement distribution γ of L  = 100 and 140 nm nanorod at λP p = 0.79 and 0.989 

µm, respectively. The maximum E field enhancement occurs around the corners of two small 

disks at two ends. There is a symmetric E field distribution in the vertical direction. Compared to 

the cylindrical nanorods with the same length, the half-period nanorods also have smaller E field 

enhancement. 

Integer-period nanorods break the symmetry in the vertical direction and the plasmon 

peak is red shifted when compared to cylindrical nanorods of the same length. When another 

small disk is added to the bottom of the integer-period nanorods, the structures become 

symmetric at vertical direction and show plasmon peaks similar to those of cylindrical nanorods 

with the same length, as shown in Fig. 3.3. All period-shaped nanorods have a smaller extinction 

efficiency compared to same length cylindrical nanorods. At resonant wavelength λp, period-

shaped nanorods provide more hot spots due to near field plasmon coupling and increased 

geometrical singularities. Therefore, period-shaped nanorods may have more ability to capture 

and detect small amount of molecules through the SERS technique. 

For s-polarized incidence, the position and magnitude of TDM change very little while 

the intensity of TQM slightly increases. The maximum E field at TDM incidence (λTDM = 0.402 

µm) is distributed not only at the corners but also at the top and the bottom of the whole period 

structure. At TQM incidence (λ  = 0.351µm), the maximum E field is distributed at the side of TQM
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small disks and the top of the period structure. There are also significant E fields at the sides of 

large disks and the bottom of the period structure, but there is no larger enhancement around the 

corners. The field enhancements are significantly smaller than those at LM modes. 

For the period-shaped nanorod, the angular dependent extinctions spectra have similar 

trend as shown in Eq. 3.1 and similar E field distribution to needle-shaped nanorod: the 

maximum E field enhancement occurs when β = 90o, and the minimum E field enhancement 

occurs at β = 0o.  

 

3.5 L-shaped nanorods 

For the L-shaped nanorods, the arms each have a diameter of 20 nm and the angle 

between two arms is fixed at 100o. The length of each arm varies from 20 nm to 80 nm, so that 

the total length LL (the sum of the two arms) increases from 40 nm to 160 nm. The incident 

polarization is defined as shown in Fig. 3.12.  
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 Schematics for L-shaped nanorod and the definition of the 
incident polarizations in the DDA calculation. 
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 Figure 3.13 Extinction efficiency of L-shaped nanorods with different lengths at 
different incident polarizations: (a) p-polarization and (b) s-polarization. 
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For L-shaped nanorod with p-polarization and in-plane incidence, more complicated 

multiple peaks appear as shown in Fig. 3.13(a). For LL = 40 nm nanorod, there are two plasmon 

peaks, located at λ = 0.376 µm and λ  = 0.502 µm. The peak at λp p = 0.502 µm has the higher 

extinction. For L  = 80 nm nanorod, there are also two main plasmon peaks, located at λL p = 0.633 
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µm and λ = 0.725µm. The peak at λ  = 0.633 µm has the higher extinction The Lp L = 120 and 160 

nm nanorods have similar extinction spectra. Besides the main plasmon peaks located at λp = 

0.826 µm and λp = 0.922 µm, all the main peaks have shoulders. The left shoulder of the main 

plasmon peaks is located at λ = 0.678 µm and the right shoulder has two peaks, λ = 1.091 µm and 

λ = 1.164 µm. When the length increases to LL = 120 nm, the extinction at the main plasmon 

peak increases and is at the maximum, but is still small compared to that of a cylindrical nanorod 

with the same length. As shown in Fig. 3.3, the plasmon peaks of L-shaped nanorods also do not 

linearly red shift with length. When the length increases to 80 nm, the main plasmon peak of L-

shaped nanorods are slightly blue shifted compared to cylindrical nanorods of the same length.  

Figure 3.14(a) and (b) illustrate the E field enhancement distribution of LL = 80 nm 

nanorod at λp = 0.633 and λ = 0.725 μm, respectively. The maximum E field congregates at the 

inside of the elbow and around the tips, creating a dipole like E field distribution. When a tilted 

40nm-length cylinder (one section of the L-shape) is irradiated with p-polarization (y-axis 

direction), the plasmon peak appears at λ = 0.513 µm and the maximum E field enhancement γ 

appears around the sharp angle. When two tilted cylinders are connected together to form one L 

shape, the main plasmon peak is red shifted 0.119 µm and the maximum E field around the 

interface disappears. When each L-shaped nanorod is irradiated, at the main plasmon peak 

wavelength λp, all the L-shaped nanorods have the similar E field distribution. Comparing to the 

cylindrical nanorod with the same length, the E field enhancements of L-shaped nanorods are 

much smaller. When irradiated with s polarized light (not shown), one broad plasmon peak 

appears for LL = 40 nm nanorod. This is due to the maximum γ being distributed around the outer 

surface of the entire L-shaped nanorod. As the length increases, this broad peak changes to an 

asymmetric peak, the center of which represents the TQM mode, and the shoulder represents 
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TDM plasmon mode at the right side. When the length is increased further, the extinction of the 

TQM plasmon mode increases.  
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 E field enhancement contours (Figure 3.14 γ10log ) of LL = 80 nm L-shaped nanorod with 
p-polarized incidence at: (a) λp = 0.633 μm and (b) λ = 0.725 μm; and s-polarized 

λp = 0.469 μm. incidence at: (c) 
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Because L shape breaks cylindrical symmetry, the change of incident direction may also 

affect the extinction spectra. The extinction spectra of out-of-plane incidence (incident direction 

k along the x-axis as shown in Fig. 3.12) are also calculated. The p-polarization is defined as the 

E field along y-axis direction, and the s-polarization is along z-axis direction. For p-polarization, 

the extinction spectra are the same as those of in-plane incidence, as in Fig. 3.13(a). For s 

polarization, the spectra change significantly as shown in Fig. 3.13(b). At LL = 40 nm, there is a 

broad peak located at λp = 0.424 µm and a shoulder at λ = 0.366 µm. For LL = 80 nm nanorod, 

the broad band is red shifted to λp = 0.469 µm, and another plasmon peak appears at λ = 0.34 μm 

which does not change position when the length increases further. The main plasmon peak red 

shifts linearly with the increase of length from λp = 0.424 μm at L  = 40 nm to λL p = 0.586 μm at 

LL = 160 nm as shown in Fig. 3.3. The plasmon peak of L-shaped nanorods are blue shifted 

compared with a cylindrical nanorod with the same length. With the increase of the nanorod 

length, the plasmon peaks of L-shaped nanorods do not red shift as dramatically as those of 

cylindrical nanorods. Compared to the in-plane p-polarized incidence, the main plasmon peaks of 

out-of-plane s-polarized incidence are blue shifted. Figure 3.14(c) illustrates the E field 

enhancement distribution of L  = 80 nm nanorod at λL p = 0.469 μm. The maximum E field 

congregates around the tips and the outside of the elbow. At the main plasmon peak wavelength, 

other L-shaped nanorods have a similar E field distribution. The fields are much lower than those 

for the cylindrical nanorods with the same length but with more hot spots. For LL = 40 and 80 nm 

nanorods, out-of-plane s-polarization and in-plane p-polarization have similar E field 

enhancement, but when the length increases to LL = 120 and 160 nm, E field enhancements of in-

plane p-polarization are much higher than those of out-of-plane s-polarization.  
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Figure 3.15 E field enhancement contours of LL = 160 nm L-shaped nanorod at λp = 
0.586 μm with different polarization angle β (a) β = 0o, (b) β = 40o, (c) β = -40o, and (d) 
β = 90o, respectively. (e) Polarization dependent field enhancement γ for several 
locations around the nanorod surface (Solid curves calculated by fitting Eq. 3.1). 
 

 

For L-shaped nanorods, the plasmon peak can be tuned not only by the structural 

parameters but also by the polarization and the incident direction of the light. In addition, the 

polarization direction of the incident light can change the spatial distribution of the maximum E 

field, which may provide a simple way to spatially resolve analyte distribution on nanorods for 

detection. 

Unlike the needle shape nanorod, the L-shaped nanorod does not have a cylindrical 

symmetry. Rather, it has a reflective symmetry. One could expect as a result a different 

polarization dependent E field distribution. Figure 3.15 (a-d) illustrates the E field enhancement 

distribution with different polarization angles β = 0o, 40o, -40o o and 90 , respectively. Incident 
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light was in the x-axis direction (out-of-plane) with λp = 0.586 μm, which is the main plasmon 

peak at s polarization incidence. For p polarization incidence (β = 0o), the maximum E field 

congregates into the intersection and around the tips. The maximum E field enhancement 

increased with the increase of the polarization angle, and the maximum E field congregated 

around the tips and the outside of the elbow. The polar plots of the enhancement at several 

particular locations are given in Fig. 3.15(e). Positions A and B are located around the bottom 

and top corners, position C is located inside of the elbow, and position D around the acute tip. 

With the increase of the polarization angle, the enhancement at these positions increases. The 

polar plots for position C and D can be fitted by Eq. 3.1. When the polarization angle β increases 

from 0o to 90o, position A has higher enhancement than position B. At and 135oo45≈β , the 

difference of the enhancement between position A and B is at maximum. This is caused by the 

electron oscillation along the maximum distance in one arm, as illustrated by the lines in Fig. 

3.15(b), i.e. from position A to position D and from position B to position D. 

 

3.6 Y-shaped nanorods 

For the Y-shaped nanorods, the arms also each have a diameter of 20 nm, and the angle 

between two top arms is fixed at 50o. The length of the two top arms and the bottom cylinder 

varies from 20 to 80 nm, so that the total length LY (the sum of the bottom arm and one of the top 

arms) also varies from 40 nm to 160 nm. The incident polarizations are illustrated in Fig. 3.16. 
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Figure 3.16 Schematics for L-shaped nanorod and the definition of the 
incident polarizations in the DDA calculation. 

 

 

 

 

 

 

 

 

 

For Y-shaped nanorods with p-polarized incidence, there is only one main plasmon peak 

dominating the extinction spectra for different lengths as shown in Fig. 3.17(a). Note that at the 

right side of main plasmon peak for LY = 160 nm, one small peak appears at λ = 1.274 μm and at 

the left side of main plasmon peak, two small peaks appear at λ = 0.475 and 0.562 μm. At LY = 

40 nm, a Y-shaped nanorod almost has a similar resonance wavelength as a cylindrical nanorod 

with the same length. For other Y-shaped nanorods, the plasmon peaks are blue shifted compared 

to the cylindrical nanorods with the same length. Figure 3.3 show that the plasmon peaks red 

shift linearly with the increase of LY, but at a slower rate than the cylindrical nanorods. For the 

nanorods with the same length, Y-shaped nanorods also have smaller extinction efficiency than 

cylindrical nanorods.  
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Figure 3.17 Extinction efficiency for Y-shaped nanorods with different lengths at 
different incident polarizations: (a) p-polarization, and (b) s-polarization. 
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Figure 3.18 E field enhancement contours ( γ10log ) of LY = 80 nm Y-shaped 
dent polarizations: (a) p-polarization at λp = 0.673 μm; 

s-polarization with x-axis direction incidence at (b) λ = 0.392 μm, (c) λ = 
nanorod at different inci
and 
0.347  λμm and (d) p = 0.612 μm



 

Figure 3.18(a) shows the E field enhancement distribution γ for L  = 80 nm nanorods at λY p 

= 0.673 μm. The maximum E field occurs on the top of the two arms and around the bottom of 

the Y-shape structure. Because of the short arms of LY = 40 nm nanorod, this distribution looks 

similar to that for the needle-shaped nanorod and the E field enhancement occurs around the 

corners at λ  = 0.484 μm. For other Y-shaped nanorods at λp p, the maximum E fields also occur on 

the top of the two arms and around the bottom. When the length LY is equal to 40 and 160 nm, Y-

shaped nanorods have a higher E field enhancement than cylindrical nanorods. Note that for the 

LY = 160 nm nanorod at λ = 0.475 and 0.562 μm, the maximum E fields not only occur on the top 

of two arms and around the bottom but also at the locations around ~1/3 and ~2/3 of the side 

surface of the Y-shaped nanorod, which shows the multiple mode E field distribution. With s-

polarization incidence, the nanorod with LY = 40 nm has one broad plasmon peak. With the 

increase of length, this broad peak splits into two peaks, λ and λ . At λ and λTDM TQM TDM TQM, the 

maximum E field enhancement occurs around outer surface of entire Y-shaped nanorods. 

When the incident direction changes to out-of-plane, the extinction spectra and the E field 

distribution for p-polarized incident light do not change. The spectra for s-polarization incident 

light become more complicated, as shown in Fig. 3.17 (b). At LY = 40 nm, two extinction peaks 

appear at λ = 0.365 μm and λp = 0.441 μm, respectively. For other Y-shaped nanorods, except for 

the TDM and TQM located around λ  ≈ 0.37 µm and λTDM TQM ≈ 0.345 µm, the main plasmon peak 

dominating the spectra has a wavelength larger than 0.5 µm. With the increase of LY from 40 nm 

to 160 nm, the main plasmon peak red shifts linearly from λ  = 0.441 μm to λp p = 0.982 μm, as 

shown in Fig. 3.3. This change shows a similar slope as that of Y-shaped nanorods with in-plane 

p polarized incidence. However, for Y-shaped nanorods of the same length, the plasmon peaks of 

out-of-plane s-polarization are blue shifted compared to those of in-plane p-polarization. When 
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LY = 40 nm nanorod is irradiated at λ = 0.441 μm, the maximum E field occurs at the top. Figure 

3.14(b-d) plots the E field distribution of L  = 80 nm Y-shaped nanorod for λY TDM = 0.392 μm, 

λTQM = 0.347 μm, and λ = 0.612 μm, respectively. When the Y-shaped nanorods are irradiated at 

the TDM plasmon peak wavelength, the E-fields congregate at the top and the bottom. When the 

Y-shaped nanorods are irradiated at the TQM plasmon wavelength, the maximum E field 

enhancements occur around the outer surface. When irradiated at the wavelength of the main 

plasmon peak, the E field congregated into the top elbow and around the top arms. For other Y-

shaped nanorods at main plasmon peak wavelengths, there are the similar E field distributions. 

For Y-shaped nanorods, the plasmon peak can be tuned not only by changing the 

structure parameters but also by changing the incident polarization angle. For out-of-plane s 

polarized incidence, the maximum E field congregates into the top elbow structure where it is 

also easy to keep an analyte. Therefore, Y-shaped nanorods have the potential to be used as the 

substrate to obtain higher SRES signal. 

Y-shaped nanorods also break cylindrical symmetry and would be expected to show a 

different polarization dependent E field distribution. Figure 3.19(a) shows the extinction spectra 

of LY = 160 nm Y-shaped nanorod with incidence in the x-axis direction (out-of-plane) at 

different polarization angles. With the increase of the polarization angle, the extinction of the 

main plasmon peak decreases in intensity and is blue shifted. The extinction of the multiple 

excitations at λ = 0.475 and 0.562 µm also decrease but the plasmon peaks do not shift with the 

increase of the polarization angle. Figure 3.19(b) plots the main plasmon peak as a function of 

the polarization angle. When the polarization angle increases from β = 0o to β = 60o, the main 

plasmon peak is slightly blue shifted from λ  = 1.061 μm to λ  = 1.053 μm. When the p p
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polarization angle further increases to β = 90o, the main plasmon peak dramatically blue shifts 

toλ  = 0.982 μm. p

 

 

Figure 3.19 (a) Polarization dependent extinction spectra for Y-shaped nanorod of 
LY = 160 nm with x-axis direction incidence. (b) Plasmon peak wavelength as a 
function of incident polarization angle. 
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Figure 3.20 (a-d) illustrates the E field enhancement distribution with different polarization 

angles β = 0o, 30o o, 60  and 90o, respectively, with light incidence in the x-axis direction at λp = 

0.982 μm. For p polarized incidence (β = 0o), the E field distribution reveals the existence of 

large surface charges on the bottom of the nanorod. The E field enhancement of the upward arms 

is relatively small, indicating that only small surface charges are induced at this wavelength. 

When the polarization angle β = 30o and 60o, the contour plots, Figs. 3.20(b) and 3.20(c), 

illustrate the tilted E-field distribution. When the polarization angle increase to 90o and becomes 

s polarized incidence (Fig. 3.20(d)), the E-field distribution congregates into the groove of the V-

shape formed by the top two arms. Figure 3.20(e) gives the polar plots of four particular 

locations around the Y-shaped nanorod. Position A is located around the corner of the bottom 

cylinder, positions B and C around the corners of two top arms and position D inside the top 

elbow. The maximum E field enhancement is located at Position A. With the increase of the 

polarization angle β, the enhancement γ decreases.  

The polar plots can be fitted by 

)(sin 2 ϕβγ ++= DC   .                                                             (3.2) 

For the polar plot of position A, φ = 0o, which means the maximum E field enhancement occurs 

when the incident light is p polarized. For the polar plot of position D, φ = 90o, which means the 

maximum E field enhancement occurs at s polarization incidence. The polar plots of position B 

and C have φ = 28.5o o and 151.5 , respectively. As the polarization angle β increases, the main 

plasmon peak λp decreases. The polar plots of the enhancement at position B and C also show the 

unequal E field distribution at a particular polarization. When the polarization angle increases 

from β = 0o to β = 60o (λ  decrease from 1.061 μm to 1.053 μm), φ keeps a value close to 15o
p . 

When the angle continues to increase to β = 90o (λp = 0.982 μm), φ increases rapidly to 28.5o. 
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o oThe two lines in Fig. 3.20(b) have angles of ~ 15  and ~25  with respect to the p polarization 

direction, respectively, which can be thought as the oscillation distance of induced charges in the 

Y-shaped nanorod.  
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Figure 3.20 E field enhancement contours of LY = 160 nm Y-shaped nanorod at λp = 
0.982 μm with different polarization angle β (a) β = 0o, (b) β = 30o, (c) β = 60o, and (d) 
β = 90o, respectively. (e) Polarization dependent field enhancement γ for several 
locations around the nanorod surface (Solid curves calculated by fitting Eq. 3.2). 
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As the slope of the lines in Fig. 3.20(b) increase the oscillation distance decreases, which results 

in the blue shift of the main plasmon peak. This makes the maximum E field enhancements 

occur around the top of two upper arms. This polarization dependent extinction spectra could be 

the reason for the anomalous absorbance spectra we have observed for Ag nanorod arrays[129], 

since the Ag nanorod array has branched nanorods similar to a Y-shape; they are aligned but 

randomly distributed on the surface. For the Y-shaped nanorods, the plasmon peak can also be 

tuned by changing the incident polarization angle. The E field enhancement distribution is tilted 

at a different angle with different incident polarization direction. These results would give more 
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spatial information of the analyte when Y-shaped nanorods are used as the substrate for SERS 

detection. 

 

3.7 Parallel-nanorod structure and U-shaped nanostructure 

Figure 3.21 illustrates the topological structures of a U-shaped and a parallel-nanorod 

structure, and the polarization configuration of the incident light used in the calculations. The 

parallel-nanorod structure consists of two nanorods in the vertical direction with a radius r and a 

height H. The U-shaped nanostructure has an additional bottom cylinder in the horizontal 

direction with a radius R and a length L connecting the two vertical rods. In all the calculations, 

the excitation light propagates along the vertical direction with a horizontal polarization. 
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Figure 3.21 Schematics for the incident polarization, and (a) the U-shaped 
nanostructure and (b) the parallel-nanorod structure 
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Figure 3.22(a) plots the extinction spectrum of a parallel-nanorod structure with r = 5 nm, 

H = 85 nm, and L = 40 nm. The extinction spectrum has two peaks: the peak located at the 

longer wavelength (  = 0.359 μm) is called the transverse dipole mode (TDM); and the peak C
TDMλ

Figure 3.22 Calculated extinction spectra of (a) the parallel-nanorod structure and 
(b) the U-shaped nanostructure 
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located at the shorter wavelength ( = 0.341 μm) is called the transverse quadrupole mode 

(TQM). When the incident light has a TDM wavelength, the maximum E field enhancement (γ 

~3.4×10

C
TQMλ

5) occurs around the side wall of each individual nanorod (Figure 3.23 (a)) and 

demonstrates a weak field coupling between the two nanorods. When the incident light has a 

TQM wavelength, the E fields are also coupled into the space between two nanorods (Figure 

3.23 (b)). However, the maximum E field enhancement occurs not only at the tip of the nanorods 

but also around the contour of the parallel-nanorod surfaces. The maximum field enhancement γ 

is ~ 6.8×104. 
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Figure 3.23 E field enhancement contours ( γ10log ) of the parallel-nanorod 
structure at different incident wavelengths: (a) C

TDMλ  = 0.359 µm and (b) 
C
TQMλ = 0.341 µm 
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When a bottom nanorod is used to connect the two parallel nanorods, a U-shaped 

nanostructure is formed. Figure 3.22(b) plots the extinction spectrum of a U-shaped 

nanostructure with R = 5 nm, H = 80 nm, L = 40 nm, and r = 5 nm. Besides the plasmon peaks 

around  = 0.36 μm and  = 0.34 μm, which are observed in the parallel-nanorod 

structure, three more peaks appear at λ

C
TDMλ C

TQMλ

p = 0.82 μm, 0.579 μm, and 0.485 μm, respectively. The 

extinction efficiency at λ  = 0.82 μm has the highest value, and the plasmon peak at λp p = 0.485 

μm has the smallest magnitude. The E field enhancement distributions are determined by the 

induced charge oscillation modes for each of the extinction peaks, as shown in Fig. 3.24.  

At λp = 0.82 μm, as shown in Fig. 3.24(a), E fields are coupled in the space between two 

vertical nanorods. A pins-like distribution occurs around the surface of each vertical nanorod. 

The maximum E field enhancement is ~ 6.7×106, which is much larger than those at TM 

wavelengths of the parallel structure. Under this condition, one could vision that there are three 

dipole oscillations that have been excited along the U-shaped nanostructure: One dipole 

oscillation occurs along the long axis of the bottom nanorod and two dipole oscillations occur in 

the vertical nanorods, as indicated by the arrows in Fig. 3.24(a). There is strong E field coupling 

between the two vertical nanorods. This oscillation behavior is similar to the longitudinal 

plasmon mode (LM) of the vertical nanorods. In fact, for the parallel-nanorod structure with r = 

5 nm, H = 85 nm, and L = 40 nm, its LM mode wavelength is λp = 1.043 μm.  We use l = 1 to 

denote this resonance mode. At λp = 0.579 μm, as shown in Fig. 3.24(b), the E fields between the 

two vertical nanorods are coupled. The maximum E fields distribute around the top, the middle, 

and the bottom of the U-shaped nanostructure, and the magnitude is ~1.5×106, which is also 

much larger than those of the parallel-nanorod structure. One could use five dipoles to simulate 

the field oscillations as illustrated by the arrows in Fig. 3.24(b). We use l = 2 to denote this  
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Figure 3.24 E field enhancement contours ( γ10log ) of the U-shaped nanostructure 
at different incident wavelengths: (a) λp = 0.82 µm, (b) λp = 0.579 µm, (c) λp = 0.485 
µm, and (d) U

TQMλ  = 0.341 µm 
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plasmon resonance mode. At λp = 0.485 μm, as shown in Fig. 3.24(c), the maximum E fields 

occur at the top, ¼ from the top, ¾ from the top, and the bottom of the U-shaped nanostructure, 

with a magnitude γ ~ 2.2×105, which is one order of magnitude smaller than those at l = 1 and l = 

2 modes. When a single nanorod with the radius of 5 nm and the height of 85 nm is irradiated 

under longitudinal mode (the incident E field is parallel to the height), the quadrupole plasmon 

peak occurs at 0.488μm and the maximum E fields also occur around the two ends and ¼ from 

two ends. The similar plasmon peak and E field distribution demonstrate that this plasmon mode 

consists of the quadrupole oscillations in two vertical nanorods and the dipole oscillation in the 

bottom nanorods, as illustrated by the arrows in Fig. 3.24(c). We use l = 3 to denote this 

resonance mode. The plasmon wavelength seems inversely proportional to the number of the 

dipoles illustrated in Fig. 3.24. The l = 1, 2, and 3 mode with a wavelength ratio of 0.82 : 0.579 : 

0.485 ≈ 1.69 : 1.19 : 1, while the inverse number ratio of dipole on the nanostructure is 1/3 : 1/5 : 

1/7 ≈ 2.33 : 1.4 : 1. A monotonic relationship is revealed. The peaks at = 0.341 μm 

and = 0.36 μm are due to the TM modes of the two vertical nanorods. Figure 3.24(d) shows 

the E field enhancement distribution of U-shaped nanostructure at = 0.341 μm. The E field 

distribution is very similar to that of Fig. 3.24(b), in fact the field at the bottom looks like it is 

penetrating the bottom nanorod. Thus, the plasmon peak at = 0.341 μm is due to the TQM 

mode of vertical nanorods. Similarly, the plasmon peak at = 0.36 μm is due to the TDM 

mode of vertical nanorods. 

U
TQMλ

U
TDMλ

U
TQMλ

U
TQMλ

U
TDMλ

The comparison of the U-shaped and parallel-nanorod structure reveals that the addition 

of the bottom nanorod to bridge the two vertical nanorods can help to induce multiple plasmon 

resonance modes. Meanwhile, since the incident E field is perpendicular to the vertical nanorods 

in the parallel-nanorod structure, it can only excite the TM plasmon oscillation, while for the U-
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shaped nanorod, the horizontal incident E field could produce excitation in the bottom nanorod, 

and those electrons can transport through the vertical nanorods to induced multimode LM 

plasmon resonance along the vertical nanorods. Moreover, when light incident with the 

wavelengths of l = 1, 2, 3 modes, the E fields at the bottom of the U-shaped nanostructure are at 

least one order of magnitude larger than those at the bottom of the parallel structure when light is 

incident with TM modes, and there are more surface areas that have large field distribution. 

These greatly benefit the SERS enhancement when U-shaped nanostructures are used compared 

to parallel-nanorod structured substrates. 

 

3.8 Conclusion 

The extinction spectra and the E field enhancement distribution of cylindrical, needle-like, 

periodic, L-shaped nanorods, Y-shaped nanorods, parallel-nanorod structures and U-shaped 

nanostructures were investigated.  

Cylindrical and needle-shaped nanorods have only one longitudinal mode and the 

maximum E field appears at the tips. Periodic nanorods have several longitudinal modes caused 

by the structure, resulting in many different E field distributions. L- and Y-shaped nanorods 

break cylindrical symmetry, causing further complications in the E field distribution. With 

specific polarization incident, the maximum E field can be located around the surface or 

congregated on the top of the Y shape. Although the maximum E field varies according the 

nanorod shape, they are mostly in the same order of magnitude. However, the nanorods with 

complicated shapes, such as periodic, L- and Y-shapes, have more hot spots than that of a 

perfectly cylindrical nanorod. Thus, one will have more opportunity to observe SERS from a 

small amount of molecules on irregular nanorods than a cylindrical nanorod. The polarization 
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dependent extinction spectra have also been calculated using DDA. Because L- and Y-shaped 

nanorods break the cylindrical symmetry, they can be used to vary the E field distribution shape 

by changing the polarization angle. All these results help us to understand the optical properties 

and field enhancement of irregular nanorod structures.  

The electrons in the parallel-nanorod structure can only oscillate within the individual 

nanorods, and only when these two rods are close enough, the coupling could affect the plasmon 

resonance frequency. For the U-shaped nanostructure, the bottom rod builds a path to connect the 

two vertical nanorods, so that electrons of the three sections are coupled together, and LM 

plasmon oscillation along the vertical nanorods can be excited by longitudinal E field excitation. 

For the parallel-nanorod structure, only TM plasmon mode in the UV region can be excited, 

while for the U-shaped nanostructure, not only TM modes can be excited, the LM modes and 

multiple modes can be also excited. The E field enhancements at these resonant peaks are much 

larger than those of the parallel-nanorod structure. The large enhancements distribute not only 

around two vertical nanorods but also on the bottom of the U-shaped nanostructure. Therefore, 

for sensing and analytical purposes, the U-shaped nanostructure has more hot surface areas to 

capture and detect small amount of molecules. This in part shows the importance of the under 

layer in the SERS nanorod substrate.  
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CHAPTER 4  

 

OPTICAL PROPERTIES OF HELICAL NANOSTRUCTURES 

 

4.1 Introduction 

Polarized light will interact differently with helical structures than with conventional thin 

films. In particular, the helicity can rotate the polarization direction of a linear polarized light, 

which is termed as optical rotation or optical activity. These structures will also interact 

differently with left and right circularly polarized light, giving the well-known phenomena of 

circular birefringence and circular dichroism[130].  

The phenomenon of optical activity has been studied in different material systems and 

engineered materials. In nature, liquid crystal molecules can possess helicity and can be used as 

display devices[131, 132]. Additionally, man-made helical structures can also be realized. In 

1959, Yong and Kowal used physical vapor deposition (PVD) to fabricate helical fluorite films 

using a rotating substrate[133]. They demonstrated that this kind of thin film could rotate the 

plane of the polarization of normally incident light[133]. Later, Motohiro and Taga used an 

oblique angle deposition (OAD) technique to fabricate the simple chevron films of metal oxides, 

and studied their birefringent properties[134]. In 1992, Azzam proposed a method to deposit 

chiral thin solid films (CTSFs), which could be useful in making optical rotators and beam 

splitters [135]. Robbie and Brett fabricated the aligned three dimensional sculptured thin films 

using a glancing angle deposition (GLAD) method, and demonstrated their optical activity [124, 
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136]. They found that a porous TiO2 helical thin film would select reflection of circularly 

polarized light and when the pitch height was increased, the reflection band was shifted to longer 

wavelength. In the above studies, all the helical structures are made from dielectrics, and they 

usually have small absorbance in the wavelength regions studied. However, metal helical 

structures have a large dielectric loss and a strong wavelength dependence of the dielectric 

constant, especially at the wavelength where surface plasmon resonance is occurred. Therefore, 

the optical properties of helical structures made from materials such as noble metals like Ag and 

Au will be expected to be very different from those made from dielectrics. 

Experimentally, metal helical structures can be fabricated by the GLAD method as long 

as the metal can be evaporated. For example, Cu, Ni, and Cr helical structures are fabricated by 

etching the perforated thin films after GLAD deposition[124, 137]. One would expect that the 

metal helical nanostructures provide another way to tune the plasmon peak and rearrange the E 

field distribution.  

 

4.2 DDA Calculation 

Figure 4.1 shows the shape of a right-handed Ag helical nanostructure and the definitions 

of polarizations used in DDA calculations in our study. The R represents the helical radius and r 

represents the radius of the cross section. The h is the pitch height and the H is the total height of 

the helix. We consider two incident directions, one perpendicular to helical axis (x-axis) and the 

other along helical axis (z-axis) as shown in Fig. 4.1. With the incident direction perpendicular to 

the helix, the longitudinal polarization (LP) is defined as the E field along the helical axis and the 

transverse polarization (TP) is defined as the E field perpendicular to the helical axis. For x-axis 

polarization (XP), y-axis polarization (YP), right-handed circular polarization (RHCP), and left-
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handed circular polarization (LHCP), the incident direction is along the helical axis as shown in 

Fig. 4.1. The XP is defined as the direction of the E field parallel to x-axis; the YP is defined as 

the direction of the E field parallel to y-axis. For all the DDA calculation in this chapter, the 

lattice spacing of the dipoles is fixed at 2 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.3 Polarization dependence 

For the polarization dependent calculations, the right-handed helical Ag structure has 

three pitches. The pitch height h is 50 nm. Therefore, the total height H is 150 nm. The helix 

radius R is 30 nm. The radius of the cross section r is 10 nm. 

Figure 4.1 Schematics for the right-handed helical nanostructure and the multi-ring structure. 
The definitions of the incident polarization directions used in the DDA calculations are also 
shown.  
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For a comparison, the optical properties of multi-ring structure are also studied. The 

multi-ring structures have three parallel rings (corresponding to three pitches of helix) which are 

tilted with respect to x-y plane as shown in Fig. 4.1. The tilting angle is determined by the 

corresponding helical structures. The height difference of the center of one ring at the tilting 

direction is h/2. Like the helical structure, the distance between two adjacent rings is the same as 

the pitch height h and r is the radius of the cross section of the tilted ring. The projected shape of 

the tilted rings along the main axis has a circular shape which has the same radius as that of 

helical structure. 

Figure 4.2 summarizes the polarized extinction spectra of the helical and multi-ring 

nanostructures under LP, TP, x-axis, y-axis, RHCP, and LHCP incidences.  

 

4.3.1 LP and TP incidences 

For the helix under LP incidence, the extinction efficiency only has strong plasmon peaks 

at the UV region which is located at λTM = 0.365 µm and 0.345 μm. These peaks correspond to 

the transverse plasmon mode (TM) of Ag nanorods. One peak, located at a longer wavelength, is 

called the transverse dipole mode (TDM) while the other, located at a shorter wavelength, is 

called the transverse quadrupole mode (TQM) [99].  

For comparison, Figure 4.2 (b) shows the extinction spectra of multi-ring structure under 

the LP incidence. Compared to the spectra of helical nanostructures, it has two major plasmon 

peaks: one located around λ = 0.35 μm, and the other located at λ = 0.594 μm. When the 

polarization direction is along the main axis of the multi-ring structure, the incident E field 

vector can be decomposed into two components, and , where and are the 

components perpendicular and parallel to the tilting plane of each ring, respectively. The 

//E //E⊥E ⊥E
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component excites the TM plasmon at a shorter wavelength while excites the longitudinal 

mode (LM) plasmon at a longer wavelength. Because the helical structure is a topologically 

continuous structure, there is no preferred tilt direction for the electron oscillation, and the 

excitation at any small section of the helix is the same. Therefore, there is no LM plasmon peak 

for the helical structures under LP incidence as compared to multi-ring structure.  

//E⊥E

Figure 4.3(a) and (b) illustrate the cross sectional view of the E field enhancement 

distribution for the helical nanostructure at the resonance wavelength λ  = 0.365 μm and λTDM TQM 

= 0.345 μm, respectively. The stronger E field occurs around the side surface of the helix and is 

coupled into the space between two adjacent pitches. At λTDM = 0.365 μm, the E fields around the 

right side of the pitch cross sections are much stronger than those around the left side of pitch 

cross sections. The E fields around the top and the bottom ends of the helical nanostructure are 

much stronger  (~ 7.0×105) than those around two middle pitches (~ 1.0×105), which is similar to 

the E field enhancement distribution of cylinders excited at TDM wavelength[138]. At λTQM = 

0.345 μm, there are similar E field enhancements around every pitch cross section. The E field 

enhancement distributions of the multi-ring structure excited at TM plasmon wavelength have a 

similar distribution as those of helical nanostructures. The stronger E field occurs near and 

surrounding the surface of the helix and there are electric field couplings in the space between 

two adjacent pitches. Under LP incidence, the collective oscillations across the cross-section are 

in-phase with the adjacent pitches, which produce strong electric couplings between adjacent 

pitches. Figure 4.3(c) illustrates the E field enhancement distribution of the multi-ring structure 

excited at λp = 0.594 μm. The maximum E field enhancements occur around the helix surface, 

and there are strong field couplings inside the helical structure, i.e., between the left pitch cross 

sections and the right pitch cross sections.  
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Figure 4.2 Calculated polarization dependent extinction spectra for (a) Ag 
 helix and (b) Ag multi-ring 

 

Under the TP incidence, multiple extinction peaks appear in the extinction spectra for 

helical nanostructures, as shown in Fig. 4.2(a). In addition to the UV absorbance peak at around 

λ = 0.34 µm, there are a strong plasmon peak at λP = 0.554 μm, and a broad extinction peak at λ ~ 
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0.7 μm on the right side of the plasmon peak. Figure 4.2(b) shows the extinction spectra of multi-

rings under the TP incidence. The spectrum is very similar to that of helical nanostructure except 

with no broad extinction peaks at λ >0.6μm.  
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Figure 4.3 The E field enhancement distribution contours ( γ10log ) of helical 
nanostructure at different incident wavelengths: (a) λTDM = 0.365 µm and (b) λTQM = 
0.345 µm, and (c) multi-rings at λp = 0.594 µm. All the results are obtained under LP 
incidence. 
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Figure 4.4 illustrates the E field enhancement distribution of h = 50 nm helical 

nanostructure at λp = 0.554 μm. The maximum E field occurs around the surface of the helix, and 

there is strong coupling between the right pitch cross section and the left pitch cross section, 

which forms a zigzag shape inside the helix. The E field intensity (~ 106) is much stronger than 

those under the LP incidence (~ 105). At the incident wavelengths of the broad shoulder of main 

plasmon peak, there are the similar E field distributions as that of the main plasmon peak. For the 
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multi-ring nanostructure excited at the main plasmon peak, there are similar E field distributions, 

as shown in Figs. 4.3(c). 
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Figure 4.4 E field enhancement contours ( γ10log ) of helical nanostructures under 
TP incidence at λp = 0.554 µm.  

 

 

 

 

 

 

 

 

 

 

 

 

4.3.2 the x-axis and y-axis polarization incidences 

For both XP and YP incidence, light propagates along the axis of the helix. Figure 4.2 (a) 

shows the extinction spectra under XP and YP incidence; the spectra are similar to those of 

multi-ring structure under TP incidence (Fig. 4.2(b)). In addition to the UV extinction peak at 

λ  = 0.34 μm, there is a strong plasmon peak appeared at λTM p = 0.614 μm for each spectrum. 

Compared to the spectra under TP incidence, there are no broad shoulders on the right side of the 

strong plasmon peak. The YP incidence has the same E field direction as that of TP incidence, 

thus they have the same extinction spectra (Fig. 4.2(a)). Under both XP and YP incident 
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polarization, the E field enhancement distributions at the wavelength of the strong plasmon peak 

have a similar shape as those shown in Fig. 4.4, i.e., the distributions have the zigzag contour, 

and the maximum field enhancement is in the order of 106.  

To better understand the polarization dependence of the extinction spectra, angular 

dependent polarized extinction spectra have been calculated every 10o by rotating the E field 

azimuthally starting under the XP incidence. Figure 4.5(a) plots the angular dependent extinction 

spectra of the helical nanostructure, where θ denotes the polarization angle with respect to the x-

axis. With the increment of θ, the extinction efficiency Qext at the strong plasmon peak (λ = 

0.553 μm) decreases, while the plasmon peak blue shifts. When θ > 40o, another observable 

plasmon peak at λ = 0.614 μm appears. The Qext at the new plasmon peak λ = 0.614 μm 

increases with θ until θ = 90o, and the Qext at the original plasmon peak λ = 0.553 μm decreases 

rapidly.   Figure 4.5(b) shows the polar plots of the Q  at the wavelength λ  = 0.614 μm and λext p p = 

0.553 μm, respectively. The polar plot of extinction coefficient at λ  = 0.614 μm has a 90o
p  phase 

shift with respect to the plot at λ  = 0.553 μm. The best equation to fit the data is given by p

                                        .                                                         (4.1) θθ 2sin)( BAQext +=

The solid curves in Figs. 4.8(b) and 4.8(c) are the results from the fitting using Eq. 4.1. In 

order to obtain the plasmon wavelength, since there are multiple peaks in the extinction spectra, 

Figure 4.5(c) shows the anisotropic polar plot of the weighted average 

wavelength ∑ ∑⋅= extextp QQ /λλ(pλ ) as a function of the polarization angle θ. When the 

incident direction is along the main axis of the helical nanostructure at an arbitrary polarization 

angle θ, the maximum E fields occur around the helix surface and there are field couplings inside 

the nanostructure, which is similar to the E field distribution under XP and YP incident light. It is 

clear that the plasmon peak can be tuned by changing the polarization angle θ. 
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Figure 4.5 Extinction spectra for Ag helical nanostructure of h = 50 nm: (a) 
polarization dependent spectra, (b) polar plots of Qext at λp = 0.614 µm and λp = 0.553 
µm, respectively; and (c) polar plot for weighted average plasmon peaks. 
 

For the multi-ring nanostructure, under both XP and YP incidences, the extinction spectra 

are similar to those under TP incidence (Fig. 4.2(b)), and with the same plasmon resonance peaks. 

The extinction spectra are independent of the incident polarization angle θ and the polar plot of 
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plasmon peak as a function of the polarization angle has a circular shape, a different result than 

that of helical nanostructures. Figures 4.6(a) and 4.6(b) illustrate the E field enhancement 

distributions of multi-ring structure at the plasmon peak λp = 0.6 μm under XP and YP 

incidences, respectively. The maximum E fields occur on the top ring of the multi-ring structures, 

and decreases from the top ring to the bottom ring. There are strong field couplings inside the top 

ring. 
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 Figure 4.6 E field enhancement contours ( γ

 

10log ) of multi-ring nanostructure at λp = 
0.6 µm under different incident polarizations: (a) XP and (b) YP 

4.3.3 RHCP and LHCP incidences 

Under RHCP incidence, there are two plasmon peaks appeared in the extinction spectra 

for helical nanostructures: one small peak located around λTM = 0.34 μm and one dominant 

plasmon peak located at λp = 0.548 μm and under LHCP incidence, the plasmon peak red shifts 
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to λp = 0.598μm, as shown in Fig. 4.2(a). The plasmon peaks at λp under LHCP incidence are 

broader than those under RHCP incidence. For the h = 50 nm helix, the FWHM under RHCP 

incidence is 130 nm, while the FWHM under LHCP incidence is 210 nm. It is well-known that 

circular polarization can be decomposed into two perpendicular linear polarizations, and we may 

use the following equation,  

)sin)(cos)(()( 22 θθ yQxQAcircularQ extextext += ,                                    (4.2)  

to fit the extinction spectrum under circularly polarized incidence. Here Q (x) and Qext ext(y) are 

the extinction spectra under the XP and YP incidences. The solid curves in Fig. 4.7 are the 

fittings resulted from Eq. 4.2. For both cases, the spectral portions at λ ≤ λp can be fitted very 

well while the fitting at λ > λp is not very good, especially at the shoulder. For the spectra 

obtained under RHCP incidence, the parameter θR increases from θ  = 45o
R  at h = 24 nm 

monotonically to θR = 88o at h = 60 nm. For the spectra obtained under LHCP incidence, the 

parameter θL decreases from θL = 45o at h = 24 nm monotonically to θ  = 2o
L  at h = 60 nm. It is 

interesting to note that θR + θ  = 90o.  L

Figure 4.8(a) illustrates the E field enhancement distribution of the h = 50 nm helix at λp 

= 0.548 μm under RHCP incidence. The maximum E fields (~ 2.0×106) congregate at the bottom 

of the helical nanostructure. Figure 4.8(b) illustrates the E field enhancement distribution of the h 

= 50 nm helix at λp = 0.598 μm under LHCP incidence. The maximum E field enhancement (~ 

6.0×106) is distributed at the top of the helix. In our calculation, the helix is a right-handed 

helical nanostructure. Therefore, when the nanostructures have the same helicity with incident 

polarized light, the maximum E field occurs at the bottom of the helix. When the nanostructures 

have the opposite helicity compared to the incident polarized light, the maximum E field occurs 

on the top of the helix. 
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Figure 4.7 Extinction spectra of h = 50 nm helix under circularly polarized incidence 
and the fitting curves using Eq. 4.2. 
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 Figure 4.8 E field enhancement contours ( γ10log ) of the helix under different 
circular polarization and wavelength (a) RHCP and λp = 0.548 µm; (b) LHCP and 
λp = 0.598 µm. 
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For the multi-ring nanostructures, RHCP and LHCP give similar extinction spectra as the 

polarization perpendicular to the main axis (Fig. 4.2(b)). The maximum E field always occurs on 

the top of the structure, which has a similar E field distribution as shown in Fig. 4.6. 

 

4.3.4 Conclusion 

From the above calculations, it is found that the Ag helical nanostructure is another good 

structure to tune the plasmon peak and arrange the E field distribution. Even without changing 

the structure, the plasmon peak can be tuned by changing the polarization of the incident light. In 

addition, the spatial distribution of the maximum E field can be adjusted by changing the 

polarization directions of the incident light. Therefore, for sensing and analytical purpose, 

different polarizations of incident provide a simple way to spatially distinguish the analyte’s 

location in the helix. Thus, a spatially resolved analyte’s information can be obtained. In fact, 

this can be used to resolve the spatial distribution of the analyte in submicrometer length scale. 

Because there is no helicity of the multi-ring structure, when light incident along the axis 

of the rings, the extinction spectra are polarization independent and the maximum E fields 

always occur on the top. 

 

4.4 Pitch height dependence 

For the pitch height dependent calculation, the right-handed helical Ag structures have 

pitches. The pitch height h varies from 24 to 60 nm. The total height H changes from 72 to 180 

nm. The helix radius is R = 30 nm. The radius of the cross section is r = 10 nm.  
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4.4.1 LP and TP incidences 

The extinction efficiencies of Ag helices with different pitch heights under the LP 

incidence are shown in Fig. 4.9. With the increase of the pitch height h, the plasmon peaks blue 

shift from λ  = 0.399 µm and λ  = 0.362 μm at h = 24 nm to λ  = 0.363 µm and λTDM TQM TDM TQM = 

0.344 μm at h = 60 nm. The full-width-at-half-maximum (FWHM) of two combined strong 

plasmon peaks decreases from 90 nm at h = 24 nm to 45 nm at h = 60 nm.  

Under LP incidence, there are similar E field distributions as shown in Fig. 4.3(a, b). 

With the increase of the pitch height h, the coupling between two adjacent pitches becomes 

weaker, which decreases the effective induced charge separation and blue shifts the plasmon 

peak to λ  = 0.363 μm and λ  = 0.342 μm for a single-pitch helix.  TDM TQM
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Figure 4.9 Pitch height dependent extinction spectra for Ag helical 
nanostructures under LP incidence. 
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 Figure 4.10

 

 Pitch height dependent extinction spectra for helical nanostructures 
under TP incidence. 

Under the TP incidence, multiple extinction peaks appear in the extinction spectra for 

helical nanostructures, as shown in Fig. 4.10. In addition to the UV absorbance peak at around λ 

= 0.34 µm, there are a strong plasmon peak at λP ~ 0.5 – 0.56 μm, and a broad extinction peak at 

λ ~ 0.65 – 0.8 μm on the right side of the plasmon peak.  For different h, the UV extinction peaks 

located around λTM = 0.34 µm are due to the electron oscillation perpendicular to the cross 

section of each pitch. With the increase of h, the strong plasmon peaks red shift from λp = 0.518 

μm at h = 24 nm to λp = 0.564 μm at h = 60 nm, as shown in Fig. 4.11. On the right side of the 

strong plasmon peaks, there is one broad shoulder. Figure 4.12 illustrates the E field 

enhancement distribution of h = 30 nm helical nanostructure at λp = 0.532 μm. The field 

distribution also has a zigzag shape. However, with the decrease of h, the total height of the 

zigzag shaped E field distribution decreases and strong coupling between two adjacent pitches 

occur.  
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Figure 4.11 The wavelength of plasmon peaks under different incident 
polarizations as a function of h. 
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 Figure 4.12 E field enhancement contours ( γ10log ) of helical nanostructures 
 h = 30 nm and λp = 0.532 µm.   under TP incidence for helix with
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4.4.2 the x-axis and y-axis polarized incidence 

For both XP and YP incidence, light propagates along the axis of the helix. Figure 4.13 

shows the extinction spectra under XP incidence. In addition to the UV extinction peak at λTM = 

0.34 μm, there is a strong plasmon peak appeared at λp ~ 0.538 – 0.616 μm for each spectrum. 

Compared to the spectra under TP incidence, there are no broad shoulders on the right side of the 

strong plasmon peak. For h = 24 nm helix, there is a narrow peak located at λp = 0.538 μm with a 

shoulder located around 0.63 μm. With the increase of the pitch height h, the strong plasmon 

peak red shifts to λp = 0.616 μm at h = 60 nm (Fig. 4.11) and the strong plasmon peak becomes 

broader. The FWHM of this plasmon peak increases from 100 nm at h = 24 nm to 170 nm at h = 

60 nm. The YP incidence has the same E field direction as that of TP incidence, thus they have 

the same extinction spectra (Fig. 4.10).  
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Figure 4.13 Pitch height dependent extinction spectra for Ag helical 
nanostructures under XP incidence. 
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As shown in Fig. 4.11, for the same helical structure, the resonant wavelength of the 

strong plasmon peak under the XP incidence is always larger than that under the YP incidence. 

When h increases from h = 30 nm to h = 60 nm, the extinction spectra under XP incidence are 

broader than those under YP incidence. For example, the FWHM of h = 50 nm helix under YP 

incidence is 100 nm and the FWHM under XP incidence is 150 nm. Under both XP and YP 

incident polarization, the E field enhancement distributions at the wavelength of the strong 

plasmon peak have a similar shape as those shown in Fig. 4.12, i.e., the distributions have the 

zigzag contour, and the maximum field enhancement is in the order of 106. 

 

4.4.3 RHCP and LHCP incidences 

Under RHCP incidence, there are two plasmon peaks appeared in the extinction spectra 

for helical nanostructures: one small peak located around λTM = 0.34 μm and one dominant 

plasmon peak located at λp > 0.5 μm, as shown in Fig. 4.14(a). When the pitch height increases 

from h = 24 nm to h = 60 nm, this main plasmon peak λp red shifts slightly from λp = 0.531 μm to 

λp = 0.556 μm, as shown in Fig. 4.11. However, under LHCP incidence, the plasmon peak λp 

changes dramatically with the pitch height h, as shown in Fig. 4.14(b). In this case, with the 

increase of the pitch height h, the main plasmon peak red shifts from λp = 0.532 μm at h = 24 nm 

to λp = 0.618 μm at h = 60 nm (Fig. 4.11). Also, on the right hand side of the main plasmon peak 

at λp, there is a broad shoulder in the extinction spectrum of helical nanostructures, which 

becomes more prominent with increasing h. For the helix with the same h, the plasmon peaks at 

λp under LHCP incidence are broader than those under RHCP incidence. For the h = 50 nm helix, 

the FWHM under RHCP incidence is 130 nm, while the FWHM under LHCP incidence is 210 

   93 
  



 

nm. The difference between the plasmon peaks under LHCP and RHCP incidences also becomes 

larger with the increase in h as shown in Fig. 4.11.  
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Figure 4.14 Pitch height dependent extinction spectra for Ag helical nanostructures 
under different polarization incidences: (a) RHCP (b) LHCP. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figures 4.15(a) and (b) illustrate the E field enhancement distributions of the h = 30 nm 

helix at λp = 0.535 μm and λ  = 0.553 μm under RHCP and LHCP incidence, respectively. Under p
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RHCP incidence, the maximum E fields also occur at the bottom of the helix. Between two 

adjacent pitches, strong field coupling occurs. Under LHCP incidence, the strong E fields not 

only congregate to the top of the helix but also are coupled inside the helix. In our calculation, 

the helix is a right-handed helical nanostructure. Therefore, when the nanostructures have the 

same helicity with incident polarized light, the maximum E field occurs at the bottom of the 

helix. When the nanostructures have the opposite helicity compared to the incident polarized 

light, the maximum E field occurs on the top of the helix. 
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Figure 4.15 E field enhancement contours ( γ10log ) of the helix under different 
circular polarization and wavelength (a) RHCP and λp = 0.535 µm and (b) LHCP 
and λp = 0.553 µm for h = 30 nm. 
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4.4.4 Conclusion 

It is found that the pitch height of the helix is a good parameter to tune the plasmon peak. 

When light propagates along the helix axis, the E field distribution of a helical nanostructure also 

depends on the incident polarization. For plane polarized incidence, a zigzag-shaped field 

distribution contour occurs in the helix. For helical structures, when the circularly polarized 

incidence is in the same direction as the helicity, the maximum E field occurs at the bottom of 

the helix. When the circular polarization direction is opposite to the helicity of the structure, the 

maximum E field occurs on the top of the helix. These results help us to understand the optical 

properties of helical nanostructures and engineer helical nanostructures in order to tune their 

plasmonics properties and rearrange the E field distribution. 

 

4.5 Localized surface plasmon of Ag nano-helix structures 

The collective oscillation of electrons within noble metal particles enables the resonant 

extinction of light at a particular wavelength, which is called surface plasmon resonance.[5] The 

surface plasmon resonances are strongly dependent on the topological shape of the metal 

particles.[15-17, 20, 113, 121, 138] For the particles with conventional shapes, such as spheres 

and cylinders, dipole plasmon peaks appear in the extinction spectra of the particles with smaller 

size. With the increase of the radius (for spheres) or the length (for cylinders), dipole plasmon 

peaks red shift linearly and higher order multiple modes appear at the blue side of the dipole 

mode.[15, 113] For the nano-helix, due to the complicated topologic shape, one can expect that 

there are some interesting plasmon modes.  

It is quite clear that the plasmon modes in UV region are due to the electron oscillation 

perpendicular to the helix rod. However, the origins of the localized surface plasmon modes of 
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the helical nanostructure in the visible wavelength region are not clear. In this section, we 

investigate the plasmon modes of the Ag helix in visible wavelengths under LHCP incidence. 

This study would help us understand the nature of the optical properties of the helix. 

Right-handed helical nanostructures are used in the numerical calculation. 

Mathematically, the helix is defined by the following,  

ϕcosRx = ϕsinRy = πϕ 2/hz =, , and                                            (4.2) 

where R is helix radius, h is the pitch height, φ is the helix azimuthal angle. The LHCP incidence 

is used in the calculation. The incident direction is along the axis of the helix (z-axis direction) 

from φ = 0o end to φ = φH end. The φH is used to describe the total height of the helix. 

We first investigate how the helix height φH affect the plasmon peaks by fixing R = 30 

nm, h = 40 nm, and cross section radius r = 10 nm. The total length φH of the helix varies from 

4π to 8π with a 1/12 π step. Figure 4.16(a) shows the extinction spectra of the helix under LHCP 

incidence with the total height of the helix from φH = 5.0 π to φH = 6.0 π. In addition to the 

transverse plasmon peaks around 0.34 μm, two combined plasmon peaks locate around 0.55 μm 

~ 0.75 μm which corresponding to the longitudinal mode (LM) of Ag nanospring. We use λR to 

denote longer wavelength peak and λL for the short wavelength peak. For the helix with φH = 5.0 

π, the main plasmon peak locates at λR = 0.601 μm and there is a weak shoulder located around 

λL = 0.538 μm. With the increase of φH, both λL and λR red shift. However, the extinction 

coefficient Q(λ ) decreases while Q(λR L) increases. When φH reaches 5.67 π, the Q(λL) is larger 

than  Q(λ ) and becomes the dominate plasmon peak. When φR H increases to 6.17 π (not show in 

Fig. 4.16 (a)), at the left side of the dominate plasmon peak one shoulder appears and becomes 

the new λL peak. With the increase of the total height, there is the similar behavior within a 

period of π.  
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Figure 4.16 Under LHCP incidence: (a) Calculated extinction spectra of 
helical nanostructures with φH from 5.0 π to 6.0 π, and (b) plasmon peaks shift 
as a function of φH. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The change of λL and λ  is plotted as a function of φR H as shown in Fig. 4.16 (b). Both λL 

and λR red shift periodically with the increasing helix height with a period of π. The plasmon 

peaks of λ  and λR L switch at ππϕ 08.0+⋅≈ nH , where n is an integer. This behavior is very 
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different from other nanostructures. Usually, the plasmon peaks of the conventional shape 

structures red shift monotonically with the increase of the size of nanostructure. For a small 

sphere, the dipole plasmon wavelength red shifts with the increase of the radius.[66, 113] For 

triangular nanoprisms, the dipole surface plasmon resonance linearly red shift with the edge 

length.[21] For nanorod, LM plasmon peak red shifts linearly with the increase of the length or 

the aspect ratio.[120, 138] For the helix, if we define the effective aspect ratio, L/2r, where L is 

the total arc length of the helix, 22)2( hRl += π, l is the arc length of one pitch, πϕ 2/HlL ⋅= , 

when the height is increased from φH = 5.0 π to φH = 6.0 π, the effective aspect ratio is increased 

from 24 to 29. From the Gans theory, the extinction plasmon peak will red shift from ~ 3.5 μm to 

~ 4.2 μm .[64] Therefore, the location and the change of the plasmon peaks of helix is much 

different from those predicted by Gans theory.  
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(b) Possible charge distribution for λL 
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Figure 4.17 For φH = 5.33 π helix: (a) the sum of E2 along the helix at λL and 
λR, and the sketches to show the possible charge distributions for different 
plasmon peaks: (b) λL and (c) λR. 
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In order to explore the nature of these two plasmon peaks, we have calculated the E field 

distribution around the nanorod (E2, summation around the cross section form r = 13 nm to r = 

15 nm) at different plasmon peaks (λL and λR) along the helix. Fig. 4.17(a) shows the field 

distribution for helix with φH = 5.33 π. Although the amplitudes of the fields are different at two 

ends, the electric fields fluctuate periodically from one end to another end for both λL and λR. In 

addition, the fields at two ends of the helix are always maximums. For fields shown in Fig. 

4.17(a), the field fluctuation for λL has 8 maximums and has 7 maximums for λR. We have 

investigated field distributions of other length helixes as well. In general, for λL, the number of 

the maximum field is , where int means taking the integer, and for λ , 2)/int( += πϕHLN R

1)/int( += πϕ HRN . These maximum field nodes result from maximum positive or negative 

surface charge congregation. If we pull the helix to a straight nanorod, we can sketch the possible 

charge distributions at the steady state along the helix to illustrate the electron oscillations. For 

the particular φH = 5.33 π, N  = 7 and N  = 6. For λL R L case as shown in Fig. 4.17(b), the two ends 

of the helix have a maximum positive (negative) charge density distribution. And along thee 

helix, there are 2 maximum positive (negative) charge distribution and 3 maximum negative 

(positive) charge distributions. All the positive and negative charge distribution locations 

contribute to the E field maximum ( 2

0

2 ||||
ε
σ

∝E , where σ is the surface charge density). Thus, 

the maximum positive and negative charge distributions in Fig. 4.17(b) correspond to 7 E field 

|E|2 maximums. If we pair the positive charge maximum and negative charge maximum together 

to be an effective dipole, as illustrated in Fig. 4.17(b), the number of the effective dipoles 

oscillating along the helix is 6, or NL – 1. For λ  case, the two ends of the helix have opposite R
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charge as shown in Fig. 4.17(c), and it corresponds to 5 effective dipoles, or NR – 1 dipoles. 

Therefore, we can define an effective dipole length for λL
el L and for λR

el ,  R

)1/( −= L
L
e NLl  and .                                              (4.3) )1/( −= R

R
e NLl

The effective dipole length shall determine the plasmon mode wavelength. According to the 

Gans theory, the longer the effective dipole length, the larger the plasmon wavelength is. 

Because NL > N , , thus, λL
e

R
e ll >  > λR R L, which is consistent with the red shift plasmon peak with 

the increasing length of the dipole oscillation.[64] Since NL and NR increase stepwise, it is 

expected that and change periodically with φL
el

R
el H as well. This is coincident with the change of 

the plasmon wavelength. Thus, we can replot Fig. 4.16(b) as the plasmon wavelength versus the 

corresponding effective dipole length, as shown in Fig. 4.18. For both λL and λR, all data collapse 

together for different φH, and one can also see that λL vs. , and λL
el R vs.  follow a linear 

relationship with a slope of 2.3×10

R
el

-3 -3 and 6.4×10 . Such a behavior is similar to the longitudinal 

plasmon mode for the cylindrical nanorods[138]: For the cylindrical nanorods with fixed 

diameter, the LM plasmon peaks red shift linearly with the length of the nanorod, and the 

effective dipole length corresponds to the length of cylindrical nanorod. Thus, the plasmon mode 

of a helical nanostructure is determined by the effective dipole length. Due to the periodic 

structure of the helix, the effective dipole length is determined by the half arc length of the helix. 

To further investigate whether the plasmon modes are really caused by the effective 

dipole length, we also varied the radius R and the pitch height h of the helix for φH = 5.33 π. The 

helix radius R is increased from R = 24 nm to R = 40 nm with fixed h = 48 nm and r = 10 nm. 

With the increase of the helix radius R, both λL and λR red shift with the increasing extinction 

coefficients. However, the λ  red shift more dramatically compared to λLR . The pitch height h is 

increased from h = 24 nm to h = 60 nm with fixed R = 30 nm and r = 10 nm. Both λL and λR red 
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shift linearly with the pitch height. We also plot the plasmon wavelength λL and λR versus the 

effective dipole length in Fig. 4.18, and for both cases the λL (λR) changes linearly with ( ), 

which is consistent with our speculation. However, the slope of the changes is different. When R 

is changing, the slope for 

L
el

R
el

Rλ versus is 3.1×10-3R
el , and 2.8×10-3 for Lλ versus . When h is 

changing, these two slopes become 3.3×10

L
el

-3 -2 and 1.1×10 . We can see that for Lλ  at h dependent 

case, the slope is the largest, while for Rλ  at R dependent case, the slope is smallest. The largest 

slope for  at h dependent illustrates that the λLλ L is more sensitive to the coupling between 

adjacent cross sections. The similar slopes for  at R and h dependent cases demonstrate that Rλ

Rλ  are mainly due to the charge oscillations along the helix, which is less sensitive to the 

coupling between adjacent cross sections. 
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Figure 4.18 The plasmon peaks as a function of the effective dipole length for the 
height dependent, pitch height dependent, and helix radius dependent cases. The 
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In conclusion, two LM plasmon modes are found in the extinction spectra of the nano-

helix, they all red shift periodically with the increase of the helix height. They also red shift with 

the helix radius and the pitch height. These plasmon modes are resulted from the effective dipole 

oscillations along the arc length of the helix and are mainly determined by the effective dipole 

length, which is about the size of the half of the arc length of one pitch. The addition of an extra 

period in the helix will not significantly change the effective dipole length due to the symmetry 

and periodic structure of the helix, but just add additional effective dipoles into the structure. 

Therefore, the effective absorbance or extinction coefficient at those plasmon wavelengths can 

not be significantly increased. This property may be used to design better plasmonics 

nanostructure for tumor treatment or imaging biomarker. 

 

4.6. Conclusions 

Because of its complicated topological shape, the optical properties of a helical Ag 

nanostructure are strongly dependent on the incident polarizations. When light propagates 

perpendicular to the helix with the polarization along the helix, two transverse plasmon modes 

are excited in the UV region. At those plasmon wavelengths, the stronger E fields occur around 

the side surface of the helix and are coupled into the space between two adjacent pitches. When 

the incident polarization is changed to be perpendicular to the axis, multiple plasmon peaks 

appear in the extinction spectra. At the plasmon wavelengths, the maximum E fields occur 

around the surface of the helix, and there are strong coupling in the helix and form a zigzag field 

distribution inside the helix. When the incident light propagates along the helix axis, in addition 

to the transverse plasmon modes in the UV region, strong extinction peaks appear at the visible 

region. For the right-handed helical nanostructures, the main plasmon peaks under left-handed 
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circular polarization (LHCP) incidence red shift in plasmon peak wavelength compared to those 

under right-handed circular polarization (RHCP) incidence. Under LHCP incidence, the 

maximum E fields occur at the exit end and excitation light propagates along the helix, while 

under RHCP incidence, the maximum E fields occur at the entry end of the helix. The E field 

distribution of the helical nanostructure under circularly polarized incidence could also help to 

spatially resolve the analyte’s location in a sub-micrometer length scale. 

In addition to the incident polarizations, the structural parameters, such as the total height, 

the pitch height, and the helix radius, can also be used to tune the plasmon peaks. The two LM 

mode plasmon peaks red shift periodically with the height and red shift linearly with the pitch 

height and the helix radius. These two plasmon modes are due to the dipole oscillations along the 

arc length of the helix and are determined by effective dipole length. Understanding the origins 

of the plasmon peaks would help us to design helical nanostructures for specific purpose, such as 

the tumor treatment and the imaging biomarker. 
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CHAPTER 5  

 

CONCLUSIONS AND FUTURE WORK 

 

In this dissertation, I have used the discrete dipole approximation method to study the 

optical properties of the Ag nanostructures with different topologic shapes. It is shown that the 

topologic shapes of the nanostructures have significant effects on the optical properties, and 

provides an alternative way to tune the plasmonic characteristics of metal nanorods. 

When the nanostructures become complicated, plasmon peaks are strongly polarization 

dependent. For a cylindrical nanorod, the longitudinal mode plasmon peak appears when the 

incident polarization is located along the long axis and the transverse mode plasmon peak 

appears when the incident polarization is located perpendicular to the long axis. For more 

complicated nanostructures, such as a Y-shaped nanorod, the plasmon peaks can be tuned by 

changing the incident polarization angle. The plasmon peaks can also be tuned by changing the 

structural parameters. When the nanostructures become more complicated, there are more 

parameters that can be used to tune the plasmon peaks. At the plasmon wavelengths, enhanced 

electric fields occur at the surface. It is found that more hot spots are observed for nanostructures 

with more defects, such as the period-shaped nanorods, L- and Y-shaped nanorods. This would 

help us to understand the optical properties and field enhancement of irregular nanorod structures.  

Other nanostructures also show unique optical properties and will be the potential choices 

for specific purpose. For the U-shaped nanorod, because the bottom nanorod builds a path for the 

   106 
  



 

electron oscillations, longitudinal mode plasmon oscillations can also occur along the vertical 

nanorods and there are larger hot spots with much larger electric field compared to the parallel-

nanorod structure. Therefore, the rod-film substrates would produce larger SERS enhancement 

compared to the rod substrates. For the helical nanostructures, the spatial distribution of the 

maximum electric field can be adjusted by changing the polarization directions of the incident 

light, especially the circular polarizations. The maximum electric fields distribute at the bottom 

or on the top of helix, which depends on the incident circular polarizations. Thus, helical 

nanostructures provide a simple way to spatially distinguish the analyte’s location in the helix. In 

fact, it can be used to resolve the spatial distribution of the analyte in the submicrometer length 

scale. 

However DDA method can be only easily applied to single nanoparticle. Although 

optical properties of single nanostructure can also shine some light on the optical properties of 

the array substrate, in the future, the coupling effect should be considered and optical properties 

of the array can be calculated by the finite difference time domain (FDTD) method. The 

multilayer with different shapes would also provide interesting optical properties. 

For the helical nanostructure, the longitudinal mode plasmon peaks are due to the 

effective dipole oscillation along the arc length of the helix and are mainly determined by the 

effective dipole length. Increasing the pitch number slightly changes the plasmon peak. However, 

the number of the effective dipole oscillations will be increased, which will benefit the 

absorption of the helix. This property may be used to design better plasmonic nanostructures for 

tumor treatment or imaging biomarkers. Therefore, investigating the absorption efficiency of the 

helical nanostructure would be interesting. 
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APPENDICES 

 

A. Calculate the near-field E field using DDSCAT 6.1 

1. Output the polarizations of each dipole 

The calculated polarizations of all the dipoles are stored in CXPOL, which has two 

formats. One is the original and another format is the extend format. For the original format, 

CXPOL(NAT3) stores polarizations and IXYZ(NAT0, 3) stores the position of the dipole, where 

NAT0 is the number of the dipoles and NAT3 = 3*NAT0. For the extend format, CXPOL is 

extended to one cubic CXPOL(X, Y, Z, 3). At the same time IOCC(X, Y, Z, 3) is used to show 

whether there is material with some special dielectric constants. 

The file extend.f is used to extend CXPOL. At the beginning, all the data are read in the 

original way. After they call the function of extend.f, CXPOL is changed to be the extend format. 

In the file of getfml.f, after they call the function of reduce, CXPOL is changed back to the 

original format. For the positions of the dipoles, after extend is called, original positions are 

shifted to new position. The minimums of X, Y, Z are 1. This kind shift is done in the file of 

extend.f. 

In order to output the polarizations of all dipoles, the following sentences are inserted in 

the file of getfml.f after the sentence of  

“CALL REDUCE(CXPOL,IOCC,MXN3,MXNAT,NAT,NAT0)”, 

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
CC OUTPUT THE POSITION OF DIPOLES: 
 OPEN(UNIT=921,FILE="POSITION.TXT") 
 DO Q=1,NAT0 
 WRITE(921,*) IXYZ0(Q,1),IXYZ0(Q,2),IXYZ0(Q,3) 
 END DO 
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CLOSE(921) 
 
CC OUTPUT THE POLARIZATIONS OF ALL DIPOLES 

OPEN(UNIT=922,FILE="polarizationxxx.TXT") 
 OPEN(UNIT=923,FILE="polarizationyyy.TXT") 
 OPEN(UNIT=924,FILE="polarizationzzz.TXT") 
 DO Q=1,NAT0 
 WRITE(922,*) REAL(CXPOL(Q)),AIMAG(CXPOL(Q)) 
 WRITE(923,*) REAL(CXPOL(Q+NAT0)),AIMAG(CXPOL(Q+NAT0)) 
 WRITE(924,*) REAL(CXPOL(Q+2*NAT0)),AIMAG(CXPOL(Q+2*NAT0)) 
  END DO 
 CLOSE(922) 
 CLOSE(923) 
 CLOSE(924) 
 
CC OUTPUT THE PARAMETERS 
 OPEN(UNIT=955,FILE="PARAMETER.TXT") 
 WRITE(955,*) 'NAT=',NAT 
 WRITE(955,*) 'NAT0=',NAT0 
 WRITE(955,*) 'NAT3=',NAT3 
 WRITE(955,*) 'MXN3=',MXN3 
 WRITE(955,*) 'MXNX=',MXNX 
 WRITE(955,*) 'MXNY=',MXNY 
 WRITE(955,*) 'MXNZ=',MXNZ 
 WRITE(955,*) 'NAT03=',NAT03 
 WRITE(955,*) 'MXNAT=',MXNAT 

CLOSE(955) 
 

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
 

2. Calculate the E field using the polarizations 

The E field is the sum of E field produced by each dipole. 

⎭
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where rv is the position of the dipole to the point to calculate the E field, P
v

is the polarization, 

and k is wave number of incident wavelength. 

The following program is used to calculate the E field at the xy-plane with the middle of z. 

program EFIELD 
 
 implicit none  
  
 INTEGER XNPOINTS,YNPOINTS,J,K,M,N,NAT  
 REAL MAXXD,MINXD,MAXYD,MINYD,MAXZD,MINZD  
 INTEGER NSURFACE0,NSURFACE,YROUND 
 REAL XMIDLE,YMIDLE 
 INTEGER ZMIDLE 
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 REAL DISTANCE0,DISTANCE   
 
 ALLOCATABLE XD(:),YD(:),ZD(:),XXD(:),YYD(:) 
 ALLOCATABLE PX(:),PY(:),PZ(:) 
 ALLOCATABLE EX(:,:),EY(:,:),EZ(:,:),ESQUARE(:,:),SHOW(:,:) 
 ALLOCATABLE X(:),Y(:) 
 
 REAL XD,YD,ZD,XXD,YYD 
 COMPLEX PX,PY,PZ 
 COMPLEX EX,EY,EZ 
 REAL ESQUARE,SHOW 
 REAL X,Y 
 REAL REALPX,IMAGPX,REALPY,IMAGPY,REALPZ,IMAGPZ 
  
  
 COMPLEX PN 
 REAL NDATA,NX,NY,NZ 
  
 COMPLEX EXADDFAR,EYADDFAR,EZADDFAR,FACTOR,EXADD,EYADD,EZADD 
 REAL Z,DIEL0,DIEL,AIR,CONSTANT,D0,D,DELTA,WAVELENGTH0,WAVELENGTH,ZROUND  
 INTEGER IDPAR,IDPOS,IDPOLXXX,IDPOLYYY,IDPOLZZZ 
  CHARACTER*30 PARFILE,POSFILE,POLXXX,POLYYY,POLZZZ 
 INTEGER IDX,IDZ,IDESQUARE,IDSHOW 
 CHARACTER*30 XPLANE,YPLANE,ESQUAREFILE,ESHOW 
 
 IDPAR=1 
 IDPOS=2 
 IDPOLXXX=3 
 IDPOLYYY=4 
 IDPOLZZZ=5 
 PARFILE='PARAMETER.TXT' 
 POSFILE='POSITION.TXT' 
 POLXXX='POLARIZATIONXXX.TXT' 
 POLYYY='POLARIZATIONYYY.TXT' 
 POLZZZ='POLARIZATIONZZZ.TXT' 
 
 IDX=51 
 IDZ=52 
 IDESQUARE=53 
 IDSHOW=54 
 XPLANE='XPLANEXXXYYY.TXT' 
 YPLANE='YPLANEXXXYYY.TXT' 
 ESQUAREFILE='ESQUAREXXXYYY.TXT' 
 ESHOW='ESHOWXXXYYY.TXT' 
!*************************************************************** 
 OPEN(UNIT=IDPAR,FILE=PARFILE,STATUS='OLD',FORM='FORMATTED') 
 READ(IDPAR,*) D0 
 READ(IDPAR,*) WAVELENGTH0 
 READ(IDPAR,*) NAT 
 CLOSE(IDPAR) 
 ALLOCATE (XD(NAT),YD(NAT),ZD(NAT)) 
 ALLOCATE (PX(NAT),PY(NAT),PZ(NAT)) 
 OPEN(UNIT=IDPOS,FILE=POSFILE,STATUS='OLD',FORM='FORMATTED') 
 DO J=1,NAT 
  READ(IDPOS,*) XD(J),YD(J),ZD(J) 
 END DO 
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 CLOSE(IDPOS) 
 
 MAXXD=XD(1) 
 MINXD=XD(1) 
 MAXYD=YD(1) 
 MINYD=YD(1) 
 MAXZD=ZD(1) 
 MINZD=ZD(1) 
 
 DO J=1,NAT 
 
 IF (XD(J).GE.MAXXD)THEN 
 MAXXD=XD(J) 
 END IF 
 IF (XD(J).LE.MINXD)THEN 
 MINXD=XD(J) 
 END IF 
 
    IF (YD(J).GE.MAXYD)THEN 
 MAXYD=YD(J) 
 END IF 
 IF (YD(J).LE.MINYD)THEN 
 MINYD=YD(J) 
 END IF 
 
    IF (ZD(J).GE.MAXZD)THEN 
 MAXZD=ZD(J) 
 END IF 
 IF (ZD(J).LE.MINZD)THEN 
 MINZD=ZD(J) 
 END IF 
 
 END DO 
 XMIDLE=(MAXXD+MINXD)/2 
 YMIDLE=(MAXYD+MINYD)/2 
 ZMIDLE=INT((MAXZD+MINZD)/2) 
!****************************************************************** 
     DIEL0=8.854187E-12 
 DIEL=DIEL0*1.0E8 
 AIR=1 
 CONSTANT=1/(4*3.1415926*DIEL*AIR) 
 WAVELENGTH=WAVELENGTH0/1000.0 
 D=D0/1000.0 
 DELTA=0.25*D 
 Z=(ZMIDLE+0.05)*D 
 XNPOINTS=1+(2*MAXXD*D/DELTA) 
 YNPOINTS=1+(2*MAXYD*D/DELTA) 
 ALLOCATE (X(XNPOINTS),Y(YNPOINTS)) 
 DO J=1,XNPOINTS 
  X(J)=(XMIDLE-MAXXD)*D+(REAL(J)-1)*DELTA 
 END DO 
 DO J=1,YNPOINTS 
  Y(J)=(YMIDLE-MAXYD)*D+(REAL(J)-1)*DELTA 
 END DO 
!****************************************************************** 
 OPEN(UNIT=IDPOLXXX,FILE=POLXXX,STATUS='OLD',FORM='FORMATTED') 
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 DO J=1,NAT 
 READ(IDPOLXXX,*)REALPX,IMAGPX 
 PX(J)=CMPLX(REALPX,IMAGPX) 
 ENDDO 
 CLOSE(IDPOLXXX) 
 
 OPEN(UNIT=IDPOLYYY,FILE=POLYYY,STATUS='OLD',FORM='FORMATTED') 
 DO J=1,NAT 
 READ(IDPOLYYY,*)REALPY,IMAGPY 
 PY(J)=CMPLX(REALPY,IMAGPY) 
 ENDDO 
 CLOSE(IDPOLYYY) 
 
 OPEN(UNIT=IDPOLZZZ,FILE=POLZZZ,STATUS='OLD',FORM='FORMATTED') 
 DO J=1,NAT 
 READ(IDPOLZZZ,*)REALPZ,IMAGPZ 
 PZ(J)=CMPLX(REALPZ,IMAGPZ) 
 ENDDO 
 CLOSE(IDPOLZZZ) 
 
!******************************************************************* 
 ALLOCATE (EX(XNPOINTS,YNPOINTS),EY(XNPOINTS,YNPOINTS),EZ(XNPOINTS,YNPOINTS)) 
 ALLOCATE (ESQUARE(XNPOINTS,YNPOINTS),SHOW(XNPOINTS,YNPOINTS)) 
 
 DO J=1,NAT 
  PX(J)=PX(J)*D**3 
  PY(J)=PY(J)*D**3 
  PZ(J)=PZ(J)*D**3 
 END DO 
 
 DO M=1,XNPOINTS 
  DO N=1,YNPOINTS  
 
 
   EX(M,N)=0 
   EY(M,N)=0 
   EZ(M,N)=0 
    
 
   DO K=1,NAT 
    NDATA=(X(M)-D*XD(K))**2+(Y(N)-D*YD(K))**2+(Z-D*ZD(K))**2 
 
    NX=(X(M)-D*XD(K))/(NDATA**0.5) 
    NY=(Y(N)-D*YD(K))/(NDATA**0.5) 
    NZ=(Z-D*ZD(K))/(NDATA**0.5) 
 
 
    PN=PX(K)*NX+PY(K)*NY+PZ(K)*NZ 
 
    EXADDFAR=(PX(K)-
NX*PN)*((2*3.1415926/WAVELENGTH)**2)/(NDATA**0.5) 
    EYADDFAR=(PY(K)-
NY*PN)*((2*3.1415926/WAVELENGTH)**2)/(NDATA**0.5) 
    EZADDFAR=(PZ(K)-
NZ*PN)*((2*3.1415926/WAVELENGTH)**2)/(NDATA**0.5) 
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    FACTOR=CMPLX(NDATA**(-3.0/2.0),-
2*3.1415926/(NDATA*WAVELENGTH)) 
 
    EXADD=CONSTANT*(EXADDFAR+(3*NX*PN-PX(K))*FACTOR) 
    EYADD=CONSTANT*(EYADDFAR+(3*NY*PN-PY(K))*FACTOR) 
    EZADD=CONSTANT*(EZADDFAR+(3*NZ*PN-PZ(K))*FACTOR) 
 
    EX(M,N)=EX(M,N)+EXADD 
    EY(M,N)=EY(M,N)+EYADD 
    EZ(M,N)=EZ(M,N)+EZADD 
   
 
   ENDDO 
 
   ESQUARE(M,N)=(ABS(EX(M,N)))**2+(ABS(EY(M,N)))**2+(ABS(EZ(M,N)))**2 
  
    
     
  ENDDO 
 
 ENDDO 
 
 
 DO M=1,XNPOINTS 
  DO N=1,YNPOINTS 
   SHOW(M,N)=ESQUARE(M,N) 
  END DO 
 END DO 
 
 
 ZROUND=ZMIDLE 
 
 NSURFACE0=0 
 
 DO K=1,NAT 
  IF (ABS(ZD(K)-REAL(ZROUND)).LE.(1*10**(-3))) THEN 
 
   NSURFACE=NSURFACE0+1 
   NSURFACE0=NSURFACE 
 
  END IF 
 END DO 
 
 
 ALLOCATE (XXD(NSURFACE),YYD(NSURFACE)) 
 
 
 
 NSURFACE0=0  
 
 DO K=1,NAT 
  IF (ABS(ZD(K)-REAL(ZROUND)).LE.(1*10**(-3)))THEN 
   NSURFACE=NSURFACE0+1 
   NSURFACE0=NSURFACE 
   XXD(NSURFACE)=XD(K) 
   YYD(NSURFACE)=YD(K) 
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  END IF 
 END DO 
 
 
 DO M=1,XNPOINTS 
  DO N=1,YNPOINTS 
   IF ((X(M).GE.D*(MINXD-
1.0)).AND.(X(M).LE.D*(MAXXD+1.0)).AND.(Y(N).GE.D*(MINYD-
1.0)).AND.(Y(N).LE.D*(MAXYD+1.0)))THEN 
    DO K=1,NSURFACE 
     DISTANCE0=(X(M)-D*XXD(K))**2+(Y(N)-D*YYD(K))**2 
     DISTANCE=DISTANCE0**0.5 
     IF (DISTANCE.LE.(0.8*D))THEN 
      SHOW(M,N)=0       
     END IF 
    END DO 
   END IF 
  END DO 
 END DO 
 
 
 
 
 OPEN(UNIT=IDX,FILE=XPLANE,STATUS='NEW',ACCESS='SEQUENTIAL',FORM='FORMATTED') 
 DO K=1,XNPOINTS 
  WRITE(IDX,*)X(K) 
  END DO 
 CLOSE(IDX) 
 
 
 
 OPEN(UNIT=IDZ,FILE=YPLANE,STATUS='NEW',ACCESS='SEQUENTIAL',FORM='FORMATTED') 
 DO K=1,YNPOINTS 
  WRITE(IDZ,*)Y(K) 
 END DO 
 CLOSE(IDZ) 
 
 OPEN(UNIT=IDESQUARE,FILE=ESQUAREFILE,STATUS='NEW',ACCESS='SEQUENTIAL',FORM
='FORMATTED') 
 DO M=1,XNPOINTS 
  DO N=1,YNPOINTS 
  WRITE(IDESQUARE,*)ESQUARE(M,N) 
  END DO 
 END DO 
 
 OPEN(UNIT=IDSHOW,FILE=ESHOW,STATUS='NEW',ACCESS='SEQUENTIAL',FORM='FORMAT
TED') 
 DO M=1,XNPOINTS 
  DO N=1,YNPOINTS 
   WRITE(IDSHOW,*)SHOW(M,N) 
  END DO 
 END DO 
 
 end program EFIELD 
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