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The trapping of light at the surfaces of nanomaterials 
gives rise to regions of enhanced electric fields around 
the nanostructures, leading to enormous optical cross-
sections for molecules in the vicinity. The finite differ-
ence time domain method has been used to calculate 
the near-field as well as the far-field optical properties 
of spherical Au nanoparticles and Au nanorods as a 
function of their size. Au nanoparticles are found to 
give rise to about an order of magnitude enhancement 
in the electric field of the incident light. For Au nano-
rods, we find three orders of magnitude enhancement 
under resonant conditions for the longitudinal polari-
zation of the incident light. This aspect has been  
utilized for the preferential functionalization of oppo-
sitely charged Au nanoparticles onto the edges of Au 
nanorods. Plasmon resonances of Au nanorods couple 
when they are in proximity and the junctions between 
the nanorods are regions of enhanced electric fields.  
 
Keywords: Gold nanoparticles and nanorods, optical 
excitation, plasmon resonance, surface-enhanced spectro-
scopy. 

Introduction  

UNIQUE optical properties of metal nanostructures origi-
nate through the interaction of light with the conduction 
electrons in the metals: the coherent oscillation of electrons 
at the surface of the metal gives rise to surface plasmon 
resonances. The study of optical excitations in metal 
nanostructures is an area witnessing tremendous research 
activity in the last decade or so, mainly due to the advent 
of experimental design strategies in controlling the sizes 
and shapes of these metal particles1. Further, in studies 
involving the spectroscopy of molecules in the vicinity of 
these metal nanostructures, the excitation of localized 
surface plasmons in metal particles in the presence of  
optical fields has led to the interesting possibility of  
obtaining enhanced signals from these molecules. Under 
illumination by electromagnetic radiation, the metal 
nanostructures serve as optical antenna and create enhan-
ced electromagnetic fields in the vicinity. These regions 
of enhanced electromagnetic fields are known as hot 

spots2. When molecules are in the vicinity of these hot 
spots, the optical signals of the molecules get enhanced. 
This effect has been observed in several spectroscopic 
processes like absorption3, emission4,5, Raman scatter-
ing6, etc. and has led to the emergence of the novel con-
cept of surface-enhanced spectroscopy. It has to be noted 
that the use of conventional bulk metal surfaces as sub-
strates for enhanced signals from molecules is known in 
the literature since long7. However, the enhancement  
factors obtained using nanomaterials are significantly 
higher than those obtained using bulk metal surfaces and 
therefore are particularly appealing. Among the surface-
enhanced spectroscopic techniques, Surface-Enhanced 
Raman Scattering (SERS) is one technique that has  
attracted a lot of attention. The reason is that the Raman 
signals are inherently extremely weak and the presence of 
metal particles has led to such enhancement factors and 
sensitivities that it is now possible to detect single mole-
cules using SERS8. Currently, a variety of geometries like 
spherical nanoparticles9, nanorods10,11, nanoshells12, nano-
cubes13, nanotriangles14, etc. are synthesized experimen-
tally and the optical excitations in such materials are 
explored for a variety of applications like plasmonics, 
sensing, light harvesting and medicine.  
 Theoretical studies on optical excitations in metal 
nanostructures have contributed a lot to our current  
understanding of the enhanced spectroscopic methods15. 
Detailed analysis of the near-field and far-field properties 
of the metal nanostructures enables one to design optimal 
geometries and optical fields that can lead to very high 
enhancements in spectroscopic signals from molecules16. 
Computational studies of the optical responses of nano-
materials are based on solving the Maxwell’s equations. 
Numerical techniques like Finite Difference Time Domain 
(FDTD) method17,18, Finite Element Method (FEM)19 and 
Discrete Dipole Approximation (DDA)20 are being used 
extensively in the last few years to calculate the  
optical responses of nanostructures to the incident elec-
tromagnetic radiation. Plasmon hybridization model is 
another physically appealing model that has been used  
extensively for understanding the optical excitations in 
complex nanostructures21. Quantum-mechanical methods 
like time dependent density functional theory (TDDFT) 
are currently being pursued for simulations, albeit for small 
systems with few electrons22. The quantities of interest in 
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such studies are the extinction, absorption, scattering cross-
sections and electric field distribution patterns in the 
near-field of these nanostructures. The electric field pat-
terns thus obtained from computations can be used to esti-
mate the enhancement factors in various surface-enhanced 
spectroscopic techniques. A computational study of the 
effect of factors affecting the excitation of localized sur-
face plasmon modes in these metal nanostructures, like 
the nature of the material, size, shape and the dielectric 
environment can provide insights for the rational design 
of suitable geometries to be explored in experiments23. In 
this article, we use the FDTD method to calculate the 
near-field and far-field optical properties of spherical 
gold (Au) nanoparticles and Au nanorods. We report a 
comprehensive study of the optical properties of the Au 
nanoparticles and nanorods as a function of their size. In 
the last section, these results are compared with our pub-
lished experimental data with new insights into the impli-
cations for surface-enhanced spectroscopic techniques.  

Computational details  

The electromagnetic simulations reported in this article 
were performed using the program FDTD Solutions  
(version 7.5.1), a product of Lumerical Solutions Inc., 
Vancouver, Canada24. In the FDTD method, the time-
dependent Maxwell’s equations, being coupled differen-
tial equations in space and time, are solved numerically 
on discrete grids involving space and time. The method is 
based on the Yee algorithm, wherein the derivatives  
involving space and time are replaced by the finite differ-
ences and the electric and the magnetic fields are evalu-
ated on grids that are interspersed both in space and time. 
A dielectric function ε (ω) is used to represent the metallic 
system of interest. We used the Johnson and Christy bulk 
dielectric data for gold. We used a total field–scattered 
field (TFSF) source of light, which essentially consists of 
plane waves. The TFSF source leads to a separation of 
the entire simulation region into two parts, the total field 
region containing both the incident and the scattered 
fields, and the scattered field region containing only the 
scattered field. The amplitude of the electric field of the 
incident light was taken to be 1.0 V/m. We used a set of 
power monitors in the scattered field region to evaluate 
the net power flow into the scattered field region, which 
enables the calculation of scattering cross-sections. Another 
set of power monitors in the total field region was used to 
calculate the net power flow into the total field region, 
which leads to the determination of the absorption cross-
sections. The sum total of the scattering and the absorption 
cross-sections gives the extinction cross-sections. The 
electric field patterns in the near-field of the nanostruc-
tures were evaluated using a set of frequency domain 
field profile monitors. We used perfectly matched layer 
(PML) absorbing boundary conditions to prevent any  

reflection of the scattered fields back into the simulation 
region. We also used symmetric and anti-symmetric 
boundary conditions that make use of the symmetry of the 
problem and help in considerably reducing the memory re-
quirement and the computational time. In all our simula-
tions, the mesh sizes were chosen by prior testing for the 
convergence of the numerical results. We started with a 
mesh size of 1 nm in each of the three Cartesian direc-
tions and went on decreasing the mesh size until we  
obtained a convergence of the results with two consecu-
tive mesh sizes. The simulations were run for a period of 
600 fs in the case of gold nanoparticles and for a period 
of 1000 fs in the case of gold nanorods. All the simula-
tions were performed with water as the dielectric  
medium, with a refractive index of 1.33.  

Results and discussions  

In our FDTD simulations on spherical gold nanoparticles, 
we considered particles of diameter of 20, 40 and 60 nm. 
The centres of the spheres were placed at the origin of the 
coordinate system in the simulation box. The light source 
was injected along the z-axis with a bandwidth of 400–
700 nm. The polarization of the source was along the  
x-axis. After testing for the convergence of the results, 
calculations for the spherical nanoparticles were performed 
with a mesh-size of 0.3 nm in all the three Cartesian  
directions.  
 In Figure 1, we show the experimental Transmission 
Electron Microscopic (TEM) images for particles of dia-
meter 20, 40 and 60 nm, a schematic of the excitation of 
the localized surface plasmon mode in the nanoparticle, 
and the experimental and theoretical extinction spectra 
for these particles. The calculated extinction cross-sections 
were normalized by the maxima values of the extinction 
cross-section for each size. The experimental extinction 
maxima corresponding to the excitation of the localized 
surface plasmon resonance mode occur at 526, 536 and 
548 nm for particles of diameter 20, 40 and 60 nm res-
pectively. The theoretical extinction maxima are at 530, 
535 and 545 nm respectively, in good agreement with the 
experimental data. The red shift of the extinction maxi-
mum with the increase in the particle size can be clearly 
seen from the experimental and theoretical data. The rela-
tive contributions of the absorption and the scattering to 
the total extinction as a function of size obtained using 
our FDTD simulations are shown in Figure 2. The calcu-
lated cross-sections show a significant increase with  
increase in the size of the particles. As the sizes of the 
nanoparticles that we have considered are small, the  
major contribution to the extinction comes from the absorp-
tion. However, the contribution of scattering increases 
with the increase in the size of the particle.  
 We also calculated the electric field distribution around 
the nanoparticles in the presence of the incident electro- 
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Figure 1. a–c, Experimental transmission electron microscopic (TEM) images for (a) 20 nm, (b) 40 nm and (c) 60 nm diameter spherical gold 
nanoparticles. d, Schematic of the excitation of the localized surface plasmon resonance in the nanoparticle. e, f, Size variation of the (e) experi-
mental and ( f ) theoretical extinction spectra for the nanoparticles.  
 
 

 
 

Figure 2. Relative contributions of the absorption and the scattering cross-sections to the total extinction cross-sections for (a) 20 nm,  
(b) 40 nm and (c) 60 nm diameter gold nanoparticles obtained using the FDTD method.  

 
 
magnetic field. The field profiles were calculated at two 
wavelengths for each size of the particle, one correspond-
ing to the resonance wavelength, the extinction maximum 
of the nanoparticle, and the other at an off-resonance 
wavelength, i.e. 600 nm. Figure 3 shows the two-
dimensional contours of the relative electric field patterns 
in the XY-plane around the nanoparticles, both at resonant 
and off-resonant conditions. Since we chose the ampli-
tude of the incident electric field to be 1.0 V/m, the calcu-
lated electric field directly corresponds to the relative 
electric field. Further, this is nothing but the electric field 
enhancement of the incident light in the presence of the 

nanostructure, the key quantity that is of importance in 
surface-enhanced spectroscopy techniques. Figure 3 also 
shows the variation of the electric field as a function of 
distance along the x-axis, the direction of polarization of 
the incident light. Note that the scales of the colour bars 
in the two-dimensional contours are kept uniform for 
comparison, but the actual magnitudes of the electric 
field can be obtained from the plots of the electric field as 
a function of distance along the x-axis.  
 The enhancement values are higher at resonant condi-
tions for all the sizes in comparison with the values  
obtained at off-resonant conditions. Under both resonance 
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Figure 3. Contours of the electric field profiles (a–c) and the electric field as a function of X (the incident beam is polarized along the  
x-axis; d–f ) for the 20 nm, 40 nm, and 60 nm diameter gold nanoparticles respectively, at wavelengths corresponding to their extinction 
maxima. g–i and j–l, The same at an off-resonant wavelength, i.e. 600 nm.  

 
 
and off-resonance conditions, nanoparticle with 60 nm 
diameter showed higher enhancements than that with 
40 nm, which showed higher values than the 20 nm  
diameter particle. With increase in the size of the particle, 
the strength of the dipolar resonance that is created in  
the particle due to the incident light increases, thereby 
leading to higher enhancements in the electric field  
for larger particles. The results of the FDTD simulations 
on the spherical gold nanoparticles are summarized in 
Table 1.  

 There are already a few reports available in the litera-
ture on the FDTD simulations on spherical gold nano-
particles. Hao and Nordlander25 have calculated the 
extinction spectra of 20 nm diameter gold and silver 
nanospheres and studied the effect of various dielectric 
functions on the nature of the extinction spectra. Talley et 
al.26 have studied the near-field and far-field properties of 
a 60 nm diameter Au nanoparticle using the FDTD 
method. The near-field distribution of the electric field 
was studied at 633 nm, the excitation wavelength of the 
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Table 1. Summary of the results of the optical features near Au nanoparticles obtained using the finite difference time domain  
  (FDTD) method 

 Experimental extinction  Theoretical extinction Relative electric Relative electric field 
Diameter (nm)   maxima (nm)  maxima (nm)  field maxima (resonance)  maxima (off-resonance)  
 

20  526  530  27.9  20.6  
40  536  535  36.8  26.9  
60  548  545  49.8  36.5  

 
laser. However, the extinction of the nanoparticle at 
633 nm is minimal and hence was found to give a maxi-
mum enhancement in the amplitude of the electric field of 
2.7. In our calculations, we have studied the field distri-
butions at 545 nm, the extinction maximum of the 
nanoparticle as well as at an off-resonant wavelength of 
600 nm. Under resonant conditions, we have obtained an 
enhancement in the amplitude of the electric field of 49.8 
in comparison with that of 36.5 obtained under off-
resonant conditions. Further, in the present work, we 
have studied the optical properties for three different 
nanosphere sizes to understand the variation of the optical 
properties as a function of size.  
 In our FDTD calculations on gold nanorods, the rods 
were modelled as cylinders with rounded ends. We con-
sidered nanorods of aspect ratio 2.3, 2.9 and 3.2, with the 
length of the rods being 47.3, 54.2 and 70.6 nm respec-
tively. The width of the nanorods was 20.4, 18.5 and 
22.2 nm for aspect ratio 2.3, 2.9 and 3.2 respectively. The 
centres of the rods were placed at the origin of the coordi-
nate system. The longer axis of the rod was chosen as the 
x-axis. It has to be noted that, for spherical metal 
nanoparticles, being symmetric, the results are not depend-
ent on the polarization state of the incident light. How-
ever, nanorods are anisotropic and therefore the two 
possible polarization states of the incident light, longitu-
dinal and transverse, need to be studied separately. These 
two polarization states lead to the collective oscillations 
of the electrons along the long axis and across the long 
axis respectively (Figure 4). Thus, two sets of simulation 
were performed, one for the longitudinal polarization of 
the incident beam and the other for the transverse polari-
zation of the incident beam. For the longitudinal polariza-
tion, the light source was injected along the z-axis and 
was polarized along the x-axis. For the transverse  
polarization, the source was injected along the y-axis and 
was polarized along the z-axis. The bandwidth of the  
incident beam was chosen to be 450–900 nm for both the 
polarization states of the incident beam.  
 Figure 4 shows the TEM images of the rods with dif-
ferent aspect ratios, and schematic showing the longitudi-
nal and transverse surface plasmon modes of excitation 
for the nanorods, the experimental extinction spectra and 
the theoretical extinction spectra under two different  
incident polarizations. The experimental longitudinal 
plasmon resonances occur at 650, 700 and 750 nm for 
rods with aspect ratio 2.3, 2.9 and 3.2 respectively, 

whereas the theoretical ones occur at 640, 703 and 740 nm 
respectively. The range of wavelengths available due to 
the excitation of the longitudinal plasmon resonances pro-
vides an opportunity for spectral tunability in the experi-
ments. The experimental transverse resonances occur at 
513, 511 and 518 nm, whereas the theoretical ones occur 
at 516, 514 and 514 nm for rods with aspect ratio 2.3, 2.9 
and 3.2 respectively. We find good agreement between 
the experimental and theoretical extinction maxima for 
both the modes of excitation of the nanorod. The longitu-
dinal resonance exhibits a significant red shift with increase 
in the aspect ratio, whereas the transverse resonance is 
not affected much. This is due to the significant increase 
in the length of the rods when compared to the width, 
with the change in the aspect ratio for the nanorods that 
we have studied. The extinction maxima for the longitu-
dinal and the transverse resonances are directly influ-
enced by the length and width of the rods. Therefore,  
the transverse band occurs uniformly at ~515 nm, and the 
longitudinal bands exhibit a red shift of ~ 40–50 nm.  
 Figure 5 shows the relative contributions of absorption 
and scattering cross-section to the extinction cross-
section for the rods, under both longitudinal and trans-
verse polarization of the incident light. The cross-sections 
for the longitudinal modes are more than an order of 
magnitude higher compared to those of the transverse 
modes. This is because the strength of the dipolar reso-
nances created under longitudinal excitations is much 
higher than those created under transverse excitation. It 
can be seen that though the extinction is dominated by 
absorption for the rod with the aspect ratio 2.3, for the 
rods with higher aspect ratio, the contribution of scatter-
ing builds up and is significant.  
 In Figures 6 and 7, we show the results of calculation 
of the electric field distribution around the rods for the 
longitudinal and the transverse polarization of the inci-
dent light respectively. As earlier, the calculations have 
been reported at two different wavelengths, the extinction 
maximum and an off-resonant wavelength for each  
polarization of the incident light.  
 The off-resonant wavelengths for the longitudinal  
polarization were chosen to be 700, 760 and 800 nm for 
the rods with aspect ratio 2.3, 2.9 and 3.2 respectively. 
The off-resonant wavelength for transverse polarization 
was chosen to be 600 nm for all aspect ratios. Under both 
the resonance and the off-resonance conditions for longi-
tudinal polarization, the magnitudes of the electric field 
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Figure 4. Experimental TEM images for gold nanorods with aspect ratio (a) 2.3, (b) 2.9 and (c) 3.2. d, Schematic of the nanorod 
with its geometrical parameters. e, f, Schematic of the excitation of the (e) longitudinal and ( f ) transverse localized surface plas-
mon resonances in the nanorod. g, Size variation of the experimental extinction spectra for the nanorods. h, i, Size variation of the 
theoretical extinction spectra of the nanorods for the (h) longitudinal and the (i) transverse polarizations of the incident light.  

 

 
 

Figure 5. Relative contributions of the absorption and scattering cross-section to the total extinction cross-section of the nanorods 
of aspect ratio (a) 2.3, (b) 2.9 and (c) 3.2 for the longitudinal polarization of the incident light obtained using the FDTD method.  
d–f, The same for the transverse polarization of the incident light.  
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Figure 6. Contours of the electric field profiles (a–c) and the electric field as a function of X (the incident beam is polarized along 
the x-axis; d–f ) for gold nanorods with aspect ratio 2.3, 2.9 and 3.2 respectively, at the wavelengths corresponding to their extinc-
tion maxima under the longitudinal polarization of the incident light. g–i and j–l, The same evaluated at an off-resonant wavelength 
for each of the nanorods.  

 
 
enhancements are more than an order of magnitude 
higher in comparison with those obtained for the spheri-
cal nanoparticles.  
 Under resonance conditions, the longitudinal polarization 
leads to three orders of magnitude enhancement in the elec-
tric fields around the rods. Even under off-resonance 
conditions, the enhancement is two orders of magni- 
tude higher than what the field would have been in the 
absence of the nanorod. Note that this is an order of mag-
nitude higher than what could be achieved with spherical 
nanoparticles under resonant conditions. This is due to 
the fact that nanorods being anisotropic, charges tend to 
accumulate at the rounded corners of the long ends lead-
ing to high enhancements of the fields in those regions, in 
what is usually referred to as the lightning rod effect or 

the edge effect27. Under the longitudinal polarization, the 
magnitude of the dipolar resonance created in the rods  
increases with the increase in the aspect ratio and hence 
the rod with the highest aspect ratio leads to the highest 
enhancement in the electric field. This suggests that  
anisotropic particles are extremely useful in surface-
enhanced spectroscopic techniques. The effect of trans-
verse incident polarization on the field enhancement is 
found to be subtle. The values of the electric field en-
hancements for transverse polarization are much smaller 
than those obtained for longitudinal polarization as well 
as for the nanoparticles. This is due to the fact that the 
strength of the dipolar resonance created is large during 
the excitation of longitudinal surface plasmon resonance 
in comparison with that of the transverse surface plasmon 
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Figure 7. Contours of the electric field profiles (a–c) and the electric field as a function of Z (the incident beam is polarized 
along the z-axis; d–f ) for gold nanorods with aspect ratio 2.3, 2.9 and 3.2 respectively, at the wavelengths corresponding to their 
extinction maxima under the transverse polarization of the incident light. g–i and j–l, The same evaluated at an off-resonant wave-
length (600 nm) for each of the nanorods.  

 
resonance. Further, the widths of the rods are rather 
small. The enhancements under transverse polarization do 
not show a strong dependence on the wavelength of the 
light. This is unlike the case of longitudinal polarization, 
wherein the wavelength of the incident light was found to 
be crucial in dictating the magnitude of the enhancement 
factors. Thus, the electric field enhancements attained 
under transverse polarization are rather minimal and it is 
always desirable to use longitudinal polarization of the 
incident light in applications involving nanorods for  
surface-enhanced spectroscopic techniques. Thus, using 
anisotropic materials like nanorods, it is possible to ob-
tain huge enhancements in the electromagnetic fields at 
certain wavelengths and in certain regions around  
the nanostructures selectively by choosing the polariza-

tion state of the incident field. The results of the FDTD 
simulations on the gold nanorods are summarized in  
Table 2.  
 Shao et al.28 and Slaughter et al.29 have studied a  
variety of gold nanorod dimers as a function of the aspect  
ratio and the angle between the two monomers in the 
dimers. The extinction maxima that we have obtained for 
the nanorod monomers are in agreement with the values 
obtained by both the above-mentioned groups. In the pre-
sent study, we have performed near-field analysis of the 
electric field as a function of the aspect ratio of the mono-
mers and the wavelength of the incident light. We believe 
that our results on the near-field data of nanorod mono-
mers can supplement the extensive studies carried out 
earlier on gold nanorod dimers.  
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Table 2. Summary of the results of the optical features near Au nanorods obtained using the FDTD method for the longitudinal and  
  transverse polarization of the incident light  

 Experimental extinction  Theoretical extinction Relative electric field Relative electric field 
Aspect ratio  maxima (nm)  maxima (nm)  maxima (resonance)  maxima (off-resonance)  
 

Longitudinal polarization 
 2.3  650  640  634.4 123.8 
 2.9  700  703 1315.0 278.3  
 3.2  750  740 1401.5 313.6  
Transverse polarization 
 2.3  513   514.5   9.6   7.0  
 2.9  511  514   8.9   6.6  
 3.2  518  514   8.8   6.8  

 

 
 
Scheme 1. Schematic representation illustrating the enhanced poten-
tial at the edges of Au nanorods. a, Transmission electron microscopic 
(TEM) images showing the close packing of Au nanoparticles onto the 
edges of Au nanorods. b, A plot showing the longitudinal plasmon shift 
of Au nanorods of different aspect ratios on addition of Au nanoparti-
cles of diameter 1.8 nm. (Reprinted from ref. 27 with permission from 
American Chemical Society.) 
 
Experimental implications in spectroscopy  

Edge effects 

As mentioned in the previous section, the distribution of 
the electric fields around metal nanoparticles depends on 
the size and the shape of the material. A spherical 
nanoparticle experiences uniform field around the sur-
face, whereas the field gets concentrated to specific sites for 
anisotropic nanomaterials making them promising candi-
dates for surface-enhanced spectroscopic studies20,30. It is 
evident from the theoretical studies (vide supra) that the 
electric field at the edges of Au nanorods is two orders of 
magnitude higher compared to its lateral faces under 
resonance conditions (Table 2). These aspects were  
experimentally verified by our group by studying the 
electrostatic interaction between oppositely charged Au 

nanoparticles and nanorods by absorption spectroscopic 
and TEM studies27. The rationale behind the rod–particle 
interaction is based on the fact that the enhanced electric 
field at the edges of Au nanorods gives rise to the prefer-
ential close packing of Au nanoparticles at these locations. 
In a 4 : 1 mixture of acetonitrile and water, Au nanorods 
(capped with CTAB; aspect ratio of 3.7 (length = 45 nm, 
diameter = 12 nm)) possess high negative zeta potential 
(ζ ) of –28.5 mV, and triethylene glycol-protected Au 
nanoparticles, having a particle size of 1.8 nm diameter, 
possess a positive ζ value of 10 mV. Site-specific inter-
actions of nanoparticles lead to the preferential growth at 
the edges of Au nanorods, and as a result, a spontaneous 
bathochromic shift in the longitudinal plasmon band has 
been observed. Preferential growth of nanoparticles at the 
edges of nanorods was confirmed through TEM studies 
(Scheme 1 a). It is clear from Table 2 that the ratio of the 
electric field at the edges of the Au nanorods to that of 
the lateral faces increases with the aspect ratio. The shift 
in the longitudinal plasmon band is more pronounced for 
Au nanorods having higher aspect ratios: a bathochromic 
shift of ~30 nm was observed on the addition of Au 
nanoparticles (1.8 nm diameter) to Au nanorods having 
aspect ratio 2.2 (length = 28 nm, diameter = 12.5 nm) and 
~60 nm for nanorods having aspect ratio of 3.7. The plot 
presented in Scheme 1 b is in agreement with the theo-
retical observations that the edges of nanorods possess 
high electric fields and are ideal for surface-enhanced 
spectroscopic studies. Successful strategies have been 
developed by our group for the selective anchoring of 
molecules onto the locations of enhanced electric fields, 
and these aspects are discussed below.  

Coupled plasmons and hot spots 

Anisotropic nanostructures, particularly Au nanorods, 
have been widely used for the design of higher order 
nanostructures. Au nanorods possess two important fea-
tures: (i) the edges of the Au nanorods are dominated by 
{111} planes, and (ii) the thiol derivatives preferentially 
bind onto the {111} planes of the Au nanorods leading to 
the localization of molecules at the edges31,32. The preferen-
tial interactions of molecules at the edges have been 
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Scheme 2. a, Schematic representation of Au nanorod monomer and the structure of monothiol derivatives attached to the edges of the rods 
through covalent interactions. b, Schematic representation of Au nanorod dimer formation and structure of molecules acting as linkers through (i) 
covalent, (ii) electrostatic and (iiii) hydrogen-bonding interactions. c, TEM images of conversion of gold nanorod monomers to dimers and image 
of nanorod dimer junction which acts as a hot spot in Surface-Enhanced Raman Scattering. (Reprinted from ref. 39 with permission from American 
Chemical Society.) 
 
further utilized for bringing two nanorods in proximity 
using bifunctional molecules, adopting electrostatic, hydro-
gen bonding and covalent approaches (Scheme 2)31,33–36. 
In an earlier theoretical study, Gluodenis and Foss37 have 
studied the effect of mutual orientation of the two nano-
rods on the plasmon resonance spectra at various dis-
tances by involving a simple quasistatic treatment. 
Plasmon coupling in Au nanorods was first experimen-
tally verified by our group33, and this strategy has been 
used extensively for modulating the optical responses of 
Au nanorods through their controlled organization34,35.  
 The mechanism of dimerization of Au nanorods and 
nanochain formation has been discussed in detail earlier 
by our group33–35 using various bifunctional molecules 
shown in Scheme 2. The nanorod dimer formation is 
marked through a gradual decrease in the longitudinal 
plasmon band with the formation of a new red-shifted 
band through a clear isosbestic point31,34–38. The newly 
formed band originates from the coupling of the longitu-
dinal plasmons of Au nanorods (plasmon hybridization). 
The coupled plasmon band slowly shifts towards longer 
wavelengths with time, as a result of the linear assembly 
of Au rods. Junctions between the nanorods can act as  
regions of high electric field and can serve as promising 
locations for surface-enhanced spectroscopic studies. 
Based on the theoretical studies, edges of Au nanorods as 
well as the junctions between the nanorods can be uti-
lized for SERS studies, and these aspects are discussed in 
the following section39. 

 Monothiol (bipyridinemonomethanethiol and benzyl 
mercaptan) as well as dithiol (bipyridinedimethanethiol 
and phenylenedimethanethiol) derivatives (Scheme 2) 
have been used for studying the edge versus junction ef-
fects in Au nanorods39. Monothiol derivatives specifically 
bind onto the edges of isolated Au nanorods. In the  
absence of Au nanorods, Raman signals were not observed 
for these molecules even at higher concentrations of 
~5.0 mM. Interestingly, monothiol derivatives specifi-
cally functionalized onto the edges of isolated Au nano-
rods (0.12 nM) showed Raman signals corresponding to 
the molecules even at a lower concentration of 0.5 μM. 
Au nanorods remain isolated on addition of monothiol 
derivatives and no spectral changes were observed in the 
plasmon absorption bands (Scheme 3). Functionalization 
methodology developed in our laboratory is convenient 
(vide supra) for placing the molecules at the hot spots. 
Au nanorods (0.12 nM) with an average aspect ratio of 
2.5 (length = 50.9 nm, diameter = 20.1 nm) were used for 
the dimerization studies, and the oligomerization process 
was controlled by decreasing the concentration of the  
dithiols to 0.8 μM. Raman-active molecules experience 
high electric field when placed between the nanorod junc-
tions, which results in an enhancement of the SERS signals 
on illumination with light of appropriate wavelength. A 
significant enhancement in the intensity of Raman signals 
was observed when the dithiol derivatives were placed 
between the nanorods through chemical functionalization. 
Absorption and Raman spectral changes observed on the 
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Scheme 3. Schematic representation and TEM images of Au nanorod monomers and dimers 
with the corresponding absorption and Raman spectral changes during the dimerization process.  

 

 
 

Figure 8. A, Plasmon absorption of Au nanorods (a) in the absence of dithiols, (b) at a lower concentration of dithiol 
(0.5 μM), and (c–g) the time-dependent changes at a higher concentration of dithiols (0.8 μM). B, The corresponding  
Raman spectra presented as traces b–g. (Reprinted from ref. 39 with permission from American Chemical Society.) 

 
addition of 1,4-phenylenedimethanethiol to the nanorod 
solutions are shown in Figure 8. On the basis of the ab-
sorption spectral studies, it is clear that the nanorods are 
brought together through a dithiol linkage, which results 
in plasmon hybridization.  
 An increase in the intensity of the Raman signal during 
the dimerization stage may be attributed to the enhanced 
electric field experienced by the molecules at the junction 
of the Au nanorod dimers. These studies clearly indicate 
that molecules functionalized at the edges show SERS 
signals, which can further be enhanced by placing them at 
hot spots between the nanorods. The methodology pre-
sented here can be further extended for the detection of 
biologically important molecules, such as amino acids 
and proteins.  

Conclusion 

Using the FDTD method, we have studied the near-field 
and far-field optical properties of spherical gold nanopar-
ticles and gold nanorods. It has been observed that the 
electric fields on the surface of Au nanorods are ~2–3  
orders of magnitude higher when compared to fields 
around spherical Au nanoparticles. Edges of nanorods 
possess large electric fields in comparison with the lateral 
faces, and the junctions between the nanorods are loca-
tions of enhanced fields (hot spots) due to the occurrence 
of coupled plasmons. These aspects make Au nanorods 
promising substrates for surface-enhanced spectroscopic 
studies, such as SERS. Due to the presence of hot spots at 
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the junctions, large enhancements in Raman signals were 
observed when molecules were placed at the junctions of 
the nanorods. Theoretical calculations coupled with  
experimental results on such anisotropic materials are 
useful for the design and fabrication of efficient SERS 
substrates, for the detection and identification of chemi-
cally and biologically important molecules.  
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