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a b s t r a c t 

Metal nanoparticles have attracted intense attention due to their unique optical and thermal properties 

for applications such as micro-nano electronics and photonics. Relative orientation, interparticle spacing, 

and particle size strongly impact the optical behavior of the nanoparticle assemblies. The near-field con- 

finement of electromagnetic fields between closely packed metal nanoparticles, which is enhanced due to 

their plasmonic behavior, creates high thermal energy densities under visible to near-infrared wavelength 

laser irradiation. As metal nanoparticles tend to be oxidized or change shape under laser illumination, re- 

sulting in non-linear optical and thermal behavior, surrounding each metal nanoparticle with a dielectric 

shell could be a potential way to mitigate these effects as well as to engineer their plasmonic behavior. 

In this study, we use numerical simulations to analyze the plasmonic behavior of gold (Au) nanoparti- 

cles surrounded with dielectric shell by investigating nanoparticle’s various configurations to each other 

as well as their relative orientation to incoming light source under laser irradiation in dielectric media. 

Such geometries are of particular interest for applications such as photonic integrated circuits, photonic 

sintering and nanophotonic cooling. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Plasmon resonances and electromagnetic scattering by metal-

ic nanoparticles are of intense interest for a broad range of ap-

lications in nanotechnology [ 1 , 2 ]. Resonance tunability and near-

eld effects between metallic nanoparticles can strongly influ-

nce the energy transport between the nanoparticles in differ-

nt media. Such effects are of particular interest in practical ap-

lications such as photonic integrated circuits, photonic sintering

nd nanophotonic cooling [ 3 , 4 ]. Previously, dimers [5–7] and dif-

erent configurations of clusters [ 8 , 9 ] formed from pure metal-

ic nanoparticles have shown strong plasmonic behaviors, which

lso depend on particle size, polarization, wavelength and config-

ration. By controlling the electromagnetic wave propagation in

anoparticle assemblies, very strong electromagnetic fields can be

chieved via excitation of surface plasmon resonant (SPR) modes

hat are influenced by the interactions between nanoparticles and

heir surrounding medium, as well as between the nanoparticles

hemselves [ 10 , 11 ]. Surface-enhanced Raman spectroscopy (SERS)

nhancements are observed, for example, on metallic nanoparti-

les and agglomerates [12] . Very high SERS enhancements (~10 6 –
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0 8 ) were reported for very small interparticle spacing between

he nanoparticles [ 13 , 14 ]. However, such closely spaced nanopar-

icles are not consistently reproducible within agglomerates which

akes them less practical applications in nanotechnology. In many

ircumstances, metal nanoparticles are suspended in a dielectric

edium such that nanoparticle size, shape, structure and the di-

lectric medium properties all influence the optical response un-

er illumination [ 15 , 16 ]. Nanoparticle-light interaction can strongly

nfluence heating and energy transport, which become essential

n such applications. For example, light can be highly concen-

rated between the metal nanoparticles suspended in a dielec-

ric medium which results in enhanced near-field thermal energy

ransport [ 17 , 18 ]. However, metal nanoparticles tend to have high

xidation and dissipation losses that can degrade plasmon prop-

gation. Moreover, agglomeration of metal nanoparticles creates

hallenges in designing assemblies. One of the methods to pre-

ent oxidization and agglomeration is surrounding the nanoparti-

les with a dielectric shell. The type of dielectric shell that sur-

ounds the nanoparticles as well as the dielectric medium are ob-

erved to affect SPP propagation, and plasmon resonance shift de-

ending on the surrounding medium’s thermo-optical properties

 16 , 19 ]. Thus, the effect of dielectric shell and the surrounding

edium properties under laser illumination become very impor-

ant for near-field energy transport [ 20 , 21 ]. 

https://doi.org/10.1016/j.jqsrt.2020.107207
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Fig. 1. Spherical nanoparticle with concentric shell. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Modeling geometry: Incident electromagnetic field and nanoparticle dimer 

suspended in dielectric medium. 
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In this paper, characteristics of optical electromagnetic energy

propagation of various size of Au nanoparticle dimers with dif-

ferent relative orientation and 4 nanoparticle chain configurations

surrounded by a dielectric shell in different media are deter-

mined using finite-difference frequency-domain simulations. Elec-

tric field intensity ratio (I/I 0 ), Poynting vector ratio (S/S 0 ), extinc-

tion cross-section (m 

2 ) are calculated for Au nanoparticles under

40 0–80 0 nm and TM polarized laser illumination. The electric field

intensity and Poynting vector ratios are defined relative to the in-

cident field intensity (I 0 ) and incident Poynting vector (S 0 ), respec-

tively. 

2. Modeling analysis 

2.1. Theoretical approach 

The electromagnetic fields incident on nanoparticles with re-

spect to illuminated laser or light source cause charge oscilla-

tions that result in scattering and absorption of electromagnetic

radiation. The Mie solution to Maxwell’s equations, also known

as Lorenz-Mie theory, describes the electric and magnetic fields

and electromagnetic scattering by a homogenous sphere. The ex-

tension of Mie’s theory for a concentric single nanoparticle shell

(core-shell) shown in Fig. 1 were investigated by Aden and Kerker

[22] . Concentric core-shell structure that each has different mate-

rial and different thickness ( r c and r s represents the core and shell

radius, respectively) can be characterized with complex refractive

index n c of the core and n s of the shell. By assuming a nanopar-

ticle is in a non-absorbing medium with real refractive index ( n ),

the wavenumber ( k m 

) can be expressed as 2 πn 
λ

for plane wave illu-

mination. The scattering and extinction cross-sections of individual

nanoparticles are computed based on generalized Lorenz-Mie the-

ory adapted for core-shell particles. The scattering, extinction, and

absorption efficiencies are expressed as the following 

σsca = 

2 π

k m 

2 

∞ ∑ 

n =1 

( 2 n + 1 ) 
(| a n | 2 + | b n | 2 

)
(1)

σext = 

2 π

k m 

2 

∞ ∑ 

n =1 

( 2 n + 1 ) Re ( a n + b n ) (2)

σabs = σext − σsca (3)

The coefficients a n and b n are 

a n = 

ψ n ( y ) 
[
ψ n 

′ 
( m 2 y ) + A n χn 

′ ( m 2 y ) 
]

− m 2 ψ n 
′ 
( y ) [ ψ n ( m 2 y ) + A n χn ( m 2 y ) ] 

ξn ( y ) 
[
ψ n 

′ 
( m 2 y ) + A n χn 

′ ( m 2 y ) 
]

− m 2 ξn 
′ 
( y ) [ ψ n ( m 2 y ) + A n χn ( m 2 y ) ] 

(4)
 n = 

m 2 ψ n ( x r ) 
[
ψ n 

′ 
( m 2 y ) + B n χn 

′ ( m 2 y ) 
]

− ψ n 
′ 
( y ) [ ψ n ( m 2 y ) + B n χn ( m 2 y ) ] 

m 2 ξn ( y ) 
[
ψ n 

′ 
( m 2 y ) + B n χn 

′ ( m 2 y ) 
]

− ξn 
′ 
( x r ) [ ψ n ( m 2 y ) + B n χn ( m 2 y ) ] 

(5)

 n = 

m 1 ψ n 
′ 
( m 2 x ) ψ n ( m 1 x ) − m 2 ψ n 

′ 
( m 1 x ) ψ n ( m 2 x ) 

m 1 χn 
′ ( m 2 x ) ψ n ( m 1 x ) − m 2 χn ( m 2 x) ψ n 

′ 
( m 1 x ) 

 n = 

m 1 ψ n 
′ 
( m 2 x ) ψ n ( m 1 x ) − m 2 ψ n 

′ 
( m 2 x ) ψ n ( m 1 x ) 

m 1 χn ( m 2 x) ψ n 
′ 
( m 1 x ) − m 2 χn 

′ ( m 2 x ) ψ n ( m 1 x ) 

here m 1 = 

n c 
n , m 2 = 

n s 
n , x = 

k m 
r c 

and y = 

k m 
r s 

. Also, ψ n (x) = xj n (x),

n ( x ) = x γ n ( x ), and ξ n (x) = xh n (y) are Riccati-Bessel, Riccati-

eumann and Ricatti-Henkel functions, respectively. The prime

ymbol (‘) also represents the derivation respect to argument. 

.2. Modeling approach for relative orientation between the dimers 

It is observed from our previous studies that metallic nanopar-

icles suspended in dielectric media typically agglomerate [23] at

he nanoscale and the close-packed nanoparticle clusters under

aser irradiation result in non-local heat transport and hot spots

etween particles of different size in cluster groups [24–26] . How-

ver, the dependence of the electric field enhancement, which af-

ects the thermal energy transport, on relative orientation of the

anoparticles with different nanoparticle size suspended in various

edia at the agglomerated condition under laser irradiation hasn’t

een understood clearly. 

In applications such as photonic sintering, nanoparticles are

ypically deposited in a colloidal solution and can create different

luster forms within such solutions. The analysis of relative an-

le between a nanoparticle pair and incident laser irradiation, as

hown in Fig. 2 , is important for further understanding larger-scale

anoparticle cluster modeling results [ 26 , 27 ]. Also, the dielectric

edium could potentially change the modes between the parti-

les; hence, investigation of the dielectric medium properties with

u nanoparticles are the motivations for modeling these configu-

ations. 

The simulated laser-nanoparticle dimer geometry is illustrated

n Fig. 2 . In this section, 25 nm, 50 nm and 100 nm radius Au
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Fig. 3. Modeled geometry for electromagnetic energy and nanoparticle interaction: (A) Nanoparticle dimer suspended in dielectric medium (B) 4 nanoparticle chain config- 

uration suspended in dielectric medium. 
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anoparticle dimers which are at different relative orientation with

espect to incident laser illumination and suspended in various di-

lectric media are studied. Three different nanoparticle dimer con-

gurations in which the relative angle ( 	) between the two adja-

ent nanoparticles and the incident electric field is chosen to be

 °, 30 °, 45 ° and 75 ° are investigated. The distance between the

articles ( d ) is taken as 1 nm at any analyzed relative orientation

or the representation of the typical agglomerated dimer case. In

his paper, we use 3-dimensional (3D) finite difference frequency

omain method to obtain the electromagnetic field distribution

round the metallic nanoparticles by solving Maxwell’s equations.

he resonant frequency for 50 nm radius gold nanoparticles in wa-

er ( n = 1.33) is approximately 532 nm, which is also a preferred

avelength [ 28 , 29 ]. Thus, we aimed to analyze various nanopar-

icle size and relative orientation between the dimers under the

ame wavelength and the dielectric media initially. Thus, pure Au

anoparticle dimers (without dielectric shell) suspended in dielec-

ric medium ( n = 1.33) are investigated initially under 532 nm and

M polarized light (x direction) as illustrated in Fig. 2 in this sec-

ion. The complex permittivities of the Au nanoparticles are ob-

ained from Rakic et al. [30] . For the investigated gold nanoparticle

ize range in this study, the dielectric properties as a function of

ize is found to be unimportant [31] . 

.3. Modeling geometry of dielectric shells in dielectric medium 

As agglomeration leads to nanoparticle clustering, electromag-

etic wave propagation in such clusters needs to be analyzed.

owever, the details of electric field enhancement and Poynt-

ng vector configurations, which affect the thermal energy trans-

ort eventually due to different configuration of nanoparticles sur-

ounded with dielectric shell and suspended into a different di-

lectric media under laser irradiation wave vector and polarization,

aven’t been studied in detail. 

The orientation of laser irradiation and different simulated

ore-shell nanoparticle geometries are illustrated in Fig. 3 . The

hell thickness and the nanoparticle interparticle distance are rep-

esented as t and d , respectively. In this section, 50 nm radius

u nanoparticle dimer and 4 particle chain configuration with

olyvinylpyrrolidone (PVP) dielectric shell ( t = 2 nm) and d = 1 nm

re suspended in various dielectric media. The dielectric proper-

ies of PVP are also provided in Fig. 4 [32] . TM polarized (x direc-

ion) plane waves propagating in y direction at 40 0–80 0 nm wave-

ength with E 0 = 1 V/m are investigated. Symmetric boundary con-

itions are applied due to symmetry between the background field

nd the particle configurations. Thus, perfect magnetic conductor

PMC) is used at xy symmetry plane for the simulated nanoparti-

le geometries. 

In photonics applications, nanoparticles are generally deposited

n aqueous media and nanoparticles could create various configu-
ations within such mixtures. Also, the effect of a dielectric shell

hat surrounds each Au nanoparticle and the type of dielectric

edium in which Au nanoparticles are suspended could poten-

ially exhibit different plasmonic modes between the nanoparticles

ithin such media. Metallic nanoparticles exhibit different plas-

onic effects for different configurations when packed closely, and

lasmonic behavior will be strongly influenced by a dielectric shell

hat surrounds each Au nanoparticle and by suspension in differ-

nt dielectric media ( k = 0 assumed for all analyzed media), moti-

ating our modeling of the configurations specified in this study.

lso, the real ( n ) parts of the complex refractive index of typical

ielectric media typically range between 1 and 1.5. Values of n up

o 2 are investigated in this work to illustrate the importance of

 on near-field coupling between the Au nanoparticles. This could

lso provide insight on designing novel solvents. 

In this study, the absorption cross-section is obtained by calcu-

ating the volume integral of the absorbed energy within the par-

icles. Moreover, by taking the integration of the Poynting vector

eld over the surface that surrounds the particles at the far-field,

cattering cross-section is obtained. Extinction cross-section is de-

ermined by sum of scattering and absorption cross-section. 

. Results and discussion 

.1. Effect of particle size and relative orientation on near-field 

ntensity 

In simulations of nanoparticle dimers, shown in Fig. 5 , the max-

mum electric field intensity is observed to be as high as 1850

etween the 25 nm radius gold nanoparticles and this decreases

o 522 and 127 with increasing nanoparticle radius to 50 nm and

00 nm, respectively in a dielectric medium with n = 1.33. Higher

rder interaction modes start to become important with increasing

article size. This leads to reduction of the strength of the dipole-

ipole plasmonic modes. Thus, the maximum electric field inten-

ity between the nanoparticles is observed to decrease exponen-

ially with increasing particle size. This exponential decay has been

tted and ~3750exp( −0.035r) where r is the radius of the nanopar-

icle in dielectric medium ( n = 1.33) for the investigated three par-

icle sizes is obtained, which is also consistent with Jain et al.’s

esults [33] . This decrease also implies the reduction of the dipo-

ar plasmon coupling or longitudinal bonding dipole mode (LBDP)

trength. 

Interparticle dipole-dipole interactions are affected by parti-

le size, relative orientation to the illuminated light source and

he suspended dielectric medium characteristics, and electric field

nhancement is observed as greater to be for smaller particles

ith interparticle distance of 1 nm. However, for larger interpar-

icle distance, the maximum electric field enhancement could be

bserved to depend non-linearly on particle size at off-resonant
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Fig. 4. Dielectric properties of PVP as functions of wavelength: (A) Real ( n ) and (B) Imaginary ( k ) parts of the complex refractive index. 

Fig. 5. Electric field intensity (|I/I 0 |) distribution for Au nanoparticle dimer suspended in dielectric medium ( n = 1.33) under λ= 532 nm, TM polarized light for relative angle 

( 	= 0 °) to electric field: (A) 25 nm radius (B) 50 nm radius (C) 100 nm radius. 

Table 1 

Calculated Absorption, Scattering and Extinction Cross-section of Au nanoparticle dimer suspended in n = 1.33 dielectric medium under 532 nm, TM polarized light. 

Radius (nm) 	 ( °) Absorption Cross-section (x10 4 nm 

2 ) Scattering Cross-section (x10 4 nm 

2 ) Extinction Cross-section (x10 4 nm 

2 ) Extinction Efficiency 

25 0 1.24 0.20 1.44 3.67 

25 30 1.25 0.21 1.46 3.72 

25 45 1.29 0.22 1.51 3.85 

25 75 1.40 0.26 1.66 4.23 

50 0 3.39 2.49 5.88 3.74 

50 30 3.73 2.66 6.38 4.06 

50 45 4.44 3.05 7.49 4.77 

50 75 5.42 3.43 8.85 5.63 

100 0 12.0 16.8 28.8 4.58 

100 30 11.5 16.7 28.2 4.50 

100 45 10.6 16.5 27.1 4.31 

100 75 10.9 15.6 26.5 4.22 
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wavelength [10] . In fact, plasmon hybridization [34] describes the

plasmonic coupling between the nanoparticles with interparticle

separation distance. As we aimed to stay in the classical regime in

this work, 1 nm is used as a fixed interparticle separation between

the nanoparticles in order to prevent the quantum and electron

tunneling effects beyond cross-over regime ( d < 1 nm) [ 35 , 36 ]. 

To further understand the plasmon hybridization effect and

the higher order mode such as quadruple contributions between

closely spaced Au nanoparticle dimers, 	= 30 °, 45 ° and 75 ° with

varying radius of Au nanoparticle dimer suspended in dielectric

medium ( n = 1.33) are performed. It is observed from Fig. 6 that

the maximum electric field intensity is as high as 1480 when the

relative angle between the particles and the electric field is 30 °
for 25 nm radius in the overall studied cases. This decreases to

1180 and 392 with further particle size increase of 50 nm and

100 nm, respectively. However, when increasing θ from 45 ° to 75 °
for 100 nm radius of gold nanoparticle dimer, the maximum elec-

tric field intensity changes very little. This implies that reduction

of near-field enhancement due to dipole-dipole modes is less sig-

nificant for 100 nm radius gold nanoparticle dimers. This makes
ense because the field polarization is almost perpendicular to the

ap axis where the contact area gets very narrow so localized sur-

ace plasmons are not excited as strongly. We also observe from

ig. 6 that the region within the gap for which very high (|I/I 0 | > 20)

eld intensity occurs shrinks as the particle radius increases from

0 nm to 100 nm. In particular, plasmonic modes can be defined

s bonding, non-bonding, or antibonding based on the plasmon hy-

ridization model [ 34 , 37 ]. As mentioned earlier, the bonding dipole

ode are observed at 30 °, 45 ° and 75 ° for smaller nanoparticle

airs (i.e. 25 nm and 50 nm). Asymmetric bonding modes start to

e observed at 50 nm radius gold nanoparticle at higher relative

ngle (i.e. 75 °). Asymmetric bonding quadrupole mode is observed

or large nanoparticle radius (i.e. 100 nm) at relative angle higher

han 45 ° [36] . Thus, for nanoparticle radius of 25 nm and 50 nm,

is observed to be very important for plasmonic coupling be-

ween the nanoparticles suspended in dielectric medium ( n = 1.33)

nder λ= 532 nm, TM polarized light (x polarized). 

Table 1 summarizes the calculated absorption, scattering, and

xtinction cross-section values for the investigated relative angle

nd nanoparticle size cases. It is observed that the absorption, scat-
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Fig. 6. Electric field intensity (|I/I 0 |) distribution for Au nanoparticle dimer suspended in dielectric medium ( n = 1.33) under λ= 532 nm, TM polarized light for various 

different relative angle ( 	) to electric field: (A) 25 nm radius (B) 50 nm radius (C) 100 nm radius. 

Fig. 7. Maximum electric field intensity (|I/I 0 |) distribution for 50 nm radius Au 

nanoparticle dimer suspended in dielectric medium with n ranging from 1 to 2 

under λ= 40 0–80 0 nm, TM polarized laser. 

t  

2  

b  

p  

p  

t  

a  

Fig. 8. Maximum Poynting vector ratio (S/S 0 ) for 50 nm radius Au nanoparticle 

dimer suspended into various dielectric medium under 40 0–80 0 nm wavelength, 

TM polarized laser illumination. 

c  

1  

o  
ering, and extinction cross-sections increase with increasing 	 for

5 nm and 50 nm radius nanoparticle dimers, with this increase

eing more pronounced for 50 nm nanoparticle radius. This im-

lies that contribution of plasmonic mode is different for different

article size in dielectric medium ( n = 1.33). As expected, absorp-

ion cross-section is dominant over scattering cross-section for 25

nd 50 nm radius nanoparticle dimer cases; similarly, scattering
ross-section becomes dominant over absorption cross-section for

00 nm radius nanoparticle dimer. Extinction cross-section is also

bserved to be decreasing for 100 nm radius nanoparticle dimer
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Fig. 9. 50 nm radius Au nanoparticle dimer suspended in various dielectric media of refractive index n under λ= 40 0–80 0 nm, TM polarized laser: (A) Absorption cross- 

section (m 

2 ) (B) Scattering cross-section (m 

2 ) (C) Extinction cross-section (m 

2 ) (D) Single scatter albedo ( w ). 
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case by increasing 	. The highest extinction efficiency is observed

for 50 nm radius and 	= 75 °, which implies that this case is near

the plasmon resonance condition in dielectric medium ( n = 1.33)

under λ= 532 nm, TM polarized light (x polarized) in overall an-

alyzed various particle size and relative angle cases. This also

shows that the maximum electric field intensity for the nanopar-

ticle dimer suspended in dielectric medium doesn’t represent the

plasmon resonant condition. 

3.2. Effect of dielectric shell and dielectric medium on Au 

nanoparticle dimer configuration 

Fig. 7 shows the maximum electric field intensity (I/I 0 ) un-

der 40 0–80 0 nm wavelength, TM polarized laser illumination with

50 nm radius Au nanoparticles with 2 nm thick PVP dielectric shell

in the dimer configuration ( 	= 0 °) suspended in various lossless

dielectric media in which n represents the real refractive index

of the medium. We observe that the maximum electric field in-

tensity ratio is close to 3 × 10 4 when the incident wavelength

is 620 nm and the Au nanoparticle dimers suspended in n = 1 di-

electric medium. For n = 1, the maximum field intensity decreases
ith increasing or decreasing the wavelength of the incident laser

ource, as expected based on the known characteristics of Au

anoparticle plasmonic dipole-dipole gap modes. 

Fig. 8 illustrates the maximum Poynting vector ratio (S/S 0 ) un-

er 40 0–80 0 nm wavelength, TM polarized laser illumination with

0 nm radius Au nanoparticles in the dimer configuration sus-

ended in various dielectric media. The maximum Poynting vec-

or ratio is approximately 500 when the incident wavelength is

20 nm and the Au nanoparticle dimers are suspended in n = 2

ielectric medium. It is observed that the same 620 nm wave-

ength results in both the maximum electric field intensity and

he maximum Poynting vector ratio; however, in different dielec-

ric media. This could imply that 620 nm is one of the resonant

lasmon frequencies for the 50 nm Au nanoparticle dimer ( 	= 0 °)
ith 2 nm thick PVP dielectric shell. As enhanced localized plas-

on coupling at 620 nm is observed for different dielectric media,

ear-field plasmonic coupling between the 50 nm Au nanoparticle

imer with dielectric shell is expected to exhibit different optical

roperties and radiative effects in these dielectric media. To un-

erstand such effects in detail, extinction cross-section and single-

catter albedo ( w ) is calculated for 50 nm radius Au nanoparticle
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Fig. 10. Poynting vector ratio (S/S 0 ) at symmetry plane ( z = 0) for 50 nm radius Au nanoparticle dimer suspended into n = 2 dielectric medium under TM polarized laser: 

(A) λ= 532 nm (B) λ= 580 nm (C) λ= 620 nm (D) λ= 650 nm (E) λ= 700 nm (F) λ= 800 nm. 
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imer ( 	= 0 °) with 2 nm thick PVP dielectric shell suspended in

arious dielectric media of refractive index n under 40 0–80 0 nm

avelength, TM polarized laser as shown in Fig. 9 . 

Fig. 9 (A) shows the absorption cross-section (m 

2 ) for 50 nm

adius Au nanoparticle dimer suspended in various dielectric me-

ia under 40 0–80 0 nm wavelength, TM polarized laser illumina-

ion. The highest absorption cross-section is observed at around

20 nm incident wavelength and in n = 2 dielectric medium. This

mplies strong near-field coupling and generation of hot spots

etween the nanoparticles at 620 nm incident wavelength and
 = 2 dielectric medium. This is most likely due to the confined

ipole-dipole plasmonic modes between the Au nanoparticles in

he dimer, for which localized plasmon coupling and interparticle

ipole-dipole interaction play a key role to achieve such high ab-

orption cross-section [ 34 , 38 ]. Moreover, decreasing or increasing

he wavelength at the same refractive index, n = 2 results in reduc-

ion of the absorption cross-section. Another observation is that

aximum Poynting vector ratio (S/S 0 ) predicts the wavelength and

ielectric medium ranges that give the maximum absorption cross-

ection, as opposed to maximum electric field intensity (|I/I |). This
0 
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Fig. 11. Maximum electric field intensity (|I/I 0 |) distribution for 4 particle config- 

uration (chain) of 50 nm radius Au nanoparticle suspended into various dielectric 

medium under λ= 40 0–80 0 nm, TM polarized laser. 

Fig. 12. Maximum Poynting vector ratio (S/S 0 ) for 4 particle configuration (chain) 

of 50 nm radius Au nanoparticle suspended into various dielectric medium under 

λ= 40 0–80 0 nm, TM polarized laser. 
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could be because the Poynting vector, which represents the energy

flux density of the electromagnetic wave and the photon energy

dissipation, provides the right approach rather than the electric

field intensity when the absorption cross-section is of primary in-

terest. This observation is corroborated by previously reported re-

sults [39] . 

Fig. 9 (C) illustrates the extinction cross-section. It is observed

that the 800 nm laser source provides the highest extinction cross-

section which is approximately 1.8 × 10 −13 m 

2 , or extinction ef-

ficiency of 11.5 when Au nanoparticle dimer is suspended into

n = 1.52 dielectric medium. This is due to the strong coupling of the

quadrupole modes that are observed at such longer wavelengths.

At wavelength of 620 nm and n = 1.52–2 range, a local peak is ob-

served which is most likely due to dipole-dipole plasmonic mode

contribution. So, there are two local peaks (one smaller peak at

lower wavelength and one larger peak at higher wavelength) in

Au nanoparticle dimer’s extinction spectrum when suspended in

n = 1.52–2 dielectric media. This is due to highly non-linear plas-

mon hybridization between the nanoparticle dimer in dielectric

media [ 40 , 41 ]. It is also observed that 50 nm Au nanoparticle

dimer ( 	= 0 °) with 2 nm thick PVP dielectric shell under 800 nm,

TM polarized light and suspended in n = 1.52 has extinction ef-

ficiency approximately two times higher than that of the pure

50 nm Au nanoparticle dimer ( 	= 75 °) under 532 nm, TM polar-

ized light and suspended in n = 1.33 medium (most preferred case

in the literature by researchers) shown in Table 1 . Thus, near-field

coupling via plasmonic gap modes between particles with dielec-

tric shells occurs under different conditions than for pure nanopar-

ticle dimers. 

Fig. 9 (D) shows the single-scatter albedo ( w ) which is the ra-

tio of scattering cross-section to extinction cross-section. It is ob-

served that scattering cross-section is dominant over absorption

cross-section by about nine times at wavelength between 720 nm

and 800 nm regardless of the dielectric medium, n , which is be-

tween 1 and 2. Thus, extinction cross-section is mainly contributed

by scattering cross-section at these wavelengths. However, ab-

sorption cross-section is dominant over scattering cross-section by

about seven times when 50 nm Au nanoparticle dimer ( 	= 0 °) sus-

pended in dielectric medium, n , between 1 and 1.33 and under the

illuminated wavelength between 400 nm and 550 nm. Another ob-

servation is that absorption cross-section is dominant over scat-

tering cross-section by about three to four times higher regardless

of the analyzed dielectric media between 400 and 500 nm wave-

length. Scattering and absorption cross-section are pretty much

observed as not a function of dielectric media between 400 and

500 nm wavelength range. 

Fig. 10 illustrates the maximum Poynting vector ratio (S/S 0 ) for

50 nm radius Au nanoparticle dimer suspended into n = 2 dielec-

tric medium under TM polarized laser at different wavelengths.

It is observed that the Poynting vector ratio (S/S 0 ) is strongest

for a relatively narrow range (~30 nm) of wavelengths (~620 nm)

which presumably corresponds to the associated plasmonic dipole-

dipole mode. It is also observed that the maximum Poynting vec-

tor ratio (S/S 0 ) is not observed at symmetry plane ( z = 0) but in-

stead occurs closer to around z = 1 nm towards in plane direc-

tion which is perpendicular to the illumination and field polariza-

tion. It can be seen from Fig. 10 (C) which illustrates the strong

near-field coupling at 620 nm. This is due to the localized plas-

mon coupling that generates such hot spots which eventually re-

sult in enhanced thermal transport between the nanoparticles. En-

ergy transport as well as the temperature distribution around the

nanoparticles are driven by this enhanced localized plasmon cou-

pling due to high electric and magnetic field distribution around

and between the nanoparticles. This is associated with hotspots

that determine the non-local and non-uniform temperature

distribution. 
i  
.3. Effect of dielectric shell and dielectric medium on Au 

anoparticle 4 particle chain configuration 

Fig. 11 shows the maximum electric field intensity (I/I 0 ) under

0 0–80 0 nm wavelength TM laser illumination with 50 nm ra-

ius Au nanoparticles in the 4 particle configuration (chain) sus-

ended in various lossless dielectric media in which n represents

he real refractive index of the medium. We observed that the

aximum electric field intensity is as high as 1.6 × 10 4 when

he incident wavelength is around 800 nm and the nanoparticles

uspended in n = 1 dielectric medium. This is about 45% less com-

ared to Au nanoparticle dimer case. It implies that the near-field

onfinement between the adjacent two nanoparticles in 50 nm

u nanoparticle dimer suspended in dielectric medium with n be-

ween 1 and 2 can achieve much higher maximum electric field

ntensity within 40 0–80 0 nm wavelength range than 4 particle

onfiguration (chain). Also, the wavelength dependency for achiev-

ng this maximum electric field intensity has broader wavelength
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Fig. 13. 4 particle configuration (chain) of 50 nm radius Au nanoparticle suspended into various dielectric medium under λ= 40 0–80 0 nm, TM polarized laser: (A) Absorption 

cross-section (m 

2 ) (B) Scattering cross-section (m 

2 ) (C) Extinction cross-section (m 

2 ) (D) Single scattering albedo ( w ). 
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pectrum width by about ~100 nm (so the maximum electric

eld can be achieved approximately within 70 0–80 0 nm) than Au

anoparticle dimer case. This decreases with decreasing the wave-

ength of the incident laser source or increase of the real refractive

ndex of the dielectric medium. This is associated with the collec-

ive plasmon modes across multiple particles which characterizes

he resonance spectrum. Thus, the maximum electric field intensity

hifts towards longer wavelengths at the same dielectric medium

 n = 1) due to the contribution of the collective plasmon modes. The

aximum electric field could locally be much higher but this also

oesn’t imply the average electric field intensity could also trend

n the same way. This also shows that closely spaced 4 particle

onfiguration (chain) suspended in a dielectric medium of 1 leads

o shifting the maximum electric field towards higher wavelength

ithin the investigated wavelength range, 40 0–80 0 nm. 

Fig. 12 illustrates the maximum Poynting vector ratio (S/S 0 ) un-

er 40 0–80 0 nm and TM laser source with 50 nm radius of Au

anoparticle in 4 particle configuration (chain) suspended in var-

ous dielectric media. It is observed that the maximum Poynting

ector ratio is close to 400 when the incident wavelength is be-

ween 620 nm-660 nm and the Au nanoparticles suspended in n = 2
ielectric medium, which is about 20–25% lower than nanopar-

icle dimer case. Similarly, the maximum Poynting vector ratio

hain structure has a broader wavelength dependency for the chain

tructure than nanoparticle dimer case. 

The wavelength dependence which is different from Au dimer

s due to the near-field plasmon enhancement within many par-

icles that are different from the dimer case. In other words, the

ffect of additional particles which are closely spaced is to change

he interaction between the particles such that the longitudinally

ligned dipoles for two adjacent particles give rise to an excita-

ion [ 42 , 43 ]. This coupled collective plasmon-polariton modes in

he nanoparticle chain results in interference which is also particle

ize dependent [44–46] . Thus, the near-field collective resonance

or 4 particle configuration has a broader resonant response. 

Fig. 13 (A) shows the absorption cross-section (m 

2 ) for 50 nm

adius Au nanoparticle configuration (chain) suspended into vari-

us dielectric medium under λ= 40 0–80 0 nm, TM polarized laser.

t is observed that the highest absorption cross-section is ob-

erved at around 650 nm incident wavelength and in n = 2 di-

lectric medium. This implies strong near-field coupling and gen-

ration of hot spots at 650 nm incident wavelength and n = 2
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Fig. 14. Poynting vector ratio (S/S 0 ) for 4 particle configuration (chain) of 50 nm Au nanoparticle at z = 0 (symmetry plane) suspended into n = 2 dielectric medium under 

TM polarized laser: (A) λ= 532 nm (B) λ= 580 nm (C) λ= 620 nm (D) λ= 650 nm (E) λ= 700 nm (F) λ= 800 nm. 
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dielectric medium due to the effect of confined plasmon modes.

Similar to the previous case, the maximum Poynting vector ratio

(S/S 0 ), rather than the electric field intensity (|I/I 0 |), predicts the

resonant wavelength in the dielectric medium that gives the max-

imum absorption cross-section. This could be due to the scatter-

ing effect that the total emission via calculation of Poynting vector

provides the right approach rather than the maximum electric field

intensity to predict the conditions that maximize the absorption

cross-section. 

Fig. 13 (B) and (C) illustrates the scattering and extinction cross-

section, respectively. It is observed from Fig. 13 (C) that the 800 nm

laser source provides the maximum extinction cross-section, which

is around 2.7 × 10 −13 m 

2 and corresponds to extinction efficiency

of 8.6 when Au nanoparticle chain is suspended into n = 1.2 di-

electric medium. This implies that 800 nm wavelength is most

likely the resonant frequency. The local maximum is also observed

similarly as in the Au nanoparticle dimer case between 620 nm

when nanoparticle suspended in n = 2 dielectric medium which im-

plies the 620 nm is another resonant frequency. It is observed that

620 nm and n = 2 dielectric medium is the resonant local lower

peak for both Au nanoparticle dimer and in 4 particle configura-

tion (chain) cases. This could be explained by the contribution of

the dipole-dipole modes within n = 2 dielectric medium at lower

wavelength, 620 nm. However, effect of dielectric medium is ob-

served very important for the plasmon gap coupling due to various

modes in terms of achieving the maximum extinction cross-section

as well as the corresponding resonant frequency. 

Fig. 13 (D) also illustrates the single-scattering albedo ( w ). As for

the Au nanoparticle dimer case, scattering is highly dominant over
bsorption at longer wavelengths > 700 nm regardless of the di-

lectric medium by about 90%. Extinction is dominated by absorp-

ion at lower wavelengths, between 400 and 550 nm, regardless of

he dielectric medium. Very strong near-field scattering that hap-

ens at longer wavelength; in particular at 800 nm, within a di-

lectric medium of n = 1.2 and n = 1.52 for 50 nm radius 4 particle

onfiguration (chain) and nanoparticle dimer, respectively results

n highest extinction. Thus, the effect of dielectric medium is seen

s very important for obtaining the highest extinction as well as

he resonant frequency. 

The modes due to plasmonic coupling between the nanopar-

icles can be observed in different ways as illustrated in Fig. 14 .

ighly confined near-field electromagnetic energy which also rep-

esents the high absorption cross-section when the particles are

uspended into n = 2 dielectric medium can be observed from

ig. 14 (D) for 650 nm and TM polarized laser irradiation. This high

ear-field confinement is also observed between the two adjacent

anoparticles whereas at lower and higher wavelength, the con-

nement between the two adjacent nanoparticles start to be dif-

erent. For instance, at 580 nm wavelength which is observed from

ig. 14 (B), the higher confinement happens at the outer particles

ear the center region. For 800 nm, the particles at the center re-

ion exhibits very strong confinement as opposed to outer parti-

les. Thus, the behavior of collective plasmon modes are observed

s strongly dependent on wavelength due to the fact that such col-

ective optical electromagnetic enhancement spans through all par-

icles in the chain implies higher group velocity νg and lower ho-

ogenous linewidth � of the plasmon oscillations that are charac-

erized by the wavelength change significantly. 
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Fig. 15. Normalized Poynting vector ratio (S/S max ) for 50 nm (chain) of 50 nm Au nanoparticle at z = 0 (symmetry plane) suspended into n = 2 dielectric medium under TM 

polarized laser: (A) Dimer Configuration, λ= 620 nm (B) Chain Configuration, λ= 650 nm. 
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.4. Direction of poynting vector on dimer and chain configuration 

When the absorption or scattering cross-section reaches to a

eak point, a vortex like Poynting vector distribution is observed

round the nanoparticles [47] . Similarly, such vortex type energy

ow distribution is observed for 50 nm Au nanoparticle dimer

 	= 0 °) and 4 particle configuration (chain) ( 	= 0 °) at the cor-

esponding dielectric media and laser wavelength that results in

chieving highest absorption cross-section. Fig. 15 illustrates the

oynting vector directions for 50 nm Au nanoparticle dimer at
= 620 nm and 4 particle configuration (chain) at λ= 650 nm

uspended into n = 2 dielectric medium under TM polarized

aser. 

It is observed that the energy flow lines between the adjacent

anoparticle at the top is almost perpendicular to the incident il-

umination and at the center region, it aligns with the direction of

ncident wave polarization. Thus, a vortex type of flow is observed

or both dimer and chain type of configuration. However, the di-

ections of the Poynting vector in the chain configuration change

epending on the position of the gap within the particle chain, as
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Fig. 16. 50 nm radius Au nanoparticle dimer suspended into n = 1.52 dielectric medium under 800 nm TM polarized laser: (A) Maximum electric field intensity (|I/I 0 |) 

distribution (B) Maximum Poynting vector ratio (S/S 0 ) (C) Absorption cross-section (m 

2 ) (D) Extinction cross-section (m 

2 ). 
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shown in Fig. 15 , reflecting the differences in the plasmonic modes

for the chain configuration compared to those for the dimer. 

3.5. Effect of dielectric shell thickness and nanoparticle distance 

variation on particle configurations 

Understanding the effect of dielectric shell thickness and

nanoparticle distance variation on investigated particle configura-

tions are important for further characterization of the near-field

plasmonic coupling. Thus, dielectric shell thickness ( t ) and the ad-

jacent nanoparticle distance ( d ) are varied from 2 to 6 nm and 2–

10 nm, respectively for the scaling analysis for 50 nm Au nanopar-

ticle dimer ( 	= 0 °) suspended into n = 1.52 dielectric medium un-

der 800 nm TM polarized laser, for which the highest extinction

cross-section is observed within the investigated dielectric medium

and the wavelength range. 

It is observed from Fig. 16 (A) that maximum electric field in-

tensity dramatically decreases when t > 5 nm even for small d .

This implies that the dielectric shell thickness could diminish the
ear-field coupling for high values. The reduction of the near-field

lasmonic coupling for thick shell values leads to decrease in ab-

orption and extinction cross-section which is also observed from

ig. 16 (C) and (D). However, it is interesting that increase of t from

 nm to about 3 nm still leads to increasing the maximum Poynt-

ng vector ratio as shown in Fig. 16 (B). This could be due to ob-

erved very high near-field scattering at 800 nm, TM polarized

ight illumination in n = 1.52 dielectric media that could still have

n impact on local energy flow. 

Reducing the space between the particles results in monotonic

emperature increase during light source irradiation as shown in

arlier theoretical modeling [48] . As mentioned earlier, quantum

ffects which become important for d < 1 nm are not taken into

onsideration in this work. In the quantum regime, highly non-

inear effects are observed due to electron tunneling and electric

eld polarization although there is more research needed on these

ffects [ 49 , 50 ]. Due to dielectric shell, dielectric medium and the

gglomeration effects, it is likely expected to have at least 1 nm

ap between the adjacent nanoparticles. Thus, classical regime as
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ssumed in this work can describe the characteristics of the near-

eld plasmonics of Au nanoparticles coated with nanoparticle shell

nd suspended into dielectric media. It is observed that precise

esign is very important at the nanoscale to increase the local

eld enhancement and coupling strength for the enhanced plas-

onic behavior. Such plasmonically enhanced nanoparticle struc-

ures could be potentially desirable for many photonic applications

 51 , 52 ]. 

. Conclusion 

Characteristics of optical electromagnetic energy propagation in

u nanoparticle dimers with nanoparticle radii of 25 nm, 50 nm,

nd 100 nm, and 4 nanoparticle configuration (chain) with 50 nm

article radius, surrounded with dielectric shell and suspended in

ifferent media are determined using finite-difference frequency-

omain simulations. Very large increases in field intensity (up to

500 fold) can be obtained at 25 nm radius Au nanoparticle dimer

aving no dielectric shell with particles having 30 ° relative angle to

he electric field in dielectric medium ( n = 1.33) under λ= 532 nm,

M polarized light. It is observed that using 2 nm thick dielectric

hell can enhance the plasmonic behavior of the Au nanoparticles;

uch dielectric shells may also be beneficial in controlling oxida-

ion and agglomeration. Dielectric medium is observed as very im-

ortant for tuning the resonant wavelength. It is seen that maxi-

um Poynting vector ratio (S/S 0 ) as opposed to electric field in-

ensity (|I/I 0 |) predicts the resonant wavelength that is achieved in

he dielectric medium well, and correspondingly the wavelength

hat gives the maximum absorption cross-section. Very high max-

mum Poynting vector ratio (up to 500) can be obtained at 50 nm

adius Au nanoparticle by arranging as dimer or 4 particle con-

guration (chain). Dimer configuration is observed to yield about

5% larger maximum Poynting vector ratio than 4 particle config-

ration (chain) when the nanoparticles are suspended into dielec-

ric medium where n = 2. It is observed that Au nanoparticles sur-

ounded with dielectric shell and suspended in various media ex-

ibit different plasmonic effects within investigated particle config-

rations, and also exhibit different extinction cross-section or effi-

iency such that extinction efficiency of 8.6 and 11.5 are observed

or 4 nanoparticle configuration (chain) and nanoparticle dimer, re-

pectively at the maximum extinction cross-section resonant con-

itions. Thus, the dielectric properties of the medium and dielec-

ric shell that surrounds the Au under laser illumination become

ery important for near-field energy transport for further under-

tanding of novel photonics design. 
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