
Contents lists available at ScienceDirect

Solar Energy

journal homepage: www.elsevier.com/locate/solener

Plasmon heating of one-dimensional gold nanoparticle chains

Xin Yana, Guohua Liua,⁎, Jinliang Xua,b,⁎, Shuai Wangb

a Beijing Key Laboratory of Multiphase Flow and Heat Transfer for Low Grade Energy Utilization, North China Electric Power University, Beijing 102206, PR China
b Key Laboratory of Condition Monitoring and Control for Power Plant Equipment of Ministry of Education, North China Electric Power University, Beijing 102206, PR
China

A R T I C L E I N F O

Keywords:
Solar energy
Plasmon heating
Nanoparticle chain
Boundary effect

A B S T R A C T

Metallic nanoparticle chains exhibit strong plasmon coupling in periodic arrays that provides numerous op-
portunities for manipulating heating at nanoscale. The energy transport in a chain is sensitive to the interparticle
plasmon coupling. A better understanding of optical and heating properties of the chain would provide useful
guidance for future design of the novel devices. In this work, we use the organization of gold nanoparticles as
linear assemblies and perform a detailed analysis of the heating features as a function of the number of particle,
interparticle spacing and particle size in the chains using General Mie Theory. The results show that the heat
generation of particle presents an exponential decay with increasing of the interparticle spacing. As the number
of particle increases, the particle spacing increases and radius decreases, the boundary effect is gradually di-
minished to the center particle. When the particle spacing is 1 nm, the number of particle is seven and the radius
is 10 nm, the heat production of center particle is 1.65 times than that of a single particle. The large particle size
effectively increases the cross-section of absorption as well as the range of electromagnetic radiation, and thus
more light energy can be absorbed and converted into heat as the radius increases. This study provides an
original understanding on the plasmon heating behavior of one-dimensional nanoparticle chains and may be
generalized to other types of aggregates formed by large numbers of interacting particles.

1. Introduction

Metallic nanoparticle assemblies separated by nanometric gaps ex-
hibit strong plasmon coupling that support increasing application in
renewable energy, electronics, sensing and communications (Herrmann
et al., 2014; Lal et al., 2007; Nie et al., 2010; Scanlon et al., 2018; Wang
et al., 2017). Various strategies such as lithographic techniques (Hicks
et al., 2005), DNA-based method (Kuzyk et al., 2012; Tan et al., 2011),
molecularly linked systems (Lin et al., 2005; Teulle et al., 2015), elec-
trostatic interactions (Zhang and Wang, 2008) have been suggested for
synthesis of the nanoassemblies. A series of well-defined nanoassem-
blies from nanoparticle chains to aggregates of few particles have been
demonstrated (Esteban et al., 2012b; Fan et al., 2010; Manoharan et al.,
2003; Wang et al., 2012). Interparticle coupling effect in these assem-
blies results in unique, coherent optical properties since the distance
between the particles can be tuned for near field coupling of their
surface plasmon resonances (Citrin, 2004; Ghosh and Pal, 2007; Halas
et al., 2011; Hentschel et al., 2010). The electromagnetic couplings
induce photonic effects that can interact with plasmon excitation in
individual particle to alter the plasmon lineshape.

The shift of plasmon coupling band strongly depends on the extent of
interaction between nanoparticles (Barrow et al., 2014; Jung et al., 2015;
Ross et al., 2016; Zou and Schatz, 2006). The large spacing above hun-
dred nanometer lead to distinct retardation and radiative contributions
to the dipolar interactions between particles that produces blue-shifted
plasmon lineshapes (Downing et al., 2018; Haynes et al., 2003). While if
the interparticle gaps are small compared to the plasmon wavelength,
this coupling would give rise to red-shifted plasmon bands in extinction
spectra (Jain et al., 2007). This redshift can be explained by hybridiza-
tion of the dipolar plasmon modes (Nordlander et al., 2004). As the in-
terparticle gap at subnanometer range, the influence of surrounding
charge distribution becomes significant. These nonlocal effects lead to a
smaller redshifting plasmon bands compared to the classical local de-
scription (Esteban et al., 2012a; Mortensen et al., 2014). A further de-
crease in the interparticle spacing promotes electron tunneling across the
gaps. The tunneling current neutralizes the capacitive charges across the
junction, causing blue-shift plasmon bands (Tserkezis et al., 2014; Zhu
and Crozier, 2014; Zuloaga et al., 2009). The intensity of local electric
field also decreases in this quantum regime because of the charge
screening at gap by electron transfer.
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Interparticle plasmon coupling allows fine control over the optical
and heating properties for different purposes (Baffou et al., 2010; Chen
et al., 2018; Lee et al., 2012; Sanchot et al., 2012; Tian et al., 2015). A
semianalytical model has been derived to investigate the light scat-
tering properties of gold nanoparticle chains (Barrow et al., 2011;
Thomas and Swathi, 2016). The chain plasmon mode was found to
depend on the interparticle coupling strength and the dielectric con-
stant of the background medium. Nanoparticle chains can serve as a
plasmon waveguide to overcome the diffraction limit of the optical
image (Lal et al., 2007; Maier et al., 2003). Imaging of proteins labeled
with gold nanoparticles were realized by using an optical method based
on photo-thermal interference contrast (Cognet et al., 2003). Controlled
drug release was achieved by a capsule containing Au nanoparticles
excited with intense light (Skirtach et al., 2005). Nanoscale heat gen-
eration of gold nanoparticles has been characterized during a melting
process in ice matrix (Richardson et al., 2006). It was found that the
heating process has a mesoscopic character and strongly depended on
the geometry of nanoparticle ensemble (Govorov et al., 2006). Re-
cently, the reversible plasmonic assemblies become a hot research area
that offering the new opportunity to tune the optical, mechanical,
catalytic and heating properties of materials with promising applica-
tions in fields ranging from biosensors to nanorobotics and energy
(Ding et al., 2016; Montelongo et al., 2017; Qian and Ginger, 2017;
Scanlon et al., 2018).

In this context, understanding of the plasmon heating and their
coupling is critical important for the innovation of these fields. As a
simple model, nanoparticle chains is an interesting system for under-
standing the interactions of light with matter. In such structure, light is
not only absorbed by a single particle, but excites collective plasmon
modes that exist over the entire chain. Herein, gold nanoparticle chains

are selected as the plasmon-coupling model. The General Mie Theory
(GMT) method is introduced to study the factors affecting the plasmon
heating. The role of the number of particle, particle radius and inter-
particle spacing in the chain are systematically examined to understand
the interparticle coupling as well as energy propagation along the
chains. This study could be useful to guide design of photoresponsive
plasmon devices for heat-sensitive applications.

2. Methods

The calculation model is finite one-dimensional plasmonic chains
(Fig. 1). The spherical gold nanoparticles are arranged along the x di-
rection. r represents the particle radius and δ is the interparticle spa-
cing. The relative dielectric constant of Au adopts the experimental data
from reference (Johnson and Christy, 1972), and that of the water
(surrounding environment) is ∼1.76. The origin of global coordinate
system locates at the center of first particle. The incident light propa-
gate on the wave vector k along the positive direction of z-axis. The
radiation intensity of light is one sun (∼1 kW/m2). The solar-spectral
data comes from ASTM in 2012 (G173, 2007). Since sunlight is non-
polarized light, it can be decomposed into two linearly polarized lights
at same intensity with vibration perpendicular to each other. The two
linearly polarized lights are independent of each other. For example,
the wave vector k in z direction can be decomposed into a linearly
polarized light in x direction and another linearly polarized light in y
direction (see the inset in Fig. 1b). Therefore, the heat production of
particle also can be divided into two parts. One is induced by vibration
of light in x direction and the other resulted from light vibration along y
direction.

Nomenclature

k wave vector, k=2π/λ
E electric field intensity
M, N vector function
Ylm(θ, ϕ) un-normalized generalized Legendre functions
l, p indicate l(p)= 0,1,2,3,…
m, q indicate m(q)=−l(p), −l(p)+ 1…, 0…, l(p)− 1, l(p)
z(kr) expression of spherical Bessel function
j(kr) first kind spheric Bessel function
y(kr) the second kind spheric Bessel function
h(1)(kr) the first kind spheric Hankel functions
h(2)(kr) the second kind spheric Hankel functions
(r, θ, ϕ) spherical coordinate system
(ir, iθ, iϕ) standard unit vectors associated with the coordinates (r, θ,

ϕ)
f, g expansion coefficient for incident field
a, b expansion coefficient for internal field
c, d expansion coefficient for scattered field
rp nanoparticle radius
n number of nanoparticles
n1 particle complex refractive index
n2 ambient medium refractive index
A, B coordinate conversion factor
C, D Mie scattering coefficient
Jl+1/2(χ) first kind Semi-integer Bessel function
L nanoparticle center distance
Dp nanoparticle diameter
Rij distance between two local coordinate system origin
S poynting vector
P power
I incident light irradiance
Cabs absorption coefficient

p polarization intensity of the nanoparticle

Greek symbols

ε1 dielectric constant of particle
ε2 dielectric constant of surrounding medium
ε0 permittivity of vacuum
λ wavelength
δ nanoparticle spacing
α angle between the line of the origins of two coordinates

and z axis
β angle between the line of the origins of two coordinates

and x axis
ψl first kind Ricatti-Bessel functions
χ dimensionless nanoparticle size factor
ρ relative refractive index

Subscripts

l indicate l(p)= 0,1,2,3,…
m indicate m(q)=−l(p), −l(p)+ 1…, 0…, l(p)− 1, l(p)
inc incident light/field
in nanoparticle inside
sca scattering
out nanoparticle outside
surf nanoparticle surface
0 initial incident light
i, j the i(j)th nanoparticle
ext extinction
abs absorption
Re real part
Im imaginary part
p nanoparticle
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2.1. General Mie Theory

GMT is established upon the superposition principle of electric field
(Mie, 1908). The electric field in space is the result of superposition of
multiple particles scattering field E i( )s and incident field Einc. Ac-
cording to Electromagnetic Theory (Jackson, 2001) the linear in-
dependent vector wave functions Mlm and Nlm based on spherical co-
ordinates are described here to simplify the mathematic description of
the electric fields.

M i imz kr
Y θ φ

θ
z kr

Y θ φ
θ

i ( )
( , )

sin( )
( )

( , )
lm l

lm
θ l

lm
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∂
∂ (1)
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i

l l z kr
kr
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where ir, iθ, and iφ are unit vectors associated with the coordinates r, θ,
and φ, respectively, z kr( )l is the Bessel function of spherical coordinate
system, which can be jl, yl, hl

(1) and hl
(2). Y θ φ( , )lm is the un-normalized

generalized Legendre functions. k is the wavenumber in the considered
medium. The sign of ‘ ′’ represents derivation.

The electric field E is expressed as

E M Na b( )
lm

lm lm
n

lm lm
n( ) ( )∑= +

(3)

Mlm
n( ) and Nlm

n( ), n=1, 2, 3, or 4, thez kr( )l represent the first kind
spheric Bessel function j kr( )l when n=1. It is the second kind spheric
Bessel function y kr( )l when n=2, or the spheric Hankel functions of
the first and second kind h kr( )l

(1) and h kr( )l
(2) , respectively. The in-

cident electromagnetic field is described as

E M NE f g( )
lm

lm lm lm lminc 0
(1) (1)∑= +

(4)

flm and glm are determined by the incident light direction and the po-
larization direction of electric field. In this work, light is propagated in
negative z direction and the polarization direction of electric field is
along x axis. So the coefficient flm and glm can be treated as
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In which, zi represents the position of ith particle in global co-
ordinate system. Similarly, electric field in particles is rewritten as

E M NE a b( )
lm

lm lm lm lmin 0
(1) (1)∑= +

(8)

If r rp< , z kr( )l in Mlm and Nlm is the first kind spheric Bessel
function j kr( )l for limited solutions of the functions in particle centre.
When r rp> , for functions to be regular at infinity region, z kr( )l in Mlm

and Nlm is the first kind spheric Hankel functions h kr( )l
(1) .

E M NE c d( )
lm

lm lm lm lmsca 0
(3) (3)∑= +

(9)

According to the superposition principle, the electric field in space
can be represented by addition of the scattered particle field and in-
cident field

E E E Ei i j i( ) ( ) ( ) ( )
j i

n

out sca sca inc∑= + +
≠ (10)

where E i( )out is electric field around the i-th particle, E i( )sca the
contribution of i-th particle’s scattered field, E j( )sca the contribution of
j-th particle’s scattered field to the electric field around the i-th particle,
E i( )inc the contribution of incident field to the electric field around the
i-th particle. The boundary conditions of electric field at medium and
particle interface needs to be continuous, and getting

E E E E ri j i i[ ( ) ( ) ( ) ( )] | 0
j i

n

r rs sca inc in p∑+ + − × =
≠

=
(11)

The subscripts i and j denote the origin of reference coordinate
system at the centre of i-th or j-th particle respectively. There are two
coordinates systems in Eq. (11). For simplification, the coordinate
system defined at the centre of j-th must be convert into the coordinate
system based on i-th particle. Since the system formed by Mlm and Nlm is
orthogonal and complete for transverse waves, by using a projection
technique one has (Gérardy and Ausloos, 1982)

N j B j i M i A j i N i( ) ( , ) ( ) ( , ) ( )pq
l m l

l
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A j i( , )pqlm and B j i( , )pqlm will be stated later. Here, we combine the
equations of (10), (12) and (13), and then obtain that
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pq
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n
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⎩
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⎫
⎬
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(15)

C i( )l and D i( )l reflect the response of particle scattering field to external
incident field. They are the same as the Mie scattering coefficient C i( )l
and D i( )l of single particle, which reflects the relationship between
particle scattering field and external incident field. The coefficients are
thus determined by the geometrical parameters and physical para-
meters of particle. Eqs. (14) and (15) are the iterative formulas to
calculate the coefficients. The results of previous step of the same
particle are compared with the current results. If error satisfies the

Fig. 1. (a) Diagram of scattering field interaction and (b) calculation model.
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convergent requirement, the c i( )lm and d i( )lm are the final coefficients,
else the current results are substituted into the equations to get new
coefficients until the result is converged.

2.2. Transformation of coordinate system (Addition Theorem)

In normal condition, rectangular coordinate axes are located at the
centre of particle i and j respectively, and the coordinate axes parallel to
each other (Fig. 2). The distance between the origins of two frames is
Rij. The angle between the line of the origins of two coordinates and xi
axis is βij. The angle between the line of the origins and zi axis is αij.
A i j( , )pqlm and B i j( , )pqlm are given by the spherical harmonic function
addition theorem as (Cruzan, 1962; STEIN, 1961)
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where a p q l m o( , : , : ) is Gaunt coefficient (Cruzan, 1962).

2.3. Heat generation

Heat generation of particles is calculated based on Poynting vector
S= E×H, and energy conservation law. For the scattering field of
particle i, the Poynting vector is calculated as (Mackowski, 1991)
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where the sign of ‘*’ represents conjugate. The relationship between the
internal field coefficient and the external scattering coefficient is as
follows:
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Here, P i( )abs is the energy absorbed by the particle i. ψl is first kind
Ricatti-Bessel function, ψ x J χ( ) ( )l
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2.4. Simulation procedure and validation

The calculation procedure is based on MATLAB programming. Fig. 3
shows the flow chart of simulation. Firstly, we determine the number of
particle, particle radius r and interparticle spacing δ. The initial coeffi-
cient c i( )lm and d i( )lm is then given by single particle Mie scatter theory.
Following that, we calculate the new scattering field coefficient from the
first particle, then that of the second particle, and so on, until that of the
n-th particle is finished. Next, we calculate the scattering coefficient error
of the same particle between the neighboring steps and iterate the cal-
culation until the error satisfying the requirement. Last, the internal field
coefficient and heat generation of each particle are calculated. To valid
of the algorithm, the results of initial simulation are compared with the
experimental results (Reinhard et al., 2005) (see Fig. 4a and b). It can be
seen the results are in good agreement. The small deviation of peak va-
lues is due to inaccuracy of the dielectric constant of media.

Start

Input parameters n, rp,  

Initialization using Mie theory

Calculate the clm and dlm of each 
particle by Eq.(14) and Eq.(15)

Convergence

Calculate the internal field coefficients 
by Eq.(21) and Eq.(22)

Calculate the heat of each 
particles by Eq.(20)

Output

End

Yes

No

Replace previous clm(i) and dlm(i) 
by calculated clm(i) and dlm(i)

δ

Fig. 3. Program chart.

xj

zj yj

yi

xi

zi

ij

ij

Rij

oi

oj

Fig. 2. The original coordinate system.
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To verify the robust of calculation, the calculation results are
compared with the simulation results (Encina and Coronado, 2010)
(Fig. 4c and d). The curves are completely agreement despite of the
peak value is larger than that of the literature. The analysis shows that
our results are more reliable since the electric field vibrates along the
line linking the particle centers. The scattering fields is enhanced by the
particle interaction and the extinction effect (Tabor et al., 2009). The
peak value of coefficient is smaller than that of a single particle.
Therefore, the calculation results have good accuracy and credibility. In
addition, we calculate the absorption coefficient of a single gold na-
noparticle in water at a wavelength of 280–2300 nm. Compared with
the AM1.5 solar spectrum, we found that the solar energy is con-
centrated in visible light as well as the near-infrared region and the
absorbance of gold nanoparticles above wavelengths of 900 nm is close
to zero. So the wavelength range calculated here is selected from 280 to
900 nm.

3. Results and discussion

3.1. Particle pair

The optical and heating properties of a particle pair are first studied.
The resulting absorption spectrum is consistent with the previous re-
sults (Fig. 5). In horizontal vibration mode, the resonance peaks show a
blue shift and the intensity decreases with increasing of the inter-par-
ticle spacing (see Fig. 5a), illustrating the horizontal vibration mode
enhanced the resonance. While in vertical vibration mode, the re-
sonance peak presents a red shift and the intensity increases and ap-
proaches to that of a single-particle case (see Fig. 5b). This discloses
that the horizontal resonance is suppressed by the vertical resonance

mode. However, the resonance enhancement amplitude as well as the
peak offset in horizontal vibration mode is larger than that of the ver-
tical vibration mode, e.g. the horizontal vibration mode is shifted by
10 nm, while the vertical vibration mode is shifted by 3 nm.

Fig. 5c shows the heat production of a single particle from the pair
at various spacings. The black curves and blue curves present the heat
generation in the vertical vibration mode and horizontal vibration
mode, respectively. It can be seen that the curve tendency is the same as
that of the resonant peak shift (Sonnichsen et al., 2005). With the in-
crease of spacing, the heat production of nanoparticle increases at the
vertical vibration mode and decreases at the horizontal vibration mode,
exhibiting an exponential relationship. To the best of our knowledge,
this is the first time report on this phenomenon. According to the ex-
ponential-decay law, the interparticle distance can be evaluated from
the heat generation. The red curve in Fig. 5c shows the total heat
generation from the both vibrations. The total heat production of in-
dividual particles has the same decay law with the particle in horizontal
vibration modes. This is because the heat generation of the horizontal
vibration mode dominates in the overall heating. The following analysis
thus focus on analyzing the distribution of electric field in horizontal
vibration mode.

Fig. 5d shows the distribution of electric field around the particles in
horizontal vibration mode (I, III, V) and the vertical vibration mode (II,
IV, VI) (color scale uses logarithmic coordinates). Inset I indicates that
the electric field in particle gaps is enhanced by plasmon interaction
(Rechberger et al., 2003), while that of in the inset II is not enhanced.
As the distance δ increases, the electric field enhancement across the
nanoparticle gaps becomes smaller and smaller, and the electric field is
almost decoupled at a gap of ∼22.5 nm.
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Fig. 4. Validation of the simulation with the
reported results in literature. (a and b) show the
experimental results of absorption spectra of the
two interacting gold nanoparticles, and the di-
electric constant of surrounding medium (DNA
solution) was 2.56. (c) and (d) are the simula-
tion results of absorption spectra of the silver
nanoparticle in water, respectively.

X. Yan et al. Solar Energy 173 (2018) 665–674

669



3.2. Exponential decay of heat generation

The parallel polarization is examined here to illustrate the law of
heat production in particle pair. Assume that the solar spectral irra-
diance at the particle resonance peak is the same within the calculation
domain. The polarization mode of gold nanoparticles is a dipole.
According to the dipole oscillation theory of electromagnetic field
(Maier, 2007), the sum of electric field including the dipole near-field,
middle and far-field regions can be expressed

E k n p n n n p p k
πε ε

e
r r

i
r

esca 1
4

( ) [3 ( · ) ] 1kr
kr

i
i

0 2

2
3 2= ⎧

⎨⎩
× × + − ⎛

⎝
− ⎞

⎠
⎫
⎬⎭ (23)

where, n is the unit vector in the direction of an any point K, p is the
polarization intensity of the nanoparticle, and r is the distance between
an any point K in space and the dipole. When the parallel polarized
occurs, n and p are in the same direction. The scattered electric field
strength of dipole can be abbreviated as

E
p

πε ε r
ikr esca

2
4

1 (1 ) ikr

0 2
3= −

(24)

When the two particles are close to each other, they influence the
charge distribution on their surface, which in turn affects the nano-
particle polarization. Therefore, the incident field of one of the particles
is the superposition of the intensity of external electric field E0 with that
of another particle dipole scatter electric field Esca.

E E
p

πε ε r
ikr e

2
4

1 (1 ) ikr
inc 0

0 2
3= + −

(25)

As we known that p Eαε ε0 2 inc= . When the distance between the
centers of two nanoparticles is L, β kL e(1 i ) kLi= − , kL≪ 1 and β 1≈ in

the near-field region, we can thus derive

E E
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2 3
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− (26)

where the polarizability is α πDp
ε λ ε

ε λ ε
1
2

3 ( )
( ) 2

1 2
1 2

= −
+ , Dp is the nanoparticle

diameter. When the nanoparticle spacing changes, the resonant wave-
length as well as ε λ( )1 also changes. When the electric field intensity of
the incident light is Einc, the electric field strength inside the nano-
particle is described as:

E Eε
ε ε λ

3
2 ( )in

2

2 1
inc= −

+ (27)

The heat power of nanoparticle is calculated as:

EP λ ε ω ε λ( ) 1
2

Im[ ( )] | |0 1 in
2= (28)

ε λ( )1 can be expressed as ε λ ε λ( ) ( )iRe Im+ . Then we discuss the var-
iation of the internal electric field of nanoparticle with the spacing and
the wavelength.
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The above formula is simplified in respect of Buddha’s power con-
dition, assuming it satisfies at a certain wavelength of λr

ε λ ε
D
L

ε λ ε(4 ( ) 8 ) ( ) ( ( ) ) 0r rRe 2
p 3

Re 2+ − − = (30)

that is

Fig. 5. The calculation results of a nanoparticle
pair. (a) Blue-shifted of plasmon peak with in-
creasing spacing δ and the electric field vibra-
tion paralleling to the chain axis. (b) Red-shifted
of plasmon peak with increasing spacing and the
electric field vibrating vertically to the chain
axis. (c) Heat generation of one particle in hor-
izontal vibration mode and vertical vibration
mode at different interparticle gaps. The coex-
istence of two modes above is considered in
overall effect. (d) The electric field distribution
in surrounding medium with different inter-
particle gaps. (The color coordinates of scattered
electric field in medium environment are loga-
rithmic coordinates.) (For interpretation of the
references to colour in this figure legend, the
reader is referred to the web version of this ar-
ticle.)
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then Ein gets the maximum value
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Substituting this into Eq. (28), we obtain
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The real part and the imaginary part of the dielectric constant of
gold in the wavelength band of 500–600 nm are approximately linear
with the wavelength. The relationship between the real part of the di-
electric constant and the wavelength is ε λ λ( ) 29.8896 0.0617Re = − , and
the relationship between the imaginary part and the wavelength is
ε λ λ( ) 11.7388 0.0174Im = − . From the slope, it is seen that the dielectric
constant varies little with the wavelength. Since ε λ( )Im is not much
change as the change of wavelength, the above formula is a function of
the spacing ( )D

L
3p , which can be approximated by an exponential re-

lationship. The formula at other wavelength is similar to Eq. (33).
Fig. 5c is the total heat generation of the sum value of the heat pro-
duction of a particle over the whole wavelength. Thus, the heat gen-
eration exhibits exponential decay with the interparticle spacing which
can be fitted as Q e9.66 1.59(1 )δ

5.38= − − − . Substituting the linear fit of
dielectric constant of into Eq. (29), and derivative it with the

wavelength. We found that the value of function and the slope of each
point on the curve decreased as the spacing decreases. It is demon-
strated that the peak width of the curve decreases as the distance de-
creases.

3.3. Effect of particle number

For the plasmonic chains with a particle radius of 10 nm and an
interparticle spacing of 1 nm, we calculate the heat production of
chains by increasing the particle number from 2, 3, 5, 7 to 9. Fig. 6a
shows the heat generation of each nanoparticle of the chains. It can be
seen that as the number of particle increases, the heat generation in the
intermediate nanoparticle increases and gradually approaches to a
stable value. As the number of particles increases, the curve gradually
present a flat shape at middle since the electromagnetic field has a
certain active range. The center particles lies in a uniform electric field,
resulting in strong heat production without the influence of the
“boundary effect”. This can also be distinguished from the difference in
absorption coefficient of the particles located at the middle and the
boundary (see Fig. 6b). Different curves represent the absorption dif-
ference between the center nanoparticle and its neighboring one in the
plasmonic chains. As the number of nanoparticles increases, the ab-
sorption difference decreases with a red-shift of the wavelength peak.

Fig. 6c describes this phenomenon from the perspective of electric
field. It shows the diagram of electric field amplitude and the scattering
field, respectively. The surface electric field of particle is induced by a
dipole and the color scale bar is a linear coordinate. The color scale bar
of surrounding scattering field is a logarithmic coordinate. From Fig. 6c,
it can be seen that as the number of particle increases, the intensity of
the scattered field around the intermediate nanoparticles gradually

Fig. 6. Effect of particle number. The particle
diameter is 20 nm and interparticle gap is 1 nm.
(a) Heat generation of each particles. (b) The
spectral line of Cabs,c-Cabs,n. Cabs,c is the absorp-
tion coefficient of the center particle. Cabs,n is the
absorption coefficient of the neighbor particle of
center particle. (c) Electric field distribution on
the surface of particles and in the surrounding
around particles. (The color coordinate system of
the particles’ surface electric field is the linear
coordinate. The color coordinates of scattered
electric field in medium environment are loga-
rithmic coordinates.) (For interpretation of the
references to colour in this figure legend, the
reader is referred to the web version of this ar-
ticle.)
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becomes strong without the “boundary effect”. A conclusion can be
drawn from the Mie scattering theory that the internal field of the
particle is a response of the surrounding scattered field. Therefore, the
enhanced field strength on the particle surface can be evaluated from
the scattering field around the particle. According to Eq. (28), the heat
production of particles is related to its electric field intensity. Since the
number of particle increases, the intermediate nanoparticles are in an
equivalent uniform electric field environment, resulting in the curve
shape in Fig. 6a.

3.4. Effect of interparticle spacing

As the nanoparticle radius is 10 nm and the number of nanoparticles
is seven, the heat production of particle chain with interparticle spacing
of 1, 7.5, 15, 22.5, 30 and 37.5 nm are calculated (Fig. 7). With the
increase of particle spacing, the heat production in intermediate na-
noparticle decreases and approaches to the heat generation of an in-
dividual particle (red dashed line). This is because the particle inter-
action has a certain active range on its electromagnetic field. The
intermediate particles in a same uniform electric field lead to their heat
production to be consistent. When the particle spacing is 1 nm, and the
heat production of the intermediate particle is 1.65 times larger than
that of a single particle. This indicates that the spacing reducing be-
tween particles can greatly enhance the heat production of nanoparticle
and improve the photothermal conversion efficiency. Fig. 7b shows the
absorption coefficient of the fourth particle in horizontal vibration

mode as the change of interparticle spacing. With the decrease of dis-
tance, the resonance intensity increases sharply with a red shift of the
peaks. The heat output of intermediate particle also shows an ex-
ponential decay with the increasing of spacing. Fig. 7c shows the
electric field and the scattered field intensity around the particles. The
electric field on the surface of particles is produced by the dipole and
the color scale bar is linear. The color scale bar of the scattered field is
logarithmic coordinate. As the particle spacing increases, the enhanced
amplitude of the scattering field around the particles tends to be con-
sistent and decreases. The electric field on the particle surface also has
the similar trend.

3.5. Effect of particle size

The particle size determines the particle absorption coefficient.
When the nanoparticle size is small, the absorption coefficient is ap-
proximately to the extinction coefficient. The heat production of a
particle depends on its size. For comparison, the heat production per
unit volume is calculated for each nanoparticles. For the case of inter-
particle gap of 7.5 nm and the number of nanoparticle are seven. Fig. 8
shows the heat generation of each nanoparticle at different particle-
radius under solar illumination. As the increases of particle radius, the
middle of curve upwards and the heat production per unit volume also
increases. This is because the enhanced scattering of large particle gives
rise to the strong coupling effect of electromagnetic fields, which ex-
tends the “boundary effect” of electromagnetic fields. In contrast, the

Fig. 7. Effect of inter-particle spacing. The particle diameter is 20 nm and the number are 7. (a) Heat generation of each particles. (b) Spectral line of the absorption
coefficient of the center particle. (c) Electric field distribution on the particle surface and in the surrounding around the particles.

X. Yan et al. Solar Energy 173 (2018) 665–674

672



curve of nanoparticle with a small size is flat in the middle. This in-
dicates that the heat production of intermediate nanoparticles are ap-
proaching to a stable value without disturbance of the boundary effect.

4. Conclusions

We introduce a numerical technique to study the plasmon heating in
one-dimensional plasmon chains of spherical nanoparticles that subject
to external illumination. Electromagnetic and thermal calculations are
performed based upon a General Mie Theory and Poynting vector
method, respectively. The effect of particle number, interparticle gap
and particle size on the plasmon heating are systematically analyzed to
illustrate the heat distribution of plasmon chains. It was found that as
the number of particle increased, the heat production of intermediate
nanoparticle was increased with a tendency to approach a stable value.
Regardless of the electron tunneling effect, the heat production of
particle gradually increased with decreasing of the inter-particle spa-
cing. This is because that the particles absorb more energy due to the
enhanced electromagnetic-field coupling, which is eventually trans-
lated into heat energy. As the particle radius increases, it effectively
increases the cross-section of absorption as well as the active range of
electromagnetic radiation, and thus more light energy can be absorbed
and converted into heat. Importantly, when the particle spacing is 1 nm,
the particle numbers are seven and the radius is 10 nm, the heat pro-
duction of intermediate particle is 1.65 times than that of a single
particle. The heat production of the particles exponentially decays as
reducing of the spacing between particles. This is consistent to the re-
ported results that used to evaluate the distance between particles (Jain
et al., 2007; Sonnichsen et al., 2005). Our work allows predicting heat

generation of any individual particle in the plasmon chains by photo-
thermal absorption. This opens a new route toward nanoscale control of
thermal activation, local heating and heat dissipation, with potential
applications to renewable energy, sensing and drug delivery.
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