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Abstract: 

The strong light scattering from SPR has received an extraordinary attention due to the useful applications in 

photodetectors, cell and biomedical imaging. However, the applications using light scattering require a high 

scattering cross-section along with low absorption losses near the resonance wavelength. In this paper, effective 

plasmonic scattering of three-layered Au-Ag bimetallic nanoshells with a dielectric separate layer has been studied 

using the quasi-static approximation of classical electrodynamics. Because of the surface plasmon resonance 

(SPR)-induced intense light absorption, the effective scattering intensity is much weaker than that of scattering 

cross section. However, the effective scattering intensity could be improved by tuning the geometric dimension 

and local dielectric environment of the nanostructure. It has been found that the greatest effective scattering takes 

place when the outer Ag nanoshell has a thick thickness or the dielectric separate layer has a small dielectric 

constant. The effective scattering also depends on the inner Au sphere radius and outer surrounding dielectric 

constant. Because of the mode transformation of the SPR, the effective scattering could also be greatly improved 

when the inner Au sphere has a very small or large size. However, the effective scattering intensity changes 

non-monotonously as the surrounding dielectric constant increases. The greatest effective scattering could be 

obtained when the surrounding dielectric constant has an intermediate value. This tunable effective plasmonic 

scattering of Au@Ag three-layered nanoshells presents a potential for design and fabrication of plasmonic optical 

nanodevice based on resonance light scattering. 
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local dielectric environment 

 

 

 

 

 

 

 



 3

1.  Introduction 

The plasmonic optical properties of gold and silver nanoparticles with core-shell structure have been studied 

extensively in literature. When the surface plasmon resonance (SPR) has been excited, the collective motion of the 

surface free electrons oscillates like a simple dipole and consequently results in strong light absorption and 

scattering, the sum of the absorption and scattering is defined as extinction. The strong light scattering from SPR 

has received an extraordinary attention due to the useful applications in photodetectors, cell and biomedical 

imaging etc. [1-9]. However, both light absorption and scattering are all resulted from SPR, thus they have similar 

resonance wavelength. Therefore, the light scattering will be greatly reduced by the light absorption. So the 

applications based on light scattering require a high scattering cross-section along with low absorption losses [10]. 

In order to express the contribution of scattering among the extinction, scattering quantum yield [11], optical 

radiation efficiency [12] or scattering efficiency [13] has been used and has been defined as the ratio of the 

scattering cross section (Qsca) to the total extinction cross section (Qext) at the resonance frequency, scattering 

efficiency 

sext

sca

Q

Q

Re

 .  

Because the properties of SPR greatly depend on the particle shape, structure and the local dielectric 

environmental refractive index, the scattering efficiency could also been fine tuned. Lee et al. reported the 

dependence of the enhanced scattering efficiency of gold nanorods on aspect ratio, size, end-cap shape, and 

medium refractive index [11]. They found that the relative contribution of scattering to total extinction is 

increased as the aspect ratio becomes slightly above 1 for particles having the same number of gold atoms. What’s 

more, the scattering efficiency could be further enhanced as the particle shape changes from a spheroid to a 

cylindrical geometry. Park et al. studied the optical extinction, absorption, scattering, and their relative 

contributions of gold nanorods across a wide range of volume and aspect ratio [13]. It has been found that the 

relative enhancement of scattering efficiency gets intense with the increasing aspect ratio, but saturates at 

intermediate values. Based on Mie theory, scattering efficiencies of Ag–Cu, Ag–Au, and Au–Cu alloy 

nanoparticles have been studied by Bansal et al. [14]. They found that the enhancement of scattering efficiency 

could be tuned with both the alloy composition and the surrounding dielectric medium. Bansal et al. also reported 

the scattering and absorption efficiencies of semiconductor-coated gold nanoshell using the extended Mie theory 

[15]. They found that both the scattering and absorption efficiencies blue shift with an increase of gold shell layer 

thickness and the increase of surrounding dielectric constant, whereas the corresponding SPR peaks shift towards 

longer wavelength. Therefore, the scattering efficiency peak does not always have the same wavelength of the 
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SPR. The wavelength drift between resonance light absorption and scattering of plasmonic nanoparticle has also 

been reported [10]. Both the red and blue drifts of the scattering peak from the absorption peak have been 

observed in gold nanosphere, nanoshell and nanorod. The wavelength drift between the light absorption and 

scattering could be further optimized by tuning the particle shape and structure. Therefore, the greatest scattering 

efficiency may locate at a different wavelength from the SPR. Then, how to find the real peak of the light 

scattering intensity? In this paper, a new physical quantity denoted as effective scattering has been used to study 

the intensity of the real light scattering intensity. 

On the other hand, optical properties of multilayered metal nanoshells have attracted much attention recently 

because of the plasmon coupling between inner metal core and outer metal shell [16-23]. In addition, the dielectric 

constant of the separate layer and outer surrounding also greatly affect the optical properties of the multilayered 

nanoshells [16,18]. Wu et al. reported the effect of dielectric core and embedding medium on the optical 

properties of gold nanoshells [24]. They found that the increase of the core dielectric constant reduces the 

strengths of dipole and quadrupole modes. As the surrounding dielectric constant is increased, the quadrupole 

mode amplitude gets intense, whereas the dipole mode amplitude increases first and then decreases. The effect of 

the local dielectric environment on the plasmon coupling in Al–Au bimetallic metal-dielectric-metal nanoshells 

has also been studied [25]. It has been found the absorbance changes between different plasmon modes decrease 

as the separate layer dielectric constant is increased, but increase as the outer environmental dielectric constant is 

increased. The local dielectric environment also greatly affects the local electric field enhancement in double 

concentric silver nanotubes [26]. In the inner dielectric core, the major local field factor peak usually changes 

nonmonotonously as the dielectric constant of inner core or spacer layer is increased. In the dielectric spacer layer, 

the intense local field could be obtained with small dielectric constant of the spacer layer and reaches the 

maximum value when the double tube has thick thickness of inner and outer tube. The effect of dielectric coating 

on the local electric field enhancement of Au-Ag core-shell nanostructures has also been reported [27]. It has been 

found the antibonding plasmon-induced local field peak always fades down as the dielectric coating thickness is 

increased. Whereas for bonding plasmon mode, the dielectric coating thickness-dependent monotonic intensity 

decrease of the local field peak only takes place when the Au-Ag nanoshell has a very small or a very large gold 

core. Then how does the effective scattering of the bimetallic three-layered nanoshells depend on the local 

dielectric environment? In this paper, effective plasmonic scattering of Au-Ag bimetallic three-layered nanoshells 

has been studied theoretically. It has been found the effective scattering greatly depends on the geometric 

dimension and local dielectric environment of the nanostructure. It has been found that the greatest effective 
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scattering could be obtained when the outer Ag nanoshell has a thick thickness or the dielectric separate layer has 

a small dielectric constant. The effective scattering could also be greatly improved when the inner Au sphere has a 

very small or large radius. 

 

2.  The Modeling 

The Au@Ag bimetallic three-layered nanostructure with concentric symmetry used in this study is modeled 

as a dielectric layer-coated gold nanosphere surrounded by a silver nanoshell [25]. In this model, the inner Au 

nanosphere has a radius of r1 and dielectric constant of 1, the separate dielectric nanolayer has a thickness of r2-r1 

and dielectric constant of 2, the outer Ag nanoshell has a thickness of r3-r2 and dielectric constant of 3, the 

surrounding media has a dielectric constant of 4. In this study, the dielectric properties of the inner gold sphere 

and outer silver shell are calculated using a Drude model, 

)
1

1(
1

1

)(

22

2

2

22

2

2




















pp

b i , where b is the 

bulk metal dielectric constant of gold or silver, ωp is the bulk metal plasmon frequency of gold or silver, and τ is 

the relaxation time [28]. In this calculation, the total diameter of the nanoparticle is set as 50 nm, which is much 

smaller than the wavelength of the incident light. Therefore, the quasi-static theory can be employed in the 

calculation of the wavelength-dependent absorption cross section Qabs and scattering cross section Qsca of the 

Au-dielectric-Ag three-layered nanoshells. The detail analytical equations of the wavelength-dependent 

absorption and scattering cross sections could be derived from the Laplace’s equation and could be found in the 

Ref. [29-31]. At last, the effective scattering cold be obtained as 

scaabs

sca
sca

QQ

Q
Q


 . 

 

3. Results and discussions 

3.1 The spectrum comparison of absorption, scattering and scattering efficiency 

Figure 1a compared the spectra of light absorption, scattering and scattering efficiency. In this calculation, 

the Au@Ag three-layered nanoshell has a geometrical parameter of r1,2,3=[10, 20, 25] nm. The dielectric constants 

of the middle separate layer and the outer surrounding medium are set as 2=5 and 4=1, respectively. The 

absorption spectrum shows three distinct SPR peaks at 403 nm, 588 nm and 823 nm, respectively. The first 

absorption peak at 403 nm, denoted as 

 , is from the symmetric coupling between the inner sphere plasmon 

and the outer anti-bonding shell plasmon [32]. The second peak at 588 nm is attributed to the symmetric coupling 
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between the inner sphere plasmon and the outer bonding shell plasmon, which is denoted as 

 . The third 

peak at 823 nm, denoted as 

 , is from the anti-symmetric coupling between the inner sphere plasmon and the 

outer bonding shell plasmon. In Figure 1a, the scattering spectrum also exhibits three peaks. Although the 

wavelength positions of these three scattering peaks are around the frequencies of SPR, the scattering intensity is 

much weaker than that of absorption. Therefore, we also plotted the spectrum of scattering efficiency, 

scaabs

sca

QQ

Q


 , in Figure 1a. One can also find three scattering efficiency peaks, whereas the peak intensities of 

the scattering efficiency are smaller than 0.1. What's more, the scattering efficiency peaks get wider and red shift 

to 434 nm, 645 nm and 1200 nm, respectively. Therefore, the peak wavelengths of the scattering efficiency do not 

have the same resonance wavelength of the plasmonic absorption and scattering peaks. In order to find the real 

intensity of the light scattering, a new physical quantity, denoted as effective scattering=

scaabs

sca
sca

QQ

Q
Q


 , has 

been used in this study. In Figure 1b, the spectra of scattering and effective scattering have been compared. One 

can find the maximum effective scattering takes place around the SPR frequencies. However, the intensity of the 

effective scattering is much weaker than the scattering cross section. Therefore, improving the effective scattering 

by tuning the particle dimension and local dielectric environment is very important, which will be discussed 

detailedly in the next section.  

 

(a)                                            (b) 

Figure 1 (a) The spectrum of light absorption, scattering and scattering efficiency. (b) The spectral comparison 

between scattering and effective scattering. r1,2,3=[10,20,25]nm, 2,4=[5,1]. 

 

3.2 Turning the effective scattering of Au-dielectric-Ag nanoshell 
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3.2.1 The effect of separate layer dielectric constant on the effective scattering 

Because the polarizability of the separate layer affects the collective oscillation strength of the conducting 

electrons of the nanoshell, the effective scattering of the three-layered nanostructure also depends on the dielectric 

constant of the separate nanolayer. Figure 2 summarized the effects of ɛ2 on the effective scattering spectra of 

Au-dielectric-Ag nanoshells with different inner Au core size and outer dielectric environment. In this calculation, 

the outer silver nanoshell has a thickness of 5 nm. When the inner gold sphere has a small radius of 5 nm, only 

one effective scattering peak corresponding to the 

  mode takes place in the spectra. What’s more, the 

effective scattering peak always decreases quickly and red shifts slightly as the dielectric constant of the separate 

layer is increased, as shown in Figure 2a,b. In Figure 2b, the dielectric constant of the outer surrounding is 

decreased to 4=2, which leads to the effective scattering peak has a shorter wavelength position and the effective 

scattering has a greater intensity. When the inner gold sphere has a large radius of 15 nm, all the three effective 

scattering peaks could be observed in the spectra. But only the 

  mode takes the major role in the spectra, as 

shown in Figure 2c,d. As the dielectric constant of the separate layer is increased from 1 to 6, the effective 

scattering peak corresponding to the 

  mode still decreases quickly and red shifts, which is similar to the 

results of Figure 2a,b. In Figure 2c,d, the effective scattering peak corresponding to the 

  mode could also 

be observed, but the intensity is too weak. When the dielectric constant of the outer surrounding medium has a 

large value of 4=5, the effective scattering peak corresponding to the 

  mode gets intense distinctly as the 

2 is increased, as shown in Figure 2c. Whereas when the surrounding dielectric constant is decreased to 4=2, the 

2–dependent effective scattering intensity becomes non-monotonous. The increase of the separate layer dielectric 

constant leads to the effective scattering intensity increases firstly and then decreases, as shown in Figure 2d.  

 

                      (a)                                        (b) 
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                      (c)                                        (d) 

Figure 2 The effect of ɛ2 on the effective scattering spectra of Au-Di-Ag nanoshells. (a) with a small inner gold 

nanosphere and large environmental dielectric constant, (b) with a small inner gold nanosphere and small 

environmental dielectric constant, (c) with a large inner gold nanosphere and large environmental dielectric 

constant, (d) with a large inner gold nanosphere and small environmental dielectric constant. 

 

3.2.2 The effect of surrounding dielectric constant on the effective scattering 

The dielectric constant of the surrounding environment also impacts the effective scattering of the Au@Ag 

bimetal three-layered nanostructure. The effect of ɛ4 on the effective scattering spectra of Au-dielectric-Ag 

nanoshells with different inner core size and separate layer dielectric constant is shown in Figure 3. In this 

calculation, the thickness of the outer silver nanoshell is still set as 5 nm. When the inner gold sphere has a small 

radius of 5 nm, the effective scattering peak corresponding to the 

  mode takes the major role in the spectra, 

and changes non-monotonously as the surrounding dielectric constant is increased, as shown in Figure 3a,b. The 

increase of the ɛ4 always leads to the effective scattering increases firstly and then decreases. When 2=5, the 

maximum effective scattering takes place when 4=3.3. Whereas when the separate layer dielectric constant has a 

smaller value of 2=2, the maximum effective scattering has a larger value and appears when 4=2. When the inner 

gold sphere has a large radius of r1=15 nm, the effective scattering peak corresponding to the 

  mode takes 

the major role in the spectra, but the 

  mode becomes very weak, as shown in Figure 3c,d. One can find the 

ɛ4-dependent red shift of the effective scattering peak becomes very weak. However, the increase of the ɛ4 also 

always leads to the effective scattering increases firstly and then decreases. And the maximum effective scattering 

also left shifts to a small value of 4, which is similar to the results in Figure 3a,b. This non-monotonous change of 
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the effective scattering could be attributed to the competition between the dielectric constants of separate layer 

and outer surrounding. The different polarization directions of separate layer and outer surrounding result in 

opposite contributions to the restoring force and SPR. So the maximum effective scattering always appears when 

ɛ2 is close to ɛ4. 

 

                      (a)                                        (b) 

 

                      (c)                                        (d) 

Figure 3 The effect of ɛ4 on the effective scattering spectra of Au-Di-Ag nanoshells. (a) with a small inner gold 

nanosphere and large middle layer dielectric constant, (b) with a small inner gold nanosphere and small middle 

layer dielectric constant, (c) with a large inner gold nanosphere and large middle layer dielectric constant, (d) with 

a large inner gold nanosphere and small middle layer dielectric constant. 

 

3.2.3 The effect of inner core size on the effective scattering 

In order to illuminate the inner sphere radius-induced SPR transformation between 

  and 


  mode, 

we studied the effect of r1 on the effective scattering of the Au@Ag bimetal three-layered nanostructure in this 

section. Figure 4 summarized the effect of r1 on the effective scattering spectra of Au-dielectric-Ag nanoshells 
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with different outer shell thickness and local dielectric environment. In Figure 4a,b,c, the local environment has 

the dielectric constant of 2,4=5,2, i.e., the separate layer has a larger dielectric constant than that of outer 

surrounding medium. It has been found that the increase of r1 always leads to the effective scattering of 

  

mode decrease, whereas the 

  mode gets intense. When the outer silver shell has a thin thickness of 3 nm, 

the effective scattering of 

  mode is very weak, and only the  


  mode takes the major role in the 

spectra. The inset of Figure 4a shows that the effective scattering peak of 

  mode gets intense quickly as the 

r1 is increased from 10 to 20 nm. When the outer silver shell has a thickness of 9 nm, the effective scattering of 


  mode becomes greater and blue shifts to approach the 


  mode. Thus the two effective scattering 

peaks begin to blend and overlap. Therefore, the decrease of the 

  mode and the increase of the  


  

mode results in the effective scattering changes non-monotonously. The inset of Figure 4b shows that the effective 

scattering peak decreases firstly and reaches the minimum when r1=7 nm, and then gets intense quickly as the r1 is 

further increased. In Figure 4c, the outer silver shell has a large thickness of 15 nm, which leads to the 

  

mode further increases and blue shifts. Thus the two effective scattering peaks blend together completely. 

However, the r1-dependent non-monotonous intensity change becomes slight, as shown in the inset of Figure 4c. 

In Figure 4d,e,f, the local environment has the dielectric constant of 2,4=2,5, i.e., the separate layer has a smaller 

dielectric constant than that of outer surrounding medium. In this case, the effective scattering of 

  and 


  mode always take the major role in the spectra. As the radius of the inner sphere is increased, the effective 

scattering of 

  mode decreases, but the 


  mode gets intense, which results in distinct SPR 

transformation from 

  to 


  mode. The comparison in Figure 4 also indicates that the most intense 

effective scattering could be obtained in the Au@Ag three-layered nanostructure with a thick outer Ag shell. 

Especially when the separate nanolayer has a larger dielectric constant, the intense effective scattering could be 

always obtained with different radius of the inner Au nanosphere.  



 11

 

  (a)                                      (b) 

 

                     (c)                                     (d) 

 

                    (e)                                       (f) 

Figure 4 The effect of r1 on the effective scattering spectra of Au-Di-Ag nanoshells. (a) with a thin thickness of the 

Ag shell and 2>4, (b) with a middle thickness of the Ag shell and 2>4, (c) with a thick thickness of the Ag shell 

and 2>4, (d) with a thin thickness of the Ag shell and 2<4, (e) with a middle thickness of the Ag shell and 2<4, 

(f) with a thick thickness of the Ag shell and 2<4. 
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4. Conclusions 

The effective scattering of Au-dielectric-Ag three-layered nanoshells could be enhanced by tuning the 

geometric dimension and dielectric constant of local environment. The maximum effective scattering takes place 

when the outer Ag nanoshell has a thick thickness or the separate layer has a small dielectric constant. The 

effective scattering is also dependent on the radius of the inner Au sphere and the dielectric constant of the outer 

surrounding medium. Because of the plasmon mode transformation between 

  and 


 , the maximum 

effective scattering usually takes place when the inner Au sphere has a small or large radius. The increase of the 

surrounding dielectric constant leads to the effective scattering get intense firstly and then decreases. Therefore, 

the maximum effective scattering could be obtained when the surrounding dielectric constant has an intermediate 

value. These calculating results about effective plasmonic scattering of Au@Ag three-layered nanoshells presents 

a potential for design and fabrication of plasmonic optical nanodevice based on light scattering. 
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Figures

Figure 1

(a) The spectrum of light absorption, scattering and scattering e�ciency. (b) The spectral comparison
between scattering and effective scattering. r1,2,3=[10,20,25]nm, ε2,4=[5,1].



Figure 2

The effect of 2 on the effective scattering spectra of Au-Di-Ag nanoshells. (a) with a small inner gold
nanosphere and large environmental dielectric constant, (b) with a small inner gold nanosphere and
small environmental dielectric constant, (c) with a large inner gold nanosphere and large environmental
dielectric constant, (d) with a large inner gold nanosphere and small environmental dielectric constant.



Figure 3

The effect of 4 on the effective scattering spectra of Au-Di-Ag nanoshells. (a) with a small inner gold
nanosphere and large middle layer dielectric constant, (b) with a small inner gold nanosphere and small
middle layer dielectric constant, (c) with a large inner gold nanosphere and large middle layer dielectric
constant, (d) with a large inner gold nanosphere and small middle layer dielectric constant.



Figure 4

The effect of r1 on the effective scattering spectra of Au-Di-Ag nanoshells. (a) with a thin thickness of the
Ag shell and ε2>ε4, (b) with a middle thickness of the Ag shell and ε2>ε4, (c) with a thick thickness of
the Ag shell and ε2>ε4, (d) with a thin thickness of the Ag shell and ε2<ε4, (e) with a middle thickness of
the Ag shell and ε2<ε4, (f) with a thick thickness of the Ag shell and ε2<ε4.


