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Abstract 

In this work we have developed full Mie theory for spherical core-double shell 

NPs, considering the boundary conditions of the electric and magnetic fields at each 

interface, to study plasmon resonances, optical extinction and spectral field 

enhancement of a generalized metal-dielectric-metal NPs. Keeping gold as the outer 

metal shell, calculations were carried out for different core metals (gold, silver, copper 

and aluminium) and different intermetallic dielectrics (silica, titanium dioxide, 

aluminium oxide and water). The metal dielectric function includes free and bound 

electron size corrections. Theoretical results show that the structures Al-SiO2-Au, Ag-

SiO2-Au and Cu-SiO2-Au have field enhancement maxima factors of 33, 30 and 20 

respectively in the outer region, all larger than that for Au-SiO2-Au (18). For the 

intermetallic region, field enhancement factors between 459, 960  and 841 are obtained 

for the first three structures mentioned before, respectively, also larger than that for Au-

SiO2-Au(770).  

Spatial field enhancement was also calculated for both regions, for different core 

metals and fixed core-double shell size. A hybridization model specially developed for a 
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core-double shell system allows an insightful interpretation of its plasmon resonances, 

field enhancement maxima and lack of symmetry in the outer region field distribution. 

 

1    Introduction 

 Bare-core and single coated metal NPs have found many applications in 

diverse areas of science and technology [1-10]. In recent years, major interest is being 

devoted to the synthesis and characterization of core-double shell metal-dielectric-metal 

NPs due to their diverse applications in catalysis [11, 12], biocompatible SERS [13], 

drug-delivery [14], tumor diagnosis and therapy [15], contaminant detection SERS [16, 

17], near-field enhancement [18] and nanoscale optical parametric amplification [19].  

These core-double shell NPs have been successfully synthesized using chemical and 

laser assisted methods [13, 20, 21].  

 Recent works about core-double shell metal-dielectric-metal NPs are devoted 

to theoretically analyze plasmonic response and field enhancement dependence on 

relative core–shell radii for the particular case of Au-SiO2-Au, mainly interested in the 

biocompatibility of gold [22 - 24]. For the simulations, the authors use different 

approximations and metal dielectric function, although not always appropriately 

corrected for free and bound electrons for describing the studied cases. Besides, no 

other configurations of metal and dielectric were explored in the literature.    

 In this paper, plasmonic properties and field enhancement of spherical core-

double shell metal-dielectric-gold NPs for different core metals (Ag, Cu and Al) and 

different intermetallic dielectrics (water, SiO2, Al2O3 and TiO2) are studied for the first 

time. We show in first place, the difference in plasmon resonances of bare core and 

core-double shell NPs using the dipolar approximation and full Mie theory, showing 
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that the former may lead to wrong plasmon resonance conclusions, especially when 

non-noble metals are considered.  

We have developed Mie theory for spherical NPs comprising a metal core and 

two concentric shells, with appropriate boundary conditions, including modifications for 

free electron and bound electron contributions to the metal dielectric function. This 

approach is used to calculate spectral and spatial field enhancement for different core 

metals and intermetallic dielectric, showing high enhancement factors for particular 

configurations.  

Finally, hybridization model was extended for core-double shell NPs and used to 

explain the location, redshift and intensity increase (decrease) of the maxima in the field 

enhancement spectra.  

 

 

2    Theoretical Model 

 To study the extinction of core-double shell spherical NPs, electric and 

magnetic fields in each of the regions indicated in Figure 1 must be calculated. ��, �� 
represent the incident electric and magnetic fields, ��, �� (for j = 1, 2 and 3) represent 

the electric and magnetic fields in each of the regions and ��, ��represent the scattered 

electric and magnetic fields. � =	
��  represents the complex refractive index of the 

surrounding media while �� (for j = 1, 2 and 3) are the complex refractive index of each 

layer. As it is known, �� =	
��  with �� being the complex dielectric function for each 

region. 

Page 3 of 34 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
5 

N
ov

em
be

r 
20

16
. D

ow
nl

oa
de

d 
by

 A
th

ab
as

ca
 U

ni
ve

rs
ity

 o
n 

15
/1

1/
20

16
 1

3:
29

:5
6.

 

View Article Online
DOI: 10.1039/C6RA19349H

http://dx.doi.org/10.1039/c6ra19349h


4 
 

 
 

Figure 1: Incidence of a plane wave on a core-double shell NP. �� , �� represent the 
electric and magnetic incident fields whose propagation direction is represented by 
�. �� , �� (for j = 1, 2, 3), are the electric and magnetic fields in each layer. ��, �� are the 
scattered electric and magnetic fields. ��  (for j = 1, 2, 3) is the complex refractive index 
of each medium.  

 

 To obtain the electric and magnetic field of each layer, the vector wave 

equation in spherical coordinates considering an incident plane wave �� = ������������  

must be solved, being �� the unit vector in the x axis. The solution of this problem can 

be written following the mathematical background given by Bohren and Huffman [25] 

in the form:     

 

�� = ∑ ������������  !"�#$����� %&�'� ,                                   (1) 

�( = ∑ ���)��������  !*�#$����� + ,������(�  !-�#$���(� %&�'� ,                       (2) 

�. = ∑ ���/��������  !0�#$����� + 1������(�  !2�#$���(� %&�'� ,                      (3) 

�� = ∑ ���!3�#$���.�  4������.� %,&�'�                                       (4) 
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where �� = ��!� (�5�
���5�� , j and p subindices correspond to spherical vector function 

orders (see Supplementary information). Superscripts (1), (2) and (3) indicate that the 

spherical Bessel functions used in the expression of the vector functions � and # are 

6��78� = 9 :
(�� ;�5�/(�78�, =��78� = 9 :

(��>�5�/(�78� and ℎ��78� = 6��78� + !=��78�, 

respectively, being ;� and >� the Bessel functions of first and second class. For 

expressions of magnetic field in each layer, Ampere's law is used (∇ × � =  !B��). 

The full definition of � and # vector functions as well as the values of the constants 

derived from the continuity conditions of electric and magnetic fields at the boundary 

for each region are described in the Supplementary information. The expressions for the 

scattering, extinction and absorption cross sections of spherical particles can be written 

as: 

 

C��D = (:
�E ∑ �2G + 1��|3�|( + |4�|(�&�'� ,                                    (5) 

CJ�K = (:
�E ∑ �2G + 1�L��3� + 4��&�'� ,                                      (6) 

CDM� = CJ�K  C��D ,                                                   (7) 

 

When the Nps are small, the dipolar approximation can be used. The above expressions 

are then reduced to: 

 

C��D = �N
O: |P|(,									CJ�K = 7	Im�P�,		                                      (8) 

 

 

where the polarizability P is defined in Supplementary information. 

 For the determination of the fields and cross sections mentioned above, it is 

necessary to adequately describe the dielectric function of the different layers. If one or 
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more of these layers are metals with nanometer thickness, their dielectric function can 

be written as the experimental bulk dielectric function plus two size corrective terms 

corresponding to the contributions of free and bound electrons as:  

 

��B, L� = �MST��B� + ∆�V�JJ�B, L� +	∆�M�S�W�B, L�,                         (9) 

where 

∆�V�JJ�B, L� = XYE
X Z �[\

]X5�[^_``a]X5�[^_``5�[\ab,                                    (10) 

∆�M�S�W�B, L� =  �cd/de Z�MST��B�  1 + XYE
XE5�X[^_``b ,                       (11) 

 

where �MST��B� represents the experimentally measured bulk dielectric function, B is 

the frequency of the incident wave, fV�JJ corresponds to the free electrons damping 

constant, B$ is the plasma frequency, L� is a constant and fd is a constant related to the 

average time between collisions of electrons with the boundary of the NP. 

 In the case of metal-dielectric-metal NP, for L < L�, free electron correction 

takes the form fd = � hid , while for the layer in which L( < L < L., fd = � hi
dcdE. In 

these expressions ,j is the Fermi velocity of free electrons and C is a constant whose 

typical value is considered to be in the order of 0.75 [26 - 30] for the case of diffuse 

electron scattering at the particle’s boundary. This type of correction is meaningful for 

NP sizes smaller than about 40 nm, depending on the metal. For metal core sizes or 

metal shell thicknesses smaller than 2 nm ((L� < 2 nm) or (L.  L(� < 2 nm), bound 

electron size correction ∆�M�S�W�B, L� must be taken into account. To determine B$ 

and fV�JJ using the method developed by Mendoza Herrera et al. [30 - 33], we used the 

experimental complex refractive index given by Babar et al. [34] for Au, Ag and Cu and 
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those given by McPeak et al. [35] for Al. The obtained results are summarized in Table 

1:  

Table 1: B$ and fV�JJ for Au, Ag, Cu and Al 

metal B$ 	× 10�l [mc�] fV�JJ 	× 10�n [mc�] 

Au 13.26 1.26 

Ag 13.74 0.25 

Cu 13.39 0.40 

Al 17.44 2.38 

   

 

 

3      Results and discussion 

3.1   Considerations about Dipolar approach and Mie theory 

 

 In recent works about core-double shell Nps [22 - 24], the authors focus on the 

plasmonic and field enhancement characteristics of gold-silica-gold NPs. Hu et al. [22] 

studied the spectral response and angular scattering properties of silica-gold and gold-

silica-gold multilayer nanoshells. They use Mie code to show similarities and 

differences between optical properties of both structures, without considering intrinsic 

size corrections for the metal dielectric function. On the other hand, Wu et al. [23] 

investigated the influence of core size and intermetallic dielectric layer thickness on 

plasmon resonance properties of gold-silica-gold nanoshells, using Mie theory including 

only free electron size corrected metal dielectric function. Finally, Zhu et al. [24] 
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studied the effect of gold core on the local field enhancement of gold-silica-gold 

nanoshell using the electrostatic approximation for sizes in the order of several tens of 

nanometers, where the approximation is not valid. 

 A typical experimental result obtained in our group for increasing size of gold 

NPs (10 nm to 80 nm, for example), yielded spectra with plasmon resonance strongly 

redshifted (extrinsic effect). However, dipolar approach expression is capable only to 

account for the small radii spectra, and keeps the plasmon unshifted for larger radii. 

This typical example for gold may be somehow misleading, in the sense that all metal 

NPs under say 20 nm in size can be safely treated in the dipolar approach.  

 It is necessary to point out that care must be exercised in using this latter 

approach, since the correct plasmon resonance wavelength (as well as higher order 

resonances) depends not only on NP size but also on the metal which the NP is made of. 

This is related to conditions applied to the so called “size parameter	o” (o =
2pL� λ⁄ ), where N is the surrounding medium refractive index and λ is the incident 

wavelength in vacuum. While the condition o << 1 considers only dipolar contributions 

to the scattered field (dipolar approximation), |s|	o << 1, being s the metal relative 

complex refractive index [25], takes into account higher order multipolar contributions 

(quasi-static approximation). In both approximations the field in the particle is 

considered uniform. However, the words quasi-static and dipolar may be often used 

indistinctively in the literature. To accurately describe the plasmonic characteristics of 

larger particles, it is necessary to use Mie theory instead.  

 For comparison purposes, Figure 2 illustrates this point for the case of 

extinction spectra of bare core Au (a) and Al (b) NPs for two different sizes. For Au, the 

expected result that for small radius (15 nm) dipolar and Mie Theory yield similar 

spectra with coincident plasmon resonances while for larger sizes (35 nm) they produce 
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different results is clearly seen. However, the case of Al NPs shows a dramatic 

difference: dipolar and Mie approach yield different results even for the 15 nm radius 

and much more different spectra for the larger particles, including the appearance of 

higher order resonances.    
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Figure 2: Comparison between extinction spectra of bare spherical NPs calculated 
using full Mie Theory and its dipolar approximation for (a) gold and (b) aluminum, for 
two sizes.  

 

 

 The above comparison may be extended to the case of core-double shell type 

NPs, where also the choice of the core metal implies noticeable differences in the 

extinction spectra. Let us first consider a core-double shell NP made up of a gold core, a 

silica layer and an external gold shell, with radii R1, R2 and R3 related by R2 = 1.5 R1 and 

R3 = 2 R1. Figure 3 (a) shows a comparison of extinction spectra for R1 = 2 nm and R1 = 

22 nm, calculated using the dipolar approximation and full Mie theory. It can be seen 

that two plasmonic resonances are predicted in both approaches. For small sizes, both 

spectra are superimposed. However, as the radius is increased, the dipolar 

approximation still predicts the plasmon peaks at the same wavelengths as before, in 

contrast to the red shift of both peaks derived when full Mie calculation is used. For 

spherical NPs, the red shift of plasmon resonance with size is the well-known “extrinsic 

size” effect [26]. 
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 If the gold core is replaced by aluminum, striking differences are seen, as 

depicted in Figure 3 (b). When the dipolar approximation is used to calculate the 

extinction spectra for the same sizes as in panel (a), two plasmon resonances are seen, 

which seem to be fixed at approximately λ = 200 nm and λ = 700 nm. However, when 

full Mie is used for R1 = 2 nm, the large wavelength peak blueshifts to about λ = 400 

nm, while the other remains almost fixed. For R1 = 22 nm, Mie approach yields all the 

multipolar resonances (even the small dipolar shoulder at about λ = 850 nm) while 

dipolar approximation still wrongly predicts a resonance close to 700 nm.  
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Figure 3: Extinction spectra for Au-SiO2-Au (a) and Al-SiO2-Au (b) three-layered Nps 
using dipolar approximation and full Mie theory. In all cases, R2 = 1.5 R1 and R3 = 2 R1. 
Comparing the spectra, it is clear that also for these kinds of layered NPs, dipolar 
approximation wrongly predicts plasmon resonances.  

 

 

 Taking into account these results, we shall use full Mie theory when 

calculating the influence of metal core and intermetallic dielectric on the spectral and 

spatial field enhancement of core-double shell NPs (sections 3.2 and 3.4, respectively).  

 
 

3.2 Spectral field enhancement calculations   

Using Mie Theory for core-double shell metal-dielectric-metal NPs, the total 

(�K�KDT = �� + ��� electric field spatial distribution inside and outside the particle may 

be obtained. From this field distribution, the maximum value in the intermetallic 

dielectric region and in the outer medium may be obtained. When the amplitude of this 

maximum field is divided by the amplitude of the incident field (|��|), the so called 

field enhancement factor can be obtained. This enhancement depends not only on 
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wavelength (due to the plasmon resonances of the compound particle) but on various 

parameters such as core metal, intermetallic dielectric and layer sizes.  

 

3.2.1 Influence of metal core on spectral field enhancement   

Theoretical calculations were performed for a core-double shell NP with fixed 

dimensions L� = 10 nm, L( = 15 nm and L.	= 25 nm for fixed intermetallic dielectric 

(SiO2), fixed metal shell (Au) and different core metals. Spectral field enhancement 

calculation is taken at the point where the maximum value of the scattered field occurs, 

which is not always collinear with the direction of the incident field, as it would be if 

only dipolar contribution is taken into account. This is because the different multipolar 

contributions considered when full Mie is used yield maxima at different angular 

positions with coefficients that are wavelength dependent. This issue will be further 

discussed in Section 3.4.  

Figure 4 shows the influence of different core metals (Au, Ag, Cu and Al) on the 

spectral field enhancement both outside the metal shell (panel (a)) and in the 

intermetallic dielectric (panel (b)).   
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Figure 4: Spectral field enhancement on the outer region (surrounding medium) (a) and 
the intermetallic region (b), for core-double shell spherical NP considering different 
core metals, SiO2 as intermetallic dielectric and Au as the external metal shell. In all 
cases, the radii are L� = 10 nm, L( = 15 nm and L. = 25 nm. �� is the module of the 
incident field (��) and |�(| is the module of the scattered field in the intermetallic 
dielectric.  
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It is interesting to notice the large difference between the scales in the vertical 

axes of panels (a) and (b). This is due to the much stronger field enhancement in the 

intermetallic region with respect to the outer region, where the fields are shielded by the 

external metal shell. Panel (a) shows that the largest field enhancement factor |�K�K| ��⁄  

= 33 corresponds to Al as core metal, while there is a decrease in intensity when core 

metals Ag, Cu and Au are considered, respectively. Also, there is a general redshifted of 

these resonances for the considered metals. Field enhancement resonances 

corresponding to the shorter wavelength plasmon peak appear in inverse order of 

intensity compared with the large wavelength plasmon resonance. Panel (b) shows that 

Ag as core metal produces a maximum field enhancement |�(| ��⁄  = 950 in the 

intermetallic region.   

 

3.2.2 Influence of intermetallic dielectric permittivity on spectral field 

enhancement   

 In the previous calculations, the intermetallic dielectric permittivity was kept 

constant. To study its influence, we have calculated spectral field enhancement for the 

case of Au-dielectric-Au for increasing values of the dielectric constant, considering it 

non-wavelength dependent as a first approximation. Figure 5 (a) shows the spectral field 

enhancement |�K�K| ��⁄  for the outer region for integer values of ε  from 1 to 5.  This 

range of values was chosen since it encompasses some of the most classical dielectrics 

frequently used as metal nanoparticle shells. It is easily seen that both maxima in the 

field enhancement spectrum redshift as ε  increases. This behaviour can be interpreted 

by the well-known fact that the resonance condition at the core-dielectric interface is 

fulfilled for larger wavelengths for increasing values of ε. The intensity increase of the 

short wavelength peak is due to the increase of the core extinction coefficient with 
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increasing permittivity at the resonance wavelength [25]. The intensity decrease of the 

large wavelength peak will be discussed based on the hybridization model developed in 

section 3.3.   
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Figure 5: Field enhancement in the outer region for a Au-dielectric-Au NP, calculated 
for L� = 10 nm, L( = 15 nm and L. = 25 nm: a) increasing values of dielectric 
permittivity non-wavelength dependent and b) different intermetallic dielectric media 
with wavelength dependent ε. Values at 600 nm are given by: ε water = 1.77, ε SiO2 = 2.13, 
ε Al2O3 = 3.10 and ε TiO2 = 6.78.     

 

Figure 5 (b) shows the outer region spectral field enhancement |�K�K| ��⁄  for 

realistic intermetallic dielectrics: water, SiO2, Al2O3 and TiO2. Their wavelength 

dependent dielectric function were calculated using the Sellmeier’s equation and 

ordered in increasing values of ε  at 600 nm (ε water = 1.77, ε SiO2 = 2.13, ε Al2O3 = 3.10 

and ε TiO2 = 6.78). It can be seen that the general behavior follows that of Figure 5 (a). 

Combining the results shown in Figure 4 (a) and 5 (a), core-double shell NPs may be 

engineered to tune field enhancement for specific applications.   

 The field enhancement spectrum calculated in the intermetallic region 

(|�(| ��⁄ ) for the same Au-dielectric-Au configuration and increasing �( values, is 

dominated by a strong resonance that redshifts as the permittivity increases. However, 

as can be seen in Figure 6 (a), its intensity increases for �( from 1 to 3, and then 

decreases monotonically for larger values of permittivity. 

 

Page 17 of 34 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
5 

N
ov

em
be

r 
20

16
. D

ow
nl

oa
de

d 
by

 A
th

ab
as

ca
 U

ni
ve

rs
ity

 o
n 

15
/1

1/
20

16
 1

3:
29

:5
6.

 

View Article Online
DOI: 10.1039/C6RA19349H

http://dx.doi.org/10.1039/c6ra19349h


18 
 

 

 

 

 

Figure 6: Field enhancement in the intermetallic region calculated for L� = 10 nm, L( = 
15 nm and L. = 25 nm: a) increasing values of dielectric permittivity non-wavelength 
dependent and b) different intermetallic dielectric media with wavelength dependent ε.   
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Summarizing, the attractive characteristic of these kinds of triple spherical 

structures is that the wavelengths of field enhancement maxima originated by 

interference of the bare core and nanoshell resonances may be tuned not only through 

appropriate engineering of NP size ratios [22], but also by selecting specific core metals 

and specific intermetallic dielectric, as shown in this work.   

 

 

3.3   Hybridization calculations 

 The maxima of the spectral field enhancement shown in the previous 

paragraph are related to the plasmon resonance peaks of the core-double shell NPs. 

These peaks may be physically interpreted through a relatively simple approach based 

on the interaction between resonance modes of simpler nanostructures such as spheres, 

cavities and nanoshells, known as hybridization model. In trying to obtain an explicit 

expression for the location of plasmon resonances, this model makes use of the simpler 

expression of quasi-static approximation, avoiding cumbersome mathematics involved 

in Mie theory. Although plasmon wavelengths are derived with a smaller precision than 

with Mie’s, the strength of this approach relies on the insightful qualitative and 

quantitative description of the plasmon peaks.  

 Hybridization model was first applied for the particular case of a single 

metallic nanoshell immersed in vaccum by Prodan et al. [37], showing that the 

resonances of this structure could be obtained by hybridization of the resonances of a 

gold core and a cavity in a gold bulk. Following a different path within the quasi-static 

approximation, we have calculated the solution of Laplace equation for the electric 

potential for a sphere of radius L. and dielectric function �.	immersed in a medium with 

a permittivity �� and for a cavity of radius L( and �( immersed in a medium �., 
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yielding the wavelength dependent resonance conditions t�u� = /	�. + �/ + 1�	�� = 0 

and t�u� = �/ + 1�	�( + /	�. = 0, respectively, where / represents the multipolar order.  

When the metal dielectric function is written in the simple Drude form  � = 1  B$(/B(, 
the plasmon resonance wavelengths predicted in [37] are obtained. However, this 

expression for the metal dielectric function lacks free and bound electron contribution 

corrections, the latter being important in the UV-visible range where the plasmon 

resonances for Au, Ag, Cu y Al are encountered. Some authors [22, 38] consider the 

correction of bound electron contribution as an additive constant to the dielectric 

function, whose value is determined by fitting the extinction spectrum of a NP of known 

size. However, the method misses the location of plasmon peaks for sizes larger or 

smaller than that of the known Np.  The first resonance condition, corresponding to a 

bare 10 nm radius Au NP, is plotted in the upper panel of Figure 7 (blue dot-dashed 

line). When the curve crosses the t�u� = 0 line, it yields the plasmon resonance 

wavelength λv , indicated by a full blue vertical line in the middle panel along with a 

schematic of the bare Au NP.  

For the more general case of a dielectric (�(� – metal (�.�  nanoshell immersed 

in a dielectric medium (��), the resonance condition  t�u� = �.(	/	�/ + 1��oc(Tc�  
1� + �.w/	�/ + 1���( + ��� + ��(	/( + ���/ + 1�(�oc(Tc�x + �(��	/	�/ + 1��oc(Tc�  

1� = 0 is obtained, where o = �dEdy%
.
.   This condition is also plotted in the upper panel 

of Figure 7 (red dashed line), where it can be seen that it crosses the zero line at points 

corresponding to the two resonance wavelengths λ±. One of them (λ5) is just outside of 

the wavelength range for which the experimental values of the complex refractive index 

were measured by Babar et al. [34]. These wavelengths are also shown in the middle 

panel along with a schematic of a nanoshell. 
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Finally, the hybridization of a bare metal NP (��) and a dielectric-metal 

nanoshell yields a resonance condition given by �u� = o���� + 2�(�w3�.��(  �.�  
��. + 2�����(  �.�x + o(��(  ���w3�.��(  �.�  ��. + 2�����(  �.�  9�(�. +
3�(��. + 2���x + o.��. + 2�����(  ����2�.  2�(� + ��. + 2�����( + 2�.���� +

2�(� ,  where  o� = �dEdy%
.
  o( = �d}dy%

. o. = �d}dE%
.
 . This condition is plotted as a full 

black line in the upper panel of Figure 7. This curve crosses the zero line at three points 

corresponding to wavelengths denoted as  λ±± . The shortest wavelength  λ55 again falls 

in the range where no experimental measurements of the refractive index are given [34]. 

The other two wavelengths, λc± , indicate hybridization resonances that fall in the visible 

range.  Hybridization between λv y λ± gives rise to  λ±± , shown with grey vertical lines 

in the central panel.   

The extinction spectra of a core-double shell gold-dielectric-gold NP with sizes 

L� = 10 nm, L( = 15 nm and L. = 25 nm radii as well as that of a dielectric-gold 

nanoshell of sizes L( = 15 nm and L. = 25 nm radii are plotted in the lower panel of 

Figure 7, using dipolar approximation and full Mie. As can be expected, the plasmon 

resonance wavelengths are correctly given by the full Mie approach (which correspond 

to the vertical black lines in the central panel), while blue-shifted peak values are found 

in the dipolar approximation. Comparing the lower and middle panels, it can be seen 

that the peaks for the core-double shell NP given by the dipolar approximation match 

the resonances derived from hybridization model. This fact supports the goodness of 

nanoparticle hybridization concept for determining plasmon resonance wavelengths in 

an approximate way. For the case of a 10 nm radii bare core gold NP with a 5 nm 

thickness SiO2 shell, hybridization yields a plasmon at λv = 537.0 nm, while full Mie 

yields λv = 539.0 nm. For the case of a SiO2 -Au nanoshell with sizes L( = 15 nm and 
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L. = 25 nm radii, dipolar approximation yields λ±=187.8 nm and 572.2 nm, while full 

Mie yields λ±=195.4 nm and 578.0 nm.  

 

 

Figure 7: Upper panel: resonance condition t�B� = 0 for bare core (dashed dotted 
line), two layered NP (dashed line) and three layered NP (full line). Middle panel: 
plasmon resonance wavelengths corresponding to three layered NP hybridized from 
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bare core and dielectric-metal nanoshell. Lower panel: extinction spectra for Au-SiO2-
Au and SiO2-Au NPs with radii indicated in the graph.  

 

 

Following the same procedure, the visible hybridization wavelengths λc5 and  λcc  

for core-double shell NPs with Ag, Cu and Al cores may be derived. Their values are: 

λc5 = 506 nm and λcc = 645.6 nm for Ag,  λc5 = 552.7 nm and λcc = 665.7 nm for Cu and 

λc5 = 502.6 nm and λcc = 620.5 nm for Al.       

The characteristics of the spectral field enhancement shown in Figure 5 

concerning redshift and intensity variation with intermetallic dielectric permittivity (ε() 

may be now interpreted based on the hybridization model. As ε(	increases, the 

boundary conditions for the electric and magnetic fields produce a general redshift of all 

plasmon resonance wavelengths. Particularly, the plasmon wavelength of the bare core 

λv  shows a larger redshift than those corresponding to the nanoshell, λc and  λ5, since 

the former is largerly influenced by the intermetallic dielectric permittivity than the 

latter. The final result of this situation is an increase in the coupling that gives rise to λc5 

(thus increasing the amplitude of the resonance in the extinction spectrum) and a 

decrease in the coupling that gives rise to λcc (decreasing the amplitude of the resonance 

in the extinction spectrum).  

 
 

3.4 Spatial field enhancement calculations   

Spatial field enhancement calculations were carried out for core-double shell 

metal-dielectric-gold NP with sizes L�= 10 nm, L( = 15 nm and L. = 25 nm radii, for 

Au, Ag, Cu and Al as core metals, keeping SiO2 fixed as the dielectric layer.  Figures 8 

to 11 show the field enhancement spatial distribution for these core metals, both in the 
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intermetallic (left column) and external (right column) regions, for specific wavelengths 

corresponding to the two maxima and minimum shown in the field enhancement spectra 

of Figure 4 (a). The intensity scale in each column is fitted to account for the large 

difference in field enhancement between the intermetallic region and the outer region. 

In all cases, circles in dashed lines indicate the geometrical location of the core and the 

outer shell. For all panels, the incident wave direction is the positive “Y” axis, with the 

electric field polarized in the plane of the Figure in the “X” axis. The data presented 

corresponds to the plane for which the zenithal angle φ = 0. 
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Figure 8: Spatial field enhancement for a Au-SiO2-Au NP for different wavelengths and 
regions. Upper row λ = 543 nm, middle row λ = 643 nm and lower row λ = 686 nm. 
Left column corresponds to the intermetallic region while the right column corresponds 
to outer region.  
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Figure 9: Spatial field enhancement for a Ag-SiO2-Au NP for different wavelengths and 
regions. Upper row λ = 522 nm, middle row λ = 600 nm and lower row λ = 656 nm. 
Left column corresponds to the intermetallic region while the right column corresponds 
to outer region.  
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Figure 10: Spatial field enhancement for a Cu-SiO2-Au NP for different wavelengths 
and regions. Upper row λ = 562 nm, middle row λ = 630 nm and lower row λ = 679 
nm. Left column corresponds to the intermetallic region while the right column 
corresponds to outer region.  
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Figure 11: Spatial field enhancement for a Al-SiO2-Au NP for different wavelengths 
and regions. Upper row λ = 538 nm, middle row λ = 560 nm and lower row λ = 628 
nm. Left column corresponds to the intermetallic region while the right column 
corresponds to outer region.  

 

Comparing the right columns, it is interesting to notice the lack of angular 

symmetry of field enhancement in the surrounding region around the outer metallic 

shell for the shorter wavelengths. As the wavelength increases, there is a general trend 
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to symmetry. This can be understood bearing in mind that for a bare core NP, the quasi-

static approximation is given by |s|	o = 2pL|��JKDT| �u	��JW�S�	�⁄ ≪ 1, which is 

better met as λ increases.  In this case, the larger contribution to the spatial field 

enhancement comes from the dipole term producing a symmetric field distribution, 

while higher order multipoles (asymmetric field distribution) are negligible. Besides, 

the condition is also dependent on the metal refractive index. For those metals for which 

its refractive index module is large, a larger wavelength is needed to meet the 

mentioned condition. For the metals studied in this work, the smallest refractive index 

module corresponds to Ag (��� = 0.055 + i 4.010 or ����� = 2 at 600 nm), while the 

largest corresponds to Al (��T = 1.141 + i 6.925 or |��T| = 7 at 600 nm). This behavior 

is clearly seen in the right columns of Figures 9 and 11 respectively.  

 

Conclusions 

 We have theoretically studied the tunable optical properties of core-double 

shell metal-dielectric-metal spherical NPs using full Mie theory, taking into account free 

and bound electron size corrections to the metal dielectric function. We have shown that 

care must be taken in using the dipolar approach to describe these properties, since both 

the location and number of plasmon resonances of these structures may be wrongly 

yielded if the quasi-static approximation is not fully met, particularly if non noble 

metals are studied.  

 Spectral field enhancement calculations using Mie theory developed for core-

double shell metal-dielectric-metal NPs were carried out for different core metals and 

different intermetallic dielectric, keeping gold as the fixed outer metal shell.  For NPs 

with fixed dimensions L� = 10 nm, L( = 15 nm and L.	= 25 nm, the influence of Au, 

Ag, Cu and Al as core metals, with SiO2 as the intermetallic dielectric was studied. 
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Field enhancement spectra of these structures show two maxima in the vis-NIR 

wavelength region and one in the far UV. The wavelengths of these maxima are tunable 

according to the kind of metal used. Besides, the resonances are also dependent on the 

intermetallic dielectric permittivity. By changing this parameter, the peaks may be 

widely tuned across the vis-NIR spectrum. These characteristics yield a wider set of 

variables that may be used to design NPs with specific plasmonics resonances.  

 A hybridization model for core-double shell NPs in the quasi-static approach 

is used to explain the location, redshift and intensity of the peaks in the field 

enhancement spectrum based on the interaction between resonance modes of simpler 

nanostructures such as spheres, cavities and nanoshells.  

 Finally, the influence of the different core metals on the spatial field 

enhancement of these nanostructures is calculated for incident wavelengths 

corresponding to the maxima and minimum in the field enhancement spectrum. Plots 

for inner and outer regions show the symmetric (or asymmetric) angular field 

enhancement distribution when dipole (or higher order multipoles) describes the field.  

The tunability properties of field enhancement, dependent on relative core-

double shell sizing, core metal and intermetallic dielectric permittivity, allows designing 

and engineering NPs with specific plasmonics resonances for enhancing nonlinear 

response of metallic nanocomposites with potential applications in harmonic generation, 

SERS and near field optics.  
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