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Supplementary information

A.1. Determination of the extinction cross sections 

Considering a core-double shell nanoparticle as shown in Figure 1, four 

regions can be defined: , ,  and , which 𝑅 < 𝑅1 𝑅1 < 𝑅 < 𝑅2 𝑅2 < 𝑅 < 𝑅3 𝑅 > 𝑅3

correspond to the core, the first layer, the second layer and the surrounding media in 

which the nanoparticle is immersed, respectively. The expression of the incident electric 

field in terms of spherical vector functions can be written as [25]:  

,                                        (A1.1)
𝐸𝑖 = 𝐸0

∞

∑
𝑛 = 1

𝑖𝑛 2𝑛 + 1
𝑛(𝑛 + 1)(𝑀(1)

𝑗1𝑛 ‒ 𝑖𝑁 (1)
𝑝1𝑛)

From the continuity conditions of the electric and magnetic fields at each interface, a set 

of equations can be derived:

                  (A1.2)𝑓𝑛𝑚1𝜑𝑛(𝑚2𝑥) ‒ 𝑣𝑛𝑚1𝜒𝑛(𝑚2𝑥) ‒ 𝑐𝑛𝑚2𝜑𝑛(𝑚1𝑥) = 0

𝑓𝑛𝜑'𝑛(𝑚2𝑥) ‒ 𝑣𝑛𝜒'𝑛(𝑚2𝑥) ‒ 𝑐𝑛𝜑'𝑛(𝑚1𝑥) = 0

𝑔𝑛𝑚1𝜑'𝑛(𝑚2𝑥) ‒ 𝑤𝑛𝑚1𝜒'𝑛(𝑚2𝑥) ‒ 𝑑𝑛𝑚2𝜑'𝑛(𝑚1𝑥) = 0
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𝑔𝑛𝜑𝑛(𝑚2𝑥) ‒ 𝑤𝑛𝜒𝑛(𝑚2𝑥) ‒ 𝑑𝑛𝜑𝑛(𝑚1𝑥) = 0

𝑙𝑛𝑚2𝜑𝑛(𝑚3𝑦) ‒ 𝑝𝑛𝑚2𝜒𝑛(𝑚3𝑦) ‒ 𝑓𝑛𝑚3𝜑𝑛(𝑚2𝑦) + 𝑣𝑛𝑚3𝜒𝑛(𝑚2𝑦) = 0

𝑙𝑛𝜑'𝑛(𝑚3𝑦) ‒ 𝑝𝑛𝜒'𝑛(𝑚3𝑦) ‒ 𝑓𝑛𝜑'𝑛(𝑚2𝑦) + 𝑣𝑛𝜒'𝑛(𝑚2𝑦) = 0

𝑜𝑛𝑚2𝜑'𝑛(𝑚3𝑦) ‒ 𝑞𝑛𝑚2𝜒'𝑛(𝑚3𝑦) ‒ 𝑔𝑛𝑚3𝜑'𝑛(𝑚2𝑦) + 𝑤𝑛𝑚3𝜒'𝑛(𝑚2𝑦) = 0

𝑜𝑛𝜑𝑛(𝑚3𝑦) ‒ 𝑞𝑛𝜒𝑛(𝑚3𝑦) ‒ 𝑔𝑛𝜑𝑛(𝑚2𝑦) + 𝑤𝑛𝜒𝑛(𝑚2𝑦) = 0

𝑚3𝜑'𝑛(𝑧) ‒ 𝑎𝑛𝑚3𝜉'𝑛(𝑧) ‒ 𝑜𝑛𝜑'𝑛(𝑚3𝑧) + 𝑞𝑛𝜒'𝑛(𝑚3𝑧) = 0

𝜑𝑛(𝑧) ‒ 𝑎𝑛𝜉𝑛(𝑧) ‒ 𝑜𝑛𝜑𝑛(𝑚3𝑧) + 𝑞𝑛𝜒𝑛(𝑚3𝑧) = 0

𝑏𝑛𝑚3𝜉𝑛(𝑧) ‒ 𝑚3𝜑𝑛(𝑧) + 𝑙𝑛𝜑𝑛(𝑚3𝑧) ‒ 𝑝𝑛𝜒𝑛(𝑚3𝑧) = 0

                    (A1.13)𝑏𝑛𝜉'𝑛(𝑧) ‒ 𝜑'𝑛(𝑧) + 𝑙𝑛𝜑'𝑛(𝑚3𝑧) ‒ 𝑝𝑛𝜒'𝑛(𝑚3𝑧) = 0,

where  , , ,   , , 
𝑚𝑖 =

𝑘𝑖

𝑘
=

𝑁𝑖

𝑁
𝑘𝑖 =

2𝜋𝑁𝑖

𝜆 𝑥 = 𝑘𝑅1 𝑦 = 𝑘𝑅2, 𝑧 = 𝑘𝑅3 𝜑𝑛(𝑥) = 𝑥𝑗𝑛(𝑥)

 and . The solution of the system of 𝜒𝑛(𝑥) = 𝑥𝑦𝑛(𝑥) 𝜉𝑛(𝑥) = 𝑥h(1)
𝑛 (𝑥) = 𝜑𝑛(𝑥) + 𝑖𝜒𝑛(𝑥)

equations defined by [A1.2 - A1.13] allows to determine the expressions for   and  :𝑎𝑛 𝑏𝑛

              
𝑎𝑛 =

𝑚3𝜑 '
𝑛(𝑧)[𝜑𝑛(𝑚3𝑧) - 𝑄𝑛𝜒𝑛(𝑚3𝑧)] - 𝜑𝑛(𝑧)[𝜑 '

𝑛(𝑚3𝑧) - 𝑄𝑛𝜒'𝑛(𝑚3𝑧)]
𝑚3𝜉 '

𝑛(𝑧)[𝜑𝑛(𝑚3𝑧) - 𝑄𝑛𝜒𝑛(𝑚3𝑧)] - 𝜉𝑛(𝑧)[𝜑 '
𝑛(𝑚3𝑧) - 𝑄𝑛𝜒'𝑛(𝑚3𝑧)]

(A1.14)

𝑏𝑛 =
𝑚3𝜑𝑛(𝑧)[𝜑 '

𝑛(𝑚3𝑧) - 𝑃𝑛𝜒'𝑛(𝑚3𝑧)] - 𝜑 '
𝑛(𝑧)[𝜑𝑛(𝑚3𝑧) - 𝑃𝑛𝜒𝑛(𝑚3𝑧)]

𝑚3𝜉𝑛(𝑧)[𝜑 '
𝑛(𝑚3𝑧) - 𝑃𝑛𝜒'𝑛(𝑚3𝑧)] - 𝜉 '

𝑛(𝑧)[𝜑𝑛(𝑚3𝑧) - 𝑃𝑛𝜒𝑛(𝑚3𝑧)]

𝑃𝑛

=
𝑝𝑛

𝑙𝑛
=

𝑚3𝜑 '
𝑛(𝑚3𝑦)[𝜑𝑛(𝑚2𝑦) - 𝑉𝑛𝜒𝑛(𝑚2𝑦)] - 𝑚2𝜑𝑛(𝑚3𝑦)[𝜑 '

𝑛(𝑚2𝑦) - 𝑉𝑛𝜒'𝑛(𝑚2𝑦)]
𝑚3𝜒 '

𝑛(𝑚3𝑦)[𝜑𝑛(𝑚2𝑦) - 𝑉𝑛𝜒𝑛(𝑚2𝑦)] - 𝑚2𝜒𝑛(𝑚3𝑦)[𝜑 '
𝑛(𝑚2𝑦) - 𝑉𝑛𝜒'𝑛(𝑚2𝑦)]
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𝑄𝑛

=
𝑞𝑛

𝑜𝑛
=

𝑚3𝜑𝑛(𝑚3𝑦)[𝜑 '
𝑛(𝑚2𝑦) - 𝑊𝑛𝜒'𝑛(𝑚2𝑦)] - 𝑚2𝜑 '

𝑛(𝑚3𝑦)[𝜑𝑛(𝑚2𝑦) - 𝑊𝑛𝜒𝑛(𝑚2𝑦)]
𝑚3𝜒𝑛(𝑚3𝑦)[𝜑 '

𝑛(𝑚2𝑦) - 𝑊𝑛𝜒'𝑛(𝑚2𝑦)] - 𝑚2𝜒 '
𝑛(𝑚3𝑦)[𝜑𝑛(𝑚2𝑦) - 𝑊𝑛𝜒𝑛(𝑚2𝑦)]

𝑉𝑛 =
𝑣𝑛

𝑓𝑛
=

𝑚2𝜒𝑛(𝑚1𝑥)𝜑 '
𝑛(𝑚2𝑥) - 𝑚1𝜑𝑛(𝑚2𝑥)𝜑 '

𝑛(𝑚1𝑥)
𝑚2𝜒𝑛(𝑚1𝑥)𝜑 '

𝑛(𝑚2𝑥) - 𝑚1𝜑𝑛(𝑚2𝑥)𝜑 '
𝑛(𝑚1𝑥)

                       (A1.19)
𝑊𝑛 =

𝑤𝑛

𝑔𝑛
=

𝑚2𝜑𝑛(𝑚2𝑥)𝜑 '
𝑛(𝑚1𝑥) - 𝑚1𝜑𝑛(𝑚1𝑥)𝜑 '

𝑛(𝑚2𝑥)
𝑚2𝜒𝑛(𝑚2𝑥)𝜑 '

𝑛(𝑚1𝑥) - 𝑚1𝜑𝑛(𝑚1𝑥)𝜒 '
𝑛(𝑚2𝑥)

When the particle size is small compared to the wavelength , 𝑚1𝑥, 𝑚2𝑦,𝑚3𝑧,𝑥,𝑦,𝑧 ≪ 1

extinction, scattering and absorption cross sections are described by equations [7] and 

[8], where

𝛼 = 4𝜋𝑐3
𝛼1 + 𝛼2

𝛼3 + 𝛼4

𝛼1 = (𝜀1 + 2𝜀2)(𝜀2 ‒ 𝜀3)(2𝜀3 + 𝜀𝑚)𝑓 + (2𝜀2 + 𝜀1)(2𝜀3 + 𝜀2)(𝜀3 ‒ 𝜀𝑚)

h𝛼2 = 2(𝜀2 ‒ 𝜀1)(𝜀3 ‒ 𝜀2)(𝜀3 ‒ 𝜀𝑚)𝑔 + (𝜀1 ‒ 𝜀2)(𝜀3 + 2𝜀2)(2𝜀3 + 𝜀𝑚)

𝛼3 = (𝜀1 + 2𝜀2)(𝜀2 ‒ 𝜀3)(2𝜀3 ‒ 2𝜀𝑚)𝑓 + (2𝜀2 + 𝜀1)(2𝜀3 + 𝜀2)(𝜀3 + 2𝜀𝑚)

h    (A1.23)𝛼4 = 2(𝜀2 ‒ 𝜀1)(𝜀3 ‒ 𝜀2)(𝜀3 + 2𝜀𝑚)𝑔 + (𝜀1 ‒ 𝜀2)(𝜀3 + 2𝜀2)(2𝜀3 ‒ 2𝜀𝑚)

where ,  and  are the dielectric functions of each region of the nanoparticle, and  𝜀1 𝜀2 𝜀3

 is the dielectric function of the surrounding medium. ,  𝜀𝑚 𝑓 = (𝑅2/𝑅3)3 𝑔 = (𝑅1/𝑅2)3

and   . ℎ = (𝑅1/𝑅3)3
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A2.  and  spherical vector functions 𝑀 𝑁

Functions , , y , used in electric and magnetic fields are 𝑀𝑗1𝑛 𝑀𝑝1𝑛 𝑁𝑗1𝑛 𝑁𝑝1𝑛

described in the form:

𝑀𝑗1𝑛 = ‒ sin 𝜙𝜋𝑛(𝜃)𝑧𝑛(𝜌)𝑎𝜃 ‒ sin 𝜙𝜏𝑛(𝜃)𝑧𝑛(𝜌)𝑎𝜙

𝑀𝑝1𝑛 = cos 𝜙𝜋𝑛(𝜃)𝑧𝑛(𝜌)𝑎𝜃 ‒ sin 𝜙𝜏𝑛(𝜃)𝑧𝑛(𝜌)𝑎𝜙

𝑁𝑗1𝑛 = cos 𝜙𝑛(𝑛 + 1)sin 𝜃𝜋𝑛(𝜃)
𝑧𝑛(𝜌)

𝜌
𝑎𝑟 + cos 𝜙𝜏𝑛(𝜃)

[𝜌𝑧𝑛(𝜌)]'

𝜌
𝑎𝜃 ‒ sin 𝜙𝜋𝑛(𝜃)

[𝜌𝑧𝑛(𝜌)]'

𝜌
𝑎𝜙

    (A.2.1)
𝑁𝑝1𝑛 = sin 𝜙𝑛(𝑛 + 1)sin 𝜃𝜋𝑛(𝜃)

𝑧𝑛(𝜌)

𝜌
𝑎𝑟 + sin 𝜙𝜏𝑛(𝜃)

[𝜌𝑧𝑛(𝜌)]'

𝜌
𝑎𝜃 + cos 𝜙𝜋𝑛(𝜃)

[𝜌𝑧𝑛(𝜌)]'

𝜌
𝑎𝜙

where  and .  are the 𝜋𝑛(𝜃) = 𝑃1
𝑛(cos 𝜃)/sin 𝜃 𝜏𝑛(𝜃) = 𝑑𝑃1

𝑛(cos 𝜃)/𝑑𝜃 𝑃1
𝑛(cos 𝜃)

associated Legendre polynomials.


