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Theoretical background 

Electromagnetic wave scattering cross-section ( ) of a meta-atom𝐶𝑡𝑜𝑡𝑎𝑙
𝑠𝑐𝑎

Multipole moments of different nature and orders, electric dipole , magnetic dipole , (𝑝𝛼) (𝑚𝛼)

electric quadrupole  and magnetic quadrupole , can be excited in a meta-atom on (𝑄 𝑒
𝛼𝛽) (𝑄 𝑚

𝛼𝛽)
excitation by an electromagnetic wave, as shown in Fig. 11. The resonant excitation of multipoles 
take place on satisfying the following conditions. First, meta-atom physical dimensions should be 
of the order of excitation wavelength . Secondly, the meta-atom refractive index (𝜆𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛)
should have high real values, while having lower value for the imaginary component.  On 

excitation of a dielectric meta-atom (TiO2, ) by an 
𝑛𝑇𝑖𝑂2

=  2.49 @ 𝜆𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛 =  488 𝑛𝑚

electromagnetic wave  [Fig. 1], the total electromagnetic wave scattering (𝜆𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛 = 488 𝑛𝑚)

cross-section  can be expressed using multipolar decomposition, considering the (𝐶𝑡𝑜𝑡𝑎𝑙
𝑠𝑐𝑎 )

contributions from different individual multipole moments- electric dipole , magnetic dipole (𝑝𝛼)

, electric quadrupole  and magnetic quadrupole , as given below (𝑚𝛼) (𝑄 𝑒
𝛼𝛽) (𝑄 𝑚

𝛼𝛽)

                                                                                   (1)𝐶𝑡𝑜𝑡𝑎𝑙
𝑠𝑐𝑎 = 𝐶

𝑝 
𝑠𝑐𝑎 + 𝐶

𝑚 
𝑠𝑐𝑎 + 𝐶 𝑄𝑒

𝑠𝑐𝑎 + 𝐶𝑄𝑚
𝑠𝑐𝑎 

   (2)    
Ctotal
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𝛼𝛽
(|𝑘𝑄 𝑚

𝛼𝛽

𝑐 |2) ]]
                                                      

Here, , , , and  are the cross sections corresponding to electric dipole (ED), 𝐶 𝑝
𝑠𝑐𝑎 𝐶 𝑚

𝑠𝑐𝑎 𝐶 𝑄𝑒
𝑠𝑐𝑎 𝐶𝑄𝑚

𝑠𝑐𝑎

magnetic dipole (MD), electric quadrupole (EQ), and magnetic quadrupole (MQ), as shown in Fig. 

1c. The notations ,  and  are the amplitude of the incident electric field, wave vector, and |𝐸𝑖𝑛𝑐|2
𝑘 𝑐

speed of light, respectively. The electromagnetic multipole moments are deduced from the 
distribution of induced electric current density  of a meta-atom, on considering the surrounding (𝐽𝜔)
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medium as air . The induced current density  in the meta-atom is expressed [𝑛𝑎𝑖𝑟 =  𝜖0 = 1] (𝐽𝜔)
as

                                                                          (3)𝐽𝜔(𝑟) =  ‒ 𝑖𝜔𝜖0[𝜖𝑟(𝑟) ‒  1]𝐸 (𝑟)

Here,  and  are the permittivity in vacuum and relative permittivity at the position 𝜖0 𝜖𝑟(𝑟)

coordinates  with respect to the surrounding medium air, respectively. The electric field  𝑟 𝐸 (𝑟)
contains both the incident field and the scattered radiation by the meta-atom. The electromagnetic 
multipole moments can be expressed as an integral function of induced current density , as (𝐽𝜔)
given below.

Electric dipole moment-ED:  
𝑝𝛼 =  ‒

1
𝑖𝜔{∫𝑑3𝑟𝐽𝜔

𝛼 𝑗0(𝑘𝑟) +
𝑘2

2 ∫𝑑3𝑟[3 (𝑟 ∙ 𝐽𝜔)𝑟𝛼 ‒ 𝑟2𝐽𝜔
𝛼]

𝑗2 (𝑘𝑟)

(𝑘𝑟)2 }
                                                                                                                                        (4)

Magnetic dipole moment-MD:                                             (5)
 𝑚𝛼

 =  
3
2{∫𝑑3𝑟(𝑟 × 𝐽𝜔)𝛼

𝑗1 (𝑘𝑟)

𝑘𝑟 }
Electric quadrupole moment-EQ:  

𝑄 𝑒
𝛼𝛽

=  ‒
3

𝑖𝜔{∫𝑑3𝑟[3 (𝑟𝛽𝐽𝜔
𝛼 + 𝑟𝛼𝐽𝜔

𝛽) ‒ 2(𝑟 ∙ 𝐽𝜔)𝛿𝛼𝛽]
𝑗1 (𝑘𝑟)

𝑘𝑟
+ 2𝑘2∫𝑑3𝑟[5𝑟𝛼𝑟𝛽 (𝑟 ∙ 𝐽𝜔) ‒ (𝑟𝛼𝐽𝛽 + 𝑟𝛽𝐽𝛼)𝑟2 ‒ 𝑟2(𝑟 ∙ 𝐽𝜔)𝛿𝛼𝛽]

𝑗3 (𝑘𝑟)

(𝑘𝑟)3 }
                              (6)

Magnetic quadrupole moment-MQ:      (7)  
𝑄 𝑚

𝛼𝛽 =  15∫𝑑3𝑟{𝑟𝛼(𝑟 × 𝐽𝜔)𝛽 + 𝑟𝛽(𝑟 × 𝐽𝜔)𝛼}
𝑗2 (𝑘𝑟)

(𝑘𝑟)2

                                                
Here, are the symbolic representations of position co-ordinates.𝛼, 𝛽 𝑥, 𝑦, 𝑧 

Effective refractive index  of a metasurface on an opaque substrate (𝑛𝑒𝑓𝑓)

The effective refractive index  of a metasurface on an opaque substrate, as a function of the (𝑛𝑒𝑓𝑓)

diameter  of each meta-atom as well as the metasurface array lattice periodicity , is (𝐷𝑀𝐴) (𝑃𝑀𝑆)
given by the following expression2

                                                                          
𝑛𝑒𝑓𝑓 =  𝑛𝑇𝑖𝑂2( 𝜋 ∙ 𝐷 2

𝑀𝐴

3 ∙ 3 ∙ 𝑃 2
𝑀𝑆

) +  𝑛𝑎𝑖𝑟 (1 ‒
𝜋 ∙ 𝐷 2

𝑀𝐴

3 ∙ 3 ∙ 𝑃 2
𝑀𝑆

)
(8)
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Here,  and  are the refractive indices of the TiO2 meta-atom and surrounding medium 
𝑛𝑇𝑖𝑂2 𝑛𝑎𝑖𝑟

air, respectively.

Results
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Lattice periodicity  dictates coupling among Mie-resonance and lattice resonances (𝑃  
𝑀𝑆)

Figure S1: Multipole scattering cross-section  EM spectra of metasurface for different (𝐶  
𝑠𝑐𝑎)

lattice periodicities (𝑃𝑀𝑆)
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Number of meta-atoms in finite metasurface dictates spatial hybridization of EM multipoles

Figure. S2: Multipole scattering cross-section  EM spectra of metasurface for different (𝐶  
𝑠𝑐𝑎)

number of meta-atoms. 
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