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A comprehensive design framework for all-dielectric metasurfaces by harnessing the 
interplay of controlled multiple multipoles excitation, Rayleigh anomaly, Mie and lattice 
resonances

Tummaluru Khadar Basha,1 Faraz A. Inam,2 and Junaid Masud Laskar1*,
Nanophotonics and Quantum Meta-Optics Group, Center for Nanophotonics, Department of 
Physics and Nanotechnology, Kattankulathur, Chennai, Tamil Nadu, PIN- 603203, India
Department of Physics, Aligarh Muslim University, Aligarh, Uttar Pradesh, PIN-202002, India
(*Electronic mail: junaidmb@srmist.edu.in) 

Abstract
Dielectric metasurfaces have emerged as promising candidates to control electromagnetic (EM) 
multipoles, crucial for precise manipulation of associated light-matter interactions, particularly for 
multifunctionality in photonics technologies spanning across structural scales and EM spectrum. 
Each multipole with a given nature (electric-E, magnetic-H) and order (dipole-D, quadrupole-Q) 
has specific functionality, having implications on resonance types- fundamental as well as 
collective, their coupling, and hybridization. On using geometrical dimensions as primary design 
parameters, only a few multipoles could be excited simultaneously. Moreover, understanding the 
relationship among meta-atom Mie resonance, lattice periodicity, and lattice resonances is still 
missing. Local field distribution due to the spatial hybridization with neighboring meta-atoms is 
also unknown for finite metasurfaces. We have developed a comprehensive design framework to 
maximize resonance strength by controlled multipoles excitation, overlap, coupling among 
different resonance types- Mie, lattice, Rayleigh anomaly, and local field in metasurface, using 
numerical simulation. Simultaneous spectral overlapping of four (ED, MD, EQ, MQ) multipoles 
is demonstrated as meta-atom height exceeds excitation wavelength. As periodicity matches both 
Mie and Rayleigh anomaly wavelength, resulting in a metasurface resonance attains a high Q-
factor, attributed to maximum coupling of Mie and lattice resonances. Spatial field hybridization 
due to specific arrangement of neighboring meta-atoms, depending on array size, results in 
asymmetric local field distribution in finite metasurfaces, crucial for real-world implementation. 
Our findings reveal governing principles linking controlled multipole excitation dynamics, 
influence of coupling among different resonance types on resultant resonance, and local field 
distribution relevant towards multifunctional metasurface photonics integrated quantum 
technologies. 

Keywords: finite metasurface, multipole, Rayleigh anomaly, hybridization, Mie, lattice resonance 

Introduction 
Resonances are ubiquitous in nature, creating striking visual effects, as in opal gemstones1, 
beetles2, butterfly wings3, particularly in the context of light–matter interactions4, arising in 
systems where an electromagnetic (EM) wave interferes with a geometry to create a strong EM 
field enhancement at specific frequencies or wavelengths5. Resonant systems span from simple 
geometric cavities, such as an antenna6, meta-atom5,7–9, Fabry–Perot10, ring11, whisper gallery 
resonators12 to complex periodic structures- photonic crystal13, metasurfaces5,8,9,14–16, by making 
use of different mechanisms, including Mie5,9,14–17, plasmonic7, guided-mode18,19, Fano 
resonances20, lattice resonances21–24, and bound states in the continuum (BICs)25. 

Page 1 of 16 Nanoscale Advances

N
an

os
ca

le
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/3
0/

20
26

 5
:1

6:
58

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6NA00100A

mailto:junaidmb@srmist.edu.in)
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6na00100a


2

In the dielectric meta-atom, being a basic resonant photonic system, having their dimension of the 
order of the excitation EM wavelength and its match with the wavelength of EM multipole 
oscillation of different nature (electric and magnetic) and order (dipoles, quadrupoles), resonant 
excitation of multipoles takes place, known as Mie resonances (𝜆𝑀𝑖𝑒) 9,14–17,26,27.  Computational 
design and experimental investigation of meta-atoms of different shapes are carried out through 
resonant multipole excitation, amplitude enhancement, spectral tuning, and overlap of multiple 
resonance peaks. However, despite the significant effort in the last decade, multipole overlap has 
been limited to only electric multipoles of two different orders– ED, EQ, and lower-order MD, 
therefore, leaving out MQ, which is crucial to enhance the magnetic emitter emissivity, and 
nonlinear optical signals9,14–16,26. It still remains a challenge to simultaneously harness four 
multipoles of different nature and order – ED, MD, EQ, and MQ, through their overlap as well as 
their field enhancement to nearly equal amplitude at a fixed geometrical dimension. 

A 2D crystal lattice structure, with the meta-atoms acting as the crystal basis located at the lattice 
sites, is known as the metasurface5,7,15,16,28,29. Metasurface is one of the most prominent resonant 
photonic systems, which allows to realize high Q-factor, a characterizing parameter of a resonator 
defined by the ratio of energy stored to energy lost per radiation cycle30. The metasurface lattice 
resonance (𝜆𝑀𝑆―𝑅𝑒𝑠 ), manifested as peaks in the EM spectra, originates from the coupling among 
Mie resonances (𝜆𝑀𝑖𝑒 ≡ 𝜆𝑀𝐴―𝑅𝑒𝑠) corresponding to each meta-atom and lattice periodicity (𝑃 

𝑀𝑆), 
i.e., meta-atom spacing dependent lattice resonances (𝜆𝐿𝑆―𝑅𝑒𝑠 ) 7,15,16,21,22,30–33. EM wave 
interaction with a periodic lattice structure, not necessarily having resonant meta-atoms as the 
basis, results in a diffraction pattern, which is the appearance of alternating intensity maxima and 
minima, also known as the lattice resonances or diffraction orders, whose angular positions can be 
accurately estimated by diffraction theory34. Interestingly, as an anomaly to the diffraction theory, 
rapid variations in expected intensities corresponding to different diffraction orders, known as the 
Rayleigh anomaly (RA) at specific wavelengths (𝜆𝑅𝐴) depending on the lattice periodicity (𝑃 

𝑀𝑆), 
are observed in the diffraction gratings, the periodic lattice structures of both metals, as well as 
dielectrics19,31,34–36. On varying the values of the metasurface 𝑃 

𝑀𝑆, around the corresponding 𝜆𝑅𝐴 
values, along two different horizontal directions of a metasurface, enhancement of lattice 
resonances (LR) due to combinations of two multipoles of different nature and order- (a) ED-
LR15,23,30,37, MD-LR15,23,30,32,37,38, (b) MD-LR15,23,30,32,37,38, EQ-LR15,23,30,39–41, as well as due to 
single multipole – (a) ED-LR30,37,  (b) MQ-LR39,42, are shown previously. However, in order to 
achieve an extremely high Q-factor in a metasurface, simultaneous overlap of multiple multipoles 
of different nature and order needs to be resonantly excited together with their spectral overlap. In 
this regard, a larger range of meta-atom spacing, the lattice periodicity (𝑃 

𝑀𝑆)  around the 
corresponding 𝜆𝑅𝐴 values need to be explored.  Therefore, an investigation of the role of 𝑃 

𝑀𝑆 on 
the interplay among different natures and order of multipoles, as well as resonance types- (i) the 
meta-atom Mie resonance (𝜆𝑀𝐴―𝑅𝑒𝑠), (ii) metasurface lattice resonances (𝜆𝑀𝑆―𝑅𝑒𝑠 ), and (iii) 
Rayleigh anomaly wavelength (𝜆𝑅𝐴),  across a larger range of lattice periodicity (𝑃

 
𝑀𝑆) spanning 

four regimes - (a) small (𝑃 
𝑀𝑆 <  𝜆𝑀𝐴―𝑅𝑒𝑠) , (b) intermediate (𝑃 

𝑀𝑆 ≤   𝜆𝑀𝐴―𝑅𝑒𝑠), (c) of the order 
(𝑃 

𝑀𝑆~  𝜆𝑀𝐴―𝑅𝑒𝑠) and (d) large (𝑃 
𝑀𝑆 >  𝜆𝑀𝐴―𝑅𝑒𝑠). It will provide a deeper insight. 

Metasurfaces used in real-world applications are constituted by a finite number of meta-atoms. 
However, investigations carried out until now have been mostly focused on computational design 
simulations of infinite metasurfaces, in order to reduce the computational cost by modelling the 
unit cell only and applying periodic boundary conditions43. In infinite metasurface numerical 
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simulations, amplitude enhancement of resonantly excited EM multipoles and role of their 
coupling on resultant high Q-factor resonance in the EM spectra can only be computed33,44–47. The 
knowledge of local EM field distributions around specific locations of each meta-atom in the 
nearfield, particularly the influence of neighboring meta-atoms and their spatial arrangement, is 
hardly addressed in the infinite metasurface numerical computation. 

In this paper, by making use of finite element method-based numerical computational simulations, 
we have developed a comprehensive conceptual design framework to maximize the dielectric 
metasurface resonances and near field distributions at sub meta-atom scale, harnessing 
simultaneous resonant excitation of different nature and order EM multipoles corresponding to 
different resonance types across the hierarchical scales. Particularly, the interplay of crucial control 
parameters - the meta-atom geometrical dimensions (diameter-DMA, and height-HMA), metasurface 
lattice periodicity with regard to Rayleigh anomaly wavelength (𝜆𝑅𝐴) and number of meta-atoms 
(NMS) on meta-atom Mie resonances (𝜆𝑀𝐴―𝑅𝑒𝑠), their coupling with diffraction lattice resonances 
and EM field hybridization due to spatial arrangement of neighboring meta-atoms, is investigated 
systematically. Deeper insight into these studies is crucial for real-world metasurface applications, 
including Huygens metasurface48, quantum electrodynamics-based cavity-free resonant integrated 
photonic devices46, integration with quantum light sources49, Raman emitters50, low-threshold 
nano-lasers51, and quantum sensing52.

Fig. 1: a Schematic of an EM wave excitation of a meta-atom (TiO2, 𝑛𝑇𝑖𝑂2 =  2.49 @ 𝜆𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛
=  488 nm), b EM multipole moment dipole oscillation configurations. 

Numerical computation (finite element method- FEM) of scattering cross-section (𝑪
 
𝒔𝒄𝒂) and 

EM field distribution of both finite and infinite metasurfaces
The numerical computational simulations of EM scattering cross-sections (𝐶

 
𝑠𝑐𝑎) and EM field 

distributions for (a) a cylindrical dielectric (TiO2) meta-atom, (b) infinite metasurface on applying 
periodic boundary conditions (PBC) and (c) metasurface with finite number of meta-atoms, are 
performed using finite element method (FEM) – the EM wave frequency domain of wave optics 
module [COMSOL multiphysics software (version 6.2)]. The EM wave excitation of the meta-
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atom and metasurface are done along the Z-direction (Fig. 1a), with air (𝑛𝑎𝑖𝑟 = 1) as the 
surrounding medium. Previously reported values of the refractive indices are used for both the 
meta-atom (TiO₂, 𝑛𝑇𝑖𝑂2  =  2.49 @ 𝜆𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛 =  488 nm)53 as well as for the substrate (Si, 𝑛𝑆𝑖
 =  3.65 @ 𝜆𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛 =  488 nm)54. In order to minimize undesired reflections of the scattered 
EM waves, a perfectly matched layer (PML), an artificial absorbing layer, is used at the interface 
boundary with surrounding air medium. The size of the mesh elements is varied from 2 nm to (
𝜆𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛/ 6) to ensure accurate computation of EM field distribution. The induced current 
densities (𝑱𝝎)55 (Eq. 3 - Supplemental Information), thereby the EM multipole moments of 
different orders (Eqs. 4 – 7 – Supplemental Information) are computed for each element 
corresponding to a certain value of spatial position vector (𝒓) [Fig. 1].

Results and discussion
The role of the geometric parameters, the meta-atom height (𝐻𝑀𝐴), metasurface array periodicity 
(𝑃𝑀𝑠), and number of meta-atoms (𝑁 

𝑀𝑠) on the 𝐶𝑡𝑜𝑡𝑎𝑙
𝑠𝑐𝑎  as well as on the scattering cross sections 

corresponding to multipole moments – ED, MD, EQ, MQ are investigated, particularly in the Mie 
regime –𝐻 

𝑀𝐴~𝑃 
𝑀𝑠~𝜆𝑒𝑥𝑐𝑖𝑡. 

Height of meta-atom dictates the overlap of multiple EM multipoles- The Mie resonance  
With an increase in meta-atom height (𝐻 

𝑀𝐴), a shift of the multipole peaks and their overlap in 
the EM spectra, are observed on excitation by the EM wave 𝜆𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛 = 488 𝑛𝑚), as shown in 
Fig. 2. The total scattering cross section (𝐶𝑡𝑜𝑡𝑎𝑙

𝑠𝑐𝑎 ) is shown as a function of size parameter (𝑘𝑎 =
2𝜋𝑛𝑎

𝜆𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛
)56. The spectral peaks physically signify decomposition of Mie resonances into 

multipoles of different nature (electric and magnetic) and orders (dipoles and quadrupoles)56–58. 
The lower-order multipoles- ED and MD can be excited at shorter meta-atom heights (𝐻 

𝑀𝐴 <  
𝜆𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛) 57,58. With an increase in height (𝐻 

𝑀𝐴~ 𝜆𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛, Fig. 2c), the amplitude of lower-
order resonance modes- ED and MD - do not vary significantly. However, their spectral peak width 
decreases, signifying an enhancement in the Q-factor of the corresponding mode. The meta-atoms 
with shorter height (𝐻 

𝑀𝐴 <  𝜆𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛) [Figs. 2 (a & b)] are unable to support the higher-order 
multipoles- EQ and MQ40,59. 

On significantly increasing meta-atom height (𝐻 
𝑀𝐴 > 𝜆𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛, Fig. 2d), two significant aspects 

are observed with regard to higher order multipoles (EQ and MQ)- (a) enhancement of the peak 
amplitude, (b) spectral peak shift towards lower size parameter values (𝑘𝑎 = 0.77). This red 
spectral shift leads to a larger degree of overlap of higher order multiples (EQ and MQ) with the 
lower ones (ED and MD), both in terms of spectral peak position and amplitude [Fig. 2d]57,58. The 
red shift of spectral peak as a function of increasing height (𝐻 

𝑀𝐴) is also observed for dielectric Si 
meta-atom, unlike the blue-shift observed for plasmonic meta-atom, attributed to increased 
restoring force between positively charged atomic nuclei and the displaced negatively charged 
electron cloud, on being excited by an EM wave58.  
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Fig. 2: Scattering cross-section (𝐶𝑡𝑜𝑡𝑎𝑙
𝑠𝑐𝑎 ) of EM multipole for different meta-atom heights (𝐻 

𝑀𝐴). 
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Physically, the higher order multipoles in dielectrics (TiO2, Si, etc.), particularly the quadrupole 
moments (EQ and MQ), can be considered as a couple of anti-parallel dipole moments [Fig. 1b], 
which requires sufficiently large enough physical space along a specific direction, which in this 
case is the Z axis- the meta-atom height 𝐻 

𝑀𝐴 direction, so that a quadrupolar arrangement of field 
distribution can be accommodated within the meta-atom59. Moreover, increased meta-atom height  
𝐻 

𝑀𝐴, having larger values of position vectors (𝒓) (Fig. 1), satisfies the condition for the Bessel 
functions of first kind with higher orders (second and third- 𝑗2 and 𝑗3 ) 

𝑗1 (𝑘𝑟)
𝑘𝑟   together with inverse 

power law ( 1
𝑟2 & 1

𝑟3 ), so that maxima peaks are allowed to form, acting as the higher order modes- 
EQ and MQ (Eqs. 4 & 5)55.  Despite the overlap of all the multipoles (ED, MD, EQ, MQ) at size 
parameter ka = 0.77, designated as Mie mode-1, a new mode-2 also gets developed at larger ka = 
1.2, where both enhancement and overlap of multipoles take place, for 𝐻 

𝑀𝐴 > 𝜆𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛, as 
shown in Fig. 2d. The enhancement of Mie multipole modes and their overlap signify that for a 
meta-atom with a given refractive index (𝑛), the geometric parameter – the meta-atom height 𝐻 

𝑀𝐴 
normalized with regard to the excitation wavelength 𝜆𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛 can be used as the primary control 
design parameter for efficient design of metasurfaces for diverse applications, including multipolar 
Huygens metasurface48, directional scattering60, superdirectivity61.

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

Metasurface, a 2D lattice structure, is designed by placing each meta-atom, acting as the basis, at 
the lattice sites, as shown in Fig. 3a62. Unlike the Mie resonance occurring at a wavelength 𝜆𝑀𝐴―𝑅𝑒𝑠
 ( = 463 𝑛𝑚) corresponding to a meta-atom, interaction among each meta-atom resonance, 
depending on the lattice periodicity (𝑃 

𝑀𝑆), play a crucial role on the resulting resonance, known 
as metasurface lattice resonance (𝜆𝑀𝑆―𝑅𝑒𝑠 ), manifested as peaks in the EM spectra32,63.  Interaction 
of light with a periodic lattice structure, not necessarily having Mie resonant meta-atoms as the 
basis, results in an EM wave diffraction pattern, which is the appearance of alternating maxima 
and minima, the lattice resonances (𝜆𝐿𝑎𝑡𝑡𝑖𝑐𝑒―𝑅𝑒𝑠), also known as diffraction orders in the light 
intensity pattern, whose angular positions can be accurately estimated by diffraction theory19. 
However, as an anomaly to the diffraction theory, rapid variations in the intensities of diffraction 
orders, known as the Rayleigh anomaly (RA), are observed in the diffraction gratings, periodic 
lattice structures of both metals, as well as dielectrics19,36. The variations in the appearance of 
intensity maxima occur at Rayleigh anomaly (RA) wavelengths (𝜆𝑅𝐴), which also depends on the 
lattice periodicity (𝑃 

𝑀𝑆) of the diffraction grating, including a crossed grating in 2D, as in the case 
of metasurfaces19,36.  The 𝜆𝑅𝐴 for a metasurface (TiO2) on an opaque substrate (Si), not only 
depends on 𝑃 

𝑀𝑠, but also the effective metasurface refractive index (𝑛𝑒𝑓𝑓)64, (Eq. 8 Supplemental 
Information), as given by the expression  𝜆𝑅𝐴 = 𝑛𝑒𝑓𝑓 ×  𝑃 

𝑀𝑆 Fig. 3d.  
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Fig. 3: a Schematic of a metasurface, b Total scattering cross-section (𝐶
 
𝑠𝑐𝑎) EM spectra of a meta-

atom, c across different metasurface lattice periodicity (𝑃𝑀𝑆), and d Calculated metasurface 
effective refractive index (𝑛𝑒𝑓𝑓). 

The role of 𝑃 
𝑀𝑆 on the interplay among different resonance types- (i) the meta-atom Mie resonance 

(𝜆𝑀𝐴―𝑅𝑒𝑠)30, (ii) metasurface lattice resonances (𝜆𝑀𝑆―𝑅𝑒𝑠 )21,63, and (iii) Rayleigh anomaly 
wavelength (𝜆𝑅𝐴)36, across three regimes of lattice periodicity (𝑃

 
𝑀𝑆)- (a) small (𝑃 

𝑀𝑆 <  𝜆𝑀𝐴―𝑅𝑒𝑠), 
(b) intermediate (𝑃 

𝑀𝑆 ≤   𝜆𝑀𝐴―𝑅𝑒𝑠), (c) of the order (𝑃 
𝑀𝑆~  𝜆𝑀𝐴―𝑅𝑒𝑠) and (d) large (𝑃 

𝑀𝑆 >  
𝜆𝑀𝐴―𝑅𝑒𝑠), is investigated. The EM wave scattering cross section (𝐶

 
𝑠𝑐𝑎) is computed for a TiO2 

metasurface on a Si substrate, as a function of wavelength (𝜆 =  450 ― 650 nm) for different 
lattice periodicity (𝑃 

𝑀𝑆) [Fig. 3c], considering the optimally designed resonant dimensions of a 
meta-atom in air medium, obtained by numerical computation as discussed earlier. The meta-atom 
resonance wavelength (𝜆𝑀𝐴―𝑅𝑒𝑠) is found to be 463 nm for the designed TiO2 meta-atom on a Si 
substrate, for the optimal dimensions (𝐷

 
𝑀𝐴 =  120 nm and 𝐻 

𝑀𝐴 =  600 nm), as shown in Fig. 
3a. As the lattice periodicity (PMS) is increased from 𝑃 

𝑀𝑆 <  𝜆𝑀𝐴―𝑅𝑒𝑠 to 𝑃 
𝑀𝑆 >  𝜆𝑀𝐴―𝑅𝑒𝑠, three 

aspects are observed with regard to the resonance peak in the spectra- (a) red-shift towards longer 
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wavelength, (b) narrowing of the width and (c) shift towards 𝜆𝑅𝐴  [Figs. 3 (b & c)]. For small 
periodicity regime- 𝑃 

𝑀𝑆 <  𝜆𝑀𝐴―𝑅𝑒𝑠 (𝑃MS =  194 nm,  222 nm,  and 342 nm :𝜆𝑀𝐴―𝑅𝑒𝑠 
=  463 nm), no spectral peak is observed within investigated wavelength range [Fig. 3c], as the 

probability of satisfying resonance conditions  (𝜆𝑀𝑆―𝑅𝑒𝑠 <  450 nm) is higher at shorter 
wavelengths65. Moreover, the calculated values of 𝜆𝑅𝐴  [Fig. 3c], being very low for small 
periodicity (𝑃 

𝑀𝑆 <  𝜆𝑀𝐴―𝑅𝑒𝑠), do not fall within the investigated wavelength range. For 
intermediate periodicity regime, 𝑃 

𝑀𝑆 ≤  𝜆𝑀𝐴―𝑅𝑒𝑠 (𝑃 
𝑀𝑆 =  410 nm,  420 nm,  and 430 nm,  

𝜆𝑀𝐴―𝑅𝑒𝑠 =  463 nm), the observed spectral peaks (𝜆𝑀𝑆―𝑅𝑒𝑠) are found to broad and lie at shorter 
wavelengths compared to Rayleigh anomaly wavelength(𝜆𝑅𝐴), i.e. 𝜆𝑀𝑆―𝑅𝑒𝑠 <  𝜆𝑅𝐴   [Fig. 3c] 
21,32,37,41,66.  The metasurface lattice resonances (𝜆𝑀𝑆―𝑅𝑒𝑠) originate from the coupling, i.e. 
constructive interference of far-field interactions among the meta-atom resonances (𝜆𝑀𝐴―𝑅𝑒𝑠). 
However, the coupling is weak, leading to weak interference, manifested as the broad width of the 
observed lattice resonance spectral peaks, if the meta-atoms are close to each other in intermediate 
periodicity regime (𝑃 

𝑀𝑆 ≤  𝜆𝑀𝐴―𝑅𝑒𝑠), as shown in Fig. 3c. Moreover, the metasurface lattice 
resonance 𝜆𝑀𝑆―𝑅𝑒𝑠  positions are found to approach the corresponding 𝜆𝑅𝐴 values, with increase 
in 𝑃 

𝑀𝑆.  The 𝜆𝑀𝑆―𝑅𝑒𝑠   resonances are strongly coupled with ED, MD, and EQ, these modes are 
called as ED-LR, MD-LR, and EQ-LR (shown in Fig. S1 – Supplemental Information). 

In the periodicity regime 𝑃 
𝑀𝑆~  𝜆𝑀𝐴―𝑅𝑒𝑠 (𝑃 

𝑀𝑆 =  465 nm, and 481 nm), the optimum spacing 
among the meta-atoms, the spectral peak width becomes extremely narrow, which is attributed to 
the collective resonance resulting from the maximum coupling between two different nature of 
EM resonances- 𝜆𝑀𝐴―𝑅𝑒𝑠 and 𝜆𝐿𝑎𝑡𝑡𝑖𝑐𝑒―𝑅𝑒𝑠

21,37,40,65.  There is strong enhancement from the ED-LR, 
MD-LR, and MQ-LR shown in Fig. 4. Interestingly, the 𝜆𝑀𝑆―𝑅𝑒𝑠  resonance spectral peak positions 
almost overlap with the respective 𝜆𝑅𝐴 wavelength values [Figs. 3(b & c)]. Observation of 𝜆𝑀𝑆―𝑅𝑒𝑠 
either overlapping with or in the proximity of the calculated 𝜆𝑅𝐴 (dotted line) physically means 
that both meta-atom Mie resonance (𝜆𝑀𝐴―𝑅𝑒𝑠) (dashed line) and 𝑃 

𝑀𝑆 dependent lattice diffraction 
resonance makes equal contributions. Otherwise, meta-atom Mie resonance (𝜆𝑀𝐴―𝑅𝑒𝑠) primarily 
plays the key role. For larger periodicity regime, 𝑃 

𝑀𝑆 >  𝜆𝑀𝐴―𝑅𝑒𝑠 (𝑃 
𝑀𝑆 =  571 nm), i.e. for large 

separation among the meta-atoms, the spectral peak almost gets diminished only showing a tiny 
amplitude, signifying non-satisfying of metasurface lattice resonance condition (𝜆𝑀𝑆―𝑅𝑒𝑠), as 
shown in Fig. 3c19,40,65. This aspect is confirmed by the significant departure of the tiny spectral 
peak (𝜆𝑀𝑆―𝑅𝑒𝑠) position from the 𝜆𝑅𝐴 value, which means the necessary crossed grating diffraction 
condition is not satisfied for such large values of lattice periodicity65. Therefore, for a given 
metasurface lattice structure on an opaque substrate, on using the lattice periodicity (𝑃 

𝑀𝑆) as a 
control parameter across different periodicity regimes, with regard to single meta-atom resonance 
wavelength (𝜆𝑀𝐴―𝑅𝑒𝑠) and Rayleigh anomaly wavelength (𝜆𝑅𝐴), the coupling among different 
nature of lattices resonances can be maximized, therefore, resulting in extremely strong 
metasurface lattice resonances 𝜆𝑀𝑆―𝑅𝑒𝑠, with extremely narrow width, high magnitude and large 
quality factor30.  

Number of meta-atoms in finite metasurface dictates spatial hybridization of EM multipoles
The computational simulations are in general performed by only modelling the unit cell of the 
array of meta-atoms, and applying periodic boundary conditions, thereby modelling an infinite 
metasurface62. This approach significantly reduces computational cost compared to modeling a 
finite array of individual meta-atoms. However, no array is infinite in real nanophotonic systems, 
and usually the size of the arrays that can be created is limited by the fabrication method43. 
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Fig. 4: Total scattering cross-section (𝐶
 
𝑠𝑐𝑎) EM spectra of metasurface for different number of 

meta-atoms. 

Considering real metasurfaces with finite lattice array size, i.e., a finite number of meta-atoms, 
computational simulations are compared for single, 4 (2×2), 9 (3×3) meta-atoms, and an infinite 
metasurface. In order to design finite metasurfaces, the optimal geometric dimensions- the meta-
atom height, diameter in the periodicity regime (𝑃 

𝑀𝑆~ 𝜆𝑀𝐴―𝑅𝑒𝑠~ 463 𝑛𝑚) are considered, where 
maximum resonance, manifested as sharp peak width (FWHM) and high Q-factor are observed, 
because of collective resonance (𝜆𝑀𝑆―𝑅𝑒𝑠) resulting from the maximum coupling between two 
different nature of EM resonances- 𝜆𝑀𝐴―𝑅𝑒𝑠 and 𝜆𝐿𝑎𝑡𝑡𝑖𝑐𝑒―𝑅𝑒𝑠 , as discussed in the previous section 
[Fig. 3]. Although, it is speculated that the strength of the coupling, manifested as the resonance 
peak width, is dictated by the metasurface array size, i.e. the number of meta-atoms, a systematic 
investigation is still missing. 

In this regard, the role of increasing number of meta-atoms (𝑁𝑀𝐴) on the interplay among different 
metasurface resonance types, 𝜆𝑀𝐴―𝑅𝑒𝑠,  𝜆𝐿𝑎𝑡𝑡𝑖𝑐𝑒―𝑅𝑒𝑠, 𝜆𝑅𝐴 and 𝜆𝑀𝑆―𝑅𝑒𝑠, are examined for 𝑃 

𝑀𝑆~ 
𝜆𝑀𝐴―𝑅𝑒𝑠, as shown in Fig. 4. Two distinct collective metasurface resonance  modes (𝜆𝑀𝑆―𝑅𝑒𝑠)- 
designated as mode-1 and mode-2 are observed, on increasing number of meta-atoms (𝑁𝑀𝐴), 
while spatially arranged in a symmetric manner. In the case of a single meta-atom (Fig. 4), mode-
1 (𝜆𝑀𝐴―𝑅𝑒𝑠―𝑚𝑜𝑑𝑒―1) appears significantly stronger than mode-2 (𝜆𝑀𝐴―𝑅𝑒𝑠―𝑚𝑜𝑑𝑒―2). In order to get 
a better idea about the contribution of multipole nature (electric or magnetic) and order (dipole or 
quadrupole) on the total scattering cross section (𝐶𝑡𝑜𝑡𝑎𝑙

𝑠𝑐𝑎 ), scattering cross section for each multipole 
(ED, MD, EQ, MQ) is computed (Fig. S2 - Supplemental Information). All the four multipoles 
significantly contribute to the resultant resonance mode-1 (shown in Fig. S2 – Supplemental 
Information), whereas mode-2 is primarily supported by the MD and EQ, with less contributions 
from the ED and MQ. As per the phase symmetry of the EM multipoles, ED and MQ are of even 
parity, while MD and EQ are of odd parity44,67. Hence, the mode-2 for single meta-atom is 
primarily contributed by multipoles of same parity, with different nature and order. On increasing 
the number of meta-atoms (𝑁𝑀𝑆 = 4 ;  2 ×  2), while satisfying the optimal periodicity regime 
condition - 𝑃 

𝑀𝑆~ 𝜆𝑀𝐴―𝑅𝑒𝑠, the amplitude of resonance mode-2 is found to become comparable to 
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resonance mode-1. The lower-order multipoles of different nature (ED and MD) and parity make 
the major contribution to mode-1. Multipoles, ED and MQ, with different nature and order, 
however with same parity primarily contribute to mode-2 (shown in Fig. S2 – Supplemental 
Information)44,67. 

On further increase in the number of meta-atoms (3×3), the amplitude of resonance mode-2 
surpasses that of mode-1, as shown in Fig. 4. EM multipoles (ED, EQ and MQ) with different 
nature, order, and parity except MD contribute to resonance mode-144,67. However, all four 
multipoles make equal and significant contributions to mode-2, leading to the surpassing the 
amplitude of mode-1.  Therefore, on increasing the number of meta-atoms (1 → 9), the following 
aspects are found to be noteworthy- (i) the resonance mode-1, the 𝜆𝑀𝐴―𝑅𝑒𝑠 makes a small red shift 
towards 𝜆𝑅𝐴 position, (ii) the resonance mode-2, the 𝜆𝑀𝑆―𝑅𝑒𝑠, resulting from the coupling among 
𝜆𝑀𝐴―𝑅𝑒𝑠 and 𝜆𝐿𝑎𝑡𝑡𝑖𝑐𝑒―𝑅𝑒𝑠, makes a large blue shift towards 𝜆𝑅𝐴 position, signifying the role of 
lattice periodicity on collective metasurface lattice resonances (𝜆𝑀𝑆―𝑅𝑒𝑠), with increasing number 
of meta-atoms44,67. In the case of infinite metasurface (𝑁𝑀𝑆 = ∞), modeling infinite number of 
meta-atoms on applying periodic boundary condition as discussed in Fig. 3c, resonance mode-1 
almost gets diminished, while resonance mode-2 becomes predominant, having extremely narrow 
width and high amplitude, indicating the emergence of a high Q-factor resonance [Figs. (3c & 
5)]44,68,70. Interestingly, the resonance mode-2 (𝜆𝑀𝑆―𝑅𝑒𝑠) wavelength position exactly overlaps 
with the 𝜆𝑅𝐴 position, if the optimal periodicity regime condition - 𝑃 

𝑀𝑆~ 𝜆𝑀𝐴―𝑅𝑒𝑠 is satisfied, for 
infinite metasurface. The three multipoles (ED, MD and MQ) are found to makes the major 
contributions in resonance mode-2, with hardly any contribution from the EQ37,47. 

Local EM field distribution is influenced by spatial hybridization of EM multipoles 
corresponding to neighboring meta-atoms
In addition to the knowledge of finite meta-atom metasurfaces at global scale, understanding the 
total scattering cross section (𝐶𝑡𝑜𝑡𝑎𝑙

𝑠𝑐𝑎 )  and field distributions (electric ― |𝐸|2 and magnetic ― |𝐻|2 
) at the local meta-atom scale is crucial for different applications including quantum emitters49, 
Raman signal enhancement50, low threshold nano-lasers51, and other cavity-free integrated 
resonant photonic circuit devices52. It is to be noted that while designing the finite metasurfaces 
(TiO2 on Si substrate) with different number of meta-atoms (2×2 and 3×3), optimal geometric 
dimensions- the meta-atom height, diameter and lattice periodicity (𝑃 

𝑀𝑆~ 𝜆𝑀𝐴―𝑅𝑒𝑠) are 
considered, where the metasurface resonances (𝜆𝑀𝐴―𝑅𝑒𝑠), manifested as narrow spectral peak 
width (FWHM) with high quality (Q) factor, are observed44,68,70.  

In the case of a finite metasurface with 2×2 meta-atoms, the 𝐶𝑡𝑜𝑡𝑎𝑙
𝑠𝑐𝑎 , considering multipoles (ED, 

MD, EQ and MQ) of different order and nature for each meta-atom (index- 1, 2, 3 and 4), are 
found to exactly overlap with each other, as shown in Fig. 5. Both the electric as well as magnetic 
field show asymmetric distribution, where the field strengths |𝐸|2 and  |𝐻|2 are higher for each 
meta-atom in the direction of its outer periphery and not having any neighboring meta-atom, as 
observed in both horizontal cross-sectional (XY plane, Z= 280 nm) and vertical cross-sectional 
(XZ plane, Y= 232.5 and -232.5 nm) planes. The periodicity regime  𝑃 

𝑀𝑆~ 𝜆𝑀𝐴―𝑅𝑒𝑠, i.e. the 
separation distance between two neighboring meta-atoms (𝑃 

𝑀𝑆) is of the order of single meta-
atom resonance wavelength (𝜆𝑀𝐴―𝑅𝑒𝑠), is found to be optimal for maximum strength mode 
coupling with neighboring meta-atom field distribution, known as spatial hybridization, resulting 
strong local field in the meta-atom of interest69–71. This leads to the redistributing the fields of each 
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meta-atom towards outer periphery in the direction away from the neighboring meta-atoms, as 
observed in Figs. 5 (b & c). The direction and the degree of spatial hybridization, manifested as 
the field lobe overlap, are observed for both electric and magnetic fields. 

Fig. 5: a Total scattering cross-section (𝐶
 
𝑠𝑐𝑎) EM spectrum of 4 (2 × 2) meta-atoms unit cell; 

Electric field distribution- b XY-Plane, Z=280 nm, c XZ-Plane, Y=232.5 nm, d XZ-Plane, Y=-
232.5 nm; Magnetic field distribution- e XY-Plane, Z=280 nm, f XZ-Plane, Y=232.5 nm, g XZ-
Plane, Y=-232.5 nm.

The asymmetry and inhomogeneity in the field distribution for each meta-atom are retained even 
on increasing the number of meta-atoms to 9 (3×3).  The meta-atom (index-5), located in the centre 
of the metasurface, shows maximum localization of EM fields for the optimal periodicity regime  
𝑃 

𝑀𝑆~ 𝜆𝑀𝐴―𝑅𝑒𝑠~ 465 𝑛𝑚, due to spatial hybridization with the fields of neighbouring meta-atoms 
across all directions, reflected as the field lobe overlap (|𝐻|2), as shown in Figs. 6 (g & m). This 
is why the total scattering cross section (𝐶𝑡𝑜𝑡𝑎𝑙

𝑠𝑐𝑎 ) for the meta-atom (index-5) is also found to be 
maximum (Fig. 6b)72,73. The scattering cross-section as well as field distributions of each meta-
atom, except the symmetrically surrounded centre one (index-5), are found to be different (Fig. 6), 
due to spatial hybridization with asymmetrically arranged neighbouring meta-atoms.
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Fig. 6: a Schematic of 9 (3 × 3) meta-atoms metasurface, b Total scattering cross-section (𝐶
 
𝑠𝑐𝑎) 

EM spectra, Electric field distribution- c XZ-Plane; Y=233.5 nm, d XZ-Plane; Y=0 nm, e XZ-
Plane; Y= ⎯232.5 nm, i XY-Plane; Z=100 nm, j XY-Plane; Z= ⎯200 nm, k XY-Plane; Z=280 nm, 
Magnetic field distribution- f YZ-Plane; X= ⎯233.5 nm, g YZ-Plane; X=0 nm, h YZ-Plane; X= 
232.5 nm, l XY-Plane; Z= ⎯80 nm, m XY-Plane; Z= 80 nm, n XY-Plane; Z=240 nm.

Conclusion
In conclusion, we have developed a bottom-up, comprehensive design framework for all-dielectric 
metasurface, to maximize resonance strength, manifested through enhanced scattering cross 
section and local field distribution, by controlled multipoles excitation, overlap, leading to 
controlled coupling among different resonance types- Mie, lattice, Rayleigh anomaly, on using 
geometric dimensions- height, diameter, lattice periodicity and number of meta-atoms as the 
control parameters, based on finite element method (FEM) numerical simulation. Spectral 
overlapping of all the four resonantly excited multipoles are demonstrated in a meta-atom on 
increasing the height beyond excitation wavelength. Lattice periodicity plays key role in 
determining the Q factor and spectral position of collective metasurface resonances, across 
different periodicity regimes with regard to Mie resonance wavelength. Two noteworthy aspects 
are found for the for the meta-atom spacing, the lattice periodicity regime (PMS~𝜆𝑀𝐴―𝑅𝑒𝑠). First, 
high Q factor is realized for the lattice periodicity regime (PMS~𝜆𝑀𝐴―𝑅𝑒𝑠), originating from 
maximum coupling of resonantly excited meta-atom multipole induced Mie resonances (𝜆𝑀𝐴―𝑅𝑒𝑠) 
with lattice resonances (𝜆𝐿𝑆―𝑅𝑒𝑠). Secondly, the resulting metasurface resonance wavelength 
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(𝜆𝑀𝑆―𝑅𝑒𝑠) exactly coincides with the Rayleigh anomaly wavelength (𝜆𝑅𝐴), which signifies 
maximum contribution from both –(a) lattice periodicity-controlled diffraction lattice resonances 
and (b) coupling of meta-atom Mie resonances with lattice resonances.  However, for other lattice 
periodicity regimes (PMS < 𝜆𝑀𝐴―𝑅𝑒𝑠 𝑎𝑛𝑑 PMS > 𝜆𝑀𝐴―𝑅𝑒𝑠), the coupling is found to be weak, 
leading to a decreased Q factor. In real world metasurfaces, consisting of finite number of meta-
atoms, due to specific spatial arrangement of neighboring meta-atoms depending on the array size, 
spatial hybridization of EM field takes place, as manifested in the spectral resonance peak position 
tuning and local field asymmetry at sub meta-atom scale. Overall, the insights we presented not 
only enhance the basic understanding of multipole enhancement, overlap, and coupling among 
different resonance types, but also paves the way for practical design of metasurface photonics 
platforms with tailored light–matter interactions, applicable in areas including photonics quantum 
devices, resonant waveguide grating.
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