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Metamaterials: Electric and magnetic resonances

“META”



Mie-resonant metaphotonics

See our review paper: Science 354, 2472 (2016)



1908:  Mie theory

Gustav Mie 
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Electromagnetic response of a sphere



Multipoles and interferences 

Figure from K. Koshelev and Y. Kivshar, Dielectric resonant metaphotonics,

ACS Photonics, Special issue “Photonics 2020”, submitted (2020)
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Discrete level

Discrete level

Bound state in the 

continuum

Bound state in the continuum (BIC)

E.P. WignerJ. von Neumann



Observation of bound states in the continuum

Nature, 1992

Hsu et al, Nature 2013

Photonic crystal slabs

OPN, January 2020



Classification of BICs

Symmetry-protected

(conventional)

in-plane inversion symmetry

time reversal symmetry

Accidental

(Friedrich-Wintgen)

in-plane inversion symmetry

time reversal symmetry

up-down symmetry

F
re

q
u
e
n
c
y

System parameters

BIC

0

1

R



BIC in a subwavelength resonator



Recent experimental demonstrations

RF experiment

Q=12500

Near-IR experiment

Q= 200

K. Koshelev et al, Science 367, 288 (2020)M. Odit et al, submitted (2020)



SHG from quasi-BIC states:  Recent experiment 

Science 367, 288 (2020)



Examples of “Mie-tronics” effects 

Figure from K. Koshelev and Y. Kivshar, Dielectric resonant metaphotonics,

ACS Photonics, Special issue “Photonics 2020”, submitted (2020)

Nano Letters (2020) under reviewACS Nano (2020) online

Nano Letters (2014) Science (2020) 



Dielectric metasurfaces 



Two strategies for metasurface engineering

Multipoles for highly efficient transmission 

Milton Kerker 

Resonances with bound states in the continuum

J. von Neumann     E. Wigner



Tailoring magnetic response 

I. Staude et al, ACS Nano 7, 7824 (2013)

diameter diameter, height



Silicon nanodisks embedded in n = 1.66 medium

Huygens‘ metasurfaces

• Complete 2π phase coverage

•  Near-unity transmittance:  

T > 91% for embedded disks

• No reflection losses

• No absorption losses (NIR)

• No polarization conversion losses

760 citations on Google Scholar

But how to make 

metasurfaces 

broadband ?



Mie + Fabry-Perot resonances

Y. Yang et al, Phys Rev B 95,165426 (2017) 



How to make a metasurface broadband ?

Broadband operation via multipolar response

Log scale



Broadband highly-efficient dielectric metasurfaces

S. Kruk et al, APL Photonics 1, 030801 (2016)



Year Functionality Efficiency Ref

2012 lens, axicon Aieta 2012

2013 hologram Zhou 2013

2013 lens Ni 2013

2013 hologram Huang 2013

2014 lens, axicon, beam deflector Lin 2014

2015 lens Matsui 2015

2015 lens Arbabi 2015

2015 beam deflector Yu 2015

2015 vortex Chong 2015

2015 vortex, beam deflector Shalaev 2015

2015 lens, hologram,Q-plate Arbabi 2015

2015 lens, vortex Zhan 2015

2016 hologram
Khorasaninejad

2016

2016 lens
Khorasaninejad

2016

2016 lens Arbabi2016

2016 waveplate, Q-plate Kruk 2016

2016 holograms Wang 2016

2017 beam deflector zhou 2017

2017 lens Chen 2017

2017 beam deflector Sell 2017
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Metasurfaces and optical communications
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Multimode fiber transmission

S. Kruk et al, Laser & Photonics Reviews (2018)



Nonlinear dielectric metasurfaces

1650 nm pump 550 nm TH

1.4×10-4 W-2 Conversion Efficiency

92% Difraction Efficiency



Two strategies for metasurface engineering

Multipoles for highly efficient transmission 

Milton Kerker 

J. von Neumann     E. Wigner

Resonances with bound states in the continuum



Metasurfaces with a broken symmetry

All can be explained 

with the BIC concept! 



High-Q quasi-BIC metasurfaces



Metasurfaces and BIC resonances



Metasurfaces for surface-enhanced spectroscopies

A. Tittle et al, Science 360, 1105 (2018)



Nonlinear metasurfaces

March 2020

Examples of nonlinear metadevices



BIC-enhanced nonlinear effects

Breaking symmetry



BIC-resonant metasurfaces and 2D materials 

X 105 enhancement of SHG

Collaboration with Alex Solntsev, UTS 

SW3N.6

CLEO May 2020



High-harmonic generation with BIC

FTh1C.5

CLEO May 2020

FHG FHG



BICs in plasmonic metasurfaces



Topological photonics



Topological photonics 



Depelopments of topological photonics

© Alex Khanikaev (2016)



Our research strategies in topological photonics

Resonant dielectric meta-atoms

Nonlinear and active topological photonics 

3ω

ω

Nature Photonics 11, 130 (2017) 

Nature Nanotechnology  14, 126 (2019)                Phys Rev Lett 123, 103901 (2019)



Nonlinear optics meets topology

Enhancement of nonlinear interactions by the edge states

Interplay between ED and MD resonances 

The zigzag model suggested in

ACS Photonics 1, 101 (2014)



Nonlinear topological photonics 

Phys Rev Lett 123, 103901 (2019)



Concluding remarks 

 Metamaterials is still an active research field (but now often appears 

under a new brand name of meta-optics or metaphotonics), that promises 

many applications in photonics and subwavelength optics;

 Dielectric nanoparticles with high refractive index can be implemented for 

many metaphotonics phenomena governed by Mie resonances; 

 Many novel effects originate from multipolar interferences and the 

magnetic field enhancement, and they drive novel functionalities of        

all-dielectric resonant metasurfaces and metadevices

 Recent many advances in meta-optics and nanophotonics are associated 

with the physics of bound states in the continuum which appear due to 

strong coupling of guided leaky modes combined with Mie resonances

Questions, comments, and collaboration proposals:   

Yuri Kivshar <yuri.kivshar@anu.edu.au>


