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From microwaves to optics

“META”



Milestones of electromagnetic metamaterials 

OPN, May 2021
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Resonances in metaphotonics

From: Koshelev, Tonkaev, Kivshar, “Nonlinear chiral metaphotonics”, under review



1908:  Mie theory

Gustav Mie 



Mie resonances at home
H. Khattak et al, PNAS  116, 4000 (2019)

Pavel Ginzburg’ group: 
Appl. Phys. Lett. 120, 053301 (2022)
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Multipolar response
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• Enhancement of nonlinear 
effects near Mie resonances

• Multipolar interferences and 
Kerker effects 

• High-Q resonances:  
   bound states in the continuum



Continuum

Discrete level

Discrete level

Bound state in the 
continuum

Bound state in the continuum (BIC)

E.P. WignerJ. von Neumann 1929



Bound states in the continuum in optics
Arrays of coupled waveguides Photonic crystal slabs

Hsu et al, Nature 2013

2011 2013



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
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BIC in a subwavelength resonator



Recent experimental demonstrations
RF experiment

Q=12500

Near-IR experiment

Q= 200



Nonlinear nanophotonics



Nonlinear optics

1958-60: invention of the laser

1964: Townes, Basov and Prokhorov shared the 
Nobel prize for their fundamental work 
leading to the construction of lasers

1981: Bloembergen and Schawlow received the Nobel 
prize for their contribution to the development of 
laser spectroscopy. One typical application of this is 
nonlinear optics which means methods of 
influencing one light beam with another and 
permanently joining several laser beams



A.M. Prokhorov



Optical polarisation
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• (j) (j=1,2,...) is j-th order susceptibility;

• (j) is a tensor of rank j+1;

• for this series to converge (1)E >>(2)E2 >>(3)E3

• (1) is the linear susceptibility (dominant contribution). Its effects are included 
through the refractive index (real part) and the absorption  (imaginary part).

• (2) is the nonlinear quadratic susceptibility (SHG)

• (3) is the nonlinear cubic susceptibility  (solitons, modulational instability)



Metals

SHG/THG Efficiency 10-9, 10-10

                 10-7  (Dangyuan Lei, CityU)

Materials Resonant modes

High 𝜒(2) and 𝜒(3)

High light confinement

Absorption

Small mode volume 

Si, Ge 

High 𝜒(3)

THG Efficiency 10-6

III-V semiconductors

High 𝜒(2)

SHG Efficiency >10-4

~𝜅𝑄𝜔
2𝑄2𝜔

~𝜅𝑄𝜔
3𝑄3𝜔

MD resonance

Fano effect

Anapole state

Shcherbakov at al
Nano Lett. (2014)

Shorokhov at al
Nano Lett. (2016)

Grinblat et al
Nano Lett. (2016)

SHG

THG

BIC

Carletti et al, 
Phys Rev Lett (2018)

 

Towards efficient nonlinear nanoantennas



Nonlinear response of quasi-BIC states 
Mode Polarization ρSH × 104 

(W-1) η λFF
(μm) Q

BIC Azimuthal 210 0.77 1.55 114
BIC Linear 270 0.06 1.55 114

MD Linear 1.8 0.84 2.98 10



SHG from quasi-BIC states

Science 367, 288 (2020)



High-harmonic generation 

5ω

7ω

2023

AlGaAs



Metasurfaces 



C.W. Qiu, T. Zhang, G. Hu, Y. Kivshar, Nano Letters (2021)

Expanding world of metasurfaces 



High-Q quasi-BIC metasurfaces



Extreme nonlinear optics

ACS Photonics
9, 567 (2022)

Nano Letters 
21, 8848 (2021)



Expected enhanced THG

BIC

GMR

Linear reflection

Δ

THG enhancement
BIC resonance  at 1630 nm

Δ

Collaboration with Qinghai Song
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Unexpectedly large SHG

BIC
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SHG enhancementBIC resonance  at 1630 nm
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And even fourth harmonics ! 

BIC

GMR

Δ
THG

SHG
FHG

P. Tonkaev et al, in preparation

x100

FHG

Slope 2.4

THG SHG

FHG

a-Si metasurface

Δ



Take-home messages

❑ The study of metamaterials is an active field that now often appears under 
new brand names of meta-optics or metaphotonics

❑ Recent advances in meta-optics and metaphotonics are associated with 
the physics of resonances (including but not limited by)  Mie resonances 
and quasi bound states in the continuum

❑ Metasurfaces and subwavelength dielectric particles may exhibit strong 
nonlinear effects including exotic and high-harmonic generation 
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