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oroidal structures in nature

Hexaarylbenzenes Fullerenes Bacteriophage DNA exonucleas: Superconducting Vortex in water
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Ball lightening Magnetic Fusion Confinement: Tokamak



Static toroidal dipole

Y.Zeldovich JETP Letters 33, 1531 (1957)

Obviously, it does not correspond to

YakovZel'dovich . Fye YIFIIYySIGAO YdzZ (A LR
19141987 ' represented as wire helix bent in a ring :
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On the possibility of phase transitions with spontaneous toroidal moment
formation in nickel Sanniko\& ZheludevSov.Phys.Sol.S27,826 (1985)

Measurement of ParityNonconservatiorand an Anapole Moment ifCesium

Wood,. Sy y $Vieman. Science275, 1759(1997).


https://pubmed.ncbi.nlm.nih.gov/?term=Wieman+CE&cauthor_id=9065393

The Past

The Discovery of
DynamicToroidal Moment

Why is it important?

Missing component of multipole expansion (Maxwell)
Electromagnetic properties of matter



Toroidal Metamaterial 2007

3D-array of toroidal solenoids

Displays a significant toroidal response that can be readily measured
Negativerefraction
Backwardwaves

Toroidal metamaterial Marinov, Boardman, Fedotov, and Zheludsew J. Phys9, 324 (2007)



The Discovery of Toroidal Moment (2010)

Multipole expansion Toroidalmetamolecule Spectra of Toroidal metamaterial
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Toroid moments in electrodynamics and solglate physics. Toroidal Dipolar Response in a Metamateri&laelberer Fedotov, Papasimakis, Tsai, Zhelud

Dubovik& TugushevPhys. Repl87, 1451990) Science330, 1510 (2010)



The multipole families

Electric Magnetic Toroidal Radiation
multipoles multipoles multipoles patterns
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Electromagnetic toroidal excitations in matter and free spad¢. Papasimakis, V. FedotovSdvinoyT. ARaybould and N. I. ZheludeMature Mater.15, 263 (2016



oroidal excitations and macroscopic properties of materials

An analytical approach to evaluate optical propertiesnatter : ;“’) LR ',..T' :
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Toroidal dipolar excitation and macroscopic electromagnetic properties of metamaterials

SavinoyFedotov, Zhelude¥hys. Rev. B89, 205112 (2014)



The Past

The Discovery of
Anapole

Why Is it important?

bSs SESOINBYIFIYSIAO daLI NI AC
HighQ resonances
Quantum gbits
Sensors



The Discovery of Anapole (2013)
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The electromagnetic field of elementary timdependent toroidal sourcesAfanasiev an&étepanovsky 0 _— (|D¢' ﬂ (@)
J. Phys. A: Math. Ge284565 (1995)
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Resonant transparency and netnivial non-radiating excitations in toroidal metamaterial-edotov,RogachevgSavinoyTsai, Zhelude®cientific Reports3, 2967 (2013)



Optical anapole metamaterials

Anapole metamaterial Plasmonic anapole metamaterial refractive index sensor

Optical anapole metamaterial. Plasmonic anapole metamaterial for refractive index sensing
2. dzz [ Al 2 X ACKSENd2R92012018)a | A ¢ Yao, Ou, \BavinouX Zheludev, TsaPhotoniX3, 23 (2022)




Solvatochromismbreaking of the anapole
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Electric Dipole Toroidal Dipole

Solvatochromidoreaking ofanapole
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Optical anapolesSavinoyPapasimakisisai &ZheludevNPG |Comms. phys2, 69 (2019)



The Past

The Discovery of
Toroidal Electromagnetic Pulses

Why is it important?

Nontransverse electromagnetic wave
Rich topology
Spectroscopy



The Discovery of Toroidal Light Pulses (20032)
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Focused on&ycle electromagnetic pulseldellwarth&
Nouchi Phys. Rev. B4, 889 (1996)

Observation of toroidal pulses of lighZdagkas, Shen, McDonnell, Deng, Li, Ellenbogen, Papasimakis, and ZNealudePhotonicsl6, 523;528 (2022)
Pulse Generation Scheme for Flying Electromagnetic Doughiapasimakis, Raybould, Fedotov, Tsai, Youngs, ZheRidesv.RevB.97, 201409(R) (2018)



The Discovery of Toroidal Light Pulses (22033)
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During propagation, the pulses evolve towards closer proximity to the candaetllarthcNouchitoroidal pulses

Observation of resilient propagation and fregpaceskyrmionsin toroidal elm pulses Ren Wang, Bao, Hu, Shi, Wang, Zheludev & @ipgh. Phys. Revi1, 031411 (2024)



The Discovery of
Toroidal Transitions in Atoms

Why is it important?

New atonic lines
New ways of exiting atoms



The Discovery of Spin Toroidal Moment (2022)
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Toroidal optical transitions in hydrogetike atoms.llya KuprovPavid WilkowskiNikolay Zhelude\Gcience Advance; 45 (2022)

The rise of toroidal electrodynamics and spectrosco@heludev and WilkowskACS Photonic$0, 556 (2023)



Supertoroidapulses

Why is it important?

A rich family of spacgéme nonseparable pulses with unique properties
Flyingskyrmionformation



The Discovery dbupertoroidaPulses (2021)

Stalarseed function Hellwarth& Nouchi E,Hare obtained by Hertz potentials

e 343 :|.99?rl 1 5
- » Y _

Singular line array/fg,-\

\ Skyrmions of
€ Qp ------------=----epmmmme- > ', ,:;:, P 3 vanous textures
oo Mg e AN
w \ e "\‘;,, \\.::0 ‘ 7 X g
< PRy * ‘t ;/ o / .,_\ .
\ : A ~“‘7c?.'l : el [ "r ; ‘ s
! ' | . \ '.‘ ‘ < ~""'.“‘o: v X .“; A 11E 30;';"» NI
! ‘ x « Alge 3 A g ‘.,.,,,.H‘ 19 RN YA
‘ P ™ bl | P - 18 B v :_j: warert L bk : R N -p“"v.é/“
| T i b B b Al

| X . : / '_:.' =i
. \\ e\ % "/ A “‘ < j —
| ' ",\ : : " “:::“:';;é.r" [
////L///”/'«ﬂ_‘\\\\\\j\\\\\ 1 x AN )
| - t=0 2 :

Hellwarth& Nouchi z
1996

| p.N ©° b | p,N O b

Focused onecycle electromagnetic pulses. Supertoroidallight pulses: Propagating electromagnets&yrmionsin free space

Hellwarth& Nouchi Phys. Rev. B4,889 (1996) Shen,HouPapasimakis, ZheludéVature Commun 12, 5891 (2021)



SeltSimilarity in theSupertoroidaPulse
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Supertoroidallight pulses: Propagating electromagnets&yrmionsin free spaceY Shen, Y Hou, N Papasimakis, NI Zheldd¢ure Commun 12, 5891 (2021)



Energy flows/backflows efipertoroidalight pulses

Hellwarthand NouchiPulse Supertoroidabulse,h = 5

Complex Poynting vector distribution
Energy backflowy, Multi-layer energy backflow

Supertoroidallight pulses: Propagating electromagnetskyrmionsin free spaceY Shen, Y Hou, N Papasimakis, NI ZheltidéMCommun12, 5891 (2021)



