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Vortex in water

Toroidal structures in nature
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Static toroidal dipole
Y. Zeldovich. JETP Letters  33, 1531 (1957)

Yakov Zel'dovich 
1914-1987

Static toroidal dipole & parity violation 
in atoms
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On the possibility of phase transitions with spontaneous toroidal moment 
formation in nickel. Sannikov & Zheludev. Sov.Phys.Sol.St. 27,826 (1985)

Static spin toroidal dipole 
in solid state

Measurement of Parity Nonconservation and an Anapole Moment in Cesium. 
Wood,.ŜƴƴŜǘǘΧ Wieman . Science, 275, 1759(1997).

Obviously, it does not correspond to 
ŀƴȅ ƳŀƎƴŜǘƛŎ ƳǳƭǘƛǇƻƭŜ Χ Ŏŀƴ ōŜ 
represented as wire helix bent in a ring 
όǘƻǊƻƛŘύέ

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


The Past 

The Discovery of 
Dynamic Toroidal Moment

Why is it important?

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



Toroidal Metamaterial 2007
3D-array of toroidal solenoids

Toroidal metamaterial. Marinov, Boardman, Fedotov, and Zheludev. New J. Phys. 9, 324 (2007) 

Displays a significant toroidal response that can be readily measured
Negative refraction 
Backward waves



The Discovery of Toroidal Moment (2010)
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Toroid moments in electrodynamics and solid-state physics. 
Dubovik & Tugushev. Phys. Rep. 187, 145 (1990)
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Toroidal Dipolar Response in a Metamaterial. Kaelberer, Fedotov, Papasimakis, Tsai, Zheludev. 
Science. 330, 1510 (2010) 

Spectra of Toroidal metamaterial



The multipole families
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Electromagnetic toroidal excitations in matter and free space. N. Papasimakis, V. Fedotov, V. Savinov, T. A. Raybould, and N. I. Zheludev. Nature Mater.15, 263 (2016)



Toroidal excitations and macroscopic properties of materials

11
Toroidal dipolar excitation and macroscopic electromagnetic properties of metamaterials 

Savinov, Fedotov, Zheludev. Phys. Rev. B, 89, 205112 (2014) 

p - electric dipole
m- magnetic dipole

T -toroidal dipole
Q(e) - electric quadrupole

Q(m) - magnetic quadrupole
Q(T) ςtoroidal quadrupole

O(eo) -electric octupole
O(m) - magnetic octupole

An analytical approach to evaluate optical properties of matter 
exhibiting toroidal dipolar excitations.



The Past 

The Discovery of 
Anapole

Why is it important?

bŜǿ ŜƭŜŎǘǊƻƳŀƎƴŜǘƛŎ άǇŀǊǘƛŎƭŜέ
High-Q resonances

Quantum q-bits
Sensors
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The Discovery of Anapole (2013)

Electric dipole Toroidal dipole Anapole
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The electromagnetic field of elementary time-dependent toroidal sources. Afanasiev and Stepanovsky. 
J. Phys. A: Math. Gen.284565 (1995)
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Resonant transparency and non-trivial non-radiating excitations in toroidal metamaterials. Fedotov, Rogacheva, Savinov, Tsai, Zheludev. Scientific Reports.3, 2967 (2013)



Optical anapole metamaterials

Optical anapole metamaterial. 
²ǳΣ [ƛŀƻ Χ ½ƘŜƭǳŘŜǾΣ ¢ǎŀƛΦ ACS Nano12, 1920 (2018) 

Plasmonic anapole metamaterial for refractive index sensing
Yao, Ou, V. Savinov Χ Zheludev, Tsai. PhotoniX3, 23 (2022)

Anapole metamaterial. Plasmonic anapole metamaterial refractive index sensor



Solvatochromism: breaking of the anapole

Electric Dipole Toroidal Dipole

.ǳǘΧ 5ƛŦŦŜǊŜƴǘ ŘŜǇŜƴŘŜƴŎŜ ƻƴ ŀƳōƛŜƴǘ 
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Solvatochromic breaking of anapole

Anapole condition 
valid for ὲ 

Increase ambient 
index to ὲ (ὲ>ὲ) 

Toroidal dipole emission becomes 
stronger and anapole breaks 
(begins to emit light)

Optical anapoles. Savinov, Papasimakis, Tsai &  Zheludev. NPG | Comms. phys.2, 69 (2019)



The Past

The Discovery of
Toroidal Electromagnetic Pulses

Why is it important?

Non-transverse electromagnetic wave
Rich topology
Spectroscopy



The Discovery of Toroidal Light Pulses (2018-2022)
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Focused one-cycle electromagnetic pulses. Hellwarth & 
Nouchi. Phys. Rev. E54, 889  (1996)

Propagation
direction

Frequency-domain: isodifraction:
Identical Rayleigh length for all frequencies 
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Observation of toroidal pulses of light. Zdagkas, Shen, McDonnell, Deng, Li, Ellenbogen, Papasimakis, and Zheludev. Nature Photonics16, 523ς528 (2022)
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Pulse Generation Scheme for Flying Electromagnetic Doughnuts. Papasimakis, Raybould, Fedotov, Tsai, Youngs, Zheludev. Phys. Rev. B. 97, 201409(R) (2018)
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The Discovery of Toroidal Light Pulses (2018-2023)

Observation of resilient propagation and free-space skyrmions in toroidal elm pulses. Ren Wang, Bao, Hu, Shi, Wang, Zheludev & Shen. Appl. Phys. Rev.11, 031411 (2024)

ñ!ƛǊ ǾƻǊǘŜȄ Ŏŀƴƴƻƴέ 

During propagation, the pulses evolve towards closer proximity to the canonical HellwarthςNouchi toroidal pulses



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)

Toroidal optical transitions in hydrogen-like atoms. Ilya Kuprov,David Wilkowski,Nikolay Zheludev. Science Advances8, 45 (2022)
The rise of toroidal electrodynamics and spectroscopy. Zheludev and Wilkowski. ACS Photonics10, 556 (2023) 

Transitions ɲms = ±1 in combination with
ɲL = ±1 are only excited through the toroidal coupling
and not through electric or magnetic dipole moments

(ms  - the spin projection quantum number) 
Transition ὲ ὛȾ ᴼὲᴂ ὖȾȟȾ  as a 

function of the static magnetic field ὄ

Toroidal 
transitions

Dipole 
transitions

r × t̀erm
relativistic quantum mechanics 



Supertoroidal pulses

Why is it important?

A rich family of space-time non-separable pulses with unique properties
Flying skyrmion formation



The Discovery of Supertoroidal Pulses (2021)

q2

q1

Focused one-cycle electromagnetic pulses. 
Hellwarth & Nouchi. Phys. Rev. E54, 889  (1996)

Supertoroidal light pulses: Propagating electromagnetic skyrmions in free space. 
Shen,Hou, Papasimakis, Zheludev. Nature Commun. 12, 5891 (2021)

‌ ρ, ήᴼЊ ‌ ρ, ήᴼЊ

Scalar seed function E,H are obtained by Hertz potentials
Hellwarth & Nouchi

1996

Hellwarth & Nouchi
1996



Self-Similarity in the Supertoroidal Pulse

Self-ǎƛƳƛƭŀǊ ǎƛƴƎǳƭŀǊ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ άǎƘŜƭƭǎέ

Supertoroidal light pulses: Propagating electromagnetic skyrmions in free space. Y Shen, Y Hou, N Papasimakis, NI Zheludev. Nature Commun. 12, 5891 (2021)



Energy flows/backflows of supertoroidal light pulses

Energy backflow Ą Multi-layer energy backflow

Complex Poynting vector distribution

Supertoroidal light pulses: Propagating electromagnetic skyrmions in free space. Y Shen, Y Hou, N Papasimakis, NI Zheludev. Nat. Commun. 12, 5891 (2021)

Hellwarth and Nouchi Pulse Supertoroidal pulse, h  = 5


