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Preface. The anapole, a non-radiating charge-current configuration, was
recently observed in a variety of artificial materials and nanostructures. We
provide a brief overview of this rapidly developing field and discuss
implications for spectroscopy, energy materials, electromagnetics, as well as
qguantum and nonlinear optics.
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Figure 1. Structure of a dynamic anapole. Anapole is a balanced superposition of electric and toroidal
dipoles. Electric dipole corresponds to a pair of opposite charges. Toroidal dipole corresponds to a poloidal
current on a torus. Anapole emerges when the fields radiated by the electric and toroidal dipoles cancel each
other out.

Toroidal electrodynamics, a new chapter of electromagnetic research is currently attracting
considerable and growing attention %2 34, It includes the study of toroidal multipoles and
anapoles (see Fig. 1). The recent surge of interest in toroidal multipoles is driven by the
emerging understanding that alongside the well-known electric and magnetic multipoles they
are necessary for a complete characterization of the electromagnetic properties of matter 2.
Indeed, while electromagnetic fields in free-space can be fully characterized with transverse
electric (TE) and transverse magnetic (TM) multipoles °, the characterization of current density
requires three multipole series, the electric, magnetic and toroidal multipoles ® 7 (see Fig. 2).
The distinctive role of toroidal multipoles is particularly apparent in the optical properties of
matter containing large molecules or structural elements of toroidal symmetry and of size
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comparable to the electromagnetic wavelength. Dynamic toroidal response of metamaterials
had been the subject of intense discussions since 2007 & ° but the first unambiguous
experimental demonstration of dominant toroidal response in matter was recorded in a
microwave metamaterial in 2010 * (see Fig. 3). Subsequently, dynamic toroidal response has
been observed in metallic 10 1 12 13,1415 " plasmonic 16 17 18, 19, 20, 21, 22 3nq dielectric
metamaterials 23 24 at frequencies ranging from microwave through to terahertz and up to near-
infrared/visible parts of the spectrum (see Fig. 3). The analysis of transmission, reflection 2
and polarization phenomena 2 in complex molecular systems and metamaterials is incomplete
without account of the dynamic toroidal response. Toroidal resonances could play a role in
nano-lasers °, sensors 2 and data storage devices * 2°. We shall also note that static toroidal
dipoles, also known as ‘static anapoles’ introduced by Ya. B. Zeldovich in the context of parity
violation in nuclear physics 2’, have been observed in magnetism 2° and could be the only
allowed electromagnetic form-factor for dark matter candidate particles 28

Currents Radiation
ele.ctric ?R . ™
dipole 2 radiation = /dipole
t0r01da1 pattern ' =
oo ¥ R =
. g ,‘
e ﬁ ; dipole

Figure 2. Radiation patterns of the electric (p), magnetic (m) and toroidal (T) dipoles. Oscillating electric,
magnetic and toroidal dipoles have identical energy radiation patterns (emitted power per solid angle; red
shells on the right). However, the electric and magnetic dipoles are distinguishable by the polarization state of
the emitted light (TE — transverse electric; TM — transverse magnetic). Purple arrow lines on the surfaces of
the shells show the direction of electric field oscillations. The electric and toroidal dipoles are indistinguishable
by their far-field emission.
An electric dipole (a pair of oscillating charges) together with a toroidal dipole (oscillating
poloidal current on a torus (see Fig. 1)) can form non-radiating charge current configuration,
known as ‘dynamic anapole’ 2% 303132 The anapole state emerges at a particular frequency of
oscillations when the fields radiated by the co-located electric and toroidal dipoles cancel each
other through destructive interference. Crucially, electric and toroidal dipoles have identical
radiation patterns (see Fig. 2), thus the net emission of an anapole is zero. The dynamic anapole,
a non-radiating energy “reservoir”, has inspired a broad search for anapole excitations in matter
(see Fig. 3). Perfect anapoles do not emit or absorb light and therefore cannot be detected by
far-field observations. Anapole excitations can only be detected if they are (weakly) coupled
to electromagnetic modes interacting with free-space radiation or if they are not perfectly
balanced, i.e. the electric dipole emission does not precisely cancel out the toroidal dipole
radiation. A slightly off-balance anapole will create a narrow peak in the scattering spectrum.
Electromagnetic anapoles were first detected as narrow transmission peaks in the spectra of a
microwave metamaterial in 2013 0. Since then, a number of alternative nanostructures
supporting anapoles were discussed theoretically 3 33 34 Anapole excitations were observed
in dielectric nanoparticles 336 37.38.39 gnd in metallic *° as well as plasmonic metamaterials .
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Figure 3. Pioneering observations of dynamic toroidal and anapole excitations. (a) 2010. Observation of
toroidal resonance. A photograph of the unit cell of microwave metamaterial exhibiting resonant toroidal dipole
response, and a schematic of the unit cell supporting toroidal dipole excitation. Closed loops of magnetic field
lines are characteristic of the toroidal response’. (b) 2013. Observation of anapole excitation. A photograph of
the unit cell, with 8-fold rotational symmetry, of microwave metamaterial supporting anapole mode of
excitation®0. The schematic shows a fragment of the structure with a dumbbell cut. The light wave polarized
across the dumbbell gap induces electric (due to charges) and toroidal (due to currents) response in the structure.
The emission of electric and toroidal excitations interferes destructively at the resonant frequency. (c) 2015.
Observation of anapole mode in a silicon nano-disk®. The colour maps show the electric field distribution in
the disk, as mapped experimentally and modelled numerically, indicating the excitation of an anapole mode.
The field was mapped using scanning near-field optical microscopy, as shown in the schematic. (d) 2018:
Plasmonic metamaterial supporting anapole mode of excitation®!. Scanning electron microscope image shows
a cross-section of the nanostructure. It consists of a dumbbell-perforated section of the gold film with an
additional gold split ring resonator below it. The schematic shows the unit cell of the metamaterial, as well as
the sketch of the resonant mode, simultaneously supporting electric and toroidal dipoles.

Detection of anapoles

Recent detection of anapole modes in a diverse range of structures is a significant achievement
in the field of toroidal electrodynamics that illustrates the independent physical nature of
electric and toroidal dipoles despite them having identical far-field radiation pattern (see recent
discussion of this subject in refs. 4> ). Indeed, although their far-field emission patterns are
identical, the electric and toroidal dipoles correspond to entirely different charge and current
distributions (see Fig. 1,2). Furthermore, the oscillating vector potential emitted by electric and
toroidal dipoles differs in a way that is irremovable through gauge transforms 2°.

The independent physical significance of toroidal and electric dipoles also manifests itself in
relativistic electrodynamics. Although fields emitted by electric and toroidal dipoles, when in
inertial motion, are identical, linear acceleration of oscillating electric and toroidal dipoles
changes the polarization properties of the respective radiated fields in a different way: the
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Figure 4. Radiation of accelerated electric (p) and toroidal (T) dipoles. (a) The radiation patterns of non-
accelerating electric (p) and toroidal (T) dipoles, oscillating at frequency w, are identical. However, emissions
of accelerated oscillating electric and toroidal dipoles differ. Pannel (b) shows the logarithmic plot of the
difference between the ellipticity of emission of electric (x,) and toroidal (1) dipoles accelerated with
acceleration a. Pink and blue colours corresponds to positive and negative ellipticity difference Ay = yxr —
Xp (c is the speed of light in the vacuum). Strongest effect due to ellipticity difference will be observable at
small angle relative to dipole axis, where radiated power is still significant and ellipticity difference is large.

absolute value of ellipticity of the toroidal dipole radiation becomes greater than that of electric
dipole #*. The difference in ellipticities Ay diverges along the dipole axis (see Fig. 4).
Therefore, an ideal anapole, that is well-balanced to emit no radiation when at rest, will emit
light and interact with light, when accelerated.

The effect described above requires extremely high accelerations, and is challenging to
observe. However, there is a more accessible way of revealing the difference between the
electric and toroidal dipoles. It exploits the difference in coupling of electric and toroidal
dipoles to electromagnetic fields in ambient media, and can thus be seen as a form of
solvatochromism, a phenomenon of changing the colour of a chemical substance depending
on the host-solvent *°. Indeed, the power (P) emitted by a point-like electric dipole (p), and a
point-like toroidal dipole (T), oscillating with angular frequency w, depends on the ambient
refractive index (n) in a different way 46 47 48;
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where u, is the vacuum permeability and c is the speed of light in vacuum. While the power
emitted by electric dipole scales as linearly proportional to the refractive index n, emission of
toroidal dipole scales as n°. Such a difference can be detected by measuring the decay rates of
atoms, molecules or artificial metamaterials, exhibiting toroidal and electric dipole resonances,
in ambient environments, e.g. solvents, with different indices of refraction “6. Similarly,
contributions from electric and toroidal dipoles can be distinguished by measuring absorption
of artificial metamaterials immersed in liquids with different refractive index °.



Future perspective

The study of anapoles promises some intriguing discoveries. It has been shown that dynamic
anapole modes are supported in artificial metamaterials. Could the dynamic anapole be present
in organic matter that is often built from molecules with elements of toroidal symmetry such
as benzene rings? Indeed, some fullerenes support static anapoles *°. Moreover, static anapoles
have been recently theoretically identified in some cyclic molecules ®!, diatomic molecules 2
and chiral molecules 3. Interactions between toroidal currents allegedly break reciprocity,
which could have implications for energy and information transfer at the molecular level and
for the dynamics of chemical and biochemical processes °*. As anapoles are energy reservoirs
with a long lifetime, they could be of considerable importance as qubits for quantum
technologies *°. High quality anapole-related resonances can be used in enhancing nonlinear
electromagnetic properties of materials 33 °6: 5758 and in sensor applications 3* %, Matter with
high density of anapoles could be an exotic energy storage material from which energy bursts
could be released by sudden changes to ambient conditions. Spectroscopy of anapoles presents
considerable challenges due to weak coupling to free-space electromagnetic waves, as
explained above. However, the use of structured light, most notably space-time non-separable
pulses with toroidal topology may help, as they are better suited to drive toroidal excitations
than transverse pulses >°. Alternatively, toroidal and electric dipole constituents of an anapole
mode could be engaged with electron beam excitations ©.

Acknowledgements. Authors are grateful to W.-Y. Tsai, J.-Y. Ou and V.A. Fedotov for fruitful
discussion. This work was supported by the Engineering and Physical Sciences Research
Council UK (Grant EP/M009122/1), Royal Society Grant (IEC\R3\170092) and the Singapore
Ministry of Education (Grant MOE2016-T3-1-006). Authors acknowledge support from
Ministry of Science and Technology, Taiwan (Grants Nos. MOST-108-2911-1-001-504,
MOST-107-2911-1-001-510).

Data Availability. Following a period of embargo, the data from this paper will be available
from the University of Southampton ePrints research repository:
https://doi.org/10.5258/SOTON/D0914.

Author Contributions. VS, NP, DPT and NIZ have contributed to the manuscript equally.
Competing interests. The authors declare no competing interests

1. Kaelberer, T., Fedotov, V. A., Papasimakis, N., Tsai, D. P. & Zheludev, N. I. Toroidal
Dipolar Response in a Metamaterial. Science 330, 1510-1512 (2010).

2. Papasimakis, N., Fedotov, V. A., Savinov, V., Raybould, T. A. & Zheludev NI.
Electromagnetic toroidal excitations in matter and free space. Nature Mater. 15, 263-
271 (2016).

3. Talebi, N., Guo, S. R. & van Aken P. A. Theory and applications of toroidal moments
in electrodynamics: their emergence, characteristics, and technological relevance.
Nanophotonics 7, 93-110 (2018).

4. Baryshnikova, K. V., Smirnova, D. A., Luk'yanchuk, B. S. & Kivshar, Y. S. Optical
Anapoles: Concepts and Applications. Adv. Opt. Mater. 1801350 (2019).


https://doi.org/10.5258/SOTON/D0914

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Jackson, J. D. Classical Electrodynamics, 3rd edn. Wiley (1999).

Dubovik, V. M., & Cheshkov, A. A. Multipole expansion in classical and quantum field
theory and radiation. Sov. J. Part. Nucl. 5, 318-337 (1975).

Radescu, E. E. & Vaman, G. Exact calculation of the angular momentum loss, recoil
force, and radiation intensity for an arbitrary source in terms of electric, magnetic, and
toroid multipoles. Phys Rev E 65, 046609 (2002).

Marinov, K., Boardman, A. D., Fedotov, V. A. & Zheludev N. I. Toroidal metamaterial.
New J. Phys. 9, 324 (2007).

Papasimakis, N., Fedotov, V. A., Marinov, K. & Zheludev, N. I. Gyrotropy of a
Metamolecule: Wire on a Torus. Phys. Rev. Lett. 103, 093901 (2009).

Ye, Q. W, Guo, L. Y., Li, M. H,, Liu, Y., Xiao, B. X. & Yang, H. L. The magnetic
toroidal dipole in steric metamaterial for permittivity sensor application. Phys. Scripta
88, 055002 (2013).

Fan, Y. C., Wei, Z. Y., Li, H. Q., Chen, H. & Soukoulis, C. M. Low-loss and high-Q
planar metamaterial with toroidal moment. Phys. Rev. B 87, 115417 (2013).

Savinov, V., Fedotov, V. A. & Zheludev, N. I. Toroidal dipolar excitation and
macroscopic electromagnetic properties of metamaterials. Phys. Rev. B 89, 205112
(2014).

Raybould, TA, et al. Toroidal circular dichroism. Phys. Rev. B 94, 035119 (2016).

Liu, Z., et al. High-Quality-Factor Mid-Infrared Toroidal Excitation in Folded 3D
Metamaterials. Adv. Mater. 29, 1606298 (2017).

Cong, L. Q., Savinov, V., Srivastava, Y. K., Han, S. & Singh, R.. A Metamaterial
Analog of the Ising Model. Adv. Mater. 30, 1804210 (2018).

Dong, Z. G., et al. Optical toroidal dipolar response by an asymmetric double-bar
metamaterial. Appl. Phys. Lett. 101, 144105 (2012).

Huang, Y. W., et al. Design of plasmonic toroidal metamaterials at optical frequencies.
Opt. Express 20, 1760-1768 (2012).

Ogut, B., Talebi, N., Vogelgesang, R., Sigle, W. & van Aken, P. A. Toroidal Plasmonic
Eigenmodes in Oligomer Nanocavities for the Visible. Nano Lett. 12, 5239-5244
(2012).

Huang, Y. W., Chen, W. T., Wu P. C., Fedotov, V. A., Zheludev, N. I. & Tsai, D. P.
Toroidal Lasing Spaser. Sci. Rep. 3, 1237 (2013).

Watson, D. W., Jenkins, S. D., Ruostekoski, J., Fedotov, V. A. & Zheludev, N. 1.
Toroidal dipole excitations in metamolecules formed by interacting plasmonic
nanorods. Phys. Rev. B 93, 125420 (2016).



21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Ahmadivand, A., Gerislioglu, B. & Pala, N. Large-Modulation-Depth Polarization-
Sensitive Plasmonic Toroidal Terahertz Metamaterial. IEEE Photonics Technol. Lett.
29, 1860-1863 (2017).

Ge, L. X., et al. Unidirectional scattering induced by the toroidal dipolar excitation in
the system of plasmonic nanoparticles. Opt. Express 25, 10853-10862 (2017).

Basharin, A. A., et al. Dielectric Metamaterials with Toroidal Dipolar Response. Phys.
Rev. X 5, 011036 (2015).

Ospanova, A. K., Karabchevsky, A. & Basharin, A. A. Metamaterial engineered
transparency due to the nullifying of multipole moments. Opt. Lett. 43, 503-506 (2018).

Gupta, M., Srivastava, Y. K., Manjappa, M. & Singh, R. Sensing with toroidal
metamaterial. Appl. Phys. Lett. 110, 121108 (2017).

Spaldin, N. A., Fiebig, M. & Mostovoy, M. The toroidal moment in condensed-matter
physics and its relation to the magnetoelectric effect. J. Phys.-Condens. Mat. 20,
434203 (2008).

Zel'dovich, Y. B. Electromagnetic interaction with parity violation. J. Exptl. Theoret.
Phys. 33, 1184-1186 (1957).

Gao, Y., Ho, C. M. & Scherrer, R. J. Anapole dark matter at the LHC. Phys. Rev. D 89,
045006 (2014).

Afanasiev, G. N & Stepanovsky, Y. P. The electromagnetic-field of elementary time-
dependent toroidal sources. J. Phys. A-Math. Gen. 28, 4565-4580 (1995).

Fedotov, V. A., Rogacheva, A. V., Savinov, V., Tsai, D. P. & Zheludev, N. I. Resonant
Transparency and Non-Trivial Non-Radiating Excitations in Toroidal Metamaterials.
Sci. Rep. 3, 2967 (2013).

Luk'yanchuk, B., Paniagua-Dominguez, R., Kuznetsov, A. 1., Miroshnichenko, A. E. &
Kivshar, Y. S. Suppression of scattering for small dielectric particles: anapole mode
and invisibility. Philos. T. R. Soc. A 375, 20160069 (2017).

Li, S. Q., Crozier, K. B. Origin of the anapole condition as revealed by a simple
expansion beyond the toroidal multipole. Phys. Rev. B 95, 245423 (2018).

Gongora, J. S. T., Miroshnichenko, A. E., Kivshar, Y. S. & Fratalocchi, A. Anapole
nanolasers for mode-locking and ultrafast pulse generation. Nat. Commun. 8, 15535
(2017).

Yang, Y. Q., Zenin, V. A. & Bozhevolnyi, S. I. Anapole-Assisted Strong Field
Enhancement in individual All-Dielectric Nanostructures. ACS Photon. 5, 1960-1966
(2018).



35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49,

Miroshnichenko, A. E., et al. Nonradiating anapole modes in dielectric nanoparticles.
Nat. Commun. 6, 8069 (2015).

Wei, L., Xi, Z., Bhattacharya, N. & Urbach, H. P. Excitation of the radiationless anapole
mode. Optica 3, 799-802 (2016).

Wang, R. & Dal Negro, L. Engineering non-radiative anapole modes for broadband
absorption enhancement of light. Opt. Express 24, 19048-19062 (2016).

Grinblat, G., Li, Y., Nielsen, M. P., Oulton, R. F. & Maier, S. A. Efficient Third
Harmonic Generation and Nonlinear Subwavelength Imaging at a Higher-Order
Anapole Mode in a Single Germanium Nanodisk. ACS Nano 11, 953-960 (2017).

Gurvitz, E. A., Ladutenko, K. S., Dergachev, P. A., Evlyukhin, A. B., Miroshnichenko,
A. E. & Shalin, A. S. The High-Order Toroidal Moments and Anapole States in All-
Dielectric Photonics. Laser Photonics Rev. 13, 1800266 (2019).

Basharin, A. A., Chuguevsky, V., Volsky, N., Kafesaki, M. & Economou, E. N.
Extremely high Q-factor metamaterials due to anapole excitation. Phys. Rev. B 95,
035104 (2017).

Wu, P. C., et al. Optical Anapole Metamaterial. ACS Nano 12, 1920-1927 (2018).

Fernandez-Corbaton, I., Nanz, S. & Rockstuhl, C. On the dynamic toroidal multipoles
from localized electric current distributions. Sci. Rep. 7, 7527 (2017).

Alaee, R., Rockstuhl, C. & Fernandez-Corbaton, I. An electromagnetic multipole
expansion beyond the long-wavelength approximation. Opt. Commun. 407, 17-21
(2018).

Savinov, V. Light emission by accelerated electric, toroidal, and anapole dipolar
sources. Phys. Rev. A 97, 063834 (2018).

Marini, A., Munoz-Losa A., Biancardi A. & Mennucci B. What is Solvatochromism?
J. Phys. Chem. B 114, 17128-17135 (2010).

Tkalya, E. V. Spontaneous electric multipole emission in a condensed medium and
toroidal moments. Phys. Rev. A 65, 022504 (2002).

Boardman, A. D., Marinov, K., Zheludev, N. I. & Fedotov, V. A. Dispersion properties
of nonradiating configurations: Finite-difference time-domain modeling. Phys. Rev. E
72, 036603 (2005).

Savinov, V. Far-field radiation of electric and toroidal dipoles in loss-less non-magnetic
dielectric medium with refractive index n. arXiv:181102424
(https://arxiv.org/abs/1811.02424), (2018).

Tsai, W. Y., Savinov, V., Ou, J. Y., Tsai, D. P. & Zheludev, N. |. Variable
environmental index spectroscopy in metamaterials.CLEO 2018, San Jose, CA, USA,
13-18 May 2018



50.

51.

52.

53.

54.

55.

56.

S7.

58.

59.

60.

Ceulemans, A., Chibotaru, L. F. & Fowler, P.W. Molecular anapole moments. Phys.
Rev. Lett. 80, 1861-1864 (1998).

Pagola, G. I., Ferraro, M. B., Provasi, P. F., Pelloni, S. & Lazzeretti, P. Theoretical
estimates of the anapole magnetizabilities of C4H4X2 cyclic molecules for X=0, S, Se,
and Te. J. Chem. Phys. 141, 094305 (2014).

Lewis, R. R. Anapole Moment of a Diatomic Polar Molecule. Phys. Rev. A 49, 3376-
3380 (1994).

Fukuyama, T., Momose, T. & Nomura, D. Anapole moment of a chiral molecule
revisited. Eur. Phys. J. D 69, 264 (2015).

Afanasiev, G. N. Simplest sources of electromagnetic fields as a tool for testing the
reciprocity-like theorems. J. Phys. D Appl. Phys. 34, 539-559 (2001).

Zagoskin, A. M., Chipouline, A., I’ichev, E., Johansson, J. R. & Nori, F. Toroidal
qubits: naturally-decoupled quiet artificial atoms. Sci. Rep. 5, 16934 (2015).

Zhai, W. C., et al. Anticrossing double Fano resonances generated in metallic/dielectric
hybrid nanostructures using nonradiative anapole modes for enhanced nonlinear optical
effects. Opt. Express 24, 27858-27869 (2016).

Grinblat, G., Li, Y., Nielsen, M. P., Oulton, R. F. & Maier, S. A. Enhanced Third
Harmonic Generation in Single Germanium Nanodisks Excited at the Anapole Mode.
Nano Lett. 16, 4635-4640 (2016).

Xu, L., et al. Boosting third-harmonic generation by a mirror-enhanced anapole
resonator. Light-Sci. Appl. 7, 44 (2018).

Raybould, T., Fedotov, V. A., Papasimakis, N., Youngs, I. & Zheludev, N. I. Exciting
dynamic anapoles with electromagnetic doughnut pulses. Appl. Phys. Lett. 111, 081104
(2017).

Guo, S. R., Talebi, N., Campos, A., Kociak, M. & van Aken, P. A. Radiation of
Dynamic Toroidal Moments. ACS Photon. 6, 467-474 (2019).



