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Nontrivial nonradiating all-
dielectric anapole
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Dynamic anapole is a promising element for future nonradiating devices, such as cloaked sources and
. sensors, quantum emitters, and especially the sources for observing dynamic Aharonov-Bohm effect.
Accepted: 27 March 2017 © However, the anapole response can be damped by the Joule losses. In this paper we theoretically
Published online: 21 April 2017 : propose and experimentally demonstrate a novel type of active all-dielectric source, which is in some

. sense, realizes the elementary anapole of Afanasiev, and study its radiative/nonradiative regimes in the
microwave range.
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Static toroidal moment, also known as the static anapole (from the Greek. An - neg. particle and polos - pole)
is a peculiar type of source which confines magnetic fields within its domain of definition. In 1957 Zeldovich
introduced the anapole concept to explain the parity violation of the weak interactions in atomic nuclei'. Toroidal
moments are now recognized as a separate multiple family which complements electric and magnetic ones>™. A
simple representative, the toroidal dipole moment, corresponds to the poloidal currents on the surface of a torus
and can be pictured as a wire solenoid bent into a torus shape. Zeldovich proposed that such excitation can be
present in the atomic nuclei due to the static currents. Since the prediction of the static toroidal dipole its signif-
icance has been discussed in a number of solid-state systems, including ferroelectrics, nano-ferro- magnetics,
multiferroics, molecular magnets and efc.>~'%.

Dynamic toroidal dipole can also be defined in terms of the the poloidal torus currents, but now
time-dependent. Being physically different from the dynamic electric dipole moment in current configuration,
the source defined by the dynamic toroidal dipole moment radiates with the same angular momentum and the
far-field properties. Therefore, the toroidal and electric dipole moments are indistinguishable for any distant
observer'*-16, However, the electric and magnetic spherical multipole coefficients are complete and not associated
with the current origin of the source in near fields. But, the current Cartesian multipole expansion gives us pos-
sibilities to calculate separately the toroidal and electric dipoles contributions required the currents in near-field
zone of the source!> 6. This peculiar property is responsible for the fact that the toroidal family stayed unrecog-
nized for so long, as well as points out its relevance for many problems in photonics'> 6. It should be noted that
the toroidal dynamic concept is very close to an idea contained in van Bladel book!’, where the some term is
called as P,, component in multipole expansion (See formulas 7.150 and 7.151), but describes exactly a toroidal
moment. Furthermore, combining the toroidal and electric dipoles in such a way that they interfere destructively
in far-field zone one obtains a simple example of a nontrivial nonradiating source known as dynamic anapole.
Importantly, the current origin of them are different in near-field zone.

Dynamic anapole is thus characterized by a superposition of the electric P and toroidal T dipole moments
which are in a specific relation, namely P =ikT'>!°. Note that in the static case k=0 and the electric moment
disappears P = 0 making the static anapole synonymous with the static toroidal dipole. As shown in ref. 18 the
point dynamic anapole may be viewed as the basic building block out of which an arbitrary nonradiating source
can be composed. Dynamic anapole modes are relevant to many phenomena in electrodynamics and beyond. For
instance, their existence proves that the inverse scattering problem of the electrodynamics is unsolved without
additional assumptions about the source structure'®. Moreover, given the obvious toroidal topology of a large
number of biologically important molecules and protein complexes, we expect that the study of electromag-
netic interactions associated with the excitation of toroidal and anapole modes can explain many processes in
nature?*=23,
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Despite the long theoretical history experimental observation of the dynamic toroidal response has become
possible only recently in connection with the progress in metamaterials. These artificially structured on the sub-
wavelength scale media provide an opportunity to access new and exotic optical phenomena®—. For the first
time dynamic toroidal dipole response was demonstrated in 2010°! in metamaterials consisting of specifically
designed metallic metamolecules of the toroidal topology. These metamolecules featured suppression of the elec-
tric and magnetic dipole moments, while toroidal one was spectrally isolated and resonantly enhanced to the
measurable level. This demonstration opened the way for verification of amazing phenomena of toroidal electro-
dynamics and stimulated the studies of metamaterials and plasmonic systems exhibiting strong toroidal response
in 3D, planar and dielectric metamolecules!® 163142,

A previous study investigated metamolecules consisting of four closely spaced dielectric microcylinders of
the lithium tantalate, which thereby provide a near-field coupling between Mie-magnetic modes excited in each
cylinder®. Exploring the toroidal topology of dielectric cluster, the authors were able to observe an unusual con-
figuration of electromagnetic fields in the metamolecules, in which the electric and toroidal moments, excited in
a metamolecule interfered destructively in far field zone and hence formed an anapole. As result, the metamole-
cules exhibited suppressed radiating losses.

Remarkably, a metamaterial consisting of cylindrical dielectric clusters, a priori, has low dielectric losses. Due
to the anapole excitations the scattering fields do not undergo the radiation losses, and due to the dielectric ingre-
dients avoid Joule losses. Thus, the metamaterial becomes transparent for the observer at the anapole frequency.
Obviously, anapole can emerge in other all-dielectric structures!> 163541,

Nontrivial nonradiating source confines electromagnetic fields to its volume of support. For a very small
nonradiating source this amounts to highly concentrated fields. There are no fundamental limitations on this
concentration and the fields of an idealized point anapole correspond to §- functions'® 8. Due to the strongly
concentrated fields in a small volume anapole acts as a perfect resonator with an arbitrarily high Q-factor*’. Of
course, in real systems there are restrictions liming the Q-factor.

As a particularly interesting application of the dynamic anapole we mention the possibility of their use for the
time-dependent Aharonov-Bohm experiment** *%. As explained in ref. 18, although there are additional compli-
cations in the time-dependent case the anapole provide a promising ground both for theoretical and experimental
study of the time-dependent Aharonov-Bohm effect. One of the necessary ingredients is a non-radiating source
with a particular topology and controllable properties. In the present paper we demonstrate at the first time an
experimental design of a nontrivial nonradiating all-dielectric anapole source which in some sense realizes the
elementary anapole of Afanasiev et al. and study its properties in details. The proposed source can be viewed as
an elementary ingredient for more complicated nonradiating sources'®, and provides possibilities to explore the
dynamic Aharonov-Bohm effect, active quantum emitters, antennas for secure communications and invisibility
problems.

Results

The structure of the system. Dynamic anapole consists of toroidal and electric dipoles. There are many
approaches available for experimental implementation of the electric dipole. However, forming the toroidal
dipole is a currently developing problem. We note that fabrication of 3D metamolecules with toroidal topology
is quite challenging'®. In contrast, the metamolecules formed as clusters of dielectric particles are technologically
preferable, especially in the THz and visible optics ranges.

We propose a simple way to realize the toroidal dipole in a system of four dielectric cylinders placed in the
corners of a square. At the frequency of the magnetic Mie-resonance mode each cylinder acquires a magnetic
moment M resulting from the displacement currents j, oscillating in each cylinder. These moments are aligned
head-to-tail and form a vortex of magnetic field within a metamolecule®® (Fig. 1a). The similarity between this
mode and the dynamic toroidal dipole is presented on the Fig. 1a. For such configuration the total magnetic dipole
and quadrupole moments are vanishing (this can be seen via symmetry) so that the toroidal dipole moment is the
leading term in the multipole expansion®. Indeed, a point toroidal dipole corresponds to the following current

jtoroidul =c cur12T6(3)(r) (1)
while the point magnetic dipole is produced by
jmagnetic = ccurlM§®(r) Q)

Now, the four magnetic dipoles of value M placed at the sides of a square and directed along them correspond
to the following current density

(r) = Mecurly&(r — %a) — McurlXd(r — ya)
—Mecurlyd&(r + xa) + Mcurlx8(r + ya) (3)

]4magnetic

Here we assume that the magnetic moments M are located in the x, y- plane with unit basis vectors X, §, Z and a
is equal to half of the square side. Expanding this expression to the leading order in a/r one gets

i (1) = 2Meurl(§5, = 9%, )o(e) + O(a/r) @
Hence, to the leading order in a/r, this combination of magnetic dipoles forms a toroidal dipole of the magnitude

T =4aM pointing in the z direction, i.e. orthogonal to the plane of the magnetic dipoles. Adding the electric
dipole with P= kT to the center of the cluster, one obtains the dynamic anapole.
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Figure 1. (a) Representative toroidal source and an all-dielectric source supporting anapole excitation. Its
metamolecule is composed of four closely spaced infinitely long high-index dielectric cylinders. Yellow arrows
show displacement currents j induced by the vertically polarized electric dipole antenna (P), red arrows show
magnetic moments M of the constituent dielectric cylinders, and the green arrow represents the electric field E,
toroidal and electric moments. (b) The calculated spectrum S21 of power received at second antenna relative to
the power input to the anapole source composed of four cylinders, as shown in Fig. 1a. The results correspond
to the HFSS simulations. (¢) Contributions of the five strongest multipole excitations to the radiation of the
anapole source.

The results of simulations. We now propose an all-dielectric metamolecule that is free of dissipation and
capable of supporting the anapole mode in the microwave regime. The metamolecule is based on four high-index
dielectric cylinders excited by an electric dipole antenna placed at the center between cylinders. The dipole is
characterized by the electric dipole moment P (depicted as P on Fig. 1a). We note that this metamolecule is active
in the sense that it is excited internally alike antenna by feeder cable, in contrast to scattering metamolecules
which respond to the excitation by an external plane wave. Thus, the electromagnetic response of the metamol-
ecule is underpinned by the displacement currents j, which are induced in each cylinder by the electric dipole
antenna P. This configuration creates dynamically induced and spatially confined magnetization circulating along
a loop H, thereby promoting near-field coupling between the Mie-type magnetic moments M excited in each
cylinder. At specific frequency these moments become aligned head to tail, forming a dynamic vortex of magnetic
field. This configuration represents toroidal dipole T destructively combined with electric dipole P and forms a
dynamic anapole, due to destructive interference between their radiations in far-field zone. Hence, in this way an
anapole mode is dynamically generated and one expects that the electromagnetic fields will be confined to the
near-field zone and strongly suppressed away from the metamolecule. Since ideal nonradiating anapole do not
exist (due to reciprocity theorem), we mean “nonradiating” to compensation of leading multipoles excited in our
source. However, higher multipoles exist in the system as quadrupoles, octupoles, with low radiating power'®.
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The cylinders of radius R=5mm and height 35 mm are placed with the center-to-center separation
a=10mm. They are made of SrTiO;, a dielectric ceramics that is known to exhibit a strong response at the
microwave frequencies. The dielectric permittivity of SrTiO; is rather high reaching € ~ 37. The cylinders are
surrounded by vacuum.

The source is excited by the electric dipole P feeding by a standard coaxial port (see Fig. 1a). The electro-
magnetic properties of the source are computed with the aid of a commercial Maxwell’s equation solver HFSS
using the standard modeling approach. The results of simulations reveal the anapole response around frequency
5.85 GHz. The first strong indication manifests as a resonance dip in the S21 spectrum. Here, S21 represents the
power received at the second antenna placed at the distance 4X from the source, in far-field zone (see Fig. 1b)
relative to the power input to the anapole source®. At the frequency 5.85 GHz the S21 is less than —60 dB which
means negligible received signal at port 2.

The next step to examine is the multipole expansion of the system with account for the toroidal moments. The
multipole moments are calculated based on the density of the conductive and displacement currents present in
the dipole and the cylinders'. The results of the multipole expansion are presented in Fig. 1c, which indicates the
radiation power conditioned by the five leading multipoles: toroidal T, electric P, and magnetic M dipoles as well
as electric Q, and magnetic Q,, quadrupoles. At the frequency 5.85 GHz the radiation powers of the toroidal T
and electric P dipoles indeed coincide as required by the structure of the anapole mode. All the other multipoles
are strongly suppressed, by orders of magnitude in comparison with the toroidal and electric dipoles. We thus
conclude that the high Q-factor of resonance at 5.85 GHz is attributed to the anapole excitation, i.e. the interfer-
ence between the electric and toroidal dipoles. Previously, the high Q-factor response was discussed in 3D, planar
toroidal and anapole metamaterials®?-3% 4346,

We also plot a detailed map of the electric and magnetic fields distributions on top of the source (see Fig. 2e,h).
As Fig. 3b demonstrates the normalized radiation pattern (RP) of the system is almost omnidirectional in x, y
plane at the anapole frequency. Hence the radiation is absent in any direction and not just towards the position of
the second antenna. During the paper, we plot the radiation patterns as relative amplitudes, normalized to ampli-
tude on the antenna boresight (the maximum of radiation intensity). Thereby, the “0” dB shows the maximum of
normalized radiation®. One sees that the fields are virtually absent in the far-field zone and constitute less than
—50dB in amplitude. At the same time, in the near-zone fields behave according to the theoretical expectations.
The magnetic field H (Fig. 2h) forms a distinct vortex that penetrates through all the cylinders, while being
absent in the center of the metamolecule. The electric field distribution reaches its maximum in the central region
(Fig. 2e).

Also, we would like to emphasize the following point. On the frequencies adjacent to the anapole dip the
source is radiating. According to the multipole expansion (Fig. 1c), at these frequencies the toroidal dipole
moment dominates other contributions. However, the radiation at the frequencies f=5.7 GHz and f=5.9 GHz
is very similar to the electric dipole radiation with the same RP (Fig. 3a—c). This is yet another indication of the
indistinguishability between the electric and toroidal dipoles far-field radiation. The electric and magnetic fields
generate the propagating spherical waves from the source. Nevertheless, examination of the near-fields zone (See
Fig. 2d,f for electric fields, and Fig. 2g,i for magnetic fields) makes the toroidal nature of the source manifest.

Experiment. We have also observed the anapole mode experimentally. For this purpose, we constructed the
metamolecule excited by the electric dipole antenna placed in the center between the SrTiO; cylinders (Fig. 4a).
The electric dipole is connected with the standard coaxial cable. The parameters of the experimental sample are
the same as we used in calculations. We placed cylinders on the metallic plate in order to provide symmetrical
excitation by the dipole. The size of the plate is 60 mm x 60 mm.

The experimental data shows good qualitative and quantitative agreement with the theoretical predictions.
S21 spectra were measured by two antennas with the Vector Network Analyzer Rohde&Schwarz ZVB20 in ane-
choic chamber as the received signal from the anapole source to the horn receiving antenna located in far-field
zone > 4\ (Fig. 4b). The first port is connected with a dipole antenna, while the second one with a horn antenna.
We clearly observe a very pronounced deep —25dB in S21 parameter on the frequency 6.33 GHz that is very close
to the theoretical prediction 5.85 GHz (Fig. 1b). The observed discrepancy with the theoretical prediction for S21
parameter is primarily attributed to the deviated values of permittivity and anisotropy of dielectric inclusions. The
radiation pattern in the experiment is also omnidirectional in x, y plane to a high accuracy (Fig. 3a—c). Such alow
value of S21-parameter together with the symmetric radiation pattern reveals nonradiating origin of the source
in all directions and the cancelation of its far-field radiation.

In order to exclude the radiation in z-direction of the cylinders open ends we performed two different experi-
ments. To this end, we covered the open end of the source by a metallic plate. The results (Fig. 4b) clearly indicate
that the covering has negligible effect on the anapole mode.

We have also scanned the electric field distribution in the near-zone at the top of the metamolecule by a 2D
near-field scanner with a resolution of 0.5 mm. The distribution of electric field at the frequency 6.33 GHz clearly
confirms the theoretical prediction (Fig. 2b). Indeed, the near electric field is almost localized within the meta-
molecule, which is exactly the anapole configuration (Fig. 2b), forming hotspot between cylinders with asymme-
try arising due to magnetic Mie-modes in each cylinder. We have also measured the electric field distributions at
the frequencies adjacent to the anapole dip. The toroidal radiation at the frequency 6.27 GHz and 6.40 GHz aligns
well with the theoretical results (Fig. 2a,c). We point out the far-field radiation of the source beyond the anapole
mode frequencies look precisely as the set of spherical waves from an electric dipole (Fig. 2a,c). In the near-field
zone, however, the field distributions are sufficiently different and much more close to the toroidal source dis-
tribution. For comparison, we added results of simulation and experiment for the purely electric dipole source.
Expectedly, that electric dipole radiates omnidirectionally in x, y plane (Fig. 3d,e).
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Figure 2. (a-c) Measured electric field distributions on the top of the source normalized on maximum field
scanned by the 2D probe on the frequencies 6.2682 GHz (toroidal mode), 6.33 GHz (anapole mode) and
6.4028 GHz (toroidal mode), respectively. (d-f) Simulated electric field distributions on the top of the source
normalized on maximum field on the frequencies 5.7 GHz (toroidal mode), 5.85 GHz (anapole mode), 5.9 GHz
(toroidal mode), respectively. (g-i) Magnetic field distributions at the same frequencies as (d-f).

Let us discuss radiation characteristics of anapole source. Moreover, the anapole mode arises due to destruc-
tive interference between the electric and toroidal dipole moments, which have the same far-field radiation pat-
terns. This interference appears only when the dipole moments satisfy a very specific relation P=ikT. In realistic
modelling and even more so in the actual experiment it is not possible to balance the electric and toroidal dipole
moments precisely. Still, it is possible to achieve a very strong cancellation. The field maps in the anapole regime
(Fig. 2b,e;h) show that the radiation fields indeed are severely suppressed. In contrast, at Fig. 3b the values of RP
are normalized. The fact that this radiation pattern is similar to the electric dipoles radiation pattern has a simple
explanation. The leading multipole moments of our source near the anapole regime are electric P and toroidal
T dipoles. They almost cancel each other near the resonant frequency. However, a very small discrepancy surely
remains. If 8P =P —ikT is the value of the mismatch, then what one will see in the far-zone is precisely the radi-
ation field of the electric dipole with value &P.

One can observe that the anapole field distribution at the frequency 6.33 GHz (Fig. 2b) looks more symmet-
rical in comparison with the toroidal radiation fields on Fig. 2a and c. However, the experiments were performed
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Figure 4. (a) Experimental sample of the nontrivial nonradiating all-dielectric anapole based on four- SrTiO;
cylinders with diameter 5 mm, excited by electric dipole antenna in the center of meta-molecule. (b) The
experimental spectra S21 of power received at second antenna relative to the power input to the source: without
and with metallic plate on the top of the source, where the black curve corresponds to the case without metallic
plate and the red curve is for covered open end of the source by metal plate.

in an anechoic chamber and the reflection from the chamber walls affects the characteristics of radiating toroidal
modes at the same time being imperceptible to the nonradiating anapole mode.

Discussion

As the summary we discuss possible scenario of anapole nonradiating sources. The papers of the last two years
apparently demonstrated the tendency to the anapole excitation in rather simple scatterers such as spherical,
cylindrical nano-particles, planar metamolecules and even metallic wires?. It is naturally to expect that in simpler
structures the anapole can be excited, giving us a chance to look at a new angle on the phenomena concerned
with metamaterials and photonics in terms of anapole concept. Due to the nontriviality of anapole sources, the
dynamic Aharonov-Bohm effect can be expected, but the caution is needed. In contrast to the static scenario, the
dynamic setup involves non-vanishing electric field which also affects the results and hence has to be accurately
taken into account. We suppose that the experimental installation would also be more sensitive to various dis-
turbances and hence more demanding that the static experiment. Nevertheless, we believe that the all-dielectric
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f, GHz 6.556 64 |6 5.85 5.77 5.65 5.49
Permittivity of | 55 35 |36 |37 |38 |39 |40
dielectric

Table 1. One can conclude that the permittivity located close to 35-35.5 well corresponds to our experimental
anapole response frequency 6.33 GHz. Thus, the main discrepancy reason is attributed to the permittivity of
dielectrics.

anapole described in this paper is a promising prototype for future nontrivial emitters with the participation of
the vector potential and as platform for dynamic Aharonov-Bohm effect.

The anapole sources are interesting as the near-field sensors and cloaked sources/sensors*” *. For example,
a subwavelength particle placed near the anapole source will lead to a redistribution between multipoles and
destroy the anapole mode leading to observable radiation. As another application we suggest a motion sensor.
Displacement of one of the cylinders in various ways (mechanical vibration, acoustics and external laser pump-
ing) amounts to anapole detuning and hence the far-field radiation. Also, since the electric dipole element is
under control one can freely switch between the radiating and nonradiating regimes. This is promising for the
anapole application as an element of quantum emitters.

All-dielectric anapole source is a remarkable example of the open high Q-factor resonator and modulator.
Tunability at the THz and especially the optical range is accompanied by the problem of external access to the
closed resonators. The tunability appears here because the cylindrical particles can be manufactured as semicon-
ductors or semiconductor particles can be added to substrate or as extra inclusions. The conductivity of semi-
conductors can be varied by an external femtosecond pump laser, for instance. The semiconductor inclusion can
be placed in the central part of the source where the electric field has its maximum intensity. However, anapole
sources or resonators achieving high Q-factor can be strongly tunable with the small pump power needed for this
due to low radiating and dissipative losses.

We proposed and theoretically studied a novel class of all-dielectric nonradiating sources exhibiting a res-
onant anapole response in the microwave part of the spectrum. Our metamolecule is based on subwavelength
high-index dielectric cylinders operating in the regime of resonant Mie scattering and excited by electric dipole
antenna. We show that the near-field coupling between the individual Mie modes of the cylinders is capable of
suppressing all standard multipoles besides the toroidal and electric dipole excitations. The proposed metamol-
ecule can be readily fabricated from low-loss dielectric material SrTiO; and produces a unique field topology at
the Mie resonance. Moreover, we demonstrated at the first time radiating/nonradiating nature of toroidal and
anapole active modes. Our findings can be useful for future design of nonradiating sources and as a ground for
Aharonov-Bohm demonstrations.

Methods

Simulations. The electromagnetic properties of the all-dielectric anapole source are computed with the aid of
a commercial Maxwell’s equation solver HFSS using the standard transient modeling approach. The simulations
also provide the data of electrical currents densities induced in metallic parts of the source and displacement
currents in dielectric cylinders, which used to calculate powers radiated of conventional multipoles with taken
into account toroidal dipoles®.

Samples fabrication. The all-dielectric anapole source was fabricated from the SrTiO; cylinders placed on
a copper plate. The height of cylinders is 35 mm and the radius is 5mm. Each cylinder consists of 2 cylindrical
parts, which are combined and covered by polystyrene grey tubes with permittivity ~2 and thickness 0.5 mm. Due
to small permittivity in comparison with SrTiOj; cylinders permittivity and small thickness of polystyrene, it does
not influence on the proposed effects. The electric dipole of length 10 mm was soldered with SMA connector and
fed by coaxial cable.

Microwave measurements. The experimental spectrum S21 of power received at second antenna rel-
ative to the power input to the source was measured in anechoic chamber using Vector Network Analyzer
Rohde&Schwarz ZVB20 connected with all-dielectric source and second horn wideband antenna P6-23M. The
scanned field distribution was performed by second port of VNA connected with 2D near field scanner with
0.5 mm resolution.

The general discrepancy between experimental and theoretical anapole excitation frequencies arises due to
the permittivity of dielectric. In particular, manufacturer declares the permittivity of SrTiO; ~ 37. This value is
estimated for dielectric slab and has some deviations depending on frequency, form and quality of the samples.
We estimated (See Table 1) in our simulations how the permittivity of dielectric cylinders influences on the res-
onance frequency.

References

1. Zeldovich, Y. B. Electromagnetic Interaction with Parity Violation. Sov. Phys. JETP 6, 1184 (1958).

2. Dubovik, V. M. & Cheshkov, A. A. Multipole expansion in classic and quantum field theory and radiation. Sov. J. Particles. Nucl. 5,
318-337 (1974).

3. 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, doi:10.1103/PhysRevE.65.046609 (2002).

4. Dubovik, V. M. & Tugushev, V. V. Toroid moments in electrodynamics and solid-state physics. Phys. Rep. 187, 145-202,
doi:10.1016/0370-1573(90)90042-Z (1990).

SCIENTIFICREPORTS|7: 1064 | DOI:10.1038/s41598-017-01127-2 7


http://dx.doi.org/10.1103/PhysRevE.65.046609
http://dx.doi.org/10.1016/0370-1573(90)90042-Z

www.nature.com/scientificreports/

11.
12.
13.
14.
15.
16.

17.
18.

19.

20.
21.

22.
23.
24.
25.
. Zheludev, N. I. The Road Ahead for Metamaterials. Science 328, 582-583, doi:10.1126/science.1186756 (2010).
27.
28.

29.
. Liu, Y. & Zhang, X. Metamaterials: A New Frontier of Science and Technology. Chem. Soc. Rev. 40, 2494, d0i:10.1039/c0cs00184h

31.
32.
33.
34.

35.
36.

37.
38.
39.
40.
41.
42.
43.
44.

45.
46.

47.
48.

. Naumow, L. L, Bellaiche, L. & Fu., H. X. Unusual Phase Transitions in Ferroelectric Nanodisks and Nanorods. Nature (London) 432,

737-740, doi:10.1038/nature03107 (2004).

. Kldui, M., Vaz, C. A. E, Lopez-Diaz, L. & Bland, J. A. C. Vortex Formation in Narrow Ferromagnetic Rings. J. Phys. Condens. Matter

15, R985-R1024, doi:10.1088/0953-8984/15/21/201 (2003).

. Popov, Y. E et al. Magnetoelectric Effect and Toroidal Ordering in Ga2—xFexO3. J. Exp. Theor. Phys. 87, 146-151,

doi:10.1134/1.558635 (1998).

. Popov, Y. F. et al. Magnetic-Field-Induced Toroidal Moment in the Magnetoelectric Cr203. JETP Lett. 69, 330-335,

doi:10.1134/1.568032 (1999).

. Kopaev, Y. V. Toroidal Ordering in Crystals. Phys. Usp. 52, 1111-1125, d0i:10.3367/UFNe.0179.200911d.1175 (2009).
. Zvezdin, A. K., Kostyuchenko, V. V., Popov, A. L, Popkov, A. E. & Ceulemans, A. Toroidal Moment in the Molecular Magnet V15.

Phys. Rev. B 80, 172404, doi:10.1103/PhysRevB.80.172404 (2009).

Ungur, L. et al. Net Toroidal Magnetic Moment in the Ground State of a fDy-6gTriethanolamine Ring. J. Am. Chem. Soc. 134,
18554-18557, doi:10.1021/ja309211d (2012).

Ceulemans, A., Chibotaru, L. F. & Fowler, P. W. Molecular Anapole Moments. Phys. Rev. Lett. 80, 1861-1864, doi:10.1103/
PhysRevLett.80.1861 (1998).

Afanasiev, G. N. Simplest Sources of Electromagnetic Fields as a Tool for Testing the Reciprocity-like Theorems. J. Phys. D 34,
539-559, doi:10.1088/0022-3727/34/4/316 (2001).

Savinov, V., Fedotov, V. A. & Zheludev, N. I. Toroidal Dipolar Excitation and Macroscopic Electromagnetic Properties of
Metamaterials. Phys. Rev. B 89, 205112, doi:10.1103/PhysRevB.89.205112 (2014).

Papasimakis, N., Fedotov, V. A., Savinov, V., Raybould, T. A. & Zheludev, N. I. Electromagnetic toroidal excitations in matter and free
space. Nature Materials 15,263-271, doi:10.1038/nmat4563 (2016).

Miroshnichenko, A. E. et al. Nonradiating anapole modes in dielectric nanoparticles. Nature communications 6, 8069, doi:10.1038/
ncomms9069 (2015).

Van Bladel, Jean G. Electromagnetic Fields, 2nd Edition, Wiley-IEEE Press (2007).

Nemkov, N. A., Basharin, A. A. & Fedotov, V. A. Non-radiating sources, dynamic anapole and Aharonov-Bohm effect,
arXiv:1605.09033 (2016).

Labate, G. & Matekovits, L. “Invisibility and cloaking structures as weak or strong solutions of Devaney-Wolf theorem”. Opt. Express
24, 19245-19253, doi:10.1364/OE.24.019245 (2016).

Hud, N. V. & Vilfan, I. D. In Annual Review of Biophysics and Biomolecular Structure p. 295-318 (Annual Reviews, Palo Alto, 2005).
Hingorani, M. M. & O’Donnell, M. A Tale of Toroids in DNA Metabolism. Nat. Rev. Mol. Cell Biol. 1, 22-30, doi:10.1038/35036044
(2000).

Simpson, A. A. et al. Structure of the Bacteriophage Phi 29 DNA Packaging Motor. Nature (London) 408, 745-750,
doi:10.1038/35047129 (2000).

Fedotov, V. A., Marinov, K., Boardman, A. D. & Zheludev, N. I. On the Aromagnetism and Anapole Moment of Anthracene
Nanocrystals. New J. Phys. 9, 95-95, doi:10.1088/1367-2630/9/4/095 (2007).

Veselago, V. G. The Electrodynamics of Substances with Simultaneously Negative Values of € and . Sov. Phys. Usp. 10, 509-514,
doi:10.1070/PU1968v010n04ABEH003699 (1968).

Pendry, J. B. Negative Refraction Makes a Perfect Lens. Phys. Rev. Lett. 85, 3966-3969, doi:10.1103/PhysRevLett.85.3966 (2000).

Soukoulis, C. M. & Wegener, M. Optical Metamaterials More Bulky and Less Lossy. Science 330, 1633-1634, doi:10.1126/
science.1198858 (2010).

Soukoulis, C. M. & Wegener, M. Past Achievements and Future Challenges in the Development of Three Dimensional Photonic
Metamaterials. Nat. Photonics 5, 523, doi:10.1038/nphoton.2011.154 (2011).

Boltasseva, A. & Atwater, H. A. Low-Loss Plasmonic Metamaterials. Science 331, 290-291, doi:10.1126/science.1198258 (2011).

(2011).

Kaelberer, T., Fedotov, V. A., Papasimakis, N., Tsai, D. P. & Zheludev, N. I. Toroidal Dipolar Response in a Metamaterial. Science 330,
1510-1512, doi:10.1126/science.1197172 (2010).

Fan, Y., Wei, Z., Li, H., Chen, H. & Soukoulis, C. M. Low-loss and high-Qplanar metamaterial with toroidal moment. Phys. Rev. B
87, 115417, doi:10.1103/PhysRevB.87.115417 (2013).

Manoj, G. et al. Sharp Toroidal Resonances in Planar Terahertz Metasurfaces. Adv. Mater. 28, 8206-8211, doi:10.1002/adma.v28.37
(2016).

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, doi:10.1038/srep02967 (2013).

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

Liu, W,, Shi, J., Lei, B., Hu, H. & Miroshnichenko, A. E. Efficient excitation and tuning of toroidal dipoles within individual
homogenous nanoparticles. Opt. Express 23, 24738-24747, doi:10.1364/OE.23.024738 (2015).

Wang, R. & Negro, L. D. Engineering non-radiative anapole modes for broadband absorption enhancement of light. Opt. Express 24,
19048-19062, doi:10.1364/0OE.24.019048 (2016).

Li, J. et al. From non- to super-radiating manipulation of a dipolar emitter coupled to a toroidal metastructure. Opt. Express 23,
29384-29389, doi:10.1364/0E.23.029384 (2015).

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 Letters 16, 4635-4640, doi:10.1021/acs.nanolett.6b01958 (2016).

Tasolamprou, A. C., Tsilipakos, O., Kafesaki, M., Soukoulis, C. M. & Economou, E. N. Toroidal eigenmodes in all-dielectric
metamolecules. Phys. Rev. B 94, 205433 (2016).

Evlyukhin, A. B., Fischer, T., Reinhardt, C. & Chichkov, B. N. Optical theorem and multipole scattering of light by arbitrarily shaped
nanoparticles. Phys. Rev. B 94, 205434, doi:10.1103/PhysRevB.94.205434 (2016).

Dubovik, V. M. & Shabanov, S. V. Free-field potentials in electrodynamics. Physics Letters A 142, 211-214, doi:10.1016/0375-
9601(89)90316-2 (1989).

Basharin, A. A., Chuguevsky, V., Volsky, N., Kafesaki, M. & Economou, E. N. Extremely High Q-factor metamaterials due to
Anapole Excitation. Physical Review B 95, 035104, doi:10.1103/PhysRevB.95.035104 (2017).

Aharonov, Y. & Bohm, D. Significance of electromagnetic potentials in quantum theory. Phys. Rev- 11, 485-491, doi:10.1103/
PhysRev.115.485 (1959).

Balanis, C. A. Antenna Theory: Analysis and Design. John Wiley & Sons, Publishers, Inc., New York (2005).

Fan, Y., Zhang, F, Fu, Q., Wei, Z. & Li, H. Controlling the toroidal excitations in metamaterials for high-Q response, arXiv:
1609.05804 (2016).

All, A. & Engheta, N. Cloaking a Sensor. Phys. Rev. Lett. 102, 233901, doi:10.1103/PhysRevLett.102.233901 (2009).

Liberal, I. & Engheta, N. Nonradiating and radiating modes excited by quantum emitters in open epsilon-near-zero cavities, arXiv:
1512.01092 (2015).

SCIENTIFICREPORTS|7: 1064 | DOI:10.1038/s41598-017-01127-2 8


http://dx.doi.org/10.1038/nature03107
http://dx.doi.org/10.1088/0953-8984/15/21/201
http://dx.doi.org/10.1134/1.558635
http://dx.doi.org/10.1134/1.568032
http://dx.doi.org/10.3367/UFNe.0179.200911d.1175
http://dx.doi.org/10.1103/PhysRevB.80.172404
http://dx.doi.org/10.1021/ja309211d
http://dx.doi.org/10.1103/PhysRevLett.80.1861
http://dx.doi.org/10.1103/PhysRevLett.80.1861
http://dx.doi.org/10.1088/0022-3727/34/4/316
http://dx.doi.org/10.1103/PhysRevB.89.205112
http://dx.doi.org/10.1038/nmat4563
http://dx.doi.org/10.1038/ncomms9069
http://dx.doi.org/10.1038/ncomms9069
http://dx.doi.org/10.1364/OE.24.019245
http://dx.doi.org/10.1038/35036044
http://dx.doi.org/10.1038/35047129
http://dx.doi.org/10.1088/1367-2630/9/4/095
http://dx.doi.org/10.1070/PU1968v010n04ABEH003699
http://dx.doi.org/10.1103/PhysRevLett.85.3966
http://dx.doi.org/10.1126/science.1186756
http://dx.doi.org/10.1126/science.1198858
http://dx.doi.org/10.1126/science.1198858
http://dx.doi.org/10.1038/nphoton.2011.154
http://dx.doi.org/10.1126/science.1198258
http://dx.doi.org/10.1039/c0cs00184h
http://dx.doi.org/10.1126/science.1197172
http://dx.doi.org/10.1103/PhysRevB.87.115417
http://dx.doi.org/10.1002/adma.v28.37
http://dx.doi.org/10.1038/srep02967
http://dx.doi.org/10.1364/OE.23.024738
http://dx.doi.org/10.1364/OE.24.019048
http://dx.doi.org/10.1364/OE.23.029384
http://dx.doi.org/10.1021/acs.nanolett.6b01958
http://dx.doi.org/10.1103/PhysRevB.94.205434
http://dx.doi.org/10.1016/0375-9601(89)90316-2
http://dx.doi.org/10.1016/0375-9601(89)90316-2
http://dx.doi.org/10.1103/PhysRevB.95.035104
http://dx.doi.org/10.1103/PhysRev.115.485
http://dx.doi.org/10.1103/PhysRev.115.485
http://dx.doi.org/10.1103/PhysRevLett.102.233901

www.nature.com/scientificreports/

Acknowledgements

This work was supported by the Ministry for Education and Science of the Russian Federation, in the framework
of the Increase Competitiveness Program of the National University of Science and Technology MISIS under
contract numbers K4-2015-031 and K2-2016-051, the Russian Foundation for Basic Research (Grant Agreements
No. 16-32-50139 and No. 16-02-00789) and by LABEX WIFI (Laboratory of Excellence within the French
Program Investments for the Future, ANR-10-LABX-24 and ANR-10-IDEX-0001-02 PSL). We wish to thank the
referees who referred us to the new works about toroidal response.

Author Contributions

A.A.B. and N.A.N. performed simulations; A.A.B. manufactured experimental sample; A.A.B. and N.A.N; LV.S.
performed far-field experiments; A.A.B., N.A.N., L.V.S. analyzed data, discussed the results and contributed to
the writing of the manuscript.

Additional Information
Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

MMM | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7: 1064 | DOI:10.1038/s41598-017-01127-2 9


http://creativecommons.org/licenses/by/4.0/

	Nontrivial nonradiating all-dielectric anapole

	Results

	The structure of the system. 
	The results of simulations. 
	Experiment. 

	Discussion

	Methods

	Simulations. 
	Samples fabrication. 
	Microwave measurements. 

	Acknowledgements

	Figure 1 (a) Representative toroidal source and an all-dielectric source supporting anapole excitation.
	Figure 2 (a–c) Measured electric field distributions on the top of the source normalized on maximum field scanned by the 2D probe on the frequencies 6.
	Figure 3 Normalized radiation Patterns (RP) of Anapole source (a–c) and Electric dipole, for comparison (d–f).
	Figure 4 (а) Experimental sample of the nontrivial nonradiating all-dielectric anapole based on four- SrTiO3 cylinders with diameter 5 mm, excited by electric dipole antenna in the center of meta-molecule.
	Table 1 One can conclude that the permittivity located close to 35–35.




