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Abstract
Wedemonstrate experimentally a new type of order in opticalmagnetism resembling the staggered
structure of spins in antiferromagnetic orderedmaterials.We study hybrid electromagnetic
metasurfaces created by assembling hybridmeta-atoms formed bymetallic split-ring resonators and
dielectric particles with a high refractive index, both supporting optically-inducedmagnetic dipole
resonances of different origin. Each pair (or ‘metamolecule’) is characterized by two interacting
magnetic dipolemomentswith the distance-dependentmagnetization resembling the spin exchange
interaction inmagneticmaterials. By directlymapping the structure of the electromagnetic fields, we
demonstrate experimentally that strong coupling between the optically-inducedmagneticmoments
of different origin can flip themagnetisation orientation in ametamolecule creating an
antiferromagnetic lattice of staggered optically-inducedmagneticmoments in hybridmetasurfaces.

Naturalmaterials are known to exhibit negligiblemagnetism at optical frequencies, since the direct effects of the
opticalmagnetic field onmatter aremuchweaker than electric ones. These restrictions can be overtaken by the
concept ofmetamaterials created as artificial structures of subwavelengthmeta-atoms that support a strong
optically inducedmagnetic response [1]. The recent progress in the physics ofmetamaterials and their
applications formetadevices [2] is based on their ability to achieve unprecedented control of optical properties
in artificial electromagnetic structures.

After thefirst experimental verification of exotic properties ofmetamaterials such as superlens with the
resolution beyond the diffractive limit [3] and electromagnetic cloaking [4], themetamaterials paved away for
the realization of a new generation ofmicrowave and opticalmetadevices [2]with numerous unique
functionalities andmany potential applications [5, 6].Moreover, the concept ofmetamaterials andmetasurfaces
now spans over various branches of physics, including acoustics,mechanics, superconductors, and advanced
bio-engineering. Based on conventionalmaterials,metamaterials derive their unique properties from their
newly designed structures.

It is known that naturalmaterials can exhibit various dielectric permittivity at optical frequencies. In
contrast, themagnetic permeability is always close to its free space value in the optical range. Thus, in all
conventional opticalmaterials and devices, only the electric component of light is directly controlled. However,
the emergence ofmetamaterials has fundamentally altered this situation. Artificialmagnetism can nowbe
achieved at higher frequencies by engineering specially designed ‘meta-atoms’—functional units of
metamaterials that are smaller than thewavelength and carry an optically inducedmagneticmoment.

When suchmeta-atoms are combined to create ametamaterial ormetasurface, the overall structure of the
inducedmagneticmoments resemble the ferromagnetic (FM) order, as shown in two cases in the upper part of
figure 1. This is valid for both types ofmagneticmoments, either induced inmetallicmeta-atoms by the
oscillation of free electrons or by displacement current in dielectricmeta-atomswith high refractive index.
However, if we assemble hybrid structures with dissimilar elements having themagnetic dipolemoments of
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different origin (see the lower part offigure 1), we expect that such hybridmetamolecule with a strong coupling
of individualmoments can create an antiferromagnetic (AFM) order ofmagneticmoments, as was recently
suggested theoretically [7]. The experimental verification of this concept and the demonstration of the AFM
ordering for a singlemetamolecule and even fullmetasurfaces is themain subject of this paper.

One of the canonical subwavelength ‘meta-atom’ is a split ring resonator (SRR) that consists of an inductive
metallic ringwith a gap. The basic principle behind this design is that SRR can support the principal eigenmodes
with a circular current distribution that gives rise to an inducedmagneticmoment and, after assembling such
elements into a structurewith the period ordering, to the opticalmagnetism, the cornerstone concept of the
modern theory ofmetamaterials.Metamaterials composed of regular lattices of SRRs have been studied in a
significant number of papers. If we look at all those structures from the viewpoint ofmagnetism andmagnetic
systems, we should identify the order ofmagneticmoment as ferromagnetic, when allmoments are
predominantly pointed to a certain direction only.

Importantly, the intrinsic losses put a fundamental limit for downscaling the SRRs for obtaining an efficient
magnetic response in the optical range. On the other hand, resonant dielectric nanostructuresmake a new twist
on light–matter interaction [8]. According to the analysis employingMie’s scattering theory [9, 10] and recent
experimental verifications [10, 11], subwavelength dielectric nanoparticles with high refractive indexmay
exhibit very strongmagnetic response in the entire visible spectral range. The basic physicalmechanismof the
induced opticalmagnetism in such a dielectric particle is the excitation of a particularmode inside the particle
with a circular displacement current of the electric field. The spectral position of themagnetic resonance can be
tuned throughout thewhole visible spectral range from violet to red by changing the nanoparticle size in the
range from100 to 200 nm [9, 11]. As a result, itmakes silicon nanoparticles the best candidates for lossless
magnetic response at high frequencies. One of theirmost successful applications is the superior performance of
hybrid and all-dielectric nanoantennas for effective control of light emission from localized sources [13–19].
Strong near-field enhancement in resonant dielectric nanostructures [20, 21] implies that strong nonlinear
phenomena can be expected in the nonlinear optical response of dielectric nanoparticles with high refractive
index. Recently, the enhancement of the third-order optical nonlinearities of silicon nanodisks has been
observed at the vicinity of themagnetic dipole resonances pumped by femtosecond laser pulses [22]. The
efficiency of the conversion is enhanced by two orders ofmagnitudewith respect to the unstructured bulk silicon
slab. These results demonstrate a possibility of establishing a novel efficient platformof nanoscale resonant
nonlinear optics driven by an optically-inducedmagnetic response of low-loss high-index nanoparticles.
Moreover, the regular arrays of such bi-spherical elements would allow the development of all-dielectric optical
3Dmetamaterials.

Figure 1. Schematic of themagnetic dipole ordering in electromagneticmetasurfaces. On the upper part two genericmetasurfaces
composed of the arrays of different elements (meta-atoms) exhibit a FMorAFMordering depending on the distance between
elements, whenmagnetic dipolemoments are induced. Being combined together, two dissimilar types ofmeta-atomswith the FM
ordering can create anAFMorderingwith the staggered structure of optically-inducedmagnetic dipolemoments. The structure is one
of several possible realizations of the AFMorder. The other type of element ordering is shown e.g. infigure 1 in [7].
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Combining bothmetallic and dielectricmeta-atoms allows to create hybridmetamaterials taking the
advantages of both plasmonic and all-dielectric elements. In particular, such structuresmay offer large Purcell
enhancements and highly directional radiation patternswhile preserving high radiation efficiencies [16, 17].
However, the current study of combined effects ofmetallic and dielectric hybrid nanostructures on themagnetic
nanostructures is very limited, and it ismainly restricted by the radiation control [12].

In this paper, we provide thefirst experimental evidence of a new type of optically-inducedmagnetic
ordering in hybridmetamaterials resembling staggered structures of spin in antiferromagneticmaterials.We
experimentally studymetamaterials created by assembling periodically hybridmetamolecules supporting the
interaction ofmagnetic dipolemoments of different origin.We demonstrate that in the regime of strong
coupling between themagneticmoments one can observe the change of themagnetisation orientation toAFM
type ordering depending on the separation distance between the particles.

Results and discussion

Based on the theoretical suggestion [7], we consider the optically-induced interaction ofmagneticmoments in
hybrid structures consisting of a dielectric sphere and a split-ring resonator shown to drastically change the
magnetic response due to the different origin of theirmagnetic dipole resonances: one is based on the inductive
response of normalmetals in SRRs, and the other one based on the displacement current inside the dielectric
particle. In particular, it was predicted [7] that the resonantly induced longitudinal electric dipoles play an
important role in the formation of a staggeredmagnetizationwith theAFM response below a critical separation
between themetallic and dielectric elements of the hybridmetamolecule.

First, we optimise the theoretical results following closely the analysis presented in [7] for a single hybrid
metamoleculemade of a dielectric sphere with permittivity ε= 16+ 0.001i and the radius R1= 7.5 mmand a
copper SRR ringwith the radius R2= 5.3 mmand thickness 0.05 mm (see figure 2). Thesematerial and
geometrical parameters are linked closely to the available samples andmaterials for our experimental
verification summarized below. Figure 2 clearly demonstrates and confirms that below a critical separation
between two simplemeta-atoms, namely around dc= 30 mm, the initial in-phase excitation ofmagnetic dipole
momentsflips to the staggered configuration, in the vicinity of themagnetic dipole resonance at 4.73 GHz.We
notice that the incident planewave propagates perpendicular to the axis of the hybridmetamolecule with the
electric field polarized along the axis. Since the excitation is kept the same, the flipping of themagnetic dipole
moment is attributed to the optically-induced interaction of twometa-atoms. Interestingly at critical distance dc
= 30 mmboth inducedmagnetic dipoles are orthogonal to each other, thus at any givenmoment of time (or
phase) only one of them is effectively aligned along the appliedmagnetic field, while another one is across the
field. The situation changes over quarter of a period. It is crucially important that this type of interactionmay
only occur formagnetic dipoles.

Next, wemove to the experimental verification of the existence of theAFMordering.We experimentally
study the properties of a single hybridmetamoleculemade of ceramicMgO-TiO2 spherewith the parameters
closed to those simulated numerically and described above. Infigure 3we compare the theoretical and
experimental data for the scattering cross sections for a single SRR and ceramic sphere, as well as for a hybrid
metamolecule, for the separation below critical value dc (where dc= 30 mm), and observe that they are in a very
good agreement. Bothmagnetic resonances of individualmeta-atoms are spectrally close to each other being
located at 4.59 GHz and 4.8 GHz for SRR and dielectric sphere, respectively. Importantly, the AFMordering is
associatedwith resonant suppression of the total scattering cross section. This can be understood due to the out-
of-phase excitedmagnetic dipoles resulting in scattering cancelation in the far-field. Such a behaviour can be
interpreted also in terms of the Fano resonances [23, 24], where the SRRmakes a resonant contributionwith the
π-phase shift of themagnetic dipole, and the dielectric particle provides the scattering background. Since the
symmetry of the radiation pattern of bothmodes are identical, they lead to destructive interference in the far-
field zone, similar to recently demonstrated nonradiating anapolemodes [25].

Infigures 4(a) and (c)we show the phase distribution of themagnetic field just above the hybrid
metamolecule along its axis. Both numerical and experimental results exhibit sharp phase variation in the
vicinity and in-between of individualmagnetic dipole resonances. Infigures 4(b) and (d)weplot the phase
distribution at the antiferromagnetic resonance in the plane on top of the hybridmetamolecule. It clearly shows
out-of-phasemagnetic field distribution in the vicinity of SRR and dielectric particle.

Finally, we consider the periodic arrangement of hybridmetamolecules in a two-dimensional square lattice.
In general, there are several different possible ordered arrangements. For example, themagneticmoments of the
hybridmetamolecules alternate only in one direction remaining identical in the other direction. Another
possibility is the arrangements ofmagneticmoment of hybridmetamolecules alternate in both directions,
similar to the check-board pattern (see figure 5). Such hybrid compositemetasurfacesmay support optically-
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inducedmagnetic response characterized by the staggeredmagnetization in the longitudinal and transverse
directions due to themagnetic interaction between the dielectric particles. Infigure 5(b)we showour
experimental results for afinite structure consisting of closely packed ceramic spheres and copper SRRs. A direct
phasemeasurement reveals the staggeredmagnetic field distribution above themetasurface, in a full agreement
with our numerical simulation, shown in the top panel offigure 5(a).

For comparison, we also perform the numerical simulations formetasurfacesmade of identicalmeta-atoms
(either SRRs or dielectric particles). It turns out that, at themagnetic dipole resonance, such structures exhibit
only ordered states that resemble the familiar FMordering of spins inmagneticmaterials. Thisfinding indicates
the importance of the different origin of themagnetic dipole response. In particular, as was demonstrated

Figure 2. Scattering cross section of a hybridmetamolecule. (a)Two-dimensional plot of the scattering cross section characterising the
magnetic interaction in the hybridmetamolecule versus the separation between two constituentmeta-atoms. (b)Characteristic
scattering cross sections above (d= 45 mm) and below (d= 13 mm) the critical coupling, exhibiting the resonant suppression of the
total scattering for theAFMordering. (c), (d)Magneticfield distribution showing a transition fromFM toAFM type ordering at the
resonant frequency 4.73 GHz for the separation d= 13 mmand d= 45 mm, respectively. (e)Magneticfield distribution at critical
coupling d= 30 mmshowing that resonantmagnetic dipoles are present within both elements, but they rotated 90 degrees with
respect to each other, which leads to phase shifted excitation.
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analytically in [20], one of the important features responsible for the formation of the AFMorder is the existence
of both electric andmagnetic dipole resonances supported by the dielectric particle. Aswas recently
demonstrated, both types of response can be controlled independently by altering the shape of the dielectric

Figure 3. Scattering cross sections of individualmeta-atoms and hybridmetamolecule. Individualmeta-atoms (SRR and sphere)
exhibit strongmagnetic dipole resonances shown by dotted (SRR) and dashed (sphere) curves, as observed in (a)numerical
simulations and (b) experiment. Being combined into the hybridmetamolecule, themagnetic response demonstrates a splitting of
resonances responsible for the formation of theAFMorder.

Figure 4.Phase structure of a single hybridmetamolecule. (a), (c) Spectral variation of themagnetic field phase above the hybrid
metamolecule along theOX line indicated infigure 2(b), calculated theoretically andmeasured experimentally. (b), (d)Two-
dimensional phase distribution in the plane on top of the hybridmetamolecule at the distance 1 mmabove and the resonant frequency
4.73 GHz.
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particle [26]. It opens newopportunities tofine-tuning and controlling the AFM type ordering of optically
inducedmagnetic dipolemoments.

AFMmetamaterials closely resemble real AFMmaterials in naturewhich are internallymagnetic, but have
resulting zero netmagneticmoment. This implies that information stored in antiferromagneticmoments would
be invisible to commonmagnetic probes, insensitive to disturbingmagnetic fields, and the antiferromagnetic
elementwould notmagnetically affect its neighbours, regardless of howdensely the elements are arranged in the
device. Alternatively, it is possible to consider a triangular lattice of such hybridmetamolecules whichwill
resemble the graphene-type honeycomb lattice. It is expected that AFMordermight lead to formation of
topologically nontrivial helical edge states similar to quantum spin-Hall effect.Moreover, we expectmany
interesting problems to be solved here, in analogywith on recent progress of the field of AFM spintronics for
spin transport [27], magnetic textures, spin dynamics, and free electron lasers.

In summary, we have demonstrated experimentally the novel antiferromagnetic type ordering ofmagnetic
moments in hybridmetamaterials consisting of bothmetallic and dielectric components. Our analysis suggests
that such effect is based on the properties of a single hybridmetamolecule due to a combination of elements with
different origins of optically-inducedmagnetic dipole response. By changing the geometry of the dielectric
particle it is possible to tune independently electric andmagnetic type responses [26]. Such an approach can be
further extended to achievefine control ofmagnetic interactionwith spectral tuning ofmultipolar coupling of
differentmodes. Finally, hybridmetamaterials offer newopportunities to achieve unprecedented control of
light–matter interaction.

Methods

Experimental approach
For ourmicrowave experiments, we employMgO-TiO2 ceramic spheres characterized by a dielectric constant of
16 and dielectric loss factor of (1.12–1.17)× 10−4,measured at 3–9 GHz frequency range. To fasten together the
particles, we use a special holdermade of a Styrofoammaterial with dielectric permittivity of 1 (in themicrowave
frequency range). To realize a planewave excitation, we employ a rectangular horn antenna (TRIM0.75–9 GHz;
DR) connected to the transmitting port of a vector network analyzer (Agilent E8362C). For themeasurements of
the scattering cross section, an isolated hybridmetamolecule is placed in the far-field zone of the antenna at the
distance approximately~2.5 m, and the second horn antenna (TRIM0.75–9 GHz;DR) is used as a receiver. In
accordwith the optical theorem, the scattering in the forward direction is connectedwith the total extinction

Figure 5.Magnetic field phase distribution of a hybridmetamaterial. (a), (b)Theoretical and experimental phase distribution of the
magnetic field 1 mmabove the hybridmetamaterial at the frequency 4.73 GHz. (c) Schematic view of the simulated structure and (d)
camera photo of thefinite experimental sample.

6

New J. Phys. 19 (2017) 083013 AEMiroshnichenko et al



cross section. Since absorption by dielectricmaterial is negligible, the total extinction cross section coincides
with the scattering cross section.

The near-fieldmeasurement scanning is performed for the frequencies within the 3–7 GHz frequency band.
We use an automaticmechanical near-field scanning device and a shielded loop probe connected to the
receiving port of the Analyzer. The shielded loop had a~6 mmdiameter, and it could be approximated as an
electrically small current loop thatmeasures themagnetic field in the forward directionwithout significantfield
averaging. The probewas oriented normally with respect to the interfaces of bothmeta-atoms and hybrid
metamaterial as well as to the transmission horn antenna (dominantlymeasuredH-component of the horn).
The near-fieldmapping is scanned at the distance of~1 mmaway from the back interface of themetamaterial to
avoid touching of the probe and sample.

Numerical simulations
All numerical simulations for the scattering cross sections and near-field distributions are performed by using
the commercially available CSTMicrowave Studio software. The permittivity is taken from a standard library.
The permittivity of ceramicMgO-TiO2 is retrieved from the experimental data and approximated by a constant
value ε= 16+ 0.001i, for the given frequency range.
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