Optically induced antiferromagnetic order in
dielectric metasurfaces with complex supercells
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Metasurfaces are 2D planar lattices of nanoparticles that allow the manipulation of incident light proper-
ties. Because of that attribute, metasurfaces are promising candidates to replace bulky optical components.
Traditionally, metasurfaces are made from a periodic arrangement of identical unit cells. However, more degrees
of freedom are accessible if an increasing number of structured unit cells are combined. The present study explores
a type of dielectric metasurface with complex supercells composed of Mie-resonant dielectric nanocylinders and
nanoscale rings. We numerically and experimentally demonstrate the signature of an optical response that relies
on the structures sustaining staggered optically induced magnetic dipole moments. The optical response is asso-
ciated with an optical antiferromagnetism. The optical antiferromagnetism exploits the presence of pronounced
coupling between dissimilar Mie-resonant dielectric nanoparticles. The coupling is manipulated by engineering
the geometry and distance between the nanoparticles, which ultimately enhances their effective magnetic response.
Odur results suggest possible applications in resonant nanophotonics by broadening the modulation capabilities of

metasurfaces.

1. INTRODUCTION

Metasurfaces have attracted a lot of attention in photonics in
recentyears [ 1-11]. Current trends call for creating highly trans-
parent, functional, and active metasurfaces with high-index
dielectric nanoparticles [12—14]. Dielectric nanoparticles with
a high refractive index can be excited to sustain electric and
magnetic Mie resonances at optical frequencies. The negligible
absorption and strong scattering of dielectric resonant nanopar-
ticles bring about a pronounced coupling of these components
in a metasurface. As a result, the emergent electromagnetic
response of a metasurface is vastly different from the response
of the isolated nanoparticle [15,16]. The coupling effects in
periodic metasurfaces with identical nanoparticles have been
extensively studied [9,10,16-19]. However, coupling in peri-
odic metasurfaces with dissimilar nanoparticles is less explored
[15]. Note that coupling here refers to the renormalization of the
optical response of the nanoparticles (for example, the resonance
frequencies), when they interact with each other, as compared to
their isolated optical responses.

Some years ago, it was predicted theoretically that a hybrid
dimer structure composed of metal split-ring resonators and
silicon nanospheres could exhibit a novel type of optically
induced magnetic order termed as optical antiferromagnetic
(AFM) order [20]. In the optical antiferromagnetic order, the
induced magnetic dipole moments of the dissimilar nanopar-
ticles are antiparallel. This is in contrast to the conventional
parallel magnetic dipole (i.e., the optical ferromagnetic (FM)
order), in which the induced dipole moments are equal and
collinear. These effects have not been observed in optics. Still,
theory predicted that a similar AFM order could be expected in
anisotropic lattices composed of dielectric nanocylinders and
nanotubes [21].

In this work, based on the theoretical work in [21], we have
fabricated and analyzed all-dielectric periodic metasurfaces
with complex supercells that, in contrast to unit cells containing
only a single nanoparticle, give rise to what we believe, to the
best of our knowledge, are novel scattering states, as shown in
Fig. 1. The supercells of these metasurfaces are composed of
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Fig.1. A complex lattice unit cell: The transition from a single par-
ticle cell to a dimer cell gives rise to new scattering states.

two nanoparticles: a nanocylinder and a nanotube. These two
dissimilar nanoparticles, in a complex supercell, have shown
AFM order [21]. Here, we studied the optical response of
metasurfaces with isotropic and anisotropic arrangements of
these two components, as shown in Fig. 2 for a range of inci-
dence angles, including normal incidence. The parameters are
designed for the near-IR region. We experimentally demon-
strated the signature of staggered magnetic dipole momenta
in the transmittance spectra of the metasurfaces. We observed
that AFM states can give rise to very high-quality resonances
that extend over a wide range of incidence angles. The sharp
resonance, like the Fano resonance or the bound state in the
continuum, can be linked to the interference of the radiation
from the antiparallel induced magnetic moments of dissimilar
nanoparticles. By introducing dissimilar nanoparticles in the
metasurface structure, new scattering states arise that provide
more degrees of freedom to modulate the impinging light.

2. RESULTS AND DISCUSSION
A. Metasurface Structure

We designed and fabricated two types of all-dielectric meta-
surfaces with complex unit cells composed of dissimilar
nanoparticles of Mie-resonant nanocylinders and nanotubes.
We should note that using two nanocylinders with different sizes
can also lead to AFM states. However, the nanotube can pro-
vide a broader magnetic resonance, which facilitates the design
process. In the design process, we have looked for setups with
pronounced antiparallel magnetic moments. Figure 2(a) shows
the structure and scanning electron micrograph of an aniso-
tropic metasurface composed of periodic rows of nanocylinders
and nanotubes termed an “anisotropic metasurface.” Figure 2(b)
shows the “isotropic metasurface” composed of a checkerboard
lattice of nanotubes and nanocylinders. The size parameters
are mentioned in the figure caption. The design follows our
theoretical study in [21].

The materials used for the nanoparticles and the substrate are
silicon and silica glass, respectively. For wavelengths between

(a) Anisotropic

Fig. 2. Two types of silicon metasurfaces with a complex unit cell
composed of dissimilar periodic lattices of resonant nanocylinders
and nanotubes: (a) Structure and scanning electron micrograph of a
metasurface composed of periodic rows of nanocylinders and nano-
tubes, termed an anisotropic metasurface. Here, 2 =150 nm and
b =300 nm. The periodicity of the supercell is 930 nm and 550 nm.
(b) The isotropic metasurface is composed of a checkerboard lattice
of nanoparticles. Here, ¢ = 185 nm. For both arrangements, the nan-
otube outer diameter is D; = 400 nm, the nanotube inner diameter
is 4 =200 nm, and the nanocylinder diameter is D, = 230 nm. The
periodicity of the supercell is 500+/2 & 707 nm. Each nanoparticle has
aheight of 300 nm. The scale barsare 1 pm.

950 and 1600 nm, the two materials have a small dispersion.
Furthermore, the absorption losses are negligible. In this wave-
length range, the refractive index of silicon and silica is about 3.5
and 1.5, respectively. The silicon nanoparticles, nanocylinders,
and nanotubes are fabricated on a thick glass substrate with the
surrounding material being air.

B. Methods

To fabricate the metasurface, we coated a 300 nm thick
hydrogenated amorphous silicon (a-Si:H) film onto glass
(SCHOTT-N-BK7, Schott AG) via plasma-enhanced chemical
vapor deposition (PECVD). First, a positive electron beam resist
(ZEP520A, Zeon Corp.) was spin-coated on the film. In the
next step, the nanoparticle patterns were formed using e-beam
lithography and the subsequent development in ZED-N50
(Zeon). Next, a 50 nm thick aluminum layer was evaporated
onto the sample. Then, the resist was removed using ZDMAC
(Zeon). The silicon film was etched in CHF;3 plasma with a
small addition of SF, which led to a highly anisotropic etching
profile. Finally, the residual aluminum etch mask was removed
using a wet etching solution.

To measure the metasurface transmittance spectra, we used
an automated custom-built incoherent white light spectros-
copy setup with complete control over the incidence angle and
polarization. The sample was mounted on an automated step
motor to not only move the sample, but also to rotate it along
a single axis for the angular measurements. The setup had an



NA of 0.044, which corresponds to a half-angle of 2.5°. The
divergence angle (half-angle) of the incident beam equaled 0.8°.
The spectrometer used a scanning slit that corresponds to a
2 nm bandwidth, but the scanning was done in 0.8 nm steps.
Moreover, the angular spectrum was sampled in steps of 2°.

We used a finite element method (using CST Studio Suite) to
simulate the transmittance of the metasurfaces and the induced
magnetic field distribution of the nanoparticles inside the
lattice.

C. Transmittance for Normal Incidence

In this subsection, we focus on the anisotropic metasurface
under normal incidence illumination. Figures 3(a) and 3(b)
show the simulated transmittance spectra calculated under
normal incidence for the all-dielectric metasurface with an
anisotropic arrangement of nanocylinders and nanotubes, as
shown in Fig. 2(a). The insets show the magnetic field distribu-
tion in designated resonance frequencies. The transmittance
spectra are very different for the two polarizations of the external
field, and they reflect different types of resonances supported by
the metasurfaces.
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Fig. 3.  Transmittance spectra of all-dielectric metasurfaces with

anisotropic arrangements of nanocylinders and nanotubes as shown
in Fig. 2(a), for two different polarizations of the external field:
(a) x-polarization, and (b) y-polarization. For x-polarization, two
distinct magnetic dipole resonances are observed at 1010 nm and
1124 nm (mode A and mode B), as shown in the insets of (a). For
y-polarization, a hybrid response with the AFM order is observed
at 1397 nm (mode C), as confirmed by the magnetic field distribu-
tion shown in the inset. The onset of the first diffraction order is at
930 nm x 1.5=1395 nm.

For x polarization [Fig. 3(a)] (i.e., a magnetic field along the
y axis), two distinct magnetic dipole resonances are observed at
wavelengths 0f 1010 nm and 1124 nm (mode A and mode B), as
shown in the insets of Fig. 3(a). For mode A, the magnetic dipole
moment of the nanocylinder is dominant with an out-of-phase
resonance; for mode B, the magnetic dipole of the nanotube is
dominant with an in-phase resonance. The sudden transition at
1400 nm is due to the onset of the first diffraction order.

For y polarization, as shown in Fig. 3(b), at the resonance
mode C, a hybrid resonance with an AFM order is observed at
1397 nm. The magnetic field distribution, shown in the inset,
displays an antiparallel orientation of the induced magnetic
dipole moments of the nanotube and the nanocylinder. It is
observed that the induced magnetic dipole moment of the
nanotube is in-phase with the external magnetic field, while the
induced dipole moment of the nanocylinder is out-of-phase.
The pronounced coupling of the two nanoparticles led to the
emergence of a what we believe is a novel antiparallel mode. A
strong magnetic interaction near the onset of diffraction has also
been observed in the literature [22]. We noticed that such an
antiparallel mode cannot exist for periodic arrangements with
unit cells composed of single nanoparticles.

As explained in [21], AFM and FM states can be tuned
by changing the distances of nanotubes and nanocylinders.
With an increasing distance, the coupling of the nanocylinders
and nanotubes decays rapidly and the AFM modes cannot
be excited. At a closer distance, the AFM-like response can
be excited with an induced magnetic moment and opposite
phase among dissimilar nanoparticles. The distance-dependent
magnetic response is a unique feature of a complex supercell
structure. The sensitivity of the AFM mode to slight variations
manifests in the observed high-quality resonance. Due to this
sensitivity, however, the mode is prone to fabrication defects,
which makes experimental observations challenging.

D. Metasurface Characterization

This subsection shows the experimental characterization of the
fabricated metasurfaces for an extended illumination angle of up
to 30°, and the results are compared to the simulation data.

Figure 4 shows the simulated and experimental data for the
transmittance of the anisotropic and isotropic metasurfaces
under oblique TE- and TM-polarized light illuminated in the
XZ or YZ plane. The axes are shown in the inset. The simu-
lation and experimental measurements show good agreement,
especially for pronounced resonances.

The complex structure of the supercell leads to the splitting of
the fundamental magnetic dipole mode of a single nanoparticle
into various modes with different polarization and order of the
dipoles. The transmittance dips observed in the experimen-
tal measurement is the evident fingerprints of the AFM/FM
ordering predicted by the simulations. From the calculation of
the magnetic field distributions of the modes at the resonances
obtained using CST, we derived two types of modes: AFM mag-
netic modes with x, y, and z orientation of the moments and
FM magnetic modes directed along the y axis. We have marked
these modes in Fig. 4 with black dashed lines. Remarkably, the
FM order occurs only along the y axis [Figs. 4(b) and 4(e)] when
the magnetic field vector is parallel to the dimer axis.
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(a)—(d) Experimental and simulated spectral and angular dependence of transmittance of anisotropic metasurface for TE- and TM-

polarized light incident in the ¥'Z plane. (e)—(h) Same dependence of transmittance for light incident in the X Z plane. (i)—(I) Experimental and
simulated spectral and angular dependence of transmittance of isotropic metasurface for TE- and TM-polarized light incident in the X Z plane. The
black dashed lines highlight the FM and AFM modes of the proposed metasurfaces.

Note that Figs. 4(b) and 4(e) are equivalent for normal inci-
dence. Their transmittance spectrum is plotted in Fig. 3(a)
(titled as the x polarization). Moreover, Figs. 4(a) and 4(f) are
also equivalent for normal incidence angles. Their transmit-
tance spectrum is plotted in Fig. 3(b) (title as the y polarization).
The C mode in Fig. 3(b) is an x-AFM mode, as the antiparallel
dipole momentsare in the x axis.

A deviation from the normal incidence opens the scatter-
ing channel for modes with a z axis oriented AFM state [cf.
Figs. 4(a), 4(e), 4(f), and 4(i)]. At normal incidence, the mag-
netic field vector is directed along the x or y axis. Therefore,
it prevents the coupling of the incident wave to the vertically
polarized magnetic AFM mode. However, an external magnetic
field along the z axis enables an antiparallel magnetic dipole
moment excitation along the z axis. Interestingly, this mode can
already appear for a very slight deviation from normal incidence.

Compared to the simulated data note that the experimental
measurements for the transmittance were substantially lower,
and the dips were substantially less pronounced. These discrep-
ancies are due to fabrication imperfections. As evident from
the SEM images of Fig. 2, the surfaces were not as smooth as
assumed in the simulations. This roughness caused the light
to scatter into a nonspecular, diffusive direction that is not
collected by the spectrometer. Moreover, contamination of
the sample would have a similar effect. In addition, the size
of the nanoparticles was not as homogeneously distributed as
designed; this undesired disorder can lead to the broadening
and dampening of resonances. Finally, the actual material from
which the resonators were made could also suffer from a higher
density of surface states. These, indeed, could lead to an addi-
tional absorption that affects the background transmission over
an extended spectral region.
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Fig.5. Experimental transmittance spectra of the anisotropic meta-
surface measured for (a) x-polarized and (b) y-polarized plane waves.

Figure 5 shows the measured spectra for the anisotropic
metasurface under normal incidence. The results can be com-
pared to the simulated data in Fig. 2. Moreover, the data shall



be interpreted with a look at the experimental angular data of
Fig. 4.

For x polarization [Fig. 5(a)], as predicted in the simulation
results [Fig. 3(a)], two distinct magnetic dipole resonances were
observed at wavelengths near 1000 and 1100 nm. Furthermore,
we also observed a resonance at around 1400 nm. This reso-
nance was not predicted in the simulation results. However,
comparing the experimental and simulation results in Figs. 4(b)
and 4(d) for tilted angles, we observed a resonance (y-FM) that
has been broadened in the experimental results. Therefore,
we ascribed this dip to a slight angular misalignment in the
measurement setup and also broadening of resonances due
to imperfections that have resulted in the resonance around
1400 nm.

For a y polarization incidence [Fig. 5(b)], a resonance was
observed near 1400 nm. As predicted by the simulations, this
resonance could be linked to the y-AFM mode. However, the
resonance was not as sharp as in the simulations. Fabrication
imperfections can explain the broadening and reduction in
sharpness. Lattice constants can be quite precise during fabrica-
tion, while nanoparticle sizes can be prone to imperfections in
the fabrication.

3. CONCLUSION

We studied Mie-resonant dielectric metasurfaces with a com-
plex supercell created by two types of resonant dielectric
nanoparticles (namely, nanocylinders and nanotubes) arranged
in square/rectangular lattices. We demonstrated, for the first
time to the best of our knowledge, the effects of pronounced
near-field coupling of meta-atoms in such dielectric metasur-
faces that can be observed in the optically induced staggered
magnetic dipole moments. We revealed that the overall optical
response of the metasurfaces depends on the mode hybridiza-
tion and nanoparticle ordering. In particular, we observed an
optically induced response corresponding to a staggered struc-
ture of optically induced magnetic dipole moments that can
be associated with the physics of the so-called artificial optical
antiferromagnetism. We believe our results may suggest novel
applications in resonant nanophotonics by broadening the
modulation capabilities of metasurfaces with complex unit cells.
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