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Brewster quasi bound states in

the continuum in all-dielectric
metasurfaces from single magnetic-
dipole resonance meta-atoms

Diego R. Abujetas?, Angela Barreda?, Fernando Moreno?, Juan J. Saenz(®3, Amelie Litman*,
Jean-Michel Geffrin(®** & José A. Sanchez-Gil(®*

Bound states in the continuum (BICs) are ubiquitous in many areas of physics, attracting special
interest for their ability to confine waves with infinite lifetimes. Metasurfaces provide a suitable
platform to realize them in photonics; such BICs are remarkably robust, being however complex to
tune in frequency-wavevector space. Here we propose a scheme to engineer BICs and quasi-BICs

with single magnetic-dipole resonance meta-atoms. Upon changing the orientation of the magnetic-
dipole resonances, we show that the resulting quasi-BICs, emerging from the symmetry-protected

BIC at normal incidence, become transparent for plane-wave illumination exactly at the magnetic-
dipole angle, due to a Brewster-like effect. While yielding infinite Q-factors at normal incidence
(canonical BIC), these are termed Brewster quasi-BICs since a transmission channel is always allowed
that slightly widens resonances at oblique incidences. This is demonstrated experimentally through
reflectance measurements in the microwave regime with high-refractive-index mm-disk metasurfaces.
Such Brewster-inspired configuration is a plausible scenario to achieve quasi-BICs throughout the
electromagnetic spectrum inaccessible through plane-wave illumination at given angles, which could be
extrapolated to other kind of waves.

Bound states in the continuum (BICs) are ubiquitous in Physics as a general ondulatory phenomenon’. All
such states exhibit the common fascinating property that they remain localized despite coexisting with the con-
tinuum of radiating channels. First proposed in quantum mechanics, they have been observed in a variety of
waves: electromagnetic, acoustic, elastic, water, etc. In the case of electromagnetic waves, BICs are especially
relevant for their ability to confine light with infinite lifetimes in geometries for which all radiation channels
vanish as a result of destructive interference, while outgoing waves are allowed to propagate in the surround-
ing medium. Photonic BICs can be implemented in a variety of systems: e.g. photonic crystals*!°, 1D or 2D
arrays of scatterers'' ™%, high-Q resonators*>?!, and anisotropic 1D and 2D waveguides?>**. Among the various
mechanisms that lead to BICs', symmetry protection or accidental degeneracy make them especially robust’.
Robustness in symmetry protected BICs has been connected to their topological nature through the conservation
of the topological charge of the associated polarization vortex in the far-field radiation®!?; whereas robustness
in accidental, interferometric BICs stems from the fact that perturbations just shift the BIC frequency without
destroying them'#?*. Nevertheless, there is a lack for means to experimentally achieve electromagnetic BICs with
frequency-wavevector space tunability in a simple manner; thus hindering the observation of photonic BICs”?.
Here we propose to exploit a Brewster-like mechanism to make electromagnetic quasi-BICs inaccessible
through plane wave illumination at tunable angles. A planar array is used to impose a single outgoing chan-
nel through periodicity, namely, a metasurface. Metasurfaces consisting of plasmonic or dielectric meta-atoms
allow for the control of the electric and magnetic field of light which leads to a wealth of phenomenology, thus
being promising configurations for planar optical devices'»**=?’. Recall also that metasurfaces are related to
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Figure 1. Brewster quasi-BIC concept schematic: Reflectance and transmittance through a metasurface of
electric or magnetic dipolar scatterers at resonance; note that polarization vectors (blue arrows) are depicted
(where needed) that refer to electric/magnetic fields depending on the electric/magnetic character of the
dipoles. Dipolar emission patterns are included only when resonance excitation takes place. (a,b) Perpendicular
dipole array showing a Brewster BIC at normal incidence (a, T~1), while exciting a resonant (leaky mode) at
oblique incidence (b, R~1). (c-f) Oblique dipole array showing a quasi-Brewster BIC at oblique incidence with
the same angle (plus or minus) such that: (¢) it coincides with the direction of the dipole moments, so that
coupling into dipole resonant modes is forbidden (T~1); (e) dipole resonances are indeed excited, but reflection
is (Brewster-effect) forbidden (T~1 due to energy conservation, although dipole emission in transmission is not
forbidden). (d,f) At any other incidence, e.g. at normal incidence, the resonant (leaky) mode is excited, leading
to R~1.

frequency-selective surfaces in the low-frequency regime?-34, wherein however BICs have never been reported.

Lately, the potential of metasurfaces to support a variety of BICs has been explored. BICs at normal incidence
(k=0) have been reported'**>*: either due to Friedrich-Wintgen mechanism enforced by asymmetric dimer
meta-atoms®>*%; or due to symmetry protection exploiting meta-atoms (nanodisks) with a complex dipolar
response. In the latter, lasing is achieved by modifying one of the lattice constants to allow for an off-normal dif-
fraction channel. Otherwise, it should be mentioned that complex multipolar have been proposed very recently
to enforce off-normal cancellation for accidental BICs'.

In this context, the crucial idea is to combine single-channel metasurfaces with a Brewster-like effect, enforced
by using meta-atoms that hold a single non-degenerate dipolar resonance, in turn angularly-locked through e.g.
meta-atom orientation. Note that this Brewster effect differs from that obtained through the negative interference
between different overlapping dipolar radiation patterns from each meta-atom®. The proposed non-degenerate
resonances generate a lattice resonant mode that, despite being slightly leaky throughout the k-space, becomes
inaccessible for plane wave illumination exactly at the angle at which the (incident or reflected) wavevector and
the meta-atom dipole moment are parallel. To this end, we propose high-refractive-index (HRI) subwavelength
structures®®3$-* to play the role of single-resonant meta-atoms exhibiting strong magnetic-dipole resonances.
HRI structures have attracted widespread interest as an alternative to Plasmonics®”** due to the nearly lossless
character and intrinsic nonlinearities of semiconductors (used in the visible as HRI materials). In this work, we
demonstrate theoretically and verify experimentally that the above-mentioned mechanism yields such electro-
magnetic symmetry-protected BICs and Brewster quasi-BICs in the microwave regime; and thanks to the scale
invariance of Maxwell equations, directly translatable to the optical regime*.

Brewster Quasi-BIC Concept

First, we discuss through a simple model the underlying physics. Let us consider a planar periodic array of reso-
nant electric or magnetic dipoles in a frequency regime such that no diffraction orders are allowed (Fig. 1). Such
dipoles are characterized by a (electric or magnetic) polarizibility tensor oy (w, k) = ap(w, @)k, that is essentially
oriented along the dipole moment (¢ being the dipole moment orientation, see inset in Fig. 1a) and exhibits a
resonance at a given frequency w,. The expression of the specular reflectivity R(w, 0) for a given angle of incidence
0 can be written as*:

R(w, 0) |(COSka sin’d — cos®0 sinzap)(x\z, (1)

with a(w, 0) being the dressed polaribility given by:
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-1
a(w, 0) oc [L - G] ~ o/l — 04065,
o (2)
where G(w, ) is the corresponding lattice Green function component projected along the dipole moment angle
. If we express the bare polarizibility as ay~g(¢) * w; /(w — wy +LI") (Where wy and I are the resonance frequency
and width), it readily follows that the reflectivity, Eq. (1), is maximum at resonance for all angles except for those
at which the incident angle coincides with the dipole orientation ¢ = + 6:

Rw=w,0=2¢)~0, Rlw=w, 0==x¢) ~1. 3)

Specifically, the latter result (namely, R =1 at resonance) follows from a detailed calculation involving the
quasi-analytical calculation of the dressed polarizability.

This indicates that a Brewster-like quasi-BIC appears at (w,, = ¢) due to the symmetry-protecting mecha-
nisms: angular locking to a single scattering channel by the array periodicity, and forbidden scattering at a given
angle determined by the single dipole resonance orientation. Actually, when ¢ = 0 (perpendicular dipole array,
see Fig. 1a,b), this is strictly verified and a proper BIC with diverging Q factor emerges (T~1). However, when
¢ = 0 (oblique dipole array), the canonical BIC becomes a quasi-BIC with large, but finite, Q factors, since out-
going channels are allowed. These quasi-BICs nonetheless exhibit a rich phenomenology, making them inacces-
sible through plane wave illumination at given angles (see Fig. 1c-f), as follows. In turn, there is a slight difference
depending on the sign of the angle of incidence, § =+, so that only scattering into reflection/transmission,
respectively, is forbidden; reflection is identical due to reciprocity, but transmission reveals subtle differences.
When the incident wavevector coincides with the resonant dipole orientation (6 = —¢, Fig. 1c), coupling is for-
bidden and all the energy is directly transmitted through (R~0, T~1). Conversely, if the specular reflection direc-
tion coincides with the dipole orientation (6 = ¢, Fig. 1e), the incident wave couples into dipole resonances:
however, dipole emission in reflection is forbidden (R~0), but not in transmission, which, in spite of that, leads to
total transmission (T~1, Fig. le) thanks to incident wave cancelation. At any other angle of incidence (0= %),
resonant excitation and emission is allowed and the wave is totally reflected (R~1, Fig. 1b,d,f). To summarize, a
quasi-BIC with slightly smaller Q factors appears at oblique incidence that becomes inaccessible at given
(Brewster) angles.

Note that we use the term “quasi-BIC” in a slightly different manner as was employed before®*. In recent
works, this term has been coined to indicate two phenomena that reduce the expectedly infinite Q-factor: the
impact of finiteness of the system on a proper BIC, which makes spurious outgoing radiation plausible®; and high
(but finite) Q-factor (not fully bound) eigenmodes emerging in asymmetric dimer metasurfaces®, which only
become true BICs with infinite Q-factors when dimers become symmetric®>>¢. The Brewster quasi-BICs that
appear in the configuration proposed above resemble the latter quasi-BICs in the fact that their intrinsic Q-factors
are finite, but differ from them since they are not accessible through plane wave excitation at a given angle due
to a Brewster-like cancellation; this is in turn related to the very appealing property that they allow only for a
single, specific outgoing channel. This feature has been so far exploited for BIC-induced lasing”"*: in both cases,
quasi-BICs (not termed so therein, though) have been used instead of canonical BICs, exhibiting finite (but large)
Q-factors allowing for an outgoing channel needed for lasing.

Single magnetic-dipole resonance HRI disks. In order to fabricate a suitable metasurface, we search for
a meta-atom that exhibits as a lowest-order Mie-like resonance a non-degenerate dipole resonance pointing only
at a fixed direction. To this end, we use nearly lossless HRI disks, i.e. a cylindrical dielectric resonator with dielec-
tric constant of ¢ =78 4-10.05 (in the GHz spectral regime of interest), radius r =3 mm, and length L =4 mm. This
cylindrical resonator has the same volume as a sphere of radius Ry=3 mm. In the considered frequency range (v
€ [5-6.6] GHz, X\ € [45.5-60] mm wavelength range), it corresponds to size parameters g =27R/X\=0.3 — 0.4.
Our numerical results for the scattering cross sections (SCS) (Fig. 2) reveal that the lowest-order resonances are
indeed magnetic-dipole (MD) resonances at 5.4 and 6.1 GHz (q=0.34 and 0.38), and do not overlap at all with
the electric-dipole resonance, which actually lies at higher frequencies (~8 GHz, not shown in Fig. 2). These two
MD resonances result from (see insets in Fig. 2): the (non-degenerate) one at 5.4 GHz with a MD pointing along
the cylinder axis, and the (doubly-degenerate) resonance at 6.1 GHz whose MD can actually point along any
direction within the plane perpendicular to the cylinder axis. Incidentally, the numerical results are also exploited
to extract the corresponding magnetic polarizibilities that will be used below in the coupled-electric-magnetic
dipole formulations. The experimental results (see Methods) for a single disk are shown in the Supplementary
Figs S1 and S2, including the angular/spectral patterns and phases. It should be emphasized that they are in
remarkable quantitative agreement with the numerical simulations, keeping in mind that the overall dimensions
of the cylinder are of the order of a tenth of the incoming wavelength.

HRI Disk metasurface reflectance: Brewster quasi-BICs.  Next, we investigate the collective behavior
of such MD-resonant disks in a metasurface. To this end, a finite square array of 11 x 11 disks (r=3 mm and
L =4 mm) with lattice constant a= 12 mm (as illustrated in the inset in Fig. 3) has been fabricated. Spectral
and angular dependence of the measured reflectance intensity and phase are shown in Fig. 3a,b for TE (or S)
polarization with an Apparent Angle Compensation (AAC), see Supplementary Figs S6 and S7. The spectral and
angular ranges ensure that there is no other diffraction order apart from the specular one (0th-order). Numerical
simulation results have been also carried out (shown in Supplementary Figs S3 and S4), calculated for an infinitely
extended metasurface through SCUFF**3 (see Methods). Moreover, we show in Fig. 3¢,d the theoretical calcula-
tions based on a coupled electric/magnetic dipole (iCEMD) theory*® for an infinite metasurface (see Methods).
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Figure 2. Experimental and numerical SCS of a single HRI disk reveals a non-degenerate MD resonance.

(@) Scattering cross sections of a disk (r =3 mm and L =4 mm) with dielectric constant of e =78 +10.05 for
different incident wave polarization and disk orientations: SCUFF numerical results in cm? (solid curves) and
experimental measurements in a.u. (symbols) are shown; the latter are obtained from experimental scattering
spectra (see Supplemental Fig. S1) through angular integration in a dipole scattering plane (rather than in

the entire space). Insets show the scattering geometry for all resonances. (b) Real and imaginary parts of the
MD polarizibilities extracted from the numerical calculations that will be used below in the coupled electric/
magnetic dipole formulations. Insets show the toroidal shape of the dipolar radiation pattern oriented in
accordance with the scattering geometries shown in the insets in (a).

Disks are indeed subwavelength, and can be replaced by one perpendicular MD and two (degenerate) parallel
MDs. An excellent agreement with the experimental results is observed when the AAC is applied (despite the fact
that calibration is lost in the process). This in turn indicates that the finite metasurface contains enough unit cells
as to reproduce the reflectance of the infinitely extended system (except for the diverging theoretical Q-factor), so
a convergence study is not strictly needed. A finite CEMD calculation (see Methods) for a finite (11 x 11 dipole)
metasurface identical to that in the experiment is shown in the Supplementary Fig. S5 to show that the results are
directly comparable to those for finite arrays.

Apart from the large reflectance at grazing incidence through most of the spectral range, two spectral features
weakly dependent on the angle of incident become evident: two total reflection bands at ~5.6 GHz and ~6.1 GHz.
The latter one is broader at normal incidence, becoming slightly narrower at grazing angles. Conversely, the
lowest-energy band is much broader at grazing incidence, becoming narrower for decreasing angle of incidence,
and finally disappearing at normal incidence. Both bands stem from the single-disk MD resonances, slightly
blue-shifted due to lattice coupling (as discussed below): perpendicular/out-of-plane (respectively, parallel/
in-plane) for the one at 5.6 GHz (respectively, at 6.1 GHz), referred to as MD, (respectively, MD))). In addition,
phase maps in Fig. 3b,d show an abrupt phase change along the resonant bands, with a more complex behavior
around normal incidence for the MD | band, and around grazing incidence for the MD) band.

Let us thus examine the MD | band around normal incidence, which exhibits clear features of a BIC: This is
done in Fig. 4. First, we zoom in such region in Fig. 4a,b and explicitly show in Fig. 4d the experimental and theo-
retical Q-factors (Q =v/Av): It is evident from them that the Q-factor increases exponentially when approaching
normal incidence. Indeed, it should be emphasized that the experimentally measured Q-factor is extremely large,
Q>300, ideally tending to infinite as shown in the iCEMD calculations in the absence of losses within numerical
accuracy (Q~2000 if losses are included). To give even more evidence, the topological nature of such MD, -BIC
is explored by showing its associated vortex state in k-space®®. Phase maps are shown in Fig. 4c calculated from
the resulting numerical results for the reflectance electric field amplitudes as in ref.*: clearly, a vortex-like feature
is reproduced with an associated topological charge of 1.

Therefore, a clear BIC associated to the MD, band arises at normal incidence that is symmetry-protected
through a Brewster-like effect: such perpendicular MD resonance cannot emit along the MD direction, which
is however the only (specular) direction of reflection allowed by the metasurface lattice geometry. On the other
hand, there are also some features that suggest that the MD) band approaches a “virtual” BIC at grazing incidence
(see Fig. 3), supported by a similar argument (even though strictly speaking there should not be such BIC right
at the light line, since it would become a guided mode). Next, let us explore how such symmetry-protected BICs
evolve at non-zero/non-grazing angles of incidence when both MDs were rotated.

Accordingly, we have fabricated a metasurface with 11 x 11 disks, tilted ¢ = 30° with respect to the plane nor-
mal, as shown in the inset in Fig. 5; this has been done as commented in the Methods section. Experimental meas-
urements are plotted in Fig. 5a—d. In this case, comparisons with theoretical calculations for both finite (CEMD,
with AAC as in the measurements) and infinite (iCEMD) metasurfaces are included in Fig. 5e-1. Measurements

SCIENTIFIC REPORTS |

(2019) 9:16048 | https://doi.org/10.1038/s41598-019-52223-4


https://doi.org/10.1038/s41598-019-52223-4

www.nature.com/scientificreports/

0 (deg.) 0 (deg.)
40 60

0 20 40 60 80
0 (deg.)

Figure 3. HRI disk metasurface reflectance showing Brewster BIC through experimental and theoretical
spectra. Contour maps of the s-polarized reflectance R(v,0) (a,c) intensity and (b,d) phase from a square array
(lattice period = 12 mm) of dielectric resonator disks (as in Fig. 2) as a function of angle of incidence 6 and
frequency (GHz). (a,b) Experimental measurements with AAC (see Methods) of the specular reflection (a
intensity and b phase) for a finite array of 11 x 11 disks. (c,d) iCEMD theoretical calculations of the reflectance
(c intensity and d phase) for an infinite array (see Methods). (e) Schematic depicting the geometry of the plane
of incidence and picture of the sample.

without AAC (for both non-tilted and tilted metasurfaces) are given in Supplementary Figs S5 and S6 for both
polarizations, along with finite CEMD calculations for the same finite disk metasurfaces. Note that the quantita-
tive agreement between measurements and finite CEMD calculations is remarkable in all cases. Moreover, except
for slightly broader resonances and minor discrepancies near grazing angles where AAC actually enlarges noise
(for a thorough discussion on the impact of AAC, see Supplementary Figs S7 and S8), they resemble in turn the
infinite iCEMD calculations. This confirms the fact that our finite samples suffice to account for the underlying
physics and resulting phenomenology expected for an infinite metasurface.

Both measurements and theoretical calculations of reflectance intensity (see Fig. 5a,e,i) reveal that the MD |
(respectively, MD))) resonance bands vanish approximately at 0 =+ 30° (respectively, 0 = = 60°), which are the
symmetry-protected (lattice-imposed) specular reflection angles at which the corresponding single-disk MDs
cannot emit in reflection. Phase maps in Fig. 5b,f,j show a sign change at fixed frequencies, namely, those of both
MD resonances. Note that Brewster bands®”*6#° (total transmission) appear that cross the MD resonance bands at
the corresponding quasi-BICs; phase jumps clearly identify the Brewster band boundaries.

Interestingly, it should be noted that the Brewster-induced suppression of reflectance does not strictly
hold for transmittance, as commented above with regard to Fig. 1¢c,d. To clarify this issue, we have included in
Fig. 5¢,d,g,h,k,] the metasurface contribution into specular transmission, calculated/measured by removing the
incident field amplitude from that of the total transmitted field. Brewster-induced suppression of reflectance
at the MD, resonance (v~5.6 GHz) would occur strictly speaking for a symmetric angle of incidence, 6 = 30°
(Fig. 1e); nonetheless, MD | dipole excitation is allowed, so that such dipoles may contribute into specular trans-
mission, as evidenced in Fig. 5¢,g,k at § =30° and v~5.6 GHz, with phase sign changes in Fig. 5d,h,l. Energy
conservation is preserved then due to the fact that dipole emission in transmission partially cancels the incident
wave directly transmitted (similarly to the optical theorem argument). By contrast, incident wave coupling into
the MD, resonance is totally forbidden at 6 = —30° (Fig. 1¢); there is no resonant dipole emission whatsoever
(neither in reflection nor in transmission) and total transmission occurs since the incident wave is transmitted
unaltered (evidenced by negligible metasurface contribution to transmission at negative 6 = —30° and v~5.6 GHz
in Fig. 5¢,g,k, with constant phases in Fig. 5d,h,1). Nonetheless, reciprocity enforces that both cases yield exactly
the same reflectance, as revealed above through a symmetric reflectance for £6 in Fig. 5a,e,i. Likewise, the same
argument holds for the MD)  resonance band at v~6.1 GHz for angles of incidence 0 = —( 4 60°), with an obvious
sign change in the angle of incidence due to the fact that disk tilting by ¢ = 30° leads to a MD; orientation change
of —60°. For the sake of completeness, numerical simulations are also included in the Supplementary Fig. $4, in
excellent agreement with our iCEMD theory.

Therefore, MD-induced quasi-BICs emerging in HRI disk metasurfaces can become transparent at different
angles of incidence tuned by tilting the disk with respect to the metasurface plane. As discussed above, we term
this scenario as Brewster quasi-BICs: basically, they stem from the symmetry-protected BIC at normal incidence
for non-tilted disks, becoming quasi-BICs with finite Q-factors for tilted disks and/or at off-normal incidence.
Interestingly, a Brewster-like mechanism imposes that such quasi-BICs are not accessible at 0 =+ ¢. The resulting
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Figure 4. Symmetry-protected Brewster BIC characterization through experimental and theoretical spectra.
(a,b) Contour maps of the S-polarized reflectance R(v,0) intensity as in Fig. 3a,c from a square array (lattice
period = 12mm) of dielectric resonator disks (as in Fig. 2), zooming in the BIC region around v=>5.6 GHz and
6=0°: (a) Experimental measurements for a finite 11 x 11 disk array; (b) iCEMD theoretical calculations for an
infinite metasurface. (c) Phase map of the BIC vortex. (d) Q factors at resonance (v = 5.6 GHz) obtained from
the theoretical (reflectivity) and experimental (extinction cross section) spectral full width at half maximum

in a and b, as a function of the angle of incidence 6; the Q-factors from the finite CEMD calculation of the
extinction spectra are included too. (e) Same as in d, but for arrays of tilted disks with tilt angle ¢ =10° (only
theoretical iCEMD) and ¢ =30° (see Fig. 5).

modes show non-diverging Q~102-10° factors (see Fig. 4e), that decrease as the tilt angle increases as compared to
those obtained at normal incidence for the symmetry-protected BIC (see Fig. 4d). Despite being non-diverging,
the possibility of exploiting such quasi-BICs to enhance strong resonant modes with a tunable single (or none)
outgoing channel makes them especially attractive for variety of enhanced optical processes, as is the case of a
recent demonstration of a (different) quasi-BIC-based directional lasing®.

To shed light on the physics underlying such quasi-BICs, we now make use of our iCEMD theory for infinite
arrays mentioned above*s. Contour maps of the reflectance (intensity and phase) as a function of frequency and
angle of incidence are shown in Fig. 6, including both MD contributions separately, for 3 angles of incidence
(columns): ¢ =0°, 10°, 30°. Contour maps of the transmittance (intensity and phase, third & fourth rows) are
also included; absorption losses (not shown) are nearly negligible except for a very narrow band close to the MD
resonances near BICs.

Upon inspecting the MD contributions at ¢ =0°, 10°, 30°, it becomes evident that symmetry-protected
BICs appear for the MD | (respectively, MD))) resonances at 0= 0° (respectively, at 0 =90°), becoming Brewster
quasi-BICs at §=10°, 30° for the MD , resonances (respectively, at 6 =80°, 60° for the MD,, resonances). A broad-
ening near the Brewster BIC condition is observed for both MD | and MD); resonances as the tilt angle increases,
becoming as discussed above quasi-BICs. Phase maps (note that they differ from vortex maps) actually reveal
Brewster BICs through a cross pattern with two abrupt phase jumps (sign change) delimited by: a horizontal
line at resonance (already mentioned) and a vertical line at fixed Brewster angle. Our results also account for the
lattice-induced shift of the single-disk MD resonances to 5.6 GHz and 6.1 GHz.

When all contributions are accounted for, the tails of each MD have a slight impact on the positions of the
other MD-BIG, slightly shifting them to a different angle, as was indeed observed in the experimental and theo-
retical results shown above (Figs 3 and 5). In addition, it is evident from the phase maps shown also in Figs 3 and
5 that the vertical Brewster-induced phase jump bends as a result of the interaction between both MD resonances,
as expected, whereas the horizontal jumps related to resonance positions remain unaltered.

Finally, as yet another evidence of the existence of the proposed Brewster quasi-BICs, we make use of our
iCEMD to calculate the eigenmodes with associated half-widths, solving for solutions of the homogeneous prob-
lem without incident plane wave. This is done in Fig. 7a for non-tilted and tilted disk metasurfaces. In both cases,
eigenmode dispersion relation entirely coincides with the reflectance bands shown in Fig. 6. For the non-tilted
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Figure 5. Angularly-tuned Brewster quasi-BICs in HRI tilted-disk metasurface: experimental and theoretical
spectra. Contour maps of the s-polarized reflectance R(v,0) intensity and phase from a square array (lattice
period = 12mm) of dielectric resonator disks (as in Fig. 2), tilted ¢ = 30° with respect to the plane normal, as

a function of angle of incidence 6 and frequency (GHz). (a-d) Experimental measurements of intensity with
AAC and phase for a finite 11 x 11 array of disks: (a,b) reflection (excluding the non-accessible backscattering
region); (c,d) zero-order contribution into transmission, removing the incident field from the total transmitted
field (see Methods). (e-h) Same as in a-d, but for CEMD theoretical calculations (with AAC). (i-1) Same as in
a-d, but for the iCEMD theoretical calculations for an infinite array. (m) Schematic depicting the geometry of
the plane of incidence and picture of the sample.

disk case, a canonical BIC is observed with diverging Q factor; however, as expected, a large (but finite) Q-factor
is retrieved for the tilted disk metasurface. To further confirm their nature, numerical simulations have been car-
ried out to reveal local electromagnetic fields for finite (though large) metasurfaces using on- and off-resonance
excitation, see Fig. 7b—e. A vertical MD is placed inside the central disk, plotting the electric field intensity distri-
bution on a horizontal plane parallel and very close to the metasurface. Off-resonance (Fig. 7b), the MD field is
rapidly emitted, so that the near-field only concentrates in the excited disk. On-resonance, the MD field excites
the true BIC (non-tilted disk, Fig. 7c) and the quasi-BICs (tilted disks, Fig. 7d,e), extending all of them over a large
number of neighboring disks, as expected. Notably, both exhibit a similar decay away from the center, revealing
that the quasi-BIC finite Q factor is large enough so that the finiteness of the samples has a larger impact on leak-
age; still, its Q-factor is larger the closer is the tilt angle to the vertical direction, as shown also in Fig. 4d,e.

Conclusions

We have introduced the concept of Brewster quasi-BICs by combining the angular constraint to a single spec-
ular channel imposed by metasurface periodicity with the resonant behavior of single dipole, non-degenerate
meta-atoms that radiate at all angles except for that of their induced dipole-moment orientation (Brewster
effect). Such Brewster-like quasi-BICs have been experimentally shown to emerge from a symmetry-protected
MD-induced BIC in HRI non-tilted disk metasurfaces. As the MD tilt-angle is increased, they become quasi-BICs,
however being inaccessible at different angles of (plane-wave) incidence, which can be selectively tuned by tilt-
ing the disk axes with respect to the metasurface plane, in full agreement with coupled electric/magnetic dipole
theories. In this manner, the angular and spectral position of the Brewster quasi-BIC is entirely controlled by
the disk MD resonance orientation (tilted angle) and wavelength. Huge Q-factors are evidenced at normal inci-
dence for perpendicular dipoles, while slightly smaller ones are obtained at oblique angles with opposite signs
(reciprocal scenarios), termed quasi-BICs, due to the relaxation of the Brewster-condition either in reflectance or
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Figure 6. Brewster quasi-BIC theoretical model based on coupled electric & magnetic dipole array. Contour
maps of the S-polarized reflectance (first and second rows) and transmittance (third and fourth rows)
intensities/phases from an infinite square array (lattice period = 12 mm) of dielectric resonator disks (as in
Fig. 2), tilted ¢ = 0°, 10°, 30° (first to third groups of columns, respectively) with respect to the plane normal,
as a function of angle of incidence 6 and frequency (GHz), theoretically calculated through iCEMD, including
separately the contributions from each MD polarizability: out-of-plane (first and third rows) and in-plane
(second and fourth rows).
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Figure 7. Brewster quasi-BIC theoretical analysis of eigenmodes. (a) iCEMD calculations of eigenmode
dispersion relations (solid curves) and half-widths (error bars, up to 30°). (b-d) Numerically calculated
(COMSOL) contour maps of electric near-field intensities on a horizontal plane crossing the disks through

the center (z=0) for a 11 x 11 finite square array (lattice period = 12 mm) of dielectric resonator disks, upon
excitation with a MD located at the center of the central disk as follows (only shown the central 7 x 7 disk area):
(b,c¢) vertical MD for non-tilted disks, (b) off-resonance (v =5 GHz) and (c) at resonance (v =5.605 GHz); (d,e)
tilted MD at resonance (v = 5.605 GHz) for equally tilted disks by an angle (d) 10° (v =5.605 GHz) and € 30°
(v=5.555GHz).
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transmittance. This kind of BICs could be exploited in e.g. low-threshold mirrorless lasers”!?, topological insula-
tors*!>5031 "and other optoelectronic and sensing devices®*~>%. Bear in mind that, although the refractive indices
of available semiconductor materials in the optical domain are not large enough as to spectrally separate dipolar
resonances for nanospheres o nanostructures with aspect ratio close to 1, this spectral separability can nonethe-
less be accomplished by playing with shape and aspect ratio of meta-atoms®. Interestingly, the MD character of
the proposed BICs may give rise in turn to intriguing new physics®”*%. Moreover, the same universal mechanisms
underlying such photonic Brewster quasi-BICs can be explored in any kind of waves.

Methods

Sample fabrication. The disk of which were made different arrays is sold as a dielectric resonator. Its per-
mittivity is given to be about 80, its radius 3 mm and its height 4 mm. The different arrays were made of ensembles
of the previously mentioned disks positioned and spaced thanks to expanded polystyrene holders and spacers that
have been properly machined.

Measurement setup. The experiments were made in the anechoic chamber of the CCRM used for those
purposes by researchers of Institut Fresnel. This equipment has been already described in various papers. In the
present study we measured the complex scattered field of a single disk and the reflection and transmission of
different arrays from 3.5 to 8.5 GHz.

The scattered field of the single disk was obtained using a complex subtraction of the incident field (without the
target) from the total field (with the target). This scattered field is then post-processed using a classical time gating
and our drift compensation procedure. A calibration is also made using a reference target, here a metallic sphere,
which is referenced to Mie computations. Thus, the resulting scattered field is determined fully quantitatively (con-
sidering an incoming wave of amplitude 1 V/m and null phase at the center of the target) and, furthermore, as it is
determined in complex values, the experimental determination of the phases is fully achievable. The major difficulty
of measuring one single disk is due to its small dimension: at 6 GHz its diameter is about \/8 and thus its perturba-
tion of the incoming wave is very small. This makes the complex subtraction of the measured incident field from the
total field compulsory, but very sensitive to the dynamic and noise of the measurements, and to any drift phenomena
(a few hundredths of radians must be compensated). The measurements of the scattered fields were made rotating
the receiving antenna on a circle of about 4 m of diameter around the disk, this disk being placed on an expanded
polystyrene mast, with permittivity very close to 1, that can be considered fully transparent to microwaves (more
details can be found in ref.* looking at the “horizontal configuration”). Its permittivity is very close to 1.

The reflection measurements of the arrays in the anechoic chamber were made using the vertical arch, moving
simultaneously and symmetrically the source antenna and the receiver from the normal of the array (close to the
“vertical” configuration in ref.*, see also Figs S7 and S8). The arrays were placed on the top of polystyrene mast
and the same three steps measurement procedure (total, incident, reference fields) was used. The angular limita-
tion of the travel of the antenna are, from one side, the length of the arch, and, from the other side, the physical
dimensions of the antennas and of the wagons on which they are both fixed. The incident angle can thus be varied
from 6° to 70°.

The transmission measurements of the arrays were made using two opposite antennas positioned in the azi-
muthal plane. This time, the antennas remain fixed while the array rotates on itself on the polystyrene mast. The
same three steps measurement procedure (total, incident, reference fields) are performed in order to provide
quantitative measurements.

For the reflection and transmission measurements, the same processing as for a single disk is performed on
the measured fields, but the drift compensation cannot be applied because it is based on the knowledge of the
full scattered field (or at least over a wide bistatic angular measurement) Fortunately, this compensation is not
really needed here as the measured signals magnitudes are higher than those for a single disk, therefore less
sensible to noise issues. The other specificity in those measurements processing is that we are comparing them
to the computations obtained assuming either finite or infinite arrays. When the measurements are compared
with finite arrays CEMD simulations, the comparison is straightforward and quantitative. But when comparing
the measurements to computations of infinite arrays (through iCEMD) we had to propose an Apparent Angle
Compensation (AAC). In fact, experimentally the apparent angle of the array seen from the source varies when
the emitting antenna (or the array) rotates (see Supplementary Figs S7 and S8), which would not be the case with
an infinitely large array. Such comparisons can therefore only be qualitative and are plotted in arbitrary units.

Theoretical modeling: iCEMD & CEMD. A coupled electric and magnetic dipole formulation has been
developed for a 2D (planar) infinite array of in-plane (horizontal) and out-of-plane (vertical) electric and mag-
netic dipoles with arbitrary electric/magnetic polarizabilities (iCEMD). General quasi-analytical expressions are
explicitly derived for reflection and transmission, similar to those reported for a 1D array*. Calculations for
a finite array (see Supplementary Figs S5 and S6) were carried out through a classical coupled-dipole theory
(CEMD) for a finite number of electric/magnetic dipoles. The corresponding electric and magnetic polarizabilities
for our HRI mm-disks were extracted in all cases from the numerical scattering cross sections as shown in Fig. 2.

Numerical simulations. Numerical simulations through SCUFF*7*8 (open-source software package for
analysis of electromagnetic scattering problems using the method of moments) have been carried out, in particu-
lar for: scattering cross sections and far-field angular patterns of individual disks; spectral and angular depend-
ence of the reflectance from and transmittance through an infinite square array of HRI disks. In all cases, the
(only) needed mesh file for the surface of the disk was obtained from that used for the COMSOL finite cylinder
with a fine mesh.
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