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We propose aluminum nanopyramids (ANPs) as magnetoelectric optical antennas to tailor the forward
versus backward luminescence spectrum. We present light extinction and emission experiments for an ANP
array wherein magnetoelectric localized resonances couple to in-plane diffracted orders. This coupling leads
to spectrally sharp collective resonances. Luminescent molecules drive both localized and collective
resonances, and we experimentally demonstrate an unconventional forward versus backward luminescence
spectrum. Through analytical calculations, we show that the magnetic, magnetoelectric, and quadrupolar
moments of ANPs—which lie at the origin of the observed effects—are enhanced by their tapering and
height. Full-wave simulations show that localized and delocalized magnetic surface waves, with an excitation
strength depending on the plane wave direction, direct the forward versus backward emitted intensity.
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In a celebrated paper, Pendry and co-workers laid the
theoretical foundation for enhancing magnetism at optical
frequencies with metals [1]. When subwavelength features
are imprinted on metals, magnetism emerges from the
coupled capacitive and inductive response to electromag-
netic radiation. This principle has guided great advances in
the field of metamaterials: artificial structures possessing
properties absent in natural materials. Initial interest in
metamaterials focused on their effective medium properties
[2], aimed at the realization of nontrivial phenomena such
as negative refraction [3,4], subwavelength resolution
[5-7], and cloaking [8—10]. Recently, interest has extended
towards understanding the electric, magnetic, and magneto-
electric response of the constituent resonators [11-15]. Such
an understanding has important connections to the field of
optical antennas, where the constituent metamaterial reso-
nators interface plane waves with localized light sources
[16]. Thus, for metamaterials as for optical antennas,
magnetoelectric resonators are pivotal for achieving full
control of electromagnetic waves. Among the possibilities
enabled by this control, an effect that has attracted increasing
interest is the modification of forward and backward
scattering in anomalous ways. This occurs for dielectric
nanoparticles when electric and magnetic moments are
comparable in magnitude, at the so-called Kerker condition
[17-20]. Unbalanced forward and backward scattering
has inspired several studies revisiting fundamental concepts
in electromagnetism (e.g., the optical theorem [21]) and
predicting intriguing effects such as cloaked sensors [10]
and nanoscale control of electromagnetic hot spots [22].
However, the unbalanced forward and backward emission
from planar light sources, e.g., thin luminescent layers,
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remains unexplored. Interestingly, since planar structures
are often designed to emit into the “forward” direction and
the backward emission leads to losses, controlling this
directional emission represents an important functionality
that magnetoelectric nanoantennas may address.

In this Letter we demonstrate strong spectral modifications
in the forward versus backward emission from planar sources
coupled to magnetoelectric metallic nanostructures. We inve-
stigate aluminum nanopyramids (ANPs) sustaining localized
and collective resonances driven by luminescent molecules.
Collective resonances arise in periodic arrays of metallic
nanoparticles when in-plane diffracted orders—so-called
Rayleigh anomalies (RAs)—couple to localized surface
plasmons [23-32]. This coupling leads to hybrid plasmonic-
photonic resonances known as surface lattice resonances
(SLRs), with quality factors depending on the number of
particles in the array [33]. SLRs have attracted interest for
their tunable linewidths and dispersion [32,34,35], enhanced
spontaneous emission [36-40], sensing [41,42], lasing [43],
and strong coupling to molecules [44—46]. While previous
studies focused on the diffractive coupling of particles with
a dominant electric response, here we investigate light
emission from a structure supporting diffractive coupling
of particles with comparable electric and magnetic response.
To begin, we demonstrate how the bare resonators can be
geometrically designed to sustain such a response. Next, we
present experiments for a lattice of resonators with enhanced
magnetic and quadrupolar response, demonstrating an
unconventional forward versus backward luminescence
enhancement. Finally, through full-wave simulations we link
these effects to the directional excitation strength of localized
and delocalized magnetic surface waves in the array.
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We choose aluminum to operate in the visible spectrum:
its relatively high plasma frequency leads to blue-shifted
resonances with respect to gold and silver structures with
equal dimensions. To study the geometrically dependent
response of individual ANPs separate from lattice and
interface effects, we calculated their 11 x 11 superpolariz-
ability tensor a [47-49] in free space (n = 1). @’ quantifies
the electric dipolar, magnetic dipolar, and quadrupolar
moments of an arbitrary structure. The upper left 6 x 6
elements of o® describe the excitation of dipolar electric p
and magnetic m moments by electric E and magnetic H
driving fields. In this block, the diagonal 3 x 3 blocks rep-
resent purely electric and magnetic polarizability (p = agE,
and m = ayH) dipoles, whereas the off-diagonal magneto-
electric coupling terms represent the excitation of electric
(magnetic) dipoles by magnetic (electric) fields. The bottom
five rows of a® describe the quadrupolar moments Q driven
by E and H. The rightmost five columns represent the
induced dipole moments p and m due to symmetric gradients
of the field OE [50], with the symmetric gradient operator <
defined as OFE = (1/2){(0,E, + 0,E,), (O:E. + 0.E,),
(0yE, + 0,E,),20,E,,20,E,} when acting over a 3-vector
E. The 5 x 5 lowest diagonal block is the quadrupolariz-
ability tensor [53], representing the quadrupolar moments
excited by OE. The superpolarizability is obtained by
full-wave calculations for 11 linearly independent incident
conditions of the object scattering response, which we
project onto vector spherical harmonics [49].

Figure 1(a) shows a graphical representation of a5 for
ANPs with a top size of t = 84 nm, height # = 150 nm, and
base b = 144 nm, in reference to Fig. 1(b). The excitation
wavelength is 660 nm. In the system of units we use (see
Supplemental Material for details [50]), all elements of o’
can be compared quantitatively, i.e., as yielding identical
scattering power at identical value. The ANPs in Fig. 1(a)
possess a strong magnetoelectric cross-coupling polariz-
ability ac (tensor elements [4,2], [2,4], [5,1], and [1,5]).
Comparing this to the electric polarizability, we find
|ag|/|ac| = 13. This strong magnetoelectric response of
ANPs at visible frequencies resembles the response of split
ring resonators at infrared frequencies [48,54]. Figure 1(a)
further shows that x or y polarized plane waves, without
a strong gradient, directly induce quadrupoles in the xz and
vz planes. The magnetic dipoles along x and y and the
quadrupoles in the yz and xz planes, respectively, are related
through the rotational symmetry of the structure.

In Figs. 1(c) and 1(d) we study the influence of tapering
and height on the most significant elements of a’ for x-
polarized illumination [indicated in Fig. 1(b)]. We divide o®
by the volume of each structure to make a fair comparison
[50]. @’ is evaluated at the electric dipolar resonance, which
varies from 660 nm for different structures [50]. To begin,
we set b = 144 nm. This enhances m and Q with respect
to p (in contrast to smaller structures) and matches the
experiments shown ahead. For 2 = 150 nm and varying ¢,
Fig. 1(c) shows that the magnetoelectric (a,En’}“,) and quad-
rupolar (agfcz) responses increase monotonically by 3 orders
of magnitude with tapering. We attribute this to the broken
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FIG. 1 (color online). (a) Superpolarizability tensor a5 of an
aluminum pyramid with =84 nm, /& =150nm and
b = 144 nm, at the electric dipolar resonance wavelength.
(b) Schematic of the structure, and legend of Figs. (c),(d). (c)
and (d) display the most significant elements of @’ as a function
of the tapering and the height of the pyramids, respectively.

mirror symmetry about the ANPs midheight, as it occurs
when symmetric structures are placed near a high-index
interface [49]. For ¢ = 84 nm and varying h, Fig. 1(d)
shows that the magnetic (a’,Z;’), magnetoelectric (afj;), and
quadrupolar (agﬁz) responses increase monotonically while
the electric dipole (agjc‘ ) response decreases. Thus, Figs. 1(c)
and 1(d) convey a design strategy to increase m and Q by
increasing the ANP tapering and height. Importantly, ANPs
display p and m parallel to E and H, respectively, for a
normal incident plane wave. This contrasts with shallow
planar structures (e.g., dolmens [49] and split rings [15])
where m is orthogonal to H. Therefore, ANPs are ideally
suited to realize the generalized near-field Kerker condition
[55] and modify the forward-backward scattering or emis-
sion. Since the ANP magnetoelectric enhancement saturates
for increased #h, structures higher than this saturation
threshold must be avoided to minimize Ohmic losses. In
this spirit, the vertical lines in Figs. 1(c) and 1(d) indicate the
ANP in our experiments, for which @’ is shown in Fig. 1(a).

For the experiments, we fabricated an ANP array onto a
fused silica substrate by substrate conformal imprint
lithography [50,56]. The ANPs have 47 = 150 £ 10 nm,
b =1504+10 nm, and ¢ =70 £ 10 nm. The lattice is
squared with a constant @ =400 £4 nm. The inset in
Fig. 2(a) displays an inclined-view scanning electron micro-
graph of the array. We spin coated on top of the array a
250 nm layer of polystyrene doped with the organic dye
Lumogen F305 at 1 weight % concentration. This layer
thickness aids to bring out the unconventional emission
properties of the ANP array, as discussed in the Supplemental
Material [50]. All measurements are done at room temper-
ature. Figure 2(a) shows the extinction, given by 1 — T, with
T, the zeroth-order transmittance. A collimated beam from
a halogen lamp impinges at normal incidence. The detector
is a fiber-coupled spectrometer in the far field. The incident
polarization is parallel to either of the two equivalent
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FIG. 2 (color online). (a) Measured extinction, and (b) photo-
luminescence enhancement (PLE) towards the top (black line)
and bottom (red line) of the pyramids. The inset in (a) displays a
scanning electron micrograph of the fabricated structures prior
to the deposition of the luminescent layer. The dashed line in
(b) indicates the Rayleigh anomaly. The PLE data are noisier at
the shortest and longest wavelengths because the absolute
emission intensity is weaker at these wavelengths (see the
Supplemental Material [50]).

orthogonal lattice vectors. As expected based on Lorentz
reciprocity, and demonstrated by the overlapping black and
red lines in Fig. 2(a), the extinction is identical when the
sample is illuminated from the top (the black line) or from the
base of the ANPs (the red line). The broad peak near 650 nm
in Fig. 2(a) is a localized surface plasmon resonance (LSPR)
in the individual ANPs. The dip near 600 nm is attributed to
the degenerate (£1,0) and (0, +-1) RAs: diffraction orders
radiating grazing to the periodicity plane. The peak at
584 nm, with a Fano line shape [57], is a SLR associated
with the LSPR-RA coupling. A refractive index of n = 1.5,
intermediate to the index of the substrate (n = 1.45) and of
the polystyrene (n = 1.58), was used to calculate the RAs.
The diffracted wave acquires an intermediate effective
refractive index because its energy is divided between two
media [36].

Next we measure the photoluminescence towards the top
and bottom of the ANPs. The pump is a 442 nm continuous
wave laser impinging from above at 6;, = 5° from the
normal. The irradiance at the sample is 0.5 W/cm?, which
is far below saturation of the dye molecules. The detector
is a fiber-coupled spectrometer with NA =4 x 1073,
Corresponding to extinction measurements, we set in the
collection path a polarization analyzer to select the emis-
sion polarized along one of the two equivalent lattice
vectors, and approximately parallel (a 5° offset) to the
polarization of the pump. In Fig. 2(b) we plot the photo-
luminescence enhancement (PLE), given by the ratio of the
emission from the dye layer with and without the ANPs.
In both directions the PLE peaks at the LSPR and SLR
wavelengths, but the magnitudes of these peaks are differ-
ent. These findings demonstrate the potential of ANPs to
spectrally modify the emission from planar sources other-
wise emitting with equal intensities towards opposite
directions. In the following, we explain this unbalanced
forward-backward PLE as an emission counterpart of the
Kerker condition in arrays of ANPs.

In the Supplemental Material we show through calcu-
lations of the radiative local density of optical states at
the LSPR wavelength that dipoles above the ANPs in a
homogeneous medium preferentially radiate towards the
bottom, in agreement with our experiments [50].
Measurements show that the stratified medium does not
significantly favor emission into the substrate [50]. In
addition, by analyzing the coherent sum of the multipole
moments constituting &’ in Fig. 1(a) (corresponding to the
experimental structure), we demonstrate that p and m alone
are responsible for the forward-backward asymmetry in the
radiation pattern [50]. This supports the connection between
our observations and the Kerker condition. Interestingly, in
the measurements of Fig. 2(b) the SLR-enhanced emission
is greater towards the top of the ANPs, the opposite of the
LSPR case. This can be explained by a change of 7 in the
phase relationship between p and m, as calculations suggest
[50]. Next, we interpret the physics through simulations
taking into account the lattice and the stratified medium.

In Figs. 3 and 4 we present 3D finite element method
(comsoL) simulations. First, by interchanging the positions
of source and detector, we calculated the extinction for
opposite plane wave directions. The two spectra are equal
[50] (as expected based on reciprocity), with the LSPR
and SLR features in agreement with the experiments.
Experiments and simulations are connected by reciprocity:
plane waves emitted by near-field sources correspond to near
fields illuminated by plane wave sources. While reciprocity
establishes this relation [16,58], it does not require the local
fields to be identical for opposite illumination directions.
To illustrate this point, we present the electric (E) and
magnetic (H) field profiles at different planes for the LSPR
in Fig. 3 and for the SLR in Fig. 4. Panels (a)-(e) in
both figures correspond to top illumination, while panels
(f)—() correspond to bottom illumination. The color scale
represents the intensity enhancement with respect to the
incident wave, and the arrows represent the scattered field.
In panels (a)—(d),(f)—() in both Fig. 3 and Fig. 4, both
enhancement and scattering pertain to the same field—either
E or H—as indicated at the top right corner of each figure.
Panels (e),(j) in both Fig. 3 and Fig. 4 show magnetic field
enhancement in color and the electric scattered field as
arrows to depict the magnetoelectric response.

Figures 3(a) and 3(c) show two opposed electric dipoles
at 10 nm and 140 nm from the base of the ANPs. For these
two dipoles to oppose each other, the scattered electric field
needs to be retarded with respect to the incident field. The
ANP height enables this retardation. In light of Faraday’s
law, from the curl of these two vector fields we expect
an orthogonal magnetic dipole at an intermediate plane.
Figure 3(b) shows H at such a plane (50 nm above the
base of the ANPs), where a magnetic near-field pattern
is observed. Figures 3(d) and 3(e) show magnetic field
enhancements localized near the lower half of the ANP.
Figure 3(d) shows that the magnetic scattered field circu-
lates the ANP without significantly coupling to adjacent
ANPs. Figures 3(f)-3(j) display similar field profiles for the
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FIG. 3 (color online).
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Electric (E) and magnetic (H) fields at the localized surface plasmon resonance wavelength in simulations

(700 nm) [50]. The color scale—equal for all plots in Figs. 3 and 4—indicates the local field intensity enhancement with respect to the
incident field shown at the top right corner of each panel. The blue arrows represent the scattered field. Both colors and arrows pertain to the
same field, except in (e) and (j), where we show the H-field intensity enhancement and the scattered E field. Panels (a)—(e) correspond to
top illumination, while panels (f)—(j) correspond to bottom illumination. The three horizontal dashed lines in panels (d),(e),(i),(j) indicate,
from top to bottom, the planes at which panels (a)—(c) are evaluated for top illumination, and (f)—(h) for bottom illumination.
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FIG. 4 (color online).

LSPR excited from the bottom, but the field enhancements
above the ANPs [Fig. 3, panels (f),(g),(i),(j)] are greater
than for top illumination. By reciprocity, this implies an
enhanced emission towards the bottom, in agreement with
our experiments.

In Fig. 4 we present a similar analysis for the SLR.
Electric and magnetic dipolelike excitations are observed at
the same planes as for the LSPR. However, the SLR field
enhancements are greater and the modes are collective
rather than localized. SLR fields with a similar pattern but
greater intensity than the associated LSPR fields also arise
in structures with a dominant electric polarizability [33].
The LSPR-RA hybridization yields similar field patterns,
while the large detuning makes the coupled LSPR resemble
a purely localized mode and the coupled SLR resemble a
long-range photonic mode. The long-range coupling at the
SLR wavelength is clear in the out-of-plane magnetic
[Figs. 4(d) and 4(i)] and magnetoelectric fields [Figs. 4(e)
and 4(j)], where delocalized magnetic surface waves are
observed. In contrast to the LSPR, the SLR fields in the
luminescent layer are greater for top illumination, in agree-
ment with the PLE measurements. While at the LSPR p
and m are dephased by roughly /2 [50] (as in a split ring
[13]), at the SLR lattice interactions renormalize the polar-
izability [59], such that p and m are dephased by 37/2 and

O_Nwam_wu,}m
B/ [Edf or [HT/|H.[ |E[/ |E,f* or [T/ |H[

4000

(nm) (nm) 400

Details are the same as in Fig. 3, but at the surface lattice resonance wavelength (590 nm) [50].

the directionality reverses. Finally, note that the opposing in-
plane electric dipoles for the LSPR [Figs. 3(a) and 3(c)] and
the SLR [Figs. 4(a) and 4(c)] imply the existence of out-of-
plane electric quadrupoles besides magnetic dipoles. While
comparing the strength of these moments from simulations
is difficult, calculations of a® are insightful.

In conclusion, we demonstrated an unconventional
forward versus backward luminescence enhancement from
aluminum nanopyramid arrays. Underlying this effect are
the enhanced magnetic and magnetoelectric response of the
nanopyramids due to their tapering and height. Diffractive
coupling of localized resonances in individual nanopyra-
mids leads to collective resonances with full electromag-
netic character, which constitute an unprecedented strategy
for controlling light emission. The physics here explored
provides a design principle for unidirectional light-emitting
devices, and, by reciprocity, for boosting light absorption in
unidirectionally illuminated thin-film solar cells.
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