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Near-field resonance at far-field-induced transparency in
diffractive arrays of plasmonic nanorods
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We numerically demonstrate that a periodic array of metallic nanorods sustains a maximum near-field enhancement
and a far field (FF)-induced transparency at the same energy and in-plane momentum. The coupling of bright and
dark plasmonic lattice resonances, and electromagnetic retardation along the nanorod length, are responsible for
this effect. A standing wave with a quadrupolar field distribution is formed, giving rise to a collective suppression of

FF scattering and simultaneously enhanced local fields.

OCIS codes: 240.6680, 250.5403, 050.2770, 260.5740.

Resonance phenomena are at the heart of nearly any ap-
proach toward controlling light. The enhancement of an
optical system’s response at resonance is normally asso-
ciated with an increased light extinction. In the presence
of surface electromagnetic waves, the resonant condition
requires a careful reconsideration, since the spectrum of
radiation may be different in the near field (NF) with re-
spect to the far field (FF) [1-4]. Thus, a frequency of
maximum NF enhancement may not coincide with an ex-
tinction maximum. Such differences have a profound sig-
nificance for the field of metallic nano-optics, where
optical antennas are commonly designed to manipulate
NFs, but characterized by their FF spectra [5].

In this Letter, we demonstrate through finite-difference
in time-domain (FDTD) simulations that a diffractive ar-
ray of plasmonic nanorods sustains a maximum NF en-
hancement and an FF-induced transparency at the same
energy and in-plane momentum. This effect can be re-
garded as a collective counterpart of electromagnetically
induced transparency (EIT) in plasmonic systems [6-8].
Therein, destructive interference between two localized
modes induces a narrow transparency window within a
broad resonance. One of the two modes, henceforth
called bright, couples strongly to radiation and has a
broad linewidth. The other mode, henceforth called dark,
couples weakly to radiation and has a narrow linewidth.
Dark modes have attracted interest for the realization of
SPASERS [9], subwavelength guiding of optical radiation
[10], enhanced spontaneous emission [11], and sensing
[12,13]. In this work the bright and the dark modes are
both collective resonances (their quality factors increase
with the number of particles in the array [14]) rather than
localized. A key point we address is how the NF reso-
nance at the FF-induced transparency can be designed
by varying the length of the nanorods.

All simulations are done with an in-house developed
FDTD model [15]. The computational domain consists
of a unit cell with Bloch-Floquet boundary conditions
on the sides and perfectly matched layers on the top
and bottom, wherein the incident wave propagates
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downward. We investigate arrays of gold nanorods in
a rectangular lattice with constants a, = 600 nm and
a,, = 300 nm. The surrounding medium is homogeneous
with refractive index n = 1.46 (silica). The dielectric
function of gold is taken from Palik [16] and fitted with
a Drude model. The incident light is polarized along the
short axis of the nanorods. The transmittance (reflec-
tance) is calculated by integrating the vertical time-
averaged Poynting vector on a plane below (above)
the array. For the reflectance, the incident field is sub-
tracted. As an indication of the NF intensity enhance-
ment (NFIE), we compute |E|?/|E,|?, with E the total
electric field and E, the incident field, at a plane inter-
secting the nanorods at their mid-height.

Figure 1 shows FF and NF spectra for an array of nano-
rods with dimensions 250 nm x 110 nm x 40 nm. The
zeroth-order transmittance 7 in Fig. 1(a), reflectance
R, in Fig. 1(b), NFIE in Fig. 1(d), and 1-Ry - T in
Fig. 1(e), are shown in color as a function of the incident
photon energy and the wave vector component parallel
to the long axis of the nanorods k; = k sin(;,)Z, with k,
the magnitude of the free-space wave vector. The (+1, 0)
and (-1, 0) Rayleigh anomalies (RAs)—diffraction orders
radiating in the plane of the array—are indicated by the
solid and dash—dot lines, respectively. Their dispersion is
givenby E(k) = (hc/n) |k, + mG,|, where m is the order
of diffraction and G, = 27/a, is the x-component of the
reciprocal lattice vector.

The two dips (peaks) in Ty (Ry) redshifted with respect
to the RAs and following their dispersion are hybrid
photonic-plasmonic Fano resonances [17-20]. These
are known as surface lattice resonances (SLRs), and their
narrow linewidth stems from a collective suppression of
radiative damping by the diffractive coupling of localized
surface plasmons [14,21]. The SLR associated with the
(-1,0) order is bright, as its dispersion flattens and its
extinction increases near normal incidence. In contrast,
a narrowing linewidth and diminishing extinction—
signatures of subradiant damping—are observed for
the (+1,0) SLR as k decreases and the mode becomes

© 2013 Optical Society of America



dark at normal incidence [22]. The mutual coupling of
bright and dark SLRs leads to an anticrossing in their
dispersion relation at k; = 0, i.e., a frequency gap opens
[22]. This anticrossing leads to a small gap near 1.37 eV in
Figs. 1(a) and 1(b). Much larger gaps were reported for
identical lattices with different nanorod sizes in [22].

The NFIE features in Fig. 1(d) are very similar to those
observed in By and T, in the high k regime, but a strong
discrepancy arises near kj = 0.1 rad/pm. Figure 1(e)
shows 1 - Ry — T, which for energies below the RAs is
exactly the absorptance in the metal. As expected, there
is a close correspondence between absorption and NFIE.
In Fig. 1(c) we plot cuts of Figs. 1(a) and 1(b) at
ky = 0.1 rad/pm, and Fig. 1(f) shows cuts of Figs. 1(d)
and 1(e) at the same value of k;, which is indicated by
the vertical dashed line in all dispersion diagrams. The
dips (peaks) in T (R,) at 1.355 and 1.385 eV in Fig. 1(c)
correspond to SLRs associated with the (-1,0) and
(+1,0) diffraction orders, respectively. A FF-induced
transparency is observed as a dip (peak) in R, (T,) be-
tween the two SLRs. In contrast, Fig. 1(f) displays a
single peak in the NFIE and in absorptance at the same
energy of the FF-induced transparency.
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Fig. 1. Zeroth-order (a) transmittance T, (b) reflectance R,
and (c) cut-of (a) and (b) at k; = 0.1 rad/pm. (d) 1 - R, - T,
(e) average NFIE at a plane intersecting the nanorods at their
mid-height, and (f) cut-of (d) and (e) as solid red line at
ky = 0.1 rad/pm. In (a), (b), (d), and (e), k; = 0.1 rad/pm is in-
dicated by the vertical dashed lines; the solid and dash—dot lines
indicate the (+1,0) and (-1, 0) RAs. The nanorods have dimen-
sions 250 nm x 110 nm x 40 nm. Animations of the real, y-
component of the electric field in the plane of the array are
shown in Media 1 and Media 2 for the high- and low-energy ex-
tinction peaks in (c). Media 3 holds for the FF-induced trans-
parency between these peaks, which is also at the peak in (f).
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The contrast between the FF and NF spectrum of this
nanorod array derives from the interference between the
SLRs, and the associated retardation of the scattered
field along the nanorod length. These processes are gov-
erned by the geometry of the nanorods, and in particular
their length L. Figure 2 shows T in (a) and NFIE in (b),
as a function of L, for arrays of nanorods with dimen-
sions Lnm x 110 nm x 40 nm illuminated by a plane wave
with k; = 0.08 rad/pm The 110 nm width and 40 nm
height of these nanorods are identical to those reported
in [22], so direct comparison can be made for L =450 nm.
The high- and low-energy features correspond to the
(+1,0) and (-1, 0) SLRs. Their energy and linewidth vary
with L due to retardation and radiative damping. Notice
that for L§250 nm the (41, 0) SLR is bright, whereas the
(-1,0) SLR is dark, as reported in [22]. The SLR proper-
ties are interchanged for L§25O nm, such that the flat-
tening of the band occurs for the (-1,0) SLR and
subradiant damping onsets for the (+1,0) SLR, as ob-
served in Fig. 1. Particularly interesting is the regime
230 nméLé27O nm, where T, displays an anticrossing
characteristic of coupled modes, but the NFIE displays
a crossing of the two modes. In this regime the structure
has a resonant NF at an FF-induced transparency, as dis-
cussed for Fig. 1.

The field profile at the photon energy and & of the NF
resonance at the FF-induced transparency is shown in
Fig. 3. Figure 3(a) shows the total electric field enhance-
ment |E|/|E,| in color and the scattered field as arrows.
The four hot-spots near the corners of the nanorods and
the scattered field show the quadrupolar character of the
mode. The inclined incidence breaks the symmetry of the
mode, which manifests as a stronger field enhancement
on the right side of each nanorod. This broken symmetry
leads to a nonvanishing dipole moment, which allows
the excitation of this mode and a finite extinction.
Figure 3(b) shows the differences in phase between
the scattered and incident fields, i.e., ¢scq — Pine. TWO
values, which are (-0.6 £ 0.15) # (light blue) and (0.5 £+
0.15) # (dark blue), prevail throughout space. Their dif-
ference, 1.1z, is close to the out-of-phase condition of r,
thus resulting in a suppression of scattering. The phase
distribution in Fig. 3(b) corresponds to the formation
of a standing wave. The interference of two counterpro-
pagating surface polaritons ( Media 1 and Media 2)
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Fig. 2. (Color online) (a) Zeroth-order transmittance T,
and (b) NFIE at a plane intersecting the nanorods at their
mid-height. Arrays of nanorods with width = 110 nm,
height = 40 nm, and variable length, are illuminated by a plane
wave with k£ = 0.08 rad/pm. The labels near the SLRs indicate
the associated diffraction order.
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Fig. 3. (Color online) (a) Field enhancement (in color scale)
and real part of the scattered field at an arbitrary phase (ar-
rows) and (b) phase difference between the scattered and in-
cident field in units of z. Both (a) and (b) are calculated at a
plane intersecting the nanorods (delimited by the yellow lines)
at their mid-height. The incident photon energy and in-plane
wave vector correspond to the NF resonance at the FF-induced
transparency.

creates the standing wave (Media 3, which is the time-
evolution of the mode in Fig. 3).

In conclusion, a periodic array of plasmonic nanorods
was shown to exhibit a resonant NF and FF-induced
transparency at the same photon energy and in-plane mo-
mentum. We envisage this counterintuitive behavior to
enable many of the key functionalities (e.g., enhanced
light emission and sensing) pursued by plasmonic EIT
analogs, but with the benefit of a collective resonance
at the expense of tight field localization.
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