Near-field resonance at far-field induced transparency in diffractive
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We numerically demonstrate that a periodic array of metallic nanorods sustains a maximum near-field enhance-
ment and a far-field 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 respon-
sible for this effect. A standing wave with a quadrupolar field distribution is formed, giving rise to a collective
suppression of far-field scattering and simultaneously enhanced local fields. (© 2013 Optical Society of America
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Resonance phenomena are at the heart of nearly any
approach towards controlling light. The enhancement of
an optical system’s response at resonance is normally as-
sociated with an increased light extinction. In the pres-
ence of surface electromagnetic waves, the resonant con-
dition requires a careful reconsideration, since the spec-
trum of radiation may be different in the near-field (NF)
with respect to the far-field (FF) [1-4]. Thus, a frequency
of maximum NF enhancement may not coincide with
an extinction maximum. Such differences have a pro-
found significance for the field of metallic nano-optics,
where optical antennas are commonly designed to ma-
nipulate near-fields, but characterized by their far-field
spectra [5].

In this Letter we demonstrate through Finite Differ-
ence in Time Domain (FDTD) simulations that a diffrac-
tive array of plasmonic nanorods sustains a maximum
NF enhancement and a FF induced transparency at
the same energy and in-plane momentum. This effect
can be regarded as a collective counterpart of Electro-
magnetically Induced Transparency (EIT) in plasmonic
systems [6-8]. Therein, destructive interference between
two localized modes induces a narrow transparency win-
dow 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 re-
alization of SPASERS [9], subwavelength guiding of op-
tical radiation [10], enhanced spontaneous emission [11],
and sensing [12,13]. In this work the bright and the dark
mode 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 resonance 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 down-
wards. We investigate arrays of gold nanorods in a rect-
angular lattice with constants a, = 600 nm and a, = 300
nm. The surrounding medium is homogeneous with re-
fractive 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 (reflectance) is cal-
culated by integrating the vertical time-averaged Poynt-
ing vector on a plane below (above) the array. For the
reflectance, the incident field is subtracted. As an indica-
tion of the near-field intensity enhancement (NFIE), we
compute |E|?/|Ey|?, with E the total electric field and
Ej the incident field, at a plane intersecting the nanorods
at their mid-height.

Figure 1 shows FF and NF spectra for an array of
nanorods with dimensions 250 x 110 x 40 nm3. The
zeroth-order transmittance Ty in Fig. 1(a), reflectance
Ry 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 EH = ko sin(6;y,) 2, with kg
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
given by E(kj) = |k, + mG,|, where m is the order
of diffraction and G, = i—j is the x-component of the
reciprocal lattice vector.

The two dips (peaks) in Ty (Rog) red-shifted with re-
spect to the RAs and following their dispersion are hy-
brid photonic-plasmonic Fano resonances [17-20]. These
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Fig. 1. Zeroth-order (a) Transmittance Ty, (b) Re-
flectance Ry, and (c) cut of (a) and (b) at k = 0.1
rad/pm. (d) 1 — Ry — Tp, (e) average near field inten-
sity enhancement at a plane intersecting the nanorods
at their mid-height, and (f) cut of (d) and (e) as solid
red line at k| = 0.1 rad/pm. In (a), (b), (d), and (e),
ky = 0.1 rad/pm is indicated by the vertical dashed
lines; the solid and dash-dot lines indicate the (+1,0)
and (-1,0) Rayleigh anomalies. The nanorods have di-
mensions 250 x 110 x 40 nm?3. Animations of the real,
y-component of the electric field in the plane of the ar-
ray are shown in Media 1 and Media 2 for the high and
low energy extinction peaks in (c). Media 3 holds for
the far-field induced transparency between these peaks,
which is also at the peak in (f).

are known as Surface Lattice Resonances (SLRs), and
their narrow linewidth stems from a collective suppres-
sion 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 extinc-
tion - signatures of subradiant damping - are observed
for the (+1,0) SLR as k| decreases and the mode be-
comes dark at normal incidence [22]. The mutual cou-
pling of bright and dark SLRs leads to an anti-crossing
in their dispersion relation at k; = 0, i.e., a frequency
gap opens [22]. This anti-crossing leads to a small gap
near 1.37 eV in Figs. 1(a) and Figs. 1(b). Much larger
gaps were reported for identical lattices with different
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Fig. 2. (a) Zeroth-order Transmittance Ty and (b) near
field intensity enhancement 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 surface lattice resonances indicate
the associated diffraction order.

nanorod sizes in Ref. [22].

The NFIE features in Fig. 1(d) are very similar to
those observed in Ry and Tp in the high k| regime, but
a strong discrepancy arises near kj = 0.1 rad/pm. Fig-
ure 1(e) shows 1 — Ry — Tp, which for energies below
the Rayleigh anomalies is exactly the absorptance in the
metal. As expected, there is a close correspondence be-
tween absorption and NFIE. In Fig. 1(c) we plot cuts of
Fig. 1(a) and Fig. 1(b) at k = 0.1 rad/um, and Fig. 1(f)
shows cuts of Fig. 1(d) and Fig. 1(e) at the same value
of k|, which is indicated by the vertical dashed line in
all dispersion diagrams. The dips (peaks) in Ty (Rp) at
1.355 eV and 1.385 €V 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 Ry (Tp) between the two SLRs. In con-
trast, Fig. 1(f) displays a single peak in the NFIE and
in absorptance at the same energy of the FF induced
transparency.

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 particu-
lar their length L. Figure 2 shows Tp in (a) and NFIE
in (b), as a function of L, for arrays of nanorods with
dimensions L x 110 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 Ref. [22], so direct comparison can be made
for L = 450 nm. The high and low energy features corre-
spond 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 Z 250 nm the (+1,0) SLR
is bright, whereas the (-1,0) SLR is dark, as reported
in Ref. [22]. The SLR properties are interchanged for
L £ 250 nm, such that the flattening of the band occurs
for the (-1,0) SLR and subradiant damping onsets for
the (+1,0) SLR, as observed in Fig 1. Particularly inter-
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Fig. 3. (a) Field enhancement (in color scale) and real
part of the scattered field at an arbitrary phase (arrows),
and (b) phase difference between the scattered and inci-
dent field in units of 7. 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.

esting is the regime 230 nm $ L 5 270 nm, where T
displays an anti-crossing characteristic of coupled modes,
but the NFIE displays a crossing of the two modes. In
this regime the structure has a resonant NF at a FF
induced transparency, as discussed for Fig. 1.

The field profile at the photon energy and k| 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|/|Eo| 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 symme-
try leads to a non-vanishing dipole moment, which al-
lows 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., ¢seq — Pine. Two values,
which are (—0.6 £0.15) 7 (light blue) and (0.5 +£0.15) =
(dark blue), prevail throughout space. Their difference,
1.17, is close to the out of phase condition of m, thus re-
sulting in a suppression of scattering. The phase distribu-
tion in Fig. 3(b) corresponds to the formation of a stand-
ing wave. The interference of two counter-propagating
surface polaritons (Media 1 and Media 2) 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 near-field and far-field
induced transparency at the same photon energy and
in-plane momentum. We envisage this counterintuitive
behavior to enable many of the key functionalities (e.g.
enhanced light emission and sensing) pursued by plas-
monic EIT analogs, but with the benefit of a collective
resonance at the expense of tight field localization.
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SUPPLEMENTARY INFORMATION

In Fig. Sla we present the variable angle extincipectra of the periodic array of aluminum
nanoparticles as a function of the incident angtestpolarized light. The color curves indicate
the onset of diffraction, the so-called Rayleiglmalies (RAs), of beams diffracted by the array
of aluminum particles. The RAs correspond to thedition at which diffracted orders are
grazing to the surface of the array. These RAscafeulated taking 1.47, 1.52 or 1.55 as the
refractive index of the diffraction medium. The mav bands of high extinction follow the
dispersion of the RAs. The origin of these resoran&nown as surface lattice resonances
(SLRs), resides in the diffractive coupling of lbzed surface plasmon polaritons supported by
the individual particles. Figure S1b displays theDE dispersion diagram for s-polarized
emission. The bands of high photoluminescence titiged enhancement (PLDE) correspond to
SLRs supported by the array observed in extinction.

Extinction
564

Energy (eV)

0. (deg)

Fig. S1.a Extinction of s-polarized light as a function oktphoton energy and the angle of incidefige
of a layer of dye deposited on top of an arraylofmégnum antennas s-polarized PLDE as a function of
the photon energy and the emission ar@glg measured from the same structure excited with7& 28V



continuous wave laser #,=0 deg. Grey, purple and green curves corresporbetdRaleigh anomalies
calculated for the beams diffracted in a mediunhwéfractive index 1.47, 1.52 and 1.55, respedgtivel

Figs. S2, S3, S4 and S5 show FDTD simulations pleamonic array of particles covered by a
polymer layer. Fig. S2a shows the comparison betweeasured (black curve) and simulated
extinction (grey curve) a#l,.=0 deg. The extinction spectra displayed in Figa SBow four
distinct resonances with different line-widths. e one hand, one broad resonance is observed
at 1.85 eV. On the other, three narrow peaks ldcate.00 eV, 2.04 eV and 2.11 eV stand out.
In order to shed light in the origin and field disttion of these resonances, we have performed
FDTD simulations on the spatial distribution of #ectric field intensity enhancement, i.e. near
field intensity normalized by the incident integsiResults are shown in Figs. S2b-e. Fig. S2b
shows the field profile for the broad resonancepldiged at 1.85 eV. A high intensity
enhancement close to the particles is observediyeomg that this resonance is associated to the
excitation of a localized plasmon resonance inndeoparticles. In contrast, for 2 eV, 2.04 eV
and 2.11 eV the field enhancements extend overge laolume around the particles as it is
shown in Fig. S2c, S2d and S2e, respectively. Thie®® narrow peaks are associated to the
excitation of quasi-bonded surface modes on colectnodes supported by the array of
aluminum particles. These modes result from théradifive coupling of localized surface
plasmon polaritons. By comparing the differentdigkofiles, it is possible to conclude that the
different refractive index layers surrounding theag and the finite thickness of the polystyrene
layer have a large impact on the field enhancerdesttibution. In particular, for 2.11 eV the
field extends more into the lower medium, i.e., dtdie, than for 2.04 eV and 2.00 eV, leading
to a lower effective refractive index for this moded therefore to a shift of the resonance
towards higher energies. Figure S3 shows the $pdisribution of the field intensity
enhancement on a plane intersecting the antenngsD&2 in a unit cell of the array. The cut
presented in S2b does not show the highest valudse mear field which are observed nearby
the corners of the metallic particle as it is digeld in Fig. S3a. However, it is noteworthy to
mention that the electric field enhancement catedlan a particular plane and the extinction of
the system should not be compared quantitativelyecBcally, extinction is a far-field
magnitude representing the amount of light remofredn the forwardly transmitted beam
whereas the electric field enhancement is a nedt-fijuantity. Figure S4 shows the dipolar
character of the localized surface plasmon resanabserved in extinction at normal incidence
and 1.85 eV. Simulations of the total electric dinhancement in a plane intersecting the
antennas in their middle height (@2) are shown in Fig. S4. It is considered a plaage with
photon energy 1.85 eV illuminating the array atmal incidence. The field is mostly enhanced
at the edges of the nanoantennas displaying aatipké radiation pattern. In Fig. S5, the spatial
distribution of the intensity enhancement in a plgarallel to the array at z=270 nm, i.e. within
the polymer layer, is presented. It should be ntitetl only for the 2 eV and 2.04 eV modes the
field intensity is significantly enhanced, leading the large PLDE values experimentally
observed.
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Fig. S2.a Measured (black curve, lower panel) and three dsiomal FDTD simulated extinction (grey
curve, upper panel) spectraét=0 deg of an array of aluminum particles on fusédascovered by a 650
nm thick layer of refractive index 1.58-e Spatial distribution of the local field intensignhancement
simulated in the same structure. Simulations camsal plane wave incident normal to the array with
photon energyb 1.85 eV,c 2 eV, d 2.04 eV ande 2.11 eV. The colour plot indicates the intensity
enhancement on the plane intersecting the anteainas) in a unit cell of the array. The sketch shdie
plane along which the field distributions are cédted. The antenna and the different dielectrierfiaices
are outlined using grey curves.
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array. The sketch shows the plane along whichitie dlistributions is calculated. The antenna igioed
using a grey curve.
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Fig. S5. Spatial distribution of the electric figltensity enhancement simulated in the same sitreiaif
Fig. S2. Simulations consider a plane wave incideminal to the array with photon enera.85 eV,b 2
eV, c 2.04 eV andl 2.11 eV. The colour plot indicates the intensith@&cement on a plane parallel to the
array at z=270 nm in a unit cell of the array. Bketch shows the plane along which the field distions
are calculated. The antenna is outlined using a@ueve.

In Figure S6, we display the PLE spectra as a fanaif &, for a broad angular range
when the dye molecules are excitedfai=0 deg and a¥«=10 deg. The comparison
shows that the dispersive characteristics of theEPtemain unaltered whef, is varied
because the directionality in the emission is deitreed by the resonances at the emission
frequencies. However, the overall enhancementdsced by a factor of two between
O=0 and 8=10 deg due to the reduction of the pump enhancenien further
illustrate the origin of this difference, in Fig.7 Sve present the extinction of the
excitation light (2.76 eV) as a function of theigent angle, showing a strong correlation
between the amount of blue light transmitted thiodige sample and the integrated
PLDE. At 8,=0 deg the extinction is significantly higher thang,=10 deg, indicating
that for this frequency and the angle of incidetieenanoparticle array is resonant. This
is attributed to the (-1,1) SLR. This resonant b&raleads to the more efficient
excitation of the dye and the higher PLEAat0 deg compared t,=10 deg.



PLDE

a b 22 564
_ 2.1 590 <
(V)
J 3 5
> > 620 5
5 2 g
& I =
1.9 653 3

0 20 40 60 0 20 40 60689

0., (deg) O (deg)

Fig. S6. PLDE as a function of the photon energy i@ emission anglél,, measured from an emitting

layer deposited on top of a plasmonic structurenyiiemping with a 2.76 eV continuous wave lasea at
6.=0 deg and &,=10 deg.
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Fig. S7. Extinction spectrum of the periodic ardyaluminum nanoantennas measured at 2.76 eV as a
function of the angle of incidencé,,.

To clarify the influence of the periodicity in tidasmonic structure on the PL enhancement, we
have deposited a dye layer with the same conceniraind the same thickness on top of a
random array of similar nanoantennas. A SEM pictirsuch array is shown as an inset in Fig.
S8a. This random array supports localized surfdaenmn polaritons but not SLRs. In Figs.
S8a-b we show extinction and PLDE measurementdwascion of 4, and &, respectively. We
find a comparable enhancement factor (~3) for thedom and the periodic array when
measuring the PL far from any SLR, i.e.@t=50 deg or a#,,=0 and 1.85 eV. However, this

value is much lower than the maximum measured Hergeriodic array close to the forward
direction.
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Fig. S8.a Extinction of unpolarized light as a function betphoton energy and the angle of incide;e,
measured from a layer of light emitters depositedtap of an array of metallic particles randomly
arranged. Inset: SEM picture of such random argagle bar indicates 500 nim.Unpolarized PLDE as a

function of the photon energy and the angle of sioig &, measured from the same structure when
pumping with a 2.76 eV continous wave lase€.at0 deg.

Prior to the life time measurements of the dye dasmonic structures, the concentration

guenching effect on the decay rate was studiedir&i&9 displays the fitted decay rates as a
function of dye concentration in polystyrene. Wedfsignificant concentration quenching effects

when the fraction of dye in the polymer is abowst%o.
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Fig. S9. Total decay rate of excited dye molecales function of the weight fraction of dye presienthe
polymer matrix.

We have also measured variable angle extinctiom Fsg S10a) and emission spectra (see Fig.
S10b) from a polymer layer doped with the samebdiedeposited on top of an array of similar
antennas in which the LSPR is blue shifted resfmethe measurements shown in Fig. 2a. The
spectral position of the LSPR overlaps with the maxn of dye emission for this geometry,
leading to a similar PLDE factor. In either caskee timprovement associated to localized

plasmon resonances is far lower than the one attdiom the periodic structure close to the
forward direction.
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Fig. S10. Extinction of p-polarized light as a ftinn of the photon energy and the angle of incigefjcof a layer

of dye deposited on top of an array of aluminuneanasb p-polarized PLDE as a function of the photon energy

and the emission angk,, measured on the same structure excited with a Ab6amtinuous wave laser 84=0
deg.



