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The ability to control optical effects at the nanoscale is a challenge that could be of great importance for a range of photonic
applications. However, progress requires a deep understanding of the relationship between near-field and far-field properties of the
individual elements of the nanostructure, as well as of the role of nano-optical interactions. Here, we show that the strong interaction
between nanoholes in optically thin metal films can be used to readily tune their spectral response and visibility. Control of this
interaction in short chains of nanoholes enables either amplification or almost total suppression of the scattered light. The phenomena
are interpreted in terms of hole coupling mediated via antisymmetric surface plasmon polaritons, which makes the nanohole chains

effectively behave as linear wire antennas.

The possibility to control light at the nanoscale through the
use of surface plasmons has attracted great attention to the
plasmonics field over the past few years. The interest originates
in the unique optical properties of metallic nanostructures, which
allow the diffraction limit present in conventional optics to be
surpassed'. Combined with the electrical properties of metallic
nanostructures, plasmonics may also pave the way to the merging
of electronics and photonics at the nanoscale’. The progress
in plasmonics, which has been supported by recent advances
in nanofabrication techniques and electrodynamics theory, has
led to the discovery of a variety of nano-optical effects®
and the proposition of a range of novel applications in areas
such as integrated nanophotonic circuits®, optical antennas”®,
spectroscopy’, sensing'®'? and metamaterials">~'¢.

During the past decade, particular attention has been devoted
to the properties of nanoscopic apertures in optically thick metal
films, for which a combination of surface plasmon and diffractive
coupling effects, together with localized shape resonances, gives rise
to extraordinary optical transmission phenomena>""*. Here, we
investigate the optical properties of linear chains of nanoholes in
optically thin gold films. Such films are characterized by surface
plasmons of very short wavelength, of the order of half the optical
vacuum wavelength of light or less, as well as charges of the same
sign aligned across the metal film*. We show that the surface
plasmons emitted by a given nanohole strongly modify the charge
distribution around its nearest neighbours, which leads to drastic
changes in their scattering characteristics. This interaction can be
exploited to control the spectral response and visibility of finite hole
chains. The essence of the phenomenon is shown in Fig. 1, which
shows dark-field microscopy images of two orthogonal chains of
nanoholes milled in a 20nm thin gold film. Depending on the
direction of illumination, the scattering from one of the chains
is strongly amplified, whereas the perpendicular chain completely
disappears. The effect of amplification or disappearance of the
light scattered by the chains is a result of the interaction between
the nanoholes and the coherent superposition of their far-field
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radiation patterns. To understand this interaction, and gain control
over the optical response of the chains, we analyse their elastic
scattering spectra for different numbers of nanoholes and for
different separation distances between the holes.

ELASTIC SCATTERING SPECTRA

Because the gold films of thickness t = 20nm are partially
transparent and the nanohole density is very low, we cannot
carry out standard transmission measurements to characterize the
spectral properties of the hole chains. Instead, we measure elastic
scattering spectra using an inverted dark-field microscope. There
are four experimentally accessible scattering configurations that are
compatible with the linear symmetry of the chains, that is, the
projection of the incident wavevector (k) in the plane of the sample
can be oriented either parallel or perpendicular to the chains and,
for each of these two cases, the polarization of the incident light can
be parallel or perpendicular to the chains. We begin by analysing
the cases where k is perpendicular to the chains, which corresponds
to a situation where all nanoholes in a chain are excited in phase,
see Fig. 2. The nanoholes were about D ~ 70+ 10 nm in diameter.
Results are shown for chains with N =2 and N =8 for edge-to-edge
separation distances (d) between 30 and 390 nm. As a reference, the
lowest trace in the first column (Fig. 2a) shows the spectrum for
one isolated nanohole. In accordance with previous studies”*, the
single-hole spectrum has a lorentzian line shape with a resonance
wavelength of A, & 680 nm. In contrast, the nanohole pairs exhibit
a strong polarization-dependent modulation of the scattering peak
position and intensity as a function of separation distance. The
variation is most pronounced when the polarization is parallel
to the pair axis (Fig. 2a). For the shortest edge-to-edge distances,
d = 30-60 nm, the peak is weak and blue-shifted compared with
the single-hole resonance, but a gradual red-shift and intensity
enhancement occurs when the distance between the nanoholes
increases. Interestingly, the scattering intensity per nanohole is
amplified by approximately ten times when it reaches the maximum
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at d ~ 150nm (see Fig.2a). For longer distances, the red-shift
continues, intensity decreases and the peak almost completely
vanishes at d ~ 300 nm. When the distance is further increased,
a second dispersing scattering peak emerges from the blue side
of the spectrum. As shown in Fig. 2a, the same kind of spectral
evolution, but even more pronounced, is seen for the N =8
chain in the parallel polarization configuration. Turning to the
perpendicular polarization configuration, Fig. 2b, a much weaker
spectral variation with respect to a single hole is observed, although
we note that the peak is strongly red-shifted for the shortest edge-
to-edge distances.

COUPLED-CHARGE SIMULATIONS

To understand the reason for the observed spectral variations,
the nature of the optical excitation of a single nanohole
and the coupling of adjacent holes through the surrounding
metal film have to be considered. As recently discussed?,
electrodynamics simulations show that the single-hole resonance
can be assigned to a localized surface plasmon (LSP) of electric
dipole character. Thus, the incident optical field polarizes the
nanohole and induces an electric dipole moment P = «(w)E,
oriented parallel to the incident polarization vector E,. To obtain
a qualitative analytical expression for the frequency-dependent
polarizability of a nanohole, we use the Clausius—Mossotti relation
a =r1’(es—ey)/(es+2¢&y) for a small spherical vacuum void
(e5=1) of radius r in a metal characterized by a Drude dielectric
response ey (w) =1— o (w(w+iy))~", where w, is the plasma
frequency and y ! is the dephasing rate of the free electrons. This
yields a lorentzian polarizability a(w) = ayw}/ (0} — w* —iwy),
with &g = —1°/2 < 0 and w, = v/(2/3) w,, which is comparable to
the case of a small metal particle in vacuum, for which ¢y =1° > 0
and w, = +/(1/3)w,. Analogous to the case of Au nanodiscs,
the disc-like nanoholes considered here exhibit a red-shifted LSP
resonance w, < +/(2/3)w,, corresponding to charge oscillations
in the plane of the metal film, and a larger linewidth I" > y due
to radiative losses”?. However, two crucial differences distinguish
nanoholes from nanodiscs, that is, the sign of the d.c. polarizability
«, and the fact that the nanohole LSP can decay through surface
plasmon polariton (SPP) emission”. These observations constitute
the cornerstones for understanding and controlling the interaction
of nanoholes in optically thin gold films.

For small distances between holes or discs (d < D), we expect
an essentially electrostatic coupling that can be analysed through
the coupled-dipole equation (CDE): P; = o;E, — a;A;;P; (ref. 30).
The CDE states that the net dipole moment at position 7 is induced
by the coherent sum of the incident field E, and the fields from all
other dipoles A;;P;. The electrostatic propagator A;; simply equals
—2/d’ for incident polarization parallel to the axis connecting
the dipoles and 1/d’ for the perpendicular case. By assuming
two equal dipoles, described by the lorentzian polarizability o (w)
above, it is easy to solve the CDE to find the two corresponding
renormalized resonance frequencies @ = wys/1—2c,/d*> and
@) = wov/140a,/d>. For holes or voids, for which «, < 0, we
thus expect a blue-shift (&) > w,) for the parallel polarization
configuration and a red-shift (&, < w,) for the perpendicular
polarization case. This is in qualitative agreement with the spectral
shifts observed for small edge-to-edge distances d in Fig. 2 and is
opposite to the well-known case of two interacting discs™ (¢ > 0).

For larger distances (d > D), the importance of the electrostatic
coupling diminishes and holes, as well as discs, will interact through
propagating retarded waves. In the case of holes in an optically
thin metal film, the dominant part of this interaction is due
to emission of antisymmetric bound SPPs (a, modes)”*72. As
shown schematically for a nanohole pair in Fig. 3b, each hole
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Figure 1 lllustration of visibility phenomena in two orthogonal nanohole chains.
a, Scanning electron microscopy image of two orthogonal chains of 80-nm-diameter
nanoholes with 150 nm edge-to-edge separation distance. b—d, Dark-field
microscopy image of orthogonal chains of nanoholes for unpolarized illumination
incident at an angle of 62.5° +=10° from all of the directions (b), the direction of
incidence perpendicular to the nanohole chain 1 (c) and perpendicular to the
nanohole chain 2 (d).

in a chain acts as an efficient source of SPPs that are emitted
preferentially in the direction of the induced dipole moment P
(refs 27,33). If the holes are illuminated in-phase and the edge-
to-edge distance between adjacent nanoholes fulfils the criterion
d=(n+1/2)Aspp,n=0,1,2 and so on, where Aspp is the wavelength
of the a, mode, then the charge induced by the incident light and
the surface charge due to SPP emission adds up at the hole edges.
As a consequence of this matching, the induced dipolar charges at
each nanohole increase, which results in a large amplification of the
scattering intensity. Likewise, for d = nAgp, n=1,2, ..., we expect
a suppression of the scattering intensity due to a partial cancellation
of the primary induced charge by the SPP charge wave. This
scenario can be formulated in terms of a coupled-charge equation,
which is simpler than, but analogous to, the CDE®. We thus express
the total charge at the edge of one hole as the sum of an induced
charge and a charge due to SPPs emanating from the nearest edge of
a neighbouring hole, that is, g, = ¢ (@) E,/ D+ cq,_, - exp (iksppd)
for the case of in-phase illumination, where ¢ < 1 is a coupling
constant and kgpp = 271/ Aspp + i/ Sspp is the complex wavenumber
of the a, mode, with dsp being the decay length. For an infinite
chain, we have g, = —q,_, and the solution of the coupled-charge
equation can be expressed in terms of a renormalized polarizability:
a(w)=a(w)/(1+c-expliksppd]). The scattering cross-section for
a hole can then be evaluated from:

o'la(w)|?
14+ ¢242¢-cos(2md / Aspp) 7

(1)

o xw'la(w)|* =

where ¢ = c¢-exp[—d/8sp]. To simulate the resulting scattering
spectra, we need to evaluate the dispersion relation w(k) of the a,
mode*. Figure 3¢ shows a calculation of the wavelength and the
decay length for a 20 nm gold film on glass in air obtained using the
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Figure 2 Experimental elastic scattering spectra of nanohole chains (N =2, 8) measured in the in-phase configuration of incidence. a,b, Polarization parallel (a) and
perpendicular (b) to the chain (configurations of incidence are shown to the left). The diameter of the single nanohole is about 80 nm. The diameter of the nanoholes in N=2

and N =8 chains is about 75 and 65 nm, respectively.

transfer-matrix formalism®. Owing to the strong coupling between
the two metal surfaces in the optically thin film, the a, mode is
strongly dispersive compared with the light lines w = ck of the
surrounding dielectrics. Hence, the wavelength of the a, mode
turns out to be only of the order of half the vacuum wavelength 4,
within the spectral range of interest. This is in contrast to the case
of the symmetric leaky mode, the other SPP mode allowed in the
thin film, for which Agpp is only marginally smaller than A, (ref. 27).
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Figure 3a shows simulated scattering spectra based on
equation (1) for an infinite chain of nanoholes, a lorentzian
polarizability o(w) that reproduces the experimental single-hole
spectrum, and the calculated values of Agpp and spp. To account
for the spectral shifts at small distances, we use the ‘electrostatic’
resonance positions (@, @,) with oy = —3.5 x 10* nm’. Using
a single adjustable coupling parameter (¢ = 0.8), the simple
model clearly captures the essential features of the hole-hole
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Figure 3 Model of hole-hole interaction mediated by the antisymmetric bound (a,) SPP mode. a, Model calculations of scattering spectra versus edge-to-edge distance
for an infinite chain of holes using the coupled-charge equation. b, Schematic diagram of the top view of two nanoholes interacting via SPP emission. ¢, SPP wavelength and
decay length of the a, mode versus vacuum wavelength for a 20 nm Au film on glass in air.

interaction: a red-shift of the scattering peak with increasing
separation distance, a large enhancement of the scattering intensity
at d = Aspp /2, a minimum of the scattering intensity at d = Agpp and
the appearance of a second peak in the short-wavelength spectral
region for d > Agpp. Because the optimum hole separation involves
an SPP propagation distance of ~Agpp/2, the propagation losses are
low (~15% at 650 nm, see Fig. 3c).

In the case of the perpendicular polarization, the surface charge
waves with maximum amplitude propagate perpendicular to the
chain axis. As a consequence, the nanoholes are weakly coupled,
and the change of the separation distance only slightly affects
the scattering spectrum of the chains, except for the shortest
distances where the electrostatic interaction induces the red-shift
(Figs 2b and 3a).

OPTICAL NANO-ANTENNAS

In the previous paragraphs, we focused on the spectral evolution
for the cases when the nanohole chains were illuminated in-phase.
We now investigate the out-of-phase illumination configuration
and try to quantify the invisibility phenomenon shown in
Fig. 1. Figure 4b shows a comparison of the scattering spectra
measured in the two configurations (Fig. 4a) for chains containing
different numbers of nanoholes. The polarization and separation
distance was chosen to maximize the scattering intensity for the
in-phase case (that is, polarization parallel to the chains and
d =150nm =~ Aspp /2, see Supplementary Information for the case
of perpendicular polarization). As anticipated from the results
shown in Fig.2, we observe a rapid increase in intensity for
the in-phase configuration with increasing N. In contrast, the
scattering intensity in the out-of-phase configuration decreases as
the number of nanoholes in the chain increases and already at N =3
there is an order-of-magnitude difference in integrated intensity
between the two configurations (Fig. 4b). The variation in peak
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height with d for N =3 is shown in Fig. 4c. We find a rapid
divergence between the two configurations for d < ~400 nm, again
with maximum contrast at d & Agpp /2.

To understand and quantify the invisibility phenomenon, we
need to delineate the differences in excitation and collection
efficiency between the different illumination configurations.
Starting with the excitation process, we first evaluate how the
effective polarizability of a hole inside a chain varies with angle
of incidence 8. We assume a p-polarized wave with the surface
projection of the incident k vector parallel to the chain, that is,
ky = ksin(0). The case 6 = 0, that is, normal incidence, thus
simulates the case when all holes in a chain are excited in-phase,
whereas 6 &~ 60° simulates the out-of-phase configuration shown
in Fig. 4a. By inserting the appropriate phase factors exp[ik; - r]
for the incident field into the coupled-charge equation, we obtain
the ratio:

@O 1+ —2écos| (ks — ksin(0))d]
@) 14 ¢ —2¢cos[ksppd]

) ()

where |@(0)|* is given by equation (1). Inserting d = Agpp/2,
we find |@(8)|?/]@(0)|> = [1 — (4¢/ (14 C)?)sin’ (kdsin(9))] < 1.
Equation (2) thus predicts a reduction in effective polarizability
with angle, resulting in an ‘excitation lobe’ that is narrower than for
a chain of uncoupled holes (¢ =0). This antenna effect is due to the
SPP coupling and is a consequence of the imperfect constructive
interference between the primary induced charge and the SPP
charge originating from a neighbouring hole edge that occurs for
out-of-phase illumination. However, the effect is not very large: for
the parameters used previously, we find that |&(0)|*/|@(0)|* ~ 0.6
within the wavelength range of interest, which is obviously far from
the almost complete intensity suppression seen in Fig. 4.

We now turn to the emission process, and investigate whether
a further reduction in intensity can be expected due to the fact
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(no standing current), three coupled nanoholes forming a linear dipole antenna.

that the nanoholes in a chain scatter light coherently. We treat the
chain as an N-element linear array of uncoupled point dipoles and
calculate the far-field emission patterns. Owing to the coherent far-
field superposition of the scattered light emitted by the different
dipoles, we expect a high directionality for large N. As shown
in Fig. 5a, this is also the case: the lobes of the emission pattern
for N = 18 are much narrower than that of a single dipole. The
scattering from the chains becomes concentrated in a plane that
contains the optical axis for the in-phase illumination configuration
(6 = 180° in Fig. 5a), corresponding to an optimal collection
efficiency and visibility. In the out-of-phase configuration, on the

other hand, the chains are expected to beam the scattered light
outside the collection angle of the objective (indicated as black
solid lines in Fig. 5a), which makes them invisible in the dark-
field microscope. What is surprising is that this ‘beaming effect’
is pronounced even when the number of participating dipoles is
very small. Taking into account the complete three-dimensional
projection of the radiation pattern on the solid angle of the
objective for the N =3 case in Fig. 5a, we estimate that ~40%
of the scattered intensity will be lost in the case of out-of-phase
illumination, compared with the collection efficiency for the in-
phase case. From the electromagnetic reciprocity theory, we expect
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that hole coupling will cause further enhancement of the emission
directionality, similar to the excitation directionality found from
equation (2). Together with the aforementioned decrease in
effective polarizability for the out-of-phase illumination, the net
result will be a drastic reduction in visibility even for short chains,
as observed in the experiments.

On the basis of the analysis above, we can now interpret the
variation in chain visibility seen in Fig. 1 as the combined result
of two effects: (1) a high directionality of the chain emission
pattern due to the coherent superposition of the fields emanating
from each individual hole and (2) a remarkable sensitivity of the
effective nanohole polarizability in a chain to the phase-dependent
inter-hole coupling and incident polarization. As the net result of
these processes is that the nanohole chains effectively behave as
linear nano-optical antennas, it is interesting to draw an analogy
with ordinary macroscopic antennas. As shown in Fig. 5b, the a,
SPP charge waves that emanate from a nanohole create a current
distribution in the metal film analogous to that of a conventional
linear wire antenna. We can qualitatively think of the nanohole as
the feed of the antenna, whereas the surface charge waves act as
the current distribution in the arms. A single hole, however, is not
an antenna, because a standing wave cannot be created in the arms.
Including more holes allows, on the one hand, a build-up of further
charges in the arms and, on the other hand, it allows the charge
waves emanating from one hole to be reflected from the edges of its
nearest neighbours, leading to a standing current. It is well known
from antenna theory that a high directionality can be obtained in
a linear wire antenna if the length of each arm is equal to 4/2,
where 4 is the wavelength radiated by the antenna®. To obtain the
equivalent current distribution in the thin gold film, the length of
the arms must equal Aspp/2. The minimum number of holes that
can form this type of linear antenna is clearly N = 3, which is
where the invisibility phenomenon starts to become pronounced
(see Supplementary Information for further experimental support
of the antenna picture).

METHODS

FABRICATION

Linear chains of N = 1-18 circular nanoholes were milled in # = 20-nm-thick
gold films using a focused ion beam (FEI Strata 235 Dual Beam). The thin gold
films were thermally evaporated on SiO, glass slides using a 1 nm Ti adhesion
layer. All nanoholes were D ~ 70 + 10 nm in diameter and the edge-to-edge
distance was varied from d = 30 to 390 nm = 5%. The inaccuracy in D and d,
which is due to precision limitations of the focused ion beam, can result in
variations in the nanohole resonance wavelength of the order of about 30 nm
and can also affect the absolute intensities and intensity ratios between different
illumination configurations, in particular for large N values. For example, it is
likely that the extremely large enhancement of the scattering efficiency per hole
observed for the N =3 chain in Fig. 4b, compared with N = 5-18, reflects the
difficulty in producing precise long chains rather than an intrinsic effect.

ELASTIC SCATTERING MEASUREMENTS

White light from a 100 W halogen lamp illuminates the sample from above at
a fixed angle of incidence @ = 62.5° £10° (air condenser) or ¢ = 60° +8°
(oil-immersion condenser) that exceeds the collection angle of the microscope
objective (x60 air, NA =0.7, or x100 oil, NA & 1.0), which then channels
the scattered light to a single-grating spectrometer (Shamrock SR-303i, Andor)
equipped with a CCD (charge-coupled device) detector (iDus, Andor). A
polarizer/slit-system placed directly above the dark-field condenser enables us
to vary the polarization and the direction of the incident k vector relative to the
nanohole chain axis.

FAR-FIELD RADIATION PATTERN SIMULATIONS

To mimic the experimental conditions of Fig. 4b, we fix the separation distance
between dipoles at dgi, = Aspp/2 + 27, where 7 is the radius of the nanohole.
The polarization of the incident light is assumed to be parallel to the chain, its
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wavelength Ay = 650 nm, that is, at the peak of a typical scattering spectrum,
and the angle of incidence is set to 60°. For the out-of-phase configuration,
this set of parameters corresponds to a phase difference between neighbouring
dipoles of ¢ ~ 0.67.
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Supplementary Information

1. Scattering intensities versus d for N = 3 and perpendicular polarization

When the polarization of the incoming light is perpendicular to the chain, the weak
interaction between the nanoholes prevents a large amplification of the effective polarizability
for in phase illumination, see Fig. S1a. However, the “beaming” effect is still pronounced for
d <~400 nm, as indicated by the reduction in intensity seen in Fig. Sla for the out-of-phase
configuration and the directional radiation lobes calculated for three dipoles oriented
perpendicular to the chain in Fig. S1b. This explains why a large contrast between the in-
phase and out-of-phase configurations is seen even for unpolarized incident light, as illustrated

in Fig. 1.

2. Images and spectra collected using oil-immersion optics

Figure S2a display dark-field images of N = 3, 8 and 18 chains for polarization parallel to
the chains. The images were collected using oil immersion optics to improve contrast further
and to allow for a ~15% increase in collection angle. In the case of N = 3 and d = 150 nm (Fig.
S2a-1), the chain appears as a single intense red spot for in-phase illumination (top row). In
the antenna analogy, we can interpret the bright spot as the feed of the antenna. For out-of-
phase illumination (bottom row), on the other hand, we see two weak reddish spots
corresponding to the outer edges of the two outermost holes, i.e. regions that are not part of
the linear antenna. For long separation distances (d > 400nm) and weak coupling, in contrast,

all three holes are clearly seen with similar intensity in both configurations (Fig. S2a-I1). If we



now increase the length of the chain to N = 8 or 18 for d = 150 nm (Fig. S2a-111, 1V) we see
that the bright and homogeneous red lines that dominate for in phase illumination are matched
by equal length weak green lines flanked by two reddish spots in the out-of-phase case. Fig.
S2b shows a spectral analysis of the central part of the N = 18 chain. It is clear that the green
colour is a consequence of a lack of “red” light in the scattering spectrum. The spectral region
that is depleted (1 = 600 — 700 nm) matches the position of the chain resonance observed for
the in-phase illumination condition, as well as the single hole resonance position, (see Fig. 4b)
and gives further support to the idea that the visibility contrast originates in a strong SPP
induced hole interaction in conjunction with a high directionality due to far-field interference

between individual hole scatterers.



FIGURE CAPTIONS (Supplementary Information)

Figure S1. Experimental results and modelling for the case of the polarization
perpendicular to a N = 3 nanohole chains. a, Experimental elastic scattering intensity
dependence on the edge-to-edge distance between nanoholes (d). b, Simulated far-field

emission patterns for N = 3 uncoupled dipoles oriented perpendicular to the chain.

Figure S2. Images and spectrum measured using oil immersion optics a, Dark-field
microscopy images of linear chains of nanoholes in the in-phase (top row) and the out-of-
phase configurations (bottom row), I: N=3, d ~ Aspp/2; 11: N=3, d ~ 2-Agpp; 111: N=8, d ~
Aspp/2; 1V: N=18, d ~ Aspp/2. b, Elastic scattering spectrum measured from the central part

(green) of the N = 18 (IV, bottom row) chain in the out-of-phase configuration.
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