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Coupling between surface plasmons in subwavelength hole arrays
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The coupling between the surface plasmons of two overlapping arrays of orthogonally oriented subwave-
length elliptical holes has been demonstrated by terahertz time-domain spectroscopy over the 0.1-1 THz
range. This enhanced transmission exhibits polarization sensitive frequency shift. Three-dimensional numerical
simulations provide precise insight in the energy redistribution of the surface plasmons through the subwave-
length holes. A simple theoretical model, demonstrating a strong coupling between the two subarrays, exhibits

good agreement with the experimental data.
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In the recent years, the demonstration of a strong and
unexpected enhancement of light transmission through ar-
rays of subwavelength holes' has generated numerous ex-
perimental and theoretical works. Enhancement of several
order of magnitudes has been reported,” with respect to stan-
dard aperture theory.>* The transmission can even exceed the
surface ratio occupied by the holes, implying that light is
focused by the structure of the arrays through the holes. This
extraordinary transmission is generally admitted to be due to
excitation of surface plasmons (SPs) on the upper and lower
surfaces of the metallic array.>~” These results are stimulating
in numerous fields:3-!! Near-field microscopy, high-density
storage, detection of molecules of chemical and biological
interest, photolithography, and light-emitting diodes (LEDs).
Since this discovery, many experiments have been performed
to characterize and modelize this abnormal transmission, in
the optical,”®1271% infrared,>*?! and terahertz ranges.>?>~%3
These studies involved the influence of shape and hole
diameter,®142027 Jattice geometry,' or film thickness,' but so
far only arrays of identical holes have been investigated, and
the true influence of the shape of the holes on the SP gen-
eration still remained sketchy, in particular on the frequency
shifts associated with.

In this letter, we demonstrate, experimentally and theo-
retically, enhanced transmission with polarization sensitive
frequency shifts, which arises from the coupling between
SPs modes from two overlapping arrays of orthogonally ori-
ented subwavelength elliptical holes. Furthermore, we estab-
lish the complex link between the shape of the holes and the
properties of the surface plasmons, in particular its frequency
resonance, and this leads to the validation of the Fano model
for SPs. The array is made of a free-standing thin metal
plate. The enhanced transmission of the array is measured by
terahertz time-domain spectroscopy (THz-TDS).”® Broad-
band linearly polarized subpicosecond single cycle pulses of
terahertz radiation are generated and coherently detected by
illuminating photoconductive antennas with two synchro-
nized femtosecond laser pulses. Rotation of the sample with
respect to the linear incident polarization allows us to inves-
tigate the nature of the coupling between the SPs. Numerical
Fourier transform of the time-domain signal gives access to
the characteristic transmission spectrum of the array.

The sample is a free-standing 18-um-nickel-plate array of
subwavelength elliptical holes, fabricated by electroforming.

1098-0121/2006/73(12)/121401(4)/$23.00

121401-1

PACS number(s): 78.20.Ci, 41.20.Jb, 42.79.Dj, 73.20.Mf

The array has a L=600 um period, with 400X 200 wm el-
lipses, whose long axis are alternatively aligned along the x
and y directions (inset of Fig. 1). The total array is then made
of two ellipse subarrays, one with the ellipse long axis along
x (x-ellipse) and the other along y (y-ellipse). The total array
is then anisotropic, the periodicity is 1200 um along x and
600 wm along y. The precision for the hole dimensions and
periodicity is better than 1 um. The aperture ratio to the total
plate area is about one-sixth, equivalent to the geometric
transmission. The sample is positioned on a 10-mm-circular
aperture, in the linearly polarized, frequency independent,
4.8-mm-waist Gaussian THz beam (1/e in amplitude). A pre-
cise rotation stage adjusts the angle 6 between axis x of the
array and the linear THz polarization. The dynamics of the
surface plasmons is then recorded during 150 ps, yielding a
8-GHz-frequency precision after numerical Fourier trans-
form. A reference scan is taken with empty aperture.

The transmission of the metal array is calculated by the
amplitude ratio of the complex spectra of the metal plate and
reference scan for several polarization orientations, as given
in Fig. 1. For each orientation, we observe a strongly en-
hanced resonance peak between 0.4 and 0.5 THz, followed
at higher frequency by a much broader continuumlike area.
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FIG. 1. (Color online) Experimental amplitude transmission, for
incident linear polarization at 0, 20, 30, and 45°. The vertical ar-
rows show the position of the integer modes of the total array [i,;]
and the subarrays [i,;]o. The inset depicts the periodic structure of
the ellipses. L=600 um, a=200 pum, b=400 pum.
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FIG. 2. Resonance frequency shift (A) and amplitude transmis-
sion at 0.5 THz (B) versus incident polarization angle. Experimen-
tal data (dots) are compared to numerical simulations (dashed line)
and theoretical model (solid line). For the model, A=0.117 THz and
B=0.15 THz.

The amplitude enhancement, compared to the geometrical
transmission is 2 (4 in power transmission). We also notice a
strong shift of the resonance frequency with respect to the
incident polarization, as shown in Fig. 2(A), contrary to pre-
vious work on identical ellipse arrays.'* The resonance fre-
quency is 0.40 THz for the linear polarization along the x
axis, and 0.44 THz at 45°, corresponding to a 10% relative
shift. This shift is symmetric with respect to 45°within ex-
perimental precision. Furthermore, none of the resonance
frequencies coincides with the integral orders of SP modes
v(i, j)=f\frj2,' where i and j are integers, as depicted by
the vertical solid arrows in Fig. 1. Likewise, these new fre-
quencies cannot originate in one of the subarrays, whose
resonance frequencies are given by (i, j)o=57 V4i*+ ;7 (ver-
tical dashed arrows in Fig. 1). The normalized amplitude
variations at 0.5 THz [Fig. 2(B)] also exhibit the same sym-
metry. This frequency has been chosen as the first resonant
mode from integral order theory [1,0]. The amplitude is nor-
malized, so that the transmission is 1 at 6=0°.

To get a better picture of these new resonances, we have
performed numerical simulations. We carried out a direct
resolution of Maxwell’s equations through a full three-
dimensional (3D) ab initio finite element method (FEM)
analysis of the electric field propagating through the array.”
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This method provides quantitative information on the SP dis-
tribution in the metal array. It allows the calculation of the
transmitted THz electromagnetic field and takes into account
the near-field effects on the array. To reduce the size of the
simulation box, we used a unitary cell of two halves of the
ellipses (see inset of Fig. 1), with adequate symmetry condi-
tions. The complex electromagnetic fields have been calcu-
lated in two sets of simulations, for an incident plane wave
of linear polarization in the x and y directions, namely E,
and E,. This allows the calculation of the fields for any ori-
entation of the polarization by E(6)=Escos(6)+Eysin(6).
The precision of the simulations are controlled by progres-
sively reducing the adaptive mesh size, in particular in the
elliptical holes. Typical mesh dimensions are A/700 in the
holes and \/5 outside, yielding precision better than 0.5%.
The relative permittivity of nickel is €=-9.7X103+1.1
X 10%, and relative permeability is 100.3%3!

We calculated the electric field density at 0.44 THz, on
the output hole and metal surface of the array, using the same
dimensions as in the experiment, for three incident polariza-
tion orientations: #=45° [Fig. 3(A)], 30° [Fig. 3(B)], and 60°
[Fig. 3(C)]. The field density is characteristic of the SP at the
surface of the metal. A strong anisotropy of the density can
be observed, correlated with high-field density in the ellipti-
cal holes and in particular on the edges. The field concentra-
tion on the ellipse edges goes far below the wavelength,
typically A/50, which is characteristic of near-field interac-
tions. We also notice a complex pattern at the surface of the
metal. These density-line loops are highly evocative of the
SPs on metal.” For #=45°, the energy density is approxi-
mately equally distributed between the x and y ellipse [Fig.
3(A)]. It is slightly higher in the x ellipse due to the structure
anisotropy of the total array. A dramatic change in the den-
sity distribution occurs when the incident polarization is
changed to #=30° or #=60°. The energy shifts toward the x
ellipse at 30°, whereas it shifts toward the opposite direction
(v ellipse) at 60°. The energy localization is then strongly
controlled by the incident polarization direction. The reso-
nant density-line loops are also affected, showing that the
coupling between the x and y ellipse is modulated by the
polarization. It should also be noted that more energy exits
from the holes with polarization at 45° than at 30° or 60°, in
agreement with data at 0.44 THz, suggesting a better cou-
pling between the ellipses at 45°. To further study the cou-
pling between the two subarrays, we computed the field pat-
tern of each subarray independently. The difference between
the field density of the total array and the sum of the field
densities of both subarrays individually, at #=45° is shown in
Fig. 3(D). The difference clearly demonstrates that the total
field distribution in the metal array cannot be described by
the linear superposition of the two subarray contributions,
and then implies polarization-dependent coupling between
the subarrays. We calculated the transmission spectra from
these 3D simulations. Results are depicted in Fig. 4. The
computed spectra reproduce well the polarization-dependent
behavior observed in the experiment, as well as the asym-
metric Fano-type profiles. We also extracted from the com-
puted spectra the resonance displacement and amplitude
variations. The results [dashed lines in Figs. 2(A) and 2(B)]
are in very good agreement with the experimental data,
which validates the simulations.
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FIG. 3. (A)—(C) Numerical simulations of the total time-
averaged |E| electric field at the surface of the array. Incident po-
larizations are 45°(A), 30°(B), and 60°(C) and frequency is
0.44 THz. (D) Difference between the field density of the total array
and the sum of the densities for each subarray, at 45°. The gray
scale is the same in all the pictures.

A simple picture of the coupling between the two subar-
rays can be obtained considering the superimposition of the
two orthogonally-oriented ellipse subarrays. The abnormal
transmission of each subarray is given by a Fano-type
model,3? which can be used to model the enhanced resonance
profiles through subwavelength hole arrays.** It describes the
coupling between a continuum of states |k) from the scatter-
ing of the incident plane wave by the geometrical holes, and
a resonant state |a) from discrete resonant SP excitations of
the illuminated interface of the array [see Fig. 5(A)]. The
level of each subarray is given by the integral order mode,
namely v(1,0),=v,=0.25 THz. This means that each subar-
ray exhibits a resonance frequency at 0.25 THz, and a Fano
profile from the coupling with the continuum. The total array
is the superimposition of the two subarrays, and is then de-
scribed by the coupling of two degenerate levels |a) and |b)
at 0.25 THz [see Fig. 5(B)]. When the two subarrays are
identical, the matching is perfect and the result is equivalent
to an array with half the initial period and then a resonance
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FIG. 4. (Color online) Transmission amplitude spectra com-
puted by three-dimensional finite element methods numerical simu-
lations, for four incident polarization angles. Simulation parameters
match the ones of the experiment.

frequency 2v,. The coupling can be a direct interaction be-
tween |a) and |b), or it may involve an intermediate coupling
with the continuum |k). The resulting Hamiltonian of these
first- and second-order interactions is then given by the fol-
lowing matrix elements,>* respectively,

(b|W|a) = hA sin 26 (1)
and

5 GO

B, 2
Eo—E, ()

k#a,b

where W is the coupling term, A and B are constants and
Ey=hv,. The direct coupling between |a) and |b) is polariza-
tion sensitive because each subarray, due the its specific ori-
entation,  exhibits  strong  preferential  polarization
transmission.'* The polarization sensitive sin 26 coupling
originates in the geometrical symmetries of the total array
and is confirmed by the numerical simulation, where it is
maximum at 45°. The complex value of the indirect interac-
tion comes from the 77/2 dephasing between the transition
amplitudes of the first- and second-order interactions. The
Hamiltonian of the interaction is then
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FIG. 5. (A) Fano model of a subwavelength hole array and the
coupling between a continuum of states |k) and a resonant level |a).
(B). Extension to the coupling between two subarrays of resonant
levels |a) and |b).
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The total array is then similar to degenerate levels at
0.25 THz linked together by a polarization sensitive cou-
pling. The eigenvalues of the Hamiltonian are

V.= Vyx \/%Az(l —cos 46) + B> (4)

Therefore, the coupling removes the degeneracy at
0.25 THz, predicting new frequencies, one redshifted (v_),
the other blueshifted (v,). The blueshifted new level is easily
assimilated to the observed enhanced resonance peak. The fit
of the frequency shift [solid line in Fig. 2(A)] is excellent
with A=0.117 THz and B=0.15 THz. The other level v_ lies
below 0.1 THz. Therefore, the scattering efficiency is very
weak and its influence can be neglected. We can define a
matching efficiency p=(v,—vy)/ vy, equal to 1 for a perfect
matching and O for independent arrays. Here, the matching
efficiency ranges from 60% at #=0° and 90°, to 76% at 6
=45°, showing a preferential shape matching of the orthogo-
nal ellipses with the incident polarization at 45°. Further-
more, the amplitude modulation at 0.5 THz was calculated
with the same coupling coefficient, with a Fano profile’? for
the resonance. The Fano profile parameters have been ad-
justed with the 45° data, and remain constant for the other
frequencies. Once again, the agreement between this model
and the experimental data is very good [Fig. 2(B)]. The po-
larization mediated strong coupling between the two subar-
rays allows the redistribution of the energy in holes, and then
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favors the light transmission through the holes.

Comparison with Bloch wave analysis can be discussed
here. Even though polarization dependence has been ob-
served in elliptical arrays, a simple model approach with
symmetry consideration of Bloch waves would encounter
major difficulties in our case. Indeed, this approach leads to
linear amplitude superposition of Bloch modes, with no po-
larization global frequency shifts. Furthermore, a simple
Bloch waves analysis does not reveal the whole complexity
of the influence of the shape of the holes, as discussed in
many papers.'+3%37 Although a complex modelization, by the
exact treatment of the symmetry properties of the lattice ba-
sis could probably be considered using Wanier functions
formalism,® we can understand the observed data with a
simple model.

In conclusion, we studied, experimentally and theoreti-
cally, the enhanced transmission from the overlapping of two
subwavelength subarrays in the 0.1-1 THz range with
8 GHz resolution. The transmission spectra exhibits strong
polarization sensitive frequency resonance shifts, at frequen-
cies that are not predicted by the classical integer modes
theory, and is an important result in favor of the Fano model
for surface plasmons. This shift is found to be due to the
strong coupling between the two subarrays, and has promis-
ing applications in tunable devices. Furthermore, numerical
simulations point out the control of the energy distribution
by the incident polarization, that will extend the potential of
these subwavelength structures.
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