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Abstract. We numerically study the excitation of a Symmetry-Protected Vertical
Mode (SPVM) within a specific periodic structure of coaxial apertures made in gold.
The geometrical parameters are chosen to operate in the THz domain. Contrarily
to classical SP modes that correspond to a mode propagating in the direction of
periodicity of the structure, here the SP mode consists on the Transverse Electro
Magnetic (TEM) guided mode that propagates vertically inside the coaxial aperture
along the metal thickness. This feature makes the spectral properties of the excited
mode less-sensitive to the spatial extension of the grating allowing thus the design
of less-cumbersome devices. We demonstrate that the spectrally localized resonance
corresponding to this mode is particularly sensitive to mechanical perturbation
(acoustic wave for instance) of the geometry, enabling the design of highly efficient
THz modulators operating at A ~ 300 pm with a sensitivity as great as 12.4 ym/° of
the tilt angle of its metal core.

1. Introduction

The important property of nano-photonic structures lies in the confinement of the
electromagnetic field which enables responses to be effective enough to reproduce those
of conventional components despite the small size of the active area [1]. This is generally
due to the exacerbation of the linear and, above all, non-linear properties of the
material used [2]. Furthermore, nano-photonics enables us to go even further, offering
functionalities unattainable in the macroscopic - and sometimes even microscopic -
domains such as excitation of frozen modes [3| [4] (with very large effective refractive
indices), negative refraction [5l [6], optical trapping and manipulation of nanoparticles
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[7,18, 9] (molecules and cells), and extraordinary/enhanced electromagnetic transmission
[T0], 111, 12, [13].

In the latter field, coaxial apertures continue to be exploited in numerous physical
phenomena and potential applications such as spectral filtering, artificial anisotropy,
non-linear signal generation and optical trapping [14, [15, [16} 17, 18|, 19, 20, 211, 22].The
properties of the modes guided in these finite-length coaxial wave-guides are the key
parameters for designing specific devices to suit the desired application. Nevertheless,
most applications are based on the use of the fundamental cut-off mode, i.e. the TEq;
mode, when excited at its cutoff frequency. Under these conditions of excitation, the
latter presents a group velocity that tends to zero while its phase velocity tends to
infinity allowing the electromagnetic density of states to grow drastically. This leads to
an enhanced interaction between light and matter that exacerbates all the linear and
non-linear properties of the host medium [23, 24]. Unfortunately, the TE;; mode can
easily be excited by a linearly polarized plane wave at normal incidence (incident wave
propagating along the axis of the coaxial aperture), and is therefore not protected by
symmetry. As we shall see later, its spectral signature in transmission (or reflection)
is so broad that it is not compatible with high-sensitivity detection or modulation.
Nonetheless, it is possible to excite another mode, namely the fundamental cutoff-
less TEM (Transverse Electro Magnetic) mode. Fortunately, its excitation requires
particular conditions [25] making it protected by symmetry (here called TEM-SPVM
for: Transverse Electro Magnetic - Symmetry Protected Mode) in the case of normal
incidence illumination.

In general, Symmetry-Protected Modes (SPMs) |26} 27] are considered as a variety
of optical Bound states In the Continuum (BICs)[28, 29] whose symmetry properties
(geometry and/or illumination) can easily explain the generation of two or more
eigenmodes of the structure that will interfere destructively, leading to a resonance
with a quality factor that tends towards infinity (no signature in the spectral response).
A simple break in intrinsic or extrinsic symmetry can then lead to the emergence of
this resonance. In the case of the coaxial structure, once excited, TEM propagation
takes place within each individual aperture, making its excitation independent of the
number or arrangement of apertures. The result is a spectral signature in the form
of a resonance with the same quality factor whatever the overall size of the aperture
matrix. This was demonstrated in reference [30] where it was shown that a single coaxial
aperture exhibited the same transmission resonance as an infinitely periodic grating,
apart from the transmission efficiency which is, obviously, lower. Here, we exploit this
TEM-SPVM to excite it under normal incidence by introducing an extrinsic symmetry
break produced by an acoustic wave vibrating the metal core of the coaxial apertures.
This results in excitation of the TEM mode with a spectral signature corresponding to
a resonance peak or dip, whose quality factor is all the greater the weaker the symmetry
breaking [31].
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2. Proposed geometry

Consider the structure shown in figure [l It consists of a bi-periodic array of coaxial
apertures engraved into a gold film of thickness h. The inner and outer radii are R;
and R, respectively. The gold layer is assumed to be deposited on a Teflon substrate,
and the grating is illuminated from the side of the substrate whose refractive index is
n = 1.435, corresponding to the spectral range A € [150; 350] um. The dispersion of gold
is described in the numerical simulations by a Drude critical points model [32] given by
Eq. [I] with the parameters of table

%L axq e e 1
= _—_— X —
Faulw) = Eoc w? + iyw Q—w—iI' Q4w+l (1)

Table 1. Parameters of the used Drude critical point dispersion model used for gold
in the spectral range A € [150; 350]pm.

€ | 7/m(THz) | w,/m (THz) | Q/7 (THz) | I'/7 (THz) | A ¢ (rad)

1 3.848 2046.5734 2.023 3.7688 1.8021x10° | -0.785

The transmission coefficient of such a grating is generally governed by a Fabry-Perot
type law [11]. For the TEM mode which is without cutoff, the transmission maxima are
located at wavelengths A, that verify the following phase matching relation:

4negh
/\res

+ ¢1 + P = 2mm (2)

where neg is the effective index of the TEM guided mode, ¢, and ¢, are the phases of
the reflection coefficient at the substrate and superstrate interfaces respectively, and m
is a positive non zero integer.

This equation shows that a minimum value of thickness is required to obtain at
least one transmission peak (m = 1 in Eq. [2)) in the spectral range under consideration
(A € [150;350] pm). We therefore set the thickness at A = 100pum, which will lead to
a transmission peak around A = 300 pm, as we will see later. Illumination consists
of a linearly polarized plane wave propagating (vector Einc) in the direction given by
the Euler angles 6 (angle of incidence) and ¢ (azimuth angle). The two polarization
eigenstates TE (s) and TM (p) are defined by a third angle ¢ as shown at the bottom of
figure [Lh so that ¢ = 0° and ¢ = 90° correspond to the TE and TM polarization states
respectively.

In order to determine the spectral position of the TEM mode, we must meet
the conditions for its excitation given in ref. [25] which are: TM polarization state
and oblique incidence (6 # 0). Figure shows the transmission coefficient diagrams
obtained in TE polarization (¢ = 0°) and in TM polarization (¢ = 90°) as a function
of the angle of incidence 6 when the plan of incidence is parallel to xOy (¢» = 0). As
expected, the excitation of the TEM-SPVM is only obtained in TM polarization and for
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Figure 1. (a) Schematic of the proposed THz metamaterial composed of coaxial
apertures arranged in a square lattice of period p. The inner and outer radii are R;
and R, respectively. The apertures are engraved in a gold layer of thickness h that is
deposited on a Teflon (PTFE) substrate. The illumination is done by a plane wave with
a wavevector k; (blue arrow) marked by the Euler angles (6, ¢) and incident from the
substrate. II is the plane of incidence. (b) Transmission diagram spectra as a function
of the angle of incidence 6 in both TE and TM polarization states (p = 120 pm,
R; =20 ym, R, = 44 pm and h = 100 um). (c) Normalized transmission coefficients
in TM polarization state for normal incidence § = 0° (dashed black line) and in oblique
incidence # = 5° (dotted red lines in TE and solid blue line in TM).

0 # 0°. The transmission peak corresponding to the first Fabry-Perot harmonic (m = 1
in Eq. of the vertical cavity mode is located at A = 289.5 pum. Its position can be
controlled through the gold layer thickness & if necessary as underlined by Eq. 2] In
addition to the wide transmission peak associated with the excitation of the TE;, four
lines corresponding to discontinuities appear on both TE and TM diagrams. They are
more visible in TM polarization because of the large value of the normal component of
the electric field amplitude (E,) for this polarization. These discontinuities are well-
known in the context of diffraction by gratings and are called the Rayleigh anomalies.
They correspond to the wavelength values for which the nature of one diffracted order, in
the substrate (Teflon) or in the superstrate (air), changes from radiative to evanescent.
Their values are given by Eq. 1 of ref.[34]. For the considered spectral range, only 3
diffracted orders in Teflon and one in air are involved as indicated on Fig[Ip for TM
polarization. Figure [l shows three transmission spectra: one (black dotted line) at
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normal incidence § = 0° where both polarization states (TE,TM) are equivalent, and
two calculated at oblique incidence at § = 5°, one in TE polarization (red dotted line)
and one in TM polarization (blue solid line). In this last case where the two conditions of
symmetry breaking and TM polarization are fulfilled, an additional transmission peak
appears (gray ellipse), due to the excitation of the TEM mode, with a transmission
efficiency that almost reaches 50% and with a quality factor of @) = 1500.

Otherwise, even if the experimental demonstration of the TEM mode excitation
was already demonstrated in the visible range [33], the amplitude and the quality factor
of the associated transmission peak were too weak to allow an efficient sensitivity to
external perturbations. This is why we chose the THz range, for which noble metals
such as gold are almost perfect conductors.. This is directly due to the metal losses in
that spectral range that are almost 150 times larger than in THz [35].

3. Opto-mechanical results

Once we have demonstrated the possible excitation of the TEM-SPVM in oblique
incidence, we study here the influence of an external perturbation on its spectral
properties (position and quality factor) in the context of a mechanical perturbation. For
this purpose, let consider an acoustic wave propagating along the metal layer at a given
frequency that could induce the vibration of the metal cores of the coaxial apertures.
After a derivation of the weak mechanical problem formulation, the FEniCS library has
been chosen to support the calculation of the mechanical eigenmodes of the structure.
FEniCS will enable us to solve the problem in variational finite element formulation.
The NumPy library is used to manage the numerical data (eigen-frequencies and
displacements) and the solution is obtained using the SLEPc library.

For the latter simulations, the Young’s modulus of gold is set to £ = 77.2 x 10° Pa,
the Poisson’s modulus to v = 0.42 and the volume density to p = 19320 kg/m?®.
Numerical simulations yield to the first bending mode’s frequency to be f = 1.06MHz.
The movie ”Visualization.avi” shows the fundamental flexural mode motion of the
metal core of the coaxial aperture). We can clearly see the meshing used in the FEM
simulation. This mode could be excited by an interdigitated comb deposited on the
Teflon interface on both sides of the coaxial aperture matrix for instance. Even if all
the structure is subjected to this wave, it seems intuitive that the vibration amplitude
of the cylindrical metal core will be much greater than that associated with the rest
of the metal layer and especially the vertical outer cylindrical walls of the apertures.
The temporal period of this megahertz acoustic wave (T, = 0.95 us) is very large
compared to the time interaction delay of the THz wave with the structure estimated

to be AT = cg?fgfk - = Q’\ZEM . For instance, if we consider an angle of incidence 6 = 5°,
we obtain from Fig. [Ic : Argar = 289.55 pm, A7y = 0.17 pm and @ ~ 1500 leading
to AT = 1.45 ns. This means that the time needed to reach the steady state of the
transmitted THz signal is almost 650 times shorter than the period of one mechanical

oscillation.
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Figure 2. Illustration of the fundamental mode of vibration (bending) of the metal
core of one coaxial aperture, where displacement from the initial position along the
vertical axis is color-coded.

Consequently, the optical response over a bending period can be calculated by
considering a quasi-static schema over the mechanical motion of the structure with
enough steps fixed, in our study, to 30. To simulate this bending motion of the aperture
metal core, we simply proceed by considering it to exhibit a varying angle o with the
vertical direction Oy (see figure |3p). The maximum value of this angle is limited to
avoid the contact with the aperture outer part. In our case, this can be controlled by
the magnitude of the electrical signal feeding the interdigital comb. For our geometry,
Qmaz = 12.5°. Figure shows the transmission spectra when « varies from 0 to
Qmaz = 12.5° in both TE and TM polarization states. As expected, the TEM-SPVM
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Figure 3. (a) Schematic of the vibrating coaxial apertures showing the angle of

bending « located in the xy plane which is the plane of incidence II. (b) Transmission
diagram spectra as a function of the angle a varying from 0 to 12.5° in both TE and
TM polarization states (p = 150 pym, R; = 20 um, R, = 44 pym, h = 100 pm and
0 = 5°). (c) Spectral position Argm and (d) quality factor @ of the excited TEM-
SPVM as a function of a in TM polarization.

only appears in TM and its properties are very sensitive to « in terms of both spectral
position (see figure [3c) and quality factor (see figure [3d), since the symmetry of the
structure is more broken as « increases. Note that the () factor was determined in two
different ways: the first, called the ”Fourier” value, from the TM polarization spectra of
figure [3b and the second, called the ”Harminv” value, using a software program called
”Harminv” based on a harmonic inversion algorithm [36] often associated with FDTD
simulations to extract information about highly resonant modes. Results of Fig.
leads to a varying value of the modulation sensitivity defined by:

AN
g, — SATEM

Ao (3)

At a ~ 0°, its value is Sy, = 1.25 pm/° and increases to 12.4 um/° for o around 12°.
These results demonstrate the high sensitivity of this structure to an acoustic wave tuned
to the fundamental bending resonance mode of the metal core of the coaxial aperture.

To be convinced about the excitation of the TEM-SPVM, we present on Fig. [
the electric field distribution in a vertical (xy) plane containing the axis of the aperture
and in (b), the corresponding one in an horizontal (xz) plane at 2 pum from the output
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side (here y = 452 pm) in the case of & = 5°. As expected, we can see that the first
Fabry-Perot harmonic of the TEM mode is excited at this wavelength and is identified
by the presence of only one electric field node (see Fig. ) inside the aperture and by
the quasi-cylindrical symmetry of the electric field distribution given in Fig. where
the white arrows correspond to the transverse component of the transmitted electric

field.

ity (arb. units) max]|

600

500
— 400
S
=
> 300
200
100 N ‘
0 100 200 300 40 80 120 160 200
X (Um) X (Hm)

Figure 4. Electric intensity distributions in a xy vertical plane containing the axis of
the apertures in (a) and in zz plane located at 2 pm for the output side in (b). The
wavelength is set to A = 293.96 pum that corresponds to the TEM-SPVM excitation at
an angle of incidence 6 = 5° and for a tilt angle a = 5°.

In practice, two detection scenarios can be proposed: (1) a monochromatic time-
resolved regime (instantaneous optical spectrum) where the wavelength is fixed at a
value for which the TEM mode could be excited (here A € [288;328] um) or (2) a time-
average spectrum as it can be detected utilizing a slow detector such as a spectrum
analyzer. An example of the THz response for each regime is given in Fig. [5| where
the monochromatic regime is considered for three wavelength values (Fig. ph) showing
highly non-linear responses for which a fraction of degree is only needed to get linear
modulation of the transmitted light intensity (see shaded areas on Fig. that show
slopes estimated to almost 0.25° for a transmission coefficient varying from 0.2 to
0.5). For the second regime, the time-average spectrum (black solid line of Fig. [5p)
is calculated by integrating all the spectra of Fig. in TM polarization over one THz
period and it is compared to the one of the unperturbed structure (v = 0°) in red dashed
line. This demonstrate that the detection of the bending motion could be revealed even
if we use a conventional un-cooled THz bolometer for which the response time is in the
millisecond range.
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Figure 5. (a) Instantaneous THz responses as a function of time (upper horizontal
axis) or bending angle « (lower horizontal axis) for three different wavelength values
(A =290 pm in dotted-dashed green line, A = 292 pum in solid blue line and A = 300 pum
in dotted purple line). (b) Time-average spectrum (black solid line) in comparison to
the spectrum of the unperturbed structure (o« = 0° in red dashed line). In both cases,
the angle of incidence is set to § = 5°.

4. Conclusion

We demonstrate through rigorous numerical simulations that a symmetry-protected
vertical mode, namely the TEM-SPVM, of a coaxial array of gold apertures can be used
to modulate the intensity of the transmitted THz wave significantly, thanks to the high
quality factor of its resonance and very high sensitivity to geometrical parameters. Many
other applications can be envisaged, such as spectral filtering, polarization selection
(only the component of the electric field parallel to the plane of vibration is transmitted)
or refractive index detection in the field of biosensing. As long as the resonance
properties can be controlled by the degree of symmetry breaking, it would be possible
to increase the detection sensitivity or modulation efficiency of such a nano-structure

while reducing the energy required to operate it.
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