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Radiative dipolar resonance with Lorentzian line-shape induces the otherwise dark quadrupolar
resonances resulting in electromagnetically induced transparency (EIT). The two interfering excitation
pathways of the dipole are earlier shown to result in a Fano line shape with a high figure of merit
suitable for sensing. In metamaterials made of metal nanorods or antennas, the plasmonic EIT (PIT)
efficiency depends on the overlap of the dark and bright mode spectra as well as the asymmetry
resulting from the separation between the monomer (dipole) and dimer (quadrupole) that governs the
coupling strength. Increasing asymmetry in these structures leads to the reduction of the figure of merit
due to a broadening of the Fano resonance. We demonstrate a PIT system in which the simultaneous
excitation of two dipoles result in double PIT. The corresponding two quadrupoles interact and control
the quality factor (Q) of the PIT resonance. We show an antiresonancelike symmetric line shape with
nonzero asymmetry factors. The PIT resonance vanishes due to quadrupole-quadrupole coupling. A Q
factor of more than 100 at 0.977 THz is observed, which is limited by the experimental resolution of
6 GHz. From polarization-dependent studies we show that the broadening of the Lorentzian resonance
is due to scattering-induced excitation of orthogonally oriented dipoles in the monomer and dimer bars
in the terahertz regime. The high Q factors in the terahertz frequency region demonstrated here are

interesting for sensing application.
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I. INTRODUCTION

Scattering in subwavelength structures could mimic
quantum mechanical phenomena in metamaterials [1].
The classical analogue of electromagnetically induced
transparency (EIT) or plasmon-induced transparency
(PIT) in metamaterials is one such phenomenon shown
due to the coupling of a bright dipole mode in a
monomer and the dark quadrupole mode in a dimer of
a dolmen structure referred to as a plasmonic molecule
[2]. PIT has since been demonstrated in a planar
metamaterial made of a single and bilayered fish-scale
pattern [3] for normal incidence excitation of split-ring-
resonator molecules that are magnetoinductively or con-
ductively coupled [4]. The Fano line shape and the PIT in
plasmonic nanocavities are also shown in other structures
like a coupled ring and disk system [5], a split ring
sandwiched between two rods in which the simulated
response from a single cell is compared with that from a
periodic array [6], single dipole and dual-quadrupole
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coupling studies in a structure made of metal nanorods
[6], among others [7-32]. Detailed studies of the
dependence of Fano resonances on the parameters of
the metamaterial-like period were reported in dolmen
arrays [7,9]. In addition to the basic understanding of this
interesting phenomenon, there are several proposed
applications like slow light and sensing with a large
figure of merit (FOM) [2,3,5,33]. The ways and means to
control the Q factor and the FOM are of the utmost
importance for eventual practical applications like sens-
ing. Thus, it would be interesting to look at a possible
way to control the PIT.

In a system where a discrete two-level system interacts
with a continuum, the resultant Fano line shape is given
by the expression [1],

e 2

where ¢ = 2(E — E))/T. E, is the resonance energy and
I" is the width of the discrete state and ¢ is the shape or
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asymmetry parameter. When the asymmetry parameter is
zero, a unique symmetrical dip appears for the Fano
resonance. This is known as the antiresonance. It should
be noted that, in Fano systems, large asymmetry results
in a drop of the Q factor, and thus the FOM [1]. Thus,
achieving a very high Q factor in the Fano systems is
not easy.

EIT and PIT studies, so far, focused on understanding,
manipulating, and applying the dipole-quadrupole inter-
action with the early studies on a three-level atomic
system  having interfering excitation  pathways.
Controlling the quadrupole mode could be interesting
to get a handle on the dipole-quadrupole interaction and
eventually the quality factor (Q) of the mode. To get a
clearer understanding of the parameters that govern the Q
factor, it would be helpful to study the effect of various
factors on the observed Q factor of the PIT resonance. In

addition, an optically excited second dipole, depending
on the geometry, would induce another quadrupole with a
relative phase different from the first quadrupole. Thus,
the interference between the two quadrupoles could be
used to control the Q factor of the PIT resonance and the
spectral response, in general.

In this paper, we demonstrate such quadrupole-
quadrupole coupling as a handle to control the Q factor
of the PIT resonance. First, we present simulation and
experimental results on a dolmen structure to elucidate the
PIT mechanism in these structures followed by the role of a
second dipole to induce a second quadrupole. We present
detailed finite element method (FEM) simulations that are
compared with experimental results in the terahertz fre-
quency regime. A Q factor of more than 100 is demon-
strated at 0.977 THz. In the symmetric system, we show the
cancellation of the PIT due to the interference of two

FIG. 1. (a) Schematic of the
top view of the dolmen unit
cell. (b) Electric field profile
depicting the PIT condition in
a dolmen with d =32 ym
and top gap = 8 um for in-
cident polarization such that
the electric field is along the x
direction. (c) Comparison of
transmission spectra of dipole
and dolmen  structures.
(d) Dependence of dolmen
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quadrupole fields of exactly opposing phases similar to the
antiresonance seen in a single Fano resonance with a zero
asymmetry factor. We discuss various factors that affect the
Q factor of the PIT resonances.

II. DESIGN CRITERIA

In the terahertz frequency range, one of the design
criteria is to avoid the strong OH- absorption bands.
Numerical studies are performed using FEM-based CST
Microwave Studio® and the comsoL Multiphysics® rf
module. For gold, we use the Drude model with plasma
frequency w, = 1.37 x 10'® s7! and damping frequency
y = 0.009w,, [8]. For 150-nm-thick gold rods, the optimum
dipole dimensions are length, 92 ym (L), and width, 12 ym
(W) for the dipole resonance to be at 0.87 THz with a
bandwidth of 0.39 THz. The dipole resonance strongly
depends on the length of the monomer rather than its width
or thickness (see Supplemental Material, Fig. S1 [34]).
Three metal bars (monomers) are arranged in the
dolmen shape with 64-um (2d) separation between the
two vertical bars forming the Dimer placed below the top
monomer, as shown in the schematic of Fig. 1(a). With
8-um space (gap,,,) between the monomer and dimer,
the otherwise dark quadrupole mode is excited by the
dipole and the corresponding PIT peak arises at ~0.8 THz
with approximately 0.073-THz bandwidth within the
broad dipole resonance dip in transmission. The narrowest
PIT peak is observed for a coupling distance of 12 ym
(FWHM ~ 0.0216 THz) and the corresponding near-
field profile is shown in Fig. 2(b). The influence of

monomer-dimer separation (gap) and the distance between
the dimer bars on the observed PIT is shown in the
Supplemental Material, Figs. S2(a) and S2(b) [34], respec-
tively. Figure 1(c) compares the transmission spectrum of a
monomer and dolmen. The single dipole absorption in the
monomer changes to a double dip in dolmen. To understand
the origin of this, we perform polarization-dependent
studies that clearly show [Fig. 1(d)] that the two dipole
dip positions in the dolmen spectrum match with those
corresponding to the two orthogonal incident polarizations
that excite the dipoles in the horizontal and vertical
monomers. In the visible-to-near IR region, the origin of
the broadening is due to the metal dispersion [4]. However,
in the terahertz region, where metals are perfect conductors,
the broadening is due to scattering-induced excitation of
dipoles in orthogonal monomers [Fig. 1(d)]. A maximal
splitting is observed in the dolmen spectrum when identical
metal bars form the monomer and dimer. A slight detuning
of the two dipoles results in a narrower PIT resonance. An
asymmetry in length introduces an asymmetry in the PIT
peak, i.e., bonding and antibonding states differ due to
different lengths of the coupled quadrupoles (Supplemental
Material, Fig. S3 [34]). But an asymmetry in the monomer
width affects the width of the PIT peak or the quadrupole
bandwidth. The results are shown in the Supplemental
Material, Fig. S1(b) [34]. Figure 1(e) shows the role of the
width of the vertical bars (monomers) on the transmission
spectrum. When the width of the vertical bars is increased,
both the transmission dips narrow down. While the low-
frequency state redshifts, the high-frequency state shows a
very weak shift. These results indicate that the linewidth of

FIG. 2. Z component of the electric
field (E,) at different resonance frequen-
cies [(a)—(c)] for the dolmen structure
that are marked in the transmission
spectrum (d).
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the short-frequency Fano line shape is broader than that at
higher frequency.

To enhance the signal-to-noise ratio in measurements,
we study a 2D array of dolmen structures with a 120-ym
period along the x axis, and a 144-ym period along the y
axis. The dolmen array results in a PIT peak at 0.76 THz,
which is redshifted from the single cell resonance. This
well-known redshift is due to the coupling effects in an
array of dolmens [9]. Near-field studies on dolmen arrays
with randomly distributed array elements, which do not
have the effect of periodicity, are also reported [35].

In a dolmen, the electric field profiles at three different
frequencies of the transmission spectrum (transmission
minima, and maximum labeled 1, 2, and 3 in Fig. 2,
respectively) are studied to get an insight into the
transparency mechanism [6,7]. At the PIT resonance
frequency (marked 2 in Fig. 2), almost the entire energy
of the bright dipole mode is coupled to the quadrupole
mode in the vertical bars. It would be interesting to note that
the field profiles [Figs. 2(a) and 2(c)] at the two trans-
mission minima show out-of-phase quadrupole profiles in
the vertical bars. The corresponding dipole in the horizontal
bar remains the same (both amplitude and phase are
similar).

So far, the focus of all the reported studies is on
dipole-quadrupole coupling resulting in plasmon-mediated
electromagnetically induced transmission (EIT) or absorp-
tion (EIA) or reflection mechanisms. We show above that
by controlling the dipole-dipole interaction, the PIT peak
width and, thus, the Q factor can be controlled to a lesser
extent. However, the quadrupole-quadrupole coupling
could be even more interesting to probe its utility as a
handle to control the PIT peak width and thus the Q factor.

III. QUADRUPOLE-QUADRUPOLE
INTERACTIONS

In a structure with a pair of inverted dolmens, the
second dipole below the dolmen structure can be used
as a handle to control the transmission spectrum. We show

)

gap bortom('urn

Transmittance (t)

Frequency (THz)

detailed simulation results below before the experimental
demonstration.

The rectangular ringlike structure has one dolmen with a
top gap of 8 um and d of 32 um, while the coupling
strength has been varied by changing the bottom gap
Fig. 3(b). The contour plot shows dispersion of the PIT
molecular system where the hybridization of the PIT
resonances can be seen. The transmission spectra show
three dips and two peaks corresponding to the three dipoles
and the two quadrupolar modes corresponding to PIT
peaks. The dispersion plot shows that by varying the
separation (gappouom) and thus the coupling strength,
the transmission spectrum as well as the quality factor
of the PIT peaks can be controlled.

First, let us consider the interesting case of a symmetric
structure which can be seen in Fig. 3(b) for (gapyogom)
around 8 ym. When the structure is symmetric with both
the monomers spaced equally away from the dimer
(2apiop = ZaPpotiom)» the near-field electric field distribu-
tion in Fig. 4(a) shows that the dipoles are in phase and
there is no quadrupole mode in the dimer. Accordingly, we
observe the complete disappearance of the PIT peak in the
spectrum as shown in Fig. 4(b). The PIT peak vanishes as
the equal but opposite phase quadrupoles induced by the
top and bottom dipoles cancel each other. Though this is
similar to the antiresonance expected in a Fano system
when the asymmetry factor is set to zero, unlike in a single
Fano resonance, the interaction between the two quadru-
poles can be used to control the resonances in the ring
structure.

In order to understand the role of the vertical bar width
on the transmission resonances, we simulate the response
for different widths. Results presented in Fig. 5, show that
while the low-frequency resonance shifts considerably with
the width of the vertical bar, there is little shift for the dipole
resonance. Interestingly, the high-frequency resonance has
very little shift in position, which will be discussed later. To
elaborate the phase relation between the two dipoles and
the induced quadrupoles, let us consider an asymmetric
structure with the bottom gap reduced to 2 pum keeping the
top gap as 8 um. In Figs. 6(a)-6(e), we show the electric

FIG. 3. (a) Top view of a unit cell of the
0.9250 rectangular ringlike structure, (b) 2D con-
tour plot showing the dependence of trans-
0.7500 mission spectrum on the bottom gap.

Regions inside the dashed contours (drawn
to guide the eye) show the linewidth of
the corresponding PIT peak.
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FIG. 4. Rectangular ringlike structure
for equal coupling strength. (a) z compo-

Transmittance (f)

25x10°

nent of electric field (E,) for horizontal
excitation and (b) transmission spectrum.

04 05 0.6

field profiles at the five different spectral positions that are
labeled in the spectrum shown in Fig. 6(f). At spectral
positions marked 1, 2, and 5, it is clear that the top dipole is
modulated (and, thus, is different from the incident field) by
the induced field in the dimer. Theoretically, it is shown that
when the atomic density is high, due to cooperative effects,
one would start seeing phase modulation. These are
modeled by introducing incoherent excitations [36]. The
scattering and dipole-induced modes contribute to similar
phase modulation in the case of a pair of inverted dolmens
and the calculated field profiles show these effects. Far-
field profiles [insets in Fig. 6(f)] calculated show that each
of the dips have a dipolar and the peaks have a quadrupolar
profile. While the strong dipolar dip (labeled 3) has dipoles
in both the bottom and top bars parallel to each other, the
weaker dips labeled 1 and 5 correspond to antiparallel
dipoles resulting in a net dipole absorption in the system. In
the case of 3, the field profiles show that the dipoles induce
a higher-order mode in each of the vertical bars. Because of
the strong quadrupole excited by the bottom dipole, in the
case of dips 1 and 5, there is an induced dipole in the top bar
which is antiparallel to the dipole excited by the exter-
nal field.

0.9
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FIG. 5. Transmission spectra as a function of width of vertical
bars with all other design parameters kept constant at length =
92 um, top gap = 8 um, bottom gap = 2 um, d = 64 ym.
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Frequency

The strength of the dip or the net dipole in each case is a
result of the external field-induced dipole and the quadru-
pole induced dipole. Out of the two quadrupolar peaks,
labeled 2 and 4, field profile for 2 shows that the net dipole
in the top bar is near negligible due to strong cancellation of
the dipole due to incident field. So, the PIT is due to the
bottom dipole-induced quadrupole. On the other hand,
peak 4 corresponds to the higher-order mode induced by
the net of bottom and top dipoles. However, from the near-
field profiles shown in Fig. 6, the high-frequency dip and
peak (labeled 3 and 4, respectively) are in fact a Fano

Transmittance (7)

Frequency (THz)

FIG. 6. (a)—(e) show the Z component of the electric field (E,)
at different frequencies labeled within the spectrum; (f) for an
asymmetric structure with a top gap of 8 m and bottom gap
of 2 ym.
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resonance. A very small shift in their position with variation
in the width of the vertical bars Fig. 5 as well as with the
bottom,,, [Fig. 3(b)] shows the behavior identical to the
variation of the asymmetry factor (g) in Eq. (1). Further,
the field profiles for 3 and 4 positions in the spectrum are
nearly identical, showing that they possibly correspond to
one Fano resonance. It would be interesting, nevertheless,
to note that the far field of the dip (3) and peak (4) of the
Fano line shape show dipole and quadrupole profiles,
respectively.

It should be noted that the calculated far-field profiles for
a single cell as well as the field distributions show that the
observed multiple dips and peaks are due to the interaction
of different modes excited in an inverted dolmen pair.
Further, the strong dip labeled 3 in Fig. 6 matches with the
dip in the symmetric case shown in Fig. 4(b). However,
while in the asymmetric case there is still a net higher-order
mode in the vertical monomers, in the symmetric case
there is no net field. Overall, the transmission spectrum of a
pair of inverted dolmens structure shows multiple Fano
resonances.

IV. EXPERIMENTAL RESULTS

A dolmen and two inverted dolmen pair structures with
8- and 2-um separation between the bottom dipole and the
dimer are made by electron beam lithography followed by
reactive ion etching of the gold with Ar plasma and
residual resist removal by O, plasma. The gold patterns in
150-nm-thick gold are made on 500-ym fused silica

]
|4

FIG. 7.
structure.

SEM image of the fabricated rectangular ringlike

substrates. Scanning electron microscope (SEM) images
of the fabricated sample are shown in Fig. 7. Samples
are studied using terahertz time-domain spectroscopy.
Terahertz generated by a commercial BATOP antenna
is transmitted through the structures and is measured
using the electro-optic detection technique with a bal-
anced photodetector pair. The frequency resolution of the
measurement is 6 GHz. In order to avoid the artifacts
arising from the back reflection of the terahertz pulse at
the back surface of the substrate, a thick substrate is
patched to the sample using index matching liquid
from Cargille Laboratories (1809Y: RI series A,
ng = 1.536 = 0.0002). Measurements are also tried by
dipping the sample in the index matching fluid, but
residual liquid removal from sample after measurements
is an issue. A better alternative is to measure by sticking
the sample on the window of a thick quartz cuvette filled
with index matching liquid. This eliminates both the back-
reflection problem as well as the sample surface con-
tamination. As may be seen later from the experimental
data of asymmetric ring structure, the reflected pulse can
be completely suppressed.

Figure 8 shows the comparison of the measured (blue
solid line) and simulated (green solid line) transmission
spectra for a single dolmen [(a) and (b)] and the pair of
inverted dolmens [(c),(d) for 8-um bottom gap and (e),(f)
for 2-m bottom gap]. While the dolmen structure shows
the strong but broad PIT peak in both experiment and
simulation [Figs. 8(a) and 8(b)], in the symmetric dolmen
pair] with top and bottom gaps identical, Figs. 8(c)
and 8(d)] the PIT peak vanishes due to the interference
of out-of-phase quadrupoles induced by the top and
bottom dipoles. On the other hand, for asymmetric
structure due to unequal strengths of the induced quadru-
poles, we observe two quadrupole field profiles at 0.81
and 0.966 THz [Figs. 8(e) and 8(f)]. It may be noted that
the wriggles in the dolmen and symmetric ring data
[Figs. 8(a) and 8(c)], are due to incomplete suppression
of the reflected pulse from the back of the substrate.
The asymmetric ring sample is optimized to suppress the
back reflection. Figure S5 in the Supplemental Material
[34] has the time-resolved data showing the back-
reflected pulse.

In order to estimate the Q factors, the measured and
simulated transmission spectra are fitted to multiple Fano
lines. To get a consistent fit, the spectra calculated for
different separations are fitted simultaneously. The main
factors that govern the choice of widths (I') and
asymmetric factors (q) are the positions of the dips
and peaks, their relative heights, and the fact that the
shift in the high-frequency dip is much weaker compared
to the short-frequency dips as the coupling strength is
varied. The latter observation implies that the width of
the high-frequency mode is narrower than the short-
frequency mode. The fits are presented with the

064015-6



QUADRUPOLE-QUADRUPOLE INTERACTIONS TO CONTROL ... PHYS. REV. APPLIED 9, 064015 (2018)

1.0 1.0 T T T T FIG. 8. Comparison of experimental
0.9 ool (b Dolmen | (blue line) and simulation (green line)
- - E results on dolmen (a), (b) symmetric
0.87 0.8 — simulation]  (¢),(d), and asymmetric (e),(f) ringlike
— 0.7 4 = 0.7 structures, respectively. Dashed red
— | Experiment | & . . .
@ =2 lines in (c)—(e) show the line-shape
S 0.6} { & ose .
< i = A fit with three Fano resonances.
= o5} 4 & os
pD |
= i 1 © i
S 04| 4= o4
— I i I
0.3 |- — 0.3
0.2 1 1 1 1 0.2 1 1 1 1
0.7 0.8 0.9 1.0 0.7 0.8 0.9 1.0
Frequency (THz) Frequency (THz)
0.9 T T T T 0.9 T T T T
Experiment - Simulation
0.8 (C) — — — Fano Fit 0.8 (d) — — — Fano Fit ]
07| 0.7 F- .
[ Ring 8 m [ Ring 8um
= °er 1 =o6r
8 o5} 4 8 os}
[— | =
S [ S [
£ o4ar 1 E o4}
2 0.3 2 o3
s T 1 s 7°r
= o2} 47 o2}
0.1 | - 0.1}
0.7 0.8 0.9 1.0 0.7 0.8 0.9 1.0
Frequency (THz) Frequency (THz)
0.9 5 ~__ Experiment/ ool f — Simulation -
i . _ Fano Fit ' | - (f) - — - Fano Fit, ]
0.8 |- - 0.8 ] | ]
B (e) ~ H 2 1’ y . : N
o7L \Ring 2um | — 0.7 Ring 2um
[ = . .
= o6}l 38 0.6 '
[<b] 3 = 5 ,
g o5} £ 05 '
st T oal :
E 0.4 2 0.4
[72} B © B
& 0.3 = 0.3
= 0.2 | 0.2
0.1 | 0.1
0.7 0.8 0.9 1.0 0.7 0.8 0.9 1.0
Frequency (THz) Frequency (THz)

maximum possible widths that still retain the shift in dip  narrower compared to the dolmen structures with a
position with varying coupling strength. In order to fit  quality factor as high as 100 at 0.977 THz extracted
the residual component on the high-frequency side, a  from the Fano line-shape fits. A three-level model that
fourth resonance would be needed. Table I shows the fit  governs coupling of a single dipole and two quadrupoles
parameters for the experimental and simulated spectra.  is reported for the electromagnetically induced absorp-
The observed linewidths of the PIT peaks are much  tion case [37,38]. In the present work we have two

TABLE I. Fano line-shape fit parameters for the experimental and simulated transmission spectra for an asymmetric ring structure.

E, (THz) I' (THz) (0] Asymmetry factor (q)
Experiment Simulation Experiment Simulation Experiment  Simulation  Experiment  Simulation
1 0788 £0.001 0.7924+0.001 0.06 +0.001 0.012 £ 0.001 13£0.1 58£0.1 045£0.01 0.45=£0.01

2 09494+0.001 0.945+0.001 0.151+£0.001 0.16 £ 0.001 6.3£0.1 59£0.1 0234£0.01 0.23+£0.01
3 0977£0.001 0.991+£0.001 0.014+0.005 0.0015 4 0.0003 100 £ 40 661 +40 0.5£045 14£03
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dipoles and two quadrupoles which give one a handle to
control the Q factor.

V. CONCLUSION

Electromagnetically induced transparency due to dipole-
induced quadrupole resonance in plasmonic systems has
interesting applications. As a sensor, its performance is
limited by the Q factor and the figure of merit, and thus
achieving a control on the Q factor is desirable. Our results
show a narrowing of the PIT peak with the increasing width
of the dimer bars in a dolmen. In dolmen at terahertz
frequencies where the metal follows the Drude model, the
broadening is due to scattered light which excites the
orthogonal dipole in the vertical bars (that form the dimer).
Further, we demonstrate quadrupole-quadrupole coupling
as a means to control the PIT resonances and the Q factors.
We experimentally demonstrate the expected broad PIT
peak in the dolmen structure as well as narrow PIT peaks
resulting from quadrupole-quadrupole interactions. A Q
factor of about 100 is seen for the experimental peak at
0.977 THz. The results presented here show that a novel
controllable response of PIT can be achieved in designed
structures that make use of quadrupole-quadrupole inter-
actions. In a symmetric structure, the PIT peak vanishes and
a pure dipole dip is demonstrated due to the cancellation of
quadrupolar fields. While the antiresonance of a Fano line
shape arises when the asymmetry factor (g) is set to zero, a
similar feature can be realized with g # 0 for each
resonance in an inverted pair of dolmens where the
quadrupole-quadrupole interactions cancel the PIT peak.
This gives a better handle to control the Q factor.
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