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The coupling effects in electromagnetically induced transparency (EIT) for triatomic metamaterials
are investigated at terahertz (THz) frequencies both experimentally and theoretically. We observed
enhancement and cancellation of EIT with single transparency window, and also two additional
ways to achieve double EIT transparency windows. One is from the hybridization between two dark
atoms in a bright-dark-dark configuration. Another is from an averaged effect between absorption of
the additional bright atom and the EIT from the original diatomic molecule in a bright-bright-dark
configuration. It allows us to control EIT and the associated slow-light effect for THz metamaterials
with high accuracy. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4813553]

Electromagnetically induced transparency (EIT) for an
atomic system renders an originally opaque medium trans-
parent at an atomic resonance. Such transparency comes
from quantum destructive interference within a multi-level
system and is linked to the existence of a dark state
decoupled from the incident light."* In the last decade, there
has been tremendous effort in establishing the optical analo-
gies of the same phenomenon using optical waveguides,*
photonic crystals,®” and recently using metamaterials®2°
that can free us from the usage of a pumping laser. These
studies are largely motivated by the prospects of the slow-
light effect associated with EIT. One approach is based on
Fano resonance to achieve EIT with high Q-factor.’’ %’
Another intuitive approach is based on the equivalence
between a three-level atomic system with a dark resonance
state and a coupled system of a bright and a dark artificial
metamaterial atom.'” To obtain a richer control of EIT and
the associated slow-light effect, different approaches have
been employed to obtain more complex EIT phenomenon.
For example, a double transparency window (double EIT)
can give us additional degrees of freedom in manipulating
slow light in a multichannel optical information processing
system.® It will be potentially useful in various applications
including optical communication, sensing, enhanced nonlin-
ear optics, and quantum information processing.

In this paper, we extend EIT to more complicated struc-
tures to give richer optical properties for terahertz (THz)
metamaterials to gain additional control over EIT with
experimental verifications. It will be useful in controlling
slow-light effect in the THz frequency regime in which opti-
cal devices are largely unexplored.?® To achieve such a goal,
there is a need to study the different types of near-field cou-
pling between the metamaterial atoms. This kind of control
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is unique in metamaterials but not easily achieved in conven-
tional atomic EIT systems.

Here we consider only two species of atoms for simplic-
ity. One is the bright atom (metal strip) and another is the
dark atom (metal split ring resonator (SRR) pair) (Fig. 1(a)).
A pair of them is referred here as a basic EIT diatomic mole-
cule. By bringing an additional bright or dark atom to the
molecule, we can explore more complex EIT phenomenon
induced by the near-field coupling between atoms. Besides
expectable simple enhancement or cancellation of EIT with
single transparency window, we have found two additional
ways in getting double transparency windows in EIT. One is
due to the hybridization caused by the coupling between the
magnetic dipoles of the two identical dark atoms in a bright-
dark-dark molecular configuration, and another is due to an
averaged effect between the absorption of the additional
bright atoms and the EIT from the basic diatomic molecule.
The two additional EIT effects come purely from the cou-
pling between the dark and bright atoms. Neither manual
detuning nor external perturbation of the background envi-
ronment is required. It can bring a simple design strategy for
EIT metamaterials. Furthermore, excellent agreements
between experimental and simulations results are obtained
with support by a dipolar model, proving the transparency
window can be controlled at a high accuracy.

Figure 1 illustrates the different structures in probing the
coupling effect. The basic EIT diatomic molecule (bright-
dark molecule) consisted of a metal strip (bright atom) and a
SRR pair (dark atom) are shown in Fig. 1(a). The optical
images of the four possible coupled EIT molecules (termed
as dark-bright-dark, bright-dark-bright, bright-dark-dark, and
bright-bright-dark molecules, respectively) are constructed
by introducing another dark or bright atom next to the basic
EIT diatomic molecule (Figs. 1(c)-1(f)). They are fabricated
on Si substrate in a square array of period p =70 um (with
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various design parameters listed in the caption). Terahertz
time domain spectroscopy (THz-TDS) is then employed to
measure the complex transmission coefficients of the sam-
ples at normal incidence for y-polarization incidence. A bare
Si wafer substrate is used as reference for the transmission
measurements. For all measurements, corresponding full-
wave simulations are carried out using CST Microwave
Studios (metals are gold with conductivity of 7 x 10°
Sm™',* and permittivity of the Si substrate is 11.7). We
have also used a Lorentzian dipolar model for description,
with each bright atom (strip)/dark atom (SRR pair) being
treated as a polarizable electric/magnetic dipole coupled to
its neighboring dipole.

Figure 1(b) shows the typical transmission spectra of the
bright atom and the basic EIT diatomic molecule arrays.
These serve as our starting configurations to investigate the
coupling when an additional atom is brought near it. Here,
both the bright and dark atoms are designed carefully to have
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FIG. 1. Optical images of the EIT mol-
ecules in square arrays. (a) Basic EIT
diatomic molecule consisting of one
bright (strip) and one dark atom (SRR
pair), (b) the transmission spectra of the
bright atom array (left) and the EIT
diatomic molecule array (right), for
y-polarization incidence. Insets: surface
currents at transmission dip of bright
atom array and at the transparency win-
dow of the EIT diatomic molecule.
Coupled EIT molecule designs: (c, e)
with an additional dark atom on the
left/right side of the basic molecule,
(d, f) with an additional bright atom
similarly. The metal structures (of
thickness r=0.2 um) are fabricated on
Si substrate with periodicity p =70 pum.
Parameters of the bright and dark
atoms: ¢ = 18 um, b= 14 um, d =5 pm,
g=6um, [=50pum, w;=4um, and
wo =23 um. Only the distances (d;, d,
ds, dy) for coupling will be changed.

the same resonating frequency at 1.07 THz. Simulation results
(red dashed lines) agree very well with the experimental
results (black solid lines), except for the small blue-shift of
the experimental results due to the small dimensional devia-
tion in the device fabrication. The current distributions at the
transparency window (1.07 THz) for the basic EIT diatomic
molecule system (inset of Fig. 1(b)) show that the power from
the bright atom (with higher loss) is efficiently transferred to
the dark atom (with lower loss) to induce the transparency
window. It is further confirmed by the analytic results using
Lorentzian dipolar model (dotted blue line) with good agree-
ment near resonance. (Further details of the dipolar model are
given in Supplementary Material®® and it constitutes the basic
set of parameters for constructing the triatomic systems.)

As a starting example, an additional SRR pair is intro-
duced to the left side of the basic diatomic molecule, a
broadened transparency window appears on the spectrum, as
shown in Fig. 2(a), which shows an enhancement of the EIT

FIG. 2. Transmission amplitude (left
column) and phase shift (right column)
spectra of symmetric triatomic mole-
cules: (dy =d,=5pm) with an addi-
tional dark/bright atom located at the
left (a, b)/right (c, d) of the EIT dia-
tomic molecule for y-polarization.
Insets: surface current at the transmis-
sion peak/dip.
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effect, with confirmation from the excellent agreement
between the experimental results (black lines) and the simu-
lation results (red dashed lines) with all the main resonating
features reproduced using the Lorentzian dipolar model
(blue dotted lines) for both transmission amplitude and phase
in Figs. 2(a) and 2(b). The current (inset in Fig. 2(a)) at the
transmission peak (1.07 THz) circulates mainly in the two
SRR pairs with opposite directions while no distinct current
appears in the strip, again indicating EIT occurs with the
conversion of energy from the bright atom to the two dark
atoms. In the dipolar model, this molecule can be regarded
as a compound of three dipoles (magnetic, electric, and mag-
netic dipoles), i.e., a triatomic molecule. There are now two
parallel channels to transfer the energy to the dark atoms, the
EIT transparency window has its bandwidth increased. This
is a simple superposition of the original EIT effect, similarly
observed in microwaves.?' On the other hand, when a bright
atom (metal strip) is symmetrically placed on the right side
of the EIT diatomic molecule (bright-dark-bright configura-
tion, Fig.1(d)), the EIT transmission peak disappears
(Fig. 2(c)). The currents mainly flow (in the same directions)
in the two strips with almost no current in the SRR pair. It is
to be verified by the dipolar model. The opposite signs of the
coupling strength from the two electric dipoles to the mag-
netic dipole at center give rise to the cancellation effect.'’
Moreover, there are now two bright atoms in the same unit
cell, the transmission dip becomes broader. Therefore, for a
symmetric configuration of EIT triatomic molecule, one can
either enhance or cancel the EIT effect in an intuitive way.
More complex EIT effects occur at the asymmetric con-
figurations (as the focus of this work). When a dark atom is
introduced to the right hand side of the EIT diatomic mole-
cule (bright-dark-dark, Fig. 1(e)), an EIT effect with double
transparency window is obtained (Figs. 3(a) and 3(b)): the
original EIT transmission peak splits into two sharp peaks
with the Q factor (experimental results) of 11 and 12, respec-
tively. The origin of the double transparency window can be
traced back to the current distributions at the two transmis-
sion peaks (insets in Fig. 3(a)). At the two peaks there are no
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distinct currents in the metal strip, whereas the currents
mainly flow around the two SRR pairs. Furthermore, for the
lower/higher frequency peak, the currents circling in the two
SRR pairs are in-phase/out-of-phase. These correspond to
the symmetric/anti-symmetric hybridization caused by the
coupling between the two dark atoms. Figure 3(c) shows
additional simulations as the distance between the two dark
atoms, d3, increases the splitting gradually disappears and
finally the spectrum almost restores the appearance of the
spectrum of the basic EIT molecule (bright-dark molecule)
system, confirming the hybridization picture. The two hybri-
dized modes are then strongly coupled to the bright atom,
leading to EIT with two transparency windows (double EIT-
effect). Again, the experimental result (double EIT) agrees
very well with the simulation result and the coupling effect
is further supported by the dipolar model (Figs. 3(a) and
3(b)). This mechanism due to self-hybridization of the dark
modes, unlike other double EIT systems with two geometri-
cally detuned dark atoms®' > or with external perturbation
of the background environment,** has no direct analogy to
the conventional atomic EIT systems in which the coupling
between identical dark atoms (e.g., gaseous atoms) is usually
negligible. It can occur due to the usage of metamaterials.
Figure 3(d) shows the corresponding group delay
(t, = —d¢p/dw) spectra for the coupled EIT system based on
the phase shift (¢) spectra (experimental results) shown in
Fig. 3(b). The group delays at the two transparency windows
are 1.582 ps at 1.02 THz and 1.392 ps at 1.14 THz, corre-
sponding to experimentally achieved delay-bandwidth prod-
ucts (DBPs) of 0.15 and 0.13 for the double EIT effect. Here,
DBP = t,Af, where Af is the full width at half maximum
bandwidth, #, is the maximum group delay at the resonance
(e.g., for DBP=0.15, Af = 0.092 THz, t, = 1.582 ps; for
DBP =0.13, Af = 0.093 THz, t, = 1.392 ps).

Interestingly, there is another configuration to obtain
double EIT, and a larger group delay can be achieved. When
we introduce a bright atom (metal strip) to the left side of the
EIT diatomic molecule to form a bright-bright-dark triatomic
molecule, the transmission peak also splits into two sharper

FIG. 3. (a) Transmission amplitude
and (b) phase shift spectra of the
bright-dark-dark triatomic molecule
(dz=1pm) for y-polarization inci-
dence. Insets: current patterns at the
two  transparency  windows.  (c)
Simulated transmission spectra with
different d;=1, 4, and 8 um. The
empty circles correspond to the basic
EIT diatomic molecule for reference.
(d) Group delay spectra of the system
deduced from the data in Fig. 3(b).
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peaks with higher Q factor (experimental results) of 20 and
15, respectively, as shown in Fig. 4(a). At first sight, the
splitting is very similar to that of the bright-dark-dark mole-
cule system shown in Fig. 3(a). However, from the current
distributions (see the insets in Fig. 4(a)) of the two split
peaks, currents are distributed in both the SRR pair and the
two strips. This is different from the case of the bright-dark-
dark triatomic molecule depicted in Fig. 3(a), where no
distinct current appears in the metal strip. For the lower fre-
quency peak, when the current in the SRR pairs circles in a
clockwise direction, the current in the left strip flows down-
ward whereas that in right strip flows upward. In contrast,
for the higher frequency peak, the current in the left strip
flows upward whereas that in the right strip flows downward,
being out-of-phase. These come from an averaged effect
between the absorption of the additional bright atoms and
the EIT effect of the original diatomic molecule. We have
also investigated the influence of the distance between the
two strips, d4, on the spectrum in Fig. 4(c). When d,
decreases (from 8 pum to 4 ym and 1 um), the splitting gradu-
ally becomes weak and finally the spectrum will also nearly
restore the result of the basic diatomic molecule. This trend
is opposite to that of the bright-dark-dark triatomic molecule
(Fig. 3(c)), where the splitting of the spectrum becomes
gradually larger as the distance between two SRR pairs
decreases. Figure 4(d) shows the corresponding group delay
spectra for the bright-bright-dark triatomic molecule, having
a larger group delay at two transparency windows around
2.939 ps, and 2.318 ps. The corresponding delay-bandwidth
products are about 0.16 (Af = 0.054 THz, ¢, = 2.939 ps)
and 0.18 (Af = 0.077 THz, t, = 2.318 ps).

In summary, we have experimentally and systematically
investigated the coupling effects at THz frequencies of the
EIT triatomic systems, consisting of a basic EIT diatomic
molecule and an additional dark/bright atom. Besides the
enhancement and cancellation of EIT effect, we demon-
strated two additional ways to achieve double EIT effects.
One is due to the hybridization between the magnetic dipoles
of the two dark atoms in bright-dark-dark triatomic molecule

Appl. Phys. Lett. 103, 021115 (2013)

FIG. 4. (a) Transmission amplitude
and (b) phase shift spectra of the
bright-bright-dark triatomic molecule
(dy=5pum) for y-polarization inci-
dence. Insets: current patterns at the
two  transparency  windows.  (c)
Simulated transmission spectra with
different dy;=1, 4, and 8 um. The
empty circles correspond to the basic
EIT diatomic molecule for reference.
(d) Group delay spectra of the system
deduced from the data in Fig. 4(b).

and another, bright-bright-dark triatomic molecule, is due to
an averaged effect between the absorption of the additional
bright atom and the EIT of the basic diatomic molecule. The
observed double EIT effects, with excellent agreement
between experimental and simulations results, allow us to
control the EIT transparency window and the corresponding
slow-light effect for THz metamaterials with high accuracy.

This work was supported by GRF Grant CityU 102012
from Hong Kong Research Grants Council and a Grant from
City University of Hong Kong (Project No. 9610180).
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