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ABSTRACT: We introduce an approach enabling construction
of a scalable metamaterial media supporting multispectral
plasmon induced transparency. The composite multilayered
media consist of coupled meta-atoms with radiant and sub-
radiant hybridized plasmonic modes interacting through the
structural asymmetry. A perturbative model incorporating

hybridization and mode coupling is introduced to explain the observed novel spectral features. The proposed scheme is
demonstrated experimentally by developing a lift-off-free fabrication scheme that can automatically register multiple metamaterial
layers in the transverse plane. This metamaterial which can simultaneously enhance nonlinear processes at multiple frequency
domains could open up new possibilities in optical information processing.
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Electromagnetically induced transparency (EIT), a spectrally
narrow optical transmission window accompanied with
extreme dispersion, results from quantum interference of multi-
ple excitation pathways through short and long-lived
resonances.” Within this spectral window, dramatically slowed
down photons and orders of magnitude enhanced nonlinearities
can enable manipulation of light at few-photon power levels.”
Historically, EIT has been implemented in laser-driven atomic
quantum systems. However, limited material choices and stringent
requirements to preserve the coherence of excitation pathways in
atomic systems have significantly constrained the use of EIT
effect.®

Recent studies have revealed that EIT-like optical re-
sponses can be obtained classically using on-chip plasmonic
and photonic nanoresonators.* > Much of the research effort
so far focused on isolated meta-atoms (either photonic or
plasmonic) showing EIT-like effect at a single resonance. On the
other hand, metamaterial systems supporting EIT-like optical
responses at multiple-spectral windows can simultaneously en-
hance multicolored photon—photon interactions and open up
new possibilities in nonlinear optics and optical information
processing.”' >

In this Letter, we propose and demonstrate a novel approach
based on coupled meta-atoms to construct a homogeneous and
scalable medium supporting multispectral EIT-like effect
(plasmon induced transparency). The proposed structure con-
sists of a two slot antenna based complementary metamaterial
layers with a small gap (dielectric layer thickness) enabling strong
near-field interaction in between. Each planar metamaterial layer
has bright (radiant) and dark (subradiant) plasmonic modes
coupled through the structural asymmetry (s 7 0) in an analogy
to transition-allowed and -forbidden atomic orbitals coupled
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through a common excited state.’ As shown in Figure 1b (blue
curve), isolated meta-atoms on a single-layer metamaterial
exhibit an EIT-like reflection'® with spectral features that are
controlled by the artificial atomic orbitals (plasmonic modes).
Once stacked in a multilayered structure (Figure 1b, black
curve), presence of strong near-field coupling between the
meta-atoms causes splitting of the EIT resonances and leads
to multispectral EIT-like behavior. The underlying physical
principles for this ;henomenon are related to plasmonic
hybridization effects™ and dark-bright mode couplings of the
in-phase and out-phase hybridized states. To explain these
novel spectral features, we introduce a perturbative model
incorporating hybridization and mode coupling. Furthermore,
we experimentally demonstrate the proposed scheme by
developing a lift-off free fabrication scheme that can simulta-
neously register multiple metamaterial layers in the third
dimension.

In the following, we start by describing the perturbative model
that provides insight into the physical processes involved in these
structures. For the double layered metamaterial, a total Hamil-
tonian can be defined as

H' = Hy+H,+ K+

Here, Hy and Hy' are the 2 x 2 unperturbed Hamiltonians of
the isolated metamaterial layers defined in a basis set consist-
ing of decoupled bright (dipolar) and dark (quadrupole)
modes in the absence of a structural asymmetry (s # 0).
The weak interactions between the bright and the dark modes
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Figure 1. (a) Geometry of the multilayered metamaterial. Structure
consists of two Au layers (30 nm thickness) that are separated by a
dielectric (SiN,,) layer (70 nm thickness). Each layer has a dipole and a
quadrupole slot antenna (all slot antennas have 700 nm length,
100 nm width). The small in-plane separation between the dipolar
and quadrupolar antennas is SO nm on both sides and periods are
1200 nm on both x and y directions. Parameter s is defined as the offset
of the dipolar antenna from the geometrical center of the structure.
Blue arrows show the configuration of the incident light. (b) Simu-
lated reflection spectra for asymmetric (s # 0) single- and double-
layered structures are shown (with an offset for clarity). Multispectral
EIT-like response (in-phase and out-of-phase) is observable with
double-layered metamaterial.

are incorporated with the perturbative Hamiltonian K, when a
structural asymmetry is introduced (s # 0). Interactions
between the two metamaterial layers are included through
the strong near-field coupling Hamiltonian X. Accord-
ingly, the total Hamiltonian for the coupled meta-atoms is
given as

1) 2)

o1
Q|

- - . = Hy+K >
HT = Hy+H +K+3 = ot

where |1) and |2) represent the top and bottom metamaterial
layers, respectively. The eigenvalues of the bright (|Do)) and the
dark (|Qo)) modes of the isolated metamaterials are defined as
Ep, and E . For clarity, eigenstates and eigenvalues of the second
layer are denoted with primes, even for structurally symmetric
layers. k and k” are due to the weak intralayer coupling among the
dark and bright modes in each layer. Tiyer,p and Tipeer,q are the
strong interlayer coupling terms for the bright and dark modes,
respectively.  and j are the cross couplings among the bright
and dark modes of different layers (interlayer). An important
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Figure 2. (a) Hybridization scheme for the dipolar mode. (b) Tuning of
the spectra with the dielectric layer thickness is shown for the symmetric
structure (s = 0). As the dielectric layer thickness reduces, splitting of energy
between the hybrid modes increases. Single layer spectrum is shown with the
blue dashed curve. Splitting energies (2¢p) are 202, 260, 297 meV and
energy offsets (Ap) are 60, 68, 78 meV for gap sizes (dielectric layer
thicknesses) of 90, 70, SO nm, respectively. (c) Charge distribution at the air/
metal interface (top view), demonstrating the dipolar mode excitation. This
charge distribution is acquired from in-phase state |D+> of the multilayered
structure; however the out-of-phase state |[D™) and also the single-layered
dipolar state | Do) have the exact same charge distribution (not shown). (d)
Charge distributions of the hybrid dipolar modes acquired from a multi-
layered structure with a dielectric layer thickness of SO nm (cross-sectional
view) are shown at a position marked with the red dashed line in (c).
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consideration in our analysis is that x and )/, the cross couplings
among the bright and dark modes, are weak and can be neglected.
Validity of this assumption will be justified in the following by
benchmarking our analytical relations with numerical simula-
tions and experimental measurements. For a metamaterial
system where the individual layers have identical structural
characteristics, the Hamiltonian terms for both layers are iden-
tical (K = KJ} Tinter,D/Q = Tinter,D'/Q) EDO/QO = ED’O/Q’D)' After
a simple rearrangement of the matrix elements and a unitary
transformation, the total Hamiltonian can be rewritten as in
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diagonalizing the Hamiltonian HY, = Hy + Hy + s (when
the system is symmetric s = 0) in the strong coupling regime
(|Ep, — Ep,| < 2Tiner,p and |Eq, — Eq| < 2Tiner,q)- These hybrid
eigenstate pairs are in-phase (+) and out-of phase (—) super-
positions of the isolated layer eigenmodes of the structurally symmetric
multilayer system (s = 0). The associated energies of the dipolar
hybrid modes are, ED = Ep, + Ap = &p, where the offset term is
AD <D0|Tmter D|D0> and the Sphttlng term is Ep = <DO|Tu'1ter D|D0

(a similar set can be obtained for quadrupole modes) Since off
diagonal terms in the transformed Hamiltonian thb are much
weaker than the diagonal terms, the off-diagonal matrix elements «
and «’ are treated as the elements of the perturbative Hamiltonian
introduced by the structural asymmetry (s # 0). Using the trans-
formed Hamiltonian thb, a set of coupled Lorentzian oscillator
relations can be derived in an analogy to atomistic EIT resonances.

Initially, the hybridization of eigenstate pairs in the form of in-phase
(4) and out-of phase (—) superpositions of the isolated layer eigen-
modes is shown in Figure 2 for the structurally symmetric multilayer
system (s = 0 and « = 0) using finite difference time-domain (FDTD)
analysis. For a single-layered metamaterial, only the resonance dip
corresponding to the excitation of the dipolar bright mode is observ-
able in the reflection spectrum (Figure 2(b), dashed blue curve). For
the double layered metamaterial, two resonance dips appear corre-
sponding to in-phase and out-of-phase hybridized modes due to the
degeneracy breaking as given in eq 3a (solid curves in Figure 2b). The
mode energies and the splitting in between are controlled by the
strength of the interlayer coupling of the metamaterial layers. As
predicted by our Hamiltonian treatment, smaller gaps (dielectric layer
thicknesses) lead to larger energy splittings as this coupling becomes
stronger (Figure 2b). The in-phase and out-of-phase character of these
hybridized states are also confirmed with FDTD simulations showing
cross-sectional charge distributions of the dipolar modes (Figure 2d).
The in-phase hybrid mode is radiant as a result of its overall dipolar
character. The radiant out-of-phase mode is harder to excite with
respect to the in-phase mode, due to the partial cancellation of the
dipolar moments of the subsequent layers. Nevertheless, resonance dip
corresponding to the out-of-phase mode is still observable due to the
retardation effects (Figure 2b, solid curves). In Figure 2b, resonances
due to hybridized quadrupolar modes are not observable, since any
linear combination of the subradiant quadrupolar modes of the isolated
structures is also subradiant. Structural symmetry must be broken for
the excitation of these quadrupolar hybridized modes.

Breaking the symmetry of the multilayered structure (s # 0)
leads to near-field coupling between the dark and bright modes
(k # 0) and results in the excitation of the dark modes with the
perpendicularly incident light. Indirect excitation of these hybrid
quadrupolar dark modes leads to multispectral EIT-like behavior
(Figure 3 black curve). Charge distribution of the out-of-phase
(OP) EIT resonance at the top surface (Figure 3a inset),
indicates strong coupling of the external driving field to this
mode. A similar charge distribution is also observed for the in-
phase (IP) EIT resonance (not shown). Cross sectional charge
distributions of the quadrupolar modes (Figure 3b) confirm the
in-phase and out-of-phase mode characters. Full spectral re-
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Figure 3. (a) Asymmetric (s = 150 nm) and symmetric (s = 0 nm)
double-layer EIT-like spectra. Two dips seen in the symmetric structure’s
spectrum corresponds to hybrid dipolar modes as in Figure 2b. Asym-
metric structure shows two EIT-like peaks at different spectral positions. A
model fit based on Lorentzian harmonic oscillators is shown for the double-
layered structure (red dashed curve with k¥~ = 12 THz, k™ = 23 THz),*®
which traces the calculated spectra very well. A genetic search algorithm
is implemented to extract the parameters using a least-squares sum fit.
Calculated group indices for the in-phase and out-of-phase modes are ng
=16, ng =9.3. These values can be optimized by adjusting the coupling
terms K . Inset shows the top view charge distribution at the air/metal
interface for the out-of-phase EIT peak (in-phase EIT peak also shows
the same distribution). Stronger excitation of the quadrupolar mode is
shown. (b) Cross-sectional charge distributions of the quadrupolar
antennas are shown at a position marked with the red dashed line in
the inset. Hybridization of the quadrupolar resonance is shown.

sponse of the multilayered structure can be understood following
our perturbative Hamiltonian approach. Here, a coupled Lor-
entzian oscillator model is derived from the transformed Hamil-
tonian Hgyb in a similar way to the EIT concepts in atomic
physics. In our analysis, the following three observations are
employed. (i) Breaking of the structural symmetry (s # 0) results
in weak near-field coupling of the hybridized dark and bright
modes, an effect which can be incorporated to the unperturbative
Hamiltonian (s = 0) with the perturbative terms « and «’. (ii)
There is no direct coupling between the in-phase and out-of- phase
hybnd modes, due to the large energy difference in between (D
< Q7). (iii) Damping rates of the quadrupole () and dipole (y75)
hybrid modes are small enough that the condition yi <Kyp <wyis
satisfied. Here w_. are the resonant frequenaes of the in-phase and
out-of-phase hybrid pairs (w.. = Epy/h ~ Eg/h).

We can express all hybrid states in the form of |¢) = (ﬁe’ ot (where ¢
is Q@ and D*) and denote the external driving field as Eo¢”. Then, in
agreement with the total Hamiltonian of the system, the following set
of linear equations is obtained for the coupled Lorentzian oscillators

w—wyi+iyh Kkt 0 D gE,
Kt w—w.—0"+iy§ 0 Q" | o @)
0 0 0 —w_+iyy K- D g Eo
0 0 K -0 -0 +iyg | | Q 0
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Here ™ values are the coupling parameters of the perturbative
term for the in-phase and out-of-phase hzbnd pairs, which are
determined by the structural offset “s” values are the small
detuning of the frequenaes of in- phase and out-of-phase hybrid
mode pairs (0% = (Ey — Eg)/h). g values are the geometrical
parameters that define the coupling efficiency of the dipolar hybrid
modes (D) to the external field. Equation 4 represents two
coupled Lorentzian oscillator pairs corresponding to in-phase
and out-of-phase hybridized modes of the whole structure. The
external field (E,) drives the bright modes in each meta-atom,
which are subsequently coupled to the dark modes (through k™).
With these equations the amplitudes of the dipolar hybrid states
(D*) can be derived as

B —gTE (0 — g — 0" + iv3) )
(@ ws +75) (@ — s — 0 Tir3) — (&)

The complex amplitudes of the corresponding modes (given
in eq S) are directly proportional to the polarizability of the
modes, which governs the spectral characteristics of the plasmo-
nic structure. The overall spectral response is given by the
superposition of these amplitudes. The close agreement between
this analytical derivation and the FDTD analysis confirms the
validity of our perturbative model as shown in Figure 3a (dashed
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Figure 4. Coupled three-level system model for multispectral plasmon
induced transparency. Coupled meta-atoms have four states which form
a five-level system with the continuum.

curve). The physical principles leading to multispectral EIT-like
behavior can be equivalently observed in other structures. As an
example, we 1mp1emented our approach with multilayered dol-
men structures,® and obtained a clear multispectral EIT-like
behavior (see Supporting Information).

Equation S is in close analogy to atomic physics, where the
investigated atomlc absorption cross section are given with a
similar formula." This analogy allows us to illustrate multispectral
EIT phenomena in our composite structure with five-level state
diagram as shown in Figure 4. It is important to note that these
eigenstates are strongly correlated, since they are a linear
combination of the same basis sets (Dy,Qp) as shown in the
hybridization diagram in Figure 2a.

Experimental verification of this novel phenomenon is demon-
strated using a lift-off free fabrication method that results in
simultaneous patterning of multilayered slot antennas.*® In our
fabrication scheme, we start with a free-standing membrane, which
is patterned with nanoapertures using e-beam lithography and dry-
etching””** Subsequent metal deposition on both sides with a
highly directional e-beam evaporation results in multiple stacks that
are automatically registered with respect to each other in the xy-
plane. Similarly, this fabrication scheme can be extended to
fabricate devices with an even larger number of layers.”® Cross-
sectional scanning electron microscope (SEM) image of the final
structure shows negligible metal covering at the inner side walls
(inset to Figure 5d). Spectral data collection is done with a Bruker
IFS 66/s Fourier transform infrared (FTIR) spectrometer with a
Hyperion 1000 IR microscope in reflection mode. In measure-
ments obtained from the single-layered structure, a clear EIT-like
spectral response is observed at a single frequency (~100 THz,
Figure Sc). On the other hand, experimental measurements
obtained from the double-layered structure reveal two EIT peaks
as predicted by the analytical relations (Figure Sd). The length of
the dipolar slot antenna is 700 nm, and its width is 125 nm. The
quadrupolar antenna lengths are 900 nm with a same width of
125 nm. The small in-plane separation between the dipolar and the
quadrupolar antenna is 60 nm. The thicknesses of the deposited
gold films are 30 nm on both sides with a dielectric layer of 70 nm in
between. A structural asymmetry (s) of 135 nm is introduced to
enable the excitation of hybrid quadrupolar modes.

In conclusion, we presented a method to extend the EIT-like
phenomena to multiple spectral positions by tailoring the near-field
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Figure 5. (a) Hlustration of the double-layered structure fabrication on a free-standing membrane. (b) SEM image of an array is shown. Reflection
spectra of the symmetric (s = 0) and asymmetric (s # 0) for (c) single-layered and (d) double-layered structures are shown. A model fit based on

Lorentzian harmonic oscillators is shown for the double-layered asymmetric structure’s spectrum (red dashed curve with k= = 9.7 THz,

T =274

THz).* The dipolar slot antenna length is 700 nm and the quadrupolar antenna lengths are 900 nm, all antenna widths are kept at 125 nm. The gap
between the dipolar and quadrupolar antennas is 60 nm. Periods are 1200 nm on both x and y directions. Both Au layers are 30 nm with a 70 nm dielectric
layer in-between. Inset in (d) shows the cross section image of the double-layered structure. Coverage of the sidewalls due to the metal deposition is minimal.
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coupling of meta-atoms in a multilayered metamaterial system. In
particular, two near-field interaction mechanisms make this phe-
nomena possible; (i) hybridization of plasmonic resonances ()
and (ii) interaction between the bright and dark antennas (K). The
method is demonstrated experimentally and theoretically with
planar slot antenna based multilayered metamaterial systems. For
experimental demonstration, a lift-off free fabrication scheme that
can simultaneously register multiple metamaterial layers is intro-
duced. The provided analytical investigations are kept general.
Therefore, our method can be easily extended to other antenna
geometries31 (see Supporting Information) as well as scaled to a
larger number of metamaterial layers.
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