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We propose a cooperative asymmetry-induced transparency, CAIT, formed by collective excitations in
metamaterial arrays of discrete resonators. CAIT can display a sharp transmission resonance even when
the constituent resonators individually exhibit broad resonances. We further show how dynamically
reconfiguring the metamaterial allows one to actively control the transparency. While reminiscent of
electromagnetically induced transparency, which can be described by independent emitters, CAIT relies
on a cooperative response resulting from strong radiative couplings between the resonators.
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Electromagnetically induced transparency (EIT), a
result of destructive interference between different excita-
tion paths, causes an otherwise opaque collection of elec-
tromagnetic (EM) emitters to become transparent over a
range of frequencies. In atomic gases, interference between
atomic level transitions prevents the excitation of a tran-
sition that scatters incident light [1-3]. This interference
abruptly alters the dispersion relation for frequencies in the
transparency window, providing a mechanism to slow [4]
or even stop light for later retrieval [5,6]. Slow and stopped
light pulses have lead to applications in sensitive magneto-
metry [7-10], all-optical switching [11], and quantum
memories [12—15].

Several theoretical proposals [16—19] and experimental
realizations [20-29] have transferred the idea of EIT in
independently scattering atoms to metamaterial arrays of
circuit elements. In these artificially structured materials,
the unit-cell resonators (metamolecules) play a role analo-
gous to atoms in conventional EIT. A transmission reso-
nance forms via coupling between two modes of plasmonic
excitations in independently scattering metamolecules: a
bright mode that strongly radiates and a dark mode with a
narrower radiative linewidth. However, if the two modes
have comparably broad linewidths and the metamolecules
scatter independently, the quality of EIT-like transmission
resonances is severely limited.

Recent studies [30-34] have shown that, rather than
independently, certain systems of closely spaced resona-
tors respond cooperatively to an incident field. In particu-
lar, interactions between resonators that are mediated by
scattered EM fields result in collective modes of resonator
excitations [30,35], several of which have significantly
narrowed radiative linewidths.

In this Letter, we show how to exploit such collective
modes to realize a cooperative transmission resonance. We
propose a cooperative asymmetry-induced transparency
(CAIT) in metamaterials. Unlike transmission resonances
based on independent scatterers, the bright and dark
modes in CAIT are collective. Specifically, the dark
mode possesses a cooperatively narrowed resonance
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linewidth. This narrowing leads to a sharp resonance of
high transmission, even though the resonators forming the
metamaterial would individually, in isolation, exhibit
broad resonances.

The transmission resonance is sensitive to the size of the
system and the specific resonator configuration. Limited
only by intrinsic nonradiative losses, the transmission
resonance and group delay of a transmitted pulse can
become progressively narrower and longer, respectively,
with increasing size of a two-dimensional (2D) metamate-
rial array. In a 205 X 205 array, for example, we estimate
that the resonance width (pulse delay) can reach approxi-
mately I"/1000 (1600/T"), where T is the linewidth of a
single isolated resonator. Furthermore, changing relative
positions of the resonators alters the EM mediated inter-
actions between them, and, hence, the cooperative material
response. We show that using reconfigurable metamaterials
[36,37], in which one can dynamically shift the layout of
the metamolecules, allows one to actively control the
transparency.

To illustrate CAIT, we consider a 2D array of asymmet-
ric split rings (ASRs) [32,38], consisting of pairs of con-
centric circular arcs (Fig. 1). The setup is closely related to
recent transmission resonance experiments [32]. In each
ASR, currents can flow symmetrically, producing a net
electric dipole along the direction d, or antisymmetrically,
producing a net magnetic dipole along m. CAIT forms
from the coupling between two phase-coherent collective
modes of ASR excitations that are phase matched with an
incident EM plane wave propagating perpendicular to the
array. The incident field drives the phase-matched electric
(PME) mode, dominated by all electric dipoles oscillating
in phase, while the phase-matched magnetic (PMM) mode,
consisting almost entirely of magnetic dipoles perpendicu-
lar to the array, does not directly couple to the incident
field. In an array with subwavelength lattice spacing, mag-
netic dipole radiation emitted into the plane of the array
repeatedly scatters off other resonators and can become
trapped, causing the radiative linewidth of the PMM mode
vy to narrow with system size.
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FIG. 1 (color online). A schematic illustration of CAIT in an
array of ASRs. The inset shows symmetric (antisymmetric)
currents in the ASR meta-atoms producing electric (magnetic)
dipoles along d (ih1). The PME (PMM) mode is illustrated in the
upper left (upper right), and has a decay rate yg (yy). An
incident wave couples an unexcited (lower) array to the PME
mode with strength F, while asymmetry 6 w induces a coupling
between the PME and PMM modes. The grey lines represent
other collective modes.

Because it radiates only weakly [31,39], the PMM mode
can be used as a collective dark mode in CAIT. For
example, in a 33 X 33 array of split rings separated by
half a wavelength, cooperative interactions reduce vy,
50-fold [30]. An excited superradiant PME mode, on the
other hand, radiates with rate vy = I' > v,,, scattering
the field into the forward and backward directions and
reflecting the incident field. We will show how an interfer-
ence permits the excitation of the cooperatively narrowed
PMM mode at the expense of the PME mode, forming a
transmission resonance with an active control.

We consider a 2D square lattice of identical ASRs in the
z = 0 plane with subwavelength lattice spacing a and lattice
vectors a; = a€, and a, = a€,. The ASR electric (mag-
netic) dipoles—produced by symmetric (antisymmetric)
current oscillations—are oriented along d= €, (h =¢)
[39]; Fig. 1. Each ASR, labeled by index € (€ = 1, ..., N)
and centered at r,, comprises two meta-atoms (circular
arcs). A meta-atom, labeled by index j (j = 1,..., 2N),
behaves as a radiatively damped LC circuit which is driven
by the incident field and the fields emitted by all other
meta-atoms in the system [30]. We describe the current
flow in meta-atom j by a slowly varying complex ampli-
tude b; [39]. The meta-atom resonance frequencies are
centered on wy. Owing to an asymmetry in arc lengths,
the resonance frequencies of the right (j = 2€) and left
(j = 2€ — 1) meta-atoms in each ASR are shifted by dw
and —dw, respectively. The oscillating electric and mag-
netic dipoles of each meta-atom radiate at respective rates
'y and T'y,.

To better understand how a collection of ASRs behaves
in concert, we first examine a single, isolated ASR of two
interacting arcs. The dynamics of an ASR € can be
described by the amplitudes of symmetric, ¢y, and
antisymmetric, cy_, current oscillations, which are
given in terms of the meta-atom variables as cg+ =
(bye * bay—1)/~/2. These oscillations are eigenmodes of a
single symmetric split ring (SSR) (6w = 0) with the ra-
diative decay rates y, =~ 2I'y and y_ = 2I'j, and reso-
nance frequencies wy = &.

In a single ASR, the asymmetry shifts the resonance
frequencies of the left and right arcs. As a result, the
symmetric and antisymmetric oscillations are no longer
eigenmodes of a single ASR, and the evolution of those
oscillations becomes coupled

Copr = (_')’t/z + i5)c€i - iSwC(,; + Fy s, (1

where F, = ie''[6mec* T/ w]]'/?d - Ef (ry) and
Fo_ = —e ' [6mc Ty, /(nowy)]/?mh - By (ry) represent
the driving of the ASR electric and magnetic dipoles by
positive frequency components of the incident electric E;
and magnetic B! fields. We will specifically consider the
arrangement m - B;;, = 0. An EIT-like resonance of inde-
pendently scattering ASRs requires that y; << y+. This
would allow the dark mode (with a lower emission rate) to
be highly excited so that the coupling dw to the bright
mode (with a higher emission rate) destructively interferes
with the driving of the bright mode by the incident field. In
most experimental situations involving ASRs [32,38],
however, y. and y_ are comparable. Therefore, an array
of independently scattering ASRs cannot exhibit an EIT-
like transmission resonance.

The situation differs, however, in a metamaterial array of
several ASRs that interact via scattered EM fields. As a
result of interactions, the system possesses collective
modes of oscillation extended over the metamaterial. To
show how CAIT can emerge from these collective modes,
we construct an approximate phenomenological model
from the PME and PMM modes, the two collective modes
that are phase matched with the incident field. We use this
model to analytically calculate the steady-state reflectance
and transmittance. The mode properties, the accuracy of
the phenomenological model, and the role of other collec-
tive modes in the metamaterial’s EM response are numeri-
cally determined using the formalism introduced in
Ref. [30]. These calculations fully incorporate all depen-
dent scattering processes [30,40-45] between the resona-
tors to all orders. Applying the formalism to a 2D array of
ASRs [31] yielded a narrowing of collective linewidths
with system size that agreed extremely well with experi-
mental measurements of transmission resonances [32].

In the analysis, we approximate the incident EM field
by Ej(r,1)=¢&ee* 1 (k=Q/c). The collective
dynamics of the full metamaterial system, described
by meta-atom variables b = (by, b, ..., byy_1, boy)’, is
governed by [30,31]
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b= Cb + F(1), C=Csp — ibwA. )

In the radiative dynamics of the meta-atoms, described by
C, we separate the contributions of Cggg and i w A, so that
the matrix Cggg describes the collective dynamics of the
metamaterial in the absence of asymmetry (i.e., in an array
where all ASRs are replaced by SSRs), and 6w A accounts
for the resonance shifts of the individual meta-atoms due to
the asymmetry of the ASRs. The diagonal elements of the
interaction matrix Cgsg;; = —1'/2, where I' = 'y + Ty,
represent decay rates and its off-diagonal elements account
for interactions mediated by the scattered EM field, includ-
ing near and far field contributions. The asymmetry in the
ASRs shifts the meta-atom resonance frequencies by
*dw. The sign of the frequency shift for a given meta-
atom is contained in the diagonal matrix A =
diag(—1,1,..., —1, 1); the alternating signs of the ele-
ments indicate that the asymmetry shifts the frequencies
of each side of the ASR in opposite directions. As a result
of the incident wave, each element j also experiences a
driving F; = Fyexpli(kz; — At)], A = Q — w,, with uni-
form amplitude F.

In the following analysis, it is beneficial to consider the
collective modes that are eigenvectors of Cggg, i.€., eigen-
modes of a metamaterial in the absence of metamolecule
asymmetries. Of particular interest among the collective
modes are the PME and PMM modes with phase-coherent
electric and magnetic dipole excitations, respectively. The
incident wave, whose electric field is parallel to the ASR
electric dipoles, drives the PME mode. Since the incident
wave’s magnetic field is perpendicular to the ASR mag-
netic dipoles, the PMM mode is not directly driven. The
asymmetry, however, couples the collective modes to each
other in a way similar to how it couples the symmetric and
antisymmetric oscillations of a single isolated ASR [39].
The phases and amplitudes of the electric dipoles in the
PME mode closely match those of the magnetic dipoles in
the PMM mode. Because of this mode matching, the
asymmetry couples the PME and PMM modes more
strongly to each other than to any other mode in the system.
Therefore, we initially ignore the coupling of other collec-
tive modes to the PME and PMM modes. (This is later
justified by the full numerical calculation and in [39].) The
dynamics is, therefore, approximated by

¢p = (—idg — yg/2cp — idwey + fr, (3a)

where the subscripts £ and M refer to PME and PMM
modes, respectively (excitation amplitudes cg s, resonance
frequency shifts O, decay rates vy, and driving fg).
Equations (3a) and (3b) are similar to those that describe
the dynamics of atomic coherences in EIT [3]. Namely,
when the system is driven on resonance with the PMM
mode and (Sw)? > v,,vE, the PMM mode is excited and
the asymmetry induced coupling between the PMM and

PME destructively interferes with the driving of the PME
mode to prevent its excitation.

In the calculation of the transmittance and reflectance
we consider the field scattered from the resonators in the
forward, €., and backward, —&_, directions in the far field.
We assume an absorbing planar barrier is placed around the
metamaterial array so that the incident field can propagate
through the array, but not around it, yielding the diffracted
far field component of the incident field in the forward
direction, E; = d - E;(é,) [39]. Both the incident and the
scattered fields E ¢(*€,) are polarized along the meta-atom
electric dipoles. Therefore, we define the transmittance and
reflectance amplitudes as T = [E; + d - Eg(é,)]/E; and
R=d-Eg(—&,)/E, [39].

We first estimate R and 7 in a phenomenological model
by solving the steady-state response of Egs. (3) and assum-
ing a uniformly excited array. This simplified approach is
then compared with a full numerical solution of Eq. (2) that
incorporates all collective modes and the finite-size effects.
In the phenomenological uniform mode approximation
[39], we find

R = Roye/2lym/2 —i(A = 6))]
(bw)? — (A =8 +iye/2D(A =8y +iyu/2)

“

and T =1+ R, where Ry = —3(Tt/yr)/[27(a/A)?] is
the reflectance of the system on resonance with the PME
mode when dw = 0, and A = ¢/(27w,). The phenome-
nological model (4) depends on the parameters of the
collective modes PME and PMM, yg, and &gy, that
may be calculated numerically [39]. Some example values
are given in Table I. To illustrate the cooperative nature of
CAIT, we here examine the transmission properties of
three different sized arrays: a small (11 X 11), medium
(41 X 41), and large (205 X 205). All have lattice spacing
a=0.4A, I'r =T, and are composed of ASRs whose
meta-atoms are separated by u = 0.18A.

Figure 2 shows that, in the medium array, the uniform
mode approximation reproduces the qualitative behavior of
the full model [Eq. (2)]. This correspondence indicates that
the PME and PMM modes play the dominant role in
governing the array’s transmission properties. The discrep-
ancy arises due to finite-size effects in the full model,
which, for example, allow the excitation of modes other
than the PME and PMM modes.

TABLE I. The ASR asymmetries and the PME and PMM
mode properties of the 2D ASR arrays used to demonstrate
CAIT. The linewidth 7y,, varies inversely with the size of the
array.

Array size Sw/T 8g/T yg/T 8y/T vu/T
Small: 11 X 11 0.1 0.76 1.5 0.57 0.034
Medium: 41 X 41 0.1 0.79 1.5 056 3.0x1073
Large: 205 X205 0.02 0.79 1.5 056 1.2x107*
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FIG. 2 (color online). (a) The intensity transmittance |T|> and
(b) the phase delay arg(T) of the small ASR array in the full
model (dot-dashed green line), the medium array in the full
model (solid blue line), the medium array in the uniform mode
approximation (dashed blue line), and the large array in the
uniform mode approximation (thin black line). Simultaneously
increasing the array size and reducing the asymmetry narrows
the CAIT resonance.

Comparing the transmission spectra in Fig. 2, one finds
that the medium and large arrays support CAIT, while the
small array does not. When y,, < (Sw)?/v, as in the
medium and large arrays, excitation of the PME mode is
suppressed in a range of frequencies around the PMM
resonance [39]. This suppression reduces reflection, open-
ing a transparency window. Equation (4) indicates that
resonant driving of the PMM maximizes the intensity
transmittance when |8 — 8| << y5. The quality, or in-
verse spectral width, of the resonance increases in propor-
tion to (Sw) 2 [39]. But the condition y,, < (8w)*/yg
imposes an upper bound on the achievable quality, as
illustrated by the lack of a transparency window for the
small array.

In contrast to EIT, the decay rate of the cooperative dark
mode asymptotically scales as y,; ~ 1/N with the number
N of ASRs [31]. This permits one to narrow the trans-
parency window by designing an array with a greater N
and reduced Sw, even when the constituent resonators
individually would exhibit broad linewidths. On PMM
resonance, Eq. (4) implies that the minimum asymmetry
required to suppress R below a given level @iy * \/Yu
[39]. Hence, the maximum attainable quality factor
[ (8w)?] of the transparency window increases in pro-
portion to N and is eventually only limited by nonradiative
losses, resulting in very sharp resonances with high modu-
lation depths. For example, from the asymptotic expres-
sions of ypy and Ogy [39], we can deduce that
simultaneously quintupling the side lengths of an array
and reducing dw by a factor of five narrows the resonance
from about I"/40 to I'/1000, while maintaining the peak
transmittance (Fig. 2).

The sharp transmission resonance exhibits a consider-
able sensitivity of phase delay ¢(A) = arg[T(A)] to A.
According to numerics, a pulse resonant on the PMM
mode passing through the 41 X 41 sample would experi-
ence a group delay of 7, = d¢/dAly—s, =~ 47/I'. The
delay is further enhanced in the large array owing to

o)
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FIG. 3 (color online).
terial geometry on the transmission resonance. The intensity
transmittance (solid line) and intensity reflectance (dashed
line) are calculated for a (a) 41 X 41 2D array and (b) a lattice
in which the two sublattices are shifted by o6R = 0.1¢&,.
Calculations account for excitation of and scattering from all
collective modes. The vertical dashed lines indicate the PMM

The effect of reconfiguring the metama-

resonance.

linewidth narrowing and we estimate 7, =~ 1600/I" in the
phenomenological model.

Dynamically reconfiguring the metamaterial geometry
[36,37] provides an active control mechanism for the trans-
parency. To illustrate this, we split the medium array into
two interleaved sublattices with lattice vectors a; = 2aé,
and a, = a€,. The lattices are displaced from one and
other by aé, + SR so that for SR = 0, the ASRs form a
square lattice. Figure 3 shows how distorting the lattice
alters the transmission resonance. Displacing the sublatti-
ces by 6R = —0.1A€, generates a relative shift of about
0.5T" between the PME and PMM resonances, almost
entirely eliminating the transparency. A fast control of
metamaterial arrays [37], together with the sensitivity of
cooperative resonances to the specific resonator configura-
tion, could potentially open possibilities for stopped pulse
and light storage applications [5].

In conclusion, we proposed a controllable mechanism to
produce a cooperative transmission resonance CAIT.
Whereas standard EIT can be described by independent
emitters, CAIT relies on a cooperative response of the
metamaterial. A transmission resonance forms when a
subradiant collective mode, acting as a dark state, is ex-
cited at the expense of the mode that most efficiently
couples to an incident EM field. Since the lifetime of the
dark PMM mode increases with size of the array [31], the
attainable quality of the resonance scales in proportion
with the number of resonators in the metamaterial. For
large arrays, only nonradiative decay, which could be
incorporated into the analysis using a phenomenological
parameter [31], limits the attainable quality factor of the
resonance. In low-loss materials, such as superconducting
metamaterial arrays [46-51], the nonradiative decay, how-
ever, can be suppressed.
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