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We present a classical analog of electromagnetically induced transparency occurring when light is absorbed
by a two-dimensional lattice of metallic spheres mounted on an asymmetric dielectric waveguide. The trans-
parency is manifested as a spectral hole within the surface-plasmon absorption peak of the metallic spheres and
is a result of destructive interference of the waveguide modes with incident radiation. The presence of trans-
parency windows is accompanied by slow light effect wherein the group velocity is reduced by a factor of
6000. At the same time, the minimum length for storing a bit of information is of the order of 100 nm. The
proposed setup is a much easier means to achieve transparency and slow light compared to existing atomic,
solid-state, and photonic systems and allows for the realization of ultracompact optical delay lines and buffers.
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I. INTRODUCTION

Electromagnetically induced transparency �EIT� �Ref. 1�
is one of the most fascinating effects of quantum optics as it
allows the coherent control of the optical properties of ma-
terials and processes. In this phenomenon, an otherwise
opaque medium of three-level atoms becomes transparent to
a resonant probe-laser field that couples one of the transitions
by the application of a strong dressing laser field to the other
transition. EIT has been observed in atoms,2 rare-earth-ion-
doped crystals,3 semiconductor quantum wells,4 quantum
dots,5 and Bose-Einstein condensates6 �for a review see Ref.
7�. Recently, there has been an increasing interest in
classical-light analogs8 to quantum EIT, mainly based on op-
tical microresonators.9 Possibly, the main technological ap-
plications of EIT are due to the accompanying slow light
phenomenon which, among other things, allows for the real-
ization of delay lines and buffers in optical circuits.

In pursuit of more compact optical components, the field
of plasmonics, i.e., the interaction of light with metallic
nanostructures via the excitation of surface waves known as
surface plasmons �SPs�, has been a blueprint for future nano-
sized, all-optical circuitry thanks to the strong localization of
light in subwavelength volumes.10 In this respect, the minia-
turization of optical delay lines and buffers by using SP-
based EIT is a particularly appealing idea. To this end,
metamaterials of elaborate metallic components have been
predicted recently11,12 to exhibit EIT in the THz regime.
Also, millimeter-scale metallic metamaterials have been ex-
perimentally shown to exhibit EIT in the GHz regime.13

In this paper, we propose a less involved structure exhib-
iting EIT within the visible regime. It is depicted in Fig. 1
and consists of a rectangular lattice of gold spheres on top of
an indium-tin-oxide �ITO� substrate. The EIT phenomenon
emerges when the ITO substrate supports guided modes
which are simultaneously excited with the SPs of the gold
spheres. This14 and similar structures15 have already been
realized experimentally as a means to tailor light extinction
from metal nanoparticles by the use of a guiding substrate.
However, the analogy with the EIT phenomenon and its pro-

found applications in optoelectronics had not been spot-
lighted at the time. By employing multiple-scattering electro-
dynamic calculations we show that it is possible to achieve
EIT with the above structure, in which case the speed of light
can be reduced by a factor of the order of 104 relative to the
speed in vacuum. Furthermore, we find that, at the transpar-
ency maximum, the dielectric function and the correspond-
ing refractive index are both zero rather than unity as in
traditional quantum EIT.

II. EIT SCHEME

An EIT scheme requires a bright and dark state corre-
sponding to the same frequency. The bright state couples
strongly with incident light and, as such, it exhibits a wide
absorption band. The dark state couples weakly with external
light and possesses a significantly longer lifetime �high-
quality factor�. In the system studied here, the bright state is
represented by the highly absorptive SP state of a two-
dimensional �2D� lattice of metallic �gold� spherical nano-
particles. In reality, due to the periodicity of the lattice, one
must speak of a SP band which arises from the interaction of
SP states of neighboring nanoparticles. However, the disper-
sion of the SP band with the wave-vector k is small and one
can approximate it with a SP state for our purposes. The dark
state is provided by a dielectric �ITO� waveguide when a
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FIG. 1. �Color online� Computational setup for the classical EIT
we propose here.
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periodic lattice is inscribed on its surface. The latter effect
can be understood as follows.

III. RESULTS AND DISCUSSION

A homogeneous dielectric plate sandwiched between two
semi-infinite media with refractive indices smaller than that
of the plate supports, besides the scattering states, also TE
and TH waveguide modes which correspond to dispersion
relations as in Fig. 2. Along any direction parallel to the plate
these modes have the form of propagating waves with a
wave-vector q�. Along the normal direction they decay expo-
nentially away from the plate on either side of it and they are
therefore considered as bound EM states. This means that
they cannot match continuously a propagating mode of the
EM field outside the film as momentum and energy cannot
be conserved simultaneously. When we put a 2D periodic
lattice of particles on the film, waveguide modes can be
transformed from bound to radiative through an umklapp
process: a plane wave of wave-number q, incident on the
periodic array, generates a number of diffracted beams with
wave vectors given by Kg

�=k� +g� �q2− �k� +g�2�1/2ẑ where
g stands for the reciprocal-lattice vectors of the rectangular
lattice and k� is the parallel wavevector reduced within the
surface Brillouin zone �SBZ� of the lattice. If q� �k� +g� we
obtain evanescent diffracted beams which can match con-
tinuously the corresponding guided waves of the same polar-
ization and of the same q� =k� +g, provided they have the
right frequency. From another point of view, because of the
2D periodicity of the coating layer, the waveguide frequency
bands are folded within the SBZ of the given lattice and
acquire a small imaginary part due to the mixing with the
extended �scattering� states.16,17 Accordingly, the waveguide
modes are no longer bound within the film, but leak into the
outer region becoming virtual bound states. These modes can
be excited by an externally incident wave and manifest them-
selves as resonances in the transmission spectrum as in Fig.
3�a�.

Namely, Fig. 3�a� shows the transmittance curves of light
incident normally on a single 140 nm thick ITO waveguide
�dashed curve� and on the same waveguide with an almost
empty rectangular lattice �ax=403 nm and ay =300 nm� of
dielectric spheres ��s=1.1 and S=50 nm� sitting on top of it
�solid curve�. For the ITO waveguide without the lattice, the
corresponding transmittance curve is a monotonically in-
creasing function while for the ITO waveguide with the al-
most empty lattice exhibits a strong resonant structure due to
the excitation of the virtual bound state. We have chosen the
value ax=403 nm so that the TE virtual bound state of the
ITO waveguide matches the central frequency of the SP reso-
nance �bright state� along the y axis, with the correct parallel
wave-vector q� =15.8 �m−1 �second intersection point of
Fig. 2�. For simplicity, we have chosen to exclude the TM
modes from the EIT phenomenon by choosing ay =300 nm
so that the corresponding first reciprocal-lattice vector g1 is
different �larger� from q� =14.4 �m−1 �first intersection point
of Fig. 2�. The virtual bound state of Fig. 3�a� will serve as
the dark state in our classical analog of EIT since it couples
weakly with external light and possesses a very long lifetime
�narrow linewidth�.

Figure 3�b� shows the absorbance and transmittance
curves for light incident normally on the same rectangular
lattice as in Fig. 3�a� but whose sites are occupied by 50 nm
gold spheres. The spheres are described by a Drude-type
dielectric formula, i.e., ����=1−�p

2 / ����+i�−1�� where �p
is the plasma frequency and � is the free-electron relaxation
time. In order to best fit available experimental data,14 we
have chosen the values: ��p=3.71 eV and �p�=20. The ab-
sorbance curve of Fig. 3�b� has been obtained by the layer-
multiple scattering �LMS� method,18 in the dipole approxi-
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FIG. 2. Solid lines: dispersion curves of the TE and TH wave-
guide modes for an ITO film, 140 nm thick, sandwiched between air
and quartz. Broken line: energy of the surface-plasmon peak of a
rectangular array of gold spheres.
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FIG. 3. �Color online� Absorbance A and transmittance T spectra
for light incident normally and polarized along the y axis for vari-
ous structures. �a� Broken line: transmittance spectrum for an ITO
��=3.8� waveguide of thickness 140 nm sandwiched between air
��=1� and quartz ��=2.1�. Solid line: transmittance for the same
ITO waveguide but with a perturbative rectangular lattice �ax

=403 nm and ay =300 nm� of almost transparent dielectric spheres
��s=1.1 and S=50 nm� sitting on top of it. �b� Absorbance �solid
line� and absorbance �dotted line� spectra for the same rectangular
lattice as in �a� whose sites are occupied by gold nanospheres. �c�
The same spectra for the lattice of gold nanospheres of �b� mounted
on top of the ITO waveguide of �a�.
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mation. It has a typical Lorentzian shape and results from the
excitation of SP band emerging from the interaction of the
SP resonances of neighboring gold spheres. As mentioned
above, the SP resonance will be the bright state of our EIT
proposal since it couples and absorbs light very efficiently
while it possesses a shorter lifetime than the virtual bound
state of the ITO waveguide.

When the rectangular lattice of gold spheres of Fig. 3�b�
is placed on top of the ITO waveguide of Fig. 3�a�, the re-
sulting structure �depicted in Fig. 1� exhibits the transmit-
tance and absorbance curves of Fig. 3�c�. We observe a spec-
tral hole in the absorbance curve �maximum of the
corresponding transmittance curve� centered at the middle of
the absorbance curve. The emergence of this transparency
window can be understood as follows: when light with fre-
quency equal to that of the virtual bound state is incident on
the waveguide, it excites two counterpropagating waveguide
modes �toward the two opposite directions of the x axis in
the case of Fig. 3�. The total electric field at the interface of
the waveguide/plasmonic lattice is the sum of the direct in-
cident wave plus the waveguide modes which are 180° out of
phase with respect to the incident wave.14 These two electric-
field components interfere destructively resulting in a vanish-
ing total electric field and, hence, zero electric force acting
on the free electrons of the gold spheres. As the electrons
cease to move �respond� to the applied electric field, the SP
mode is suppressed since it emerges from the collective os-
cillation of the free electrons.

The occurrence of transparency on the basis of an EIT
analog is expected to herald the prominence of slow light
effects �see Refs. 19 and 20 for a review on the subject�. The
slowdown factor SD�c /vg �c: speed of light in vacuum, vg:
group velocity inside the EIT medium� can be calculated by
inspecting the profile of the spectral hole in Fig. 3�c�. At the
central frequency, it is provided by20 SD=nbac+c�ln AN
−ln AEIT� / ���D�, where D is the thickness of the plasmonic
lattice +ITO waveguide, �� the full width at half maximum
of the EIT spectral hole and AEIT�AN� is the absorbance in
�without� the presence of the EIT phenomenon. We find
SD=2612 which is a high value achieved at room tempera-
ture and without the need of second �control� laser source as
in traditional EIT in semiconductor systems.20

Other parameters which are important in an optoelec-
tronic device are the �3 dB� operating bandwidth B
= ��� /2	��ln 2 / �ln AN−ln AEIT� and the delay-bandwidth
product ��B=�ln 2�ln AN−ln AEIT�.20 For the case of Fig.
3�c� they turn out to be B=2.815
10−5�p=0.159 THz and
��B=1.999. Although the value of the bandwidth B is simi-
lar to that obtained with semiconductor EIT systems20 the
delay-bandwidth product ��B corresponds to a much smaller
minimum length to store a bit Lbit=D / ���B�=2.26c /�p
=120.075 nm. This value is about a factor of four smaller
than the ideal value obtained via semiconductor-based EIT
�Ref. 20� and allows for the realization of compact delay
lines and buffers.

In traditional EIT systems, the phenomenon of transpar-
ency within an absorption band is also manifested in the
permittivity as the latter becomes unity, with a negligible
imaginary part at the central transparency frequency. Since
we do not have a bulk system as in usual EIT systems, we

retrieve the above effective-medium parameters by inverting
Fresnel’s equations.21,22 The results are shown in Fig. 4 along
with the corresponding transmittance curve. We find that
both the effective permittivity �eff and permeability �eff van-
ish at the center of the spectral hole �maximum of transmit-
tance� resulting in a vanishing effective refractive index neff
as well. We note, however, that zero is a valid value for the
refractive index since there have already been proposals of
metamaterials with such a feature.23 When both �eff and �eff
vanish, the corresponding impedance equals unity24,25 and
the material is transparent similarly to our case. We note that
the refractive index may vanish only due to the effective
permittivity �eff in which case we have total reflectance due
to infinite impedance. As a final note on Fig. 4�c�, one ob-
serves that below the zero-index value, neff becomes negative
with small imaginary part.

Next, in Fig. 5, we examine the absorbance curve for
almost normal incidence, i.e., with small wavevector parallel
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FIG. 4. �Color online� �a� A zoom-in around the transparency
region of the transmittance spectrum of Fig. 3�a�. �b� The corre-
sponding effective-medium parameters �eff, �eff, and neff.
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FIG. 5. �Color online� Absorbance �solid line� and transmittance
�dotted line� spectra for light incident almost normally �k�

= �0.015591,0� �m−1 and polarization along the y direction� for the
structure of Fig. 3�c� �rectangular lattice of gold nanospheres
mounted on ITO waveguide�.
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to the surface, k� = �0.015591,0� �m−1. The incident wave is
s polarized and the electric field oscillates along the y axis as
in Figs. 3 and 4. We observe that the absorbance curve ex-
hibits two spectral holes �double transparency�26 instead of
one for normal incidence �Fig. 3�c�� corresponding to slow-
down factors 3717 and 6150, respectively. The operating
bandwidths are B=0.105 THz and 0.063 THz, respectively,
while the delay-bandwidth products differ only about 1–2%
from the case of Fig. 3�c� ���B=1.999�. The occurrence of
double transparency can be explained with group-theoretical
arguments as follows.17 In the absence of any lattice coating
on a dielectric waveguide, the corresponding guided modes
along one of the two axis �TE modes �x axis� or TM modes
�y axis�� are doubly degenerate and, as stated above, they do
not couple with normally incident light �bound states�. In the
presence of rectangular lattice on top of the waveguide, the
degeneracy is lifted and two guided TE modes of different
frequency emerge for each of the two opposite directions x̂
and −x̂, respectively. The low-frequency mode shares the
same irreducible representation ��4� of the point symmetry
group �C2v� of the wavevector with the externally incident
light. As such, it couples with normally incident light, be-
coming, this way a virtual bound state. The high-frequency
mode belongs to a different irreducible representation ��2�
and does not couple with normally incident light �bound
state�. This is why a single transparency window is evident
in Fig. 3�c�. For oblique incidence, the restrictions imposed
by symmetry are relaxed and the high-frequency mode
couples also with external light giving rise to the two trans-
parency regions of Fig. 5.

Some remarks on the possible experimental measure-
ments of the reported EIT system. As analyzed above, the
double transparency region appears even for an infinitesimal
parallel wavevector component in which case the
�2-symmetry mode starts leaking into free space and its cor-
responding lifetime becomes finite. In an actual experiment,
the light beam incident on our EIT system is not literally a
plane wave but a Gaussian beam having a finite waist w.
The Fourier transform of the incident beam is
I�k��	exp�−k�

2w2 /8�. Therefore, a normally incident
Gaussian beam includes off-normal components �k��0� as
well and one is expected to observe two transparency dips in
the absorbance spectrum as in Fig. 5. Of course, the wider
the Gaussian beam is the fewer off-normal components con-
tribute to the beam and the absorbance curve starts resem-
bling that of Fig. 3�c�. In order for the two cases of Figs. 3�c�
and 5 to become also experimentally distinct, the minimum
value of the waist w of the incident beam should be wmin

4 /k� 
0.256 mm where k� =0.015591 �m−1 �that of Fig.
5�. The corresponding numerical aperture is NA=2�0 / �	w�

1.6·10−3 where �0 is the wavelength corresponding to the
absorbance dip of Fig. 3�c�.

Another point which would potentially influence the ob-
servation of the EIT effect in our proposal is that of disorder/
imperfections in the lattice of gold nanospheres. In order to
have an idea on the impact of the imperfections we next
consider the case where the size of the nanospheres is not the
same at each lattice site but assumes values according to a
Gaussian distribution with mean radius 50 nm and variance
�2. Figure 6 shows the absorbance curve for a normally in-

cident plane wave on the same lattice for various values of �,
as obtained by the average T-matrix approximation �ATA�
method. The ATA method, which has been originally intro-
duced for the study of the electron properties of disordered
metals and surfaces,27,28 has been also employed for the
study of the optical properties of random 2D �Ref. 29� and
three-dimensional30,31 arrays of spheres. In the ATA ap-
proach, the actual disordered crystal is replaced by an effec-
tively periodic one whose lattice sites are occupied by same
scatterers of an average T-matrix. From Fig. 6 it is evident
that the transparency window and subsequently the slow-
down factor are almost unaffected by the size disorder of the
nanospheres even for unrealistically high values of �, e.g.,
10 nm. Of course, other types of disorder should also be
considered such as positional disorder. However, an accurate
accounting of positional disorder requires extensive, compu-
tationally intensive supercell calculations which will be dealt
with in a future publication. We expect though, that if the
mean position of the nanospheres coincides with a lattice
site, the influence of positional disorder would be much simi-
lar to the effect of size disorder of Fig. 6.

As also stated above, in all the calculations shown in this
work, we have made use of a Drude-type dielectric function
where �p and � are taken from fitting to the experimental
data of Ref. 14. Although the Drude model takes into ac-
count only the plasmonic excitations in a metal without tak-
ing into account inter and intraband transitions, it has been
proven quite accurate around the region of a particle surface-
plasmon peak as in our case.32 So, the employment of an
experimental dielectric function such as that of Johnson and
Christy33 would make no significant difference in the data
shown.

A final remark on a potentially tunable operation of the
proposed EIT system. Our proposal is distinct from the con-
ventional atomic EIT systems as it does not require the com-
bined action of two laser beams. It modifies the flow of light
acting as a passive device without the need for a second
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FIG. 6. �Color online� Absorbance spectra based on the ATA
method for a lattice of gold nanospheres �the same lattice as in the
previous figures� on top of an ITO waveguide where the radius of
the spheres is random assuming values from a Gaussian probability
distribution function with mean radius 50 nm and variance �2

�shown in the inset�.
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control laser beam. The action of a second laser which would
allow for tuning of the transparency window is an option
which cannot be seen with the proposed system since a pos-
sible shift of the EIT window with the action of a second
laser �e.g., by shifting the position of surface-plasmon peak
in case where the nanospheres were coated with a nonlinear
material� should be accompanied by a corresponding modi-
fication of the underlying lattice period. Nevertheless, a cer-
tain degree of tunability can be achieved if the gold nano-
spheres are replaced by gold nanoshells, i.e., dielectric
nanospheres coated with a metallic shell. In a metallic
nanoshell, the position of the surface-plasmon resonances
depends strongly on the thickness of the shell allowing for
tuning of these frequencies according to a prescribed
frequency.32,34 However, the lattice constant of the underly-
ing lattice should be consistently adjusted in order to achieve
EIT. So, there is the possibility for tuning the transparency
window to a specific spectral region but not dynamically
since the lattice is fixed by the fabrication process.

IV. CONCLUSION

In conclusion, we have presented a classical analog to EIT
which involves the interaction of a 2D lattice of gold spheres
with a guiding ITO substrate. The observed transparency re-

gion corresponds to slowdown factors of the order of a few
thousands. At the same time, the minimum length for storing
a bit of information is of the order of 100 nm which is about
a factor of four times smaller than in traditional semiconduc-
tor EIT schemes. This renders the structure ideally suited for
ultracompact optical delay lines and buffers in future nano-
scale optical circuits. The slowdown factors can be further
improved by using a waveguide with a larger dielectric con-
stant �and subsequent tuning of its thickness and lattice con-
stant� which localizes the EM field more efficiently and re-
sults in a shorter lifetime of the corresponding virtual bound
state. Another important feature of the present EIT phenom-
enon is the zero values assumed by the effective-medium
parameters �permittivity, permeability, and refractive index�,
in agreement with the high transmittance associated with
EIT. Finally, the observation of EIT and slow light is robust
against disorder and numerical-aperture effects.
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