
UC Irvine
UC Irvine Previously Published Works

Title
Leaky modes in low-damping ε-near-zero slabs

Permalink
https://escholarship.org/uc/item/42t9p6fw

ISBN
9781557529879

Authors
De Ceglia, D
Vincenti, MA
Campione, S
et al.

Publication Date
2013

DOI
10.1364/fio.2013.ftu2d.6

Copyright Information
This work is made available under the terms of a Creative Commons Attribution License, 
availalbe at https://creativecommons.org/licenses/by/4.0/
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/42t9p6fw
https://escholarship.org/uc/item/42t9p6fw#author
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/


FTu2D.6.pdf Frontiers in Optics 2013/Laser Science XXIX © OSA 2013

1N

 
A
ch
ef
 
O

 
1. Introdu
Materials w
wavelength
explained 
electric, pl
rods, and 
damping c
same chos
[10, 11].  E
due to the 
optical har
damping E
the nature 
number an
absorption 

2.  Comple

The system
nanocylind
(Rhodamin
taken from
external ra
(as schema

Fig. 1. Schem

Fields and 
supported 
We find th

Leaky

D. d
National Research

2Department o
3Charles M. Bo

Abstract: We 
hains of core-s
ffective nonloc

CIS codes: (160.3

uction  
with ε-near ze
h regions [4] a
as due to the 
lasma-like resp
dipole resona

compensation m
en frequency. 
Examples are 
free-electron g

rmonic genera
ENZ slabs also

of these mode
nd parity of ava

spectra via ph

ex Bloch mod

m under inve
ders immersed 
ne 800) and sil

m [12]). The pe
adius is r2 = 30
atically represe

matics of the metam

structure are in
by slabs with s

he complex mo

y modes 

de Ceglia1, M. 
h Council - AMRD
of Electrical Engin
owden Research L

present a com
hell nanocylin

cal response me

3918) Metamateria

ero (ENZ) hav
and boost local

excitation of 
ponse are: gui

ances in arrays
mechanisms [8
As a result we
characteristica
gas pressure in

ation, optical m
o support stron
es by means o
ailable modes w
hase-matching w

e analysis of a

estigation is a
in silica. The 

lica (dielectric 
eriod is a = 11
0 nm. The slab 
ented for Array

material slabs unde

nvariant along 
several thickne
des with Bloch

in low-d

A. Vincenti1, 
DEC, Charles M. B
neering and Comp
Laboratory, AMRD

E-mail: domen

mplex-mode an
ders. The meso
ediated by leak

als; (250.5403) Pla

ve the ability 
 fields [5, 6]. I
a leaky mode 
ided modes at 
s of nanoparti
8, 9] lowers th
eak optical phe
ally small bulk
n metal. This p
multistability a
g, effective non

of a complex B
with low attenu
with TM-polar

arrays of core-

a metamateria
core of each 
permittivity ta

14 nm, the inte
thickness d is

y II in Fig. 1). 

er investigation. W

the y direction
esses, namely: 
h wave vector 

dampin
 

S. Campione2

Bowden Research L
puter Science, Univ
DEC, US Army RD
nico.deceglia@us.

nalysis of an ε
oscopic nature 
ky modes. 

asmonics; (350.423

to enhance an
In Ref. [3] the 

in the ENZ s
cutoff, two- a

icles. The use
he real and ima
enomena can b
k or surface no
property make
and switching 
nlocal behavio
Bloch mode an
uation constan
rized, homogen

-shell nanocyl

al slab with f
nanocylinder i

aken from [9]),
ernal radius is
s defined by th

We analyze the com

n. We analyze t
d = a, d = 2a, d

B ˆxk  k x

g ε-near
2, F. Capolino2

Laboratory, Redsto
versity of Californ

DECOM, Redstone
army.mil    

ε-near-zero m
 of the slab ind

38) Nanophotonic

ntenna directiv
enhancement 

slab. Some exa
and three-dim

e of either low
aginary parts o

be strongly mag
onlinearities, an
es these materi

at low-irradia
or associated w
nalysis, and th
nt. These mode
neous plane wa

linders 

finite thicknes
is made of a m
, whereas the s
r1 = 25 nm, an

he number of a

mplex Bloch mode

the modes, wit
d = 3a, d = 4a, 

 ˆx xi  x  pro

r-zero sl
2, M. Scalora3 
one Arsenal - AL, 

nia Irvine, CA, 926
e Arsenal - AL, 358

etamaterial sla
duces narrowb

cs and photonic cry

vity [1-3], cha
of highly-direc
amples of sys

mensional arran
w-loss plasmon
of the effectiv
gnified in low-
nd intrinsic no
ials excellent p
ance levels [10
with leaky mod
he role slab thi
es alter transmi
aves at oblique

ss made of c
mixture of an a
shell is made o
nd shell thickn
arrays stacked 

 
es supported by eac

th magnetic fie
and d = 5a, as

opagating in the

labs 

 
35898 – USA 

697, USA  
898, USA 

ab made of 
and, strong, 

ystals 

annel light into
ctional radiatio
tems that exhi

ngements of m
nic materials 

ve permittivity 
-damping ENZ
onlocal perturb
platforms to en
0]. In addition
des. Here we d
ickness plays 
ission, reflectio
e incidence.     

chains of core
active, gain m

of silver (permi
ness is 5 nm, i.
along the z-dir

ch of these arrays.

eld polarized al
s illustrated in F
e x direction fo

o sub-
on was 
ibit an 

metallic 
[7] or 
at the 

Z slabs 
bations 
nhance 
n, low-
discuss 
on the 
on and 
   

e-shell 
medium 

ittivity 
.e., the 
rection 

   

long y, 
Fig. 1. 

or each 



FTu2D.6.pdf Frontiers in Optics 2013/Laser Science XXIX © OSA 2013

of the array slabs shown in Fig. 1 by using an eigenvalue solver based on the finite element method [10, 13]. In Fig. 
2 the modes of the six arrays I-VI are represented in the complex /x hk k  plane in the frequency range 420-424 THz, 

where kh is the wave number in silica (different colors depict multiple modes).  

 
Fig. 2. Bloch modes of the Arrays I-VI (illustrated in Fig.1) in the complex xk  plane for the frequency range 420-424 THz (arrows indicate the 

direction of increasing frequencies). 

As a general rule, we find that increasing the thickness d of the slab by one row of nanoparticles adds one mode with 
complex wavenumber in the complex xk  plane. The mode represented with a blue curve, which we refer to as 

pseudo-Brewster mode [10], exists regardless of the slab thickness, even for a single row of nanoparticles (d = a). 
This mode, which is the only one that crosses the imaginary axis hence switching from backward proper (BP) to 
forward improper (FI), according to the classification done in [14], is responsible for the ENZ behavior of the bulk 
array (i.e., infinite periods in both x and z directions). We find that the other leaky modes supported by the slab are 
equally important in this frequency range, since they can interact with incident TM-polarized plane waves. This 
interaction with propagating waves occurs by phase-matching, i.e., a forced excitation, and it is stronger when the 
imaginary part of the modes’ wavenumber, x , is very low when compared to hk . We will show that this interaction 

generates extremely narrow resonant features in the angular and frequency spectra, which open new windows of 
opportunity for the design of low-power, all-optical devices.  
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