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Role of cylindrical surface plasmons in enhanced transmission
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Utilizing normal mode analysis of Maxwell’s equations and finite-difference-time-domain
simulations we find extraordinary optical transmission in nanoarrays of insulating coaxial
cylindrical rings embedded in metal films. As the rings become narrower we find transmission peaks
at longer wavelengths, with the peak wavelength increasing indefinitely as the rings narrow. This
behavior results from the excitation of cylindrical surface plasmon resonant modes on the
cylindrical insulator-metal interfaces of the rings. These findings indicate that the excitation of
cylindrical surface plasmons in these structures can produce propagating modes and enhanced
transmission at wavelengths longer than those predicted previously. © 2006 American Institute of
Physics. 关DOI: 10.1063/1.2201884兴
Surface plasmons have been associated with “extraordinary optical transmission” 共EOT兲 through nanoarrays of apertures in metal films ever since the demonstration of Ebbesen and co-workers.1–3 This interpretation of EOT, with farreaching implications for device development, is
controversial. Other investigators suggest that shape
resonances,4,5 resonant coupling between array elements,2,6,7
and diffractive effects8 can account for EOT even without
surface plasmons. Thus this role for surface plasmons is unresolved. In this letter we show that cylindrical surface plasmon 共CSP兲 resonances, when excited in dielectric coaxial
cylindrical apertures embedded in a metal film, can produce
enhanced transmission at much longer wavelengths than by
the effects considered heretofore.1–8
Our interest in coaxial structures stems from the theoretical investigations of Baida et al.,9–12 who predicted enhanced transmission in finite-difference-time-domain
共FDTD兲 simulations at very long wavelengths for coaxial
ring 共CR兲 nanoarrays. These predictions have been recently
confirmed experimentally.13 Transmission peaks from the
ringed apertures in the optical range occur at wavelengths
considerably redshifted from those of cylindrical apertures,
and the redshift increases as the ring is narrowed. These
previous investigators attribute the enhancements at long
wavelengths to TE1 guided modes of the individual coaxial
rings11 and not to the periodic structure. The present work
confirms such a conclusion. Such modes can give rise to
cylindrical surface plasmon excitations, i.e., “surface”
waves, where here the surfaces are the cylindrical interfaces
between the 共real, not ideal兲 metal and the dielectric ring.
This letter concentrates on how the enhancements, particularly the wavelengths at the peaks, depend on the ring geometry and how they arise out of the dielectric behavior of the
real metal.
Cylindrical surface plasmons can be excited on cylindrical metal-dielectric interfaces by virtue of the negative dielectric constant of the metal. They can exist in the TE
and/or TM mode with the strongest fields near the cylindrical
interfaces.14,15 The energy flow, which is concentrated near
a兲
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the interfaces, has a strong component up the aperture that
can exit the apertures and efficiently couple to the far field.
We diagram a “basic” coaxial ring structure that we consider
in the present study 共with variations in geometry兲 in Fig. 1,
along with indications of the energy flow and field profile
when cylindrical surface plasmons are excited.
We demonstrate the role of CSP’s through this basic
structure consisting of a square array of coaxial silica 共n
= 1.46兲 rings with d = 555 nm periodicity, with inner and
outer radii R1 = 50 nm and R2 = 100 nm, embedded in an L

FIG. 1. The “basic” structure consisting of a square array of coaxial cylinders, spaced at d = 555 nm, with inner Au cylinders with radii R1 = 50 nm
and an outer silica cylinder R2 = 100 nm, in a Au film of thickness L
= 290 nm. The energy flow 共arrows兲 and intensity profile when cylindrical
surface plasmons are excited are qualitatively indicated.
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FIG. 2. The n = 1 CSP dispersion curves for various R1 values, with the
outer radius R2 = 100 nm. The vertical lines indicate the values of kz corresponding to kz =  / L, with L indicated in nm.

= 290 nm thick Au film, all in a uniform silica medium. The
incident light is linearly polarized and incident normal to the
bottom of the Au film. We model the dielectric constant of
Au with a form suggested by the Drude model,
m共兲 = 1 − i2/共1 − i兲 + 4i⬘/ ,

共1兲

where 1, 2, , and ⬘ are fit to the experimental dielectric
constant. Values of 1 = 7.919,  = 0.0056 fs−1 共we use Gaussian units兲, 2 = −14 395.1016, and  = 9.00 fs yield a good fit
to the experimental data16 for  = 550– 2000 nm.
We adapt previous approaches14,15 to the coaxial cylinder normal mode problem to the present geometry, which is
an infinitely long metal cylinder surrounded by a thin dielectric ring and then completely surrounded 共to infinity兲 by the
same metal, to derive n共kz兲 关or n共kz兲兴, where n is the azimuthal state and kz is the longitudinal wave number in the
cylinder. This dispersion equation involves solving a matrix
equation Ma = 0, i.e., det共M兲 = 0, where M is the 8 ⫻ 8
matrix15 derived from the boundary conditions for Maxwell’s
equations at the interfaces and a contains the TE and TM
coefficients for the types of Bessel functions in each radial
region. The matrix elements of M involve n, kz, the Bessel
functions at the interfaces, and the radial wave numbers km
for the metal and kd for the dielectric ring, where ki2 + kz2
=  2 i / c 2.
Figure 2 gives 1共kz兲 for Au for six values of R1. 共n = 0
modes are radially symmetric and cannot be excited by linearly polarized plane waves兲. We have used only the real part
of m, which dominates at optical frequencies and the near
IR. The vertical lines correspond to the kzL =  values for
various L. As the condition kzL = m is the general condition
for a longitudinal standing wave in the cylinder, the intersection of any of these lines 共the vertical axis兲 with a given
curve will give the wavelength for m = 1 共m = 0兲 at which the
cylindrical mode is in resonance with the longitudinal mode,
which we identify as a CSP resonance as the fields are largest
near the interfaces because of the negative dielectric constant
of the metal.
We see in Fig. 2 that for a given L the resonant wavelength increases rapidly as R1 → R2 = 100 nm, a counterintuitive result. This has far-reaching consequences in sensing
and detecting devices where it is necessary to far exceed the
diffraction limit. How does this behavior arise, and what limits apply? We now analyze the dispersion relation in the limit
R1 → R2, kz = 0.
For  艌 500 nm, 兩m兩 Ⰷ 兩d兩, thus 兩km兩 Ⰷ 兩kd兩. Reasonably
assuming 兩km兩R1 Ⰷ 1, kd⌬R Ⰶ 1 共with ⌬R = R2 − R1兲, ⌬R / R1

FIG. 3. Transmission spectra for various R1 and L. The arrows indicate the
theoretical m = 0 and m = 1 CSP resonance peaks. The top panel includes the
cases of a perfectly conducting 共PC兲 and a periodicity of d = 888 nm 共which
has the same predicted resonance positions as the R1 = 50 nm, L = 290 nm
case in the second panel兲.

Ⰶ 1, we utilize Bessel function properties to derive 共details
elsewhere兲 a simple zero condition for det共MTE1兲, where
MTE1 is the 4 ⫻ 4 TE-TE part of M for n = 1,
kdR1 = 共/c兲冑dR1 ⬇ 关km共兲⌬R/共2i + km共兲⌬R兲兴1/2 . 共2兲
If 兩m兩 is very large kdR1 = 1, which is the TE1 result for an
ideal metal. For real negative m, km = 共 / c兲冑m is imaginary
and the resonant frequency 共res兲 is real. Otherwise 共e.g., a
dielectric or finite conductor兲 res is complex producing an
evanescent mode. In the range 500 nm⬍  ⬍ 4000 nm, km
⬇ const⬇ 0.04i nm−1 for Au, thus by Eq. 共2兲, with km⌬R
Ⰶ 1,  ⬇ 2R1 / 共兩km兩⌬R兲1/2, i.e., the cutoff wavelength increases indefinitely as R1 → R2. For longer wavelengths the
imaginary part of m, i.e., losses, dominate 关Eq. 共1兲兴, and this
enhancement effect starts to attenuate. For these frequencies,
using Eqs. 共1兲 and 共2兲, the resonant frequency is ⬃⌬R2/3 and
is complex, which means a wider, weaker resonance.
We now confirm the role of cylindrical surface plasmons
by FDTD simulations with the Naval Research Laboratory
共NRL兲 high accuracy scattering and propagation 共HASP兲
code17,18 using the full dielectric constant 关Eq. 共1兲兴. The
HASP code has been described elsewhere and its accuracy
has been verified in exactly soluble models19 and in reproducing experimental results.18 We employ two-dimensional
共2D兲 periodic boundary conditions parallel to the film and
Mur absorbing boundary conditions in z. The spatial step is
6.9375 nm, and a typical time step is 0.02 fs. The incident
plane wave has a period of 3.0 fs and Gaussian envelope of
full width at half maximum 共FWHM兲 = 0.809 fs. We use the
method of Gray and Kupka20 to handle the frequency dependence of Eq. 共1兲 in the FDTD algorithm.
Figure 3 gives the transmission spectra for various CR
geometries. The top panel also gives results for a perfectly
conducting 共PC兲 metal and also results for periodicity d
= 888 nm. The theoretical m = 0 and m = 1 peaks, i.e., CSP
peaks, as extracted from Fig. 1, are indicated by arrows.
Typically the CSP peaks are redshifted slightly from the theoretical positions, but their movement and spacing with the
ring width and cylinder length are well predicted, including
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the dramatic redshifting as the ring narrows. Additional
peaks appear because of surface plasmon resonances on the
surfaces of the film. The insensitivity of the CSP peaks to the
periodicity d = 888 nm or d = 555 nm also confirms that the
cylindrical surface mechanism depends only on the geometry
of the individual cylinders. The peaks due to CSP’s are also
dramatically redshifted from those of a PC indicating the
importance of the finite negative  of Au.
In a detailed study of the simulated fields we have confirmed the presence of CSP’s in two other ways: 共1兲 For the
m = 0 peaks the imaginary part of the Poynting vector is large
and directed azimuthally in the CR—a characteristic of a
CSP resonant mode. 共2兲 At CSP resonant frequencies the
components of the E and H fields peak at the dielectric-metal
cylindrical interfaces 共as in Fig. 1兲, characteristic of CSP
surface waves. As the ring narrows, the CSP “wave functions” more efficiently overlap accounting for significant
transmission despite the ever narrowing dielectric ring.
An additional question is how fast the transmission
drops as the ring narrows, since necessarily the transmission
is zero for R1 = R2. For R1 = 75 nm the transmitted energy
represents 3.0 times and 4.7 times the incident energy on the
dielectric rings at the m = 0 and m = 1 CSP peaks, respectively. For R1 = 85 nm these ratios are 2.1 and 4.0, respectively, indicating a slight drop in efficiency, likely due to the
increased role of losses at the longer wavelengths. Aside
from losses, the drop in transmission appears to be no faster
than the decrease in the exposed dielectric ring area.
In conclusion, we have shown theoretically and in simulations an extraordinary optical transmission produced by cylindrical surface plasmons in coaxial ring nanostructures.
The wavelengths at which enhancements occur are maximized by narrowed rings and are well beyond those allowed
classically or by other enhancement mechanisms. While this
effect is eventually attenuated by losses in the far IR, one
could exploit this feature in other regimes 共IR, rf兲 by the
development of metamaterials21 with negative 共effective兲 dielectric constant and low losses containing such CR structures. The properties we found should have a dramatic effect
on device design and hopefully motivate experiments to fab-

ricate 共i.e., through ion beam milling, dry etch, electroplating, or related techniques兲 and explore these structures.
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