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Abstract
Analytic formulas and precise semi-numerical methods
are introduced for the practical design of Ideal Absorption
(IA) in nano-particles. We will show that IA allows a sub-
wavelength particle to completely stop the propagation of
a given mode in an incident beam, and we discuss possible
applications in beam shaping.

1 Introduction
Ideal Absorption (IA) provides a means to efficiently
transform electromagnetic energy into another form (joule
heat, photo-electric, fluorescence). This unique property of
IA particles can be optimized by placing them at the
positions of high beam intensity, like "hot-spots" in
inhomogenenous media and meta-materials, or in the focal
zones of beams in high numerical aperture optics.
We derive formulas permitting the design of IA in
spherically symmetric particles. These formula predict that
IA is achievable for specific frequencies and particle sizes
with known materials. Furthermore, extensions of this
technique predict that one can design core-shell particles
to produce Ideal Absorption at virtually any frequency in
the visible and near visible range.

2 Designing Ideal Absorption.

2.1 General theoretical considerations
IA can be conveniently described in the context of an S-

matrix theory.[1] In this context, the absorption cross can
be written as:
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where Sn(e,h) is the S-matrix element of an nth order electric
(e) or magnetic (h) mode. The (2n+1) factor comes from the
degeneracy of the projection angular momentum modes in
a spherically symmetric particle. Since unitarity (i.e. flux
conservation) requires that |Sn(e,h)|≤1, one sees directly
from Eq.1 that the absorption cross section in an nth order
orbital channel must satisfy:
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with IA occurring when the upper limit of the absorption
cross section is reached, i.e. Sn(e,h) =0.
Even though the absorption cross section in a given
channel is limited to a finite value, one can show that IA

can completely stop the propagation of an incident field
mode. This property has lead to IA being referred to as
time reversed lasing and (somewhat misleadingly) as
"perfect" absorption.[2] We show that point-like models of
scatterers[3,4] predict that IA should occur when the
dielectric function of the scatterer, s , divided by the

background medium dielectric constant, b , is given by:
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Although this formula yields a reasonable approximation
for the IA condition in extremely small particles, it proves
inaccurate for larger subwavelength particles, and we
provide improved approximations based on the analytic
structure of the IA conditions.

2.2 IA conditions as a function of particle size.
The S-matrix of a homogeneous spherical particle has

an explicit analytic form obtainable from Mie theory. We
show that solving for the IA condition takes the form of a
complex transcendental equation, and that these solutions
can readily be determined via Weierstrass factorization.[5]
As an example, we plot in Figure 1, the required IA
permittivity for the electric dipole mode in a spherical
scatterer as a function of the particle's size parameter, ka
where k is the host medium wavenumber, and a the
particle radius.

Figure 1 . Permittivity required for electric dipole IA as a
function of the size parameter ka.

Although there are an infinite number of IA solutions, as
one can see from Figure 1, there is only one solution (blue
curve)for which Re(s)<1, and that this is the only viable
solution for extremely sub-wavelength particles.
Nevertheless, Figure 1 indicates that electric dipole IA can
occur in sub-wavelength particles with Re(s)>1 at values
that one can potentially find in real materials.
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2.3 IA for realistic materials
Plasmonic materials like silver and gold appear as good

candidates for achieving IA in the lowest electric dipole IA
mode since these materials are renown for having Re(s)<1.
However, the fact that for a given particle size, IA is only
satisfied for a given complex value of s means that even
for these materials, IA can only be satisfied at specific
frequencies and particle sizes.

The specific frequencies and sizes for IA in silver and
gold suspended in homogeneous dielectric medium of
refraction index Nb=1.5,can be determined by plotting s
in the complex plane as the wavelength varies over the
near ultra-violet to mid-visible range. The values of

s required for IA are plotted in blue as the particle size
parameter, kR, varies from 0 to 4. For comparison, the
theoretical predictions for IA by a point-like model are
plotted in Green as kR, varies from 0 to ∞.

Figure 2 . Values of s for variations in the vacuum
wavelength 0 for silver (red - 0 {188-500}nm) and gold
(magenta - 0 {206-600}nm ). Values of s required for IA
are plotted in blue as kR varies from 0 to 4.

In Figure 2, IA occurs at those particles sizes and
frequencies at which the blue curve intercepts the particle
dielectric functions of s of gold or silver. One readily
determines then that IA occurs for very small Silver and
slightly larger gold particles at visible frequencies (gold
even has 2 additional IA conditions, and silver a range of
near IA in the ultra-violet).

3 Core-shell designs for IA at arbitrary frequency
We saw in section 2, that in order to observe IA, one

needs a tunable laser and particle of the adequate
composition and size. In applications, one may wish to
design IA to occur at a specific frequency. We extended
our calculations in an effective permittivity context to
design subwavelength core-shell designs which satisfy IA
at a given wavelength. The results for IA to occur in core-
shell designs of silver or gold enveloping a high index core
(Nb=2.8 are presented in Figure 3.

Figure 3 . Plots of the filling fraction, f, (a) and the size
parameter kR (b), required to achieve IA in a core shell structure
immersed in a Nb =1.5 background material. The core is
considered to be a lossless high index material, Nc =2.8, and the
shell either silver (red-solid line) or gold (blue-dashed line). f,

4 Conclusion
We found that IA can be designed to occur in realistic

subwavelength particles, and that it can have dramatic
effects on the shape of an incident beam. IA may also
prove to be a sensitive test of the validity of using bulk
permittivity parameters to describe nano-scale particles.
Since IA corresponds to a fundamental theoretical limit, it
may also serve as a guide to a better understanding of this
absorption in quantum systems like molecules and
quantum dots.
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