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Testing the limits in performance of device setups with respect to sizes and oscillation frequencies by
trying every single combination of the available media can give a set of superior designs with novel prop-
erties. This approach is followed for the absorption and scattering of visible light by core-shell nanowires,
whose optical thickness is simultaneously large enough to individually perturb the background field and
small enough to support coherent collective operation. Numerous maximally performing particles are
reported, one for each pair of the bulk materials used, providing a set of limits for the absorbed and
scattered power in the presence of realistic losses. This procedure detects the supported resonances at
core-shell nanorods, finds the best designs for such a simple geometry, and thus offers additional degrees
of freedom in particle or metasurface modeling.
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I. INTRODUCTION

The way that particles react to incoming photonic beams
can be expressed in terms of the power they absorb
and the power they scatter in the background host [1].
Recently, with the advent of metasurfaces that use collec-
tively numerous particles, the maximization of absorbed
power or power scattered from them has attracted sig-
nificant attention [2]. Power considerations of core-shell
nanowires, in particular, are very popular and widely
investigated due to their structural simplicity and analyti-
cal solvability. More specifically, extreme light absorption
in thin semiconductor films wrapped around metallic rods
has been reported [3] by optimization of the contribution
from each angular-momentum channel and use of as many
channels as possible. Moreover, excitation of the leaky
modes of a single semiconducting cylinder can lead to
tuning [4] of absorbed power for various incident angles,
while significant absorption enhancement can be achieved
in wire structures assisted by arrays of bowtie nanoanten-
nas [5]. Similarly, scattering by infinite rods is an important
effect that has been studied with use of coupled-mode the-
ory [6,7]; accordingly, the alignment of various modes
gives superscatterers, reaching the theoretical limits per
channel [8].

An additional reason for the increasing popularity of the
modeling, design, measurement, and testing of core-shell
nanocylinders is the variety of their fabrication meth-
ods. The most-precise and most-expensive approach is the
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growth of semiconducting coats on metallic nanorods via
molecule-by-molecule injection, as dictated by epitaxial
deposition [9]. On the other hand, solution-processing
techniques make feasible the wrapping [10] of plasmonic
nanowires by oxide colloids with help from suitable chem-
ical baths; in this way, the deposition is accomplished
more easily and provides stable samples [11]. Finally, self-
assembly mechanisms are a simple and robust way toward
core-shell nanowires with controllable size and properties
[12]; usually, patterned metallic cylinders are exposed to a
suspension of inorganic particles, giving solid designs after
drying in air [13].

Core-shell nanowires manufactured from inorganic
media that support highly absorbing or scattering oper-
ations are extensively used in photovoltaics and several
other applications. The geometry of nanorods enhances the
effectiveness of charge collection by shortening the paths
traveled by minority carriers [14] and provides the back-
ground host with exotic absorbing properties [15] that are
particularly desirable in solar-cell designs [16]. For exam-
ple, cylinders supporting morphology-dependent optical
resonances exhibit high external quantum efficiency and
pave the way to the development of ultrathin tunable
optoelectronic devices comprising arrays of them [17].
Furthermore, similar nanotubes can be used as novel pho-
todetectors with spectrally tuned absorption [18], ultrasen-
sitive sensors in random networks of wires at the nanoscale
[19], and modules of high-duality symmetry [20]. Finally,
thermally sensitive scattering by core-shell cylinders in
the terahertz regime enables controllable cloaking [21],
while DNA-coated metallic rods can measure the length
of molecules with subnanometer resolution [22].
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In this work, we systematically optimize elongated
core-shell nanorods in terms of their absorption and
scattering efficiency for numerous combinations of the
available materials in the visible spectrum. The media
used are chosen on the basis of the dispersive variation
of their dielectric response to cover (in a coherent way)
a substantial part of the complex-permittivity parametric
space; a similar approach was successfully implemented
for other objectives [23,24]. The physical size and the
operating wavelength for every single case of the selected
materials that gives maximal absorption or scattering are
presented in the respective tables. We perform a brute-
force search covering the entire visible spectrum, all the
core-shell aspect ratios, and a specific range for electri-
cal size allowing the particles to operate collectively. Since
huge efficiencies are reported for extremely tiny objects [8]
of restricted functionality, we reject maxima occurring at
the lower limit of optical diameters and thus all the designs
presented correspond to nonboundary extrema. It has been
found that when an incident electric field is perpendicu-
lar to the cylinder’s axis, optima occur for thicker and
more-metallic designs that exhibit substantial robustness in
absorbing and scattering both polarizations. It should also
be stressed that most of the highly performing devices pre-
fer plasmonic cores, with the exception of hollow metallic
nanotubes, which change dramatically the near field within
their ultrathin cladding. Such sharp variations in the field
distribution can be used in wavefront-engineering appli-
cations; similarly, highly selective frequency responses
exhibited by the reported nanorods are useful in filter or
sensor modeling.

In this way, we report numerous optimal core-shell
nanowires in the visible spectrum through a complete scan-
ning of the parametric space by letting our metrics decide
the best combination. The governing resonance effects are
predicted and verified, while for each of the operations
considered (absorption, scattering), several configurations
with alternative materials are proposed to comply with
additional potential constraints regarding ease of fabrica-
tion, availability, or packaging issues. The optimization
approach tests the limits of a simplistic structural design
in the presence of realistic losses, unlike other techniques
reporting fundamental maxima regardless of the geome-
try [25,26]. However, we believe that the results presented
offer additional degrees of freedom in metasurface pat-
terning and the followed method contributes to the recent
game-changing advances in inverse-design photonics [27,
28].

II. FORMULATION AND METHOD

A. Formulas and metrics

Consider a cylindrical particle possessing a core of
radius a covered by cladding of thickness (b − a) and
normally illuminated by visible light in the form of a

monochromatic TMz or TEz plane wave (z is the axis of the
cylinder) that travels into free space [as in Fig. 1(a)]. The
dispersive relative complex permittivities of the core (r <

a) and the shell (a < r < b) are denoted by ε1 = ε1(ω) and
ε2 = ε2(ω), respectively (ω is the operating frequency).
The letters r, ϕ, and z are used for the related cylindri-
cal coordinates, while the equivalent Cartesian ones are
x, y, and z; the suppressed harmonic time is of the form
eiωt. Without loss of generality, we assume that the inci-
dent wave propagates along the +x axis and its electric
vector ETM

inc (magnetic vector HTE
inc) is always parallel to the

z axis for TMz (TEz) polarization, oscillating with unitary
amplitude of 1 V/m (1 A/m). After imposition of the nec-
essary boundary conditions, the scattered fields for r > b
(electric vector of TMz set and magnetic vector for TEz
set, respectively) take the forms

ETM
scat/HTE

scat = ẑ
+∞∑

n=−∞
STM/TE

n Hn(k0r)einϕ , (1)

where Hn is a Hankel function of the second kind of
order n. In the following, we drop the subscript z from
the TM/TE field characterization. Moreover, the scatter-
ing coefficients Sn are unitless and are not shown here
for brevity [29]; obviously, the expression for ETM

scat is
multiplied by the incident 1 V/m and the corresponding
expression for HTE

scat is multiplied by 1 A/m. k0 = 2π/λ0 is
the wavenumber in a vacuum.

The power (per unit length of the z axis) carried by the
TM and TE scattered component in a vacuum expresses
how much the presence of the cylinder changes the back-
ground field distribution external to it. Accordingly, Pscat
can be easily computed with use of Poynting’s theorem
and expansions of Hn(k0r) for large arguments k0r � 1 (in
the far region), as follows [30]:

PTM/TE
scat = WTM/TE

+∞∑

n=−∞

∣∣STM/TE
n

∣∣2
, (2)

where WTM = (4/k0η0) × (1 V/m)2 and WTE = (4η0/k0) ×
(1 A/m)2, and η0 is the free-space wave impedance. The
power absorbed by the particle (again per unit length of the
z axis), given the fact that one medium or both of the con-
stituent media are lossy, is evaluated by application again
of Poynting’s theorem but for the total field into free space
this time. If we integrate the power spatial density across
any (normal-to-the-z-axis) circle of radius r > b (even the
infinite k0r → +∞ one), we obtain

PTM/TE
abs = −PTM/TE

scat − WTM/TE
+∞∑

n=−∞
Re

(
inSTM/TE

n

)
. (3)

Obviously, Pscat, Pabs > 0, which means that the series in
Eq. (3) should converge to negative values smaller than
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−Pscat/W. In the absence of any losses, we have Pabs = 0,
and the aforementioned sum equals −Pscat/W.

To render the absorbed and scattered power more mean-
ingful as magnitudes, we should normalize them with suit-
able quantities. For the first one, we can use as a reference
parameter the power of the incident illumination passing
through the physical cross section of the scatterer; namely,
PTM/TE

0,abs = (k0b/2)WTM/TE. The ratio Pabs/P0,abs is equal to
the absorption cross section [30] of the particle σabs (which
is measured in meters) over the aperture of the rod as
seen by the incoming plane wave (2b) for both polariza-
tions. We normalize Pscat by the corresponding scattered
power P0,scat from an impenetrable perfectly-electrically-
conducting (PEC) cylinder with the same radius b. Since
PEC surfaces reflect 100% of the incident field, it is a good
choice to understand how more powerful is our scatterer
against a relatively strong competitor. It should be stressed
that our metric Pscat/P0,scat is 3–4 times smaller than the
scattering cross section σscat expressed [30] in terms of the
length 2b for the relatively thin wires considered in our
study: 0.3 < k0b < 1.5.

B. Optimization approach

Our aim is to consider a large set of available media
for applications in the visible spectrum, 400 nm < λ0 <

700 nm, by taking into account their dispersive behav-
ior. From this long list of materials, we wish to pick
those combinations in suitably sized core-shell nanowires
that overdeliver in terms of absorption and scattering. Our
results could serve as a directory of maximal performances
under the condition of using bulk media in simple two-
layered structures. Alternatively, they can play the role
of benchmarks for smarter designs to pass with respect
to either structure [25] or texture (incorporating doped or
artificial materials).

We follow a systematic approach that scans all the
wavelengths λ0 considered and for every one of them
selects the configuration of dimensions (a, b) giving max-
imal Pabs/P0,abs or Pscat/P0,scat (for each polarization sepa-
rately). In the optimization, we do not avoid homogeneous
rods solely made of one material (a/b → 0, 1) and thus
0 < a/b < 1, while for the size of the nanowire we set
an upper bound of a half wavelength and exclude [8] tiny
structures (0.05 < b/λ0 < 0.25). A typical contour of our
metric P/P0 on an (a/b, b/λ0) map is depicted in Fig. 1(b)
at fixed λ0. From several local maxima, we select the
strongest one and we store it (together with the dimensions
of the investigated design) as the best performance that can
be achieved by a specific combination of materials for the
oscillation wavelength λ0 considered. The aforementioned
global maximum corresponds to one point of the graph in
Fig. 1(c) (λ0 = 600 nm for that case), where the maximal
P/P0 for each wavelength is shown as function of λ0. The
quantity max{0<a/b<1,0.05λ0<b<0.25λ0} P/P0 is an outcome of

maximization, and thus the smooth behavior of Fig. 1(c)
is not necessarily expected. From the graph in Fig. 1(c),
we pick only one ultraperforming design for absorption or
scattering with a certain frequency preference.

Unlike inequality 0 < a/b < 1, which is imposed by
the structure itself, the constraint 0.05 < b/λ0 < 0.25 is an
artificial one, which inevitably affects the results obtained.
In particular, extremely small sizes b/λ0 → 0 usually give
very weak scatterers and absorbers; as has been indicated
[8], no lower limit for b means that the best performance
emerges for a resonant atom with an infinitesimal geo-
metrical cross section. On the other hand, nanorods as
big as λ0 cannot serve as particles for collective opera-
tion in metasurfaces, arrays, and networks [31,32]. In the
same context, when tiny particles are used, they can work
only very close to each other, making a homogeneous
layer, which loses the periodicity that gives metasurfaces
their most-interesting properties [33]. On certain occa-
sions, the largest value of P/P0 in the rectangular plane
in Fig. 1(b) is recorded for the low limit b/λ0 = 0.05,
which means that the true maximum is exhibited for a
tiny particle outside the map considered. In such a case,
we reject the solution and pick the secondary maximum,
which is shorter but entirely in the parametric box con-
sidered. Therefore, the reported overdelivering structures
always correspond to an internal (not boundary) extremum
on the map in Fig. 1(b). Such a precaution in our optimiza-
tion scheme makes the reported ultraperforming designs
not substantially dependent on the lower limit of b/λ0.

Our search for optimal designs examines several materi-
als, including bulk metals, semiconductors, and inorganic
dielectrics, whose permittivity profiles are obtained from
a well-known material database [34] containing experi-
mental data from well-established references [35,36]. The
media are selected on the basis of their permittivity dis-
persion in the visible spectrum. Our intention is to cover
as much of the parametric space for Re(ε) and Im(ε) as
possible while the wavelength λ0 is varied in the range
from 400 to 700 nm. In the following, we assume that
the dielectric constants ε1 and ε2 of our media remain
the same at a specific wavelength λ0, regardless of the
sizes of their volume domains. Furthermore, the two mate-
rials in such a simple design should be chosen to be
as different as possible [Re(ε1)Re(ε2) < 0] otherwise the
conditions for interesting responses (various types of res-
onances) are not fulfilled. However, if a design uses a
metallic coat, its plasmonic features in the visible spec-
trum create a huge impedance mismatch with the vacuum
background, which usually isolates the inside volume.
Therefore, from the available media, we conclude that
the most-remarkable values related to absorption and scat-
tering appear for a metallic core wrapped in a dielectric
cladding [3]. By trying every single combination from
our list of materials, we check the behavior of the device
across all the operating wavelengths λ0 and, through the
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FIG. 1. (a) The structural model of the core-shell nanowire normally illuminated by a plane wave of visible light. (b) Typical variation
of the metric P/P0 (absorbed or scattered power divided by suitable normalization power) with respect to the aspect ratio a/b and the
optical size b/λ0 for prechosen materials and fixed wavelength. (c) Typical contour of maximal P/P0 as a function of operating
wavelength λ0 for specific material selection.

optimization process described above, we chose a single
design working at a specific frequency. In this way, we
produce the tables presented herein, which contain the best
cases corresponding to each core-shell pair of materials.
It should be stressed that we may miss a highly perform-
ing design at a specific wavelength because a better one
appears at another wavelength.

An important issue that should be clarified regarding
how realistic is the structural model considered concerns
the shape of the boundaries of the core and the shell
when nanowires are actually fabricated. In practice, the
cross sections of many dielectrics or semiconductors such
as phosphides [37] or arsenides [38] have noncircular
shapes such as hexagonal or triangular ones. However, our
approximation for circular cylinders is sensible as long as
the size of the particles is small compared with the operat-
ing wavelength, which is the case in this study. To put this
another way, the (angular) state number of the supported
mode is kept low [38] and thus the field developed across
the nanowire only moderately “feels” the aforementioned
imperfections of the shape.

As far as the underlying physical mechanism lead-
ing to optimal designs is concerned, it is well known
that behind maximal-absorption and maximal-scattering
operations in the aforementioned core-shell nanowires,
two major types of resonances occur. The first type
(thickness resonances) is the outcome of constructive
interferences from oppositely propagating waves devel-
oped when light interacts with a finite-sized object [30].
The second type (plasmon resonances) concerns local-
ized effects appearing at the surface between media with
permittivities of opposite sign [15].

III. HIGHLY ABSORBING DESIGNS

In Table I, we give the highest-performing core-shell
designs in terms of TM absorption when bulk media are

used; the working wavelength and the corresponding color
of the spectrum are also shown. The maximal value of
PTM

abs /PTM
0,abs is around 2 (ranging from approximately 1.9

in InAs structures for multiple colors to approximately
2.4 in Ge-clad particles for red light). Furthermore, prac-
tically all the optimal designs correspond to moderately
thick cylinders with electrical size 0.15 < 2b/λ0 < 0.2,
which is mainly dictated by the external dielectric cladding
regardless of the metal inside and the operating fre-
quency. GaP-coated cylinders prefer to absorb violet light,
while GaSb-coated and Ge-coated favor red light and suit-
able amorphous-silicon (a-Si) covers of metallic cylinders
absorb orange light better for TM illumination. In contrast,
AlSb-clad particles absorb very efficiently (PTM

abs /PTM
0,abs >

2) intermediate colors of the visible spectrum (blue, green).
It is also remarkable that GaP alone does a better job in
terms of TM absorption than any combination of silver-
core designs; in that case, the plasmonic character of
the metal does not help in establishing a resonance, and
thus a single lossy rod attracts more energy from the
background. Such a conclusion is compatible with other
results [39] demonstrating that variants of GaP nanowires
possess interesting optical properties. Finally, InAs-based
nanowires exhibit substantial flexibility in terms of the fre-
quency they absorb most; in particular, optimal λ0 varies
from green to orange wavelengths depending on what
metal we use as a core.

In Table II, we present the corresponding optimally
absorbing core-shell nanowires for TE illumination. On
average, the values of PTE

abs/PTE
0,abs are slightly lower than

the ones in Table I but are for thicker structures (see
especially particles with InAs covers). Indeed, in the TE
case examined, the electric field that “feels” the permit-
tivity discontinuity is oriented normal to the rod’s axis
and thus interacts with its cross section of width 2b; that
is why larger diameters are necessary, unlike in the TM
polarization, where it “sees” the whole (infinite) cylinder
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TABLE I. Optimally-TM-absorbing core-shell nanowires. Performance PTM
abs /PTM

0,abs at specific wavelengths λ0 (indicated also by the
corresponding color of the visible spectrum) and optimal material geometric sizes (a, b) for each combination of the available materials
for which the proposed core-shell cylinder in Fig. 1(a) absorbs maximally the TM incident field. Each row corresponds to a different
metallic core (ε1) and each column corresponds to a different dielectric shell (ε2).

AlSb a-Si GaP GaSb Ge InAs
Ag 2.09 at 505 nm 2.02 at 610 nm 1.92 at 400 nm 2.14 at 700 nm 2.26 at 700 nm 1.95 at 610 nm

b/λ0 = 0.083 b/λ0 = 0.093 b/λ0 = 0.087 b/λ0 = 0.088 b/λ0 = 0.077 b/λ0 = 0.100
a/b = 0.37 a/b = 0.50 a/b = 0 a/b = 0.56 a/b = 0.41 a/b = 0.55

Al 2.17 at 500 nm 2.12 at 620 nm 1.95 at 400 nm 2.19 at 700 nm 2.36 at 700 nm 1.97 at 565 nm
b/λ0 = 0.087 b/λ0 = 0.093 b/λ0 = 0.089 b/λ0 = 0.084 b/λ0 = 0.078 b/λ0 = 0.093
a/b = 0.47 a/b = 0.44 a/b = 0.32 a/b = 0.47 a/b = 0.41 a/b = 0.49

Au 2.10 at 500 nm 2.00 at 615 nm 2.04 at 400 nm 2.12 at 700 nm 2.25 at 700 nm 1.92 at 590 nm
b/λ0 = 0.083 b/λ0 = 0.092 b/λ0 = 0.094 b/λ0 = 0.088 b/λ0 = 0.076 b/λ0 = 0.100
a/b = 0.44 a/b = 0.49 a/b = 0.55 a/b = 0.58 a/b = 0.39 a/b = 0.59

Ti 2.23 at 525 nm 2.12 at 620 nm 2.14 at 400 nm 2.13 at 700 nm 2.36 at 700 nm 1.93 at 590 nm
b/λ0 = 0.087 b/λ0 = 0.089 b/λ0 = 0.093 b/λ0 = 0.079 b/λ0 = 0.075 b/λ0 = 0.090
a/b = 0.45 a/b = 0.43 a/b = 0.51 a/b = 0.43 a/b = 0.38 a/b = 0.44

length. For the same reason, smaller radius ratios a/b are
required in the optimal designs in Table I compared with
those in Table II because the longitudinally oscillating
electric field needs a smaller volume from the stronger
scatterer (metal) to establish a resonant regime. Further-
more, it is natural to have a trade-off between the optimal
performance and the physical dimension since the normal-
ization denominators PTM/TE

0,abs are proportional to the size 2b
of the cylinder. As in Table I, Ge- and GaSb-coated met-
als absorb maximally the TE incident field for long visible
wavelengths λ0 (red color). However, this does not mean
that these material combinations work efficiently for both
polarizations simultaneously, since the optimal designs in
Tables I and II are different (in radii a and b). The AlSb
and GaP claddings can adapt their optimal operating fre-
quency according to the metallic core. Finally, we mention

the Ag/GaP particle, which has moderate size but manages
to absorb 3 times the incident power PTE

0,abs passing through
its cross section.

In Fig. 2(a), we present the spatial distribution of the
total (z) electric field magnitude for a representative design
from Table I. Practically all the optimally-TM-absorbing
structures exhibit concentration of the electric field close
to their external surface at two antipodal positions of the x
axis. The two hot spots correspond to oppositely directed
electric fields completing a zero-crossing variation within
the diameter of a particle. Such behavior reminds us of
bipolar Mie resonances giving minimum denominators of
the corresponding canonical series in cylindrical coordi-
nates. In Fig. 2(b), we show the typical (x, y) dependence
of the magnetic field for maximally-TE-absorbing designs
from Table II. The substantial relative magnitude of the

TABLE II. Optimally-TE-absorbing core-shell nanowires. Performance PTE
abs/PTE

0,abs at specific wavelengths λ0 (indicated also by the
corresponding color of the visible spectrum) and optimal material geometric sizes (a, b) for each combination of the available materials
for which the proposed core-shell cylinder in Fig. 1(a) absorbs maximally the TE incident field. Each row corresponds to a different
metallic core (ε1) and each column corresponds to a different dielectric shell (ε2).

AlSb a-Si GaP GaSb Ge InAs
Ag 2.05 at 620 nm 1.87 at 590 nm 3.05 at 475 nm 1.91 at 700 nm 2.10 at 700 nm 1.72 at 565 nm

b/λ0 = 0.081 b/λ0 = 0.118 b/λ0 = 0.051 b/λ0 = 0.113 b/λ0 = 0.103 b/λ0 = 0.128
a/b = 0.49 a/b = 0.75 a/b = 0.60 a/b = 0.74 a/b = 0.73 a/b = 0.77

Al 2.07 at 565 nm 1.76 at 620 nm 1.98 at 425 nm 1.61 at 700 nm 1.80 at 700 nm 1.58 at 590 nm
b/λ0 = 0.107 b/λ0 = 0.119 b/λ0 = 0.111 b/λ0 = 0.122 b/λ0 = 0.110 b/λ0 = 0.210
a/b = 0.52 a/b = 0.63 a/b = 0.64 a/b = 0.69 a/b = 0.68 a/b = 0.81

Au 1.90 at 620 nm 1.76 at 590 nm 1.85 at 600 nm 1.88 at 700 nm 2.01 at 700 nm 1.65 at 565 nm
b/λ0 = 0.081 b/λ0 = 0.125 b/λ0 = 0.084 b/λ0 = 0.115 b/λ0 = 0.107 b/λ0 = 0.137
a/b = 0.64 a/b = 0.81 a/b = 0.54 a/b = 0.77 a/b = 0.77 a/b = 0.84

Ti 1.54 at 590 nm 1.34 at 620 nm 1.58 at 500 nm 1.25 at 700 nm 1.31 at 700 nm 1.26 at 590 nm
b/λ0 = 0.128 b/λ0 = 0.231 b/λ0 = 0.138 b/λ0 = 0.240 b/λ0 = 0.127 b/λ0 = 0.239
a/b = 0.71 a/b = 0.87 a/b = 0.68 a/b = 0.89 a/b = 0.79 a/b = 0.87
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(a) (b) FIG. 2. Typical spatial distri-

bution of the normalized mag-
nitude of (a) the sole electric
component for the optimally-TM-
absorbing Al/GaP nanowire at
λ0 = 400 nm and (b) the sole mag-
netic component for the optimally-
TE-absorbing Ag/AlSb nanowire
at λ0 = 620 nm. The boundaries
are denoted by solid white lines.

signal recorded at the internal surface of the nanowire
is attributed to the localized surface plasmon developed
between the metal and the dielectric [40]. Again, the res-
onance is dipolar and two maxima of opposite signs are
exhibited along the direction of incoming light (x).

For the far-field response, only the omnidirectional
term (S0) and the dipolar (S1 = −S−1) term are non-
negligible in most of the designs in Tables I and II.
Therefore, the azimuthal profile of the scattered power
takes the following form: p(ϕ) ∼= |S0|2 + 4|S1|2 cos2 ϕ +
4 [Im(S0)Re(S1) − Re(S0)Im(S1)] cos ϕ. When the nano-
wires are working in the highly absorbing mode, most
of them react like Huygens sources reflecting poorly the
directly incident rays and responding strongly along the
forward direction (ϕ = 0) to create the necessary shading
[41]. Such a response results in a stronger field maximum
for x > 0 (compared with that occurring for x < 0) into the
TM nanowires, while it does not affect the signal into TE
cylinders, which is concentrated internally around x = ±a.
However, few designs can absorb optimally while giving
a dipolelike pattern if excited by TE waves; in particu-
lar, this occurs for the four thinnest cylinders in Table II
(Ag/AlSb, Ag/GaP, Au/AlSb, and Au/GaP). Their behav-
ior is attributed to the suppression of the omnidirectional
term |S0|2 compared with the bipolar one |S1|2 and to the
fact that the two complex numbers S0 and S1 are in phase
or out of phase, leading to a vanishing cos ϕ term in p(ϕ).

In all the previous examples, substantial Pabs/P0,abs is
recorded for nanorods with a metallic core since other-
wise the huge impedance discontinuity with the vacuum
background will prevent the field from penetrating into the
structure, as mentioned in Sec. II. However, we find that
high absorbing performance can be achieved with thin,
hollow metallic tubes of suitable dimensions under TE illu-
mination. Since absorption occurs only within the lossy
shell, the efficiency of the designs can be attributed to
the pair of surface plasmons created along the two con-
centric cylindrical boundaries of the metallic tube. Since
the size (b − a) of the shell is small, the field concentra-
tion at the external surface r = b can feed also a surface
plasmon at r = a; in this way, significant signal power is
developed across the entire area of the plasmonic cover,
which, due to its metallic losses Im(ε2), gives substantial
absorption. In Fig. 3(a), we show the spatial distribution of
total

∣∣HTE
inc + HTE

scat

∣∣ for the case of an optimal hollow sil-
ver tube, where a quadrupole near-field pattern is observed
(the S±2 coefficients are of non-negligible magnitude). One
can also notice the rapid change of the field into the thin
metallic shell, which emulates an “effective discontinuity”
of the signal between the outer vacuum region and the
inner vacuum region [42]. Similar remarks can be made for
Fig. 3(b), where aluminum plays the role of a plasmonic
medium, with the difference that the particle is electri-
cally larger, the quadrupole response is less obvious, and
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(a) (b) FIG. 3. Spatial distribution of

the magnitude of the normal-
ized sole magnetic component for
the optimally-TE-absorbing hol-
low metallic tubes for (a) an
empty silver shell at λ0 = 575 nm
(Pabs/P0,abs ∼= 1.6) and (b) an
empty aluminum shell at λ0 =
495 nm (Pabs/P0,abs ∼= 1.4).
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(a) (b) FIG. 4. Time snapshots of the
normalized magnetic field along
the lines y = 0 (blue) and x =
0 (red) as functions of x/λ0 and
y/λ0, respectively, for (a) the
empty silver shell in Fig. 3(a) and
(b) the empty aluminum shell in
Fig. 3(b). Dashed green lines rep-
resent the physical boundaries.

the variation of the field into the coating is more abrupt.
Note that the TM absorption of the aforementioned metal-
lic nanotubes in Fig. 3 is very low. An effect similar to
the one shown in Fig. 3 indicated by our optimization has
been attributed to excitation of hybrid antiphase localized
plasmon supermodes [43].

In Fig. 4(a), we show linear plots of the algebraic value
of the z-polarized magnetic field along normally crossed
lines passing from the center of the particle in Fig. 3(a).
Obviously, the vertical cross section of the field is an even
function of y/λ0, unlike the curve of the horizontal cross
section, which is biased by the side of excitation. In both
directions, we notice the linear and very sudden change
of the signal within the metallic coat, whose thickness is
less than 1% of the free-space wavelength. Far from the
structure, we find the expected wavelike response with
respect to x/λ0 and substantial scattering perturbation with
respect to y/λ0. In Fig. 4(b), we show exactly the same
quantities as in Fig. 4(a) but for the empty aluminum shell
in Fig. 3(b). Again, the extremely abrupt variation within
the thin cover makes the magnetic field along the x axis flip
sign once it passes through it. Similarly, the sharp change
of the signal along the y axis for y ∼= ±a ∼= ±b demon-
strates the aforementioned “effective discontinuity” at the
plasmonic tube, which is related to its substantial texture
contrast with a free-space environment.

It would also be meaningful to investigate some of
the optimal designs when the working wavelengths are

not exactly equal to the ones given in Tables I and II.
In Fig. 5(a), we consider six core-shell nanowires from
Table I (each one operated at a different color of the visible
spectrum indicated by the color of the curves) and repre-
senting the metric Pabs/P0,abs for both polarizations as a
function of λ0. Obviously, we obtain bell-like solid lines
since the performance falls far from the central wavelength
(the one indicated in Tables I and II), even if slightly better
results may be achieved for neighboring frequencies due
to discretization of continuous λ0 space. Furthermore, as
anticipated, the metric for TE illumination (dashed lines)
is significantly reduced since the structures have not been
optimized for waves of this type. It is, however, remarkable
that most TE curves (except for the output of the Au/InAs
design) are maximized almost at the same wavelengths at
which the TM ones (solid lines) have their largest val-
ues; this happens despite the totally different nature of the
two field polarizations for an infinite cylinder. Finally, the
drop of the absorption efficiency may be more (Ti/GaP and
Ti/AlSb particles) or less (Au/InAs and Ti/a-Si particles)
abrupt, as dictated by the dispersive behavior of the media
used.

In Fig. 5(b), we present curves similar to those in
Fig. 5(a) for certain designs picked from Table II. For
most of the particles, both of their curves (dashed lines
for TE polarization and solid lines for TM polarization)
possess substantial magnitudes in the vicinity of the cen-
tral operating wavelengths. In particular, TM and TE

(a) (b) FIG. 5. Absorption effi-
ciencies Pabs/P0,abs for both
polarizations as a function of
the operating wavelength λ0
of selected optimal designs
picked from (a) Table I and (b)
Table II. Solid lines correspond
to the TM response and dashed
lines correspond to the TE
response.

014051-7



AIVAR ABRASHULY and CONSTANTINOS VALAGIANNOPOULOS PHYS. REV. APPLIED 11, 014051 (2019)

TABLE III. Optimally scattering core-shell nanowires. Performance Pscat/P0,scat at specific wavelengths λ0 (indicated also by the
corresponding color of the visible spectrum) and optimal material geometric sizes (a, b) for each combination of the available materials
for which the proposed core-shell cylinder in Fig. 1(a) scatters maximally the TM or TE incident field. Each column corresponds to a
different metallic core (ε1) and each row corresponds to a different dielectric shell (ε2). Grey box indicate poor performance. P0,scat is
the corresponding scattering power of an equal-sized PEC rod.

Alone under
TM waves

Ag under
TM waves

Al under TM
waves

Alone under
TE waves

Ag under TE
waves

Au under TE
waves

AlSb 2.58 at 700 nm 2.62 at 700 nm 2.58 at 700 nm 1.83 at 700 nm 1.64 at 700 nm
b/λ0 = 0.098 b/λ0 = 0.099 b/λ0 = 0.098 b/λ0 = 0.188 b/λ0 = 0.194

a/b = 0.24 a/b = 0 a/b = 0.81 a/b = 0.84
GaP 2.81 at 480 nm 2.84 at 480 nm 2.82 at 480 nm 1.58 at 530 nm 2.16 at 620 nm 1.89 at 700 nm

b/λ0 = 0.101 b/λ0 = 0.102 b/λ0 = 0.101 b/λ0 = 0.162 b/λ0 = 0.178 b/λ0 = 0.190
a/b = 0.26 a/b = 0.10 a/b = 0.76 a/b = 0.775

absorption is maximized at neighboring frequencies for
nanowires of Al/GaP, Al/AlSb, Au/a-Si, and Ag/Ge, giv-
ing polarization-insensitive absorbers. This is not the case
for particles of Ag/GaP and Ag/AlSb, where TM absorp-
tion is much smaller than TE absorption and follows a
decreasing trend with respect to λ0 [opposite the behav-
ior of TE absorption in the Au/InAs design in Fig. 5(a)]. In
addition, one can observe the very high performance of the
Ag/GaP core-shell cylinder accompanied by a significant
selectivity of frequency, which makes the design suitable
for filtering or switching.

IV. HIGHLY SCATTERING DESIGNS

By repeating the procedure described in Sec. II B, we
obtain the designs in Table III, which exhibit maximal
Pscat/P0,scat for each of the polarizations considered. Our
metric compares the scattering from the selected core-
shell nanoparticle with the scattering of an impenetrable
PEC cylinder of radius b and therefore few dielectrics
are suitable to compete with such a challenging cri-
terion. Indeed, only AlSb and GaP give large ratios
(greater than 1.5), and this can happen even in the
absence of metals. When Al/AlSb is considered under TM

illumination, a single AlSb rod (a/b = 0 as indicated
in Table III) does a better job than all the correspond-
ing variants of Al/AlSb core-shell nanowires; that is
why the specific homogeneous AlSb design working at
λ0 = 700 nm is mentioned twice in Table III. As far
as the operating frequencies are concerned, we observe
the variety of colors that GaP-coated particles can scat-
ter, while the AlSb claddings always score best for red
illumination.

When it comes to the field concentration in the vicin-
ity of the particle under TM excitation, we obtain dipolar
patterns similar to those in Fig. 2(a) for the highly scatter-
ing structures in Table III. Similarly, the far-field responses
resemble those of Huygens sources with moderate back
or side lobes and large forward scattering [41], as also
happens in the TM-absorbing designs. In Fig. 6(a), we
present the magnitude of the magnetic field when the scat-
terer is the single GaP rod, working for TE illumination at
λ0 = 530 nm, shown in Table III. Again we notice bipo-
lar resonance [3], which is confined to the semiconducting
wire, but this is not the case for the rest of the strong
TE scatterers. Their typical signal distribution is shown in
Fig. 6(b), where a quadrupole localized surface plasmon
resonance [40] appears; the maximal values are recorded
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(a) (b)

FIG. 7. (a) Scattering metric Pscat/P0,scat for both polarizations as a function of operating wavelength λ0 of selected GaP-coated
optimal designs picked from Table III. Solid lines correspond to the TM response and dashed lines correspond to the TE response. (b)
Trajectories on the plane of TM and TE scattering metrics of selected AlSb-coated optimal designs picked from Table III working at
λ0 = 700 nm (marked) for 600 nm < λ0 < 800 nm. The small arrows show the direction of increasing λ0.

along the y axis and obviously at the points where metal
touches the dielectric shell.

In Fig. 7(a), we present the scattering performance for
the GaP-based designs in Table III as function of wave-
length λ0 for both polarizations. Obviously, the perfor-
mance deteriorates far from the optimal frequency but
the response to waves with nonoptimized polarization
exhibits large variation. In particular, there is a huge spread
between the scattering of TE and TM fields by the Al/GaP
design, while both curves have similar magnitude for the
GaP particle. Furthermore, the TE-scattering designs, do
not exhibit substantial capability to scatter the other type
(TM) of waves. The AlSb-based designs all operate at the
same wavelength (λ0 = 700 nm, red) and thus we select
them to show their response for both polarizations on the
plane of

(
PTM

scat/PTM
0,scat, PTE

scat/PTE
0,scat

)
as in Fig. 7(b). In par-

ticular, we represent the TM scattering metric along the
horizontal axis and the TE one along the vertical axis,
while the wavelength λ0 sweeps the range 600 nm < λ0 <

800 nm; the central value for λ0 = 700 nm is marked
by different-shaped pointers in each curve. The opera-
tion deviates toward either smaller or larger λ0, but the
trend of both metrics is similar; the moderate difference
in the behavior for λ0 < 700 nm and for λ0 > 700 nm
can be understood by the small arrows, which indicate
the direction of increasing λ0. The two loci on the right
side, which concern TM-optimized designs, give lower
performances for both polarizations once we move from
the central point. In contrast, in the two lines on the left
side (high TE scattering), the metric deteriorates for TE
waves and improves for TM waves far from the opti-
mal regime. Such unexpected behavior is attributed to the
larger sizes (b/λ0) and higher plasmonic portions (a/b) of
the TE designs, which allow them to adapt their scatter-
ing interaction with waves of TM polarization; the same
happens for most of the maximally absorbing nanorods in
Fig. 5(b).

V. CONCLUSIONS

A simple core-shell nanowire illuminated by visible
light is optimized with respect to absorption and scatter-
ing efficiency by our testing all possible available material
combinations in the presence of realistic losses. Numerous
designs with high scores in terms of two different polariza-
tions and for various operating wavelengths are reported,
whose performances constitute limits under the assump-
tion of using bulk metals, semiconductors, or dielectrics.
Some of them are selected, and from their near-field spa-
tial distributions, far-field radiation patterns, and frequency
responses, useful conclusions are reached, such as the dif-
ferent behavior of optimal nanorods when the electric field
is oscillating normally or parallel to their axis. In addi-
tion, a specific class of hollow plasmonic nanotubes is
found to exhibit substantial absorptivity accompanied by
abrupt field changes into the shell, while other rods with
sharp transfer functions are befitted to sensing or filtering
applications.

The approach adopted in this work serves the purpose
of inverse design in simple photonic configurations by pro-
viding several alternative materializations. The efficiencies
recorded may be used as bars for more complicated struc-
tures of similar sizes, using more sophisticated media, to
pass. The same process can be repeated for other sim-
ple particles in various geometries (core-shell nanospheres,
planar bilayers) to formulate a primitive library of best
designs with respect to multiple objectives in the visible
spectrum.
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