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Localized resonances of metal (plasmonic) nanoparticles,
stemming from the unique interplay between local geometry

and dielectric dispersion, are already directed toward various
novel applications. Recent progress enabled the control of a
particle shape with nanometric accuracy and opened up new
possibilities for practical and prospective applications, including
enhanced sensing and spectroscopy,1 plasmonic biosensors,2

cancer imaging and therapy,3 building block of metamaterials,4�6

plasmonic lasers7�9 spasers,10 enhanced nonlinearities,11,12 en-
hancement of radiation efficiencies,13 and so forth.

Typical metallic nanoparticle geometries, for example, spheres,
disks,14 and bow-ties15 placed on low index dielectric substrates,
exhibit resonances at wavelengths primarily below 1 μm. The
resonance extension to the near-infrared (NIR) regime (1�2 μm)
is of great importance for optical communications and biomedical
applications. Until today, this was accomplished by coupling
several particles, resulting in hybridization of the resonant modes
and modification of the resonances.16 Elongation of a particle in a
certain direction will also red shift its resonance frequency,
however it may violate its subwavelength nature and cause
retardation effects along the long axis of a particle. Nanoshells or
coupled particles can be used as well but require small separation
distance, which is still a challenging task for a repetitive and robust
process. Recently, new types of particles resonating at NIR were
demonstrated17 emphasizing the role of local geometry and more
specifically of concave geometry. In some cases, more than a single
resonance is required for the simultaneous enhancement of two or
more frequencies, for example, in high harmonic generation,18

which can be achieved by today’s methods only using different
polarizations, while the resonance's locations are not independent
of one another and therefore hard to design.

Although the task of designing nanoparticles with predeter-
mined resonance wavelengths is of great interest, no generic
method was hitherto presented. The existing methods for reso-
nance engineering rely onparametric variation of certain dimension
of a specific particle,19 or interparticle coupling distance,20,21 but

may be constrained by technological limitations. While evolution-
ary algorithms of different kinds22,23 are widely used in electro-
magnetic research for optimization on excitation signal for a given
shape24,25 and for antenna engineering,26�28 very few were im-
plemented in the field of nanoplasmonics, for instance, for filed
enhancement by particle-swarmoptimizationmethod.29Moreover,
most of the existing algorithms are heuristic and, in principle, may
not converge to an optimal solution.

Here we propose and demonstrate on-demand engineering of
the multipole optical plasmon resonances of a subwavelength
particle. The method is based on a series of small perturbations
applied to an initial particle, which enables the modification of
the spectral location of a resonance or multiple resonances
according to specific predetermined values. Moreover, reso-
nances of different multipole orders can be designed to be
degenerated at specific wavelengths, for example, the dipole
and quadrupole resonances are collocated at the same wave-
length. The various resonances and field distributions were
calculated analytically by our method and subsequently verified
using forward scattering finite difference time domain (FDTD)
simulations.

Small perturbations of an initial particle geometry yield small
shifts of its resonances. Here we show that a proper sequence of
perturbations is capable of shifting the resonances toward the
requested values. Since a resonance is determined by the material
permittivity ε(ω) at the resonance frequency ω, the problem
may be formulated in terms of ε(ω) rather thanω. Suppose that a
pair of initial resonances ε1,ε2 of a polygonal-shaped nanoparticle
should be shifted toward a new pair. The following perturbation
will be applied: each side k of the initial polygon will be associated
with a real number ak. The side will then be moved in the
direction of the local normal by a distance of hak, where h is a
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ABSTRACT: A method for designing plasmonic particles with desired
resonance spectra by exploiting the interaction of local geometry with
surface charge distribution and applying evolutionary algorithm is pre-
sented. The method is based on repetitive perturbations of an initial
particle’s shape while calculating the eigenvalues of the various quasistatic
resonances. Novel family of particles with collocated dipole�quadrupole
resonances was designed, as an example for the unique power of themethod.
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small dimensionless parameter common to all sides. The form-
alism of resonance shifting due to such shape perturbation of a
plasmonic particle30 yields

Dε
Dh

¼ ð1� εÞ

Z
DΩ
d2SaððrDuinÞ2 þ εðDnuinÞ2ÞZ

DΩ
d2SuinDnuin

ð1Þ

where ∂ε/∂h is the derivative of the dielectric permittivity in respect
to the dimensionless parameter h, uin is the electric potential inside
the unperturbed particle, ∂Ω is the particle boundary, ∂n is a
derivative normal to the boundary direction, r∂ is a derivative
tangent to the boundary direction, and a is a scalar function along
the boundary, indicating the amount of particle deformation in the
direction of the local normal. Suppose that we move only two
arbitrary sides on the discretized boundary by fractions of ha1 and
ha2, correspondingly, and consider the following measure S1,2 =
[(∂ε1,2/∂h)/(1 � ε1,2)]

R
∂Ωd

2Suin∂nuin. Only the sign of S1,2 is of
importance, since it indicates the direction of the eigenvalue
modification after the applied variation. If any combination of signs
is possible, itmeans that any pair of initial resonancesmay be shifted
toward any independent location. Equation 1 may then be
rewritten as
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μ1 þ ε2η1 μ2 þ ε2η2

 !
a1
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 !
,

μ1, 2 ¼ ðrDuinðx1, 2ÞÞ2, η1, 2 ¼ ðDnuinðx1, 2ÞÞ2 ð2Þ
This equation is solvable for nondegenerate resonances, since the
determinant of the matrix is not zero. Consequently, since the rank
of the relevant geometrical transformation is 2, up to two non-
degenerate eigenvalues (multipole resonances) may be moved
toward any requested values. Specifically, any single resonance
(dipole, quadrupole, etc) may be shifted as required.

For a given arbitrary shape (polygon), all the resonances may
be calculated by solving the “direct problem” of extracting the
spectral eigen value for the resonances of a known geometry and
material parameters. Here we used discretized boundary integral
method, yielding a matrix equation for the eigen values (function
of dielectric permittivity) and eigen vectors (surface charge
distribution) for example.31 Other solvers including FDTD,32

finite element method, and volume integral method may be
employed as well. In order to reduce the calculation complexity,
we formulate the problem in two dimensions, infinite cylinder
with polygonal cross section. Small perturbations to a particle
geometry yield small shifts of its resonances, which are tracked by
the “direct solver”. Each applied perturbation requires verifica-
tion of the shape validity according to topological and techno-
logical limitations: minimal angles (to avoid sharp corners),
minimal width (to avoid high aspect ratios), and no intersections.
The perturbation is applied in the following way: two opposite
sides of a symmetric shape are moved by a fraction δ in the
direction of the local normal tilted by an angle θ (preserving the
initial symmetry). θ is an additional degree of freedom used for
faster convergence. The particle is subsequently smoothed to
prevent sharp corners. If the resulting shape satisfies the desired
properties then all resonances are recalculated. The perturbation
will be accepted if the resonances will move toward their required
values, otherwise the perturbation is nullified and the algorithm
step is repeated.

By applying this method, we produced series of particles with
resonances spanning the entire visible and NIR spectrum and
verified their transmission spectra by FDTD simulations using a
proper excitation. In principle, the tuning range is bounded from
below by material plasma frequency and unbounded from above
(may be in deep IR and further). However, in the deep IR part of
the spectrum the eigen value of the integral equation for the
resonances17,31 is weakly dependent on frequency, since ε is very
negative, practically limiting the tuning. These explicit examples
show that the entire spectrum may be optimized for absorption
and serve, for example, as a building block in solar cells33 and
related applications. The transmission spectrum (forward
scattering) of each particle is presented in Figure 1, where the
insets are the corresponding particle geometries and the arrow
correspond to the proper polarization of their excitation. This
numerical experiment also corresponds to normal incidence
spectroscopic measurements, using an array of particles rather
than a single particle, in order to enhance the transmitted
signal.17 It should be noted that quality factors of plasmonic
resonances, evaluated in our calculations to be ∼20, are usually
limited to values below 100 and are higher at the visible spectrum
than at NIR.34 However, the usefulness of the localized plasmon
resonances does not emerge from their quality factor, but rather
from their associated small modal volumes. Quality factors as
well as local field enhancement may be also improved as was
shown at ref 35. The simulated particle transversal dimensions
were taken to be deep subwavelength, (maximal distance be-
tween two points on the object was taken to be 100 nm);
however, this parameter was found to have minor influence as
long as retardation effects may be neglected, because all the
resonances have quasi-static characteristics. The particle material
was chosen to be Au (including losses) with the measured
dispersion function.36 Each transmission dip within the spectrum
corresponds to an engineered dipole resonance and fits the
values predicted by our method within ∼2% accuracy. The
resonances of convex gold particles with small aspect ratios are
situated in the visible part of the spectrum; hence the shifting to
longer wavelengths increases the number of required perturbations,
as may be seen from the complexity of the final shapes (Figure 1).

Although we demonstrate the method for two-dimensional
(2D) particles in order to reduce the calculation time, it may be

Figure 1. Transmission spectra of engineered particles. Insets: respec-
tive particles shapes. “1” particle, blue dashed line; “2”, red circles; “3”,
green dash-dot; “4”, black solid. Arrow states for polarization of electrical
field of the plane wave excitation.
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used in 3D and is therefore a very powerful tool. Moreover, particles
with cylindrical cross-section and finite height are of potential
interest for applications and they may be related directly to 2D
shapes with phenomenological Lorentz depolarization factor.37,38

According to this model, increasing a particle dimension in the

direction of the excitation polarization shifts the particle resonance
to the red, while if such an increase is made in the perpendicular
direction, the particle’s resonance exhibits a blue shift. We verified it
by performing forward scattering simulations for particles of 50, 100,
and 500 nm height (Figure 2). Very similar linear behavior of the
resonance location was observed for all cases, exhibiting a red shift
from the infinitely thick (2D) to the thin (50 nm) particle,
demonstrating that the resonance location for this 3D scenario
can be deduced to a good approximation from the 2D calculation.

To further exploit the capabilities of our method we generated
a new family of particles in which two resonances of different
orders are brought to be frequency degenerated at a desired
wavelength. An initial “cross-shaped” particle (inset of Figure 3b)
that exhibits dipole and quadrupole resonances separated by
about 30 nm (in 2D geometry) is mutated to a particle (inset of
Figure 3c) with the dipole (Figure 4a) and quadrupole
(Figure 4b) resonances collocated at ∼560 nm. Particle para-
meters are similar to those of Figure 1. This unique phenomenon
may contribute to applications such as optimal nanoscale
absorber,39 emitters’ lifetime manipulation, and near-field sto-
rage devices. To examine the unique behavior of such particles,
we performed FDTD simulations in which a horizontal dipole
source was placed in the vicinity of each of the following two
particles: the perfect cross-shaped and the above-discussed
“degenerate-resonance” particle (dipole location is marked by
“S” in insets of Figure 3). The overall near-field intensity in the
vicinity of each particle (marked by “O” in insets of Figure 3) was
calculated as a function of time. Figure 3a shows a time
dependent field intensity of the excitation pulse in free space
(inset), while Figure 3b shows the response of the “cross-shaped”
particle. Since only the “bright” dipole mode of the structure
was exited, the particle near field decays fast due to the efficient
retransmission to the far field.40 On the other hand, the time
response of the degenerate-resonance particle (Figure 3c) is
completely different, as its resonances are degenerated in fre-
quency; dipole (bright) and quadrupole (dark) are simulta-
neously coupled to the excitation, creating a coherent super-
position of twomodes.Moreover, the lifetime of the darkmode is
much longer because of its reduced coupling efficiency to the far
field. This unique characteristic may open possibilities for
manipulation of closely situated quantum emitters, for example,
since a small perturbation in the surrounding media may non-
radiativelly transfer energy between bright and dark modes.

Fabrication of these particles is definitely feasible with today’s
mature nanotechnology, although it may require advanced
lithography such as E-beam lithography, including a correction
of the proximity effect; all these significant issues were con-
strained in the algorithm.

In conclusion, we developed a generic method for the engineer-
ing of plasmon resonances that is capable of producing particles
with desired resonances over the entire spectrum. In general, our
method is a comprehensive way to optimize parameters of the
plasmonic particle: resonance location, coresonance location, field
enhancement factor, polarization ratio response, and much more,
all under the fabrication constraints, for example, resolution,
moderate aspect ratios, and so forth.We demonstrated this method
first by determining the basic characteristics (resonance location,
under constraints) and then by a more elaborate demonstration of
collocation of two resonances. This unique collocation of several
resonances may be achieved and employed for storage of the near
field energy and for absorption enhancement.

Figure 2. Resonances for 3D particles. Infinite height (black triangle),
500 nm (green circle), 100 nm (blue diamond), and 50 nm (red
rectangle) thick disk particles.

Figure 3. Normalized electrical field intensity as the function of
time. (a) free space, (b) cross-shaped particle, (c) degenerate-resonance
particle. S is the horizontal dipole source location, O is the obser-
vation point.
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