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The design of nanoantennas has so far been mainly inspired by radio-frequency technology. However,
the material properties and experimental settings need to be reconsidered at optical frequencies, which
would entail the need for alternative optimal antenna designs. Here we subject a checkerboard-type,
initially random array of gold cubes to evolutionary optimization. To illustrate the power of the approach,
we demonstrate that by optimizing the near-field intensity enhancement, the evolutionary algorithm finds
a new antenna geometry, essentially a split-ring—two-wire antenna hybrid that surpasses by far the
performance of a conventional gap antenna by shifting the n = 1 split-ring resonance into the optical

regime.
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Light-matter interaction, i.e., the absorption and emis-
sion of light as well as the control of its spectral and
directional properties, can be optimized by means of
antennalike plasmonic nanostructures [1,2]. This is of
immediate importance in diverse fields of research, ranging
from solar energy conversion [3], photocatalytic [4], and
sensing applications [5] to single-particle manipulation
[6,7] and spectroscopy [8], as well as quantum optics and
communication [9-12].

The designs of rf antennas are usually optimized for
the utilization of thin, infinitely good conducting wires
that support surface currents and are typically fed by
transmission lines with infinitely narrow gaps [13]. For
antennas at optical frequencies, the general operation con-
ditions deviate substantially from such ideal behavior.
(i) Antenna wire diameters are comparable to the electro-
magnetic penetration depth into the wire material leading
to volume currents [14]. In the case of noble metals, such
wires therefore exhibit plasmon resonances in the visible
spectral range, resulting in the reduced effective wave-
length of wire waves [15]. (ii) The feeding (excitation) of
optical antennas is often achieved with focused laser beams
or quantum emitters. (iii) High-frequency-related effects
such as “kinetic inductance” become significant [16]. It
cannot therefore be taken for granted that rf-inspired
antenna designs, such as dipole [17], bow-tie [18,19], and
Yagi-Uda antennas [20,21], represent the “optimal” ge-
ometries also at optical frequencies—although they pro-
vide a reasonable performance.

Evolutionary algorithms (EAs) find the optimized solu-
tions to highly complex nonanalytic problems by creating
subsequent generations of individuals who are coded by
their respective genomes that compete for the right to pass
on their properties in accordance with a fitness parameter
[22]. These optimized solutions can then be analyzed to
foster the understanding of underlying physical principles.
Evolutionary optimization has been applied successfully in
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various fields of research, including pulse shape optimiza-
tion in the coherent control of chemical reactions [23]
and field localization in plasmonic structures [24,25].
Furthermore, evolutionary optimization has been used to
aid the development of radio-wave antennas [26,27]. Initial
attempts to employ such methods to find improved plas-
monic nanostructures have also been undertaken [28-31];
however, the investigated configurational space remained
very limited.

Here, we employ the evolutionary optimization method
in a more general setup to find improved plasmonic
antenna structures that, in terms of near-field intensity
enhancement (fitness parameter), outperform the best radio
wave—type reference antennas by a factor of 2. Analyses
of the fittest antenna reveal that it is a split-ring—two-wire
antenna hybrid (split-ring antenna [SRA]), which merges
the features of the fundamental magnetic resonance of
a split-ring with the fundamental electric resonance of a
linear dipole antenna—both in the visible wavelength
regime.

Methods.—As fitness parameter, we choose the normal-
ized near-field intensity enhancement in the focus of
an illuminating Gaussian beam (A; = 647 nm, NA = 1,4.3fs
pulse duration, 144 nm bandwidth). A genetic representation
of complexly shaped thin-film nanoantennas is realized by
composing structures (matrix antennas) from discrete gold
cubes having fixed dimensions (10 X 10 X 11 nm?), posi-
tioned on a 21 X 21 square matrix in vacuum, oriented per-
pendicular to and centered on the optical axis of the Gaussian
beam. The fields of such structures can be described by local
Maxwell equations.

The resulting configuration space of about 4 X 10!32
different individual structures ensures geometrical variety
but is impossible to explore by brute force methods, since
the evaluation of an individual structure takes about
20 min. The size of the focal spot and the area occupied
by the gold cube matrix are comparable (see Fig. S1 in
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Supplemental Material [32]). An example showing a
bow-tie antenna represented in a 5 X 5 array is depicted
in Fig. 1. The genetic information is represented in a
unique binary code, where the matrix elements are set to
“1”" if occupied by a gold cube and “0”” when empty (for a
calculation of the number of physical redundant structures,
see Figs. S2 and S3 and the related discussion in
Supplemental Material [32]).

We solve Maxwell’s equations using the finite-
difference time-domain (FDTD) method [33] (FDTD
Solution, Lumerical Inc., Canada). Due to the discretiza-
tion in space (Yee Cells, dx = 1 nm), adjacent gold cubes
are fully connected to each other. We also obtain conduc-
tive bridges between the neighboring gold blocks that
contact each other via their edges. All simulation objects
were shifted by half a Yee cell size in the x and y direction
to ensure identical dimensions of gold cubes and voids. In
order to describe the dielectric function of gold in a suffi-
ciently wide spectral range, we use the data by Johnson and
Christy fitted by an analytical model [34,35].

The EA is implemented in MatLab [36]. It uses
generations consisting of 20 or 30 individual matrix
antennas. The five best structures based on the fitness
parameter are selected as parents for the next generation.
With carefully chosen mechanisms for crossover and
mutation of the genomes, consecutive generations con-
stantly improve in the sense that their fitness parameter
increases. New descendants are created by first selecting
one of the five parents by the roulette-wheel selection
method [22] with a probability proportional to its fitness.
Three methods, i.e., the creation of random structures,
mutation, as well as linear and spiral genome crossing,
are then applied, until a total of 20 (or 30) new individu-
als are generated for the next generation (see Fig. S4 in
Supplemental Material [32]).

After a sufficient amount of generations have been
simulated, a so-called toggle plot analysis is performed,
which consists of running 21 X 21 simulations in which
every block is toggled individually. Color coding the block
positions according to the magnitude of the fitness changes

FIG. 1 (color online). Genetic representation of a matrix an-
tenna. Left: artistic three-dimensional view of an example bow-
tie nanoantenna consisting of eight gold cubes. Right: top view
indicating the transition to a 5 X 5 matrix representation, where
each “1” denotes the presence of a 10 X 10 X 11 nm? block
of gold.

associated with the individual toggle event shows the
relative importance of single blocks and the potential for
further improvement of the matrix antenna, and also even-
tually produces new individuals with enhanced fitness [37].

Results.—The wavelength A; coincides with the reso-
nance of a linear dipole nanoantenna consisting of two
end-to-end aligned 46 X 30 X 11 nm? gold rods (width =
3 cubes, height = 1cube) separated by a 10 nm gap
[Fig. 2(a), top panel], which serves as a reference structure.
This exhibits a resonant normalized near-field intensity
enhancement of about 1800 in the center of its feed gap.
Other geometries, such as bow-tie antennas, do not yield
higher fitness.

In the following, we discuss the fittest structure obtained
by running the EA for 100 generations with 20 individuals
each (see Fig. S5 in Supplemental Material [32] for devel-
opment of the geometry and fitness parameter), a subse-
quent toggle plot analysis, and further 30 generations with
30 individuals each, starting with combinations of the best
five structures obtained from the toggle plot analysis.

The best matrix antenna structure [Fig. 2(a), lower
panel] exhibits a remarkably high fitness, as indicated by
its near-field spectrum in Fig. 2(b), which is recorded in the
optimization point [indicated as blue dot in Fig. 2(a)] after
a broadband excitation. Its maximal near-field intensity
enhancement of 3500 is nearly twice as high as that of
the reference antenna. Both spectra show single, nearly
Lorentzian peaks (Q =20 and 23; see Supplemental
Material [32] for a further discussion of the Q-factor).

According to the reciprocity theorem [1,2], the opti-
mized antenna should also improve the radiative properties
of a quantum emitter positioned in the spot of highest
field enhancement. Indeed, for the reference antenna we
find a radiation enhancement of 2126 and a radiation
efficiency of 0.255, while for the fittest antenna the radia-
tion enhancement is 4271, with radiation efficiency of
0.268. Surprisingly, the directivity of the fittest antenna
remains very similar to that of the reference antenna,
despite its complex shape (see Fig. S6 and related discus-
sion in Supplemental Material [32]).

The fittest matrix antenna exhibits three noticeable geo-
metrical features: (i) a small gap in the center between two
compact rod(like) structures, slightly displaced in the y
direction with respect to the observation point. (ii) a single
gold block directly below the gap, which creates a current
path connecting the rod-like structures, and (iii) a seem-
ingly random arrangement of gold blocks further away
from the center. It is important to note that the optimal
structure found by a genetic algorithm depends on both the
available primitive elements as well as the possible boundary
conditions.

We now consider the near-field intensity enhancement
maps of both the reference and matrix antennas in Fig. 2(c).
The small displacement of the rodlike structures increases
the near-field intensity enhancement by a small factor
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FIG. 2 (color online).
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Comparison at A = 647 nm between a resonant linear dipole nanoantenna built from two 10-nm separated

rectangular arms of 46 X 30 X 11 nm? and a structure obtained with the EA described in the text. (a) shows the geometry of both
structures from the +z direction. The blue spot denotes the position of the near-field optimization by the EA. The spectra in (b) are
taken at this marked position during a broadband Gaussian excitation. (c) shows the logarithmic near-field intensities at A = 647 nm
when the structures are illuminated by a monochromatic Gaussian focus with NA = 1. The scales are normalized and not comparable.
In (d) the the change of near-field enhancement at the optimization position is shown for each single block when it is toggled. (e) is a
zoom of the central part of the EA antenna, showing the strength and direction of the currents.

because of the proximity of the corners of the rodlike
structures to the point of optimization. However, this alone
cannot by far explain the observed increase of the near-field
intensity enhancement. The achievable enhancement by
displacing the reference antenna in a similar way amounts
to a factor of 1.1.

The results of a toggle plot analysis are shown in
Fig. 2(d). The results indicate that the toggling of individ-
ual blocks does not result in considerable additional near-
field intensity enhancement, but rather causes a severe
reduction. We therefore believe that the structure’s fitness
is close to a (local) maximum in the configuration space.
By far the strongest reduction of fitness occurs when
toggling gold blocks near the center. This indicates that
the compact structure in the proximity of the gap domi-
nates the field enhancement and is most critical for achiev-
ing the observed performance. Assuming that it is excited
at an eigenmode, this also explains the appearance of a
single narrow Lorentzian resonance. As apparent from the
toggle plot, the random structures far away from the center
do hardly influence the field enhancement in the gap.
Nevertheless, it is possible that the collective effects of
the peripheral blocks do influence the fitness of the struc-
ture to some extent; however, due to the inherent complex-
ity involved, we will not be discussing this further in detail.

Of particular interest is the single gold block below the
gap. This provides a current path via the cube edges
between the two rodlike structures that form the gap, as
can be seen by taking a closer look at the currents in the
central part of the matrix antenna in Fig. 2(e). Surprisingly,
we find that removing this block greatly lowers the fitness

of the resulting matrix antenna, instead of increasing it. A
closer inspection of Fig. 2(e) reveals two particular current
paths, one located in the rodlike structures, corresponding
to a bonding linear dipolar nanoantenna mode, and the
other, flowing from one upper gap edge through the con-
necting gold block to the other upper gap edge, correspond-
ing to a fundamental split-ring mode.

In order to better understand the effects that lead to the
increased near-field intensity enhancement, in the follow-
ing we study a reduced model system, i.e., a mixture of
a split-ring and a linear two-wire antenna, called the
split-ring antenna, which retains the important features
of the fittest matrix antenna but can be described by a
small number of freely tunable parameters. Its geometry
is depicted in Fig. 3(a). The structure can be interpreted
either as a linear two-wire antenna with an asymmetric
short circuit, a split-ring resonator with attached wires, or
a long single nanowire that is deformed in a particular
way.

The near-field intensity enhancement of the SRA in the
center plane is depicted in Fig. 3(b), showing a strong field
concentration toward the open side of the SRA gap, as
already observed in the best matrix antenna. Figure 3(c)
compares the spectra of the resonances of a SRA with a
nonshort-circuited dipolar antenna of identical arm cross
section, gap size, and resonance frequency. Both spectra
were obtained at the point of highest near-field enhance-
ment along the y axis. Also, in the reduced model system,
the split-ring antenna surpasses the classical dipole antenna
design in terms of maximum near-field intensity enhance-
ment by a factor of 2.
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FIG. 3 (color online).
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(a) Geometry and dimensions of the examined split-ring antenna. (b) Near-field intensity enhancement of the

structure in (a), showing highly concentrated fields towards the open end of the gap. The blue point denotes the point of the
measurement for the spectrum figured in (c). The Q = 25 for the SRA grey (red online) is comparable to that of the reference antenna
(black). (d) shows an overlay of the squared current density and the current direction inside the material as well as the magnetic

near-fields outside the structure.

The current pattern in the reduced model system can
be decomposed into a fundamental (n = 1) split-ring mode
[38] and a dipolar current in each antenna arm running
180° out of phase to the current in the short circuit
[Fig. 3(d)], adding to the charge accumulation in the upper
part of the gap and thus increasing the near-field intensity
enhancement. Since the resonance is in the optical regime,
the SRA is one way to circumvent the limitation of pure
split-ring resonances to wavelengths above 900 nm due
to kinetic inductance [16]. The SRA represents a mag-
netic dipole in the visible range, showing magnetic fields
[Fig. 3(d)] that are only by factor of 2.5 weaker than those
of the isolated split-ring resonator at a resonance wave-
length of 908 nm.

To confirm the shift of the fundamental split-ring mode
from the infrared into the visible spectral range, we place two
gold bars (35 X 30 X 11 nm?) separated by a 5 nm non-
conductive gap from the isolated split-rings ends. The ex-
tinction cross section is examined while connecting the
gold bars with the split-ring via successively thicker gold
bridges at the center of the gap (see Fig. 4 and the inset). In the
unconnected geometry, the fundamental split-ring resonance
is shifted into the red to about 1200 nm due to capacitive
coupling across the gap. As the connection grows thicker
(increasing d), the fundamental split-ring mode is shifted by
more than 500 nm from the infrared into the visible range.
The shift of the resonance is of similar origin as the emer-
gence of a charge transfer mode for a dipolar antenna due to
a conductive bridge [39]. However, here the fundamental
split-ring mode does not disappear, but its phase is inverted
(compare the charge distributions sketched in the lower panel
of Fig. 4). For very thin conductive bridges, both modes
coexist (see also Ref. [39]) and cancel out each other, leading
to a dip in the extinction cross section.

Conclusion.—We show that by using the method of
evolutionary optimization in a large parameter space,
high-fitness plasmonic antennas can be found within a
reasonable amount of time. The method can be adapted
to a large variety of fitness parameters in order to optimize
plasmonic structures for various purposes. Besides directly
yielding optimized structures, a careful analysis of the
working principles of the resulting geometries may provide
new design strategies for high-performance plasmonic
nanostructures.
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FIG. 4 (color online). Wavelength shift of the extinction cross
section resonance for the combined two-wire antenna and the
n = 1 split-ring resonance, as the conductive link between the
two antenna rods and the split-ring (see inset) increases in
thickness (marked thick dashed). Also visible are the bonding
and antibonding n = 3 modes, which also shift slightly into the
blue and get very weak (marked thin dashed). The sketches at the
bottom show the geometries of the fully disconnected and fully
connected structures, together with the position and sign of their
mode’s charge density maxima.
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In the present example, we obtain an increase of the
near-field intensity enhancement by nearly a factor of 2,
caused by the intriguing cooperation of a fundamental
split-ring mode and dipole antenna resonance. We have
used the latter principle to devise a novel antenna design
that additionally exhibits very large magnetic fields at
optical frequencies. In particular, the fundamental split-
ring resonance is shifted into the visible spectral range
because of the formation of a charge-transfer-like hybrid
resonance with two rods of a dipolar antenna. The method
can be further adapted to include geometrical constraints
imposed by microfabrication and therefore lead to struc-
tures that can directly be implemented in practical
applications.
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