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Abstract: Work is reported on optical antennas of complex molecules. Optical antennas of a nanometric particle are widely considered for
light relays in various on-chip applications. An appealing candidate for an optical antenna is a complex molecule, for example, a huge cell
containing a few hundred atoms. The optical properties, such as the radiation patterns, of the antennas may be optimized. The optimization
includes the design and synthesis of the contents and structures of the molecule, such as the participating atoms and their positions. A
convenient method to simulate the antenna is to solve the local field at the sites of atoms, self-consistently. A revolutionary proposal is
to treat the molecule as a single dipole. Therefore, the molecule can be treated as a dipole in further simulations, and the degree of the
isotropic property becomes visualizable. An isotropic radiator has an angular dependence, and a global dipole is a collective radiator. In
the present work, we show that by making use of the density function theory one can calculate the global band caps. Based on the
calculated density of states distribution, one obtains various optical parameters of the global dipole, including the polarizability of the
dipole. Our attention is concentrated on the degree of anisotropy of the dipole, as it modifies dramatically the radiation pattern of the antenna.
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1. Introduction

Silicon chips are more and more saturated and optical relays
become plausible to speed up the transportation of signals and to
avoid electric losses [1, 2]. There have been developed quite a lot of
so-called optical antennas for the task of light relay on a chip [3, 4].
Among others, optical antennas have been designed with a single
particle of metallic or semiconductor materials, metallic structures
printed on the chip, as well as an ensemble or a chain of particles [5, 6].
It is worth introducing complex molecules for the role of optical
antennas, as they may replace a group of particles [7]. Complex
molecules may be chemically synthesized and some hundreds of
different atoms are bound together as a molecule. Therefore, it
becomes possible to construct optical antennas with desirable
properties, such as the efficiency of light transportation and radiation
pattern. The optical parameters of the complex molecules are
determined by the contents and structures, that is, the member atoms
and their positions. Metallic atoms play usually important roles. The
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structures and the distances between the atoms are essential for the
global optical properties, as the interactions between the atoms may
trigger resonant plasmons. The optical excitation and the radiation of
the molecule depend on the local field at each molecule.

From both theoretical and numerical viewpoints, a convenient
method for simulating an optical antenna that is composed of a group
of point-like particles is to make use of the field propagator (Green’s
function) approach [7—-15]. The simulation is divided into two steps,
namely the particle reaction to the external excitation and the
superposition of the radiation stemming from each particle. The
Green’s function approach has been widely used for optical
simulations [8—15]. However, for simulating optical antennas, the
approach can hardly establish relations between the radiation
properties, such as strength and pattern, and the structure of the
molecule antennas, such as the participating atoms and their
positions. Therefore, the numerical simulation can hardly provide
guides for the design and synthesis of the complex molecule. For
these reasons, novel approaches are urgently needed to establish
concise and visualizable relations between the antenna radiation
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and the structure of the molecule, so that the design and the synthesis
receive clear and direct guidance.

Using complex molecules is certainly attractive as it provides
extra properties that a single antenna of metal and semiconductor
cannot offer. However, it is complicated to assess the antenna
properties of the complex molecule. To determine the antenna
properties one has often to resort to experiments.

In the present work, we introduce a revolutionary approach for the
simulation of complex molecules for optical antennas. There are also
two steps. First, one carries out the density function theory (DFT)
simulation of the whole molecule to obtain the global band caps.
Based on the calculated density of states (DOS), one calculates key
material and optical parameters of the molecule. In other words, we
treat the molecule as a huge dipole [16-20]. The second step is to
deal with the radiation of a single dipole [16]. Not only does the
simulation of the dipole radiation become simple and direct but also
it appears clear the dipole parameters. In this case, one knows what
to do for optimization of the dipole. For example, the degree of
isotropy of the dipole determines largely the radiation property of
the antenna. In particular, the degree of isotropy is shown by the
value of the off-axis elements of the global dipole. Since the dyadic
response tensors, such as the polarizability and the dielectric
function, of the global dipole are known from the first step, that is,
the DFT simulation, the guidance for the design and synthesis
becomes clear and direct. Of course, the simulation difficulties shift
to the DFT calculations. Nowadays, it becomes possible to simulate
complex molecules of a few hundred atoms with parallel
supercomputers. We show in the present work, a few examples.

Note in passing that the above-proposed approach for simulating
a group of bound particles is not limited to dealing with optical
antennas using complex molecules. Similar thought would be useful
for various applications where a tightly bound group of particles is
involved, especially for near-field radiation within nanometric
spacing. It would be interesting to have a systematic comparison
between the field propagator (Green’s function) approach and the
global dipole approach that is introduced in the present paper,
which will be in our forthcoming work. We stress that the term cell
used in the present work is to describe a microscopic system that
requires quantum mechanics to simulate their DOS distribution.

We organize the present paper as follows. In Section 2, the theory
is presented and the numerical procedures are outlined for both Green’s
function and global dipole approaches, as well as the details of
calculations for optical properties of the global dipole from the
DOS distributions. In Section 3, numerical results are presented and
discussed. Examples of Green’s function approach are presented.
DFT simulation of an LTA zeolite is presented. The influence of
the isotropy of the global dipole is discussed. In Section 4, the work
is concluded with the perspectives of the proposal.

2. Theory and Calculation

Within the present section, theoretical and numerical
procedures are outlined both for Green’s function approach and
the so-called global dipole approach with detailed theoretical
backgrounds as well as computational implementations.

First, the two steps of Green’s function approach are presented
for a group of nanometric particles. The particles are assumed
optically active and tightly bound together within nanometric
distances. The situation includes cells of many atoms. Note that,
not all atoms in a complex molecule are optically active. There
should be differences from the point of view of a global dipole.
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The less active atoms are useful components for the global
reaction of the cell. Nevertheless, internal and between-particle
interactions are taken into account. An exciting field modifies the
local field at each particle. The process can be described with a
self-consistent equation set as [8, 9]

=N
E(ﬁi,w) =E, (ﬁi,w) — paw? Z G(f{i,ﬁj,w) . [ot](w) -E(R},w)}
=1

1

where Eo(R;,») and E(R;, ) are respectively the monochromatic
incident field and the local field of angular frequency at the particle
site. The field propagator (or dyadic Green’s function) in free space
describes the field propagation from j particle to i particle,
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ep = (ﬁ] - ﬁi)/R is a unit vector, U is a unit tensor, and k = w/c is
the wavenumber. The polarizability tensor is calculated within the long

wavelength approximation via the radius a and the dielectric function
e(w) as

e(w) —1

o) — dmengd S@) — 1
a(w) = 4meya )12

1 0
0 1 (3)
0 0

- o O

And, after the local field is determined by the proven self-consistent
equation, the scattering field at an outside position 7 can then be
calculated as

N
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Therefore, the scattered field at an outside distance with a specific
direction is obtained as a superposition of the radiation from each
emitter.

Equation (1) shows that the field at each particle stems from a sum
of contributions of other particles with various polarizability of which
the strength is shown in Equation (3). The interactions between particles
are included in the field propagators in Equation (2). One solves the set
of equations self-consistently as a standard eigenvalue problem. It is
expected that the local field can be accurately calculated with
possible resonances. Once the local field is obtained, the observed
field at a point away from the cluster is calculated with the equation
in Equation (4) which represents the optical response of the cluster.
The details of the field propagators involved in the numerical
simulations can also be found in references [8, 9]. Note in passing
that, the lengths were normalized to the wavelength.

A key component in the above theory is the field propagators or
Green’s functions in Equation (2). For optical antenna in on-chip
applications, suitable field propagators are available for near-field and
evanescent fields. Considering the work environment of the optical
antenna, a reflection field propagator may be useful. An evanescent
field propagator suitable for near-field distances is as follows:
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The indirect evanescent and propagating field propagators are more
complicated. It is essential for dealing with reflection within
nanometric surfaces. The readers are referred to References [8, 9]
for more details. In the numerical section, some examples are
presented using the above formalism to show the usefulness of the
theory for optical-antenna-related simulations.

Second, we outline the global dipole approach. The calculations
of the electronic structure are fulfilled with the full potential
linearized augment plane wave method The LAPW method is an
implementation of the Kohn-Sham version of the widely used
DFT. It deals with both valence and core electrons on the same
footing in the context of DFT. We use the platform of the
WIEN2K program [21-23]. It makes use of the random phase
approximation for the boundaries as well as the generalized
gradient approximation for the potentials. The set of eigen
equations for a many-electron system is shown below:
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which is indeed the Kohn—Sham equation. In the equation, the
potential v (7) is called the Kohn-Sham potential. ¢; is the eigene-
nergy. The wave function ¢;(¥) which is spin degenerated is referred
to as the Kohn-Sham orbital energy. For an N electron system, the
total electron density can be written as a sum of individual Kohn-
Sham orbital densities as
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where the first term denotes the Joule energy, the second term refers
to the kinetic energy, the third term is the so-called Hartree energy,
and the last term represents the exchange-correlation energy. The
effective Kohn-Sham potential is to be obtained from a derivation

of the total energy, as
R)
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where the second term is the Hartree potential and the last term rep-
resents the exchange-correlation potential. A self-consistent iterative
procedure is implemented to calculate the Kohn-Sham potential from
an initial electron density. With a solution of Equation (6) and the
relation in Equation (8), one obtains a new electron density. The
process goes on till the initial and new densities are identical, which

means that the ground state density has been found, as the energy is
the lowest.

When the electronic structure is known, various optical
parameters are to be extracted from possible interband transitions.
Optical calculations are performed in the random phase. The
dielectric function is obtained by calculating matrix elements
between the occupied and unoccupied states [24]:
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where the matrix elements are obtained. The real part was obtained
by the widely used Kramers-Kronig transformation:
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The reflectivity at normal incidence can be calculated by:
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In Equation (12), n and « are real and imaginary refractive index, also
as refractive index and the extinction coefficient, respectively. The
refractive index and the extinction coefficient can be conveniently
extracted from the following relations:
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The absorption coefficient and the optical conductivity can also be
calculated.
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The electron energy loss function is given by

Luplo) = —m{ s (17)

The above quantities are 3 x 3 tensors and their elements determine
the properties of the global dipole. The radiation strength and pattern
can be modified when some of the elements are changed. Therefore,
it becomes possible to simulate complex molecules to obtain specific
antenna radiation, such as the anisotropy of the dipole.

It is expected that the optical properties are anisotropic for the
clusters, which implies that all the functions are 3 x 3 tensors with
non-zero off-diagonal elements. Since the tensors are symmetric, the
theoretical process should be able to output 6 elements, i.e., 3 diagonal

elements and 3 off-diagonal elements. The 6 elements are schematically
shown in Equation (18) with a 3 x 3 tensor a, with 3 diagonal elements
Ay, Ay, and a ., and 3 off-diagonal elements (the other 3 elements are
SYMmMEtric) dy, = ayy, a,; = ay, and a,; = a,,.
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In the following numerical section, we show the dependence of
the degree of the isotropy of the global dipole on some tensor
elements.

3. Results and Discussions

Numerical results are presented in the present section based on the
formalism presented in the previous section. Numerical results are
included from both the field propagator approach and the global
dipole approach. The examples presented for the field propagator
approach are intended to demonstrate the usefulness of the
simulation for nanometric and on-chip environments, as well as the
shortbacks and limitations of the method for assessing the optical
antenna pattern, and the need for the proposed global dipole approach.

We start with a simple example, a silver sphere placed on a
silver substrate. We consider only the distances within the near-
field range as it would be the environment where the on-chip
optical antenna is suggested to work. A 30 nm probe sphere scans
over the object sphere for various polarization configurations.
These images reflect mainly the symmetry properties of the near-
field components of a dipole field.

Note that the dipole radiation patterns are rich and controlled by
the incident field. Therefore, the method is useful for studying single-
particle radiation in nanometric environments. In addition to
Figure 1, we show that it may also be useful for a group of
particles. In Figure 2, it shows an example.

Figure 2 demonstrates an application of the field propagator for a
group of particles. Note that the near field becomes complicated and
depends on the polarization of the incident field. The particles are
placed to form an arrow. Both Figures 1 and 2 show the usefulness
of the field propagator (Green’s function) simulations for nanometric
scale applications. However, there are drawbacks and limitations. For
more examples, one is referred to References [8, 9, 15]. The present
work is to introduce the global dipole approach.

For complex molecules, it is reasonable to have a global dipole,
that is, the whole group emitters are considered as a single dipole. A
single dipole is easy to handle and radiation patterns especially the
directions are related to the tenor elements of the polarizability. For
example, the degree of anisotropy is related to the off-axis elements.
Therefore, the simulation task shifts to calculate the giant cell of
many atoms. Using DFT, one can calculate the DOS distribution
of molecules with a few hundred atoms. The optical inactive
atoms are usually neglected in Green’s function approach, while
all atoms are meaningful within the global dipole approach.

An example of global dipole simulation is shown as follows.
We choose an LTA zeolite as the complex molecule. Zeolite is a
mesoscopic porous catalysis. The structure of the cell is
schematically shown in Figure 3(a) with the calculated DOS map
in Figure 3(b). There are about 168 atoms of various kinds in the cell.

With the DOS map in Figure 4, one can calculate most of the
material and optical parameters. The parameters and the
corresponding formalism to calculate them are listed in the
previous section of the theory. Figure 4 shows the reflectivity
plot, which is relevant to the present work. There are various
simple methods to estimate the dipole polarizability from the
reflectance, or directly use the reflectance for scattering. An
alternative is to estimate the polarizability using Rayleigh’s
formula in Equation (3). As far as the radiation pattern is
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Figure 1
Near-field images of the field components (a) horizontal; (b)
circular right-hand; (c) vertical; (d) circular left-hand, at the site
of a 30 nm glass probe sphere, which is scanned in a constant-
height plane (71 nm away from the surface) over a 20 nm silver
sphere placed on a silver substrate, for the incident field
polarized linearly (a, c) in the horizontal direction and right-
hand circularly (b, d). The grayscale bar unit is arbitrary

100 nm

Figure 2
Near-field images of the circular right-hand component of the
self-consistent field at the site of 43 silver spheres of 20 nm. The
incident light is a right-hand circularly polarized unit field. The
grayscale bar unit is arbitrary

200 nm
I

concerned, one can use directly the reflectance tensor. The tensor
elements shown in Figure 4 include three on-axis elements and
three off-axis elements, and the tensors are symmetric.

It is interesting to see in Figure 4 that the off-axis elements are
significant and strong, which implies strong anisotropic behaviors.
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Figure 3
(a) The optimized unit cell of zeolite LTA with a triclinic structure, red, blue, dark blue, and yellow spheres
corresponds to O, Al, Si, and Na atoms, respectively, (b) The calculated band structure

(@)

Figure 4
Spectral of 6 tensor elements of the reflectivity
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If the off-axis elements are absent, the dipole is highly isotropic, and
the dipole radiation follows the simple dipoles, whereas if the off-axis
elements are significant, the dipole is anisotropic. Anisotropic dipoles
radiate in specific directions. Optical antenna designs look for oriented
dipoles so that light is concentrated in a direction. For the present
example, the active spectrum falls in ultraviolet and varies with the
light frequency. Of course, there are many molecules suitable for
other frequency ranges, and the variation in the spectrum would
provide an opportunity to externally control the dipole radiation.

In terminating, we present a comparison of the radiation
patterns. In Figure 5(a), the radiation pattern of a textbook dipole
is presented [25], which is isotropic for the vertical incident field.

(b) ZeoNaA atom Otot size 0.20

8.0 — .

70 41 = = Yo— 2

6.0

50 3

40 3

30 4

Energy (eV)

Figure 5
Contour and image distributions of dipolar radiations with a
vertical incident field, (a) a dipole, and (b) a zeolite with
anisotropic optical response. The range is about
r < 12 nm for S eV light, or 249 nm in wavelength. The incident
light is polarized in the z-axis toward the paper

@)

(b)

In Figure 5(b), the radiation pattern of the zeolite is shown in
Figure 5(b), which appears anisotropic with a specific direction.
Further studies are needed to look for suitable molecules for
optical antennas. By modifying the structure of the molecules, one
can control the degree of anisotropy of the global dipole. The
present work is mainly to propose the global dipole approach. The
revolutionary approach would bring about novel applications as a
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useful simulation tool. The novel approach does not expel the
Green’s function approach. Both approaches are useful for dealing
with optics in nanometric environments. However, the proposed
global dipole approach appears more suitable for studying optical
antennas of complex molecules.

4. Conclusion and Perspective

In conclusion, a novel approach is proposed for the design of
optical antennas of complex molecules. Optical antennas are widely
considered for light relay in various on-chip applications. An
appealing candidate for an optical antenna is a complex molecule,
for example, a huge cell containing a few hundred atoms. The
optical properties, such as the radiation patterns, of the antennas may
be optimized. The optimization includes the design and synthesis of
the contents and structures of the molecule, such as the participating
atoms and their positions. A convenient method to simulate the
antenna is to solve the local field at the sites of atoms, self-
consistently. We have in the present work proposed a novel method
to treat the molecule as a single dipole. Therefore, the degree of the
isotropic property becomes visualizable. In the present work, we
have shown that by making use of the DFT one can calculate the
global band caps. Here, the global band caps are from calculations
of the whole system. Based on the DOS one obtains various optical
parameters of the global dipole, including the polarizability of the
dipole. Our attention is concentrated on the degree of anisotropy of
the dipole, as it modifies dramatically the radiation distribution of
the antenna. The thought of a global dipole approach will be useful
for other applications, where scatters are complex molecules
contained in a nanometric geometry. Detection of light in such
spaces is still a challenge and unreliable. Considering the huge cells
as a single global dipole may guide the design and synthesis of the
molecules. Overall we believe that the proposed global dipole
approach would find a wide range of applications, such as on-chip
light sourcing and waveguiding. The proposal is unique and novel
within the literature about optical antennas.

Note in terminating that although the proposed global dipole
approach is primarily intended for dealing with optical dipole
interactions within the near-field range, there is no restriction to
extending to the middle and far field ranges [26, 27].
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