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ABSTRACT: The modeling of functional photonic devices that rely on molecular
materials continues to be a major contemporary challenge. It is a challenge because, in
the Maxwell equations, which govern the light-matter interaction, material properties
are primarily introduced on phenomenological grounds and not from first principles. To
overcome such limitations, we outline a multiscale modeling approach that bridges
multiple length scales. We can predict with our approach the optical response of a
photonic device that exploits in its design molecular materials whose properties were
determined using time-dependent density functional theory. The specifically considered
device is a broadband perfect absorber that uses in part a thin film comprising gold
molecules made from 144 atoms. Our methodology discloses various chemical and
physical effects that define such a device’s response. Our methodology is versatile, and a
larger number of applications will profit from this development.

■ INTRODUCTION

Nanotechnology links atomic constituents to macroscopic
applications and devices. While nanotechnological systems
require a quantum mechanical description to capture their
properties, classical and continuum descriptions are required
when considering the devices at the macroscopic scale. The
development of a scale-bridging computational methodology to
predict the properties of such systems is a prime scientific
challenge. The developments are worth spending and motivated
by many promising devices applicable to selected needs.
Generally, scale-bridging computational methods have been

developed in multiple application areas. One approach is
simultaneously solving quantum mechanics (QM) and electro-
magnetic (EM) equations to study electronic devices, known as
the QM/EM method.1 The quantum part explains the device’s
electronic structure, and the classical electrodynamic part
describes the electrodynamic interaction between the device
and its background. Molecular dynamics (MD) has been used to
understand the mechanics of molecules at the atomic scale.2

Using the outcomes from MD simulations, multiscale physics
problems in objects such as nanopores can be bridged to an
object on a larger scale,3,4 or when studying nucleation processes
of metals and colloids.5 The finite-element method can also be
used to study microstructures like grains6 or analyze the linear
elastodynamics properties of objects across different scales.7

In the current work, we are interested in optical devices based
on metallic nanoparticles as the molecular building blocks.
Nanoparticles constitute a versatile platformwhere sizes, shapes,
and materials can be deterministically tailored to create and
enhance selected applications. For example, controlling protein
orientations8 and measuring gravity has been implemented

using quantum levitated nanoparticles.9 Sensing a few kinds of
small bio-objects is now possible thanks to the strong and
narrow optical resonances of the nanoparticles at desired
frequencies.10−13 A metal nanoparticle coupled to a quantum
emitter can emit single photons at a high repetition rate.14

The system we are interested in utilizes metal nanoparticles as
a core in a thin film device that perfectly absorbs light in an
extended spectral region. Experimentally, synthesizing the
nanoparticles is possible through self-assembly of the nano-
particles,15 which has been reported for perfect absorber
application.16 These perfect broadband absorbers shall have
an operating frequency between the near-infrared and the UV
region.17−19 The requirement for their functionality is simple:
Absorb as much as possible light in a predefined spectral range.
While many variations can be considered, a generic perfect
absorber consists of three layers. At the bottom, there is a
sufficiently thick metallic film that serves as a ground plate. It
reflects the light and prevents transmission through the thin film
stack. The top layer contains lossy metallic nanoparticles. Here,
the light shall be predominantly absorbed where it can be
harvested for selected applications. Finally, the central layer,
frequently called the spacer layer, is a dielectric layer with a
carefully chosen thickness.20 The dispersive response of the
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system allows achieving this effect spectrally broadband.21 But of
course, this requires dedicated adjustments of all degrees of
freedom, such as size, shape, and material of individual
nanoparticles, the density of the nanoparticles in the top layer,
and the material and the thickness of the spacer layers, not to
mention the polarization and the angle of incidence of the
incoming light.
For a deterministic design, we need to implement a

methodology that reliably predicts the macroscopic response
of such systems from an accurate description of its constituents.
As the nanoparticles can be extremely tiny, when fabricated as
clusters,22−24 such description shall start from a quantum-
chemical description of the metallic molecules. Then, the
outcome from such analysis is fueled into an optical simulation
of the device that allows its optimization. Such scale-bridging
simulation has not yet been reported and is developed in this
work.
The perfect absorber contains metallic nanoparticles in the

form of what we call metallic molecules. The considered metallic
molecules consist of 144 gold atoms (Au144).

25,26 However, this
should merely be taken as an example. Au144 is a stable gold
structure, and it corresponds to the bulk gold nanoparticles that
would have been considered in a pure classical simulation.
The quantum mechanical description can be based on time-

dependent density functional theory (TDDFT), density func-
tional tight binding, empirical tight-binding, or fragment
molecular-orbital. In our case, TDDFT is already proven to be
able to analyze the plasmon response from resonant excitation of
a superposition of single-electron transitions of a molecule.27

Afterward, we use the notion of a T-matrix28 to bridge the
calculation from the quantum mechanical-based simulation to
the classical Maxwell equation-based simulations if we start to
look at a cluster of metal molecules in a thin film. The T-matrix is
a matrix that expresses the electromagnetic response of a
scatterer and/or a system of scatterers in a suitable algebraic
language.
With the purpose to bridge multiple length scales, we first

consider a larger number of metallic molecules and let them
form a cluster, i.e., an assembly of metallic nanoparticles. The
cluster is sufficiently large to capture the statistical details of the
nanoparticle arrangement while sufficiently small so that we can
still apply a full-wave solution of Maxwell’s equations to capture
its response. The optical properties of such a cluster are
expressed in terms of a global T-matrix.
Afterward, we compute the optical response from a periodic

and dense arrangement of such a cluster of nanoparticles. We do
so by solving the self-consistent scattering problem where the
renormalization of the T-matrix, thanks to the interaction with
all clusters forming the film, is considered. To bridge a further
length scale and neglect the very fine details of the layer
containing the metallic molecules, we invert the reflection and
transmission coefficients from the thin film using a methodology
from the field of metamaterials to assign an effective permittivity
to it.
Using this effective property, we can use a thin film transfer

matrix technique to study the optical response from the
considered layer stacks. While suitably adjusting the individual
layer thicknesses, we can maximize the objective function.
Following the motivation, we consider exemplarily the
absorption of light in an extended spectral region as the
objective function.
With this approach, we describe a flexible and versatile

methodology for the multiscale modeling of optical devices

made from constituents that require a quantum mechanical
treatment. Objects with smaller length scales, like molecules, are
studied in detail, and only their primary optical response is
considered to represent these objects at the following larger
length scale. We stress that material properties are not
introduced here on phenomenological grounds. In contrast,
we consider materials explicitly using quantum mechanical
methods. As a result, our work can be applied to a multitude of
further considerations. Despite this, some approximations need
to be done to describe the system as reliable and to predict
macroscopic properties.
The article is structured into an extended Methods section,

where we describe the considered methods used in our
workflow, and a Results and Discussion section, where we
present and discuss the actual results when considering a specific
structure.

■ METHODS
Quantum Simulations. Polarizabilities from Linear

Response DFT. The frequency-dependent electronic polar-
izability tensor α ω( ) needed to construct the T-matrix for the
individual metallic molecule is obtained from a first-principles
approach. Using linear-response time-dependent density func-
tional theory (LR-TDDFT), the frequency-dependent response
equation can be formulated as a coupled-perturbed Kohn−
Sham (CPKS) for each Cartesian component γ as equation29−31

ω| ⟩ = − Λ − Δ | ⟩γ γ γ γ−X Y P Q, ( ) ,1
(1)

with the 2 × 2 supermatrices

i
k
jjjj

y
{
zzzz

i
k
jjj

y
{
zzzΛ =

* *
Δ =

−
A B

B A
1 0
0 1

;
(2)

Xγ and Yγ in eq 1 are the solution vectors needed to obtain the
desired polarizability. Furthermore, Pγ and Qγ collect the
integrals describing the external perturbation. In the case of
(frequency-dependent) dipole polarizabilities, these are the
electric dipole integrals given by

∑ ϕ μ ϕ= ⟨ | | ⟩γ

κλ
κ λ κ

γ
λ

*P C Cpq
p q,

(3)

∑ ϕ μ ϕ= ⟨ | | ⟩γ

κλ
κ λ κ

γ
λ

*Q C Cpq
p q,

(4)

where ϕκ are the orbital basis functions and Cκ
p and Cλ

q are the
atomic-orbital to molecular-orbital transformation coefficients
obtained from solving the Kohn−Sham equations for the
ground state. Note that the integrals ⟨ϕκ | μ

γ | ϕλ⟩ are equivalent
with those used to calculate the ground state electric dipole
moment for the three Cartesian components γ ∈ {x, y, z}.
Within the adiabatic approximation and further assuming that
the wavelength of the perturbation is significantly longer than
the size of the nanostructures investigated in this work, the
coupling matrices in eq 2 are given as

δ δ= ϵ − ϵ + + +A v f v( )ia jb a i ij ab ia jb ia jb ia jb,
KS KS

, ,
XC

,
COSMO

(5)

= + +B v f via jb ia bj ia jb ia bj, , ,
XC

,
COSMO

(6)

ϵi and ϵa in eq 5 refer to the occupied and virtual Kohn−Sham
orbital energies respectively, via, jb is a standardCoulomb integral
describing electron repulsion
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∫∫ ϕ ϕ ϕ ϕ=
| − ′|

′ ′ ′v d dr r
r r

r r r r( ) ( )
1

( ) ( )pq rs p q r s,
(7)

and f ia, jb
XC is the second derivative of the exchange-correlation

(XC) energy

= ∂
∂ ∂

f
E

D Dpq rs

XC

pq rs
,

XC
2

(8)

where EXC is the exchange-correlation energy expression within
the chosen density functional approximation. via, bj

COSMO is the
potential energy contribution of the implicit conductor-like
screening model (COSMO) used to incorporate effects of the
chemical surrounding.32,33 The COSMO term is convenient, as
it is far more efficient to describe the surrounding by a
polarizable medium, modeled by its dielectric function and the
refractive index, instead of adding further atomistic regions to
the ab initio DFT region. For a detailed discussion of COSMO,
we refer the reader to ref 32. Finally, the frequency-dependent
dipole polarizability αe

γγ′(ω) tensor is obtained from the solution
vectors {Xγ(ω), Yγ(ω)} of eq 1 for each Cartesian component γ,
and the integrals {Pγ′, Qγ′} for each Cartesian component γ′ by
means of the direct product

α ω ω ω= ⟨ | ⟩γγ γ γ γ γ′ ′ ′X Y P Q( ) ( ), ( ) , (9)

To obtain the polarizability tensor α of a molecule at a given
complex frequencyω, where the real part marks the absorption/
emission frequency and the imaginary part determines the line
broadening, one CPKS equation at eq 1 needs to be solved for
each Cartesian direction. In total, for N frequencies of interest,
3N CPKS equations need to be solved. The outcome from the
analysis is the polarizability tensor α ω( ) that expresses how the
molecular object, i.e., an individual metallic molecule, responds
to an external electromagnetic field. We have considered here
only the electric dipole approximation. Such electric dipole
approximation is, nevertheless, entirely sufficient for the
particles at stake. Also, while outlined for TD-DFT in this
work, recent developments have shown that also the GW−
Bethe−Salpeter equation method can be applied to solve eq
1.31,34

As outlined in the following subsections, it is straightforward
to convert the obtained electric dipole polarizabilities to T-
matrices, which can be injected into an appropriate framework
to simulate properties of larger ensembles of molecules, which
are difficult to tackle using DFT alone due to their size.
Classical Simulations.Using the polarizability of the object

calculated on quantum mechanical grounds, we can study the
optical response of the more macroscopic system on classical
grounds. A sequence of tools is applied to climb up the ladder of
length scales. First, we start from the classical description of the
individual metallic molecule. Next, we go to a cluster of such
metallic molecules and afterward to a thin film of such clusters to
which we assign effective properties. Finally, using such a
homogeneous description, we study and optimize the optical
response of the perfect absorber by considering reflectance,
transmittance, and absorptance of a suitably chosen layer stack.
Description of an Individual Metallic Molecule. At first, we

consider an isolated metallic molecule, i.e., the individual
nanoparticle, to be placed in homogeneous and isotropic media
and illuminated by a time-harmonic plane wave. We describe its
optical action classically using a T-matrix that we obtain from the
quantum-chemical simulations described above. For that, all we
need to do is to convert the electric dipolar polarizability to the

T-matrix. Keeping in mind that our scattering problem is
formulated in spherical coordinates while the polarizability has
been calculated in a Cartesian, this is merely a basis change
written as28

i

k

jjjjjjjjjjjjjjjjjjj

y

{

zzzzzzzzzzzzzzzzzzz
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π

= − =
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−

−
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i

i

i
T M M M
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1
2 2

0

0 0 1
1
2 2

0

3
1

1

(10)

where α is the electric polarizability tensor in dipole
approximation obtained from the quantum-chemical simulation,
c is the speed of light in the background medium, Z is the
impedance of the background medium, and M is the inverse of
the 3 × 3 unitary change of basis matrix that goes from the
Cartesian to the spherical basis, for the dipole term.
When describing the light scattering from a spatially confined

object in the T-matrix approach, we expand the incident and
scattered electric field at a specific frequency ω using vector
spherical harmonics (VSH)

∑ ∑ω ω ω= +
=

∞

=−

a bE r N r M r( , ) ( , ) ( , )
n m n

n

nm nm nm nminc
1

(1) (1)

(11)

∑ ∑ω ω ω= +
=

∞

=−

p qE r N r M r( , ) ( , ) ( , )
n m n

n

nm nm nm nmsca
1

(3) (3)

(12)

where Nnm(ω, r) are the electric VSHs and Mnm(ω, r) are the
magnetic VSHs. The VSHs are chosen to ensure boundary
conditions for the different fields, expressed in the respective
superscript (1) and (3). The VSH expand the fields relative to
the center of the considered nanoparticle.
The expansion comes with their respective expansion

coefficients {anm, bnm} for the incident field and {pnm, qnm} for
the scattered field. The index n characterizes the multipolar
order of the expansion. n = 1 corresponds to the dipole term, n =
2 to the quadrupolar term etc. The sum of the field from all the
multipolar terms results in the full incident or scattered field.
When considering an isolated metallic molecule, we truncate the
expansion to the electric dipole term. However, higher-order
multipole moments are also considered when considering a
larger number of metallic molecules to form a cluster.
Now, the T-matrix relates the incident field to the scattered

field by a matrix equation

i
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{
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m
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1

2

1

2

1

2

1

2

(13)

It implies that a matrix multiplication can compute the
scattered field for a given incident field and a known object,
characterized by its T-matrix. From that, observable properties
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can be calculated. Ensemble-averaged values that consider a
possible random orientation of the nanoparticles relative to the
incident field are defined on the base of a trace over the T-matrix.
For example, the extinction cross section is defined as35

π= − { }C
k

T
2

Re Tr( )ext 2 (14)

and the scattering cross section can be defined as

π= | |C
k

T
2

Tr( )sca 2
2

(15)

where = ϵωk
c bg is the wavenumber in the background

medium. The absorption cross section is then the difference
between extinction and scattering cross section

= −C C Cabs ext sca (16)

Description of a Cluster of Metallic Molecules. At this stage,
we can classically describe the interaction of light with an
individual metallic molecule placed in SiO2 as the background
medium. This was considered throughout this work as the host
medium in both the quantum-chemical and the classical
Maxwell simulations.
However, Au144 has a diameter of roughly 1.5 nm, which is still

extremely tiny. Nevertheless, at this length scale, the interaction
to the nearest neighbor matters, and we wish to quantify that
interaction precisely while being on the grounds of Maxwell’s
equations. We stress that we can no longer describe charge
transfer effects among adjacent metallic molecules. However,
that is also safely supposed to be negligible since neighboring
metallic molecules have a greater distance than the atomic
spacing. Therefore, we consider a larger number of clustered
metallic molecules and describe their interaction with light at the
level of a Maxwell full-wave solver. The purpose is to assign to
that cluster a T-matrix that describes the interaction of light with
the cluster. In contrast to the discussion in the previous sub-
subsection, this global T-matrix captures the optical action from
many metallic molecules. Therefore, while a description in the
electric dipole approximation was sufficient for the individual
metallic molecule, we consider now an electric dipolar and a
magnetic dipolar contribution to the scattering response.
Higher-order terms could have been considered as well but
are, indeed, negligible for our metallic cluster.
In anticipation of the description at the next higher level of

aggregation, we pack the Au144 gold molecules into a cubical unit
cell. At this level, the metallic molecules are approximated as
individual spherical nanoparticles (please see Figure 1a).We will
consider the Au144 molecular structure as a sphere. More

detailed information about the Au144 molecular structure is
included in the Supporting Information. Further, the cubical
unit cell has a 12.5 nm side length and contains 500 metallic
molecules that share a 0.7516 nm identical radius. This
considered cluster is shown in Figure 1b. The volume filling
fraction of 45% ensures an optically strong response at the
macroscopic level. The random packing had been generated by
considering periodic boundary conditions with a dedicated
code.36 It implies that the object can cross the boundary of the
cube. This maintains at the next level of our description in that
no artificial gaps between adjacent unit cells are introduced
when periodically arranging the unit cells to form a continuous
film. Then, T-matrices for all Au144 nanoparticles positioned
randomly inside the box are combined to create a global T-
matrix for the entire cluster.
For this purpose, a Au144 nanoparticle T-matrix obtained

through LR-TDDFT to represent the Au144 nanoparticle is set in
the center of the global coordinate, and the nanoparticle position
data are applied in the T-matrix combining process. The global
T-matrix of an ensemble of particle creation is possible by
translation theory of vector spherical harmonics.37 Considering
nonchiral materials, the translation coefficient matrices

−C R( )3( ) are transformed to the global coordinate as matrix
U and applied to eq 17 for getting the global T-matrix

l
m
oooo

n
oooo

i

k

jjjjjj
y

{

zzzzzz

|
}
oooo

~
oooo

∑= − − *
≠

−

T U D C R D U1 ( )
R

3
global

0

( )

1

(17)

in which D is defined as the matrix including sub-T-matrices of
every scatterers in the cluster.
In this way, the calculation of the response is much more

effective and efficient than the quantum-mechanical simulation
for multiple objects.

Description of a Thin Film of Clusters of Metallic
Molecules. At this stage, we can classically describe the
interaction of light with a cluster of metallic molecules placed
in silica (SiO2) as the background medium. Now, we wish to
describe the reflection and transmission from a thin film of
periodically arranged clusters of metallic molecules at a next
higher level of aggregation. Please note that at this stage, an
assumption enters the description that shall be shortly discussed.
Of course, the periodic arrangement of identical clusters will not
occur in reality. However, the individual metallic molecules will
mostly interact with their nearest neighbors. They will not
explicitly interact with particles that are much further away.
Therefore, the explicit arrangement on these longer scales will
not affect the response, and the periodic arrangement will have
no impact. A notable interaction across neighboring unit cells
would only be encountered if lattice resonances would have
been expected. However, they rather appear for lattices
characterized by a period comparable to the wavelength.
When compared to these scales, we are still having periods
much smaller.
To solve the reflection and transmission from a thin filmmade

from periodically arranged clusters, we solve the multiple
scattering problem again but consider now (a) that all the
particles are identical and (b) they are perfectly periodically
arranged. In this case, we utilize lattice summation techniques
for simulation multiscattering of an array of identical scatterers.
Using the integral representation of the VSH and the direct
application of Poisson’s formula, the scattered field from all
lattice points R at normal incidence is37

Figure 1. (a) Au144 molecule that is constructed by the quantum
chemical method is approximated with a sphere in the Maxwell
equation-type computational method. (b) Cubical unit cell for a cluster
containing 500 metallic molecules classically described as small metallic
nanoparticles.
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∑ ∑ ∑= −
=

∞

=−

p k eE r A r R( ) ( ( ))
n m n

n

nm nm
ik

R

R
sca

1

(3)

(18)

where = +A N M
nm
(3)

2
nm nm
(3) (3)

and k∥ is the tangential component of

the incoming plane wave. The infinite lattice sums are partially
evaluated in real space and partially in reciprocal space to assure
convergence.
At this stage, we can describe classically the reflection and

transmission from a slab containing the metallic molecules with
a finite thickness. The slab is illuminated by linearly polarized
plane-wave propagating in the +z direction and with an
amplitude Ẽinc. The vectorial reflection (r) and transmission
coefficients (t) can be obtained by transforming the scattered
field in eq 18 from the real space to the reciprocal space and
using the definition of the coefficients,

=
̃ =

| ̃ |
=

̃ = + ̃

| ̃ |
− +r

E k k

E
t

E k k E

E

( )
,

( )z zsca, refl

inc

sca, trans inc

inc
(19)

Ẽsca, z± implies the vectorial amplitude of the reflected field for
the− index and the transmitted field for the + index in reciprocal
space if the incident field is considered propagating along the
positive z axis. The reflected field comes from the superposition
of scattered field in the negative z axis, while the transmitted field
is generated in the positive z axis. The linear polarization of the
incident field, of course, is preserved for the reflected and
transmitted field. Alternatively, the reflection and transmission
coefficient also can be directly obtained from expansion
coefficients {anm, bnm} from the nanoparticle layer,38 if its T-
matrix is known. Then, the reflectance (R) and transmittance
(T) for normal incidence can be stated to

= | | =
ϵ
ϵ

| |R Tr t, c

s

2 2

(20)

The indices {s, c} in eq 20 represent the substrate and cladding in
order. The incoming wave travels in the substrate, and the
cladding is defined as the second layer parallel to the film.
Finally, the absorptance (A) is defined as

= − −A R T1 (21)

Effective Description of a Thin Film of Clusters of Metallic
Molecules. At this stage, we can describe classically the
reflection and transmission from a slab containing the metallic
molecules with a finite thickness. We aim to describe this
material using an effective dielectric function to advance toward
the next length scale. Using such an effective dielectric function,
we can consider the material in designing arbitrary functional
devices. In our case, this is the perfect broadband absorber. The
huge advantage would be that we can also change the thickness
of the slab continuously in the design without being required to
consider always a unit cell with a suitable thickness. Since the
critical length scale is much smaller than the wavelength, we can
treat it as a metamaterial to which we assign effective properties.
While considering reflection and transmission from a slab

with a given thickness, corresponding in our case to the size of
the cubical unit cell considered as the cluster, we can derive from
the complex reflection and transmission coefficients (r, t), the
effective electric permittivity (ϵeff), and the effective magnetic
permeability (μeff) for a normal linear-polarized plane-wave
illumination assuming an isotropic, homogeneous, local
medium, without electromagnetic coupling as39,40
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where parameters kf and ζf are defined as
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m is the integer user-chosen branch order to ensure continuity of
the wave vector in the respective medium. The parameter J in
eqs 24 and 25 is

μ
μ

=
ϵ
ϵ

J .s c

c s (26)

In our case, the substrate and the cladding are in vacuum
medium, so that [ϵs, ϵc, μs, μc] = 1. Therefore, we can treat the
material comprising Au144 metallic molecules as a homogeneous
material and consider it in the next level of our description.

Optimization of the Actual Perfect Absorber. Finally, a
multilayer thin film system is studied to model a device. All
materials involved are described at the level of a dielectric
function. The Au144 cluster embedded into a SiO2 matrix is
deposited on top of a pure SiO2 spacer and gold mirror. By
assuming that the sum of reflectance (R), transmittance (T), and
absorptance (A) is always unity, a classical thin film transfer
matrix method41 is used to calculate the absorptance of the thin
film system. Then, the area below the resulting absorption curve
is determined and normalized to get the most optimal thin film
thickness to get the best broadband absorption. We aim to find
the optimal absorption by varying the thickness of the thin film
containing the metallic molecules and the spacer layer (dnp,
dspacer) by maximizing the objective function over the area below
the resulting absorption curve

∫ λ λ=f d d A d d( , ) ( , , ) dob np spacer np spacer (27)

Taken all aspects together, we have sketched above a
computational approach to predict an optimal broadband
perfect absorber while starting from the consideration of its
constituents within a quantum-chemical description. It is a true
multiscale modeling since we start from the electronic details of
an individual metallic molecule and go up to a macroscopic
device. The thin film thickness may be in the order of 100 nm,
but of course, also thicker films could have been considered.
This thickness was chosen exemplary for that specific device,
other values could be set as well. In the next section, we present
the results of the analysis.

■ RESULTS AND DISCUSSION
Properties of an Individual Metallic Molecule. As

outlined in the previous section, using the T-matrix obtained
from LR-TDDFT, we apply eq 10 to determine the electric
polarizability from a Au144 metallic molecule. The results are
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shown in Figure 2. For the DFT part, we employed the PBE
functional42,43 together with the def2-TZVP basis set.44 The
def2-TZVP basis set is used in conjunction with an effective core
potential (ECP60MWB),45 where 60 electrons are placed inside
the ECP. The ECP introduces scalar-relativistic effects, which
are, therefore, properly accounted for. Spin-orbit interactions
are neglected due to the vast computational effort that would be
needed to carry out fully relativistic calculations at the given
molecular sizes. Equation 1 was solved using the efficient semi-
numerical semiJK algorithm,46 employing fine grids for the
Coulomb potential and a grid of size 4 for the exchange-
correlation part.47 For the simulations of Au144 embedded in
SiO2, a refractive index of 1.46 and an ϵ of 3.90 have been used to
simulate the SiO2 surrounding. For the cavity construction, a
radius of r = 2.223 bohr was used for Au. All calculations have
been performed with a development version of Turbomole
V7.6.48

The polarizability curve displayed in Figure 2a exhibits several
maxima, corresponding to peaks in light absorption at the
frequencies where they occur. When embedded into a SiO2
matrix, a significant shift of the peaks is observed. Especially the
peaks found at λ = 460 nm and λ = 565 nm are shifted to a longer
wavelength compared to vacuum/air. Also, a distinct increase in
the polarizability is observed if the Au144 nanoparticle is
embedded in the SiO2 matrix.
The polarizability obtained from DFT is closely connected to

standard excited-state TD-DFT. Therefore, similarly, peaks can
be analyzed by calculating a transition-density like property.
This is done by summing the eigenvectors described in eq 1 and
weighting them by the trace of the polarizability tensor. The
latter is directly related to the oscillator strength used in standard
TD-DFT excited state spectra. The corresponding transition
density for the peak starting at above 400 nm in Figure 2a is
shown in Figure 2b. The resulting transition density outlines the
average charge movement away from the gold atoms in this
band. For bulk gold, the corresponding band at 2.2 eV exhibits a
distinct plasmonic character, and the charge movement in
Figure 2b hints at this excitation also having a significant
plasmonic character already. This is in agreement with general
findings for small noble metal clusters.49

Properties of a Cluster of Metallic Molecules. As the
next target of this study is an ab initio based multiscale modeling
approach, we now focus on the effects of the interaction of
multiple neighboring Au144 nanoparticles on the optical

response. For this purpose, we compare the classically calculated
absorption cross section of a Au144 nanoparticle to a cluster
comprising a larger number of the nanoparticles. The combined
T-matrix for a given number of nanoparticles is obtained and
subsequently used to calculate the absorption cross section of
the cluster of nanoparticles through eqs 14−16. It turns out that
the interaction between the nanoparticles does not induce new
resonance peaks in the optical absorption spectrum, as shown in
Figure 3. The absorption curves are dominated by the usual
scaling in the Rayleigh regime, but subtle underlying features are
still affected.

Instead, the magnitude of absorption is enhanced. This is the
expected effect for gold nanoparticles, which by themselves are
only weakly interacting with each other through van der Waals
forces. Moreover, since the particles are so small that scattering
is negligible, a possible radiative interaction among the metallic
molecules is absent. In that sense, the results are consistent with
physical expectations. Nevertheless, the effect of interaction is
fully considered and accommodated in our approach.

Properties of a Thin Film of Clusters of Metallic
Molecules. Next, we consider a periodic arrangement of
nanoparticle clusters when assembled into a thin film. We
choose air as the surrounding material when considering
reflection and transmission from this thin film. The thickness

Figure 2. (a)Magnitude of the electric dipolar polarizability of a Au144 nanoparticle in air and SiO2. (b) Transition density for the plasmonic peak of the
Au144 generated from the polarizabilities from 2.0 to 2.5 eV. An isovalue of 0.00015 a.u. was used.

Figure 3. Absorption cross-section from a single Au144 nanoparticle
(left y axis) and a cluster comprising 101 Au144 nanoparticles (right y
axis).
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of the layer is the actual domain side length of the cubical cluster
of the metallic molecules. We choose here a side length of dnp =
13.9 nm. We also want to study the optical response when
considering thin films with different thicknesses. For this
purpose, we consider layers comprising a different number of
clusters of metallic molecules as previously considered. Figure 4
shows reflectance, transmittance, and absorptance when
considering thin films made from 1, 2, or 4 layers, respectively.
The thin films have a thickness of L ≈ {13.9,27.8,55.7} nm,
respectively. According to Figure 4, the absorptance is getting
stronger, and the transmittance becomes weaker as the number
of layer stacks increases as expected. Also, all three quantities are
strongly affected in the spectral region for which the metallic
molecules sustain localized plasmon interaction as mentioned
before, i.e., most notably in the spectral region between 400 and
600 nm. Reflectance and transmittance decrease while
absorptance enhances.
Using the reflection and transmission coefficient data of the

nanoparticle layer, the effective relative electric permittivity of
the material made from densely packed Au144 nanoparticles is
calculated. Figure 5 shows the real and imaginary parts of the
retrieved effective permittivity. The real part of the permittivity
is high around λ > 600 nm and the imaginary part of the
permittivity has a roughly similar feature to the polarizability
curve in Figure 2a. Eventually, the excitation of localized
plasmon polaritons in the metallic molecule translates to a
Lorentzian resonance in the effective permittivity. The spectral
position is best identified from the peaks in the imaginary part.

The real part shows the respective dispersion. It attains high
values at wavelengths longer than the resonance wavelength,
which agrees with common expectations of a Lorentz oscillator.
We carefully checked that the number of layer stacks does not
change the relative permittivity. We can conclude from this
observation that the material can nicely be described at the
effective level using a dielectric function as retrieved. A nearly
identical dispersion of the effective permittivity that is
independent of the thickness of the considered thin film is
also an indication that the interface effect between air and the
nanoparticle layer has a vanishing impact on the response in

Figure 4. (a) Reflectance, (b) transmittance, and (c) absorptance for Au144 nanoparticle thin film stacks depending on the thickness. Please note that
the thickness corresponds to an integer multiply of the thickness of the previously considered cluster of metallic molecules.

Figure 5. Real and imaginary parts of the effective relative electric
permittivity of the Au144 nanoparticles in SiO2 matrix thin film stacks.
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these optical considerations. Therefore, the nanoparticle thin
film layer is considered homogeneous.
Properties of the Broadband Perfect Absorber. Lastly,

we regard a multilayer thin film system to create a broadband
perfect absorber. The thin film system, illustrated in Figure 6,

consists of a layer comprising the Au144 metallic molecules,
considered in the optical simulations as nanoparticles,
embedded into a SiO2 matrix, a SiO2 spacer layer, and a semi-
infinite gold mirror.
Realizing such a geometry is entirely feasible with existing

technologies. The metallic nanoparticles have to be co-
deposited with the dielectric host to make the nanoparticles
act as a functional plasmonic material. For example, Vahl et al.50

have demonstrated the fabrication of a thin film containing
alloyed metallic nanoparticles in a SiO2 matrix. The metallic
nanoparticles were deposited via a Haberland-type gas
aggregation cluster source, and the SiO2 was deposited through
an RF sputtering method. Both of these materials are
continuously deposited, and the SiO2 as a host material builds
up as a film with time passing. Details of the nanoparticles

deposited with such techniques can be controlled quite flexibly.
For example, the filling fraction can be easily controlled by the
deposition rates, so that the nanoparticles can be made densely
or loosely packed in the dielectric matrix. Also, the deposited
nanoparticles do not have any specific spatial arrangement with
respect to each other, so the spherical nanoparticles approx-
imation applies here.
The specific thickness of the Au144 nanoparticle layer and the

spacer layer is going to be determined to have an optimal broad
and strong absorption from UV to visible light region, i.e., from
300 to 800 nm. While considering the material comprising the
metallic molecules at the effective level and relying on a transfer
matrix method to compute the optical response from a thin film
stack, the computations are extremely fast and efficient. With
this approach, the area of the absorption curve is obtained for
each variation of layer thicknesses within a feasible range, i.e. dnp
= 0 − 100 nm and dspacer = 0 − 100 nm. To quantify the
broadband absorptance, we integrate it across the relevant
spectral domain and normalize it to the absorptance of a
perfectly functioning device in the same spectral region. This
normalized integrated absorptance is hence a quantity between
0 and 1. The normalized integrated absorptance depending on
the thickness of the spacer and the thin film comprising the
metallic molecules is shown in Figure 7a. The figure clearly
reveals an optimal absorptance for a system made from dnp = 15
nm and dspacer = 39 nm. Figure 7b shows the optical response of
the perfect absorber comprising the optimized layer thicknesses.
We see that the very high absorption of visible light is key to
broadband absorptance in general. At infrared wavelengths, we
predict that the overall response gets weaker. This is not
surprising considering the weaker plasmonic response of the
metallic molecules at these wavelengths.

■ CONCLUSIONS
We have demonstrated the multiscale modeling of a broadband
perfect absorber made from Au144 molecules. It starts with a
quantum-chemical analysis of the goldmolecules using TDDFT.
This analysis provides information on the electric dipole
polarizabilities of the metallic molecule that is converted to a
T-matrix appropriate for classical optical simulations. Next, a
cluster of Au144 is generated to describe the interaction of light
between the metallic molecules. Afterward, we periodically
arrange these clusters to let them form a thin film from which
reflection and transmission are calculated. Inverting these
optical coefficients allows for homogenizing the thin film and

Figure 6. Scheme of the considered multilayer thin film system.

Figure 7. (a) Absorption colormap of variation of Au144 nanoparticle thin films and dielectric spacer layer thicknesses. A blue ring points to the optimal
nanoparticle layer and spacer layer thickness. (b) Reflectance, transmittance, and absorption curve at optimal thin film layer thicknesses.
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treating it in subsequent optical simulations as a homogeneous
material characterized by a dielectric function. Finally, a
broadband perfect absorber device is considered by stacking
layers containing metallic molecules, silica, and a semi-infinite
gold mirror above each other. Varying the thicknesses of the
layers allows for finding a configuration where the absorption is
optimal within some predefined spectral region.
The suggested architecture has multiple advantages with

respect to other devices designed for a similar purpose. For
example, by exploiting the multiple reflections in the thin film
layers that lead to a vanishing reflection due to destructive
interference, the proposed broadband absorber can be designed
to be very thin. When compared to experimentally fabricated
metallic broadband absorbers with an equivalent configuration
and layer thicknesses,17,51 the absorption curve is analogously
almost perfect across the entire visible part of the spectrum.
Experimentally, it is also possible to fabricate the ultrathin
metallic film on a large scale and in a self-assembly manner,
which ultimately implies also rather low costs. This is in contrast
to alternative approaches that rely on top-down nanofabrication
techniques. Combining all these benefits suggests that more
applications can profit from an accessible functionality, well
beyond those demonstrated in the current work. For instance,
small organic molecules can be considered for photovoltaic
devices52 or chiral materials53 can be studied on a macroscopical
scale.
We believe that our results can be used as a reference for

future design studies of ultrathin perfect absorbers. Compared to
our results, the absorption can be stronger at longer wavelengths
by considering nanoparticles other than Au144, such as
tungsten,54 to cover also the near infra-red absorption spectrum.
They could also be arranged denser to increase the interactions
between the nanoparticles. The bottom line is that with this
methodology, effects in the investigated and related systems
occurring on chemical or physical grounds can be simulta-
neously considered and accurately modeled.
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