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1. Introduction

Plasmonic nanostructures, ranging from metal nanoparticles to
graphene-based materials, have attracted significant interest due to their
unique ability to confine light at the nanoscale, enabling applications
ranging from enhanced spectroscopies and sensing to quantum optics
and nanoelectronics [1-9]. The accurate simulation of their optical re-
sponse, particularly in regimes where quantum effects such as tunneling
and nonlocality become relevant [10-22], remains a major theoretical
and computational challenge.

Several numerical approaches have been developed to describe the
response of plasmonic nanosystems [23-30]. The most accurate meth-
ods rely on ab initio quantum mechanical (QM) techniques, generally
defined within the framework of time-dependent density functional the-
ory (TDDFT) and its approximation (TD density functional tight binding
— TDDFTB) [31-40]. While these approaches allow for a rigorous treat-
ment of the QM effects underlying the plasmonic response, their huge
computational cost drastically limits the nanostructure sizes that can
be simulated, which are generally composed of less than 1000 atoms
[39], and are thus far from realistic, experimentally studied nanosys-
tems. An attempt to overcome this limitation is offered by semiclassical
and “nonclassical” electromagnetic models, which have been developed
to incorporate key quantum corrections at a reduced computational cost
[41-44]. These include nonlocal, quantum hydrodynamic descriptions
(and related extensions), quantum-corrected models that effectively ac-
count for tunneling in narrow gaps, and surface-response formulations
based on Feibelman parameters [45-52].

As an alternative, purely classical, non-atomistic approaches have
been developed, such as the Discrete Dipole Approximation (DDA) [53],
the Finite-Difference Time-Domain (FDTD) [54], and the Boundary Ele-
ment Method (BEM) [55-60], which model the nanostructure as a con-
tinuum dielectric characterized by its complex permittivity function.
Such approaches are rooted in electrodynamics and solve Maxwell’s
equations by imposing the proper boundary conditions. Because they
are based on classical physics, they can indeed afford large nanostruc-
tures; however, they lack any description of atomistic features and QM
effects, and therefore, might fail to accurately describe regimes where
quantum and mesoscopic effects become relevant [61-63], including
electron tunneling, nonlocal screening, Landau damping, quantum con-
finement, and atomic-scale defects, such as picocavities [64-66].

To bridge the gap between quantum accuracy and classical scal-
ability, we have recently proposed novel atomistic, yet classical ap-
proaches for nanoplasmonics, named frequency-dependent fluctuating
charges (wFQ) [67,68] and fluctuating dipoles (wFQFy) [69], which are
specifically designed to account for the physical mechanisms underlying
the optical response of plasmonic nanostructures. These methods offer
a remarkable accuracy that is comparable to state-of-the-art ab initio
TDDFT even for structures below the quantum size limit [58,69], and
are also able to account for non locality and quantum effects thanks to
an effective description of quantum tunneling [67,69], challenging the
assumption that a full QM treatment is required to accurately model
the plasmonic response. Also, being based on classical electrodynamics,
oFQFp retains the positive aspects of classical approaches, i.e. it can be
applied to nanostructure sizes that are untreatable at the ab initio level
[66,70].

In this paper, we introduce plasmonX, a novel open-source code
for simulating the plasmonic response of nanostructures, which fea-
tures the first robust implementation of wFQ and wFQFu models. In
addition, plasmonX provides a solid implementation of continuum di-
electric methods (BEM), in a unified and efficient framework. Specifi-
cally, the dielectric polarizable continuum model (DPCM) [71] and In-
tegral Equation Formalism PCM (IEFPCM) [26,72-74] formalisms are
implemented, supporting arbitrary geometries via mesh discretization.
Differently from most simulation tools used in nanoplasmonics, which
address plasmonic response either through continuum electrodynamics
(e.g. MNPBEM [75]), or through general-purpose quantum-mechanical
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methods, plasmonX is designed to bridge atomistic classical models and
continuum approaches within a single, scalable software platform. In
particular, plasmonX is the first open-source software that allows atom-
istic classical simulations of nanoplasmonics. The code is written in
modern Fortran 2008, with a Python-based interface for input pars-
ing, and a CMake build system that ensures cross-platform compati-
bility. It supports multiple numerical solvers, including matrix inver-
sion, Krylov subspace iterative methods [76,77], and a fully memory-
efficient “on-the-fly” Generalized Minimum RESidual algorithm (GM-
RES) implementation [78], making it suitable for both small-scale and
high-performance computing (HPC) applications for nanostructures of
more than 1 million atoms [70].

The manuscript is structured as follows: we briefly recall the theoret-
ical foundations of the methods implemented in plasmonX, its modular
architecture, and input specification, followed by performance bench-
marks and illustrative simulations, including the optical properties of
noble metal nanoalloys and field-enhancement in gold dimers. Finally,
we introduce the plasmonX dedicated post-processing suite, which is dis-
tributed along with the main code, enabling visualization and analysis
of induced densities and fields.

2. Theoretical models

In this section, we provide a brief overview of the theoretical meth-
ods implemented in plasmonX (wFQ, wFQFu, and BEM), highlighting
their common theoretical formalism, which allows for a modular imple-
mentation.

2.1. wFQ

wFQ [58,67,68,79], endows each atom of the nanostructure with a
complex charge that is a function of the frequency w of the external per-
turbation. The charge exchange between the atoms is governed by the
Drude conduction model, which describes the intraband contribution to
plasmon decay. wFQ also features an effective description of quantum
tunneling by means of a Fermi-like damping function, which introduces
the typical exponential decay as a function of the atom-atom distance.
We refer the interested reader to Ref[67]. for the complete derivation
of wFQ equations.

The complex wFQ charges g are obtained by solving the following
complex linear system, written in a matrix form [70]:

KT - 2 (@) |a(@) = KV(@) &)

where K is a N x N matrix whose elements read:
Kij = Kij - z Kikaij ®))
k

where §;; is the Kronecker delta. The elements of the K matrix take the
following form:

U=/l A el
— ifitj

K. = Tij 3
0 ifi=j

A, is the effective area of atom i through which the charge flux passes,
r;; is the distance between the i-th and j-th atoms, while f(r;;) is the
Fermi-like damping function introduced to mimic quantum tunnelling:

Frp = L @

_dl fu
1+exp[ d<”g >]

where r?j is the nearest neighbor distance, a fixed quantity specific

to each lattice. In Eq. (1), K matrix is multiplied by T%¢ matrix that
takes into account the charge-charge interactions [67,80]. In wFQ, each
charge ¢;, placed at r;, is associated with a Gaussian-type distribution of
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width equal to R, :

p (r)=Lex _|r—r,.|2 %)
gi 71'3/2R2_ P RS‘

In this framework, the charge-charge interaction kernel T4¢ reads [80]:

I,
79 = L erf( ®)
/ |rij | R‘ii*qj

=,/R2 + R2 . Note that the diagonal matrix of T% is the
i j

where qu -g

chemical hardness. In Eq. (1), z,(w) is a diagonal complex shift (Iy is
the N x N identity matrix) that accounts for the Drude mechanisms:

2 (@) = =52 (@T +1) @

where n and 7 are the static density and scattering time, respectively. n
can be expressed as:

.
oom* @M

n= 2 =L (8)

T 4

where o) is the static conductance of the nanomaterial, w,, is the plasma
frequency, and m* is its effective electron mass. The latter can be approx-
imated to 1 a.u. for metal nanoparticles [81], while for doped graphene-
based substrates, it can be expressed as:

A/ Thyp

m* = 9
Ur

where n,n is the 2D electron density, and vy is the Fermi velocity
[82], which is related to the Fermi energy E[ through the expression

Up =4/ Zmﬁ (my is the electron rest mass [82]). The 3D electron den-
0

sity for graphene can be written in terms of n,, which in turn depends
on the value of E, which can be recovered directly from experimental
conditions [83]. Finally, in Eq. (1), the right-hand side is made up of the
product of the K matrix and the external potential V(w) associated with
the external field E(w).

2.2. wFQFu

FQ is suitable for materials whose electronic properties can be well
described by a Drude mechanism, such as simple metals (e.g., sodium)
and graphene-based nanostructures. To describe d—metals (Ag, Au), the
contribution of interband transitions must be included [84]. To this end,
we introduce an additional polarization source, a dipole moment g,
which, similar to the charge, is characterized by a Gaussian distribu-
tion of width equal to R, [69]:

il Ir —r;|?
7[3/2Ri ni-Vr[ exp —R—a (10)

In the resulting ®FQFu approach [69], the charges and dipole equations
are solved simultaneously, yielding the following complex linear system:

K 0)\/T¢ T\ (z(o)ly 0
0 Ly/\Ta ™ 0 2, (@)ly

= 11
<I4(w) 0 I3N E(w) an
where T%, and T## are the charge-dipole and dipole-dipole interac-

tion kernels, which can be derived by proper differentiation of T4 in
Eq. (6)[80,85]. In Eq. (11), z,(@) is defined as:

Py, () =

1

" @) a2

z,(@) =
where a'B(w) is the interband polarizability that is extracted from the in-
terband permittivity function, either calculated or experimentally mea-
sured [69].
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Eqg. (11) is valid if all the system’s atoms are of the same nature,
i.e., for a homogeneous nanomaterial. To describe heterogeneous sys-
tems, i.e. characterized by two atom types, Eq. 11 must be recast in the
following form [86]:

%(K+ﬁ(w)) 0 \(TH TH\ (z()y 0
0 Ly J\TH o 0 2, (@)l

L= =
<q(w)> _ E(K + H(w)) 0 <—V(CU)> (13)
Hw) 0 Ly E(w)
where z,, ;(w) = —1/a/B(w) and:
Ny,itl Ngi \7!
IB( ) = IB,helero( ) _ “LB(‘”) ”’23([”) (14)
o/ M) = = | T

where N,; and Np; are the number of nearest neighbors of A and B
type, respectively. Furthermore, in Eq. (13) the following quantities and
matrices are introduced:

Eij(w) = H;;(w) - Z H;i (@)é;; 1s)
k

n;t; (1 —-iwt;)

Hyj(w) = 16)

T (1 - iwt;) Ji
It is worth noting that, differently from »FQ and «wFQFyu, the off-
diagonal elements of the left-hand side matrix in this case depend on
the external frequency; however, this does not overall affect the general
structure of the linear system. Furthermore, Eq. (13) reduces to Eq. (11)

for a homogenous system.
2.3. Boundary element method

In BEM, the plasmonic nanostructure is represented as a continuous
surface which is discretized into a mesh of triangular elements known
as tesserae. The key quantities computed in this approach are the surface
charges, located at the barycenter of each tessera. These surface charges
determine the system’s optical response and depend on two factors: the
geometry of the nanostructure and the complex, frequency-dependent
permittivity of both the material and its surrounding medium[26,71,
87].

In plasmonX, two BEM methods are implemented: the Dielectric Po-
larizable Continuum Model (DPCM) [71,87,88] and the Integral Equa-
tion Formalism PCM (IEFPCM) [71,74]. In the former, the BEM charges
are calculated by solving the following linear system of equations:

[2”<52(w) +e1(w)

£(w) — ()

)A + F] o(w) = —Ez(w). a7)

while in IEFPCM, the charges are instead obtained as follows:

[2” ( &(w) + £ (w)

—1 _
@) — £, @) )IN + F] SA™ o(w) = (ZnIT + F)V(a)). a1s)

In Egs. (17) and 18, o(w) are the discretized BEM surface charges,
&,(w) and ¢, (w) are the frequency-dependent dielectric permittivities of
the metal and the surrounding environment, respectively. The matrix
A is diagonal and contains the area of each tessera, and I, denotes the
identity matrix for a system composed of N tesserae. In the case of BEM
in DPCM formulation, E; represents the component of the external elec-
tric field projected along the vector normal to each tessera. In the IEF-
PCM formulation, V corresponds to the electric potential evaluated at
the barycenter of each tessera [71,89].

The S and F matrices depend on the geometric configuration of the
mesh. The elements of the S matrix are given by [71,89]:

4
S = Is; —s;|’
1.0694y/374;, ifi=j

ifi#j
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where A;, and s; are the area and position of the i-th tessera, respectively.

Two definitions of the F matrix, which contains the surface deriva-
tive of the Green function, are implemented in plasmonX. The first is
an “approximate” method, valid for spherical and other simple-shaped
geometries (e.g., rods), which evaluates the matrix elements as [71,89]:

(s._s.).ﬁ.
= T4 ifitj
3 J
Fij= |si_sj|
V4rA;
1.0694 - 2Rl’ ifi=j

where 1; is the normal vector of the i-th tessera, and R denotes the ra-
dius of the sphere enclosing the entire set of tesserae, respectively. It
is worth mentioning that some formulations instead determine the di-
agonal elements through linear combinations of the off-diagonal terms
[90].

The second implementation involves a numerically more accurate
evaluation of the surface derivative of the quasistatic Green function,
which we refer to as the “accurate” method. In this case, the entries
of the F matrix are computed by solving the following surface integral
[75,87]:

0G(s, s’

/ 966:5) 40, G(s, sy = —— (19)
Qo On [s—¢|

where G(s, s’) is the quasistatic Green function evaluated between sur-

face points s and s’. The symbol Q denotes the surface of the nanoparti-

cle, and on indicates differentiation with respect to the surface normal.

For additional details on the “exact” integration procedure, the reader

is referred to Refs[87]. and [75].
3. Getting started

plasmonX is written in Fortran 2008 and is designed to be compiled
and executed on multiple platforms with minimal user intervention. To
facilitate its usage, the code architecture integrates a Python-based in-
terface for input parsing and a CMake-based build system. The Python
front-end is responsible for reading the simulation parameters from a
human-readable YAML input file. This modular approach allows for a
clear separation between input specification and high-performance nu-
merical execution in the Fortran backend.

The full source code is available on GitHub [91] and makes use of
two external components managed as git submodules. The pre-release
version of plasmonX associated with this manuscript is archived on Zen-
odo [92]. To ensure a complete and functional installation, it is highly
recommended to clone the repository using Git over SSH with the --
recursive option. Once the repository is cloned, a minimal Python en-
vironment must be configured. All required dependencies are listed in a
requirements.txt or requirements.yaml file, depending on whether
the user chooses pip or conda for package management.

The compilation of the Fortran code is handled entirely through
CMake [93], with a custom Bash script (setup. sh) which is provided to
streamline configuration across different operating systems. This script
sets up the build directory, detects the available compilers, applies ap-
propriate flags (e.g., OpenMP support), and runs the CMake configura-
tion, with the default compiler flags and recommended build settings
documented in the plasmonX user manual (see Ref. [97]). The project is
then compiled via standard make targets. The internal test suite is cur-
rently characterized by 83 tests, which ensure the correct compilation
and linking with the external submodules. The tests are run by using
ctest, which exploits the runtest package [94], which is set as a sub-
module of the project. For each test case, the test suite includes a refer-
ence run log, generated on a Dell XPS 13, 11th Gen Intel(R) Core(TM)
i7-1185G7 @ 3.00GHz, 32 GB RAM, which reports the wall-time at the
end of the run, allowing users to compare results and sanity-check their
installation.
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The code supports Linux, macOS, and Windows environments (via
Windows Subsystem for Linux) [95]. It has been tested with gfortran
versions 9 through 13, and it is compatible with both standard LAPACK-
/BLAS libraries and the Intel Math Kernel Library (MKL) [96], which is
highly recommended for enhanced performance on Linux and Windows
environments. The complete configuration and compilation workflow
depends on the architecture and is amply documented within the user
manual [97].

4. Running and input configuration

Once installed and tested, the plasmonX driver script can be executed
by using the following command:

PATH/TO/BUILD/plasmonX.py [-h] -i input_file.yaml
[-o output_file]
[-omp omp_threads]
[-mem memory_available]

The only required option is -i, which specifies the YAML input file.
Optional arguments allow the user to set the output filename, number
of OpenMP threads, and available memory for the calculation (see also
Tab. 1). The default output filename is input_file.log, while the num-
ber of OpenMP threads and the available memory are set to the maxi-
mum available in the architecture exploited for the calculation. A help
message can be accessed with the -h flag.

Table 1
List of the input options for running plasmonX.py script.
Option Required Description
-i Yes Input file in YAML format
-0 No Output file name (default: input_file.log)
-omp No Number of OpenMP threads to use (default: all available)
—-mem No Available Memory in GB (default: system maximum)
-h No Print help message and exit

The input to plasmonX is defined entirely by a YAML-formatted con-
figuration file, typically named input_file.yaml. The input is com-
posed of various sections, each dedicated to a specific aspect of the sim-
ulation.

what:
# defines the type of calculation
[energy, static/dynamic response, restart]

forcefield:
# defines the static/dynamic forcefield and the
interaction kernels

field:
# defines the field parameters
[static/dynamic, frequencies, etc.]

algorithm:
# defines the numerical algorithm to be used to
solve response equations

output:
# defines the parameters of the output printing

bem:
# defines the parameters for implicit BEM
calculations

control:
# defines the parameters to control
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geometry/creation of additional files

atom_types:
# defines the parameters of the atomtypes for
atomistic simulations parameters:
# defines the parameters of the wFQ and
wFQFu models input_geometry:
# describes the atomic or implicit geometry
in Angstrom

This structure allows the user to define atomistic and continuum
models in a unified format, while also keeping the input compact and
readable. A number of default values (see plasmonX documentation
[97]) are automatically provided if certain sections are omitted, en-
abling simple and minimal configurations for the most user-friendly ex-
perience possible.To provide an overview of the plasmonX structure,
Algorithm 1 summarizes the main driver workflow of the code. Further
details on each section, including a complete list of available keywords
and examples of plasmonX minimal input (i.e., exploiting default val-
ues), are provided in the documentation and examples (see Ref[97].),
and are discussed in the following.

Algorithm 1 Structure of plasmonX.

1: Read the input file

2: Build target object from input, through runtime polymorphism
target_ <« BEM / wFQ / wFQFu

: if Algorithm = inversion then

Solve each frequency by direct inversion

: else if Algorithm = iterative then

if Algorithm = iterative on the fly then
Iterative solve with on-the-fly procedure

else
Iterative solve with on-memory procedure

10: end if

11: end if

12: Clean scratch; save data for post processing; deallocations

0 eNa AW

5. Specify the nanostructure

s . N o "
Implicit Atomistic - Metal Nanoparticles )
s"f‘e‘f Rod Sphere Rod Pyramid
. J
s R . N\
Atomistic - Graphene Icosahedron Cuboctahedron Decahedron
Disk
Triangle Trianr?lg Ribbon Cone Tip Microscope
\ (. J

Fig. 1. Nanostructure morphologies that can be created by plasmonX through
the GEOM interface.

plasmonX potentially supports any kind of nanostructure by pro-
viding the atomic positions (for wFQ and wFQFu simulations) or the
mesh tessellation (for BEM). Atomic positions are provided in the
input_geometry section, either by explicitly specifying the xyz coor-
dinates by YAML inline string, or by specifying an XYZ file (case sen-
sitive), which allows referencing external standard-format coordinates.
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The BEM mesh file is generally provided in the BEM section, under the
keyword mesh. In this case, only msh files formatted in version 2.2 0
8 (ASCII and double precision) are allowed. plasmonX is agnostic to the
specific material or symmetry of the nanostructure, and it is capable of
handling arbitrary arrangements of atoms or continuum morphologies.
The input geometry and the mesh are interpreted in units of Angstrom.

plasmonX also provides a user-friendly input specification through
the integrated interface to the GEOM library (commit: 1cc34d1 [98]).
This interface enables the construction of both implicit and atomistic
geometries by user specification of the relevant parameters, e.g., radius,
shape, etc. For the implicit case, the allowed geometries are spheres
and rods that are defined by specifying their type (e.g., sphere, rod)
along with required parameters such as radius, length, orientation axis,
and mesh resolution (we refer the interested user to the manual for fur-
ther information). For atomistic geometries, GEOM supports a rich cata-
log of shapes, including spheres, rods, pyramids, icosahedra, cones, tips,
and complex assemblies resembling experimental probe configurations
(e.g., TERS tips). The supported morphologies through GEOM interface
are graphically depicted in Fig. 1. The generator supports both homo-
geneous systems (single chemical composition) and, for some specific
morphologies, heterogeneous systems (core-shell systems), with user-
defined atom types for each region. Furthermore, carbon-based nano-
materials, such as graphene disks, rings, triangles, and ribbons, can be
created with edge-type specification (armchair, zigzag). Again, we refer
the interested user to the manual for details on the specific morphology
[97]. In all cases, the resulting geometries are passed to the Python-
based preprocessor, which parses the YAML input and creates the spe-
cific geometry (atomistic or mesh) through the GEOM interface, for the
subsequent computation in the Fortran backend.

6. Solvers

All the methods implemented in plasmonX are characterized by a
similar formal structure [99]. In fact, in all cases, the response variables
(charges and dipoles) are obtained by following a complex linear system
that can be written as:

[M(w) — Z(w)]L(w) = U(w)R(w) (20)

The definition of all matrices and vectors in Eq. (20) can be recovered
by comparing with Eq. (1) (wFQ), Eq. (11) (wFQFu for homogeneous
systems), Eq. (13) (wFQFyu for heterogeneous systems), Eq. 17 (BEM in
DPCM formulation), and Eq. (18) (BEM in IEFPCM formulation). We
note that for oFQFu for heterogeneous systems (Eq. 13) the M and U
matrices are frequency dependent and complex, while they are static
and real for all other methods. Z(w) and L(w) are frequency-dependent
and complex in all cases, while R(w) is always real and contains the
external polarization sources, such as the external potential and field.

To solve Eq. (20), plasmonX implements three algorithms, which are
common in this kind of simulations [70,100-102]:

1. Inversion: the complex linear system is solved by resorting to LU fac-
torization and subsequent resolution of the complex linear systems
through an interface to LAPACK subroutines (ZGETRF and ZGETRS).
This is the default for small systems.

2. Iterative: the complex linear system is solved by resorting to the it-
erative Krylov GMRES method [78]. plasmonX provides an effective
implementation of complex GMRES for all methods by storing the
matrices in memory [70].

3. Iterative on the fly: the complex linear system is solved by resort-
ing to GMRES [78], and the matrix product multiplications are per-
formed on the fly, without storing the matrices in memory [70]. This
is implemented for wFQ and wFQFy methods only, and is the default
for large systems.

For both iterative solvers, the numerical convergence is controlled by
the residual norm of the linear system by means of the root-mean-square
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Fig. 2. Elapsed time required to solve the wFQ linear system as a function of
the number of atoms for selected graphene disks at the plasmon resonance fre-
quency by using inversion and iterative (on the fly) algorithms implemented in
plasmonX.

error (RMSE). A default tolerance of | Ey| - 1073 is employed (where | E;|
is the applied electric field intensity), which we have previously shown
to provide a reliable compromise between numerical accuracy and com-
putational cost [70]. In Fig. 2, we provide a graphical depiction of the
elapsed time (in seconds) of inversion and iterative (on-the-fly) algo-
rithms as a function of the number of atoms of graphene disks with a
radius ranging from 10 nm to 19 nm (from 10k to 40k atoms). The calcu-
lations are performed at the plasmon resonance frequency of each disk
(10k atoms: 0.30 eV; 20k atoms: 0.26 eV; 30k atoms: 0.24 eV; 40k atoms:
0.22 eV) by imposing a Fermi Energy of 0.4 eV. For the iterative solu-
tion, the Root Mean Squared Error (RMSE) is set to 10~8 for an applied
electric field with E, = 107* a.u., which we have previously shown to
provide the best compromise between computational cost and accuracy
[70]. All calculations are performed on a machine equipped with an In-
tel(R) Xeon(R) Gold 6252N CPU @ 2.30GHz, 96 threads, and 512 GB of
RAM. As can be seen for the smallest system (~ 10k atoms), the inver-
sion and iterative algorithms require almost the same elapsed time (16 s
vs. 15 s). By increasing the size, the inversion algorithm follows a third
power scaling (y « P(x?), R? > 0.99), while the iterative one follows a
second power progression (y « P(x?), R* > 0.99), rapidly becoming the
most efficient algorithm to solve the linear complex problem. For a de-
tailed analysis of the performance of the GMRES algorithm in solving
the wFQ linear system, we refer the interested reader to Ref[70].

The iterative on-the-fly algorithm is especially useful for large sys-
tems because the requirements in terms of RAM are particularly low, as
only a few vectors are stored in memory during the run. To showcase
the performance of plasmonX implementation, we perform 9 calcula-
tions by increasing the number of processors from 10 to 90 with steps
of 10. Calculations employ the wFQFy approach and are run on a Silver
nanoparticle with icosahedral shape with a radius of about 10nm, i.e.
composed of about 149k atoms (about 600k variables). We then com-
pute the speedup of the calculation as follows:

T(n)
T(10)

where T'(n) is the elapsed time exploiting » OMP threads, while T'(10)
is the reference obtained by using 10 OMP threads. Ideally, by moving
from 10 to 90 OMP threads, the maximum speedup is 9. The computed
speedups are graphically depicted in Fig. 3. The code demonstrates a
nearly linear speedup up to 60 threads, with parallel efficiency (cal-
culated as speedup(n)/(n/10)) remaining above 90%. Beyond this point,
the efficiency gradually decreases, reaching approximately 84% at 90
threads. This decrease is consistent with the presence of parallel over-
heads and resource contention effects, which are typical in simulations
of this kind [103]. Nevertheless, the observed speedup of 7.58 at 90
threads (relative to 10 threads) indicates that the code maintains a high
degree of parallel effectiveness, which can be exploited in HPC applica-
tions.

speedup(n) = 21
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Fig. 3. Speedup of the oFQFy linear system solution using the iterative on-the-
fly algorithm as a function of the OMP threads.

7. Observables

Once the complex linear system defining each model is been solved
for a specific w, the total complex dipole moment d(w) of the system can
be calculated as [67,69]:

oFQ @  d(w) = Z g;(o)r; (22)
@FQFu :  d(@) =Y g(@)r; + p(w) (23)
BEM :  d(0) = ) o(@)s; 24

from which the complex polarizability « is obtained:

0d (o)
0E;(w)

ay(w) =

k,l € {x,y,z} (25)

From @, absorption, scattering, and extinction cross sections can finally
be evaluated as:

(@) = 4;”—C"’Tr (Im @(w)) (26)
4
54 (e) = 8”—?4’ [@(@)? 27)
3¢
o,ext(w) — o,abS(w) + o_sca(w) (28)

where c is the speed of light. Since plasmonX implements methods in the
quasi-static regime, the scattering cross section is generally negligible.

To showcase the results that can be obtained with plasmonX we con-
sider ten Ag-Au spherical nanoalloys with diameter D = 3.5nm (1289
atoms) which are constructed by increasing the percentage of Au atoms
in a Ag spherical nanoparticle created by using GEOM interface (see
Fig. 4a), randomly replacing Ag atoms (from 0% to 100%, with a con-
stant step of 10%). Once the structures are created, the wFQFu calcula-
tion is performed by running the following minimal input:

what:
- dynamic response

forcefield:
dynamic: wFQFMu

field:
min freq: 2.0
max freq: 4.5
step freq: 0.01
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input_geometry:
external xyz file: Au_percentage.xyz

where percentage corresponds to the Au percentage of each nanoalloy.
The Au-Ag parameters are set to the default values and are taken from
Refs[69]. and [86].

b)
3.5 550 53
9
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Fig. 4. (a) Graphical depiction of spherical Ag-Au nanoalloys. (b) ®FQFu plas-
mon resonance frequency (PRF) as a function of Au percentage.

The computed absorption cross sections 2% for all the studied al-
loys are reported in Fig. 4b. All spectra are characterized by a main
peak, which redshifts and lowers in intensity as the Au concentration
increases. By plotting the PRF (in nm) as a function of the percentage of
Au (see Fig. 4b), a linear trend is observed (R?> > 0.99, see inset). This
is in agreement with Vegard’s law, which is reported by various experi-
ments [104-107]:

AVesard (x) = (1 = x)Ayq + XAy, (29)

where x represents the Au percentage. The linear slope (1.88 nm/% Au)
of the fitted line is also in very good agreement with experiments re-
ported in Ref[104]. (~ 1.35nm/% Au). Also, the computed intensity
of the plasmon band exponentially decreases by increasing the Au per-
centage, perfectly reproducing experimental findings [104]. The excel-
lent agreement provided by «FQFy is remarkable, especially consider-
ing that other classical approaches fail at reproducing the experimen-
tally reported linear trend in wavelength and the exponentially decreas-
ing intensity [108]. We conclude this section by highlighting that the
considered atomistic structures are intentionally small (1289 atoms) to
demonstrate that physically relevant results, that can be directly com-
pared with experiments, can be obtained by running plasmonX on a per-
sonal laptop (in this case, Dell XPS 13 equipped with 11th Gen Intel(R)
Core(TM) i7-1185G7 @ 3.00GHz and 32GB of RAM).

8. Post-process analysis

By default, plasmonX creates a tar.gz archive where the most rel-
evant information of the calculation is stored, including that for post-
process analysis. plasmonX is distributed together with a post-process
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code, named plasmonX_analysis, that gives access to various analyses,
such as the extraction of XYZ and PQR files (for oFQ and BEM calcu-
lations), CUBE and PLT files for plotting induced densities and fields,
and CSV files for the analysis of the induced densities and fields in
user-defined planes. The code is compiled together with the main code
plasmonX, and uses the modularity and object-oriented implementation
to access the specificities of each model. As for the main code, the user-
provided input is managed by a Python interface. All options are pre-
sented and discussed in the user manual.

22 24 26 28 3.0
Frequency (eV)
|EJ/|EO
/N

x [A]

Fig. 5. (a) Graphical depiction of Aus,, dimer; (b-d) wFQFu absorption cross
section (b), induced density (c), and enhanced electric field computed at the
PRF (2.28 eV) using a polarization field along the x axis.

To showcase the performance of plasmonX_analysis, we select an
atomistic Gold Th dimer (gap separation along the x axis of 5 A), con-
structed by using the GEOM interface and described at the ©FQFu level
(see Fig. 5a). The resulting dimer is composed of 1122 atoms. We high-
light that wFQFu can accurately describe similar systems characterized
by a subnanometer gap [10,11,14,18-20,67,109], as it physically ac-
counts for quantum tunneling effects (see Eq. 4) [67]. The oFQFy calcu-
lation is performed by using the following minimal input, which exploits
the default Au wFQFu parameters taken from Ref[69].:

what:
- dynamic response

forcefield:
dynamic: wFQFMu

field:
min freq: 2.0
max freq: 3.0
step freq: 0.01

input_geometry:
shape: Th
atomtype: Au
radius: 15.0
distance: 5.0
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dimer_axis: +x

The resulting absorption cross section is graphically depicted in
Fig. 5b, and clearly shows a main plasmon peak at 2.28 eV. By using
plasmonX_analysis, the nature of the plasmon peak can be analyzed by
calculating the density induced at the PRF by an external field polarized
along the x axis. The resulting induced density is graphically depicted
in Fig. 5¢, and is obtained by running the following command:

PATH/TO/BUILD/plasmonX_analysis.py
-i output_file.tar -w demnsity -n 1
-freq 2.28 -field_dir x

which creates a CUBE file that can be used to graphically plot the in-
duced density. The graphical rendering can be performed by using an ex-
ternal visualization tool (e.g. VMD[110], as in the present case). Fig. 5c
shows that the plasmon peak is associated with a boundary dipolar plas-
mon (BDP), i.e. the two plates are characterized by an induced plasmon
with dipolar character in the direction of the polarization field. As stated
above, plasmonX_analysis also gives access to the calculation of the in-
duced field, which is a fundamental quantity for surface-enhanced spec-
troscopies [5,111-113]. In this case, we compute the electric field in the
xy plane as induced by the same external field as above, by using the
following command:

PATH/TO/BUILD/plasmonX_analysis_py
-i output_file.tar.gz -w field -n 1
-freq 2.28 -field_dir x -plane xy
-n_plane 1

The resulting 2D map is graphically depicted in Fig. 5d. This is
achieved by utilizing the Python Matplotlib package; remarkably,
plasmonX_analysis provides the user with a Python script that can be
modified for customization. Fig. 5¢ shows that at the PRF, the studied
dimer sustains a highly localized hot spot in the middle of the gap, cor-
rectly reproducing ab initio results for similar systems.

9. Conclusions and outlook

In this work, we have presented plasmonX, a novel open-source plat-
form for simulating the linear response of plasmonic nanostructures. The
code features a unified implementation of both atomistic and contin-
uum electrodynamics models, ®FQ and wFQFu and BEM in both DPCM
and IEFPCM formalisms. Thanks to its modular architecture, flexible in-
put design, and efficient numerical solvers, which include iterative and
memory-efficient “on-the-fly” implementations, plasmonX enables accu-
rate and scalable simulations from hundreds to millions of atoms.

Several key developments are planned to further expand the scope
and efficiency of plasmonX. First, we aim to extend the current
frequency-domain formalism to a real-time (RT) framework, allowing
the simulation of ultrafast plasmonic phenomena, by implementing our
recently developed RT-wFQ and RT-wFQFu methods [114]. Second, we
are actively working on generalizing the models to describe condensed
phase systems, such as colloids and nanostructures dissolved in an ex-
ternal environment, by implementing the recently developed multiscale
framework which integrates wFQ and «FQFu with polarizable embed-
ding [115].

A further avenue involves the development of mixed implicit/ex-
plicit strategies, in which part of the nanostructure is described using a
full atomistic treatment (for instance, the surface) while the remaining
(the core) is treated at the BEM level. We have recently proved that such
partitioning drastically reduces the computational cost without reducing
the overall accuracy of the wFQ/wFQFu methods [113]. Finally, to ex-
tend the applicability of plasmonX to large and extended nanostructures,
we plan to incorporate retardation effects, enabling the description of
plasmonic phenomena beyond the quasistatic regime. To this end, we
aim to implement fast multipole algorithms [116], which would enable
linear or near-linear scaling of the long-range electrostatic interactions,
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making plasmonX suitable for simulations involving several millions of
atoms.
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