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ARTICLE INFO ABSTRACT

Editor: Dr W Jong. We present the first public release of plasmonX, a novel open-source code for simulating the plasmonic response of complex

nanostructures. The code supports both fully atomistic and implicit descriptions of nanomaterials. In particular, it employs

plasmonics the frequency-dependent fluctuating charges (wFQ) and dipoles (wFQF) models to describe the response properties of

atomistic atomistic structures, including simple and d-metals, graphene-based structures, and multi-metal nanostructures. For implicit

implicit representations, the Boundary Element Method 1s implemented in both the dielectric polarizable continuum model (DPCM)

nanoparticles and integral equation formalism (IEF-PCM) variants. The distribution also includes a post-processing module that enables

graphene analysis of electric field-induced properties such as charge density and electric field patterns. CE: Please

bimetallic check
PROGRAM SUMMARY Program Title: plasmonX Kestwaotdor

CPC Library link to program files: https://doi.org/10.17632/zcd8fb4457.1

Developer’s repository link: https://github.com/plasmonX/plasmonX

Licensing provisions: GPLv3

Programming language: Fortran 2008, Python

Nature of problem: Simulating the response properties of plasmonic metallic and graphene-based nanomaterials.

Solution method: Fully atomistic frequency-dependent fluctuating charges (wFQ) [1,2] and dipoles (wFQF ) [3] models

and implicit, non-atomistic Boundary Element Methods (BEM) [4]. The approaches are implemented within the quasistatic

approximation.

Additional comments including restrictions and unusual features: The program has been mainly tested by using gfortran

(versions 9-13) combined with the Math Kernel Library (MKL) provided by Intel.

Keywords:

correctness.
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1. Introduction to confine light at the nanoscale, enabling applications ranging from enhanced

spectroscopies and sensing to quantum optics and nanoelectronics [1-9]. The

Plasmonic nanostructures, ranging from metal nanoparticles to graphene- accurate simulation of their optical response, particularly in regimes where
based materials, have attracted significant interest due to their unique ability

* Corresponding author.
** Corresponding author.

https://doi.org/10.1016/j.cpc.2026.110035
Received 14 October 2025; Received in revised form 5 January 2026; Accepted 12 January 2026



Journal Pre-proof

quantum effects such as tunneling and nonlocality become relevant [10-12,12,
13,13-22], 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 methods rely on ab initio
quantum mechanical (QM) techniques, generally defined within the framework
of time-dependent density functional theory (TDDFT) and its approximation
(TD density functional tight binding — TDDFTB) [31-40]. While these ap-
proaches allow for a rigorous treatment of the QM effects underlying the plas-
monic response, their huge computational cost drastically limits the nanostruc-
ture sizes that can be simulated, which are generally composed of less than 1000
atoms [39], and are thus far from realistic, experimentally studied nanosystems.
An attempt to overcome this limitation is offered by semiclassical and “non-
classical” electromagnetic models, which have been developed to incorporate
key quantum corrections at a reduced computational cost [41-44]. These in-
clude nonlocal, quantum hydrodynamic descriptions (and related extensions),
quantum-corrected models that effectively account 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 de-
veloped, such as the Discrete Dipole Approximation (DDA) [53], the Finite-
Difference Time-Domain (FDTD) [54], and the Boundary Element Method
(BEM) [55-60], which model the nanostructure as a continuum dielectric char-
acterized by its complex permittivity function. Such approaches are rooted in
electrodynamics and solve Maxwell’s equations by imposing the proper bound-
ary conditions. Because they are based on classical physics, they can indeed
afford large nanostructures; however, they lack any description of atomistic fea-
tures and QM effects, and therefore, might fail to accurately describe regimes
where quantum and mesoscopic effects become relevant [61-63], including elec-
tron tunneling, nonlocal screening, Landau damping, quantum confinement, and
atomic-scale defects, such as picocavities [64—66].

To bridge the gap between quantum accuracy and classical scalability, we
have recently proposed novel atomistic, yet classical approaches for nanoplas-
monics, named frequency-dependent fluctuating charges (wFQ)[67,68] and fluc-
tuating dipoles (wFQF ) [69], which are specifically designed to account for
the physical mechanisms underlying the optical response of plasmoni¢ nanos-
tructures. 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, wFQFp
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 simu-
lating the plasmonic response of nanostructures, which features the first robust
implementation of wFQ and wFQFu models. In addition, plasmonX provides a
solid implementation of continuum dielectric methods (BEM), in a unified and
efficient framework. Specifically, the dielectric polarizable continuum model
(DPCM) [71] and Integral Equation Formalism PCM (IEFPCM) [26,72-74]
formalisms are implemented, supporting arbitrary geometries via mesh dis-
cretization. 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 meth-
ods, 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 atomistic classical simulations of
nanoplasmonics. The code is written in modern Fortran 2008, with a Python-
based interface for input parsing, and a CMake build system that ensures cross-
platform compatibility. It supports multiple numerical solvers, including matrix
inversion, Krylov subspace iterative methods [76,77], and a fully memory-
efficient “on-the-fly” Generalized Minimum RESidual algorithm (GMRES) im-
plementation [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 theoretical
foundations of the methods implemented in plasmonX, its modular architecture,
and input specification, followed by performance benchmarks 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 distributed 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 methods im-
plemented in plasmonX (wFQ, wFQFu, and BEM), highlighting their common
theoretical formalism, which allows for a modular implementation.

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 perturbation. 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 q are obtained by solving the following complex
linear system, written in a matrix form [70]:

[KT9 — 2 (w)Iy]q(w) = —KV(w) €]

where K is a N X N matrix whose elements read:

Kij=Kij—Y Kb @
k

where ¢;; is the Kronecker delta. The elements of the K matrix take the follow-
ing form:
[I-f(rig)Ai .o, .
=t ifg
K= i G)
0 ifi=j
Aj; is the effective area of atom ¢ 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:

1

1+ exp Pd(;ig - 1)}
i

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

f(rij) = “)

lattice. In Eq. 1, K matrix is multiplied by T99 matrix that takes into account
the charge-charge interactions [67,80]. In wFQ, each charge ¢;, placed at ry, is
associated with a Gaussian-type distribution of width equal to R, :

9 |r —r;|?
pa; (r) = 37203 XP <—2 %)
u / ngli qu
In this framework, the charge-charge interaction kernel T'79 reads [80]:
1 ..
iq].q = erf [rij ©)
|rs] Rg;—q;

where Rg; —q; = |/RZ, + R . Note that the diagonal matrix of T99 is the

chemical hardness. In Eq. 1, z4(w) is a diagonal complex shift (I N'is the
N x N identity matrix) that accounts for the Drude mechanisms:

2q(w) = =5 — (T +1) %

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

oom*  wim*

n=""0 =P ®)

T A

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

m* _ A/ TN2D (9)
VF

where nop is the 2D electron density, and v is the Fermi velocity [82], which

is related to the Fermi energy E'r through the expression vy = 275 (f (mo

is the electron rest mass [82]). The 3D electron density for graphene can be
written in terms of nop, which in turn depends on the value of Er, 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

wFQ is suitable for materials whose electronic properties can be well de-
scribed by a Drude mechanism, such as simple metals (e.g., sodium) and
graphene-based nanostructures. To describe d—metals (Ag, Au), the contri-
bution 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 distribution of width equal to R, [69]:

|2

.2
= g i Vi, {exp <_ IrRzrz| >} (10)
i i i

pp; (r) =

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

K 0 Ta4
0 I3n/\THa

where T, and TH# are the charge-dipole and dipole-dipole interaction ker-
nels, which can be derived by proper differentiation of T99 in Eq. 6.[80,85] In
Eq. 11, 2z, (w) is defined as:

an

_ 1
zp(w) = — () 12)
where ol B (w) is the interband polarizability that is extracted from the interband
permittivity function, either calculated or experimentally measured [69].
Eq. 11 is valid if all the system’s atoms are of the same nature, i.e., for a ho-
mogeneous nanomaterial. To describe heterogeneous systems, i.e. characterized
by two atom types, Eq. 11 must be recast in the following form [86]:

e 2 )6

13)
where z,, ;(w) = —1/a!B(w) and:
Nﬁéiﬂ I Ng,; \ !
alBw) = aIE:;;hctcrO(w) _ | R W) afw) (14)

Nai+ Npi+1

where N4 ; 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:

Hij(w) = Hij(w) = > Hig(w)ds (15)
%

niT (1 —dwr)

Hij(w) = Kji 16

MN;T; (1 - inj)

It is worth noting that, differently from wFQ and wFQF, the off-diagonal ele-
ments 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.

(L))

wo) (T )

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 fessera. 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 Polariz-
able Continuum Model (DPCM) [71,87,88] and the Integral Equation Formal-
ism PCM (IEFPCM) [71,74]. In the former, the BEM charges are calculated by
solving the following linear system of equations:

fen(2) 1)

e2(w) —e1(w) an

)A + F} o(w) = —Ez(w).
while in IEFPCM, the charges are instead obtained as follows:

[%(M) Iy + F} SAlo(w) = — (27Ip + F)V(w). (18)
e2(w) —e1(w)

In Egs. 17 and eq. (18), o(w) are the discretized BEM surface charges,
e2(w) and €1 (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 fessera, and Iy denotes the identity matrix for
a system composed of N fesserae. In the case of BEM in DPCM formulation,
Ej represents the component of the external electric field projected along the
vector normal to each fessera. In the IEFPCM formulation, V corresponds to
the electric potential evaluated at the barycenter of each ressera [71,89].

K  The Cnd\F(my ices depend on the geometric configuration of the mesh.

0 Thegglgmentspf he $ matrix are given by [71,89]:
A
-7 ifi#j
Sij =1 Isi —sj]
1.0694v/4mA;, ifi=j

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 derivative 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]:

(si —sy)-H;

L it
Fyj = s; — s/ T !
4 .
1.0694 - VQZ L ifi=g

{@‘?, and R denotes the radius of the
H@W >enclosing e entire seq%f]\;e TR (GESP ctively. It is worth mentioning
that some formulations instead determine the diagonal 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]:

!
1
/ 9G(s5) 1o s,y = — 1
Q On |s — 8’|

qaﬂ);z 1 IS RROQrpp{agggtor ofgheyi

19)

where G(s, s’) is the quasistatic Green function evaluated between surface
points s and s’. The symbol 2 denotes the surface of the nanoparticle, 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
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Table 1: List of the input options for running plasmonX . py script. Algorithm 1 Structure of plasmonX.

1: Read the input file

Option Required Description

2: Build target object from input, through runtime polymorphism
-i Yes Input file in YAML format target_ < BEM / wFQ / wFQFu
-0 No Output file name (default: input_file.log) . . if Algorithm = inversion then
-omp No Number of OpenMP threads to use (default: all available) ) . .
-mem No Available Memory in GB (default: system maximum) Solve each frequency by direct inversion
“h No Print help message and exit . else if Algorithm = iterative then

Iterative solve with on-the-fly procedure

else

3
4
5
6: if Algorithm = iterative on the fly then
7
its usage, the code architecture integrates a Python-based interface for input 8
9

parsing and a CMake-based build system. The Python front-end is responsible Iterative solve with on-memory procedure

for reading the simulation parameters from a human-readable YAML input file. 10: end if

This modular approach allows for a a clear separation between input specification 11: end if

and high-performance numerical execution in the Fortran backend. 12: Clean scratch; save data for post processing; deallocations

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 Zenodo [92]. To en{ energy , static /dynamic response
sure a complete and functional installation, it is highly recommended to clone the
repository using Git over SSH with the --recursive option. Once the repgsi+ce field :
tory is cloned, a minimal Python environment must be configured. All required# defines the static/dynamic foraefkekdeisd the interactio
dependencies are listed in a requirements. txt or requirements. yaml file,
depending on whether the user chooses pip or conda for package managemegnt. | 4 -

, restart]

The compilation of the Fortran code is handled entirely through CMake [93]3# defines the field parameters [ state¢ddynamic, frequencie

with a custom Bash script (setup. sh) which is provided to streamline configu-

ration across different operating systems. This script sets up the build directféqyg orithm :
detects the available compilers, applies appropriate flags (e.g., OpenMP supA# defines the numerical algorithmonee bequsddonie solve resp

port), and runs the CMake configuration, 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 currently characterized by 83 tests, which ensure the correct com-
pilation and linking with the external submodules. The tests are run by,uging

output:
\# defines the parameters of the output printing

ctest, which exploits the runtest package [94], which is set as a submodule#f gefines the parameters for implicit BEM calculations

the project. For each test case, the test suite includes a reference run log, gen-

erated on a Dell XPS 13, 11th Gen Intel(R) Core(TM) i7-1185G7 @ 3.00GHzs o1 -

32 GB RAM, which reports the wall-time at the end of the run, allowing usgfs defines the parameters to control dgdoimatay/ Eibagion of a

to compare results and sanity-check their installation.

The code supports Linux, macOS, and Windows environments (vig Wi\ _types :

dows Subsystem for Linux) [95]. It has been tested with gfortran version9 defines the parameters of the atomtypésofer pataméseis: simu
through 13, and it is compatible with both standard LAPACK/BLAS libragigs defines the parameters

and the Intel Math Kernel Library (MKL) [96], which is highly recommendgd gescribes the atomic or implicit geometry in \AAngstrom

for enhanced performance on Linux and Windows environments. The com-
plete 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 —1i, 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 number of OpenMP threads and the
available memory are set to the maximum available in the architecture exploited
for the calculation. A help message can be accessed with the -h flag.

The input to plasmonX is defined entirely by a YAML-formatted configura-
tion file, typically named input_file.yaml. The input is composed of various
sections, each dedicated to a specific aspect of the simulation.

what:
\# defines the type of calculation

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, enabling simple and minimal configurations
for the most user-friendly experience possible.To provide an overview of the
plasmonX structure, Algorithm | 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
values), are provided in the documentation and examples (see Ref. [97]), and
are discussed in the following.

5. Specify the Nanostructure

plasmonX potentially supports any kind of nanostructure by providing the
atomic positions (for wFQ and wFQFy simulations) or the mesh tessellation (for
BEM). Atomic positions are provided in the input _geometry section, either by
explicitly specifying the xyz coordinates by YAML inline string, or by specifying
an XYZ file (case sensitive), which allows referencing external standard-format
coordinates. 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.

of the \wfq ahdgtwiyfmy: models input
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Fig. 1: Nanostructure morphologies that can be created by plasmonX through the GEOM
interface.

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 frequency by using inversion
and iterative (on the fly) algorithms implemented in plasmonX.

plasmonX also provides a user-friendly input specification through the in-
tegrated interface to the GEOM library (commit: 1cc34d1 [98]). This interface
enables the construction of both implicit and atomistic geometries by user spec-
ification of the relevant parameters, e.g., radius, shape, etc. For the implicit
case, the allowed geometries are spheres and rods that are defined by speci-
fying 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 further information). For atomistic geometries, GEOM sup-
ports a rich catalog of shapes, including spheres, rods, pyramids, icosahedra,
cones, tips, and complex assemblies resembling experimental probe configu-
rations (e.g., TERS tips). The supported morphologies through GEOM interface
are graphically depicted in Fig. 1. The generator supports both homogeneous
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 nanomaterials, such as graphene disks,
rings, triangles, and ribbons, can be created with edge-type specification (arm-
chair, 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 specific 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 com-
paring with Eq. 1 (WFQ), Eq. 11 (wWFQFpu for homogeneous systems), Eq. 13
(wFQF for heterogeneous systems), Eq. 17 (BEM in DPCM formulation), and
Eq. 18 (BEM in IEFPCM formulation). We note that for wFQF for heteroge-
neous 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 factor-
ization 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 iterative
Krylov GMRES method [78]. plasmonX provides an effective implementa-
tion 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 resorting to
GMRES [78], and the matrix product multiplications are performed on the
fly, without storing the matrices in memory [70]. This is implemented for
wFQ and wFQFu 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 error

Fig. 3: Speedup of the wFQFu linear system solution using the iterative on-the-fly
algorithm as a function of the OMP threads.

(RMSE). A default tolerance of |Eg| - 107° is employed (where |Ep| is the
applied electric field intensity), which we have previously shown to provide a
reliable compromise between numerical accuracy and computational cost [70].
In Fig. 2, we provide a graphical depiction of the elapsed time (in seconds)
of inversion and iterative (on-the-fly) algorithms 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 calculations 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 solution, the Root Mean Squared Error (RMSE) is set to 10~8 for an
applied electric field with Ey = 10~% 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 Intel(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 inversion and iterative algorithms
require almost the same ¢lapsed time (16 s vs. 15 s). By increasing the size, the
inversion algorithm follows a third power scaling (y oc P(23), RZ > 0.99),
while the iterative one follows a second power progression (y < P(x2), R? >
0.99), rapidly becoming the most efficient algorithm to solve the linear complex
problem. For a detailed 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 systems
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 calculations by increasing the
number of processors from 10 to 90 with steps of 10. Calculations employ the
wFQF . approach and are run on a Silver nanoparticle with icosahedral shape
with a radius of about 10 nm, i.e. composed of about 149k atoms (about 600k
variables). We then compute the speedup of the calculation as follows:

T(n)
T(10)

speedup(n) = 21
where T'(n) is the elapsed time exploiting n 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 (calculated 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 overheads 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 applications.

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]:

wFQ: d(w) = Z qi(w)r; (22)
WFQFy : d(w) = Z qi(w)r; + pi(w) (23)
BEM: d(w) =) oi(w)s; 24)

i
from which the complex polarizability @ is obtained:

ddj(w)
OE;(w)

ak:l("']) = kvl € {'rvyv Z} (25)
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Fig. 4: (a) Graphical depiction of spherical Ag-Au nanoalloys. (b) wFQFp plasmon
resonance frequency (PRF) as a function of Au percentage.

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

o5 (w) = 4;liTr {Ima(w)} (26)
C
4
o_sca(w) — 8;:; |a(w)|2 o
o_exl(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 consider
ten Ag-Au spherical nanoalloys with diameter D = 3.5 nm (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 constant step of 10%). Once the structures
are created, the wFQFpu calculation 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

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].

The computed absorption cross sections o2 for all the studied alloys 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

plasmonX_analysis, that gives access to various analyses, such as the extrac-
tion of XYZ and PQR files (for wFQ and BEM calculations), 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 presented and discussed in the user manual.

To showcase the performance of plasmonX_analysis, we select an atom-
istic Gold Ih dimer (gap separation along the x axis of 5 A), constructed by
using the GEOM interface and described at the wFQFp level (see Fig. 5a).
The resulting dimer is composed of 1122 atoms. We highlight that wFQFu
can accurately describe similar systems characterized by a subnanometer gap
[10,11,14,18-20,67,109], as it physically accounts for quantum tunneling effects
(see Eq. 4) [67]. The wFQFu calculation is performed by using the following
minimal input, which exploits the default Au wFQFp 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: Ih
atomtype: Au
radius: 15.0

distance: 5.0
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. 5c, and is obtained by running
the following command:

observed (R? > 0.99, see inset). This is in agreement with Vegard’s law, wii{H/TO/BUILD/ plasmonX_analysis.py —i output_GHiiltey. tar Fw\den

is reported by various experiments [104—107]:
AVegard(p) = (1 — x)Aag + 2 ) Au 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 reported in Ref.
[104] (~ 1.35 nm/% Au). Also, the computed intensity of the plasmon band
exponentially decreases by increasing the Au percentage, perfectly reproduc-
ing experimental findings [104]. The excellent agreement provided by wFQFp
is remarkable, especially considering that other classical approaches fail at
reproducing the experimentally reported linear trend in wavelength and the ex-
ponentially decreasing intensity [108]. We conclude this section by highlighting
that the considered atomistic structures are intentionally small (1289 atoms) to

—freq 2.28 —field_dir x

which creates a CUBE file that can be used to graphically plot the induced
density. The graphical rendering can be performed by using an external visu-
alization tool (e.g. VMD[110], as in the present case). Fig. 5c shows that the
plasmon peak is associated with a boundary dipolar plasmon (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 induced field, which is a fundamen-
tal quantity for surface-enhanced spectroscopies [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:

demonstrate that physically relevant results, that can be directly compared ‘}‘lAkTH /TO/BUILD/ plasmonX_analysis_py —i output_file.tar.gz —w

experiments, can be obtained by running plasmonX on a personal 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 rele-
vant information of the calculation is stored, including that for post-process
analysis. plasmonX is distributed together with a post-process code, named

—freq 2.28 —field_dir x —p

—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, correctly reproducing ab initio results for similar
systems.



Fig. 5: (a) Graphical depiction of Ause; 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.

9. Conclusions and Outlook

In this work, we have presented plasmonX, a novel open-source platform
for simulating the linear response of plasmonic nanostructures. The code fea-
tures a unified implementation of both atomistic and continuum electrodynamics
models, wFQ and wFQFu and BEM in both DPCM and IEFPCM formalisms.
Thanks to its modular architecture, flexible input design, and efficient numerical
solvers, which include iterative and memory-efficient “on-the-fly” implementa-
tions, plasmonX enables accurate and scalable simulations from hundreds to
millions of atoms.

Several key developments are planned to further expand the scope and ef-
ficiency 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-wFQFpu methods [114]. Second, we are actively working on generalizing
the models to describe condensed phase systems, such as colloids and nanos-
tructures dissolved in an external environment, by implementing the recently
developed multiscale framework which integrates wFQ and wFQFu with polar-
izable embedding [115].

A further avenue involves the development of mixed implicit/explicit strate-
gies, 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/wFQF 1 methods [113]. Finally, to extend 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,
making plasmonX suitable for simulations involving several millions of atoms.
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