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The description of localized surface-plasmon resonances (LSPRs) in gold clusters has been a long-stand-
ing problem for quantum calculations, complicated by the presence of the filled d shell close to the Fermi
energy and the resulting strong influence of interband transitions in the visible spectral range. A full
quantum-mechanical description that represents the atomistic structure and treats all relevant electrons
at the same footing is needed. In this study, we demonstrate that a Hubbard U correction to the 5d elec-
trons in the real-time TDDFT+U approach is able to model the optical response of plasmonic Au clusters
and nanoparticles. The corrected LSPR energies show good agreement with “semi-quantal” calculations
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known to provide reliable plasmon energies, as well as with measurements when the matrix-induced/
surface-induced red shifts are taken into account. Our findings establish the RT-TDDFT+U method as a
valuable approach for modeling the optical properties of plasmonic Au clusters and nanoparticles,
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1. Introduction

Noble-metal clusters and nanoparticles (NPs) exhibit outstand-
ing optical properties driven by localized surface-plasmon
resonances (LSPRs) that dominate their response from the
visible to the ultraviolet region, enabling a wide range of appli-
cations. They are essential components of emerging plasmonic
technology including surface-enhanced Raman spectroscopy
(SERS),”* biosensing,>* photothermal cancer therapy,”®
plasmon-enhanced catalysis’ and many more. Thus, having
theoretical means to predict their properties and size-evolution
could accelerate rational design, guide experiments, and opti-
mize device performance across these applications.
Historically, the quantum description of metal clusters and
their optical properties was based on the jellium model, which
neglects the atomistic structure of the clusters.®*'° In the case
of the noble metals gold, silver, and copper, the presence of
the respective electronic d shells close to the Fermi surface
influences the optical spectra strongly. The d-shell electrons
are relatively strongly localized around the atoms as compared
to the free s electrons, but their polarizability plays an essen-
tial role in the optical response of the materials, leading to the
screening of the surface plasmons in noble-metal clusters.'* ™
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enabling calculations of clusters of up to 923 atoms, representing a 3 nm diameter nanoparticle.

Their localization leads to the model idea that introduces a
shell of reduced screening at the cluster surfaces, which is
essential for explaining the size dependence of surface-
plasmon resonances.”* A self-consistent “semi-quantal” model
that uses this concept was elaborated by Lermé et al.,"® obtain-
ing reliable plasmon energies for free and embedded spherical
noble-metal clusters.''®

Today, the most widely used method for obtaining the
spectra of noble-metal clusters is time-dependent density-func-
tional theory (TDDFT) with some atomistic description of the
material using mostly pseudopotentials.'® The simplest local
or semi-local approximations for the XC functionals like local-
density approximations (LDAs) and generalized-gradient
approximations (GGAs) can fail dramatically to produce
correct spectra notably due to the poor description of the d
states."” Hybrid functionals yield excellent spectra for small
silver clusters but are limited in their application to sizes of
about 150 to 200 atoms.'®'® However, even they may fail to
obtain a good description of small gold clusters.”®

Recently, we have shown that using real-time TDDFT with
an empirical Hubbard-U correction (RT-TDDFT+U), one can
obtain reliable and accurate spectra for both small, molecular
and larger plasmonic Ag clusters."”*" In particular, we have
demonstrated that a U of fixed value, corresponding to the one
found adequate for bulk silver,?* could be applied for all the
clusters studied in that work."”

Following the success of the RT-TDDFT+U method for Ag
clusters across all size regimes—from molecular clusters to
nanoparticles—we explore here the applicability of this

Nanoscale


http://rsc.li/nanoscale
http://orcid.org/0009-0006-8844-7932
http://orcid.org/0000-0002-4094-5100
http://orcid.org/0000-0001-8071-5871
https://www.etsf.eu
https://www.etsf.eu
http://crossmark.crossref.org/dialog/?doi=10.1039/d5nr04178c&domain=pdf&date_stamp=2026-02-16
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr04178c
https://pubs.rsc.org/en/journals/journal/NR

Open Access Article. Published on 17 February 2026. Downloaded on 2/25/2026 3:22:15 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

approach to the closely related element Au. Despite the simi-
larities between the valence electronic configurations of Ag
and Au, their optical properties are very different. The key com-
plication lies in the position of the d-band edge, which lies
much closer to the Fermi level in Au than in Ag. This leads to
strong dynamic screening of the LSPR by the d electrons and
significant direct contributions to the optical response in the
visible spectral range, the plasmon emerging on top of a rising
background of interband transitions from d to sp states.'®?%2*

In the present work, we use the DFT+U method for the
ground state and, subsequently, RT-TDDFT+U calculations to
compute the optical spectra. We compare the energy and the
size dependence of the LSPR with the above-mentioned “semi-
quantal” jellium-based calculations, which, for spherical clus-
ters, provide good plasmon energies.">'> The optical pro-
perties of larger gold clusters showing a surface plasmon in
the spectra are well represented, whereas the description of
the spectra of very small gold clusters with discrete electron-
hole-type spectra remains poor. We demonstrate the practical
applicability of the RT-TDDFT+U approach to clusters of up to
923 atoms, representing a nanoparticle of 3 nm diameter.

2. Methods

Atomistic calculations

We consider two types of Au clusters: (i) the usual series of ico-
sahedral clusters (Au, with n = 55-923) to investigate the size
trend of the LSPR without any change of morphology and (ii)
the lowest-energy quasi-molecular clusters taken from Anak
etal'®

For the molecular structures, both the structural relaxation
and the subsequent optical absorption calculations were
carried out using the LDA (PZ81)*® XC functional. For the
investigation of the size dependence of the LSPR, we con-
sidered icosahedral Au clusters of five different sizes. These
structures were relaxed in VASP**?” using the LDA (PZ81)*°
prior to the LDA+U optical calculations and using the GGA
(PBE)*® prior to the GGA+U optical calculations for compari-
son. Structural relaxations were performed with symmetry held
fixed, using an SCF energy convergence of 107° eV and a force
threshold of 0.02 eV A" per atom.

The reason for using LDA for most calculations is that it is
known to yield better structural agreement for Au than GGA,
as also demonstrated by Lopez Lozano et al.>*>—who demon-
strated that for the experimentally determined structure of
Au,46, LDA provides better agreement with measured Au-Au
bond lengths. Moreover, the LDA has previously been used to
compute the optical spectra of relatively large Au clusters,*
largely due to its lower computational cost.

For computing the spectra, the real-space code Octopus was
used,’*> with the grid spacing and the radius of the simu-
lation set to 0.20 A and 5.0 A, respectively. This radius corres-
ponds to spheres centered on each atom, whose superposition
determines the final simulation domain used in the calcu-
lation. The interactions between the electrons and the ions
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were described using norm-conserving Troullier-Martins pseu-
dopotentials,®® treating 11 valence electrons corresponding to
the ten 5d electrons and a single 6s electron per Au atom expli-
citly. The absorption spectra were calculated using the
RT-TDDFT+U method, which is based on the Yabana-Bertsch
time-evolution formalism,** and involves real-time propa-
gation of the wavefunctions after a &-kick at ¢ = 0. We have
used the approximated enforced time-reversal symmetry
(AETRS) propagator, with a time step of ~0.0016 fs (0.0024 h
eV™") and a total propagation time of ~13 fs (20 h eV ') to
obtain a broadened spectrum useful for identifying the plas-
monic peak; alternatively, 26 fs (40 h eV™') was used to
improve the resolution of the spectral peaks.

Our investigation involves the use of the rotationally invar-
iant formulation®® of the DFT+U method, where Ueg = U — J is
used but generally referred to as just U. It acts locally on the 5d
orbitals at all Au atomic sites. We used a Hubbard-U correction
of 2.0 eV for all calculations. Subsequently, the extension
RT-TDDFT+U is used for the spectra.®”

Jellium calculations

In addition to the full quantum-mechanical RT-TDDFT+U cal-
culations reported in this work, the absorption spectra of free
Au,, clusters have been computed in the framework of a mixed
classical/quantal jellium-type model. In this simple approach
only the 6s electrons are quantum-mechanically treated,
whereas the d-shell electrons are implicitly taken into account
through their absorption/screening properties in superimpos-
ing a homogeneous dielectric medium on the positively
charged background consisting of the Au" ions. In the jellium
model'® the atomistic discrete ionic background, of total posi-
tive charge Q = ng (g is the elementary charge), is replaced by a
step-walled uniformly positively-charged sphere of radius Ry =
rgn'®, where rg = 3.01 a, is the Wigner-Seitz radius per conduc-
tion electron (6s) in bulk gold (note that, in the present work,
the icosahedral structures involved are indeed quasi-spherical;
see Fig. 1 in the main text). For handling noble metals, such
as gold, as well as matrix embedded-particles, the pioneering
jellium model'® has been successfully extended in order to
include polarizable dielectric backgrounds self-
consistently.’®'*3¢ In the present calculations, the inner
homogeneous polarizable/absorbing dielectric medium
extends up to R; = Ry — d, where d is the skin thickness of
ineffective ion polarizability'* (for gold the appropriate value,
determined with reference to experimental results on alumina-
embedded gold NPs, is d = 3.5 ao). The inner dielectric
medium is characterized by a frequency-dependent complex
dielectric function e;,(w) (dimensionless input data of the
model) corresponding to the interband transitions, assumed
to be bulk-like. The dielectric function e&;,(w) has been
extracted from the experimental gold dielectric function using
Kramers-Kronig analysis (a brief description of the procedure
is provided in the SI of ref. 36). The properties of the ground
state (GS), computed thanks to the DFT, are obtained from the
electron density associated with the n occupied DFT-Kohn-
Sham (KS) wavefunctions minimizing the energy. The absorp-

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Absorption spectra of Au icosahedral clusters in vacuum, calcu-
lated using (@) TDDFT+U with a U correction of 2 eV, and (b) pure
TDDFT. The inset shows the absorption spectra of Au clusters embedded
in an alumina matrix, which produces an estimated red shift of 0.3 to 0.4
eV, taken from Cottancin et al.® A second red shift is induced in these
experiments by the size distribution of clusters and the fact that the
biggest clusters will contribute most to the measurement. A rough
agreement of the pure-TDDFT spectra with these measurements shows
that the calculated energies are substantially too low. This error is cor-
rected in the TDDFT+U calculations; the shift is of the order of 0.4 to
0.5 eV. In addition, the total intensity of the plasmon peaks increases.
The LDA (PZ81)?® XC functional was used for the relaxation of the struc-
tures (without the U correction) as well as in the spectral calculations.
The curves are obtained using an evolution time of 13 fs after the §-kick.

tion spectra are then computed using the time-dependent
local-density-approximation (TDLDA),*” appropriately general-
ized in order to include underlying dielectric media self-
consistently."*'>3¢ For both the GS-KS calculations and the
TDLDA optical response, the local Gunnarsson-Lundqvist
exchange-correlation energy functional,*® of widespread use in
the cluster physics literature, has been selected. Moreover, the
electron self-interaction correction (SIC) of the Amaldi type
has been included, as in ref. 39. In this approximate SIC for-
mulation all the occupied DFT-KS wavefunctions are treated
on an equal footing, in both the Hartree and exchange—corre-
lation contributions to the total energy of the NPs. Let us
specify that the SIC applies obviously only to the 6s electrons
(quantum-mechanically treated). Nevertheless, it should be
emphasized that, for neutral Au, clusters under vacuum, the
optical responses computed in the jellium model, either with
or without the SIC, are almost identical, even though the
effective GS-KS confining potentials differ greatly. The free
electron mass m. = 1 is used in DFT-KS calculations. This
value is consistent with the effective optical electron mass
values determined by various authors from a careful analysis
of the measured bulk gold dielectric function. An additional

This journal is © The Royal Society of Chemistry 2026
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parameter must be briefly discussed, namely the infinitesimal
6 parameter entering the Green’s functions Gy(r, r, w) in the
TDLDA formalism. In practical calculations a finite value is
used, and this parameter turns out to act as an effective
smoothing parameter, which may be used to mimic phenom-
enologically line broadening effects (essentially dissipative)
that are not included in the modelling. The role played by this
parameter has been extensively discussed in the previous work
(see, for instance, the SI of ref. 36). It is sufficient here to say
that this parameter amounts to attributing an intrinsic width
2hé to each bound-bound one-electron excitation line
(Lorentzian-shaped curve peak).

3. Results

Optical spectra

In Fig. 1, we present the calculated absorption spectra of the
series of icosahedral gold clusters Au, (where n = 55-923),
using TDDFT with the U correction (Fig. 1(a)) and without
(Fig. 1(b)). A U value of 2 eV was selected based on the findings
of Avakyan et al,, who reported good agreement with the
experimental dielectric function of bulk gold using this
value.”?

Using the TDDFT+U method, we find that the spectra of
Auss and Au,4; show no clear LSPR signature, in agreement
with the finding that the LSPR emerges for sizes above 150
atoms.’>*" In contrast, a well-defined LSPR peak appears for
Aug, emerging from the dense interband background around
2.9 eV (top panel of Fig. 1). One might argue that a rather flat
damped bump at around 3.1 eV in Auyy,; could represent an
LSPR, but its weak oscillator strength likely renders it unobser-
vable under experimental conditions. For the larger two clus-
ters, Ause; and Augys, the LSPR becomes more pronounced
and red-shifts to approximately 2.8 and 2.7 eV, respectively, fol-
lowing the expected trend with increasing size.

With “pure” RT-TDDFT without the Hubbard correction,
here using the LDA functional, the overall spectra are notice-
ably red-shifted relative to TDDFT+U results. The distinct LSPR
peaks appear at lower energies and with a significantly weaker
intensity relative to the interband contributions, clearly visible
for the larger clusters (Auzgg, AUse; and Augys). Auss and Auyy;
show no LSPR signature, while weak resonances begin to
emerge at approximately 2.6, 2.4 and 2.3 eV for Auszge, AUse;
and Auo,;, respectively (see Fig. 1(b)). The weakness of the
resonances in the calculations without the Hubbard-U correc-
tion, as compared to the U-corrected results, clearly indicates
the occurrence of stronger LSPR coupling (resulting in strong
damping) with interband transitions, which can be directly
attributed to the d-band edge lying closer to the Fermi level
than it should.

Validation of TDDFT+U results

To the best of our knowledge, there are no experimental
reports of plasmonic behavior in pure Au clusters studied via
free-beam experiments under vacuum, unlike in the case of Ag
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clusters. The vast majority of optical absorption measurements
have been performed either in solid matrices such as alumina
or silica, in solution, or on soft-landed size-selected particles
on thin carbon films—all of which can significantly influence
the LSPR energy and intensity.'>****

For Au particles embedded in an alumina matrix, Cottancin
et al.”> observed the emergence of an LSPR peak between 2.3
and 2.4 eV for particles larger than 2 nm. These data are repro-
duced in the inset of the lower panel of Fig. 1. Interestingly,
these energies roughly correspond to those of our pure DFT
results without the Hubbard correction. However, this only
shows that the energies of these calculations of clusters under
vacuum are too low, similar to the result of Ag clusters'” since
embedding matrices are known to red-shift the LSPR energy.
An estimate of the matrix-induced red shift of approximately
0.3 to 0.4 eV is provided by the “semi-quantal”, jellium-based
results of Lermé.'® Such a redshift brings our TDDFT+U calcu-
lations into good qualitative agreement with the experimental
results. Moreover, the matrix-induced red shift reduces the
overlap with interband transitions from the d band, thereby
decreasing damping. This reduced damping should allow the
LSPR to emerge more readily in smaller particles than would
be possible under vacuum.

In the absence of experimental results under vacuum, we
compare our TDDFT+U results with the semi-quantal model*
that has been successfully applied in previous studies'*?®
the cases of free and embedded noble metal particles (see, in
particular, the short description of the modeling in the SI of
ref. 36). In these structureless jellium calculations, the screen-
ing of the LSPR by the d-shell electrons is ensured using a
complex interband-related dielectric function that has been
extracted from experimental data on bulk gold through
Kramers-Kronig analysis. It should be emphasized that this
semi-quantal modeling includes both the interband absorp-
tion and screening/polarization effects self-consistently. In
addition, a shell of reduced d-electron-induced screening at
the cluster surfaces is introduced,'" the appropriate thickness
of which has been determined with reference to experimental
results. Thus, even while neglecting the atomistic structure of
the clusters, these calculations obtain reliable plasmon ener-
gies for free and embedded spherical noble-metal clusters,'**
and they can likewise produce the size-dependence of plas-
mons in different environments well.>*® Owing to the success
of the model calculations in reproducing plasmon energies
and size effects in plasmonic clusters, we use these calcu-
lations to validate our atomistic TDDFT+U calculations.

In Fig. 2, we present a comparison between TDDFT+U cal-
culations (the same as those presented in Fig. 1 upper panel)
and the semi-quantal calculations. Both calculations produce
similar energies and a clear red shift with an increase in
cluster size. In general, as expected, the plasmon emerges out
of the background of interband transitions, which is substan-
tial in the spectra, and the assignment of the plasmon peak is
tricky. In particular for the Ause; and Aug,; clusters, the most
prominent peak clearly consists of two main peaks, of similar
energy between the two approaches. While this corroborates

in
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Fig. 2 Comparison between (a) atomistic TDDFT+U (U = 2 eV) calcu-
lations using LDA (PZ81)%° to approximate the XC functional, and (b)
jellium calculations for Au clusters of five sizes (see legend). In (a), thick
curves correspond to a propagation time of 13 fs, while thin, better-
resolved curves correspond to 26 fs. In (b), broadened curves corres-
pond to hé = 120 meV, whereas thin, better-resolved curves use hs =
60 meV.

the values of the plasmon energies calculated using TDDFT+U,
we need to point out the differences which remain, probably
mostly due to the simplifying treatment of the d-shell electrons
and of the positively-charged ionic background in the jellium
approach. First, the overall intensity of the semi-quantal calcu-
lations is higher. Second, the energy locations of the bumps
over the entire spectra, including those underlying the frag-
mented pattern of the LSPR resulting from the coupling of the
collective excitation with electron-hole transitions (Landau
damping mechanism), do not coincide in general. This is not
surprising since these bumps are tightly related to the inde-
pendent-electron energy spectrum of the GS-KS potential.
Indeed, it is clear that atomistic and homogeneous jellium
background descriptions will result in slightly different GS-KS
energy spectra, and thus in their respective bump patterns in
the optical responses.

Moreover, the LSPR emerges much earlier and more
strongly for the smallest clusters than in the TDDFT+U results.
For Auss and Au,,, clusters, the TDDFT+U calculations show
no clear sign of the LSPR, but the jellium model calculations
do. It is likely that some discrepancies could be reduced by
relaxing the drastic bulk-like assumption concerning the inter-
band dielectric function. Obviously, one could adjust the
dielectric function to the smallest sizes, but developing an
analytical, physically sound, size-dependent dielectric function
converging toward bulk values at large sizes, while highly
desirable, would be difficult. Ultimately, a challenge would be
to introduce, within the jellium approach, an interband dielec-
tric function involving some relevant, physically sound
quantum-mechanical ingredients.

In Fig. 3, we compare our TDDFT, TDDFT+U, and jellium-
model results with available measurements. Assigning a single
LSPR energy to Au clusters is inherently challenging because
of the strong coupling of the LSPR to the interband transitions

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 LSPR energies plotted as a function of inverse particle diameter.
The TDDFT, TDDFT+U, and jellium-model results are shown as red, blue,
and orange crosses, respectively. Experimental data are shown as
squares: the black squares correspond to the measurements of
Cottancin et al.'® and are shifted upward by 0.38 eV to correct for the
alumina matrix, unshifted points are presented with thin dashed
squares; the green squares correspond to the data of Lu et al.** The
latter values are likewise expected to exhibit a red shift, but its magni-
tude cannot be reliably estimated due to the complex experimental
environment, so the measured values are plotted as reported. The
apparent agreement between the TDDFT results without the Hubbard
correction (red crosses) and the measured points (green squares) is for-
tuitous, as the calculations assume perfect vacuum whereas the experi-
mental measurements will include the influence of the substrate
surface.

that leads to fragmentation of the collective excitation. In the
TDDFT+U (and TDDFT) calculations, we therefore identify the
LSPR energy as the position of the first maximum in the
absorption spectrum obtained with an evolution time of 13 fs.
For jellium-model calculations, we define the LSPR energy as
the centroid of the first two main peaks present in the curve
(76 = 60 meV). The well-foundedness of these choices is corro-
borated in the following section, where we indicate the possi-
bility of identifying the LSPR by modifying the parameters of
the calculations.

For comparison with experiment, we have used two types of
experimental measurements: (a) size-selected Au clusters
embedded in an alumina matrix,"> and (b) clusters soft-landed
on a 3 nm-thick carbon film.** The measurements performed
in the alumina matrix" are rigidly shifted by 0.38 eV to
account for the matrix-induced red shift. This value is based
on the findings of Lermé et al. (EPJD, 2000),"> where the differ-
ence between the LSPR energies calculated using the jellium
model for an Augs, cluster with and without the matrix was
found to be approximately 0.38 eV. Compared to these shifted
values, the TDDFT+U results are in relatively good agreement,
and certainly better than the TDDFT calculations without the
Hubbard correction.

For the measurements on size-selected Au clusters de-
posited on a carbon film (green squares) by Lu et al,** a red
shift in the LSPR energy is also expected relative to clusters of

This journal is © The Royal Society of Chemistry 2026
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the same size under ideal vacuum conditions, but the precise
estimation of the red shift is complicated by the complex local
environment. In addition, the systems may themselves evolve
during the EELS measurement due to the effect of the electron
beam, which may dynamically change the plasmon energies.*®
Therefore, the experimental points are taken directly as
measured, and appear to be in good agreement with the
TDDFT results without the Hubbard correction. This agree-
ment with the TDDFT results is spurious, as the calculated
and measured values correspond to two different systems: the
TDDFT results refer to clusters/nanoparticles under perfect
vacuum, whereas in the experiments the clusters are in contact
with the carbon film, while a substantial portion remains
exposed to vacuum-like conditions. The partial vacuum-like
environment may influence the size-dependence of the LSPR
in a similar way the porosity of the matrix does in matrix
embedded experiments, as discussed by Campos et al.>®
Additionally, if the values measured by Lu et al. are extrapo-
lated to the large-size limit, the resulting LSPR energy is unrea-
listically low.

In conclusion, the TDDFT+U spectra provide a corrected
description compared to pure TDDFT with simple functionals,
and the resulting LSPR energies are consistent with measure-
ments on matrix-embedded clusters as well as those on clus-
ters confined to surfaces, provided that a finite matrix/surface-
induced red shift is taken into account. For measurements per-
formed on surface-supported clusters, however, the complexity
of the local environment prevents a reliable estimation of this
red shift, making a direct comparison with the calculated
results difficult. Finally, the validity of the computed spectra is
further reinforced by the agreement with the ‘semi-quantal’
calculations, which are known to reproduce plasmon energies
accurately, even though the detailed spectral shapes differ to
some extent.

Analysis of the results: PDOS

For Au in both bulk and thin-film forms, the d-band edge is
experimentally known to lie approximately 2 eV below the
Fermi level.*>™*” This holds for clusters as well, as supported
by the work of Taylor et al.,"® who found an increase in the
energy onset of both the 6s and 5d bands with a cluster size,
while the difference between the two onsets, assuming a 6s
onset as the Fermi level, remains approximately the same for
medium to large clusters.

The blue-shift of the LSPR upon applying the U correction
is due to increased localization of the d electrons (see
Fig. 4(b)), which reduces the dynamic screening of the collec-
tive oscillations of the sp electrons responsible for the LSPR.
The enhanced oscillator strength may result from the upward
shift of interband transition energies, thereby decreasing
coupling between LSPR and the transitions involving d states.

In Fig. 4(a), we present the projected density of states
(PDOS) for the Auss cluster calculated using DFT (top panel),
where the d-band edge appears approximately between 1.5 and
2.0 eV below the Fermi level. This result highlights the electron
delocalization error inherent in local functionals, which stems
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(a) PDOS for the Auss cluster with and without an effective Hubbard-U correction of 2 eV. (b) Ground state total (5d + 6s) charge-density

difference between DFT+U (2 eV) and DFT for Auss, represented using a colour-coded slab passing through the central atom, confirming increased

localization of the d electrons around atoms.

from the insufficient cancellation of the spurious coulombic
self-interaction. This issue, previously discussed in the context
of Ag clusters,"” also affects Au.

As shown in the bottom panel of Fig. 4(a), the application
of the U-correction with a value of 2 eV shifts the d band to a
more reasonable position, approximately 2 eV below the Fermi
level, bringing it closer to the experimental results.

Enhanced d-electron localization under the Hubbard-U cor-
rection is confirmed by the ground-state charge-density differ-
ence plot, Ap(7) = pprr+u(r) — porr(r), as shown in Fig. 4(b). The
colour-coded slab visualization shows an increase in electron
density around the Au atoms, exhibiting a distinct character-
istic shape of the d orbitals, while in the intermediate region
between the atoms, a decrease in the electron density is clearly
visible. This increased localization is essential to correct the
dynamic screening of the LSPR, an effect which is overesti-
mated when using only DFT. Thus, the U correction brings the
calculated ground state closer to the expected real ground state
of the system.

Identifying the LSPR

Unlike in the case of silver, where identifying the LSPR peak in
the calculated spectra is relatively straightforward due to the
strong contrast between the plasmonic peak and other spectral
features, this task is considerably more challenging for Au
clusters. The electron-hole-like interband transitions give rise
to numerous peaks, some of which may be mistakenly inter-
preted as an LSPR. Additionally, it should be stressed that
because of the Landau damping mechanism, which results in
fragmentation of the LSPR band, several bumps may indeed
underlie the LSPR band when a large propagation time
(TDDFT calculations) or equivalently a small %5 parameter
(jellium calculations) is used (see Fig. 2). A key advantage of
the TDDFT+U and the jellium calculations is that they allow
direct tuning of the d-electron influence on the LSPR. By
employing a higher U value, the intensity of the LSPR peak can

Nanoscale

be artificially enhanced, enabling a controlled study through a
series of calculations with progressively smaller U values to
track the evolution of the plasmonic response. Similarly, in the
jellium calculations the thickness d of the surface shell of
ineffective interband screening can be used to enhance the
plasmonic peak (the d parameter is known to phenomenologi-
cally mimic the degree of increased localization of the d-elec-
tron orbitals).'"'>3¢

The two approaches are illustrated in Fig. 5(a) and (b),
where we performed a series of TDDFT+U calculations with U
values ranging from 0 eV to 3 eV, and jellium calculations with
an ineffective-screening shell of different thicknesses. With an
increase in U, the overall screening is reduced and the LSPR
peak exhibits a clear and consistent trend—shifting to higher

30¢f Evolution time 13 fs (LDA) //
N
< 20} — 8E¥+U(1 ev) =
g — DFT+U (2eV) /
= DFT+U (3eV) &_/
S 10}
® (a)
2 0 ——
g 60} Jellium model
c =
S 40} = =1 o
Q. = d =2 bohr
= d =3 boh
§ 20F — d= 3.5 bohr
< 0 (b) . / . . . .
1 1.5 2 2.5 3 35 4 4.5 5

Energy (eV)

Fig. 5 (a) Variation in the TDDFT+U absorption spectra of Ausgg as a
function of the U parameter (0 to 3 eV), with the LDA (PZ81)*° to
approximate the XC functional (time evolution of 13 fs) and (b) variation
in the absorption spectra calculated using the jellium model, with a
reduced screening layer of different thicknesses (0 to 3.5 Bohr), as indi-
cated in the legend (hs = 60 meV).
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energies and becoming more pronounced. From this analysis,
we conclude that the peak observed at around 2.9 eV in the
TDDFT+U calculations in Fig. 1 for Agzoe indeed corresponds
to the LSPR. This also holds for the peak that appears in the
pure TDDFT spectrum at a (too low) energy of 2.6 eV. In the
jellium calculations, lower values of thickness d increase the
overall screening of the LSPR and hence shift it to lower ener-
gies, away from the interband transitions.

The procedures used (in TDDFT+U and jellium -calcu-
lations) in Fig. 5 clearly show that, in all cases, the LSPR lies at
the lower-energy edge of the absorption spectra, consistent
with how it was assigned in the results discussed earlier in
Fig. 1 and 2.

Influence of the XC functional

Until now, we have shown that TDDFT+U calculations using
the LDA for the XC functional and a U value of 2 eV yield good
agreement with the expected position of the LSPR in Au clus-
ters for the relevant sizes.

The reason for this choice was that the LDA is known to
yield better structural agreement with the experiment for Au
than, for instance, the GGA. This well-known fact was corrobo-
rated for gold clusters by Lopez-Lozano et al.,>® who demon-
strated that for the experimentally determined structure of
Auy,6, the LDA provides very good agreement with measured
Au-Au bond lengths. Moreover, LDA has previously been used
to compute the optical spectra of relatively large Au clusters,>®
largely due to its low computational cost. However, the ques-
tion of how the choice of the XC functional influences the
TDDFT+U calculations must be addressed. For that reason, we
studied the performance of the GGA functional (PBE)*® in the
TDDFT+U calculations.

In this section, when we write ‘LDA+U’ (or, respectively,
‘GGA+U’), the LDA (or, respectively, GGA) XC functional is
used in both steps: in the ground-state calculation and in the
subsequent TDDFT+U calculation.

In the first two panels of Fig. 6, we show the calculated
absorption spectra of the Au icosahedral cluster series with the
LDA (the same as that in Fig. 1(a)) and the GGA, obtained
using TDDFT+U with a fixed U correction of 2 eV. For the
GGA+U calculation, the LSPR emerges again for the correct
size and red-shifts with an increase in size but the energies are
consistently higher than what we have obtained with the LDA
shown in Fig. 6(a). Additionally the integrated intensity under
the LSPR peak (area under the curve in the visible region) is
also larger in the latter case.

The difference between the two can be attributed to two
factors influenced by the choice of the functional: first, struc-
tural differences, as the GGA is known to yield longer Au-Au
bond lengths, which can affect the optical properties; and
second, the functional’s direct impact on electronic inter-
actions, which also modifies the optical response. To isolate
the influence of structural changes, we performed a TDDFT+U
calculation using the GGA on an LDA-relaxed structure and
found that the LSPR energy remained higher than in the LDA-
based calculation for the Ausog cluster (see Fig. 6(c)). This con-
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Fig. 6 Influence of the XC functional used in the TDDFT+U calcu-

lations. The panels (a) and (b) show absorption spectra computed using
the TDDFT+U method using LDA (PZ81)*® and GGA (PBE),?® with the
same XC functional also used to relax the structures. All the calculations
shown in the first two panels are consistent, i.e., the structures were
relaxed using the same functional, the GGA or the LDA, that was used in
the TDDFT+U calculations. Thick colored curves are obtained with an
evolution time of 13 fs, while the thin black curves overlaid on them
correspond to a longer evolution time of 26 fs, showing a higher resolu-
tion of the same spectra. To distinguish the influence of the structural
differences in the calculations from the effect of using the different
functionals in the TDDFT+U part, in panel (c) we present a comparison
of the TDDFT+U spectra computed with the LDA and GGA for Auszgg,
using the structure relaxed with the LDA. An effective-U correction of 2
eV was used in all the calculations shown.

firms that the trend of higher LSPR energies with the GGA is
only weakly dependent on how the structure is relaxed.

It is important to note that the U correction is used empiri-
cally in our work and, in principle, can also depend on the
choice of the functional. Therefore, using a smaller U value with
the GGA may lead to results that agree with those obtained
using LDA+U. It may be helpful in future investigations to deter-
mine U from first principles, as this could provide a more coher-
ent combination with the chosen functional.

The second key difference, namely the larger area under the
absorption curve in the visible range for the GGA+U calcu-
lation, can be explained by the density of states (DOS) plot. In
Fig. 7, we show the DOS—specifically the superatomic pro-
jected DOS (SAC-PDOS)—for the Auso cluster calculated using
the LDA, GGA, LDA+U, and GGA+U. The d band is readily
identifiable as a dense region of states, starting below approxi-
mately —1.5 eV in the DFT calculations, and shifting further
below —2.0 eV with the inclusion of the U correction, display-
ing no distinct superatomic character (mixture of many
colours indicating no single angular momentum).
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Fig. 7 Superatomic projected density of states (SAC-PDOS) of the
Ausog cluster, calculated using the LDA, GGA, LDA+U, and GGA+U, with
a Hubbard-U correction of 2 eV. The LDA and LDA+U structures were
relaxed using the LDA, while the GGA and GGA+U structures were
relaxed using GGA. The projection onto spherical harmonics was carried
out up to L = 10, ensuring that the superatomic states near the HOMO
with higher angular momentum character are appropriately captured.
The atomic 5d band lies below approximately —1.5 eV in the DFT calcu-
lations, and below —2.0 eV when the U correction is applied, showing no
superatomic character, as expected. The lowest-lying delocalized states,
originating from the atomic 6s electron, exhibit clear superatomic char-
acter, following a sequence of S, P, S, D, ... (see ref. 49).

Upon closer inspection, it becomes evident that the d band
is significantly narrower in the GGA and GGA+U calculations
compared to the LDA and LDA+U cases. In the context of
absorption spectra, this implies that the GGA-based calcu-
lations include a greater contribution from d states in the
energy region (LSPR) of our interest in the absorption spectra,
explaining the larger area under the absorption curves in the
visible (enhanced magnitude and broadening of the LSPR).

Superatomic states

One characteristic property of metal clusters, often invoked to
explain their structural stability, is the presence of superatomic
states.”®>! The superatomic projected density of states for the
Auggo cluster shown in Fig. 7 shows that the Hubbard correc-
tion primarily affects the d states, while the superatomic char-
acter near the HOMO remains essentially unchanged. A
notable effect is that the U-induced downward shift of the d
band onset exposes additional superatomic states, previously
concealed and possibly hybridized within the d band, which
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may influence the LSPR response. Confirming this influence
would require further analysis, such as transition maps using
the Kohn-Sham decomposition method,** which is beyond
the scope of this work.

Below the d band, 6s-derived states are also present,
forming deeper-lying SAC states, following the characteristic
superatomic filling sequence 1s?, 1p°, 2s?, 1d'%, and so on.*’
These SAC states appear at much lower energies relative to the
HOMO when the LDA is used compared to the GGA. The appli-
cation of the Hubbard-U correction results in partial overlap
between the lower edge of the d band and some 6s-derived
SAC states, though the lowest SAC states remain intact. As
these states lie far below the HOMO, they are unlikely to con-
tribute to the plasmonic response in the visible region.

Spectra of very small clusters

Up to this point, we have demonstrated that applying a DFT+U
correction to the 5d electrons in Au clusters allows for tuning
of the screening and the coupling between interband d tran-
sitions and the LSPR, thereby enhancing its visibility and
improving the resonance position. We now turn our attention
to very small clusters, where the optical response is dominated
by discrete electron-hole transitions. Structural models for
these calculations were taken from Anak et al.,'® and the geo-
metries were relaxed using LDA before performing the optical-
response calculations.

In Fig. 8, we present a comparison between the spectra cal-
culated using the TDDFT+U method with a Hubbard-U correc-
tion of 2 eV, with the LDA for the XC functional, and the
experimental measurements performed on size-selected small
Au clusters embedded in a neon matrix at a temperature of
7 K, as reported by Lecoultre et al.’® From all the plots, it is
evident that the agreement between theory and experiment is
poor, and a simple Hubbard U correction is insufficient to
capture all the features observed in the measurements, unlike
in the cases of larger Au clusters and Ag clusters of all sizes."”
This disagreement is not surprising since many high level cal-
culations have not been able to reproduce the experimental
measurements until now."®'%>*

The large disagreement between theory and experiment for
very small clusters could be rooted, to a large extent, in the
assumption of a fixed value of the U correction applied to all
the atoms (in very small clusters, all atoms probe the NP
surface). In principle, however, the appropriate correction
required to recover the correct ground state may depend on
both the cluster size and the specific atomic sites. In the case
of Ag clusters, the relevant transitions in the energy region of
interest (LSPR) primarily involve 5s-derived states, with the 4d
electrons contributing mainly through screening. Thus, shift-
ing the interband d transitions to higher energies led to good
agreement with experiment, as the GGA already provides a
reasonable description of the s electrons.'” In contrast, for Au
clusters, the d band not only contributes to screening but also
directly participates through d-interband transitions within
the relevant energy range (visible range). As a result, a simple
energy shift may not be sufficient to achieve agreement with

This journal is © The Royal Society of Chemistry 2026
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Fig. 8 Comparison between the experimentally measured spectra of
size-selected clusters in a neon matrix>® and the calculated response
using the TDDFT+U method with a Hubbard-U correction of 2 eV,
employing the LDA to approximate the XC functional.

experiment for very small clusters, which could be another
reason for the limitations of this approach.

Furthermore, relativistic effects are known to be significant
in small Au clusters.”® In our calculations, we employed a
norm-conserving Troullier-Martins pseudopotential,®® which
includes relativistic corrections within the scalar-relativistic
approximation. However, spin-orbit coupling, which is known
to significantly affect the spectra, was not included.>® At the
same time, Anak et al'® showed that spin-orbit coupling
becomes less significant for Au clusters containing 20 atoms
or more. Therefore, neglecting it is justified to a certain degree
for the larger clusters, particularly those large enough to
support localized surface-plasmon resonances.

4. Conclusion

In this study, we investigated the ability of the TDDFT+U
approach within the real-time formalism to model the optical
response of Au clusters and nanoparticles, building upon its
proven success in the case of Ag.

Our results show that the inclusion of a Hubbard U correc-
tion applied to the 5d electrons, combined with the LDA for
the XC functional, significantly improves the position of the
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LSPR in Au clusters. The corrected LSPR energies show good
agreement with “semi-quantal” calculations known to provide
reliable plasmon energies, as well as with measurements of
Au clusters embedded in alumina, assuming a plausible
matrix-induced red shift of 0.3 to 0.4 eV. Additionally, the
oscillator strength of the LSPR in the large quasi-spherical
clusters increases compared to a pure TDDFT calculation
result. The U correction effectively shifts the d band to lower
energies. This shift reduces its coupling with the LSPR and,
consequently, improves both the energetic position and the
intensity of the LSPR.

However, our investigation also highlights the limitations
of this approach when applied to very small clusters, where the
optical response is dominated by discrete electron-hole tran-
sitions of a finite system. For these spectra, a simple U correc-
tion is not sufficient to produce good agreement with experi-
mental results. The possible reasons include the increased
importance of relativistic effects such as spin-orbit coupling
that are not captured by the scalar-relativistic pseudopotentials
used, and the possible need for size- and site-dependent U
parameters to describe individual d states correctly, not just
the overall screening.

In addition, our comparative study between LDA and GGA
functionals revealed that the GGA consistently provided higher
LSPR energies than the LDA for an equal effective Hubbard U
correction of 2 eV. The DOS further suggested that the GGA
results in a narrower d band, resulting in more d interband
transitions contributing to the absorption spectra in the
visible region.

Finally, the analysis of superatomic states confirms that the
DFT+U correction preserves the overall structure of the deloca-
lized states near the Fermi level while exposing previously
obscured states within the d band, potentially influencing the
plasmonic response.

In conclusion, our findings establish the TDDFT+U method
and, in particular, its applications within the real-time formal-
ism as a valuable tool for modeling the optical properties of
plasmonic Au clusters and nanoparticles. We have, here, an
atomistic quantum description including the d electrons
appropriately, at a numerical cost that is only slightly
larger than that pure DFT calculations. Nonetheless, our
findings underscore the need for more sophisticated treat-
ments—such as inclusion of spin-orbit effects and refined U
parametrization—for accurately describing the spectra of
small, non-plasmonic clusters. Future work will aim to inte-
grate these features to improve agreement with experimental
observations.
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