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Abstract

Absorption spectra of silver nanoclusters, Ag,, with n = 20— 147, are investigated in
the framework of the time-dependent density functional theory (TDDFT) with the use
of a range-separated hybrid density functional. Our calculated spectra reproduce well
the experimental data. The plasmon-like band energy is situated at about 4 eV for all
clusters in gas phase. A description of the plasmonic behavior is given using analyses
and tools derived from ab initio quantum calculations. The plasmon band originates
from multiple peaks gathered in a relatively small range of energy. High intensive
peaks near the center of the band present a strong plasmonic character which has
been characterized in terms of transition density, hole-electron excitation, transition

contribution map (TCM), and generalized plasmonicity index (GPI).

Introduction

Metal nanoparticles have received much attention in recent years in both science and technol-
ogy due to their unique optical, electronic and catalytic properties.! Notably, the collective
excitation of conduction electrons and their interaction with a electromagnetic field give raise
to the so called localized surface-plasmon resonance (LSPR), and cause a giant absorption
band in the UV-visible domain. Plasmonics makes metal nanoparticles very interesting for a

range of applications such as biological sensing,? cancer therapy,®* optoelectronic devices, %

8, 10,11

photocatalysis,” photovoltaics,®? surface-enhanced Raman spectroscopy (SERS), etc.
The LSPR frequency can be tuned through the shape, size and composition of the nanopar-
ticle’> but is also dependent of the environment.!® The plasmon band originates from
multiple peaks gathered in a small range of frequencies. The collective modes are envelopes
of coherent superpositions of electron-hole excitations.®*® But at small size, the plasmon
band of noble metal generally disappears i.e. the collective effect of the electron excitation is

reduced, because of the discreteness of electronic states, the band is fragmented into discrete

peaks which are scattered in a large range of frequencies. Then they are likely to be lost



in the interbands (transitions associated to d-electrons)! or in the bands resulting from
hybridization with protecting ligands bound to the surface of clusters.?>?! But silver is a
exception since the plasmon-like band is clearly visible down to small size bare clusters of
about 18-20 atoms???? thanks to a relatively strong alkali-like character with a large s-d

separation. 24

Absorption spectra of medium-sized and small-sized silver clusters have been measured

25 6 22,27-29

in vacuum,? in solution,?% in solid rare-gas matrices, and in supported samples on
glass.?® Very recently, spectra of Ag, clusters (n = 5 — 120) have been published,?? they
show a plasmon band situated between 3.9 and 4.1 eV in vacuum, with variation with cluster
size according to the spherical electronic shell model. Also, the plasmon energy is strongly
blue shifted with the decreasing cluster size since it is likely to be close to 3.2 eV for large
nanoparticles. '3

Theoretically, the description of the optical properties of large noble metal nanoparti-
cles have been intensively and successfully investigated using classical optics by solving the
Maxwell’s equations for electromagnetic waves interacting with particles characterized by
the dielectric function of the bulk, eventually coupled with a hydrodynamic model,?' or with
more sophisticated semiclassical methods able to describe the core polarization and its effect
on the optical response like the random phase approximation (RPA),3%33 or approaches based
on time-dependent local density approximation and jellium models.3*3% In these semiclassical
calculations, the plasmon resonance reflects a collective excitation of the s valence electrons,
but the effects of the d-electrons are only accounted for by using the bulk dielectric function
and the atomic structure is neglected. Investigating small nanoclusters of some tens of atoms
requires a fully quantum treatment for all electrons. Such calculations are now possible in
the framework of the Time-Dependent Density Functional Theory (TDDFT).3¢ Recently, a
few TDDFT studies have been performed on Ag, clusters with n ~ 8 — 300 atoms. 22243745

However, while most studies used a local or semi-local formulation for the exchange and

correlation functional, one of us have shown that the use of a hybrid functional is required



to correctly describe the excitations of d-type electrons which present charge-transfer and
Rydberg characters. 47 Such excitations cannot be described within TDDFT with a local
or semi-local density functional in the adiabatic approximation used in standard calcula-
tions.?® The d — sp excitation energies are significantly underestimated at TDDFT/GGA
level and consequently the interband transitions lead to a large band close to 3 eV which is
often confused, or mixed, with the sp — sp intrabands. For silver clusters, the description of
excited states within the adiabatic approximation in standard TDDFT calculations requires
a correction of the self-interaction error (SIE) and a correct asymptotic behavior. The best
results have been obtained with range separated hybrid functionals (RSHs) which resolve
a significant part of the SIE problems and also improve the asymptotic behavior at long
range thanks to the inclusion of the Hartree-Fock exchange. %47 But the cost of calculations
becomes heavier.

In a very recent paper??, our colleagues have furnished the experimental absorption spec-
tra of Ag, clusters (n = 5—120) embedded in a weakly interacting neon matrix, and we have
given some TDDFT/RSH calculations of Ag,@Neon in which both silver and neon atoms
were explicitly treated. Our calculated spectra were found in excellent agreement with the
experimental ones, suggesting that our simulation methodology is correct. In the present
paper, we give the absorption spectra of free Ag,, n = 20 — 92, and Agj;; nanoclusters
calculated within the TDDFT approach with a RSH-type functional, and we furnish a de-
scription of the plasmonic behavior using analyses and tools derived from ab initio quantum

calculations.

Theoretical Method

Absorption spectra have been calculated in the framework of the Time-Dependent Density
Functional Theory (TDDFT) using the range-separated hybrid (RSH) density functional

wBI7x* which includes an increasing part of exact Hartree-Fock exchange at long range



(from 16% at short range to 100% at long range). Calculations treat the 19 valence elec-
trons per silver atom within a relativistic effective core potential (RECP) together with the
corresponding Gaussian basis set.*°

The geometrical structures were taken from a study by Chen et al®' dedicated to the
prediction of structures of silver clusters using a genetic algorithm with an embedded atom
method potential, except the structure of Agyy which is the ground state structure of C;

f.22 Geometrical structures were relaxed with wB97x

symmetry optimized at DFT level in Re
before calculating the absorption spectra (Fig. S1 in Supporting Information). Of course we
cannot be sure that a more stable cluster than those considered in our calculations does not
exist. But the absorption spectra calculated with several isomers of Agyy and Agy (Fig. S2
and S3 in Supporting information) show that the spectra characterized by a plasmon-like
band are only weakly dependent on the exact geometrical structure as long as the shape is
somewhat spherical, as expected for metal clusters with free valence electrons. This is in
agreement with a previous work by Durante et al.®? which has showed that the position of
the band energy in gold Au.;50 clusters is weakly dependent on the shape of the cluster.
The choice of the exchange and correlation density functional was motivated by previ-
ous benchmarking works on small clusters?64” that we are extending here to larger clusters.
In Fig. 1, we compare the performance of three commonly used families of exchange and
correlation functionals, namely BP86°*%* which is a standard GGA (Generalised Gradient
Approximation) density functional, the asymptotically corrected (AC-GGA) LB94 poten-

tial model °°

which gives a —1/r behavior at long range, and the range-separated hybrid
wB97x. The calculated absorption spectra of Agg, Agss and Agd are compared to most
recent experimental spectra.?® As expected, only the range-separated hybrid wB97x is able
to reproduce the experimental data. Indeed, TDDFT calculations with a local exchange
and correlation potential in the adiabatic approximation can not correctly describe the in-

terband d — sp transitions since the latter present Rydberg and long-range charge-transfer

characters that can only be described with a RSH-type density functional.“%47 For the size



n = 55, the spectra are calculated for the cation Agdy (due to the constraints imposed by
the ADF Software® which can calculate excitation energies only for electronic closed shell
systems) while the experimental spectrum is that of the neutral cluster Agss. That is why

the calculated spectrum is blue shifted with respect to the experimental one.
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Figure 1: Absorption spectra of silver clusters Ag, for sizes n = 92,58, and 55 calculated with
three different families of density-functionals. Experimental data are measured on clusters
embedded in a Neon matrix, and are blue-shifted by 0.17 eV to remove the dielectric effects.??
For the size n = 55, the optical response is calculated for the cation while the experimental
curve is measured for the neutral species.

All calculations were performed using the program Gaussian0957 (wB97x calculations),
and the program ADF (LB94 and BP86 calculations). Pre- and postprocessing operations

were performed by using the graphical interface Gabedit.®®

Results and discussion

Absorption spectra

Calculated absorption spectra are given in Fig. 2 together with the experimental ones mea-

sured in Neon. The latter have been blue-shifted by 0.17 eV to remove the dielectric matrix



2359 wwhere TDDFT calculations performed in gas

shift as supported by our previous study
phase and in neon matrix have shown that the unique effect of the rare gas matrix is a
redshift of the whole spectrum ; this allows to compare the spectra to calculated gas phase
values. Let us note that the shift value of 0.17 eV is predicted to have no significant size
dependency for n = 20 — 92 atoms. The experimental spectrum of Agys was measured
by surface second harmonic generation spectroscopy on size-selected clusters supported on
BK7 glass substrate.3? The calculated absorption spectra showed in Fig. 2 give the oscillator
strength as a function of the excitation energy together with a curve obtained by a Lorentz
broadening with a full width at half-maximum (fwhm) of 0.08 eV. For all clusters, the peaks
with strong oscillator strengths are in the 3.8-4.2 eV range, resulting in an intense band cen-
tered at around 4 eV. Both position and shape of experimental spectra are well reproduced.
The narrower absorption widths for Agss (Dap,), Agss (1), Agee (Csy), Aglar (1) are due to
the high symmetry of the geometrical structure which tends to gather the peaks on a narrow
band of energy, while the other clusters are less symmetrical.

For Agyg, the main band is centered at 4 eV and composed of four strong peaks in the
3.97-4.04 eV range. A shoulder at 3.72 eV is also visible. For Agss, the spectrum shows a
relative wide band, composed of two peaks at 3.95 and 4.12 eV, respectively. The first peak
is mainly due to two excitations at 3.91 and 3.96 eV respectively, while the second one is due
to several less intense transitions in the 4.11-4.18 eV range. The calculated spectrum fits well
the experimental spectrum that also shows two peaks. For Agys, the spectrum consists of a
large band due to a range of peaks spanning the 3.7-4.5 eV energy range. The experimental
spectrum in Neon is not available, but Liinskens et al.?’ have measured the band plasmon
by surface second harmonic generation spectroscopy on clusters supported on BK7 glass
substrate. Their spectrum is reproduced in Fig. 2 with a band centered at 3.78 eV. The
red-shifted by about 0.15 eV compared to our calculated data in gas phase is likely due to
dielectric effects of the oxide substrate. Fig. S2, in ESI, gives the spectra calculated with two

different isomers, predicted to be the ground state using energetic models based on atomistic



potentials.®%0 Both spectra are found to be very similar, which confirms that the optical
response of metal clusters is only weakly dependent on the exact geometrical structure as
long as the shape is somewhat spherical. For Agss, the plasmon band is centered at 4.11 eV,
slightly blueshifted with respect to the experimental band at 4.07 eV. A secondary band
centered at 4.56 eV is also calculated, but not see in experiments.?? Interestingly both bands
were calculated at 4.23 and 4.66 eV respectively for the cation Agdy (Fig. 1). The calculated
spectrum of Agss shows a main transition at 4.08 eV and a less intense one at 3.77 eV,
in excellent agreement with the experimental data showing these features at 4.11 and 3.81
eV23. The spectrum of Aggs shows a wide band due to a range of peaks spanning the 3.7-
4.5 eV energy range, with a maximum at 4.01 eV, and two shoulders at 3.91 eV and 4.32 eV
respectively. The C3, symmetry of Aggs leads to a relatively narrow absorption band, it is
centered at 4.05 eV, slightly blue-shifted compared to the experimental value of 3.97 eV 2.
Finally, we give the absorption spectrum of the cation Agj,; with a I, geometrical structure
(calculation is less cumbersome for the cation than it is for the neutral cluster, thanks to
an even number of electrons). The giant band with a narrow width of around 0.2 eV at
full width at half maximum (FWHM),is centered at 4.22 eV, and composed of three main
transitions at 4.22 and 4.25 eV. Following the shift of 0.12 eV between spectra of Agd; and
Agss (see above), the absorption band of neutral Agyy; is likely to be redshifted to about 4
or 4.1 eV.

Overall, our calculated spectra obtained with cumbersome calculations (TDDFT/RSH

with more 3200 primitive gaussians is time-consuming) reproduce well the experimental ones.

Analysis of excitations

To characterize the plasmonic excitation, we first furnish some visual interpretations. In the
adiabatic linear-response formalism of the TDDFT, the transition density associated to a

single excited state is typically expanded in the product of occupied and virtual Kohn-Sham



molecular orbitals:

T() = Y Fisti(F)@L(F) + D Foad (7)bs(7), (1)

i—S 45

where ¢ and s label the occupied and virtual orbitals respectively, and F; s is the component
of the TDDFT eigenvector, which is composed of occupied-unoccupied ¢ — s excitations and
1 < s desexcitations. As a matter of fact, in the current formalism the transition density is
equivalent to the induced density defined by the Fourier transform of the difference between
the charge density evolving after a perturbation and the ground state density FT'(p(7,t) —
po(7)). Isosurface plots of the transition density for some intense peaks in the absorption
spectra of Agyy, Aggy and Agj,, are showed in Fig. 3. As explained above, the plasmon
band originates from multiple peaks gathered in a small range of energy, and can be seen
as an envelope of coherent excitations represented by the lorentzian curve in Fig. 2. The
excitations considered in Fig. 3 are those with highest oscillator strengths and are located at
the center of the band (near 4 eV). The transition densities display a typical dipolar shape,
which represent the oscillation of the electron density along one direction, which could be
expected to be, for instance, that of the electric field of a laser. The density change affects
many two opposing sides of the cluster, with strong contribution from s electrons, while less
intense contributions from d electrons polarize in the opposite direction and thus create a
countering screening field. The collective behavior is visible even for the small cluster Agsg.
All plots correspond to the classical picture of LSPRs as a charge cloud oscillating between
the opposite sides of the cluster.

We can also furnish a representation in terms of electron-hole pair where an electron
leaves the hole domain and goes to electron domain during the excitation. The "hole” and

the "electron” can be defined in different ways. In previous studies, 761

we gave the electron
density difference between the excited and ground states for some of the main peaks of Agyg

clusters. Here we adopt the definition of hole and electron proposed by T. Lu and C. Zhong



in Multiwfn program.%? The density distribution of hole and electron is defined as:

PMUT) = Plocar(F) + Peross (7). (2)
= Z( 18) Gi F)éz F) Z ¢z 7?)@(_‘)
+ D D FisFsi(r Z > FisFs0i(F)e;(7),
i—8 jEI—s 148 jFEis
P = Plocar(F) + Plrss (7 (3)
= X (F) 06,(7) — X (Fi)? 04(7)0s()
+ Z Z E,sE,ugbs(F)gbu(F)_Z Z Fz,sE,uqbs(F)gbu(F)
i—8 i—UF£S 14=8 i4—u#s

The terms "local” and ”cross” stand for the contribution of local term and cross term to
the hole and electron distribution, respectively. Both p"?¢ and p®°“ integrate to one over
all space. The charge density difference between excited state and ground state is then

evaluated as

Ap(F) = p () — p"" (7). (4)

Isovalue plots of Ap(7) for some intense peaks are given in Fig. 4. Red colored regions
correspond to depletion of the electron density during the transition, while blue regions
correspond to an increase of the electron density. In the case of Aggy and Agj,., plots show
clearly that during the transition the electron is transferred from the core to the surface of
the cluster. Actually, the hole density is distributed over both the core and the surface of the
cluster while the electron density is mainly located on the surface of the cluster. For Ags,
there is only one atom in the core, and then the hole is partially localized on the surface.
Consequently, the transfer from the core to the surface is less pronounced.

Change densities are mainly associated to s and p orbitals, with very few d contributions.
In a previous works,*” the d character in the plasmonic excitation was evaluated to about
10%, which seems to be in agreement with the classical picture of the plasmon likely to be

associated to excitations of s electrons, with a few contribution of d electrons.
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194263 e also furnish an analysis of the electron transitions

Following previous works,
based on transition contribution map (TCM) plots. In the TDDFT approach, each excited
states can be described by a sum of monoexcitations and desexcitations with a relative
contribution F; ; (See equation 1). In the TCM plot associated to a given excited state, each
monoexcitation is represented by one point in a map where the axis are the eigenvalue of the

initial state & and the eigenvalue of the final state &, while the magnitude of each transition

is broadened by Gaussians (with a smoothing parameter o):

| Fs (50 £)? (e £s)2

227T

Mren (€0, v) Z

(5)

TCM plots reveal the energies of the initial and final orbitals of the main transitions involved
in an excited state. Fig. 5 shows the TCM maps in the case of Aggs together with the density
of state (DOS). The sp band covers all occupied and virtual orbitals closed to the Fermi level,
while the d orbitals are confined in a band with an upper limit at about 4.7 eV below the
Fermi level. The HOMO-LUMO gap is calculated to be 3 eV because of the use of an
hybrid functional which shifts upward the energies of unoccupied orbitals. This leads to get
much better excitation energies. All intense spots in the TCM plots for Aggs correspond
to intraband sp — sp configurations, as expected for plasmonic excitations. In Fig. 5, we
show TCM plots for two representative transitions. One is a strong transition (label (a)) at
3.98 eV, near the center of the plasmon, while the other (b), much less intense, is located
at 4.35 eV. The maps reflect that the excited state (a) has a stronger plasmonic character
than the transition (b). Indeed, the excited state (b) is due to monoexcitations located in
a narrowed diagonal band with a few intense spots (in red) placed on a line corresponding
to & — & = A, where A is a constant. In contrast, the excitation (a) is made of many
intense spots (in red) distributed on a large domain of §; — & values. The collective nature of
the plasmon can be inferred by the presence of many spots with strong contributions in the

TCM. Some desexcitations implying sp orbitals are also visible for the transition (a). The

11



TCM maps for three transitions in Agy is plotted in Fig. 6. Two transitions, labelled (b)
and (c), located near the center of the plasmon-like band present a strong plasmon character
with several intense spots distributed in a large domain of energy. In contrast, the state
situated at 3.69 eV is mainly due to a few intense peaks. The interband d — sp transitions
are more visible than in the case of Aggs.

In conclusion, TCM maps show that the excited states with intense oscillator strengths
and placed near the center of the band originate from many monoexcitations distributed on
a large domain of energy, while the states placed further away from the center of the plasmon
band present a less collective behaviour. However, it is worth noting that all peaks belong to
the plasmon. The difference of nature that we noted is the consequence of the fragmentation
of the plasmon band that occurs when considering small-sized clusters.

Several studies have tried to classify the electronic excitations in nanostructures, particu-
larly with the aim of characterizing the emergence of plasmons in opposition to single-electron
transitions. Plasmon resonances can be distinguished from single-electron transitions since
they manifest a strong dependency in electron-electron interaction.?%4464 Recently a gener-
alized plasmonicity index (GPI) has been proposed to quantify the plasmonic character of
optical excitations. !%44% The electron density change can be evaluated from the Kohn-Sham

response function ygg as
0p(7, ) = [ X7 ) a7, ¥) 4 a7, )] AT (6)

where v.,; is the external potential applied to the system of interest, and v;,4 is the induced
potential responsible for the external field enhancement, which reads as follows v;,q = vy +
Uze, the sum of the Hartree and exchange-correlation potentials. GPI is then defined as the

quantity
_ [ op(r,
| [ op(7,

where dp(r,w) is the Fourier transform of dp(7,t), and v}, and v}, denote the complex

(7)
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conjugate of the corresponding quantities. The index 7 is a quantitative measure of the
interaction between electrons following an external potential, it will be relatively large for
plasmonic excitations which produce a large v;,4, but much smaller in case of single-electron
transitions for which the induced potential remains very low.

For a more practicable use, Zhang et al.** have showed that the GPI can be expressed as

T(AT() 1=
_ Eplasmon _ f |F—7| drdr’ (8)
r r ’

where T'(r) is the transition density for the considered excitation. I'is a broadening pa-
rameter coming from the expression of x s in the Lehmann representation. As we have no
means to express rigorously the damping energy I' in our TDDF'T calculations, and being ex-
pected that this term does not contribute to the plasmonic character, we have calculated the
Eplasmon value as a descriptor for the plasmonic character of a given transition. Transitions
with relative large values for Epjqsmon Will present a more pronounced plasmonic character.
The term Epjqsmon is a dimensionless number, and is not normalized. For Agg,, the value of
E\lasmon 1s calculated at 0.019 and 0.003 for the transitions (a) and (b) considered in Fig.5,
respectively. The factor of 6 between the two values confirms that the excitation (a) is more
plasmonic than the exciation (b). For Agy, the value of Epjgsmon is 0.013, 0.036, and 0.066
for transitions (a), (b), and (c), respectively, showed in Fig. 6. Therefore the plasmonic
character is stronger in the last two transitions than the former. The excitation near the
center of the band present a stronger plasmonic character than those located at lower or

higher energies.

Conclusions

The optical response of silver clusters have been calculated at TDDFT/RSH level. Overall,
the present calculated spectra reproduce well the recently measured experimental spectra.

Plasmon band energies are calculated at about 4 eV for all clusters in gas phase. Plasmon
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excitations have been characterized in terms of transition density, electron-hole excitation,
transition contribution map (TCM), and generalized plasmonicity index (GPI). The plasmon
band originates from multiple peaks gathered in a relatively small range of frequencies, and
can be seen as an envelope of coherent excitations represented by the lorentzian-type curve for
large clusters. High intensive peaks close to the center of the band present a strong plasmonic
character described by (i) a transition density which displays a typical dipolar shape that
represents the oscillation of the electron density along one direction, (ii) an electron transfer
from the core to the surface during the excitation in a electron-hole scheme, (iii) a collective
nature which can be inferred by the presence of many spots with strong contributions and
distributed on a large domain of energy in the TCM plot, (iv) a relative high value of the GPI.
The plasmon band originates from several peaks distributed over a relatively small energy
range, all mainly due to intraband sp — sp excitations, in agreement with the classical
description of the plasmon phenomena as a collective excitation of valence electrons. The
present work is one of the first to correctly reproduce the experimental absorption spectra
of silver nanoclusters and to describe them with the help of analyses and tools derived from

ab initio quantum calculations.
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Figure 2: Calculated absorption spectra of silver cluster Ag, (red lines) together with ex-
perimental data (black curves) taken from Ref?? except the spectrum of Agy, which was
measured by surface second harmonic generation spectroscopy on cluters supported on BK7
glass substrate. 3



Figure 3: Isosurface plots of the transition density for three main transitions in Agyg (3.98,
4.00, 4.04 eV), Aggy (3.98, 4.03, 4.10 eV) and Agf,; (4.21, 4.22, 4.25 eV). Red and blue
surfaces indicate positive and negative isovalues. Isovalue = 0.0006 and 0.0003 for Agy,

0.0002 and 0.0001 for both Agg, and Agf,.

Ag)o

Ag147

Figure 4: Isosurface plots of the charge density difference between particle and hole (depletion
in red, accumulation in blue) for a main transition in Agsy (3.98 eV), Aggs (3.98 ¢V) and
Agliz (4.21 V). Isovalue = 0.0001 and 0.00006 for Agsg, 0.00005 and 0.00002 for both Aggs,

and Agf,,.
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Figure 5: Transition contribution map (TCM) for some excited states of Aggy, together
with the Density of states (DOS) where the d and s bands are showed in grey and yellow
respectively. Are included transitions with a component |F; | > 0.01. Vertical and horizontal
lines represent the energy of the HOMO and LUMO respectively. a. TCM for the excited
state at 3.98 eV. b. TCM for the excited state at 4.35 eV. c. Spectrum of Aggs.
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Figure 6: Transition contribution map (TCM) for some excited states of Agsg, together
with the Density of states (DOS) where the d and s bands are showed in grey and yellow
respectively. Vertical and horizontal lines represent the energies of the HOMO and LUMO
respectively. a. TCM for the excited state at 3.69 eV. b. TCM for the excited state at 3.97
eV. c. TCM for the excited state at 4.01 eV. d. Spectrum of Agsy.

26



3.8 4.2 4.6
eV

Table of Contents Graphic (TOC)

27



