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Abstract. Absorption spectra of both pure silver or nickel clusters (Agn,n = 6—55, Ni,,p = 8—12) and
mixed silver-nickel clusters (Ag,Ni,,n = 3—6) are investigated in the framework of the time-dependent
density functional theory (TDDFT) with the use of the functional CAM-B3LYP. The spectra of silver
nickel clusters are compared to those of pure silver and nickel clusters. An interpretation of spectroscopic
patterns in terms of contribution from s- and d-type excitations is presented. In particular the d electrons
of nickel atoms are found to play a crucial role in the optical transitions in Ni-rich systems.

1 Introduction

The physics of nanoscaled systems have attracted much
interest in terms of both experiments and computations
because of their application outlooks which appear to
be more and more promising. In particular, the metal
nanoparticles have been the object of a lot of attention
due to their unique optical, electronic and catalytic prop-
erties [1]. Large efforts have been engaged in the synthesis
methods of metal nanoparticles in order to control the size,
stability, shape and the atomic arrangement, on which de-
pend their physical and chemical properties. Noble metal
clusters were extensively investigated, particularly for
their striking optical transitions [2-4] and for their strong
fluorescence emissions [5]. Numerous bimetallic clusters
containing metal noble atoms and/or transition metal
atoms have also been studied both in experiments and
simulations since the properties of nanoparticles can also
be tailored by mixing several elements together [2,6,7].
Experimentally, the optical spectra of small silver
cationic Ag; (n =9, 11, 15, 21, 50, 70) clusters or neu-
tral Ag, (n = 2—39) clusters were first measured in the
early years of nineties [8-11]. Then further studies were
performed with various experimental setup and at var-
ious temperature [4,12,13]. For very small Ag, clusters
(n < 8), the absorption spectra are characterized by a
strong response on the 3—5 eV range with several narrow
or broad peaks, while for n > 12 they are characterized
by the emergence of a dominant and relatively broad peak
between 3 and 4 eV. At the nanometric scale (i.e. 2—10 nm
in diameter), Pellarin measured the absorption spectra of
pure noble metal clusters and also bimetallic clusters like
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silver-nickel nanoparticles [2]. The main feature of the op-
tical response to excitation by light is an absorption band
in the UV-visible range related to the surface plasmon
resonance. However, in the case of silver-nickel nanoparti-
cles a broadening and a damping of the surface plasmon
resonance band were observed with increasing nickel pro-
portion compared to the pure silver cluster.

Theoretically, ab initio optical spectra of very small
clusters were first calculated in the framework of the
interaction of configurations (CI) or in the linear re-
sponse equation-of-motion coupled-cluster (EOM-CC)
method [14,15]. More recently a few studies in the frame-
work of the time-dependent density functional theory
(TDDFT) were performed on small noble metal clus-
ters and bimetallic clusters [16-23]. While such quantum
calculations taking into account the electronic structure,
with an explicit treatment of both s- and d-electrons, can
be used to simulate the optical absorption of small no-
ble metal clusters or transition metal clusters (i.e. sev-
eral tens of atoms), they are not available up to now for
large nanoparticles. The observed spectra for large noble
metal clusters were successfully interpreted by adopting
the point of view that they reflect a collective excitation
of valence electrons, and that Mie theory in relation to
simple models can be used to describe them. Thus the in-
teraction of light with the particle embedded in a medium
is described in the framework of classical optics, assuming
that the particle and the medium are continuous, homoge-
neous, and characterized by their dielectric function. This
theory involves explicitly only the s-type electrons in col-
lective excitations (called plasmon), while d-type electrons
are only taken into account via the dielectric function [24].
It well reproduces the experimental absorption spectra for
large particles (diameter of about 2—10 nm) both of pure
silver clusters and mixed silver-nickel clusters [2,25].

In the present work, we investigate UV-visible absorp-
tion spectra of pure silver or nickel clusters and mixed
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Fig. 1. Absorption spectra of Ag,Ni,, Ags, and Niz, clusters (n

silver-nickel clusters from TDDFT calculations. In con-
trast with previous studies on similar systems in which
TDDEFT calculations were performed with standard GGA
(generalized gradient approximation) or LDA (local den-
sity approximation) functionals [4,7,16,18,22], the present
TDDEFT are performed using a long-range corrected den-
sity functional in order to give a more suitable description
of charge-transfer excitations.

2 Computational details

Calculations were performed in the framework of
density-functional theory (DFT) implemented in the
GAUSSIANO9 package [26]. All atoms were described
through relativistic or quasi-relativistic core potentials,
so that only 19 and 18 valence electrons were treated
explicitly for Ag and Ni respectively [27]. The basis set
was 8sTp6dlf contracted into 6s5p3dlf on both silver
and nickel atoms. The cluster geometries, taken from ref-
erences [4,19,28], were optimized with the hybrid func-
tional B3LYP which involves Becke’s three-parameter ex-
change functional [29,30]. The TDDFT calculation of the
optical properties (excitation energies, oscillator strengths
and transition dipole moments) has been carried out us-
ing the functional CAM-B3LYP which combines the hy-
brid B3LYP functional at short range with an increasing
amount of exact Hartree-Fock exchange at long-range [31].
CAM-B3LYP is expected to give a much better descrip-
tion of charge-transfer excitations than standard func-
tionals does thanks to the modulation of the exact ex-
change [32]. The spectra presented in the figures below
give the oscillator strength as a function of the excita-
tion energy, together with a curve obtained by a Gaussian
broadening (with a full width of half-height of 0.08 V).
Pre- and post-processing operations were performed by
using the graphical interface Gabedit [33].
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3 Results and discussion
3.1 Absorption spectra of silver clusters

Absorption spectra of small silver clusters Ag,, with n = 6,
8, 10 and 12, are shown in Figure 1. They are character-
ized by a strong optical response in the 3—5 eV range
with one or two dominant peaks. For Agg, the present
calculation gives a main strong peak at 3.45 eV and a less
intense one at 2.87 eV. Then a strong peak appears at
4.99 eV followed by less intense structures beyond 5 eV.
The experimental spectrum measured on clusters isolated
in a rare-gas matrix shows mainly one intense and narrow
transition at 3.45 eV with a shoulder at 3.65 ¢V [12]. The
experimental transition at 3.45 eV is very well reproduced
in the present calculation, but the shoulder is not seen in
the calculation. To explain the shoulder, one can argue
that the calculated strong transition at 3.45 eV is dou-
bly degenerated and this degeneracy might be lifted up
when this system is embedded inside a matrix. One can
note also that calculation shows symmetry forbidden tran-
sitions at 3.55 eV that could possibly be observed when
the cluster is embedded due to the interaction with the
rare-gas atoms. The smaller intensity calculated peaks at
2.87 eV and beyond 5 eV fit well the experimental struc-
tures. For Agg, two strong triply degenerated transitions
are calculated at 3.18 and 4.02 eV. The calculation repro-
duces very the experimental spectrum in which a main
peak at 4.00 eV is observed, as well as less intense tran-
sitions at 3.12 and 3.20 €V [12]. Beside the smaller struc-
tures observed in experiment around 2.55 and 5.40 eV
are also reproduced in our calculation. However, the ex-
tra narrow peak at 3.65 eV observed in experiment can
not be seen in our calculated spectrum. It could be asso-
ciated to another isomer as suggested in references [4,12].
Indeed, the calculated spectrum of a Dyg4 structure lying
0.09 eV above the present Ty structure shows a peak at
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clusters.

Absorption spectra of Agig, Agzo, Age and Ag;5

3.65 eV [12]. For Agig, the calculated spectrum shows two
main peaks at 3.30 and 4.27 eV, the latter being doubly
degenerated. The peak at 3.30 eV has small shoulders at
both higher energy (transitions at 3.34 and 3.41 eV) and
lower energy (transitions at 3.02 eV). A doubly degener-
ated transition at 3.82 eV with a shoulder at 3.99 eV can
also be seen in the spectrum. In experiment, the forma-
tion of Agpo cluster is unfavorable and only one spectrum
can be found in the litterature [4]. Although the signal to
noise ratio of the experimental spectrum is low, it shows
three distinct narrow lines at 3.79, 3.98 and 4.15 eV, which
could correspond to the present three main peaks. How-
ever, the experimental spectrum should be confirmed be-
cause its similarities with the spectrum of Agg suggest
a fragmentation of Agjy into Agg + Ag atoms after the
mass selection, so that the spectrum could be associated
to Agg cluster [4]. The calculated spectrum of Agqo shows
four main peaks centered at 3.39, 3.94, 4.32 and 4.68 eV,
surrounded by less intense transitions. This is in very good
agreement with the experimental spectrum which presents
strong lines at 3.42, 3.91, and 4.38 eV respectively [4].
For larger clusters, the absorption spectra are char-
acterized by the emergence of a dominant and relatively
broad peak around 4.0 eV, with very strong oscillator
strengths, and eventually accompanied by one or two
peaks at higher energies but smaller intensities. Figure 2
gives spectra of Ags, Agao, Agaz, and AgZy clusters. The
calculated spectrum of Agyg shows several peaks well scat-
tered on the 3.5—4.5 eV range, with main peaks at 3.61,
3.76, 4.07, 4.27, 4.33 and 4.50 eV, and leading to a broad
band whose the exact shape depends on the Gaussian
broadening. However, it reproduces well the experimen-
tal spectrum which presents a relatively broad band be-
tween 3.5 and 4.5 eV with two maxima at 3.62 and
4.04 eV [10]. For Agyg, the calculated spectrum gives a
band centered at 3.85 eV and made of four strong lines
at 3.77, 3.81, 3.89, and 3.97 eV. It is in good agreement
with the experimental band centered at 3.70 ¢V [10]. The
absorption spectrum of Agss shows a broad band on the
3.6—4.2 eV range, with main peaks at 3.78, 3.83, 3.97
and 4.11 eV. No experimental data is available. Finally,
we give in Figure 2 the spectrum of AggLE). To reduce
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the calculations time, the Ij-symmetry structure was op-
timised using the BP86 functional [34,35] and the rela-
tivistic effective core potential LanL.2DZ and related basis
sets [36]. Then the absorption spectrum was calculated at
CAM-B3LYP/LanL2DZ level. Two strong bands can be
seen in Figure 2. The first one is composed of three strong
quasi-degenerated transitions at 4.14 eV, and the second
one results from transitions at 4.42, 4.44, 4.54 and 4.55 eV.
Recently, Weissker [22] computed the spectrum of Agss
at Real-time TDDFT level using a GGA functional. They
found a main band at about 3.7 eV, and less intense one
at about 3.4 eV. The use of a long-range corrected density
functional like CAM-B3LYP in the present work leads to a
blueshift of the main peak of about 0.44 eV. Calculations
by Aikens et al. [37] at TDDFT/BP86 level on tetrahedral
Agd, cluster show a band centered at about 3.1 eV. To
my knowledge, there is no experimental spectrum on neu-
tral or cationic Agg) cluster, but experiments on clusters
of similar sizes (n = 39—60) suggest that the spectrum
of Ag;5 could present a main band on the 3.5—4.0 eV
range [9,10,13].

To my knownledge, the present work is the first one
which investigates silver clusters with the use of a den-
sity functional involving a long-range correction, the latter
being expected to give a much more suitable description
of charge-transfer excitations. The present CAM-B3LYP
spectra provide significant improvement with respect to
our previous work using the GGA-type BP86 functional
and the LanL.2Dz basis set [4], and compare well with ex-
perimental spectra. In particular, significant agreements
are obtained for the following clusters: Agg for which the
main CAM-B3LYP transition calculated at 3.45 eV is ex-
actly the experimental value, Agyy for which the spec-
tra is quite different than that calculated at BP86 level,
and Agjo for which the main calculated transitions are
blueshifted by about 0.5 eV with respect to BP86 ones
and reproduce well the experimental spectrum. For larger
clusters Ag,, with n = 18, 20, 22, the CAM-B3LYP bands
are blueshifted by about 0.2—0.4 eV with respect to those
calculated at BP86 level.

The spectra of Ag, clusters evolve with increas-
ing n from molecular-like, characterized by several well-
separated peaks, to plasmon-like charaterized by a single
and relatively broad band in the UV-visible domain (see
Figs. 1 and 2). For intermediate sizes (n = 10—18), many
transitions are well scattered on the 2—6 eV range, and
then for n > 20 the allowed transitions (no zero oscillator
strenght) are brought together on a relatively short range
of energy, so that the absorption spectra become more reg-
ular with only one main intense peak without dispersion
of the oscillator strengths over other states (in agreement
with the fact that the structure becomes more spherical).
For n > 20, the spectra shape reminds the surface plas-
mon, well-known feature of metallic particles, and usually
described as a collective excitations of s-type electrons. To
characterize the excitations in our TDDFT calculations,
we show in Figure 3 a plot of the electron density difference
between the excited and the ground states for one of the
main peaks of the spectrum of Agsg (we have checked that
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Fig. 3.

Isosurface of the electron density difference between the excited and ground states for the peak at 3.89 eV of Agao

clusters. The isovalues are 0.0004, 0.0003, 0.0002, and 0.0001 a.u. respectively. Light regions correspond to the depletion of the
electron density during the transition while the dark (blue online) regions correspond to the accumulation of electrons.

0.002

0.0002

Fig. 4. Isosurface of the electron density difference between the excited and ground states for the peak at 3.35 eV of AgsNis
clusters. The isovalues are given in a.u. Light regions correspond to the depletion of the electron density during the transition
while the dark (blue online) regions correspond to the accumulation of electrons.

the conclusions found for its peak are generalized for the
others). Light colored regions correspond to depletion of
the electron density during the transition, while dark (blue
online) regions correspond to an increase of the electron
density. It appears that the transition is due to the exci-
tations from inner orbitals, with a shape associated to d
and s contributions, to outer region with an s + p char-
acter. The accumulation of the electrons is found to be
done rather outside the cluster. Thus, quantum chemistry
calculations give a new description of absorption spectra
of metallic nanoparticles in which the role of d electrons
is important. It contrasts with the commonly used semi-
classical description based on the Mie theory to explain
spectra of larger nanoparticles, in which the transitions
are described by a collective excitation of s valence elec-
trons while the effect of d electrons are taken into account
through a phenomenological dielectric function [24,25]. In
our quantum calculation, the d-type electrons seem more
active, and the interband transitions d — sp appears more
important.

3.2 Absorption spectra of silver-nickel clusters

The structure of bimetallic Ag,Ni, clusters has been
investigated both in experiment [2] and computa-
tions [6,7,19]. Tt is governed essentially by the formation
of a Ni-core surrounded by silver atoms. In a recent study
of the optical properties [2], it was shown that the absorp-
tion spectra of large Ag-Ni bimetallic (about 2—5 nm of
size) clusters are intermediate between those of pure sil-
ver and pure nickel clusters, with a surface plasmon res-
onance strongly broadened in comparison to pure silver
particles. Although TDDFT calculations are not possi-
ble on such large systems, we can get useful information
by studying smaller clusters, for which accurate calcula-
tions of the electronic structure can be done. Figure 1

gives the absorption spectra of Ag,Ni, n = 3—6, to-
gether with those of Niy, and Ags,. The geometrical
structures are fixed to those of Ags,, i.e., the structures of
Ag, Ni,, and Niy,, clusters are obtained by local optimiza-
tions starting from the structure of the lowest-energy iso-
mer of Ags,, after substitutions of some silver atoms by the
nickel ones. Spectra given in Figure 1 show clearly that the
presence of nickel atoms leads to an high increased spec-
tral density compared to the case of pure silver clusters.
The spectrum of AgsNis is composed of several transitions
well separated and well scattered on the 3—6 eV range. In
comparison with the spectrum of Agg, the main transi-
tions originally at 2.87, 3.45, and 4.99 eV, are blueshited
t0 3.06, 3.61 and 5.23 eV. The spectrum of Nig was not cal-
culated because the triangular structure considered here
for this size is not a local minimum. For Ag4Niy, the high
density of transitions leads to main bands centered at 3.18
and 4.17 eV with some shoulders at 3.55 and 3.89 eV. The
spectrum is intermediate between the spectrum of Agg
which presents two main peaks at 3.18 and 4.02 eV, and
that of Nig which presents no dominant peak (except a
relatively strong transition at 3.45 eV). For AgsNis and
AggNig, the spectral density become very high resulting
into spectra without dominant peak and with a shape sim-
ilar to those of the spectra of Nis,, clusters. The great sim-
ilarity of the spectra compared to those of Nig, suggests
that the d-type electrons of Ni should play an important
role in the excitations. Figure 4 shows the electron density
difference between the excited and ground states for a rep-
resentative peak in the case of AgsNis. Since the latter is
part of a continuum, we have checked that the conclusions
found for its peak are generalized for the others. Transi-
tions are clearly associted to d electrons of nickel atoms
since the excitations are from d-orbitals of nickel atoms
with a very weak contribution from silver atoms to wide
areas involving all atoms. The present analysis of the elec-
tronic excitations shows the crucial role of the d electrons
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of nickel atoms in the optical transitions in small silver-
nickel nanoparticles.

The present results show that spectra of Ag, Ni,, clus-
ters are broadened and damped as compared to those of
Ags,, and are in good agreement with the experimen-
tal data obtained for the large AgNi core/shell clusters
of 2—5 nm of size for which a broadening and damping
of the surface plasmon resonance band with increasing
nickel proportion were observed compared with the pure
silver [2].

4 Conclusion

We have presented the absorption spectra of pure silver,
nickel and mixed silver-nickel clusters from TDDFT cal-
culations. Although the spectra observed experimentally
are sometime likely to be due to the contributions of a
mixture of isomers, we have investigated only the lowest-
energy isomer for each nuclearity. For large clusters, only
the icosahedron Agss have been considered since this iso-
mer of high-symmetry is expected to be likely formed in
experiments. Our calculations are shown to well reproduce
the experimental spectra usually interpreted in the frame-
work of classical optics in term of collective excitation of
s-type electrons (plasmon). However, in the case of mixed
Ag,Ni,, clusters, transitions are found to be associated to
excitations of d-type electrons of nickel atoms.

The author thanks the Pdle Scientifique de Modélisation
Numérique (PSMN) at Lyon, France, for generous allocation
of computational time.
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