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Absorption spectra of hollow Ag and Au clusters are compared to compact clusters; compression has little
influence on optical spectra



Physical Chemistry Chemical Physics

CREATED USING THE RSC LaTeX PCCP ARTICLE TEMPLATE - SEE www.rsc.org/electronicfiles FOR DETAILS

ARTICLE

WWW.Isc.org/pecp

Optical Response of Quantum-Sized Ag and Au Clusters —
Cage vs. Compact Structures and the Remarkable Insensitivity to

Compression’

Hans-Christian Weissker®?, Robert L. Whetten*‘, and Xoéchitl Lépez-Lozano**

Quantum-sized silver and gold clusters show very differ-
ent spectral characteristics. While silver exhibits a strong
localized surface-plasmon resonance (LSPR) band down
to very small sizes, the resonance is broadened beyond recog-
nition in Au clusters below about 2nm. In the present
work, we study icosahedral hollow-shell structures, or cages,
of about 1.8 nm diameter in comparison with compact clus-
ters and show that the qualitative difference between Ag
and Au remains but is reduced, as a significant increase
of absorption is found for the Au cage structures. The
silver shell Ago, exhibits a resonance that is red-shifted
compared to the compact Ag47, coinciding with the gen-
eral result found in much larger shells that are amenable
to the classical description by Mie theory. However, the
electronic structure in particular of the 4 band is strongly
changed. The spectrum of the empty Ag shell is remark-
ably similar to the spectrum of the respective Agg>Auss
core-shell structure. Inspection of the time-dependent elec-
tronic density does not explain this similarity. However,
it shows that the overall classical picture of a collective
charge oscillation remains valid, although clearly with mod-
ifications. We further show a remarkable insensitivity of
the absorption spectra of both Ag and Au clusters to even
rather extreme values of compression or dilatation.

The outstanding optical properties of noble-metal clusters and
nanoparticles (NPs) are the basis of a large number of in-
teresting applications that make use of the localized surface-
plasmon resonances (LSPR) that dominate the clusters’ opti-
cal response in the visible and the ultraviolet spectral regions.
Applications include surface-enhanced Raman spectroscopy
(SERS),1 biomolecule sensing,2 labeling of biomolecules, >

1 Electronic Supplementary Information (EST) available: We show the spectra
of the shell and core-shell clusters scaled for better visibility on like scales
between Ag and Au, as well as to show the absorption per atom. Moreover,
we show the time-dependent dipole moment and the points in time when the
snapshots of Fig. 4 were taken. See DOI: 10.1039/b000000x/
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cancer therapy,” the plasmonic absorption enhancement in so-
5

lar cells,® and nanophotonics.

Fig. 1 The six cluster structures used in the present work are derived
from the 3-shell Mackay icosahedral structure comprising 147 sites,
distributed in concentric shells of 12, 42, and 92 sites about a unique
central site. The 92-atom empty shell (middle panels) is the
outermost shell of the full 147-atom cluster (left panels). The
bimetallic core-shell cluster (right panels) consists of a 55-atom core
and the 92-atom outer shell. In the figure, some atoms of the shell
have been removed to make the nature of the structures visible. The
figure shows the pure compact icosahedron Agy47, the pure shell
Aggo, and the Aus5Ago, core shell cluster (upper row). We likewise
study the converse cases Auj47, Augo, and AgssAug, (lower row).

Applications require tunability of the LSPR.® The reso-
nance is both material and geometry dependent. Nanoshells,
as opposed to compact clusters, are particular interesting be-
cause their optical cross sections are comparable to or even
higher than those of compact clusters.” However, the reso-
nance energy can be strongly decreased by either increasing
the shell radius or by decreasing the shell thickness. The
optical resonance can be tuned to lie favorably in the near-
IR region useful for in vivo imaging and therapeutical ap-
plications.” For instance, it lies at 892nm for a silica-gold
nanoshell with core radius of 60nm and 10nm shell thick-
ness.” At this energy, tissue transmissivity is highest® and the
energy is well separated from the hemoglobin visible absorp-
tion around 500-600 nm.° The core medium has likewise an
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influence on the LSPR and provides a means of tuning the res-

onance. 10

The bulk of literature concerns shells larger than a few tens
of nm. Most calculations of the optical properties have been
done using classical theory (Mie theory;”-1%!! discrete dipole
approximation (DDA)”+12). The general results, in agreement
with the experimental findings, are a red shift both with de-
creasing shell thickness and, for constant thickness, with in-
creasing shell radius.!! However, the classical description re-
lies on the assumption that the dielectric function of the mate-
rial remains valid for the nanostructures.

While the classical description does well for these “large”
nanoparticles, it does not describe the spill-out of the con-
duction electrons nor the reduced screening by the d elec-
trons at a thin surface layer,13 and even less the quantum-
size effects that can change position, width, and shape of the
d band. These quantum effects become increasingly impor-
tant for smaller sizes. In very small clusters, the bands split
into discrete levels; at a certain point, the concept of the di-
electric function becomes questionable altogether. The op-
tical spectra reflect this transition. We have recently shown
that the widely studied and applied Auj44(SR)go cluster com-
pound —a cluster of an intermediate size that has been thought
large enough to produce necessarily smooth spectra— is re-
plete with individual peaks that reflect the quantum nature of
the system. '* It goes without saying that these spectra are not
amenable to the classical description. Moreover, the response
of pure clusters in this size range has been shown to depend
on the precise atomic arrangement. >’ Clearly, these effects
require an atomistic quantum-physical approach for a correct
description of the optical spectra of “quantum-sized clusters.”
Time-dependent density-functional theory (TDDFT) provides
the basis for the proper treatment of the excitations, initially
based on jellium-type background models !> that cannot, how-
ever, describe the inhomogeneity at the atomistic level, and,
subsequently, based on pseudopotentials or localized orbitals.

Atomistic TDDFT calculations of optical spectra have been
done for tetrahedral silver structures of up to 120 atoms by
Aikens et al.,'® for other gold and silver structures of compa-
rable numbers of atoms, "> for Au and Ag chains,?! and for
nanorods ?>?3 and helical chains?* as well as for pure >3 and
bimetallic20? -?7 high-symmetry clusters of up to 147 atoms.
Monolayer-protected clusters have likewise been studied, mostly
with thiolate ligands 283 Very recently, a calculation of
Auz14(SH)gs has been reported.?! The influence of different
approximations of the electronic exchange and correlation have
been systematically studied recently for silver clusters. 3> Mostly
done using the transition-based Casida approach, 3*3* calcula-
tions are heavy because a large number of Kohn-Sham tran-
sitions needs to be taken into account to describe the exci-
tations well. In the present work, we use the time-evolution
approach.>> The advantage of the method is that one does not

need to calculate a large number of empty states; the calcula-
tions are, therefore, numerically much less heavy. Naturally,
the necessarily finite propagation time introduces a broaden-
ing of the transitions that make up the spectra. The disadvan-
tage of the method is that the information about the origin of
individual features in the spectra is not directly obtained.
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Fig. 2 Upper panel: absorption spectra of the silver-based clusters:
the shell Aggy, the core-shell structure AussAggy with a silver outer
shell, and the compact Agj47. Lower panel: the same for the
respective gold-based structures: the shell Augy, the core-shell
structure AgssAugy with a gold outer shell, and the compact Auy47.
Note the different scales; the absorption of the Ag-based clusters is
significantly stronger throughout. A comparison of the spectra on
the same scale is given in Fig. S 1 of the SI.

Unlike the larger nanoparticles, quantum-sized globular
gold and silver clusters, i.e., those where the quantum effects
are important, show very different optical properties. In Ag
NPs, the LSPR is observed down to very small sizes (fewer
than 20 atoms). 3 By contrast, small Au clusters below about
2 nm do not show this resonance. 33740 However, the precise
conditions for the emergence of the LSPR in gold clusters are
not yet well understood. On the one hand, the LSPR seems
to develop between sizes of 100 and 300 atoms.>"#1:4? On the
other hand, the role of composition and environment is still not
entirely clear. Recently, it was shown by Dass and coworkers
that the incorporation of Cu into the Aujs4 cluster apparently
leads to a plasmon-like resonance.*® The interesting conclu-
sion is that the combination of two materials that do not show
a resonance at this size is apparently becoming “plasmonic.”

The reason for the qualitatively different behavior of quan-
tum-sized globular Au and Ag clusters is the different ener-
getic position of the respective d electrons. In Ag, the filled d
shell lies at about 4 eV below the Fermi surface, which means
that the energy of the LSPR is well below the onset of “inter-
band transitions” from the d band into unoccupied states above

2| PCCP 1-9
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Fig. 3 Electronic density of occupied states. The energies are the
Kohn-Sham energies of the ground-state DFT calculation. The zero
of the energy axis is the Fermi energy. A broadening of 0.1 eV has
been applied.

the Fermi energy. The LSPR is, therefore, largely decoupled
from these transitions. By contrast, the onset of the 5d band
of compact Au clusters lies at about 2 eV, with little variation
with size.** The LSPR, found for bigger globular Au clusters
between 2.3 and 2.6 eV, '3 is therefore strongly coupled to the
interband transitions which damp and broaden the resonance
beyond recognition in small clusters. Moreover, it has been
shown that the optical spectra of, for instance, Cu shells are
decisively influenced by the interband transitions, exhibiting a
double-peak feature in the spectrum.*

Due to the importance of the interband transitions from
the d band, any parameter that changes the electronic d band
is likely to influence the optical properties of, in particular,
Au clusters strongly. Interestingly, when the aspect ratio of
the NP is changed so as to lower the energy of the LSPR,
the resonance can be decoupled from the interband transitions
and appears strongly in nanorods of sizes of about 100 atoms,
i.e., at a size at which spherical clusters do not show the res-
onance.?>?3 Due to the geometry-governed red-shift of the
LSPR, one could imagine that a similar effect could be found
in the quantum-sized gold shells.

We have shown in earlier work on Ag-Au nanoalloys that
the outermost shell of the quantum-sized core-shell clusters
is decisive for the character of the response, determining, in
particular, if the cluster becomes “silver-like,” i.e., plasmonic,
or “gold-like,” i.e., without a clear LSPR.!>!® The prepon-
derance of the outermost shell (and the implied lesser impor-
tance of the inner core) raises the question as to what the re-
sponse would be of the outermost shell alone. Clearly, a strong
change of the d band is expected due to the change of the av-
erage coordination of the gold atoms.

Gold, in particular, is known to produce cage structures. 4°

For instance, a 72-atom fullerene-like icosahedral gold shell
has been shown theoretically to possess a high thermodynamic
stability and a rather large gap.*’. The Au cages are gen-
erally rather complex structures. The resulting spectra are
molecular-like and not easily interpretable, in particular be-
cause the precise atomic structure influences the spectra strongly
for these sizes. ! For the same reason, they are not easily com-
pared to the spectra of compact clusters. Consequently, in or-
der to keep direct comparability with compact structures, we
chose to study the outermost shells of the icosahedral Auja7
and Ags7 clusters as model structures, viz., Aug, and Ago;.
This allows a direct comparison with both the compact pure
and core-shell structures investigated before. '® The lower co-
ordination of the shell atoms compared to a compact cluster or
the bulk material will strongly influence the filled d shell and,
therefore, potentially the absorption spectra.

Apart from the change of coordination, a second factor that
potentially changes the position and the width of the d band
are the interatomic distances within the cluster. This raises the
question if compression or dilatation of the structure, as they
might arise in different situations, will influence the optical
properties decisively. From the experimental point of view,
this is important because different surroundings and ligands
may induce such changes. From the point of view of theoreti-
cal studies, this is likewise of interest because the most widely
employed functionals of DFT show systematic errors in lattice
constants and interatomic distances: the local-density approx-
imation (LDA) usually underestimates bond lengths by about
2 %, while the generalized gradient approximation (GGA; also
used in the present study) leads to a slight overestimation. It
is, consequently, important to know if these differences will
decisively change calculated spectra or not.

In the present work, we study the difference between the
optical properties of hollow-shell structures and compact pure
and core-shell clusters. Moreover, we investigate the influence
of compression and dilatation on the optical spectra. Compar-
ison with the density of occupied states yields partial interpre-
tation of the spectra. Moreover, the time-dependent electronic
density is analyzed and compared with the classical picture of
the LSPR as a collective charge oscillation.

1 Model structures and computational details

The icosahedral 147-atom cluster is one of a series of “magic”
sizes of particular stability.*® The clusters have a shell struc-
ture centered around one atom. The outermost shell contains
92 atoms. Furthermore, we study the bimetallic AussAgy
and, conversely, AgssAugy where the core of 55 atoms is sur-
rounded by the 92-atom outermost shell. The relaxation of
both the compact pure 147-atom clusters and of the core-shell
structures was done using the VASP code*>? and the PW91
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gradient-corrected functional.>! To obtain the shell model struc-

ture, we use the geometry of the relaxed 147-atom Ag and
Au clusters and take the outermost shell without further re-
laxation. The structures are depicted in Fig. 1. All the clus-
ters investigated in the present study have the full icosahedral
symmetry I;. Their response is isotropic; the response was
calculated for one direction. In order to model compression or
dilatation of the pure clusters, we take the 147-atom compact
icosahedra and modify the interatomic distances by a common
factor.

Absorption spectra are calculated using time-dependent
density-functional theory as implemented in the real-space code
octopus.>>> After a ground-state calculation, spectra are
calculated using the time-evolution formalism. 3> Norm-
conserving Troullier-Martins pseudopotentials have been used
which include the d electrons in the valence, that is, with 11
valence electrons for each atom. The gradient-corrected PBE
exchange-correlation potential has been used. A comparison
of different functionals is shown in the supplementary mate-
rial of reference Refs. 23. The real-space grid spacing was
set to 0.18 A for the silver and mixed clusters and to 0.20 A
for gold, the radius of the spheres centered around each atom
which make up the calculation domain to 5 A. The evolution
time was 25 fs, corresponding to a broadening of the spec-
tra of about 0.15eV. The time step for the propagation was
1.97x 1073 fs for the pure Au cluster and 1.58 x 1073 fs for the
clusters containing Ag.

We have successfully used the same numerical set-up to
calculate absorption spectra of pure ! and bimetallic'® clus-

acter or a drastic change of the specta presented in the present
work is not expected.

2 Results

2.1 Shell structures vs. compact clusters

The optical absorption spectra of the shell structures are shown
in Fig. 2 and compared with the spectra of the compact clusters
and the core-shell structures.

The most obvious finding is that the qualitative difference
Au vs. Ag remains unchanged, although it is reduced because
for the Au shell, there is a rather strong increase of the absorp-
tion at about 3.3 eV compared to the compact Auj47. Nonethe-
less, the absorption remains much weaker than that of the Ag
structures with its rather clear LSPR. (Note the different scales
in the figure. A comparison on the same scale is given in the
SL, Fig. S 1.)

Second, it is notable that the resonance of the Ag cluster
persists, with an intensity comparable to that of the compact
Agi47. It is, however, red-shifted by 0.4 eV. Comparison with
the density of states in Fig. 3 shows that the resonance remains
well below the onset of possible interband transitions from the
d band. The shape of the typical d band is clearly visible in the
DOS. The band is narrower compared to that of the compact
cluster, which is the standard behavior expected due to the
lower average coordination of the atoms. Moreover, the on-
set of the band is shifted upwards, towards the Fermi energy,
by about 0.3 eV. This can be correlated with the red-shift of

ters, of nanorods of up to 263 gold atoms,** and of the Au;44(SR)eothe secondary structures (at about 3.6 eV in the compact clus-

thiolate gold cluster compound.'* The spectra obtained with
the time-evolution method are equivalent to spectra obtained
in Casida’s approach. Tests for a bare Auyg tetrahedron and
a thiolated cluster are shown in the supplementary material of
Refs.23 and 14.

Spin-orbit coupling is neglected in our calculations. The
spin-orbit coupling can split and somewhat shift transitions
that without it are degenerate. Calculations explicitly includ-
ing the spin-orbit interaction have been reported for very small
Au clusters.>* For small monoatomic chains, the splittings
are very large; for more compact clusters, the effect tends to
be quenched. In the case of, e.g., the Auyg tetrahedron, the
changes to the spectra are not enormous but neither negligible.
Moreover, Stener et al. have studied WAu;, and MoAu;j; clus-
ters,> showing that the inclusion of spin-orbit coupling is im-
portant in the low-energy range of these small clusters where
single transitions dominate. Finally, for semiconductors, a
calculation including spin-orbit coupling for a 41-atom hydro-
genated Ge cluster has shown a significant splitting ot the low-
est absorption peak.>® In general, while individual peaks can
be influenced rather strongly, the overall form of the spectra
will only be changed slightly. Therefore, a change in the char-

ter) which have been concluded to stem from interband tran-
sitions. '° Finally, the DOS of the core-shell cluster AussAgo,
is intermediate between the DOS of the Au and the Ag clus-
ters. In view of the importance of the interband transitions
from the d band for the dielectric function, these changes con-
firm that reliance on the bulk electronic structure and dielec-
tric function may introduce enormous errors; the classical de-
scription of the LSPR cannot be expected to remain valid for
the quantum-sized clusters. Nonetheless, the red-shift of the
resonance is coherent with the redshift found in much larger
structures and by classical Mie theory. !!

It is somewhat surprising, however, to compare the absorp-
tion spectrum of the shell with the spectrum of the core-shell
structure where a 55-atom Au core is surrounded by the 92-
atom silver shell. ¢ Also in this case, a resonance is present,
at an energy almost exactly equal to that of the shell; the res-
onance peak as well as the secondary structures at higher en-
ergies are only a bit more broadened than in the case of the
shell. The absorption per atom is stronger in the case of the
shell (cf., Fig. S2 of the SI). However, one cannot gener-
alize and conclude from this similarity that the nature of the
interior of the shell does not matter. Previous work has shown

4| PCCP 1-9
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Aggo shell

Fig. 4 Snapshots of the time-dependent electronic density for the Ag shell, the compact silver cluster, and the core-shell cluster with one outer
shell of Ag atoms and a gold core. Shown is the difference of the density with respect to the ground-state density: left panels: isosurfaces at 2
x 107 (red is positive, blue negative). Center panels: cross section through the center of the clusters; red =2 x 107>, blue = -2 x 107> The
right-hand side shows the position of the cross section with respect to the cluster geometry. The points in time when the respective snapshots
were taken during the time evolution are indicated in Fig. S 3 of the SI.
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large differences for core-shell clusters with outer Ag shell and
cores of Au or Cu. '3 Experimental work on larger shells like-
wise shows that the response depends on the core that “fills”
the shell. 1

As the spectra of the silver shell and the AuAg core-shell
structure are similar, one could expect this similarity reflected
in the dynamics of the electronic density. The classical pic-
ture of the LSPR is a collective oscillation of the sp conduc-
tion electrons. The external field of, say, a laser will set the
oscillation in motion; if the collective oscillation is dominant,
it will remain stable over many periods. In the case of the time
evolution method that we employ to calculate the absorption
spectra, all wave functions have a velocity imposed at t = 0.
After this perturbation, the electronic states and, therefore, the
electronic density, evolve freely.>> The resulting total dipole
moment as a function of time is given in Fig. S 3 of the SI. In
order to picture the spatial behavior of the density, we chose
an instant of maximal dipole moment after the end of the 25 fs
time span of the calculation that obtains the optical spectra.
The snapshots are indicated by the crosses in Fig. S 3 of the
SI. The spatial distribution of the density change (or, more
precisely, the difference with respect to the ground-state den-
sity) is shown in Fig. 4 for the silver shell Agg,, the compact
silver cluster Agi47, and the core-shell cluster AussAggy. In
each of these cases we show the isosurfaces, a slice through
the middle of the cluster, and the same slice in relation with
the geometry. It is evident from the isosurfaces that the overall
classical picture of a collective charge oscillation is at least ap-
proximately valid for all the structures, although the core-shell
structure shows more details overlaid on the overall polariza-
tion. Looking at the slice through the Agg; shell, one sees that
while there is the overall polarization, a finer pattern is like-
wise visible, in particular opposed to the outer polarization on
the faces perpendicular to the direction of the excitation. This
suggests that the shell is not only polarized as a whole on the
outside, but that there is a certain opposite polarization at the
two sides of the single layer of atoms perpendicular to the di-
rection of the excitation.

In the case of the compact Agi47, the overall polarization
is very clear on the outside. However, even here the cross sec-
tion shows that inside the cluster, there is a fine pattern of lo-
cal polarization that in part opposes the average polarization.
Two reasons for this are imaginable: (i) different modes of
collective oscillations of the sp electrons might be involved,
and, (ii) the polarizable d electrons show here the opposite
polarization to the overall displacement of the electron cloud,
thereby creating the screening effect that is decisive for the
energy of the LSPR.!'? We likewise consider instants of zero
overall dipole moment as indicated in Fig. S3 of the Supple-
mentary Information. The corresponding snapshots are shown
in Fig. S4 of the Supplementary Information. We observe that
at these times, a finer pattern of minor modes is present. These

“fluctuations” deviate from the overall intuitive picture of one
coherent charge oscillation mode. A serious future study car-
rying out a detailed analysis of the spatial patterns of the time-
dependent electronic density could produce important insights
into the physics of the clusters.

Finally, the core-shell cluster with the Au core shows a
pattern of the interior polarization similar to that of the com-
pact Agiq7. The fact that the Au 5d electrons are closer to
the Fermi energy makes them more polarizable, thereby in-
terfering more strongly with the collective oscillation of the d
electrons. In the core-shell structure, this leads to a stronger
perturbation of the overall polar picture of the average po-
larization compared to the pure-Ag case. This analysis does
not, however, explain the strong similarity of the spectra of
the hollow-shell and the core-shell structure. The spatial pat-
terns of the time-dependent density are clearly very different
because of the empty interior of the hollow-shell where both
the density and, consequently, the density differences are ap-
proximately zero.

The absorption spectra of the Au-based clusters are shown
in the lower panel of Fig. 2. As already mentioned, the basic
character of the gold clusters remains qualitatively unchanged
for the shell structure. However, there is a clear increase of
absorption in the visible range, in particular with the peak at
about 2.35 eV. The effect is similar to the intensity increase of
larger shells.!! Nonetheless, this peak is of an intensity com-
parable with that of the structures higher in energy and, in
particular, much lower than the absorption in the respective
silver clusters, cf., Fig. S1 of the SI. One could argue that
the strong increase of the peak at 2.35eV corresponds to the
incipient emergence of the LSPR because of the geometry-
induced red-shift and the resulting beginning decoupling from
the interband transitions, similar to the case of Au nanorods. 23
In addition, the lowest peak in the gold-shell spectrum has a
shape very similar to that of the peak of the Ag shell. However,
the present analysis does not allow for so strong a conclusion.

Comparison of the density of states for the gold-based clus-
ters shows similar effects as in the silver clusters: the hollow-
shell’s DOS shows a narrower 5d band and its onset is shifted
upwards, closer to the Fermi energy. In addition, the onset
is slightly steeper. In any case, possible interband transitions
into states above the Fermi energy cover the full range of the
spectra in the visible. This remains true even though the DOS
shown here refers to energies of the Kohn-Sham states from
static DFT. The difference between Ag and Au is clearly re-
flected here.

2.2 The influence of compression

The second parameter that has a bearing on the energy and
shape of the d band is compression or dilatation or, in other
words, the influence of changes of the interatomic distances.
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Fig. 5 Absorption spectra for Ag (upper panel) and Au (lower
panel) compact clusters for different values of compression or
dilatation, respectively. “Equilibrium” denotes the relaxed cluster,
while -5% and +5% denote the respective change of the interatomic
distances.
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Fig. 6 Density of states of the Ag-based (upper panel) and
Au-based (lower panel) for different values of compression or
dilatation, respectively. “Equilibrium” denotes the relaxed cluster,
while -5% and +5% denote the respective change of the interatomic
distances. The energies are the Kohn-Sham energies of the
ground-state DFT calculation. The zero of the energy axis is the
Fermi energy. A broadening of 0.1 eV has been applied.

The spectra of both the Ag-based and the Au-based com-
pact 147-atom clusters are shown in Fig. 5. We show the spec-
tra of the equilibrium structures as well as compressed by 5 %
and dilated by the same amount. In view of the situations
found in experiment, these values reflect extreme compression
and dilatation. Nonetheless, the spectra show a remarkable in-
sensitivity to these extreme structural changes. Also here, the
qualitative difference silver-like vs. gold-like remains entirely
unchanged. Moreover, the LSPR in Ag changes very little:
the shift is almost zero upon dilatation, and less than 0.1 eV
upon compression. For the gold clusters, the changes are like-
wise small and by no means qualitative. In general, this result
shows a surprising insensitivity of the metal-cluster-specific
optical properties to strong compression.

We can again correlate these results with the DOS of the
occupied states. With decreasing interatomic distances, the d
band becomes broader, as expected. However, there is only a
very small shift of the onset of the d band with respect to the
Fermi energy. For the silver clusters, this shift (of the order
of 0.1eV between +5% and -5%) corresponds exactly to the
shift of the secondary structures at about 3.5 eV in the spectra.
This is another corroboration that these wide peaks are due to
interband transitions from the d band.

3 Conclusions

We have studied the general tendencies that distinguish quantum-
sized hollow-shell or cage structures from compact clusters.
In order to do so, we have considered the outermost shell of
the well-studied 147-atom icosahedral cluster, viz., the 92-
atom cage structure, in comparison with the compact clusters.
Changes in the electronic structure, demonstrated here by the
changes in the DOS in particular of the filled d band, show
that a classical description relying on a bulk dielectric func-
tion cannot be used uncritically. In the quantum-sized globular
clusters, the qualitative difference between Ag and Au, well
known for compact clusters, remains basically unchanged for
the shells: the silver-based clusters show a strong localized
surface-plasmon resonance, while the absorption of the gold-
based clusters is much weaker. There is, however, a clear in-
crease of the absorption per atom for the cage structures com-
pared to the compact clusters. It is imaginable that larger shell
radii will have lower resonance energies, which could decou-
ple the LSPR from the interband transitions sooner than in the
compact clusters, similar to the situation in gold nanorods. ?>%3

The silver shell Agg, exhibits a resonance that is red-shifted
compared to the compact Agj47 which is consistent with the
classical result for larger shells. Somewhat surprisingly, the
spectrum of the hollow-shell is rather similar to the spectrum
of the AussAgog, core-shell structure. However, in view of pre-
vious work, one cannot generalize and conclude that the inte-
rior of the shell does not matter. Analysis of the time evolution
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PCCP 1-9 |7

Page 8 of 10



Page 9 of 10

Physical Chemistry Chemical Physics

of the electronic density shows that the LSPR corresponds to
the classical picture of a collective charge oscillation, although
the oscillation is by no means homogeneous over the volume
of the clusters. However, inspection of the time-dependent
electronic density does not explain the similarity of the hol-
low silver shell Agg, and the AussAggy core-shell cluster.

The study of compression or dilatation of the compact clus-
ters reveals a surprising insensitivity of the spectra to this pa-
rameter. The LSPR of the silver clusters undergoes only a tiny
shift, as do the interband-related features of the spectra. The d
band narrows systematically with increasing interatomic dis-
tances. However, the shift of the bands with respect to the
Fermi energy remains small, although systematically visible.
The qualitative difference between Au and Ag remains un-
changed. The changes of the gold-cluster spectra are likewise
small.
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