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Optical response of Ag clusters
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Abstract. The dielectric model proposed by Liebsch is d from the surface. The dielectric functian(w) is known
solved for Ag clusters within time dependent density func-from experiment [4] and constitutes an input of the model.

tional theory. The distribution of oscillator strength is ana-  sjng the result obtained with the dielectric model for
lyzed and departures from the behaviour of simple (alkali)the infinite surface, the response function for spherical parti-
clusters are stressed. Comparison with experimental resuli§es in the limit of large particle radius has been explored in
of isolated Ay clusters is made. The observed blueshift asjp 3] with the same dielectric model, the cluster response
the size of the cluster decreases is explained by a reductiofas also been investigated by Kresin [5] using the Thomas-
of the s-d screening interaction in the surface region. As arermi method to describe the interaction between valence
microscopic justification of the model, the response of theg|ectrons. By considering a polarization-free surface layer
Ag" core is calculated using the embedded atom approximag resin has shown that the unusual blueshift with decreasing
tion. size can be qualitatively explained by the Thomas-Fermi so-
PACS: 36.40.+d: 31.50.+w lution. This had also been shown by Lipparini and Pederiva
[6] using sum-rule techniques in a similar model. In particu-
lar, the competition between core polarization and electronic
spill-out was estimated analytically in [6].

Metallic clusters of Ag atoms have recently drawn much in-  Our aim in this paper is to analyze the cluster response
terest because of the new features observed in their collecVith the dielectric model by using the time dependent local-
tive properties. As in alkali clusters, their optical responsedensity-approximation (TDLDA) to describe the rest of va-
is characterized by the presence of resonant surface p|aTL,ence equtron mteracuonsl.lln this way, .th.e dielectric modgl
mon states related to the collective motion of delocalizedS solved in the same spirit as was originally proposed in
electrons. However, an important difference stems from thd3], and we can also provide additional support to the re-
fact that the corel electrons of silver form as a function Sults of [2, 3, 5, 6]. Moreover, from the TDLDA cluster re-
of size a polarizable background that strongly screens théPonse function we find additional predictions of the dielec-
interaction between valence electrons. This modified interiric model, like the detailed distribution of oscillator strength,
action is responsible for the deviation of the finite cluster,@ Sizeable modification of the integrated cross section or
planar-surface and bulk response from the behaviour of simenergy-weighted sum rule, and enhancement of the static
ple (alkali) metals. In clusters the most clear manifestationPolarizability. Finally, and in order to provide a microscopic
of this deviation from simple behaviour [1] is the blueshift justification of the model, we calculate the polarization of
of surface plasmon energy with decreasing cluster size obthe Ag cores using the embedded atom approximation and
served in isolated A clusters [2]. compare with the result inferred from the Clausius-Mossotti
The situation is similar to that found for Ag surfaces. In relation using the experimental dielectric functigriw).
the context of surfaces, Liebsch has proposed a model [3] To solve the TDLDA response equations [7] in the di-
which includes effects associated to the polarization of theslectric model we first obtain the modified Coulomb inter-
44 core electrons by means of an effective dielectric functionaction between valence electrons. For this we use the result
eq(w) of the corresponding bulk metal. This dielectric func- of [8], but now with the assumption of a dielectrig(w)
tion is used in the Poisson equation to obtain the inducedvithin a sphere of radiuf?y, ande = 1 (vacuum) outside.
Coulomb potential for valence electrons, and takes into ac&24 will be in general smaller than the jellium radii i.e.,
count the modified interaction between valence electrons ilR; = R — d. This describes a surface layer of thickness
the presence of the polarizable background. The model alsahich does not polarize in the cluster response and conse-
considers the fact that the metallic layer close to the surfacguently is not contained in the dielectric effective volume.
is actually less polarizable than the inner part and, thereforé\We note that the largerd screening is obtained when the in-
the extension of the dielectric volume ends at a distanca&luced charge density is localized in the polarizable medium.
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Table 1. Integrated cross section in the range 0] eV divided by the
sum-rule value (1) within the different models
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N Jellium Dielectric

-, " d=0 d=2ag
' 20 099 085 0.87
40 098 083 0.85
58 099 082 0.78
92 096  0.80 0.76
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a plasmon energy in much better agreement with experiment.
This proves that, indeed, the reductiornsed screening at the
surface layer is essential in order to explain the optical re-
sponse of A§; clusters. The value af = 2qq is a little larger
10-3 L L L L . than the value proposed by Liebschdo¥ 1.5a¢ for the pla-
2 3 4 5 6 nar surface showing that some finite size effects are also
Energy (eV) present in the model. This implies a reduction of the surface
Fig. 1. Photoabsorption cross section per electron oggq'g dipole approx- layer thICkneTQ‘S as the Slzg of the cluster Ir.]crease.s’ which is
imation within the jellium modellong dashed linpand dielectric model ~cONNected with the formation of the effectivepolarizable
with d = 0 (solid) andd = 2ag (short dashe}l The experimental points are Packground. A more detailed study of these effects is lead
from [2] and for cluster Ag,, .. The experimental results of(w)/N for for a forthcoming work [9].
Ag}o, s and Ad,, . show only minor differences Considering the distribution of oscillator strength, we no-
tice that the jellium result greatly overestimates the strength
L L L AL on the high energy side of the plasmon peak (from approx-
imately 4.5 to 5.5 eV). This is nicely corrected by the di-
electric model and, in fact, the result with= 2a¢ describes
well this region. However, the plasmon peak=at3.6 eV
is too narrow and also too high. The experiment indicates
that some additional fragmentation of the plasmon peak, not

r N\//“ ] accounted by our spherical model, is present.
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An interesting prediction of the dielectric model is the
sizeable modification of the integrated cross section. The
integrated cross section model is provided by the energy
weighted sum rule, which may be stated as
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Fig. 2. Evolution of the plasmon peak energy with size in the dielectric
model withd = 0 (data points joinedwith dashed linesand withd = 2ag where « is the fine structure constant add the number

(points joinedwith solid lineg. Experimental results are from [2] of electrons. This result is the well known Thomas-Reiche-
Kuhn sum rule and is valid for any interaction between
electrons depending locally on their positions (as, e.g., the

Since the centroid of induced charge is close to the surfaceare Coulomb 1jr; — r5|). Within the dielectric model the

for the density oscillations associated to the surface plaselectron-electron interaction is modified depending on the

mon it can be easily recognized that the surface layer willexcitation energyw [8] and this is ultimately reflected in
play an important role in determining the oscillation energy.the integrated oscillator strength. Due to this dependence of

This is also relevant when explaining the different behaviourthe effective interaction the analytical sum rule within the

observed for positive and negatively charged silver clusterslielectric model is not as straightforward as (1) and is more

[2]. easily analyzed by direct integration of the computed cross

Figure 1 shows the cross section of #gvithin the di-  section. From Table 1 we see that the modification consists
electric model with a surface layer thicknessdof 0 (solid  typically in a sizeable reduction of 15-20%. This is clearly
line) andd = 2ag (short dashed line), in comparison with the showing that the mechanism of core polarization is trans-
result of the plain jellium model with, = 3 (long dashed ferring a sizeable amount of strength from valence to core
line) and with the experimental data of [2]. It is evident from response. Alternatively this fact may be interpreted as a re-
the figure the capability of the dielectric model to explain the duction of the effective number of electrons participating in
experimental findings. The plasmon energy is shifted fromthe cluster optical response.

the jellium value to smaller energies as a result of the dielec- Figure 2 shows the evolution of plasmon energy with

tric polarization, that can be easily understood by noticingsize for Agj, clusters ford = 0, 2ao. The experimental data

that the larger the screening the less energy is needed to crare again the measurements of [2]. As was anticipated in
ate a collective mode. This shift is reduced when a surfacg3, 5] the blueshift with decreasing size is explained within

layer without dielectric is considered and the induced chargehe dielectric model by the non polarizable surface layer. In
density lies close to this surface. The result with 2ag has  the absence of this, the dependence with size is flat. Our
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Fig. 3. Static dipole polarizability of neutral Ag clusters in the jellium Energy (eV)

model {(ong dashed lingsand dielectric model withd = 0 (solid) and

Fig. 4. Upper andlower panelsshow respectively the real and imaginary
d = 2ag (short dashejl

parts of the A§ core polarizability Solid linecorresponds to the embedded
core approximation whileshort dashedne to the free Af ion. Dashed-
dotted lineshows the result obtained from the experimenjglv) [4] using
results indicate that a larger value dfwould provide a  the Clausius-Mossotti relation. See text

better agreement with experiment.

In Fig. 3 we show the prediction of the dielectric model and this does not allow the formation of a sharp peak which
for the static polarizability of neutral Ag clusters. These ex- . PP
almost exhausts the sum rule as in the fre€.Ag

perimental measurements have been performed for the case From Fig. 4 we can conclude that the microscopic polar-

of alkali clusters [10] and, when done for Ag, would provide .__ .. . o o
valuable informaEiorl against which the pre%iction ol‘othe di- izability of the embedded core is qualitatively similar to that

electric model could be confronted. In particular, we find which is inferred from the experimentaj(w). We will use

that the static polarizability is quite sensitive to the value ofgl]l'fst% ?l?gszsgrqlstg Ifrc])rav];\ljltetjrrgewec)lzzl((:;[?o;c;rri?nléllﬂtci(ainznc?)?;npl)t(lncl)ar-
the surface layer thickness. Thus experimental polarizabil-_ . ; . . . X ;
ity data shouldybe used to quantify thg size-evolurt)ion of the'2ation without invoking any experimenta(w) information
surface thickness and the associated Poisson equation [9].

With the results presented, specially those of Figs. 1,2,
we conclude that the dielectric model indeed explains theThis work was supported in part by DGICYT grants PB92-0021-C02-02 and
basic features of the optical response of Ag clusters. ThéDB92—0645, and JCL (Grant VA25/95). Financial support for travel from

role of the surface non-polarizable layer is very important for
that purpose. In addition, we have emphasized that the model
predicts a reduction of 15-20% of the number of electrons
participating in the cluster response.

In order to provide a more microscopic justification of
the dielectric model we have calculated the polarizability of 5
an Ag" core embedded at the center of the jellium sphere of
the cluster, and compare it in Fig. 4 with the result we obtain 3.
for the free Ag ion and with the polarizability which can

be inferred by using the experimentg(w) in the Clausius- g'
Mossotti relation 6
€iw)—1 3 !

= ) 2
OéC(L“)) Gd(W) + 2 S ( ) 8

It can be seen in Fig. 4 that the behaviour of the computed
embedded core polarizability resembles that inferred from

the Clausius-Mossotti relation, both having a peak in theig.

real part around 5 eV, while the imaginary part appreciably
grows from zero around 3.5 eV. The free ion polarizability
has a slightly lower value of Rer} at lower energies but
for w > 6 eV is quite higher and displays a sharp peakT
beyond 10 eV. On the contrary, the imaginary part is almost
zero in the range [A0] eV. This different behaviour must
be attributed to the fact that in the embedded" A&gre the
core-valence transitions are suppressed by the Pauli principle

the Universitat de les llles Balears is gratefully acknowledged.
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