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Quenching of the Size Effects in Free and Matrix-Embedded Silver Clusters
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The surface plasmon energy of silver clusters is investigated in the framework of the time-dependent
local density approximation. The results are in good agreement with experimental data on free Ag
clusters and on Ag clusters embedded in solid argon and alumina. The size effects are weak and
very sensitive to the matrix, the porosity at the interface, and the cluster charge. It is shown that the
core-electron contribution to the metal dielectric function is mainly responsible for the quenching of the
size effects in the optical response. [S0031-9007(98)06213-9]

PACS numbers: 36.40.—c, 71.10.—w, 71.45.Gm

The core electrons play a central part in the optical proping importance of the skin region (to which corresponds
erties of noble metals [1]. Contrary to alkali metals, thethe large Mie frequency;p/\/? > wgph) as the cluster ra-
collective excitations of the electrons are strongly modi- dius decreases. The size evolution of the Mie frequency
fied by the polarization of the core electrons, especiallyof free charged clusters is thus the net result of the compe-
those belonging to the close fully occupigdoand. The tition between both opposite trends. The size effects are
screening of the interaction between valence electrons byore difficult to interpret or predict in the case of matrix-
thed electrons results in a shift of the collective excitationembedded clusters. The numerous experiments performed
frequencies to lower energies relative to the predictions oben Agy clusters have pointed out the sensitivity of the size
tained within the jellium model [2] or the classical Drude- evolution of the Mie frequency on the surrounding matrix,
Sommerfeld theory. These frequencies are located in probably on the experimental technique for elaborating the
narrow energy range (near UV-visible spectral range) atomposite films through the metal/matrix interface effects
Wyol = wp/[Resd(wml)]l/2 (volume plasmon)wg,t = (surface defects, matrix porosity, ...), and the studied size
w,/[1 + Reey(wur)]'/? (surface plasmon), and,,, =  range [1]. In some cases, for instance in solid Ar [6] and
w,/[2 + Regd(wsph)]l/z (dipolar Mie resonance of a CO [9] matrices, the usually expected linear evolution on
spherical metal particle)w, = [3¢%/4mrieom]'/? is the al/R scale is not observed over the entire size range. De-
free-electron plasma frequency, aed(w) is the core- pending on the experiment, a redshift [10], a blueshift [9],
electron contribution to the complex dielectric function of Or @ quasi-size-independent evolution [11] is exhibited.
the metale(w). r, is the Wigner-Seitz radius of the bulk The purpose of this Letter is to rationalize the various
metal. A blueshift trend is observed in the case of posiseemingly contradictory and unusual results observed on
tively charged silver clusters as the cluster size decreasédver clusters. We report on time-dependent local density
[3], whereas in alkali clusters the finite-size effects areapproximation (TDLDA) [12] investigation of the optical
ruled by the electron spillout beyond the particle radius [4].absorption of free and matrix--embedded spherical silver
This so-called spillout effect lowers the average electrorélusters, as well as new experimental results on alumina-
density and leads to a redshift trend instead. As a matte@mbedded silver clusters. The TDLDA was applied within
of fact, the electron spillout is also present in noble metathe context of jellium sphere calculations involving con-
clustersMy, but the associated size trend is overcome bycentric spherically symmetric dielectric media [8]. One (at
the blueshift trend induced by a surface effect related te = R — d) and two (atr = R — d andr = R + d)
the core electrons. Close to the surfacesttedectrons are interfaces are involved for free and embedded clusters,
incompletely embedded inside the ionic-core background.espectively. Details about our TDLDA calculations, in
The consequence is that—due to the localized charactgarticular, the change of the Coulomb interaction in the
of thed-electron wave functions—the screening is less efpresence of the dielectric media, will be given in a forth-
fective over a layer close to the particle surface. In a pheeoming paper. The results clearly show that the various
nomenological two-region dielectric model, this feature isobserved size trends may be explained by simple dielec-
taken into account by assuming that the continuous polarizric effects.
able medium mimicking the screening by the core electrons Actually the great sensitivity of the size evolution to
[characterized by, (w)] extends only upto- = R — d,  the experimental conditions is found to be closely related
whereR = r,N'/3 is the cluster radius (jellium edge), and to the steep frequency dependence:gfw) near the Mie
d is the thickness of the layer of reduced polarizability [S—frequency, leading to a subtle arbitration between the red-
8]. Roughly the blueshift trend stems from the increas-shift trend induced by the spillout effect and the blueshift
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trend induced by the surface skin of ineffective screeningbe magnified. The first case prevails for silver clusters.
Prior to presenting the raw TDLDA results, it is advisableNamely, any “attempt” for some finite-size effects will
to analyze qualitatively how the core-electron dielectricbe partly quenched by this “locking” phenomenon. The
function g,(w) is expected to influence the size effects insize effects are thus expected to be much smaller in silver
silver clusters. Both components 8f(w) are displayed clusters than in alkali metals in spite of the lowegwvalue,
in Fig. 1. e4(w) has been extracted from the experimen-because of the competition between the opposite trends and
tal complex refractive index of bulk silver [13]. In a first the quenching phenomenon induced by the steep frequency
step, Ime,(w) is obtained by subtracting from the total dependence of;(w).
imaginary component Im(w) the free-electron contribu- Let us emphasize that, as in previous works, the screen-
tion parametrized as a Drude-Sommerfeld formula. In ang induced by thel electrons and the embedding matrix
second step, the real componentdiéw) is obtained by are phenomenologically described [7,8]. Hence, only the
a Kramers-Kronig analysis. More information about theinfluence of both polarizable media on the optical response
method, which is closely related to the one reported irof the s electrons is investigated in the present model.
Ref. [14] (see also Fig. 3 in Ref. [5]), will be given in a The real interband transitions which dominate the pho-
more detailed paper. The Mie frequency in the large-sizéoabsorption spectra above 4 eV are therefore not repro-
limit is given by solving the approximate classical equa-duced by our TDLDA calculations. In the latter, a small
tion e(w) + 2¢,,(w) = 0, yielding the result width has been attributed to the bound-bound transitions of
the independent-electron response in order to resolve the
P . (1) (eventual) fragmented pattern of the Mie resonance due
V2em(ws) + Reg(ws)] to the coupling of the collective mode with the one elec-
L . tron—one hole excitations (Landau damping) [15]. For our
where e, (w), V.Vh'Ch 'S almo_st constant in the relevant study, the size-dependent fragmented pattern of the reso-
energy range, is the dielectric function of the transparenfance has been smoothed by convoluting the photoabsorp-
sur_roundlng matrix z(’”. =1, z1‘75.’ ~3.1 for_vacuum, tion spectra with a Gaussian curve having a width at half
solid argon, and alumina, _respectlvely). Using the_valuemaximum equal to 1 eV. The energy of the resonance
rs = 302au. fqr calculatingw ,(~9 eV), one obtains maximum is used for the analysis of the mean size effects.
w () ~ 3'.41 ev in vacuum. In Fig. 2, the size evolution of the Mie frequency of free
Inspection of Fig. 1, in view of Eg. (1), clearly suggests ;| ,geqelectronic shell Agclusters is plotted for various

tr}aththehlocation E@(oo) relati\I/e to tr&e maxiLnumwmgx) q values of the thickness paramet&(black triangles). As
of the sharp peak in Re;(w) (located near the interband o, e cted from the previous qualitative analysis the size

threshold 3.85 eV) is the key feature ruling the competition¢tacts are weak. A redshift or a blueshift trend is ob-

between the blueshift and redshift trends. af«) < tained de -
e . pending on the value. For large enough val-
@max, the red(blue)shift induced by the spillout effect ues(d > 2 a.u), the effect of the skin region of reduced

(skin region of red_uced polarizability) is CpumerpalancedgoIarizabiIity dominates, but the size evolution does not
by the decrease (increase) of the denominator in Eq. (1} hibit a steady linear increase on théR scale. This

The net result will be very sensitive to the slop_e_of thestems from the increase of the quenching of the blueshift
Ree,(w) curve. Conversely, ifo() > wmax both finite-

size effects, i.e., the redshift and blueshift trends, will
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FIG. 2. Size evolution of the maximum of the Mie-resonance
FIG. 1. Spectral dependence of the real (full line curve) andbeak for free Ag (triangles) and Ag (circles) clusters within
imaginary (dashed line curve) components of the complexhe two-region dielectric model, for different values of the
dielectric function corresponding to the core electrons for silveithickness parameted. Black squares: experimental data on
metal. The vertical line denotes the Mie frequency for largeAgy clusters (Ref. [3]). The short horizontal line at 3.41 eV is
free clusters. the Mie frequency in the large-particle limit.
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trend whenw(N) = 3.7-3.8 eV [large increase of the neutral clusters in the case of lardevalues, the extrapo-
sloped Ree,(w)/dw; see Fig. 1]. Experimental data on lation of the quasilinear evolution characterizing the large-
Agy clusters are indicated by black squares [3]. It issize domain fails to reproduce the experimental data in the
well known that the surface plasmon frequency is shiftedsmall-size range where the mean evolution is rather flat
to higher (lower) energies for cations (anions) due to thdoscillation around 3.7 eV). This is a consequence of the
contraction (expansion) of the electron cloud (decreasenergy dependence of the strength of the “quenching ef-
or increase of the spillout effect, respectively). TDLDA fect.” The strong disagreement between the experimental
calculations involving positively charged clusters (emptydata and the theoretical bell-shaped curve can be rubbed
circles in Fig. 2) show that the blueshift is very strong forout by taking into account the matrix porosity at the metal/
medium and small clusters, especially for laeg®alues. matrix interface. The different chemical nature of the con-
From Fig. 2, one can deduce that a thickness parametstituents and the surface roughness imply the existence of
d on the order of3-3.5 a.u. would bring the theoretical defects around the cluster, and a large porosity is expected.
predictions in good agreement with the experimental dataHence, a more physically based model would involve a ma-
These values are larger, but on the same order of magrix dielectric constant much lower than the bulk value in
nitude as those proposed previously in various theoreticahe vicinity of the cluster surface. The porosity is far from
approaches [5,7,8], and quite consistent with the microbeing negligible and is actually a central ingredient for in-
scopical formalism developed by Serra and Rubio [16]terpreting experimental results on embedded clusters. For
The valued = 3.5 a.u. will be assumed in the following. instance, characterization of thin films consisting ofyAu
The size evolution of the theoretical Mie frequency foror Agy clusters embedded in an alumina matrix elaborated
Agy clusters embedded in solid argon is displayed in Fig. 3y codeposition on a substrate shows a mean porosity of
(empty squares, lower curve). A perfect metal/matrix in-about 45% [18]. Model calculations involving a perfect
terface has been assumed in the model; namely, the cofwacuum rind” around the cluster (thicknegs) have been
tinuous medium of dielectric constas}, = 1.75 extends carried out in order to mimic the effects of the local poros-
down to the cluster radiug (fully embedded clusters). ity. The results corresponding to the valugs = 3 and
Experimental results on neutral Agclusters codeposited 5 a.u. are displayed in Fig. 3. The experimental mean size
with the matrix gas on a cooled substrate are indicated bgvolution is now qualitatively quite well reproduced. Let
black squares [6,9,17]. The data of Refs. [6,17], joinedus emphasize that, for very largg values, the results cor-
with a continuous line for guiding the eyes, are mean enerresponding to free neutral clusters (see Fig. 2, curve with
gies of absorption spectra exhibiting a multipeak patternd = 3.5 a.u.) would be recovered.
assumed to reflect the splitting of the Mie resonance by el- Results of TDLDA calculations involving Ag clusters
lipsoidal shape deformations. The oscillations are thoughtmbedded in an alumina matrix, for various degrees of
by Fedrigoet al.[6] to result from the electronic shell porosity at the interface, are summarized in Fig. 4 (empty
structure. Our TDLDA calculations, restricted to sphericalsquares). For fully embedded clustéds, = 0) the size
magic sizesN = 8, 20, 40,... are not able to reproduce evolution of the Mie frequency exhibits a redshift trend
such an oscillating behavior. With regard to the wholeas the cluster size decreases due to the large screening
set of experimental data one can notice that, as for free
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FIG. 4. Size evolution of the maximum of the Mie-resonance
FIG. 3. Size evolution of the maximum of the Mie-resonancepeak for Ag, (empty squares) and Au (empty circles)
peak for Agy clusters embedded in solid argon within the two- clusters embedded in alumina within the two-region dielectric
region dielectric modeld = 3.5 a.u), for different values of model (d = 3.5 a.u), for different values of the thickness
the thickness parametet, characterizing the matrix porosity parametet,, characterizing the matrix porosity at the interface.
at the interface. Black squares: experimental data of Refs. [9The black symbols are the experimental data for silver and
(large-size range) and [6,17] (small-size range). gold [18].
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of the Coulomb interaction by the matrix polarization (in- interpreting the experimental data. The size evolution of
crease of the spillout effect). The trend is inverted wherthe Mie resonance frequency, which is ruled by the com-
the matrix porosity at the interface is taken into accountpetition between the redshift and blueshift trends induced
This stresses the great sensitivity of the size effects ohy, respectively, the spillout effect and the surface layer of
the characteristics of the interface. The experimental dateeduced polarizability, is considerably quenched viadhe
corresponding to six different particle-size distributionsdependence of the dielectric function corresponding to the
are indicated by black squares (composite films obtainetllly occupiedd band.

by codeposition on a substrate). The experiments have
been carried out under the same experimental deposition
conditions as those prevailing for the elaboration of the
Auy:Al,O; thin films [18]. The size effects are almost
completely quenched. A slight blueshift trend when the
size decreases, consistent with a porosity-paramgten

the order of2-3 a.u., is, however, visible. Comparison
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