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Collective dipole oscillations in small silver clusters embedded in rare-gas matrices

S. Fedrigo, W. Harbich, and J. Buttet

(Received 14 September 1992; revised manuscript received 11 January 1993)

The optical-absorption spectra of small mass-selected Ag& clusters {1V=2—21) embedded in solid ar-
gon are measured in the energy range 2.5—6.2 eV. Investigation of a continuous range of cluster sizes re-
veals the size development of the photoabsorption behavior. The main features of the spectra are in
agreement with predictions based on the Nilsson-Clemenger shell model. The measured photoabsorp-
tion cross sections are consistent with a sum-rule calculation involving only s electrons. In addition, the
medium influence on the spectra is studied by changing the matrix gas from argon to krypton and xenon
for the cluster sizes N =7, 11, 15, and 21.

I. INTRODUCTION

One of the most representative physical phenomena
characterizing a bulk metal is the collective excitation of
valence electrons, i.e., the plasmon resonance. How
many electrons are required in order that a cluster exhibit
such a collective behavior is an interesting question,
which can shed light on the evolution of the metallic
character of a cluster as a function of size. For more
than 20 years, electronic size effects have been studied'
by inspecting the optical properties of small particles of
diameter of the order of 100 A or smaller. Classical elec-
trodynamic calculations (Mie) indicate that the strong
absorption peak observed in small particles may be attri-
buted to the excitation of surface plasmons (dipolar reso-
nance). The experimental peak position is in good agree-
ment with the Mie prediction taking into account the
dielectric constants of the bulk metal and of the sur-
rounding medium. The width of the spectra has been ex-
plained by introducing a term varying linearly with the
inverse diameter of the particle.

More recently the photoabsorption spectra of small
size-selected clusters have been obtained using the
molecular-beam photodepletion technique. The authors
of Ref. 6 studied the photoabsorption spectra of small
sodium clusters (%=3—40); they estimate that a transi-
tion from molecularlike to collective electronic excita-
tions occurs in the size range N=3 —5. Configuration-
interaction (CI) calculations have shown, however, that
the experimental spectra for small clusters (N ~ 8) can be
interpreted in terms of a group of molecular transitions
which are concentrated in a very narrow energy range.
Photoabsorption spectra of small clusters in a beam have
since been obtained for the alkali metals Na, Li, K, ' '"
and Cs they have been discussed predominantly in
terms of collective excitations. In the case of charged K
clusters, the plasmon resonance has been observed for
clusters of sizes as large as X =900 atoms. ' In the case
of alkali-metal clusters the simple Drude model for the
dielectric constant predicts a resonance at the frequency
co, =co~ /3. With respect to this value, the measurements
show a small redshift, which can be explained by taking
into account the spilling out of the valence electrons

beyond the positive-ion region. A more detailed analysis
indicates that effective-mass corrections and core-
polarizability effects must be taken into account for Li, '

K, and, possibly, Na clusters. Most absorption spectra
show one main peak, while some spectra exhibit two
principal absorption peaks; in rare cases it is possible to
distinguish a triple-peak feature. This has been ex-
plained' by introducing distortions of the spherical
shape (one peak) into a spheroidal (two peaks) or an ellip-
soidal (three peaks) shape.

In the simplest calculations it is assumed that the
valence electrons can be described as moving in an
effective one-electron potential, ' which is approximated,
e.g. , by an anharmonic oscillator. In more-refined calcu-
lations the electronic response of the clusters has been
calculated in the spherical (or spheroidal) jellium model
using the time-dependent local-density approximation'
(TDLDA) or the random-phase approximation' (RPA).
The calculations predict surface plasmons plus electron-
hole excitations and, in the case of Na2o, a fragmentation
of the resonance peak due to the coupling between the
collective mode and a one-electron excitation. The Nazo
spectrum has been interpreted in this way. The
Thomas-Fermi statistical method' has also been used to
describe the photoabsorption of small metal clusters. In
the case of alkali-metal clusters with a small number of
atoms it is possible to use sophisticated quantum calcula-
tions. The absorption spectra of Na4 and Na8 (Ref. 19)
have been, for example, calculated by CI techniques for
different isomers; the calculated transitions are in excel-
lent agreement with the observed spectra and allow one
to distinguish between different isomers.

The optical properties of noble metals are more
difBcult to interpret, and in a way, more interesting than
those of the alkali metals, since the effect of the interband
transitions due to the d electrons must be considered.
For example, in the case of silver, which has a strong ab-
sorption peak, the observed bulk plasmon energy (3.78
eV) is much smaller than the Drude model value (9 eV)
due to this effect. A crucial question is thus to know how
the d electrons affect the optical properties as a function
of the cluster size.

The optical properties of embedded silver clusters of
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sizes of the order of 100 A have been reviewed' and a
controversy about the position of the plasmon resonance
as a function of the mean size of the particle has
developed. This question is now settled; in particular,
Charle, Schulze, and Winter have obtained absorption
spectra of silver clusters in an argon matrix with mean
numbers of atoms varying between 150 and 3 X 10 . They
observed plasmon resonances which are blueshifted with
respect to the large particle value when decreasing the
particle size. Recently Meiwes-Broer and co-workers '

measured the absorption of size-selected charged clusters
of silver containing up to 21 atoms by the photodepletion
technique. They have found broad absorption bands
(width =0.6 eV) interpreted as surface plasmon reso-
nances.

In this paper we report on the optical absorption of
small mass-selected silver clusters frozen in rare-gas ma-
trices. Spectra of particles in argon are presented for a
majority of sizes comprised of between 2 and 21 atoms
per cluster. In order to study the effect of the matrix gas,
sizes, 7, 11, 15, and 21 are also studied in krypton and xe-
non matrices. The well-resolved spectra show, depending
on the size, the one-, two-, and three-peak structures pre-
dicted by a simple model. We discuss the inAuence of the
cluster-matrix interaction and present a model, suggested
by Meiwes-Brower, which takes into account the size
dependence of the d-electron contribution, to link our re-
sults with the larger cluster measurements of Charle,
Schulze, and Winter.

II. EXPERIMENT

The experimental setup is shown in Fig. 1. It has been
described in detail previously. Briefly, silver ions are
sputtered from a metal target using an intense, high-
energy (typically 7 mA, 23 keV) xenon-ion beam. The
cluster cations are extracted at 90' to the primary beam,
focused into an energy filter, and mass selected by a quad-
rupole mass filter. Cluster ions are decelerated before

deposition to typically 30 eV and then codeposited with
the matrix gas on a cold (10 K) CaFz window cooled by a
closed-cycle refrigerator. The deposition window is
largely enclosed in a conducting cage, which serves to de-
celerate the cluster ions, whose deposition energy is ad-
justed by changing the potential difference applied be-
tween the silver sputtering target and the cage. Typical
measured currents for silver cations are Ag& (3.7 nA),
Ag» (2.2 nA), and Ag2, (1.8 nA) at 30-eV kinetic energy.
The ions were neutralized by a charge cloud of electrons
maintained in the proximity of the CaFz window.

Matrix samples were studied in situ using both excita-
tion and absorption spectroscopy. The light from either
a deuterium or a tungsten/halogen lamp was dispersed by
a monochromator. In excitation, the light was focused
onto the sample IFig. 2(a)]. The emitted photons were
collected at 90', filtered (in most instances) by a long pass
filter, focused into a second monochromator (which was
operated in zeroth order), and then detected by a pho-
tomultiplier tube.

In absorption, the light coming from the first mono-
chromator was made parallel in order to illuminate the
CaF2 window. An image of the sample was formed on a
chopper which splits the light beam into two halves, one
passing through the particles plus matrix (the signal), the
other passing only through the matrix, thus serving as a
reference beam IFig. 2(b)]. To increase the sensitivity, a
diaphragm mounted near the chopper eliminates photons
which come from the low-density part of the sample [cor-
responding to the circle in Fig. 2(b)]. The light was then
detected by a photomultiplier tube using pulse counting
techniques. Typical count rates of 10 MHz were used
without significant pileup. The spectra were recorded as
the ratio of the reference beam count rate to the signal
beam count rate. This system proved very useful, partic-
ularly in the UV range of the spectrum, where extinction
due to scattering from rare-gas microcrystallites becomes
important.

By comparing the excitation spectra of atoms, dimers,
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FIG. 1. Experimental setup. Silver cluster
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a) b)

FIG. 2. CaF2 window supporting the particles (dashed area).
The strange shape of the sample is due to the quadrupole mass
filter. (a) In fluorescence the light coming from the monochro-
mator (Mono. I in Fig. 1) is focused into the sample center. The
rectangle correspon s od t the image of the monochromator slit.
(b) In absorption the parallel light beam illuminates the entire
window. e image oTh of the sample is then separated into two
parts y a c opperb h (horizontal line). A photomultiplier collects
the light via a diaphragm (circle) which cuts the undesira e
light.

and trimers resulting from the fragmentation of the de-
posited particles with the spectra obtained by direct
deposit~on o g, , g~,f A Ag and Ag, we can estimate the3l

t t rate We find that in argon matrices, the
number of small clusters (one to three atoms) in the sam-
ple due to fragmentation is smaller than 20% of the num-

ber of deposited cations, at around 30-eV kinetic energy.
The fragmentation in Kr and Xe matrices is generally
lar er. These results are discussed below. Because our

trices are highly dilute (higher than 10:1)no aggrega-
tion occurs. This means that the observed features mu st
be attributed to deposited species or their fragments, ut
not to larger-sized clusters.

III. RESULTS

Figure 3 shows the absorption spectra of Ag~
N =2—21, except N =4, 6, 10, 12, and 14) in solid argon

10 K. The deposition energies were 30 eV except forat . e
A and Ag3, which were deposited at 20 eV in orde r to
decrease the fragmentation. To get a sufFicient cururrent of
Ags, it was necessary to increase the deposition energy to
50 eV. Typically, about 10' particles were deposited or
each cluster size. The spectral region which has been ex-
amined extends from 600 to 200 nm (2. 1 —6.2 eV . De-

d' th thickness of the matrix and on the c eanli-
ness of the substrate before the deposition, the bac-

round can increase considerably in the region 5 —6 eV.gloun
Most of the spectra shown are background correrrected.
The background was fitted by a second degree polynomi-
al and then subtracted from the signal.

A. Atoms, dimers, and trimers

The dimer spectrum shows three main absorption
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and a strong atom signal (three peaks at 4.16, 4.08, and
3.94 eV) arising from fragmentation. The trimer spec-
trum shows two principal absorption bands (3.86 and
3.21 eV) plus a smaller one at 2.49 eV which are all as-
signed to Ag3. The atom and dimer results are in good
agreement with previous work on silver clusters embed-
ded in argon, while the trimer spectrum confirms our
excitation and Auorescence measurements for Ag3 in
krypton and argon matrices. These spectra indicate
that the fragmentation in trimer deposition does not
much affect the features of interest (see the small
response of Ag, and Ag2 in the trimer spectrum).

B. Five to 21 atom clusters
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The spectra for Ag5 to Ag21 show one to three princi-
pal absorption peaks in the energy range between 3 and
4.5 eV. No absorption was detected further to the red.
Except for Ag8, every absorption peak is assigned to the
deposited particles. We used three different techniques to
determine whether or not a particular peak is due to the
original cluster: (1) the presence of fragments can be
detected by comparing a given size absorption spectrum
with that of a smaller size, (2) the excitation spectroscopy
gives information about the number of atoms, dimers,
and trimers contained in the sample, and (3) varying the
kinetic energy of the deposited clusters modifies the frag-
mentation ratio, which induces a variation in the absorp-
tion peak intensities. Using these three methods, the
second peak (at 3.6 eV) in the Ags spectrum is assigned to
the heptamer.

Ags to Ag11 were already described in detail previous-
ly. Table I summarizes the center and the width [full
width at half maximum (FWHM)] of all absorption peaks
found by applying a multi-Gaussian fit. A fit with
Lorentzian shape has been tried as well but the quality of
the fit was clearly inferior to the Gaussian one. The typi-
cal width of all absorption peaks is 0.2 eV. The mean ab-
sorption energies, defined in the usual way, i.e.,

I cT ( co )co d co

(IIico) =A'

Icr(co)d co

FIG. 4. Absorption cross section per s electron as a function
of cluster size. The dashed line corresponds to a linear fit and
the solid one to the value given by the sum rule involving only s
electrons and taking into account the erat'ect of the matrix.

where o.(co) is the cross section at frequency co, are also
listed in Table I. They are indicated by vertical bars in
Fig. 3. The total width (D) of the complete spectrum
evolves continuously with size. It increases from Ag7
(D =0.15 eV) to Ag»» (D = 1.5 eV) and then decreases
towards Ag2& (D =0.3 eV).

The determination of the absorption cross section is
dificult in these experiments because the deposition
efftciency (i.e., the ratio between the number of clusters
embedded in the matrix and the number of deposited par-
ticles, estimated by measurement of the deposition
current) cannot be controlled precisely. It was estimated
to be 50% in the case of atom deposition and assumed
to be the same for depositions of larger-sized clusters. By
integrating the absorption over the whole spectrum we
find a mean value of 0.72 eVA per valence electron (s
electron). This value is in good agreement with the gas-
phase measurements of Tiggesbaurnker et al. ' This im-
plies that on the average 88% of the total oscillator
strength due to the s electrons, as determined by the di-
pole sum rule,

TABLE I. Position energies (eV) and widths 6 (eV) of the measured absorption peaks for a given cluster size. (Ace) is the mean
energy (see text) of the absorption spectrum and D its total width.

5
7
8
9

11
13
15
16
17
18
19
20
21

3.27
3.58
3.16
3.68
3.18
3.38
3.46
3.51
3.52
3.62
3.68
3.70
3.56

0.17
0.11
0.12
0.18
0.25
0.19
0.24
0.30
0.22
0.27
0.17
0.20
0.17

3.67
4.56
3.89
3.82
3.78
3.83
3.92
3.88
4.14
4.04
3.91
3.97
3.74

0.12
0.21
0.21
0.18
0.42
0.27
0.25
0.27
0.23
0.27
0.18
0.12
0.19

4.04
4.29
4.42
4.22
4.18

4.15

0.18
0.22
0.20
0.25
0.27

0.17

3.32
3.65
3.85
3.70
3.62
3.56
3.65
3.70
3.74
3.80
3.77
3.73
3.67

0.56

0.90

1.30
1.30
1.05
1.00
0.85
0.75
0.65
0.45
0.35
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IV. MODELS

Most of the simple models are based on the Mie
theory. The interaction of light with a spherical particle
embedded in a medium is studied in the framework of
classical optics, assuming that the particle and the medi-
um are continuous, homogeneous, and characterized by
their dielectric function. When the cluster diameter is
much smaller than the wavelength of the incident light,
the absorption cross section in the dipolar approximation
is derived as

where V is the particle volume, c is the speed of light in
vacuum, e(co) =e'+i@" is the complex dielectric function
of the cluster material, and e is the dielectric function
of the embedding medium (supposed to be real). Assum-
ing that e" is constant in the studied energy range (which
is realistic in most cases) we obtain the Mie resonance
condition,

e'(co)+2@ =0 . (2)

Using the Drude model for the dielectric function of the
cluster material, Eq. (2) yields the collective excitation
frequency

J o ( co )d co =CN,
co —0

is exhausted by the measured transitions. Figure 4
displays the integral absorption cross section per s elec-
tron for each cluster size. The large error bars are mainly
due to the uncertainties in the deposition eIIIIciency. Un-
der the same deposition conditions for each size (which is
the case in our experiment), this error is probably sys-
tematic, meaning that the integrated absorption is overes-
timated or underestimated in the same way for all sizes.

Knowing the principal axes of the cluster, this model pre-
dicts three resonance frequencies (degenerated or not)
with the same intensity (in the first order of approxima-
tion).

Following the Nilsson-Clemenger model, ' which suc-
cessfully reproduces several cluster properties, the
lengths of the particle axes (Xo, Yo, and Zo) are deter-
mined by minimizing the energy of the three-dimensional
harmonic oscillator with independent valence electrons.
The volume of the particle is constrained by Xo YoZo
=R where the classical radius R of a sphere containing
X conduction electrons is defined by the relation
R =N'~ r, (where r, is the Wigner-Seitz radius). The en-

ergy scale of the oscillator is found by equating the mean
square radius of the electronic cloud with the correspond-
ing value for a uniform spherical electron cloud with the
bulk density. ' This approach has been applied by Selby
et al. for sodium clusters.

Measurements on clusters having a diameter smaller
0

than 100 A show a radius dependence of the resonance
energy which is not predicted by the above models. In
the case of very small particles (diameter typically small-
er than 12 A), the extension of the electronic wave func-
tion outside the ion core becomes important and affects
the plasmon frequency. The static polarizability (which
is a measure of the volume occupied by the electrons) is
corrected by adding a so-called spillout distance (t) to the
classical sphere radius. Whichever reasonable dielectric
constant is used, introducing the spillout in the Mie mod-
el results in a redshift of the resonance energy when de-
creasing the cluster size.

The Mie-Drude-spillout three-axes model has been ap-
plied by Selby et al. to explain their gas-phase sodium
cluster measurements. The center frequencies of the
plasmon peaks can be calculated as

COp

[1+a (L, ' —1)]'

(1+26 )'

where ~ is the Drude plasmon frequency which is pro-
portional to the inverse of the square root of the static
polarizability. For randomly oriented ellipsoidal parti-
cles, the last three expressions become

V 1 COE

3c L2 [ P+~ (I i
1 )]2+ I/2

e'(co)+(L; ' —l le =0,

(4)

[1+e (L ' —1)]'~

where L, are geometric factors related to the depolari-
zation effect. They are equal to —,

' in the spherical case.

Nr,
X

(Xo+ t )( Yo+ t )(Zo+ t )

' 1/2

In order to interpret our results and the experimental
data of Charle, Schulze, and Winter, we have adopted a
model based on the main physical idea that the dielectric
constants near the surface and in the interior volume of
the cluster are different. We next study the classical
response of a coated sphere in which the interior
(r &R —d) is characterized by the bulk dielectric func-
tion (e, ) and the outer region (R —d &r R&+t) by the
Drude dielectric function (e2). The parameters d and t
(spillout) are chosen to be independent of the particle
size. Under these hypotheses, the extension of Eq. (1) can
be written as

(Ep Em )(Bi+2@2)+f(e, —e2)(@~+2@~)
o(m)=9V e'~ Im . —

c (ez+2e )(e, +2@2)—f(e, —e~)(2e —2ez)
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where f is the ratio of the interior to the total volume,
f = I(R —d)/(R +r)}'.

V. DISCUSSION

A. Matrix eKects
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In order to discuss the absorption features of silver
clusters it is important to distinguish between the matrix
effects and the intrinsic particle response. Unfortunately
at present no gas-phase data are available for small neu-
tral silver clusters. In order to ascertain the matrix effect,
we have measured the optical absorption of Ag7, Ag11,
Ag&5, and Ag2& in solid krypton and xenon (deposition en-
ergy 30 eV). For each size, the number of particles con-
tained in those matrices was two or three times smaller
than the number of clusters embedded in solid argon.
These spectra are presented in Fig. 5 together with the
argon matrix results.

Except for Ag» where it is less evident, the basic struc-
tures of the spectra are well reproduced when changing
the matrix gas. These data also clearly show that the
fragmentation increases as Ar —+Kr~Xe, as can be seen
in the spectra which exhibit atomic features. The mono-
mer signal is strongest in the case of Ag7 and Ag» in xe-

non (peaks at 3.87, 3.8, and 3.71 eV) but it can also be
seen for Ag7 and Ag&z in krypton (at 4.03, 3.96, and 3.85
eV). It should be noted that the fragmentation decreases
when increasing the cluster size. This is not obvious from
the spectra since the vertical scales were chosen to em-
phasize the shapes, and not to compare the relative inten-
sities. The Ag»/Xe spectrum is the only case which
clearly shows the dimer absorption (centered at 4.35 and
3.19 eV) while excitation spectroscopy detects Agz in
every sample.

In Fig. 6 we plot the energy shifts between Xe~Kr
and between Xe—+Ar for the main absorption peaks of
each cluster size studied. We observe that the energy
shifts caused by changing the matrix gas are relatively in-
dependent of the cluster size. A linear fit gives the energy
shifts 0.13 eV (Xe—+Kr) and 0.22 eV (Xe~Ar). Accord-
ingly, it may be assumed that the plasmon frequencies ob-
served in rare-gas matrices are related to the correspond-
ing gas-phase value by a constant energy shift, at least for
the sizes considered here.

The Mie condition [Eq. (2)] is well verified by several
measurements done in rare-gas matrices. For example,
Welker and Martin observed the absorption of sodium
atom vapor cocondensed with xenon on a transparent
substrate. At a sodium concentration of 5%, where we
expect large particles to form, the spectra are composed
of a single broad absorption band centered at 2.4 eV.
This energy is in good agreement with Eq. (2), using
e =2.31 (i.e., the value for bulk xenon), and the exper-
imental e(co) value of bulk sodium. ' In addition Charle,
Schulze, and Winter find the absorption peak of silver
particles having a mean diameter of 100 A in argon ma-
trices to be 3.26 eV, which verifies the classical relation,
using e =1.7 (i.e. , the e value of bulk argon) (Ref. 30)
and the experimental dielectric constant of bulk silver. '

The plasmon peak of the same particle in the gas phase is
obtained using the Mie condition and introducing e =1.
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FIG. 5. Photoabsorption spectra of silver clusters for sizes
N =7, 11, 15, and 21 embedded in argon, krypton, and xenon
matrices. In order to reveal the structure of the spectra, the
vertical scales are arbitrary. The triple narrow peak structure
visible in several spectra is an atomic feature due to the frag-
mentation. The dimer absorption bands are only visible in the
Ag»/Xe spectrum at 3.19 and 4.35 eV. They are also due to
fragmentation.

Number of atoms per cluster

FIG. 6. Energy shifts of the Ag& absorption peaks (N =7, 11,
15, and 21) due to the change of the matrix gas from xenon to
krypton (points) and from xenon to argon (triangles) vs cluster
size. For the heptamer the two peaks are used. In the case of
Ag» we have omitted the intermediary peak because its position
is not clear for the deposition in xenon (see Fig. 5). The dashed
lines are linear fits.
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For silver clusters we find an energy of 3.50 eV, which in-
dicates that the argon matrix causes a redshift of 0.24 eV.
In the same way we calculate redshifts of 0.32 and 0.42
eV with respect to the gas-phase energy for particles, re-
spectively, in krypton (e~,=l.95) (Ref. 30) and xenon
matrices. This implies shifts of 0.1 and 0.18 eV, respec-
tively, when changing the matrix gas Xe~Kr and
Xe—+Ar, which is similar to the values obtained from our
measurements (0.13 and 0.22 eV).

We conclude from this discussion that for a given ma-
trix, the relative position of the spectra corresponding to
different sizes is an intrinsic feature of the clusters. Also
the observed peak structures and peak widths are in-
dependent of the matrix.

B. Size effects on the plasmon energy

In order to compare the absorption energies obtained
in our samples with the experimental data known for
bigger silver clusters in solid argon (Charle, Schulze, and
Winter ), we have chosen to present in F'ig. 7 the mean
absorption energy (fico) of each particle size, as defined
in Sec. III (see Table I). Our measurements show for all
sizes a redshift of the mean absorption energy with
respect to the extrapolation of bigger clusters. In addi-
tion the mean adsorption energies present a pronounced
oscillation with two maxima at X =8 and 18.

The optical absorption of small silver clusters is related
to several physical effects, and only a dynamic calcula-
tion, taking into account the geometrical structure of the
clusters and the contribution of the d and s conduction
electrons to the absorption energies, can fully explain the
observed spectra. We adopt the point of view that the
observed spectra reQect a collective excitation of the elec-
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FIG. 7. Comparison of the mean absorption energies be-
tween the very small particle results (our measurements) and the
results for bigger particles [Charle, Schulze, and Winter (Ref.
20)], respectively, marked with points and crosses. The dashed
line is a linear fit of the measurements of Charle, Schulze, and
Winter and the dashed curve corresponds to the calculation of

0

spherical clusters using a spillout of 0.75 A in the Mie-Drude-
spillout model. The results obtained from the coated spherical

0

model correspond to the continuous curve, using d =2.8 A and
a spillout of 0.45 A (see the text).

trons, and that we can use the Mie theory in relation with
simple models to interpret our data.

It has been shown in the case of sodium clusters that
the absorption energies as a function of size can be under-
stood by introducing a spillout of the conduction elec-
trons. In the case of Ag clusters another important effect
is the evolution of the relative contributions of the s and
d electrons as a function of size. It has already been men-
tioned that the effect of the interband transitions due to
the d electrons is essential to understand the experimental
plasmon resonance in bulk silver. It is also important for
large particles (diameter = 100 A) as the results of
Charle, Schulze, and Winter indicate, because the mea-
sured plasmon resonance can only be explained if the
bulk dielectric constant is introduced in the Mie condi-
tion [Eq. (2)]. The situation may be different for smaller
particles, where the effect of the surface atoms is large.

In order to gain a first understanding of the importance
of the s-d contribution in small clusters, we have calculat-
ed in the local-spin-density approximation, using a
Cxaussian basis reproducing well the 4d, 5s, and 5p atomic
orbitals, the geometrical and electronic structure of a
heptamer having the shape of a pentagonal bipyramid. A
pseudopotential was used in which the 4d and 5s elec-
trons are considered as valence electrons. The optical
transitions were calculated in a non-self-consistent way,
in assuming that the Slater determinants built from the
Kohn-Sham one-electron wave functions give a reason-
able approximation for the determination of the dipolar
matrix elements. The results clearly indicate the pres-
ence of a main absorption peak situated at 2.6 eV (experi-
mental value 3.6 eV) and smaller amplitude resonances at
larger energies. It is known that the local-density ap-
proximation does not predict correctly the energies of the
excited states; the important point is, however, that the d
contribution to the transitions contributing to the main
peak is very weak. Some transitions are dominated by
the d contribution, but they occur at larger energies
(around 6 eV or more). It is also interesting to note that
the decomposition of the one-electron wave functions in
spherical harmonics around the center of the cluster
clearly reveals a shell-type structure, which is important
in determining the cross sections associated with the
different transitions. Although this calculation is still
preliminary, it indicates that the observed transitions in
small clusters are dominated by s-p contributions. In a
simple model, this can be taken into account in assuming
that the dielectric constant of small clusters is of Drude
type, and keeping only 5s valence electrons.

We show in Fig. 7 (dashed curve) the resonance fre-
quencies obtained in the Mie-Drude-spillout model (see
Sec. IV) applied to silver spherical-like particles in argon
with the bulk electronic density. For sodium clusters, the
spillout t was deduced from the experimental data of the
static polarizability. Such measurements are not avail-
able for Ag particles, and we interpolate the spillout cal-
culated for metal surfaces by Lang and Kohn at various
electron densities. We obtain t =0.75 A for silver. On
the basis of a self-consistent calculation for the polariz-
ability of jellium spheres done by Puska, Nieminen& and
Manninen, we find t =0.6 A. The value t =0.75 A has
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been chosen in Fig. 7. We see that the calculated
plasmon resonance frequencies are shifted on the average
by only 0.4 eV towards the red, also the model overesti-
mates the redshift of the smaller clusters. An important
point of this simple model is that it does not explain the
size dependence of the plasmon energies for the larger
clusters. Also the matrix shifts calculated within the
Drude model are overestimated with respect to the mea-
surements.

In order to describe in a phenomenological way the
evolution of the average position as a function of size, we
have calculated the absorption of a coated sphere [see Eq.
(8)]. Although this model is certainly approximate, it has
the advantage that it takes into account the increasing
contribution of the d electrons when the size increases.
We assume that the outer layer, of width (d+t), is de-
scribed by a Drude dielectric constant and that the inner
sphere, of radius (R —d), is described by the bulk dielec-
tric constant. We display in Fig. 7 (continuous curve) the
results obtained using a spillout t =0.45 A and d =2.8
A. Good agreement is found with the experimental re-
sults for the entire size range; in particular, the large-
particle resonance frequencies are well reproduced.
Changing the spillout to t =0.75 A emphasizes the red-
shift of the resonance frequencies, but retains the same
general behavior.

In the case of a Drude model and for a cluster of ellip-
soidal shape, the average frequency (co) is proportional
to (1/a)'~ where a is the average polarizability per
atom, if we assume that the width of the total spectrum is
small compared to the center frequency. It is thus tempt-
ing to interpret the oscillations of the plasma energies,
which clearly appear in Fig. 7, as an oscillation of the po-
larizability per atom. a goes through a minimum when
the plasmon energy is maximum. Indeed the experimen-
tal average polarizabilities of Na„and K„(Ref. 35) clus-
ters show a distinct minimum for the closed-shell clusters
(n =2, 8), and it drops again when the region of the next
closed-shell clusters (n =18,20) is reached. The same be-
havior is confirmed by the calculation of Puska, Niem-
inen, and Manninen for Li and Al particles. Further-
more the order of magnitude of the change of (A'co) be-
tween Ag, s and Ag, 3 (equal to 0.8) is of the right order
when compared with the Na experimental polarizability.
These data thus suggest that the shell structure in silver
clusters is an effect which has to be introduced to explain
the average position of the plasmon resonance absorp-
tion.

In the Mie theory, as the resonance condition given in
Eq. (5) indicates, the multipeak structure of the absorp-
tion spectra is related to the particle shape, via the effect
of depolarization. For the alkali-metal clusters, which
are well described by a shell model, the shape depends
mainly on the number of valence electrons. Closed-shell
clusters are spheres, while open-shell ones are approxi-
mated by ellipsoidal shapes. In the Nilsson-Clemenger
model, ' which takes into account the shape effect in a
particularly simple way, the resonance frequencies are ex-
pressed by Eq. (7), if the spillout is also included. In Fig.
3 the calculated plasmon energies (black points), using
Eq. (7) and t =0.75 A, are compared with the absorption
spectra for each cluster size. Apart from a systematic
redshift with respect to the experimental data, already
seen in Fig. 7, the agreement between the calculated
values and the measurements is surprisingly good. The
total width D of the spectra is well reproduced, and the
number and position of peaks agree well with the data.
This is, as expected, particularly true for the larger-size
clusters. The stronger exception is Ag&, in which three
well-separated peaks are predicted, while we observe only
two absorption bands. The Ag8 spectrum also shows a
small absorption in the red (3.16 eV), which is not pre-
dicted by the model; a similar behavior was observed for
Na8. The Ag2O spectrum has a strongly asymmetric
main line shape plus a smaller shoulder on the blue side.
As calculations of Yannouleas et al. have suggested for
sodium, these features are possibly caused by the frag-
mentation of the plasmon due to the coupling with a sin-
gle particle excitation. The relative intensity of the peaks
is in qualitative agreement with the predicted peak inten-
sity ratio (1:1:1or 1:2), see, e.g., the inversion of the in-
tensity ratio for Ag» and Ag2, .

We conclude from this analysis that the simple shell
model proposed by Clemenger' reproduces fairly well
the main structure of the observed spectra and especially
for the larger-size clusters. A detailed analysis of the
measured spectra cannot, however, be expected by this
model and has to await more sophisticated calculations
such as RPA or CI. Notice also that this agreement
confirms the hypothesis that the participation of the d
electrons in the observed transitions is weak for small
clusters.

D. Width of the electronic excitations

C. Multipeak structure of the spectra

The absorption spectra presented in Fig. 3 may be
separated in two groups. In the first one (Agz to Ag»)
the spectra look very different from each other, while the
spectra of the second group (Ag, 3 to Ag2, ) show a regular
evolution. They consist of a strong peak in the red plus a
less intense absorption band in the blue, with the excep-
tion of Ag2&. The common feature of all spectra is, how-
ever, that they show a multipeak structure (see also Table

The typical measured linewidth of the absorption
peaks for small silver clusters in a rare-gas matrix is 0.2
eV (Table I). The value of the plasmon width is practical-
ly constant when changing the matrix rare gas (Fig. 5).
In addition the annealing of the sample up to 25 K for ar-
gon and 35 K for xenon does not modify the characteris-
tic features of the absorption spectra (peak intensities and
linewidths). Whereas the plasmon resonance frequency is
mainly a function of the equilibrium properties of the
cluster, its width is determined by processes such as
shape fiuctuations, Landau damping (the decay of the
collective excitation into single-particle excitation), and
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electron-phonon scattering (the decay of the electronic
excitation into heat). In addition, the cluster-matrix in-
teraction can also contribute to the linewidth.

For silver particles greater than 150 atoms, the mea-
surements of Charle, Schulze, and Winter show that the
total width of the plasmon peak scales with the inverse of
the cluster diameter. If we extrapolate this behavior to
the size range of our data, we get a linewidth which is
comparable to the largest total width (D) of our absorp-
tion features. This is certainly due to the fact that their
linewidth is the sum of several individual plasmon ab-
sorption lines, belonging to clusters of different sizes.
The gas-phase measurements of Tiggesbaumker et al. '

present linewidths of 0.6 eV, which are not comparable
with those of supported clusters at 10 K because the par-
ticles were produced by sputtering and were accordingly
very hot (T =1000 K or more).

The width arising from adiabatic thermal Auctuations
of the cluster shape was calculated for alkali-metal clus-
ters in different ways ' which are not valid at low tem-
perature, because they principally do not take into ac-
count the zero-point fluctuation. In fact, calculations of
Penzar, Ekardt, and Rubio or Pacheco, Broglia, and
Mottelson show that the zero-point-motion effect be-
comes non-negligible below 300 K and yields a finite
linewidth already at T =0 K, which was estimated to be
around 70 meV in the case of Na&p. It is more difficult to
get an idea of how much the "Landau damping" affects
the linewidth. Jellium model calculations ' of spherical
sodium clusters show that the electron-hole excitations
produce some small fine structures in the imaginary part
of a(co) and a broadening of the plasmon lines, which is
important for Na»8 but becomes negligible for Naacp. Fi-
nally Dam and Saunders estimate that the magnitude of
the contribution from the electron-phonon interaction to
the plasmon width is of the order of the thermal energy;
this effect is thus negligible at our matrix temperatures.
Assuming that these predictions are valid for silver clus-
ters, we conclude that in the case of very small particles
at 10 K the main phenomenon which broadens the
plasmon line is the zero-point Auctuation, which causes a
linewidth of typically 0.1 eV. Another origin of the ob-
served linewidth must certainly be found in the cluster-
matrix interaction.

The conservation of the same absorption spectrum dur-
ing and after the annealing of the sample indicates that
for the sizes studied all cluster positions in the matrix are
probably equivalent (which is not the case for the
atom ). Also the independence of the linewidth with
respect to the rare gas forming the matrix confirms that it
is intrinsically due to the particle. Another cause of line
broadening could be related to the presence of different
isomers in the matrix, although there are no clear signs to
support this idea.

VI. SUMMARY AND CONCLUSIONS

We have obtained well-resolved optical-absorpti. on
spectra of small size-selected Ag„(n =2—21) clusters em-
bedded in argon matrices, in the energy range 2. 1 —6.2
eV. Except for Ag2 and Ag3, the spectra are principally
formed by one, two, or three strong absorption peaks at
energies situated between 3 and 4.5 eV.

Measurements on Ag„(n =7, 11, 15, and 21) in kryp-
ton and xenon matrices indicate that the medium does
not modify the shape of the spectra. The main matrix
effect on the absorption features is a redshift with respect
to the gas-phase spectra, which is practically independent
of the cluster size in the size range measured. This red-
shift is estimated to be 0.24 eV for an argon matrix.

A classical study (Mie theory) introducing a spillout
and using a Drude dielectric constant for the cluster gives
satisfactory agreement concerning the main features of
the observed spectra. In this model, the strong absorp-
tion bands are understood as a collective excitation of the
s electrons and the one- to three-peak structure is a
consequence of the ellipsoidal shape of the cluster. The
integrated intensity corresponds on the average to 88%%uo

of the total oscillator strength if we take into account
only s electrons. This proportion is the same for all clus-
ters. The mean absorption energies are redshifted with
respect to earlier predictions based on bigger-sized clus-
ters. The model attributes this shift to the importance
taken by the spillout in the very small clusters, which in-
duces a decrease of the electron density and consequently
reduces the resonance energy. More precisely the behav-
ior of the mean absorption energies along the size range
shows an oscillation with two maxima at N =8 and 18,
which can be explained as an s-electron shell structure
effect.

The fact that the majority of phenomena observed can
be explained involving only s electrons is a strong indica-
tion that very small silver clusters possess alkali-metal-
like electronic properties. However, it is clear that this
suggestion must be confirmed by calculations which take
explicitly into account the effect of the d electrons and
the geometrical structure of the particle. Also the high
resolution of the spectra reveals fine structures which
cannot be explained in a simple model. Work is in pro-
gress in order to increase the size of the clusters studied.
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