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Quadrupolar vibrational mode of silver clusters from plasmon-assisted Raman scattering

B. Palpant
Laboratoire de Spectroniée lonique et Moleulaire, CNRS and Universiteyon |, Baiment 205, 43 Boulevard du 11 Novembre 1918,
69622 Villeurbanne Cedex, France

H. Portales and L. Saviot
Laboratoire de Physico-Chimie des Metaix Luminescents, CNRS and Univerditeon |, Bdiment 205,
43 Boulevard du 11 Novembre 1918, 69622 Villeurbanne Cedex, France

J. Lerme
Laboratoire de Spectrontrée lonique et Moleulaire, CNRS and Universiteyon |, Baiment 205, 43 Boulevard du 11 Novembre 1918,
69622 Villeurbanne Cedex, France

B. Prevel
Department de Physique des Metaix, CNRS and Universiteyon |, Baiment 203, 43 Boulevard du 11 Novembre 1918,
69622 Villeurbanne Cedex, France

M. Pellarin
Laboratoire de Spectronrée lonique et Moleulaire, CNRS and Universiteyon |, Baiment 205, 43 Boulevard du 11 Novembre 1918,
69622 Villeurbanne Cedex, France

E. Duval
Laboratoire de Physico-Chimie des Megaix Luminescents, CNRS and Univerditeon |, Baiment 205,
43 Boulevard du 11 Novembre 1918, 69622 Villeurbanne Cedex, France

A. Perez
Département de Physique des Maéeix, CNRS and Universiteyon |, Baiment 203, 43 Boulevard du 11 Novembre 1918,
69622 Villeurbanne Cedex, France

M. Broyer
Laboratoire de Spectroniée lonique et Moleulaire, CNRS and Universiteyon |, Baiment 205, 43 Boulevard du 11 Novembre 1918,
69622 Villeurbanne Cedex, France
(Received 8 June 1999

Absorption and low-frequency Raman-scattering experiments have been performed on thin films consisting
of small silver clusters embedded in a porous alumina matrix. When the Raman excitation wavelength is close
to the maximum(=~420 nn) of the Mie band(dipolar surface plasmon resonaptiee Raman spectra exhibit
a strong band located around 10 ththe maximum of which depends on the cluster diamé&teat the
maximum of the cluster-size distribution in the sample according to the approximategwD *. The
Raman band corresponds to the excitation of the quadrupolar vibration mode of the clusters, via the plasmon-
phonon interaction. Moreover, the maximum of the Raman band shifts towards lower frequencies when the
excitation light is shifted to the red. This feature, as well as the rather large Mie-band width, is shown to reflect
the ellipsoidal shape distribution of part of the embedded clugt®f:63-182899)02048-3

[. INTRODUCTION (transport, inelastic electron scattering, gtare compara-
tively much less documented. In particular, only very few

. . experimental works are concerned with Raman scattering
Nanocrystals are currently attracting much interest besom  confined acoustic phonons in matrix-embedded

cause their physical properties differ strongly from those ofyangparticled-” Information about the electron-phonon cou-
the bulk phase. In particular, their specific optical propertiesp|ing obtained through such experiments would be of par-
that stem from the conduction electron confinement and thgcylar relevance for cluster physics. Previous experimental
large surface-to-volume ratio, have been extensively studiegtudies have pointed out that reliable interpretation of Raman
both experimentally and theoretically? and may find im-  spectra requires characterization, as complete as possible, of
portant applications in optical devices. The effect of confinethe nanostructured composite samples which usually involve
ment on the vibration modeghonong and the electron- both large cluster-size and -shape distributibiherefore,
phonon coupling, which are known to be important factors inthe Raman spectra reported in this paf®ec. Il are ana-
determining the dynamical processes in bulk materialdyzed against relevant characterization experiments, as for
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instance, optical absorptidi$ec. Il) and transmission elec-
tron microscopyTEM) (Sec. I). The qualitative consistency

of the whole results we obtained on pgalumina samples is
emphasized in the discussig8ec. IV). This suggests that
guantitative data about the vibration modes and the electron-
phonon coupling in nanosized clusters could be deduced
from Raman-scattering experiments, allowing to test the
available theoretical models. 2 02
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Il. SAMPLE PRODUCTION AND CHARACTERIZATION

Silver clusters are produced by laser vaporization and the energy (¢V)
compqslte Ag: qlurglna films by a'IOW-energy cluster beam FIG. 1. Absorption coefficient as a function of the photon en-
deposition techniqueThe hot atomic plasma, created by the ergy recorded for four different composite Amalumina samples.

impact of a pulsed Nd-Yag lasér-10 H2) onto a silver rod,  the mean diamete(D) of the cluster-size distribution is indicated
is thermalized by helium gas, leading to cluster growth.o; each sample.

Clusters are then quenched during a supersonic expansion at
the exit of the source chamber. The neutrafAdusters are  dependent. This quenching of the size effects in the optical
deposited simultaneously with the alumina matfévapo-  absorption of Ag clusters is partly due to the energy depen-
rated continuously by electron bombardmean different  dence of the dielectric function corresponding to the
substrates at room temperature. The size distribution of thelectronst® Let us recall that interband transitiohsalenced
embedded clusters can be varied by modifying the heliunband—conduction hybridizedp band occur at higher ener-
gas pressure. Two quartz balances allow to measure and agkes and only the onset is observed in the displayed energy
just the cluster and matrix deposition rates, and therefore tgomain. The bandwidth is rather large and is thought to re-
control both the total film thickness and the volumic fractionflect mainly both the cluster-shape distribution and the clus-
of metal(a few percent for each sampl@he film thickness  ter dependence of the local porosity at the metal/matrix
is about 250 nm for low-frequency Raman scattering andnterface'® The slight increase of the bandwidth as the mean
absorption measurements, and about 15 nm for TEM. diameter increasesseemingly inconsistent with the well-
Direct thickness measurements by alpha step, as well agown limited-mean-free-path mod8l is due to the fact
ellipsometric fits, reveal a porosity of the amorphous aluminghat the distortion from the spherical shape is more frequent
matrix of about 45% with respect to crystalline,®. Ru-  and pronounced for large embedded nanoparticbserved
therford backscattering experiments provide depth profilegn TEM). These assumptions are quite consistent with the
and atomic concentrations. Results on a pure alumina filnvavelength dependence of the Raman spdsta Sec. IV.
show a slight overstoichiometry according to the formula The Raman spectra are recorded on a DILOR Z40 mono-
Al,05, TEM, performed on the different samples, showschromator. The high rejection rate of this setup, which is due
that most clusters are roughly spherical and randomly disto its five gratings, makes it possible to measure a low-
tributed in the matrix. A small, but noticeable amount of frequency Raman signal close to the Rayleigh line. All the
clusters—generally the largest ones—have a prolate ellipsoisible lines of an AF and a Kr* laser[wavelength ranging
dal shape, resulting probably from the initial random stackrom 406.7 nm(3.05 eV} to 676.4 nm(1.83 e\}] are used for
ing and the partial coalescence following diffusion duringexcitation. The excitation power is close to 30 mW. It is
the film growth. The size distributions are deduced from thecontrolled that the laser beam does not heat the sample. Mea-
TEM micrographs over a population of 700 up to 3000 par-surements at low temperature in a cryostiawn to 10 K
ticles, depending on the sample. The mean diameter of silvefhows that the Stokes/anti-Stokes ratio corresponds to the
particles ranges from 3.1 to 7.1 nm. X-ray diffraction andmeasured temperature of the sample holder. The incoming

diffusion experiments performed at the LURE facilt®r-  light beam is at grazing incidence and the scattered one is
say, Francereveal a fcc structure and confirm the mean sizedetected atr/2 with respect to excitation. Two different con-
of the clusters deduced from TEM. figurations are employed, with the excitation and detection

polarizations either paralleMV) or perpendicular VH) to
each other. To obtain a depolarization ratig,, /1, inde-
pendent of the excitation conditions, a half-wavelength plate,
which rotates the polarization of the scattered light of an
Absorption measurements are performed onyA@lu-  angle equal to O otr/2, and a polarizer, which filters thé
mina films deposited on suprasil substrates with a Variartomponent of the light, are placed in front of the spectrom-
double-beam spectrophotometer, over a wavelength domakter to select, respectively, thé or H component of the
200—1000 nm. Results of absorption versus energy for difscattered light. Low-frequency Raman spectra are displayed
ferent cluster size distributions are displayed in Fig. 1. Foiin Fig. 2 for four cluster-size distributior@xcitation energy
each sample, one observes an absorption lidfid reso-  below but close to the Mie-band maximunA well-defined
nance located around 2.9 eV. This band reflects the surfacg@eak around 10 cit, evolving qualitatively according to
plasmon resonance corresponding to the collective oscillaamb’s theory for the acoustic vibration modésnamely,
tion of the conduction electrons with respect to the ionicw,;,=D "1, is observed. As for the Mie band in the case of
background. The location of the Mie band is nearly size in-light absorption, the rather large peak width reflects the

Ill. ABSORPTION AND RAMAN-SCATTERING
EXPERIMENTS



PRB 60 QUADRUPOLAR VIBRATIONAL MODE OF SILVER.. .. 17 109

TABLE I. Depolarization ratio (yylyy) for two composite Ag

~ |A=514. . . . . . .
B 3 Snmfx ol alumina samplesD .. is the diameter corresponding to the maxi-
g ya a mum of the cluster-size distribution, amg,,, is the position of the
2 7.1_3~m_,¢.-f“",-"'~. s 3:\\.,_,“‘_ maximum of the low-frequency Raman scattering.
b - #’. ..' .'. -~,
Cf o2 e L
138 7. W T T, aser
B e S SR, wavelength D max Omax lvu
§ Plame” T Mg (nm) (nm) (cm b Tov
30 20 -10 0 10 20 30 457.9 3.0 11.9 0.61
Raman shift (cm'l) 3.45 11.2 0.59
514.5 3.0 10.0 0.51

FIG. 2. Room-temperature Raman-scattering spectra recorded

for the four samples involved in Fig. 1, under 514.5-nm excitation 3.45 8.8 0.58
(2.41 e\). The various curves have been vertically shifted and in- 647.1 3.0 8.2 0.37
dependently scaled for clarity. 3.45 7.3 0.38

cluster-size and -shape distributions in the various samples.
Figure 3 shows Raman spectra recorded at various excitatig¥her characterization methods, and, moreover, provide
lines in the case of a sample characterized by the mean dfirong support to some assumptions concerning the morphol-
ameter(D)=3.8nm. The most striking change versus the0gy at the metal/matrix interface and the partly inhomoge-
excitation wavelength is the steady Raman peak shift toneous nature of the Mie resonance broadening.
wards the Rayleigh line when the excitation energy is pro- .The acoustic vibration modes of the nanppqrucles, deter-
gressively lowered. They, /Iy depolarization ratio, which Mined from the Raman spectra, reflect their size and shape
is measured, decreases with the wavelength of the incidegymmetry. Since the mean radius of the crystallized clusters
light as shown in Table I. exceeds 1 nm, the vibration modes can be estimated, in a first
The absolute scales of the various Raman spectra digiPpProximation, by assuming that the medium inside the par-
played in Figs. 2 and 3 cannot be quantitatively comparedicle is homogeneous and isotropfc:® For a sphere the
because the recorded signal depends on numerous expefiodes are characterized by the quantum numbensim (as
mental factors. Normalization by the laser fluence and thdor the spherical harmonic functions related to the symmetry
integration time can be easily taken into account. Howevergroup of the sphejeand the indexn=1 labeling—in in-
the signal depends also critically on the laser spot area ontgeasing order of frequency—the sequence of the eigen-
the sample and the tilting of the surface relative to both thénodes for giverd andm values(2l +1 degeneracy of the
incoming light(grazing incidenceand the detected scattered Mmodes. Among the two types of modes, i.e., torsiofanly
light (normal to the surfage Moreover, the signal depends shear motionand spheroidalshear and stretching motions
on the metal concentration, and the local concentration in thé was theoretically shown by group theory that only the
zone involved in the Raman experiment may differ from the=0 and 2 spheroidal modes can Raman scatter the 'fight.
average and local estimates deduced from, respectively, thehe probability of scattering by the different modeso0, |
quartz balance and Rutherford backscattering measurements2, depends on the Raman-scattering process. For a cubic
Therefore each Raman spectrum has been independentgttice and a dipole-induced dipole mechanism of light scat-

scaled for clarity in both figures. tering, it was predicted that the=0 mode is not Raman
active and the quadrupolar surface modes2, n=1) domi-
IV. DISCUSSION nate by far the Raman process. These predictions of quadru-

) _ ) ) ) polar modes observation by Raman scattering are supported
As will be discussed in this section, the results of thepy previous experimenfs’ and are consistent with our pre-
Raman-scattering experiments are full consistent with thgented Raman spectra. However, with such a mechanism, a
depolarization ratiolyy /1y, was determined to be equal to

N . 1/3%® This value is at variance with our measurements, in
N &

- “,..." , S, particular by excitation in the blue and the green.
§ w:\nm,:,.»" o e s “"w The Raman scattering is observed when the light excites
= R PP Nt e the dipolar surface plasmon, which corresponds to a big os-
2 oariom & P vy i, cillating electric dipole. It means that an effect of resonance
g %W.f:&% . 5 "-_%@ occurs. In this case the inelastic light scattering is induced by
R VS B N PV the plasmon-phonon coupling, which creat8tokes scatter-
S [P L Ny o | . ! ! .
3 mﬁ R S EO U - Vs ing) or annihilates(anti-Stokes scatteringone phonon. As

'16?5?‘;: IR noted earlier by Gerstemt al.? it is not expected that a

. . F - - spherical vibrational oscillatioril =0 mode will produce
300 200 -10 0 10 20 30

significant modulation of the electric dipole. In consequence,
the Raman scattering dy=0 mode will be very low if vis-
FIG. 3. Laser-wavelength dependence of the |ow-frequenc)}b|e. COﬂVEfSG'y, the quadrupolar or eIIipsoidaI distortions
Raman-scattering spectrum. The displayed spectra have been @€ strongly coupled to the dipolar plasnfoso that the Ra-
corded from the(D)=3.8-nm sample. The various curves have man scattering of thé=2 modes is strongly enhanced by
been vertically shifted and independently scaled for clarity. plasmon resonance. The polarization of the Raman transi-

Raman shift (¢cm-1)
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tions for the different=2 modegm= =2, =1, 0) in spheri-  present analysis has to do with the theoretical work of
cal symmetry were determined by Mariot al:> a depo-  Kerker, Siiman, and Want, in which it is stated that a
larization ratio of 0.75 is obtained. strong redshifted surface enhanced Raman scatt€siBgI

If the cluster is ellipsoidally distorted and has a prolateof molecules, which are adsorbed on silver, may occur in the
shape, the threefold degenerhte 1 dipolar plasmon is split Presence of a very small fraction of nonspherical particles,
to give a lower-energy nondegenerate plasmon, which corre2ven when their amount is unsufficient to give a significant
sponds to a dipole oscillating along the long axis, and @houlder on the extinction spectrum at the corresponding
higher-energy twofold degenerate plasmon with a dipole oswavelength. Indeed, by excitation in the red, an electric di-

cillating in the plane perpendicular to the long axis. A distri- pole oscillating along the long axis of the ellipsoid is created,

bution of ellipsoidal distorsions of silver clusters explains the!VNich induces a very strong external field close to the tip of

observed large inhomogeneous width of the plasmon absor[5he nanocluster. _ _
tion, as the plasmon energy is very weakly dependent on The frequency dependence of the Raman intensity for the

size® The ellipsoidal distorsion lifts also the fivefold degen- StokeS component is generally expressed as folfdws:

eracy of the vibrational=2 modes, and for a prolate shape, N(w)+1
the lowest-frequency nondegenerate oscillation is along the l(w)=———2 gi(0)Ci(w), (1)
ellipsoid long axis. 0] i

As the absorption ha§ a maximu.m at.42_0 nm, when W&vheren(w) is the Bose factory, (w) andC;(w) are, respec-
use the 457.9-nm argon line, we excite principally the Sphe”fively, the density of vibrational modes and the light-

cal clusters and a depolarization ratio close to 0.75 would bg; ation coupling coefficient for the modes of typelt is
expected. By excitation with the krypton red lines, 647.1 Ofyeresting to examing(w), obtained with the 457.9-nm la-
675'4 nm, in the Iow—_ene_rgy wing of the absorption ban.d’ser line, which excites mainly the spherical clusters. From
which is due to the ellipsoidal clusters, the Raman scatteringp ,ve only the quadrupolar modes scatter the light, so that

from the lowest-frequency nondegenerate vibrational mOd'?ne relation between frequency and cluster size is given
is predicted to be strongly enhanced. There are two reasorgﬁls,lz

for this strong enhancementl) absorption increases with
the amplitude of the ellipsoidal distorsi8n® through the 0.85 v,
excitation of the lowest-energy nondegenerate plasmon of w(em = — ) 2

c D(cm)
prolate clusters; an(?) for the same reason that the nonde-
generate plasmon is strongly coupled to the static distorsiowherev;, is the transverse sound velocity in the silver par-
along the long axis, the nondegenerate vibrational mode, irticles. Assuming that the structure of silver in clusters is
volving atoms moving along the long axis, is strongly close to the macroscopic ong,~1660m/s, and, conse-
coupled to the nondegenerate plasmon. This plasmon is preuently,
cisely excited in the red. The selection rules for the creation
or the annihilation of one phonon by phonon-plasmon cou- _ a7
pling is simply deduced from group theory. From this, it is w(em™)~ D(nm)’ @
clear that the creatiofannihilation of one phonon in the ) ) ) )
nondegenerate mode comes from the coupling of vibratiod € density of vibrational modesg(w), is such that
with the nondegenerate plasmon. Because the electric dipof{@)de is equal to the number of the clusters that oscillate
corresponding to the nondegenerate plasmon oscillates alofgiPsoidally between o and w+dw. Consequently,
the ellipsoid long axis the polarization of the enhanced fieldd(«)dw=F(D)dD, F(D) being the cluster diameter distri-
inside the clustefthe primary field for the Raman procgss bution. At low energy and room temperature(w)+1
and of the scattered light will be parallel to this long axis. ~kT/f o, therefore,
With the reasonable hypothesis that the ellipsoidal clusters

are randomly oriented, after angular averaging, a depolariza- l(@)* 0 *Clw)g(w), @
tion ratio equal to 1/3 is obtained. and one obtains the following scaling:
Going from ellipsoidal clusters to spherical ones the de-
polarization ratio) yy/lyy, varies from 0.33 to 0.75 accord- (w) ,
ing to theory. Experimentally, from the red to the blue exci- Cl)® *F(D). ®)

tations, lyy/lyy goes from 0.37 to 0.61see Table )

Knowing that at 457.9 nm we excite spherical clusters, bufrom this scaling, the diametel ,,, at the maximum of
also, in a small proportion, ellipsoidal ones, the experimentathe F(D) experimental distribution, is related to the maxi-
situation corresponds very well to the above described onenum, . of [ (w)/C(w)]w?* through Eq.(3). The best
On the other hand, we excite mainly the ellipsoidal clustersstraight line,wma=A(Dma) 2, is obtained forl (w)«<F(D),

by excitation at 647.1 and 676.4 nm. Besides, from the dewith A~36 (Fig. 4). This value is not far from 47, as in Eq.
pendence on eccentricifghe ratio of both half axes of the (3). It means thaC(w)x w*. This scaling cannot be obtained
ellipsoid of the plasmon energies and of the vibrationfrom the different processes of nonresonant Raman
frequencies$,it is estimated that the eccentricity of the clus- scattering®>!°for which the maximum value of the expo-
ters excited in the red is around 2. It can be due to thaentinC(w) is 2. Itis likely that such a scaling comes from
coalescence of two smaller silver nanoclusters. At this pointhe resonance with the plasmon excitation and the plasmon-
of the discussion, and before examining the cluster-size dgghonon coupling. A theoretical study of this resonant Raman
pendence of the Raman intensity, it would be noticed that thecattering is now in progress.
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20 ——— type of modes, but also the shape of clusters, as shown by
the light polarization analysis. By excitation in the blue,
close to the absorption maximum, one observes the spherical
nanoclusters. By shifting more and more the excitation to the
A red, one observe clusters which are more and more ellipsoi-
10 + bl 1 dally distorted. This is due to the splitting of the dipolar
A plasmon by the ellipsoidal distorsion, and the shift to the red
5| | of the (L= 1, m=0) resulting nondegenerate plasmon, which
is strongly coupled to thd =2, m=0) nondegenerate vibra-
tional mode. In addition to the shape selection by the wave-
Od 0‘1 0‘2 0'3 0‘4 0'5 06 length of the laser excitation, it is indicated that the width of
o T Em e the plasmon absorption is inhomogeneous and due to the
(mm™) cluster-shape distribution. Even if the mechanism of SERS is
different from the one of low-frequency Raman scattering by
FIG. 4. Plot of the frequencydy,,) at the maximum of the cluster vibrations, the surface enhancement scattering and the
Raman intensity against the inverse of diamefy{) at the maxi-  relatively strong low-frequency scattering have at least a

—1
O, (cm )

1/D

max

mum of the cluster-size distribution. common cause. This is the effect of resonance with the ex-
citation of oscillating electric dipoles, which have an axial
V. CONCLUSION symmetry. Such an excitation has a good rate in the red

spectral range. The dependence of the Raman intensity on
This experimental study confirms that low-frequency Ra-frequency, or on cluster size, which confirms the resonant
man scattering from silver nanoclusters comes from the quacharacter of the low-frequency Raman scattering, will allow
drupolar modes. This selection of modes by Raman scattete establish a quantitative model of the plasmon-phonon cou-
ing is due to the stronger plasmon-phonon coupling for theseling and of the resonant Raman scattering from metallic
modes. The resonance Raman scattering selects not only thanoclusters.
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