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Optical properties of gold clusters in the size range 24 nm
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We report experiments on gold clusters in the size range 2—4 nm, embedded in an alumina matrix. The
metallic particles are produced with a laser vaporization source and codeposited with a dielectric vapor as a
thin film on a substrate. Our technique allows varying the cluster size at a given metal concentration. These
composite materials are studied through optical absorption and ellipsometric measurements, allowing determi-
nation of their complex index of refraction. Various complementary techniques provide information about their
morphology, their chemical composition, the thickness of the films, and the size distribution of the clusters.
The surface plasmon resonance in the absorption spectra is shown to be damped and blueshifted with decreas-
ing cluster size. Theoretical calculations in the framework of the time-dependent local-density approximation
allow a clear understanding of these experimental req8&163-18208)00703-§

I. INTRODUCTION plasmon resonance occurs in the near-UV/visible region. It is
therefore easier to perform the experimental optical study of

The optical response of clusters directly reflects their elecsuch metal nanoparticles, and also interesting to use them for
tronic structure, which strongly depends on the particle sizeptical-device applications.
and shape. One can study this response by direct investiga- In our laboratory, clusters of a wide range of elements can
tions on free clusters;” or by deposition of nanoparticles on be produced by means of a laser vaporization source. They
substrate$.In an alternative approach, embedding clusters ircan be deposited on a substrate by the LECBD technique and
a dielectric matrix not only opens new material outlooks withembedded in an insulator matrix, leading to the formation of
particular properties, but is also a simple way to study thehin films of nanocomposite materials. Samples consisting of
optical response of the nanoparticlesctually these specific  spherical gold nanoparticles in an amorphousQ3l matrix
optical properties are well known and used for many centuwere prepared, with different cluster size distributions and a
ries in art glasswarg. metal volumic fraction of about 4%.

Such nanostructured materials are produced and studied Several characterization techniques, namely, Rutherford
by many different techniques, as colloidal solution back-scatteringRBS), alpha-step measurements, x-ray dif-
investigations;*> sol-gel or chemical synthest$;” fraction, and transmission electron microscafi¥eM), pro-
cosputtering®2!  electrochemical depositidi$;?®> ion  vide valuable information about the film morphology, the
implantation?*~?" electron-beam lithograpH, or low-  matrix stoichiometry and its porosity, the crystallinity of
energy cluster-beam depositi¢thECBD).?°3! One of the  both compounds, the metal concentration, and the film thick-
main advantages of this last technique is that it allows one taess.
independently control the cluster size and the metal concen- The central task of this paper is focused on the optical
tration in the films. absorption and ellipsometric measurements, which both re-

The main feature in the optical response is the surfaceeal a size-dependent behavior. The main features consist of
plasmon excitatior(collective oscillation of the conduction a blueshift and a damping of the plasmon resonance band
electrong, resulting in a resonance band in the absorptiorwith decreasing cluster radius. The complex index of refrac-
spectra. For gold as well as for the other noble metals, th&éion of each thin film sample was extracted from the ellipso-
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metric data, by means of minimization calculations. These Gold clusters in alumina composite materials were then
results are compared with the Maxwell-Garnett effective mesynthesized in the optimized deposition conditions. In order
dium modef? to avoid correlation effects between the metallic particles in
Theoretical time-dependent local-density-approximatiorthe optical response of the material, their volumic fraction
(TDLDA) calculations have been carried out to interpretingwas maintained between 1.5% and 6.5%. These values are
the experimental results. In the model, the electronic densitgonfirmed by RBS and energy-dispersive x-ray analysis
spill-out effect, the embedding matrix index, and the influ-(EDX). TEM micrographs of our samples were also per-
ence ofd electrons were included in order to describe theformed (Fig. 1). They show nearly spherical clusters ran-
cluster optical properties in the most realistic way. domly distributed in the matrix. The size distributions give
The paper content is organized as follows. The samplenean values from 2.0 to 3.7 nm in diameter a mean
production and characterization are reported in Sec. Il, andumber of atoms per cluster from about 300 to 3046-
the absorption and ellipsometric experimental results in Secpending on the samples. x-ray diffraction analysis reveals the
IV and V, respectively. Section Ill outlines classical ap- fcc crystalline structure of the particles.
proaches of the optical properties of the composite films. An  Grazing-incidence small-angle x-ray scatteri@SAXS)
interpretation of the size-dependent behavior, provided byneasurement®, performed at the LURE facility(Orsay,
the TDLDA investigations, is discussed in Sec. VI. France confirm the cluster mean size and point out their
sphericity as well as the absence of any spatial correlations.

II. SAMPLE PRODUCTION AND CHARACTERIZATION IIl. OPTICAL RESPONSE: CLASSICAL APPROACH

Thglexpenmental setup.has been prew_ous_ly described in Noble-metal nanoparticles exhibit an optical absorption
detail>" The cluster source is a laser vaporization one, wher%a

i ! nd in the near UV/visible region. This band, the so-called
the beam of a frequency-doubled Nd:Yag pulsed laser is fo.éurface plasmon resonance, is classically described as the

C?Sed onto tﬁ rod <|)_f tge belerr?elnt to be StUdd'ed' The dato.nl'Sscillation of the conduction electron cloud with respect to
plasma 1S thermalizéd by helium gas and expands INtQ,q jonic background. The relevant quantity in a classical

vacuum through a nozzle. For the present study we used his the f q dent dielectric functaf
either high-pressure helium delivered by a pulsed valve, or pproach is the frequency-dependent dielectric funafi
the metal. Theoretically, the Drude-Sommerfeld model and

continuous helium flow at lower pressufew tens of mbar lassical ol d ; for both the bulk diel .
The pressure conditions allow us to control the free clustef'assical electrodynamics account for both the bulk dielectric
unction and the surface plasmon frequeftyror noble

size and thus to obtain samples with different size distribu-

tions. metals,e can be written in a first approximation as
The neutral clusters then pass through a skimmer into a _ g
high-vacuum chamber where they may be photoionized and g(w)=1+x(0)+x%(w), (1)

analyzed by means of a refieciron time-of-flight mass spec.,, x° represents the Drude part of the dielectric suscep-

trometer. The size-resolved mass distribution reveals thﬁbility (s electrons andXd the interband partd electrons.

same Q??'C T‘“mbef series as that predicted by the Jelllun?‘his last term plays an important role in the plasmon reso-
model;~*" which means that the gold clusters produced by

X nance oscillation, as will be shown in Sec. VI. The Mie
the source at room temperature are probably spherical.

The clusters are finally deposited on a substrate in é[lheow accounts for the interaction between an electromag-

vacuum chamber (10 mbar), simultaneously with the di- netic wave and a single metallic sphere in a uniform trans-

electric matrix evaporated with an electron gun. We carf arent mediunt The absorption, in the dipolar approxima-
vaporat gun. ion, exhibits the surface plasmon resonance behavior, the
check the volumic fraction of metal by use of quartz bal-

ances, which provide both deposition rates. The film thick_elgenfrequencyus of which can be directly related to the

ness depends on the kind of study to be performed, from 1Qrude bulk plasmon eigenfrequenay, by
nm for TEM observations up to 200 nm for optical absorp-
tion analysis. Moreover, specific types of substrates are se-

w
p
lected: amorphous carbon-coated grids for TEM, silicon wa- \ /28 +7%w )’
fers for ellipsometry and RBS, pure silica for optical m S

absorption. wherez =1+ 9 is the interband part of the dielectric func-
Preliminary experiments were first performed on pure alution of the metal and,, the dielectric function of the sur-

mina films (without any metallic clusterin order to deter-  oynding insulator. One can notice that the effect of this

mine precisely the properties of the dielectric matrix and tomatrix is to shift the plasmon resonance peak to lower ener-

optimize the experimental deposition conditions. Alpha—stergies than in the free-cluster case.

thickness measurements and ellipsometric fits show an im- | order to describe composite materials, several effective

portant porosity (about 40% with respect to crystalline medium theories have been developed by introducing the

Al;0); the matrix morphology seems actually to be close toconcept of an effective dielectric functian for the whole
an anodic aluminum oxide one. RBS measurements revealighomogeneous mediuf?23-4! In the Maxwell-Garnett

slight overstoichiometry according to the formula,Bk,.  (\MG) theory?? & satisfies the equation
Associated with alpha-step analysis, they confirm a low alu-

mina density in good agreement with its porosity. Comple- e P
mentary x-ray diffraction experiments demonstrate the amor- efft_“m _ — m ,
phous structure of the matrix. Eefit28m e+2e
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whereq is the volume fraction of the metallic particles. This IV. OPTICAL ABSORPTION

theory has been used to analyze the optical response of our Apsorption measurements were performed with a Varian
samples. It allows the calculation of the plasmon resonancgouble-beam spectrophotometer on the films deposited on
peak shift when varying thg value, as long as these par- pure silica(Suprasil substrates, in the spectral range 200—
ticles are spherical and sufficiently far from each other t01000 nm(1.24—6.2 eV. Results are shown in Fig. 2. The
limit local cluster-cluster interactions. This requires thds  Spectra present an absorption band lying around 2.4 eV due
less than about 10%. For our filnesis in the range 1.5%— to the surface plasmon resonance. The absorption increases
6.5%, corresponding to a resonance peak shift smaller thaft the UV region, due to interband contributions.

0.01 eV. This means that no noticeable concentration effect 1Nese curves reveal a blueshift of the plasmon resonance

. . . .__peak with decreasing cluster size, from 2.33 eV for 3000
is expected to underlie the differences between the Optlcegtoms per cluster to 2.52 eV for 300 atoms. Moreover, the

responses of the different sampl_es. . lower value is blueshifted with respect to the MG value of
We have compared our experimental results with MG caly 37 ey, One can also notice an increasing damping and
culations involving the bulk dielectric function of gold given broadening of the absorption band with decreasing cluster
in Ref. 42 and the alumina dielectric function deduced fromsjze, in agreement with recent results obtained by Whetten
ellipsometry(see Sec. Y. The evolution of the experimental and co-workers on smaller clustéfsThis behavior can be
optical spectra with respect to the measured mean clustgghenomenologically explained by the limitation of the mean
size, confronted to this bulk limit, will point out the size free path of the conduction electrons when the cluster radius
effects in the nanoparticle response. becomes smallé®*3This size effect is also explained within
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05 The quantitie andk are linked together by the Kramers-
i Q\/ Kronig relations; therefore, the knowledge of one of them
‘ allows a priori the determination of the other. This approach

has already been used from either absorption or reflectivity
/¥/ experimental spectf¥, but its accuracy is dependent on the
£ spectral range of the measurements.
/b_’__-/ Another way consists in recording two experimental
quantities depending on the complex refractive index. The
/;L_/ minimization of the difference between the measured quan-
tities and those calculated via a multilayer optical maaal,
thin film, substratpallows the determination af andk.*’
L This led us to perform ellipsometric measurements. An
25 30 35 4.0 incident polarized monochromatic light beafwavelength
from 240 to 700 nmis reflected on the sample; its polariza-
tion changes and the collected beam intensity is measured
FIG. 2. Absorption coefficierk ,,svs energy, for four different  With @ photomultiplier through an analyzer, yielding the el-
samples whose labels correspond to those of the microgk&ns  lipsometric anglesV andA.**~These experimental quan-
1). The vertical line indicates the bulk limit value given by the tities are then compared with the calculated ones, expressed
Maxwell-Garnett model. as a function of the indicer and k of the thin film. The

least-square valueyf) is minimized by means of the sim-
the framework of quantum theorié™* In addition, plex method

Kreibig and co-workers have pointed out the chemical- pyre alumina films were first investigated in order to de-
mterfgces-zglzzgwpmg effect in such matrix-embedded clustefermine the experimental dielectric functien, taken into
materials. account in the MG calculation@ecs. Il and IV. ¥ andA

Figl:(re 3 gi;/eﬁ a comﬁ)a£§on t()jetwe(;n rt]he absorptiog. SP€Giere then measured for the cluster material samples. The
trum of one of the sampld#ig. 2d)] and the corresponding optical model in which the film dielectric function is calcu-

MG calculation. The flnlte-§|ze effect_on the optical reSPONSYated with bulk gold data fits the experimental curves very
appears very clearly here: a b_Iuesh|ft and a damping of th Il in the near-UV region. This indicates that to a first
m.easured resonance band_wnh respect to those calculatt\g& roximation, the dielectric function of the gold clusters
with the bulk dielectric function. Note that part of the band- PP ’ 9

width in the experimental curves is also due to the clustef1ear|y equals that of the bulk from 3.0 to 6.0 eV. It allowed

K, (10° cm™)

Energy (eV)

size dispersion in the nanostructured thin films. us to retevcta}luate mﬁ Vetl#‘e?.IOf ths théckqe@d tthe “?Ett"’;:!'c
An interpretation of the observed blueshift and dampingconcenlra lorg ql'h € Im |fms dYX m|n|m|Ta lon mh IS
of the resonance band will be given in Sec. VI. spectral range. The values found are very close to those pre-

viously determined during depositidrectified according to
the porosity.

Finally, we calculatedh andk for each wavelength by?

In order to study the optical properties of our films we minimization. Results are shown in Fig. 4. They reveal the
need to know their dielectric function or their complex re- same features as those observed in the optical absorption
fractive index. This dielectric function can be written as ~ experiments: a size-dependent blueshift, a damping, and a

broadening of the plasmon resonance band.

V. ELLIPSOMETRIC MEASUREMENTS

e =(n+ik)2. (4)
VI. THEORETICAL INTERPRETATION
Lo TDLDA model calculations have been worked out in or-
x der to interpret the experimental findingfsin the model the
~ 08 F conductions electrons, responsible for the surface plasmon
TE excitation, are quantum mechanically treated, whereas the
o6 E ionic background is phenomenologically described as both
= r (i) a positive charge distributiogellium approximation and
v{,c: 04 L (i) a continuous polarizable medium that screens the
¥ C electron-electron and electron-jellium Coulomb interactions
on [ inside the cluster. The screening due to the surrounding
I transparent matrix is taken into account by using the experi-
i mental dielectric functione,,(w) of bulk alumind? (e,

- T N
00 : ~3.1 in the relevant energy range
Energy (eV) The frequency-dependent dielectric _functiéi‘(w) of the
polarizable inner mediurtmainly underlied by the fully oc-
FIG. 3. Experimental(sampled, thick line) and simulated cupiedd band was extracted from the experimental complex
(Maxwell-Garnett model, thin lineabsorption spectra. refractive index of bulk golf through a Kramers-Kronig
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180 I~ the absorption spectra of pgclusters embedded in rare-gas
C matricest® and for interpreting the positive slope in the
15 Lo¢ wave-vector surface plasmon dispersion of flat Ag
i surfaces? In recent works devoted to silver clusters this
= 170 :—b two-region dielectric model was successfullt least quali-
' tatively) applied in various theoretical approaches, namely,
165 :—a in analytical Thomas-Ferrifi and TDLDA (Ref. 56 model
. . . . . . calculations. Indeed if the polarizable medium extends over
the whole cluster volume @r <R) a redshift with decreas-
020 ing cluster size is obtained instead. This redshift, due to the
i electron spill-out effect, essential for interpreting the optical
015 absorption of simple metal clusters, is, however, very tiny
due to strong screeningarge |z 9| value. The introduction
4 010 of the rind region increases the plasmon frequency and,
0.05 / abpve_ all, ensures a blueshift with decreasing cluster size.
) This size-dependent effect can be understood, in a very crude
L_— | L picture, by comparing the volumic ratio between the inner

0.00 e s . ~
20 25 3.0 35 40 45 50 region of the clustef|eY>1; low wg value from Eq.(2)]

and the “rind” region %=1; largerw, value.
Strictly speaking the thicknesshas to be considered as a
FIG. 4. Index of refractiom (upper figurg and index of extinc-  {T€€ phenomenological parameter. In view of the crude ap-
tion k (lower figure versus energy for the different samples, calcu- Proximation consisting in replacing the discrete ionic struc-
lated from ellipsometry analysis. ture by continuous step-walled jellium and polarizable me-
dia, a rigorous prescription for setting its value cannot be
analysis, according to the procedure used for silver in Refdefined. For silver the thickness value, roughly estimated by
53. In contrast to alkali species, where only the valeace Kresin by comparing the Wigner-Seitz radiug with the
electrons have to be considered, the mutual polarization dipatial extent of the radial wave function, is 2 a.&! Obvi-
thes- andd-electron clouds is essential for correctly predict- Ously the estimation depends on the threshold for which the
ing the magnitude of the surface plasmon frequency fronfl-electron density is assumed to be negligible. In TDLDA
Eq. (2), namely, w,~2.5 eV fors,=1 [Res(w)~10 in calculations carried out on the _cIust(_er #0, assuminga
the relevant energy rangerhe simple jellium modeiwhere =2 a.u. seems to reproduce fairly nicely the experimental

~d; N . N photoabsorption spectruti.This value is also of the same
Ree“(w) =1] yields the valuews~5.2 eV for large free order of magnitude as the one used by Liebsch to fit experi-

) - fnental results on Ag for both flat surfaces and clusters.
gold lies about 2 eMbelow wy), Eq. (2) indicates that, con- 10 ations involving nonlocal norm-conserving pseudo-
trary to silver where Ina%(w)=0 in the plasmon energy potentials show that the tails of the wave functions are
range, the resonance will be considerably broadened by thgiite similar for Ag and Au atom¥. Since ther values of
coupling with the interband transitigime%(w)>0 for @  these two species are very clogg=3.02 and 3.01 a.u. for
>2 eVinthe case of goldLet us emphasize, however, that Ag and Au, respectivelya=2 a.u. is a reasonable value to
only the influence of the polarizability and absorption prop-perform our TDLDA investigations on gold clusters. Due to
erties of the core electrons on tlseelectron excitations is the above-mentioned approximations, introducing a size-
taken into account in the present model. The real interbandependent thickness would be an arbitrary refinement.
transitions, as obtained by applying classical Mie or MG Indeed the blueshift is obtained also by a classical optical
absorption formula with the dielectric function of bulk gold model involving the Mie-like formula relevant to a coated
(see Fig. 3 are thus not reproduced by the present TDLDAsphere, as done in Ref. 18. For free and embedded clusters
calculations. the blueshifts calculated with this classical method are, how-
Exhaustive calculations on free and embedded closecever, slightly different from the TDLDA results, and obvi-
shell Ay, clusters(size rangeN=8-44(0 have been per- ously do not exhibit large size-to-size fluctuations superim-
formed to analyze the respective influence of each modgbosed on the mean trend. Moreover, a classical model
ingredient on the plasmon resonance. We briefly outline thelisregards the quantum-mechanical effects occurring at both
main qualitative results of this study. interfaces, such as, for instance, the electron spill-out at the
As for silver clusters the blueshift as with decreasing outer one, which may balance partly the blueshift.
cluster size is explained by assuming that the screening ef- Figures 5 and 6 illustrate the above discussion. We com-
fects due to the polarizable inner medium vanishes in thenent only on additional features. In Fig. 5 one can see that,
“rind” region of the particle, namely, by prescribing the as compared to the optical response in vacuum, the plasmon
conditionz%R—a<r<R)=1 in the ionic background pa- Peak redshift induced by the surrounding alumina matrix is
rametrization R is the cluster radiys The vanishing tail of rather small because Y| is large compared te,, [see Eq.
the localizedd wave functions at the edge of the Wigner- (2)]. The width of the surface plasmon resonance is found
Seitz cell brings some support to this assumptibihis in-  strongly correlated with its location relative to the interband
gredient was earlier introduced in a classical Mie analysis othreshold. The large width observed, resulting from the large

Energy (eV)
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FIG. 5. Theoretical TDLDA absorption spectra of gold clusters  FIG. 6. Theoretical TDLDA absorption spectra of pclusters
in vacuum (thick line curve and in an alumina matrixthin line in an alumina matrix, calculated for two differeht values. The
curve. The “rind” parametera, where the screening due to tde  “rind” parameter a (2 a.u) is responsible for the blueshift of the
electrons is assumed to be ineffective, is equal to 2 a.u. The twplasmon peak with decreasing cluster size. The two curves are in-
curves are independently scaled. dependently scaled.

coupling strength with the core-electron absorptighis  account of the theoretical results will be given in another

strength is indeed closely related to @ff(w)] has to be paper.
compared with the independent-electron ground-state level
width (60 me\) involved for calculating the free resporn¥e.
Moreover, in the presence of dielectric media, the fragmen-
tation due to the residual interaction with the electron-hole The low-energy cluster-beam deposition has been proved
excitations(Landau dampingis much less developed than in to be a very efficient technique to prepare optical nanostruc-
simple jellium calculationgwheree®=1 in the full spacg tures, where at low metal concentratimfew percentthe
From comparison between TDLDA calculatioffSig. 6)  cluster size can be varied and controlled. In the present paper
and experimentFig. 2), the same global trends can be ob- are reported optical absorption and ellipsometric measure-
served: a blueshift with decreasing cluster size and a plasnents performed on thin alumina films containing gold clus-
mon peak frequency in the range 2.0-2.5 eV. However, théers in the size range 2—4 nm. The characterization of these
TDLDA results lead to a plasmon location at slightly lower composite materials by several complementary techniques
energy valugof about 0.2 eV. shows that the matrix is amorphous and porous, while the
Actually the large porosity of the samples is suspected tanetallic particles are spherical and randomly distributed.
be responsible for this slight discrepancy. It is likely that at Size effects in the optical absorption, as well as in the
the cluster/matrix interface the porosity is more importantextracted complex refractive index, are clearly observed. The
because the different chemical nature of both media impliesain features are a blueshift and a damping of the plasmon
probable defects around the clusters. Model calculations inresonance band with decreasing cluster size. TDLDA calcu-
volving a perfect outer rind witls,,= 1 (thicknessb on the lations allow the understanding of this behavior.
order or larger than 2 ajuyields a plasmon frequency in Our technique is clearly not limited to gold particles and
better agreement with experiment. In fact for large endngh many other systems such as silver, copper, and other metals,
values the free cluster results are recovered. Moreover, whesr semiconductor clusters may be produced in a well-
applying the Mie formula for a two-region cluster in controlled size range, typically between one and a few na-
vacuum, the plasmon peak is found considerably damped farometers.
small radii (the curves look like the experimental ones, ex- Ultrafast electron dynamics in such small particles is ex-
hibiting only a flat shoulder in the plasmon energy range pected to be a very interesting phenomenon. Femtosecond
By contrast the peak is clearly visible over the whole sizepump-probe analysis is a powerful method to study the size
range when the screening induced by the alumina matrix actdependence of the electron-electron and the electron-lattice
from the cluster boundary, as in the case of the simple Mieoupling in the clusters, as has been demonstrated recently
formula for a single-region cluster model. In this last case nawith copper®
size-dependent feature occurs, except for the conRant In the near future we plan to study other systems such as
scaling of the absorption spectrum. This last argument i#\gy clusters and to associate the present optical and ellipso-
again in favor of the porosity hypothesis. metric observations with such electron dynamics experi-
Details concerning the TDLDA calculations and completements.

VIl. CONCLUSION
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