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Surface plasmon enhanced second harmonic response
from gold clusters embedded in an alumina matrix
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The second order nonlinear response from 4 nm diam gold clusters embedded in an alumina matrix
deposited on a pure silica substrate has been recorded as a function of the wavelength of the
fundamental incident beam. The spectrum exhibits a narrow resonance band peaked at 520 nm as a
result of the coupling of the second harmonic field with the surface plasmon of the particles. The
nonlinear second harmonic response of gold clusters is found to be blueshifted compared to the
bulk, due to the finite size effects on the cluster optical properties, as already observed with the
linear response. Furthermore, this nonlinear response appears to be well described with a simple free
electron model where the valence electrons only participate through the screening of the ionic cores,
owing to the weakness of the interband transition contribution.19®8 American Institute of
Physics[S0021-89788)01820-9

INTRODUCTION study of metal diffusion into polymer filmsOwing to its
surface specificity and sensitivity, optical surface SHG
dielectric matrix provides a simple way to study the IinearazSS_H(3 'S an |d_eal tool to probe adsorbate_—_substrate Inter-
and nonlinear optical properties of these partidl@&e main actions under different environmental conditions where the
' iéubstrate itself does not generate any contribution to the SH

feature of the linear optical response of this new material 4-5Thi . ) . !
the collective excitation of the free conduction band elec-€SPONSE. " This case is obtained with centrosymmetric sub-

trons, known as the surface plasmon excitation, observed ifirates, since in the electric dipole approximation, SHG is
the visible region of the spectrum for gold clusters. At forbidden in centrosymmetric media. Furthermore, this non-
shorter wavelengths, it has however been shown that the edhear technique has been proved to be highly sensitive to the
citation of electrons from the localizecdd5valence band to surface plasmon excitation of metéfsRecently, Tiger and
the conduction bandinterband transitionsstrongly affect co-workers have studied the optical second harmonic gen-
the spectrum, leading to a steady increase of the optical atg¢ration by supported sodium clusters as a function of cluster
sorption of the particle$.Moreover, in the size range of a Size during the nucleation. They showed that SH radiation
few nanometers, it is well known that the optical propertieswas detectable for particles as small as approximately 1 nm.
of clusters are strongly affected by finite size. For exampleThus, the SHG technique seems to be efficient to study non-
the surface plasmon resonance in the absorption spectra lifiear optical properties from a few nanometer diameter clus-
gold clusters embedded in an alumina matrix is shown to béers where finite size effects are observed.
damped and blueshifted with decreasing cluster %ize. In this article, we report on the optical surface second
Whereas the linear optical properties of noble metal parharmonic response from gold clusters with diameter sizes of
ticles have been investigated for a long time, little is knownabout 4 nm embedded in an alumina matrix. This work di-
of the nonlinear optical behavior of these systems despiteectly follows a previous article reporting on the second har-
recent growing interest. Beyond the fundamental motivationsnonic response from gold colloids of about 6 nm in diameter
based on the elucidation of the different contributions to theat the air/toluene interfac€.In the latter work, the observa-
nonlinear electronic susceptibilities and their evolution as ajon of a strong narrow resonance in the SH spectrum was
function of the size of the nanoparticle, potential applicationseported and discussed in light of a simple free conduction
in many fields of research, but more particularly in chemicalg|ectron model. In this article, we report a similar resonance
catalysis, may be forseen. Optical second harmonic genergeak in the SH spectrum for the supported matrix embedded
tion (S_HG) ha_s already been used in the past to mOﬂitOfgom clusters but emphasis on the interband transition region
catalytic reactions at the surface of metal clusters by theg given. Indeed, it is observed that the SH response is free
from the interband transition contribution whereas the linear
dElectronic mail: antoine@hplasim2.univ-lyon1.fr optical spectrum exhibits a strong contribution from those

Embedding gold clusters of nanometer dimensions in
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transitions. Moreover, the SH resonance is found blueshifted
compared to the bulk, due to the small size of the particles
and in agreement with the linear response.

EXPERIMENT

The sample preparation and characterization have al-
ready been published elsewhé@rBriefly, the gold clusters
were generated by means of a laser vaporization source, the 0.5 -
free cluster size being determined by the conditions in the
source chamber. The clusters were then deposited on a pure ‘ I !
silica plate by the low energy cluster beam deposition 20 40 Wavele:()?h om) 800 1000
(LECBD) technique'! The dielectric matrix of alumina was y
evaporated with an electron gun and simultaneously depo$iG. 1. Optical absorption spectrum in the region of the surface plasmon
ited on the substrate. Transmission electron microscopyssonz_ance for 4 nm diar_n‘ gold clusters embedded in an alumina matrix and
(TEM) micrographs of the gold/alumina composite sampleg'ePosited onto a pure silica substrate.
showed a random distribution of nearly spherical clusters,
with average sizes between 2 and 4 nm in diameter, with o )
volumic fractions between 1.5% and 6.5% depending on th@ure a|r./S|I|ca substrate interface. In the presence o_f the com-
deposition condition.In the present study, the samples POSite film, the SH response spectrum, however, displayed a
were characterized and shown to have a mean diameter of#/0Ng resonance peak at about 520 (u., 2.39 eV, the
nm with a volumic fraction of 6.5%, the thickness of the "€Sonance peak being located at a position close to the peak
deposited film being a few nanometers. Linear optical apOf the linear absorption spectrum. This resonance peak cor-
sorption measurements were performed on similar composit€SPONds to a resonance enhancement of the SH signal with
films and displayed a broad absorption band lying aroun&he_surfgce_plasmon of the gold clus_ters. The main feature
2.36 eV, i.e., 525 nm, as a result of the surface pIasmoﬁ‘Ot'Ced in Fig. 2 for t_he SH spectrum is the surface plasmon
excitation, and a monotonous increase in the ultravidkt) resonance band which is much narrower than the one ob-

region of the spectrum due to the interband transitions coms€rved in the linear absorption spectrum. Indeed, the SH
ing into play; see Fig. 1. spectrum exhibits a steady decrease in intensity on the blue
The SHé experiments were carried out at the surface ofide of the spectrum whereas the linear absorption spectrum
the gold clusters/alumina composite films in the reflectiondiSPlays a steady increase in absorbance. This latter increase
mode with an angle of incidence of 74° between the inciden{" the linear absorption spectrum is attributed to the inter-
beam and the surface normal. The source laser used was?gnd transitions which dominate in this region of the spec-
nanosecond N -YAG laser pumping an optical parametric trum. These transitions correspond to the excitation of core
oscillator (Spectra-Physics GCR 17010 pumping a Mopoelectron_s from the localizeddb valence band to the &
710), the system delivering pulses of 5 ns duration at a reponduction band of the metal and appear at wavelengths be-
etition rate of 10 Hz in the wavelength range of 900—120¢/oW 640 nm(i.e., azbove 1.95 e)in the spectrum of 4 nm
nm. The unfocused beam typically had an energy of severdliam gold cluster$? The appearance of these transitions is
mJ per pulse. The incident beam was telescdpéth a ratio well known for noble metal clusters and has also been re-
3:1) and directed to the composite film. The SH signal genorted for silver, for example. They are known to strongly
erated in the visible range of the spectrum was collected@ffect the absorption spectrum through the broadening of the
through a lens and a couple of filters to reject any residua$t’face plasmon resonance and the enhanced absorption in
fundamental light. The signal was passed through a mondl€ UV range of the spectrum. It therefore appears that the
chromator and detected with a gated photon counter eadRterband transition contribution of the clusters is negligible
point being recorded for at least 100 s. The wavelenéth ofn front of the conduction band free electron contribution in
the fundamental beam was tuned from 900 to 1200(inen the SH spectrum whereas the reverse is true for the linear
1.03-1.38 ey by small steps of about 4-5 nm. In all these SPectrum. o
measurements, great care was taken to prevent any residual 1N€ question of the origin of the SH response from met-
SH light from the optics and any background light comingals’ and more precisely from metal particles, has already

from the laser system by the systematic use of filters an@€€n discussed in the Ilteratdr“’e.. The SH electric field
noise measurements. originates from a second harmonic polarization consisting of

two contributions, one of electric dipole origin and one of
electric quadrupole origin. In the electric dipole approxima-
tion, no SH generation can occur from media possessing the
In Fig. 2 is displayed the intensity of the SH response aproperty of centrosymmetry. Hence the dominant contribu-
a function of the SH wavelength for the gold/alumina com-tion is the next order term in the multiple expansion of the
posite film samples. Silica does not exhibit any significantnonlinear polarization, that is, the electric quadrupole contri-
absorbance in any of the regions of interest of the spectrunfution. However, at interfaces where the inversion symmetry
neither between 900 and 1200 nm nor between 400 and 606 broken, the electric dipole contribution is no longer for-
nm, and as expected no SH signal was recorded from thkidden and must be reinstated in the nonlinear polarization.

Absorbance (Arb. Un.)

RESULTS AND DISCUSSION
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3 rameters for the so-called surface contribution. Such a de-
o Exp nomination for the two terms entering the polarization may
indeed be quite misleading, particularly in the case of the
surface plasmon resonance since the plasmon is localized at
the surface. Bloembergest al. also determined the four pa-

rameters as
e 4?
,3p|:m=zpf Yol » 2

for the conduction band electrons where the plasma fre-
quency wp is defined as(u§,=ne2/eom* with the plasma
electron density, the charge of the electra® and the elec-
tronic effective mase*. The valence electrons also contrib-
ute to the total nonlinear polarization even in the limit of
long wavelengths through the screening of the ionic cores. In
| | | a rather general manner, and in order to account for inter-
450 300 350 600 band transitions, the deeper-lying valence electrons are intro-
SSHG Wavelength fum duced with a specific contribution as

SSHG Intensity /Arb. Units

=4

FIG. 2. SHG spectrum for 4 nm diam gold clusters embedded in an alumina
matrix and deposited onto a pure silica substr@ieown by dots The
experimental errors are in the range of 15%. The solid line is the free 4enNgore
electron gas model. The dotted line is the SH response of the gold clusters if

they were retaining a dielectric constant given by the experimental data ofyhere Neore IS the density of the valence electrons and

Johnson and Christfsee Ref. 2P Both curves are modeled using E¢®) (1) . . o
and(3) and the term in brackets in E¢4) multiplied by «°. Xead ®) is the linear susceptibility at frequeney. In the

infrared (IR) range of the exciting light, the valence contri-
bution can be reduced to a screening effeegligible inter-

This form of nonlinear polarization is valid at planar metal band transition and the parametey{}){«) becomes inde-
surfaces, and the electric dipole contribution is usually moniPendent of the frequency.

tored to study surface effects like adsorption for example. At ~ The intensity of the SH signal from gold particles can
metal particle surfaces, however, this electric dipole contritheén been derived from the nonlinear polarization as given in
bution again vanishes for symmetry reasons when the met&id. (1). For small spherical clusters, with diameters smaller
particles are spherical and are of a diameter much smalldhan the wavelength of the incoming electromagnetic field,
than the wavelength of the incoming light. In this case, in-this is achieved with the use of Mie theory where the calcu-
deed, the particle may act as a centrosymmetric medium fdations are performed in spherical coordinates. This work has
this electric dipole contribution. Any deviation from a cen- been carried over by Agarwal and Jha and they have reported
trosymmetric geometry should in principle again allow thisthe following total SH intensity integrated over the total solid
contribution. This case may be achieved for nonspherica@n@”e-18

particles obtained through deposition on a substrate for ex- (2(0R)6(

Bva= —2Vvar~ [Xf:%)?fe(w)]zv 3

Yeff ‘2
[€eri( @) +2][ €ei( 20) + 2]

Betl €eri(@) —1] 2)
[€eit(@) +2]°[ 2¢ei(20) +3]| )

ample, or for spherical particles sitting at the interface bes= 1927r2c|E<‘>|4
tween two centrosymmetric media, the two half-spheres
forming the colloidal particle becoming distinguishable if in 36
contact with a distinct medium. Although this latter case was + 5
indeed obtained in work on gold colloids at the air/toluene
interfacel” this should not be the case here where the parwhereE® is the amplitude of the incident fundamental elec-
ticles, about 4 nm in diameter, are completely embedded in g&ic field at the surface of the clusteR is the radius of the
matrix several nanometers thick. Also, TEM micrographsparticle, andc is the velocity of light. This form is valid in
showed that the particles were nearly spherical and therefone limiting case of a vanishing rati/\ but other authors
we will hereafter assume that the electric dipole contributiorhave derived the full Mie theor}?:?° Furthermore, Eq(4) is
to the nonlinear polarization is negligible. Hence, following valid for particles in vacuum. To take into account the effect
the work of Bloembergeet al, the nonlinear polarization of of a dielectric medium, the use of the effective dielectric
electric quadrupole origin 18 constante 4= €€, is required. The dielectric constants of the
PNL(zw):(,ypl_’_ Yoa) VIE(0)E(@)] alumina matrix, extracted from eII_ipsometry measurements,
are found to be almost constant with the wavelength, and we
+(Bpit Bva) E(w)[VE(w)], took a constant value of 2.6. Note thg} this value is slightly
— eV [E(0)E(0)]+ BuE(0)[VE(0)], (1) Z?riléi;tgﬁ?h;h?ngturirg alumina o(®&1),”" as a result of the
where y, and vy, are, respectively, the parameters of the =~ The experimental data given in Fig. 2 have been tenta-
so-called volume contribution from the plasma and the vatively modeled according to Eq$l)—(4) using the experi-
lence electrons ang, and g, are the corresponding pa- mental dielectric constant data from Johnson and CHfisty

c

(4)
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obtained from vacuum-evaporated gold thin flm measureresonance, however, the volume contribution becomes a sur-
ments(dotted ling. A strong surface plasmon resonance isface contribution again since the surface plasmon is localized
obtained with a narrower band than the experimental oneat the surface of the particle within a Fermi wavelength. The
Furthermore, the surface plasmon resonance peak is shiftadirface contribution, as may be seen from Ej, gets its
to the red as compared to the experimental data by approxiesonance for the quadrupole plasmon resonance, whose con-
mately 15 nm. Note that other experimental values from goldlition is 2e(2w)+3=0, and thus has its maximum located
thin films available in the literatufélead to a similar behav- at 502 nm, at a different position from that of the volume
ior. Thus, it appears that the bulk dielectric constant data ofontribution which is located at 536 nm. As a result, the SH
gold are not accurate enough to reproduce both the positioresonance is broadened as compared to what would be ob-
and the bandwidth of the resonance peak of gold clusters. #gained with the volume contribution only. This broadening is
similar result has already been observed with the linear realso clear when compared with the model using Johnson and
sponse of gold clusters. Indeed, the comparison between tt@hristy data for the dielectric constant where the difference
absorption spectrum and the corresponding Maxwell-n the bulk and surface term is much larger. Hence, the op-
Garnett calculation(with bulk dielectric function data tical nonlinear response of gold clusters appears to be well
showed a blueshift and a damping of the measured resonandescribed with a simple free electron gas model model where
compared to the calculated one. This discrepancy has be¢he valence electrons only participate through the screening
attributed to finite size effectimitation of the mean free of the ionic cores, owing to the weakness of the interband
path of the conduction electrons when the cluster radius bearansition contribution.
comes smallgr which affect the dielectric function of the
clust_ers. Thu_s, finite size effects also appear clearly on the oncLUSION
nonlinear optical response of gold clusters, and lead to the
same effects as already observed with the linear optical re- The observation of the second harmonic response from
sponse. gold clusters of 4 nm diameter embedded in an alumina ma-
However, the nonlinear optica| response is marked|y dif.triX and deposited on a silica substrate has been made with
ferent from the linear optical response for those clustersthe second harmonic wavelength tuned in the vicinity of the
since the SH response is dominated by the surface plasméwirface plasmon resonance, the wavelength analysis of which
enhancement and not the interband transition. This behavidfdicates that the interband transitions do not play a signifi-
was already observed for larger gold nanoparticles, ones ¢fnt role in the total SH response. Rather, the nonlinear op-
about 6 nm diameter, at the air/toluene interfft&hus, in  tical behavior of the clusters is dominated by the free elec-
order to find a more suitable description of the experimentairon gas-like response of the conduction band, the surface
data, we used a free electron gas model. The dielectric funglasmon resonance being much sharper than the interband
tion of gold clusters as a function of the wavelength is theriransition contribution. Also, size effects may be responsible

given by’ for a small blueshift of the SH resonance peak compared to
the location expected from the bulk gold dielectric constant,
wﬁ, as already observed with the linear response. These results
€(®)=1+xore T o0 (5)  are of importance in future studies of small clusters since
w’+iw " + L—F these experimental conditions, whereby the fundamental
bulk  Leff

wavelength lies far away from the interband transition re-

where 7, IS the electron relaxation time in the bulk of the gron, look very prfor:]usmlg for cf:a(;actgnzhatlon fOf thel elec-
gold metaly is the electron velocity at the Fermi level, and tr?]r.“f] pro%ertles ofthe ¢ uitedrs. naeea, t_e shurgae plasmon,
Lo is the effective electronic mean free path. In principle, WNIC Yi€lds & narrow peaked resonance in the SH spectrum,

this value directly scales with the diameter of the particles. IS Very sensitive to the surrounding medium owing to its

these calculations, the following numerical values were usecurface localization. Variations in the position and width of
wp=1.36x10' 51 Fou=9.1X 1075 5 ve=1.39 the resonance should then become easily accessible. Appli-
. ) u . y .

cation to the study of functionalized clusters for catalysis is

x10f ms!, and L.s=4nm, already used in previous
eff Y P one example that may be forseen for future stuéiie€

works %6 Using Eq.(5) for the free electron gas dielectric
constant, the best agreement with the experimental values
was obtained fog!).=8.7 (solid curvé. The value obtained ACKNOWLEDGMENT
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