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Abstract. We report a study on the third-order nonlinear optical properties of nanocomposite thin films
composed of gold particles embedded in a silica host matrix. Samples of various metal volume fractions,
ranging from 8 to 35%, are synthesized by the sputtering technique. Some of them are annealed. Nonlinear
optical measurements, which are performed by using the z-scan technique, reveal both a very large nonlinear
absorption and a weak nonlinear refraction close to the surface plasmon resonance frequency of the particles.
We especially study the effect of the metal concentration and the influence of thermal treatment on the
real and imaginary components of the third-order nonlinear susceptibility. Our results reveal that, as
the metal concentration reaches a few percent, the mutual electromagnetic interactions between particles
greatly enlarge the nonlinear optical response of the material and can not be neglected in the theoretical
analysis. Moreover, the thermal treatment leads, for a given concentration, to a significant increase of the
nonlinear response, which is ascribed to a modification of the material morphology. We finally point out
that the material nonlinear properties are very sensitive to the incident wavelength through the local field
enhancement phenomenon.

PACS. 78.67.Bf Nanocrystals and nanoparticles — 42.65.An Optical susceptibility, hyperpolarizability —

61.46.4+w Nanoscale materials: clusters, nanoparticles, nanotubes, and nanocrystals

1 Introduction

The linear optical properties of nanocermets (standing
for “ceramic-metal”) consisting of noble metal nanopar-
ticles embedded in a dielectric host have been extensively
studied for many years. The main feature in the linear
optical response of these materials is the excitation of
the surface plasmon resonance (SPR), which induces an
absorption band whose amplitude, spectral location and
width depend on the metal particle size, shape and con-
centration in the medium [1]. The SPR is responsible for
the enhancement of the local electromagnetic field in the
particles, which induces an amplification of their nonlin-
ear properties as compared to those of bulk metal [2,3].
This explains the large effective third-order nonlinear sus-
ceptibility, ¥®), of nanocermets. Like their linear optical
response, the nonlinear response of such media depends
drastically on both the intrinsic particle characteristics
and the nature of the host medium through the local field
enhancement process linked with the SPR [4-25].
Thanks to this high nonlinear optical response,
nanocermets are thought to be good potential candidates
to be used in new photonics devices, such as all-optic
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switching or routing units, provided the sign and the rel-
ative weight of the real and imaginary parts of x(3) meet
the technological needs. Nevertheless, many experimental
studies devoted to the measurement of the nonlinear prop-
erties of nanocomposite media have been realized by us-
ing the DFWM (degenerate four-wave mixing) technique,
which can only provide the modulus of the third-order
susceptibility [5,7,11,13,14,17,18,21].

The first studies devoted to the measurement of y (%)
were carried out on very weakly concentrated colloidal so-
lutions of gold nanoparticles [2,3]. Nowadays, physical and
chemical synthesis techniques enable the elaboration of
materials containing higher metal amounts. It is thus of
interest to investigate the effect of metal concentration on
the nonlinear optical properties [13,17]; indeed, the mu-
tual interaction between particles (increasing as the con-
centration increases) can result in a strong additional en-
hancement of the local field, and then in an amplification
of the nonlinear response. In a previous article we pre-
sented a study of the third-order nonlinear susceptibility
of a nanocermet thin film composed of gold particles em-
bedded in a SiO2 matrix [24]. The present paper is focused
on the link between selected morphologic parameters and
the nonlinear properties. The influence of metal concen-
tration on the value of the real and imaginary components
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of x® has been especially analyzed. Moreover, the effect
of the material heat treatment on the optical properties
has been investigated through the changes induced in the
cermet morphology.

Thin films consisting of gold particles embedded in
a SiOg matrix have been prepared by radio-frequency
sputtering with different metal volume fractions. Infor-
mation about the thin film morphology are provided by
different characterization techniques. Spectrophotometric
and ellipsometric measurements enable to determine the
nanocermet effective linear complex index. The nonlinear
optical response is then measured close to and off reso-
nance by the z-scan technique [26] which offers the great
advantages, over the DFWM one providing |x®| only, to
get simultaneously the real and imaginary parts of (%)
together with their sign [8-10,15,16,20,22].

2 Preparation and morphologic
characterizations of Au:SiO, thin films

Au:SiOs cermets have been synthesized by radio-
frequency sputtering in a vacuum chamber (2 x 1075 torr)
as thin films deposited on a substrate [27,28]. The target-
to-substrate distance is fixed at 6 cm. The target consists
of a pure SiOq disc (99.998% purity, 13 cm diameter) with
a gold sector plated on it. The rotation of the substrate
holder enables an alternating deposition of granular gold
and SiOq. The synthesis process parameters (rare gas par-
tial pressure, sputtering power, substrate rotation speed)
are chosen as to obtain the desired film thickness and
metal concentration. Several samples have been prepared
with various gold volume fractions under the percolation
threshold. Part of them have subsequently been annealed
at 800 °C during one minute in a rapid annealing furnace.
Different substrate types have been used, depending on
the characterizations and measurements to be carried out:
silica plates, monocrystalline silicon wafers, carbon-coated
copper grids for TEM (transmission electron microscopy).

The samples have then been characterized by different
techniques. The cross sectional TEM micrograph shown
in Figure 1 has been obtained by the ion beam milling
method. This reveals isolated gold clusters randomly dis-
persed in the host matrix. It shows that almost all parti-
cles are spherical, result which is confirmed by GISAXS
(grazing incidence small-angle X-ray scattering) [29]. As
can be observed, the film synthesis technique ensures a ho-
mogeneous distribution of the gold clusters in depth, for
both metal concentration and particle size. The apparent
concentration increase from the edge to the substrate sides
of the film actually stems from the transverse gradient in-
duced by the ionic milling.

The accurate value of the film thickness and the
metal volume fraction, already roughly estimated before
the synthesis process, have been deduced from a-step
profilometry and RBS (Rutherford back-scattering spec-
troscopy) measurements, respectively. The metal concen-
tration varies between 8 and 35% from sample A to sam-
ple D; the film thickness, chosen as to get roughly the same
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Fig. 1. Cross-sectional TEM micrograph of an Au:SiO2 thin
film (thickness: 70 nm) with metal volume fraction p = 23%
(sample C).

total optical transmission 7T from one sample to another
(T ~ 0.3), ranges within 60 and 180 nm. The comparison
of the real film thickness and the one deduced from the
fitting of the RBS measurements allows to evaluate the
porosity of the silica matrix, which is worth 17 4 9%.

The mean particle size has been determined by
GISAXS for the as-deposited and the annealed sam-
ples. These measurements reveal a mean particle diameter
ranging from 2.6 to 4.8 nm depending on the sample, as
well as a 0.2 nm small increase after annealing (only sam-
ple D was not annealed), the particles remaining spheri-
cal. The film metal concentration and mean particle size
are reported in Table 1 for all samples. GISAXS mea-
surements also exhibit a typical feature signing the ex-
istence of spatial correlations between particles in each
annealed sample [29,30]. It is linked with a more homoge-
neous spatial distribution of particles in the host matrix
after heat treatment. The mean distance between parti-
cles, which is deduced from the spatial correlation sig-
nal, is also reported in Table 1. As expected, this distance
decreases with increasing concentration. The thermal an-
nealing also results in the improvement of the crystalline
quality of metal particles [31]. This effect was in particular
observed using X-ray diffraction by Tanahashi et al. [11]
who measured more intense gold diffraction peaks after
heat treatment of films containing gold particles. Duval
et al. [32] also showed by high-resolution TEM a large
decrease of the lattice defects in silver clusters after an-
nealing at 800 °C or 1000 °C.

3 Linear optical propreties of the samples

The linear optical response of the samples is character-
ized by their effective linear index 7(\) or their effective
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Table 1. Morphologic parameters (metal concentration, mean particle size, mean distance between neighboring particles) of

both as-prepared and annealed samples A to D.

Metal volume

Particles mean Mean distance between

Sample fraction (%) diameter (nm) particles (nm) ®

as-deposited 2.6 —

A 8
annealed 2.8 9.0
B as-deposited 16 2.8 -
annealed 3.0 8.0
c as-deposited 23 3.0 -
annealed 3.2 7.5
D" as-deposited 35 4.8 —

& The value is given only when a clear correlation signal can be found in the GISAXS result (see text).
® Sample D has not been elaborated by multilayer deposition but by co sputtering with a SiOs target on which gold pellets were
plated following an hexagonal array. Other deposition parameters have been kept the same as for multilayer technique. This

sample has not been annealed.

linear dielectric function £(A\) = #2(\). 7()\) can be writ-
ten as n(A) = ng(A) + iag(N)/2k, where X is the inci-
dent light wavelength, ng(A) is the refraction index, ag(X)
the absorption coefficient and k& = 2x/A the modulus of
the wave vector. Beyond the proper interest in under-
standing these linear properties, the knowledge of n(\) is
necessary for the calculation of x® from the zscan ex-
periment results. This has led us to carry out spectropho-
tometric and ellipsometric measurements. Transmission
and reflection spectra have been recorded in the spectral
range 300-1000 nm with a Varian (Cary 5) spectropho-
tometer for the films deposited on silica substrates. The
linear absorption coefficient ag(A) and the corresponding
refractive index no(A) have then been extracted by means
of a commercial fitting software (Film Wizard™ Sci).
Ellipsometric measurements have been performed in the
spectral range 300-800 nm with a Sopra ellipsometer for
the samples deposited on silicon substrates. Both types
of measurements give similar results for 7(A). The spec-
tra are shown in Figures 2a and 2b. The absorption co-
efficient profile reveals an absorption band in the visible
domain — originating from the SPR phenomenon — the
maximum of which ranges within A = 495 and 555 nm.
Figure 2b exhibits also the increase of the SPR band rela-
tive amplitude with increasing metal volume fraction. The
precise location of the band maximum as well as the band-
width and amplitude — and more generally the whole pro-
file of both ng(A) and ag(A) — for the different samples
are ruled by the subtle concomitance of different effects,
namely:

(i) quantum size effects (involving not only conduction
electrons but also core electrons from the d band in
the case of noble metals nanoparticles) [1,33];
porosity of the matrix (which can modify the local
environment of the particles and thus their optical
response) [34];

and influence of metal concentration (which actually
reflects the influence of mutual interactions between
particles and can be treated in a first approach by
mean field theories) [1,35-37].
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Fig. 2. Spectral variation of the optical linear index for the
four Au:SiO2 thin films. Labels correspond to those in Table 1.
(a) Refractive index no(A) and (b) absorption coefficient ao ()
of the as-deposited (solid line) and annealed (dotted line) films.

Moreover, one can notice in Figure 2 that the profiles
of the linear refractive index and absorption coefficient of
sample D look rather different than those of the other sam-
ples; this is due to its high metal concentration, close to
the percolation threshold, for which the optical properties
are strongly modified as compared to the case of lower p
values [37,38].
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Table 2. Nonlinear absorption measurement results close to
(532 nm) and off (600 nm) SPR. The imaginary part of x® is
reported for the as-deposited and annealed samples.

Imx® (x107% esu)

Sample A=532nm  A=600nm*
as-deposited  —0.049 + 0.009 0
A annealed —0.69 + 0.06 0
as-deposited —0.76 £ 0.25 0
B annealed —-1.5+0.5 0
as-deposited —-3.0+0.8 0
annealed —6.0+ 0.6 0

D  as-deposited —6.4+1.2 not measured

& Zero value means that the value is weaker than our apparatus
sensitivity.

The absorption curves of the annealed films (samples A
to C) are also shown as dotted lines in Figure 2b. One can
observe an overall increase of the absorption after sample
annealing. This increase can be explained by considering
the amount of metal taking part in the optical response as
gold nanoparticles. Indeed, isolated gold atoms dispersed
in the dielectric host, which primarily do not contribute
to the optical response of the as-deposited films in the
SPR spectral domain, can diffuse and coalesce into clus-
ters under thermal treatment, thus increasing the amount
of “optically active” metal. Furthermore, the SPR absorp-
tion band itself experiences a slight relative amplitude in-
crease as well as a slight narrowing after annealing, this
feature being especially pronounced for sample C. These
enhancement and narrowing can be explained by the mod-
ification, induced by the heat treatment, of the effective
damping parameter I" for the free electrons in the metal
spheres. Indeed, this parameter plays a crucial role in the
expression of the conduction electrons contribution to the
metal dielectric function (Drude model), which is given by:

2

w
=1-—P 1
e(w) w2 +ilw’ (1)
where wy, is the volume plasma frequency. Classical and
quantum models devoted to the study of the SPR band-
width in small particles have led to express I" as [1]:

I(r) = I + 228 )
where I's, is the bulk damping constant (electron inter-
actions with impurities, lattice defects, other electrons,
phonons), vp is the Fermi velocity and A is a model-
dependent parameter. This bandwidth size dependence is
often viewed, in a classical picture, as the effect of the
reduction of the electron mean free path when confined
in particles whose size is smaller than the bulk mean free
path, typically in the range of few tens of nanometers [1].
The modification of I'(r) through the modification of both
I's, and r can explain the changes in the absorption band
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observed after heat treatment: on the one hand the de-
crease of defects concentration, as discussed in Section 2,
results in the weakening of I's [39]; on the other hand
the slight size increase induced by annealing (see Tab. 1)
results in a decrease of the damping constant following
equation (2). Therefore, a better crystalline quality and
an increase of the particle size give rise to the plasmon
band enhancement and narrowing.

4 Experimental study of the effective
third-order nonlinear susceptibility

The effective third-order nonlinear susceptibility of the
Au:SiOy cermets has been measured by the zscan tech-
nique [24,26] which allows to measure simultaneously the
real and imaginary parts of x(3) together with their re-
spective sign. The sample is moved along the axis z of a
focused Gaussian-profile laser beam, the power of which is
kept constant during the whole scan. The incident light in-
tensity Iis maximum at the beam waist, and decreases as
the sample moves away from it. The variations of the total
flux transmitted by the sample, measured by a photodiode
as a function of the sample distance z from the waist, can
then be related to the nonlinear absorption coefficient (3,
which is defined by writing the total light absorption by
the sample as:

a(l) = ap + BI. (3)
8 is proportional to the imaginary part of x® as:

3k Imy® @
© 2g0cn?

A small aperture placed in far-field before the detector en-
ables to measure beam distortions induced by the sample
nonlinear refractive index. One can thus deduce the non-
linear refraction coefficient v which is defined by writing
the sample total refractive index as:

n(I) =no+~I (5)
7 is proportional to the real part of x(3) as:

3 Rex® 6
~ degend ©)
Measurements have been performed using a frequency-
doubled Q-switched Nd:YAG laser providing 7 ns-
duration pulses at 532 nm with a 10 Hz repetition rate.
The laser has also been used as a pump of a dye laser in
order to measure x(®) at different excitation wavelengths.

The nonlinear absorption and refraction coefficients
have been measured at 532 nm, that is close to the SPR
absorption band, and at 600 nm, in the red wing of the
absorption band (see arrows in Fig. 2b). The linear index
determined previously (see Sect. 3) is used for the calcula-

tion of x(®) from the zscan experiment results (i.e. 3 and
7, see Egs. (4, 6)).
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Fig. 3. Variation of Imx® as a function of gold concentration,
for both the as-deposited (squares) and annealed (circles) sam-
ples. The dashed line corresponds to the dilute media theory

(Egs. (7, 8)).

At 532 nm, we have measured for each film a negative
nonlinear absorption coefficient revealing an absorption
saturation phenomenon in the neighborhood of the SPR
peak maximum. Measurements give § values ranging from
—0.23 x 1073 to —22.3 x 1073 cm/W for the as-deposited
samples and from —2.8 x 1073 to —18.3 x 1073 cm/W
for the annealed samples (except sample D which was not
annealed), the metal volume fraction increasing from 8%
to 35%. These results lead (Eq. (4)) to values of Imy(®)
ranging from —(0.049 4 0.009) x 1075 esu (sample A) to
—(6.4 4 1.2) x 107% esu (sample D) for the as-deposited
thin films. After annealing it gives values from —(0.69 £
0.06) x 1076 esu (sample A) to —(6.0 & 0.6) x 1076 esu
(sample C). These results are obtained by averaging the 3
values measured on different points and at different laser
powers for each sample.

The variations of Imy(®) measured at 532 nm as a func-
tion of the metal volume fraction p are shown in Figure 3.
Squares and circles correspond to the as-deposited and
annealed samples, respectively. Results reveal a large en-
hancement of Imy(®) with increasing p: a hundred-fold in-
crease in Imy®) as the metal concentration rises from 8 to
35%. One can notice that with increasing metal amount,
the experimental results diverge from the theoretical pre-
diction (solid line in Fig. 3) suited for weakly concentrated
materials. This theoretical curve, determined in the quasi-
static approximation through a mean-field approach, is
derived from the following expression [4]:

XD (W) = plf )7 2@ (@), (7)

where Xﬁﬁ’ is the intrinsic third-order nonlinear suscepti-

bility of gold particles. Its value, measured by Smith et al.
at 532 nm on a bulk gold film [40], was taken as equal

to ) = (=1 + 5i) x 1078 esu. The intrinsic nonlinear
properties of the particles result from three main physical
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contributions [2,4,10]:

(i) the interband one, stemming from — as already men-
tioned in Section 3 — the electronic transitions from
the fulfilled d band to the sp band;

(ii) the hot electron contribution or, in other words, the

modification of the optical properties due to the

strong raise of the electronic temperature subsequent
to the absorption of light (modification of the Fermi-

Dirac distribution);

and the intraband contribution, due to the confine-

ment of the conduction electrons in the nanoparticles.

(iii)

This last term, absent of course in bulk metal, is any-
way expected to be low as compared to the two others in
the case of small particles [2,4].

The other quantity appearing in the above equation, f,
called the local field factor, is the ratio between the field in
a metal particle and the applied field. Its value in the case
of a weak metal concentration is obtained by calculating
the electric field in an isolated particle in the quasi-static
limit:

3€d(w)
el (w) + 2eq(w) + il (w)’

flw) = (®)

where e4(w) is the dielectric function of the dielectric host
matrix, e, (w) + il (w) the dielectric function of the bulk
metal. Equation (7) predicts a linear variation of Tmy(®)
with metal concentration and a local-field dependence.
Our measurements reveal that Imx®) does not vary lin-
early with p, stemming from the fact that as soon as p
reaches a few percent, mean field theories — which neglect
spatial fluctuations of the electric field on the mesoscopic
scale — can not be applied any more. It has been also sug-
gested [7] that x® is proportional to both p and the fourth
power of the particle radius, or to both the fourth power
of the linear coefficient at SPR maximum, ay,,x and the
inverse cube of p. No such dependence has been clearly
evidenced from our measurements. Moreover, as the in-
trinsic susceptibility of the metal particles, ng’), has been
shown to be weakly size dependent (since dominated by
the interband and possibly hot electron contributions, as
compared to the intraband one) [4,5,9] and as the mean
radius evolution in our experiment is small from one sam-
ple to another (see Tab. 1), the strong variation of Imy(®)
with metal concentration reported in Figure 3 can be
mainly assigned to the enhancement of the local electro-
magnetic field. These experimental results underline the
necessity of performing accurate local field enhancement
calculations by taking into account the mutual influence
between particles, in order to better predict the magni-
tude of the third-order nonlinear response of highly con-
centrated cermets, as it has already been demonstrated
by Shalaev et al. in the case of two-dimensional granu-
lar films [41,42]. Let us notice that, due to these effects,
it would have no sense to extract from our measurements
the value of the particle third-order susceptibility, ng), by
using equation (7), whereas such an assessment is justified
in the case of weakly-concentrated media (doped glasses,
colloidal solutions, ...) [4,5,9,11,16,22,25].
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Figure 3 also exhibits a significant increase of Tmy (%)
after annealing for all samples. This effect can be ascribed,
as for the linear optical response, to enhancement of the
local electric field in the metal particles at the SPR af-
ter heat treatment (see Sect. 3). It is noteworthy that,
whereas the local field enhancement factor f(w) at the
SPR. experiences modifications due to changes in the ma-
terial morphology, the nonlinear optical response amplifies
these modifications since the modulus of the third-order
effective susceptibility varies — at least for weakly concen-
trated media — as ~ | f(w)|* (Eq. (7)).

Let us now discuss the zscan measurements performed
with the aperture in the far-field in order to determine the
real part of the nonlinear susceptibility, Rex® . Measure-
ments performed at 532 nm, that is close to the SPR band
maximum, show that Rex(® is too weak to be precisely
measurable. Two reasons can throw light on the lack of
nonlinear refractive index signal. At first, the large non-
linear absorption prevents from detecting, on the zscan
curve, the beam phase distortion induced by the nonlinear
refraction. This limit of the zscan technique in the case
of materials with very large nonlinear absorption has al-
ready been discussed in reference [24]. Secondly, |[Rex®)| is
expected to be very weak when [Imy(®)| is close to its max-
imum. As pointed out by Hache et al. [4], in the spectral
domain around A = 532 nm, the third-order susceptibility
of bulk gold Xﬁﬁ’ is mainly imaginary (|Imxf§’)| is five times
higher than |Rexg)| as found by Smith et al. [40]). How-
ever, due to local field corrections, the effective nonlinear
susceptibility of nanocermets has to be examined more
carefully before concluding on the sign and value of both
its real and imaginary components. Indeed, even if the lo-
cal field factor in the case of highly metal-concentrated
media is no more given by the simple equation (8) due to
mutual interaction between neighboring particles as stated
before, the complex value of the material effective x3) de-
pends on both the real and imaginary parts of f(w) which
experience strong variations around the SPR frequency.
As an illustration, the modulus of the local field factor f,
calculated following equation (8), as well as the real and
imaginary parts of x(3) as given by equation (7) for an
Au:SiOy nanocermets with p = 10% are plotted against
incident wavelength A in Figures 4a and 4b. The com-
plex XES) value found by Smith et al. [40] for bulk gold
has been used. Let us recall that, in this calculation, f
is evaluated for a single metal sphere surrounded by the
host matrix, that is, no local mutual interaction effects
between particles or even no effective medium effects are
taken into account. Moreover, due to quantum size effects,
the SPR band would be shifted and broadened and, con-
sequently, so would be the spectral profile of the features
attached to both Rex(®) and Imy(®). This plot should then
be considered only as a qualitative basis for discussion.
One can nonetheless see that, due to the combination of
both XES) and f complex values, it is possible to get high
negative Imy® value together with a much weaker Rey (%)
value at some wavelengths close to the SPR. This feature
certainly explains that, once removed the high nonlin-
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Fig. 4. Spectral variations of (a) the modulus of the local field

factor f as given by equation (8) and (b) the real and imaginary

parts of x®), calculated with the dilute media theory (Eq. (7))

for an Au:SiO2 cermet with p = 10%.

ear absorption effect superimposed on the signal recorded
through the small aperture in the zscan experiment, the
remaining signal linked with beam phase distortions in-
duced by nonlinear refraction is too weak to assess the
coefficient v significantly. In our previous paper, we could
only give an upper value for the real part of the third-
order susceptibility of a Au:SiOs cermet with p = 20%,
Rex® < 1.5 x 1077 esu [24]. The experimental studies
where the value and sign of both the real and imaginary
components of x®) could be determined (by the zscan or
other techniques providing the modulus and the phase of
the susceptibility) have already demonstrated the domi-
nance of Imy(® over Rex® close to the SPR, with a neg-
ative sign for the imaginary part [4,5,9,15,16,24] (except
in Ref. [10] where the composite medium absorption coef-
ficient 3 is found to be positive for Au:SiOs and Cu:SiO»
cermets synthesized by ion-implantation). Among these
studies, those for which the metal concentration of the
cermets or colloidal solutions is low have shown, by using
equation (7) which is valid in this case, that at or close to
the SPR the imaginary part of the particle third-order sus-

ceptibility ng’ )

is positive, whatever possible size effects [4,
5,9,16]. As stated before, such a determination of Xﬁﬁ’ is
forbidden in our case, due to the lack of knowledge about
the actual local field enhancement factor linked with the

high p values.

Results similar to those reported in Figure 3 were al-
ready reported at A = 532 nm by Liao et al. on Au:SiO9
cermets prepared by cosputtering and annealed at 850 °C
over a very wide range of metal concentrations [13]. How-
ever, as their experiment is based on the DFWM tech-
nique, it only provides the variation of the modulus of the
third-order susceptibility, |x(®)|, whereas in the present
paper we prove the material nonlinearity to be essentially
imaginary and negative for all concentrations and at this
wavelength. Moreover, in their experiment, the mean par-
ticle size variation with metal concentration is so large
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(mean diameter from 3 to 80 nm) that is renders the in-
terpretation of the nonlinear response dependence on p
less obvious. Nevertheless, they clearly show that |x(*)]|
reaches a maximum near the percolation threshold while
increasing p. We expect our highest-concentrated sample
(sample D, p = 35%) to be very close from this optical
percolation threshold (see also the linear response behav-
ior, Fig. 2, and the discussion in Sect. 3).

When comparing our results for |X(3)| on annealed
samples with those obtained by Liao et al. at equivalent
metal concentrations, we find our values to be significantly
higher [13]. This has been explained by the possible role
played by thermal effects in the nonlinear optical response
of the metal nanoparticles depending on the temporal
regime of the excitation light [18] (the pulse duration is
70 ps in Ref. [13], against 7 ns in the present case). Fur-
ther considerations regarding such phenomena are out of
the scope of this paper but will form the subject of a sub-
sequent publication. Let us just notice that any thermal
effect should not only be governed by the laser pulse du-
ration, but also by its peak intensity and repetition rate
(possible processes of thermal energy accumulation in the
medium) [8,12,22].

Another characteristic exhibited by the theoretical
prediction shown in Figure 4b is that the amplitude of
both the real and imaginary components of x* should
undergo strong spectral variations around the SPR, as
well as sign reversal. In particular, these components are
expected to be very weak quite far from the SPR maxi-
mum wavelength. In the aim to validate this assumption,
zscan measurements have also been performed on each
sample (except sample D) at A = 600 nm by using a dye
oscillator pumped by a frequency-doubled Nd-YAG laser.
Indeed, this wavelength is located in the red wing limit
of the SPR band, as it can be seen in Figure 2b (where
the excitation wavelength is indicated by an arrow), and
the local field enhancement is, therefore, very weak. The
measurements reveal too weak Imy(®) and Rex®) values
to be significantly extracted from noise with our appara-
tus sensitivity. This result confirms the link between the
large value of |x(®| and the local field enhancement at
the SPR, as well as the strong amplitude variations of
x®) in the SPR spectral domain. DFWM experiment re-
sults reported in the literature have already pointed out
such spectral dependence of |x(®)| (the profile of the third-
order susceptibility modulus roughly following the linear
absorbance spectrum profile) [11,14,18]; however, no mea-
surement has yet been published, to our knowledge, re-
garding the spectral variation of the real and imaginary
parts of x(® separately. Experimental investigation is in
progress in our group to explore in more details these vari-
ations and to detect sign reversal, if any.

5 Conclusion

Au:SiOy cermet films with high metal volume fraction
under the percolation threshold have been prepared by
RF sputtering. The sample structural and optical proper-
ties have been particularly investigated in order to inter-

401

pret the nonlinear response. Z-scan measurements have
revealed a large negative Imy® value in the vicinity of
the SPR, increasing with metal concentration with a rate
highly larger than the simple linear law predicted by a
mean field theory, the latter being suited only for weakly
concentrated materials. These results have highlighted the
need to take exactly into account the local spatial varia-
tions of the electromagnetic field when mutual interactions
between particles cannot be neglected.

Moreover, we have observed a strong correlation be-
tween the film morphologic properties and the optical
ones, especially for the nonlinear response. Indeed, after
sample annealing — which cancels lattice defects in the par-
ticles and increases both their size and the total amount
of “optically active” metal by favoring the diffusion and
coalescence of isolated atoms and very small particles —,
the absolute value of Imy®) rises remarkably.

Finally, we have experimentally shown that the am-
plitude of the nonlinear response strongly depends on the
excitation wavelength in the SPR domain, as qualitatively
expected from the predictions of the usual mean field the-
ory (Fig. 4). These amplitude variations — as well as sign
reversal — for both the real and imaginary parts of x(*)
yield to consider nanocermets as valuable potential candi-
dates for optically-driven switching in optical telecommu-
nications. Indeed, provided the SPR being shifted in the
near-infrared domain by, for instance, synthesizing elon-
gated particles [43], large [Rex(®)| values can be generated
by slightly detuning the excitation wavelength from the
SPR maximum, while taking advantage of a large negative
nonlinear absorption increasing the medium transparency.
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