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Abstract: We report on the nonlinear optical properties of Au-Ag
nanoplanets produced by ion implantation and irradiation in silica, ex-
perimentally investigated by means of the single beam z-scan technique.
The measurements provided experimental evidence of the intense local-
field enhancement effect theoretically demonstrated for these plasmonic
nanosystems. In particular, this has a dramatic impact on their nonlinear ab-
sorption behavior and results in a tunable changeover from reverse saturable
absorption to saturable absorption by slightly varying the pump intensity
and in the possibility to activate and observe nonlinear phenomena of the
electron dynamics otherwise unaccessible in the intensity range that can be
employed to study these materials. Finally, for the nanoplanet configuration
we found a dramatic decrease of the intensity-dependent absorption co-
efficient, which could be very promising for obtaining optical gain materials.
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1. Introduction

Controlling light beyond the diffraction limit, i.e., at sub-wavelength level, is one of the main
challenges of nanophotonics. In particular plasmonic nanostructures with tailored shapes and/or
composition are able to produce intense local-field enhancements, which can be further in-
creased by exploiting interaction among the plasmonic nano-building blocks [1-3]. These local-
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field enhancement effects are of great interest for example for nonlinear optical applications
sincethey can be effectively exploited to design plasmonic nanosystems with amplified nonlin-
ear optical response [4,5]. From this point of view metal nanoclusters embedded in glasses have
attracted much interest over the last decades for their peculiar linear and nonlinear optical prop-
erties [6—11]. These are mainly related to the excitation of localized surface plasmon-polaritons
(LSPR), with collective oscillations of the free electrons in the metal nanoparticles that give rise
to a strong linear absorption band in the visible spectrum, known as surface plasmon resonance
(SPR), whose position and intensity depend on the nanocluster size, shape and composition,
and on the dielectric properties of the surrounding matrix [3, 12]. Moreover, the local-field en-
hancement effects that occur in the nanoparticles at SPR wavelengths amplify their nonlinear
optical (NLO) response and make these systems very promising for molecular sensing applica-
tions and as ultrafast nonlinear optical elements [13-16].

Among the different techniques developed for synthesizing and processing plasmonic nanos-
tructures in insulating matrices, ion implantation/irradiation proved to be a very versatile tool
since the functional properties of the nanostructures can be properly tuned by a tailored control
of the irradiation parameters [17—20]. lon irradiation has been effectively employed to produce
a peculiar class of nanocluster structures, named “nanoplanets” (NPLs), consisting of a cen-
tral core cluster surrounded by small satellite clusters [21]. The structural and compositional
properties of these systems have been characterized in details as a function of the irradiation
conditions, as ion, energy and fluence [22,23]. The plasmonic properties of the NPLs have also
been theoretically investigated in the framework of a full-interaction electromagnetic approach,
revealing very large local-field enhancements in the satellite cluster halos [24].

In this work we aimed at linking the near-field properties of Au-Ag bimetallic NPLs to their
nonlinear optical properties, experimentally obtained by means of the single beam z-scan tech-
nigue [25]. For centro-symmetric materials that exhibit NLO response, the refractive index and
the absorption coefficient are intensity-dependent and they are commonly written in the form:
n(l) =ng+nzl anda(l) = ag+ B1, whereny and ag are the linear refractive index and ab-
sorption coefficient, respectively. The z-scan technique allows to determine the magnitude and
sign of both the nonlinear refractive indexJrand the nonlinear absorption coefficief)(

The measurements have been performed with a pulsed laser beam in the picoseconds regime
in order to avoid thermal effects and to isolate the fast electronic contribution to the optical
nonlinearity [26].

2. Experimental

Plasmonic nanoplanets embedded in silica were fabricated following a multiple-ion beam pro-
cessing technique. Auand Ag" sequential ion implantations were performed at room tem-
perature on fused silica (type Il, Heraeus) slides with a 200 keV high-current implanter (Dan-
fysik 1090). The current density was maintained at/2cm?. lon energies of 190 keV for Au

and 130 keV for Ag were chosen to obtain comparable ion ranges. The fluence wa¥3x10
ions/cnt for both ions. The implanted silica slides were then annealed in air &®@dr 1h to
promote the bimetallic AuAg cluster formation. Subsequently, Ar irradiations were performed
on a set of samples at energy of 190 keV, current density gi 8/2m? and fluence of 2.5x 1§
ions/cn? to induce the nanoplanets formation. In the following the implanted reference sample
(i.e., containing just spherical nanoparticles before Ar irradiation) is labeled AuAg, whereas
the label AuAg-NPL indicates the Ar-irradiated sample with the formation of NPLs.

Structural and compositional characterizations were performed by transmission electron mi-
croscopy (TEM) with a FEI Tecnai F20 field-emission gun (FEG) STEM microscope operating
at 200 kV equipped with an EDAX energy-dispersive x-ray spectrometer (EDS). Optical ab-
sorption spectra were collected with a JASCO V670 dual beam spectrophotometer in the 300-
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800 nm wavelength range.

Thenonlinear optical properties of the samples were characterized by z-scan measurements.
The basic idea of the z-scan technique is to measure the transmitted intensity as the sample is
moved along the propagation direction (2) of a laser beam focused by a converging lens. In this
way the intensity on the sample varies as a functiop being maximum at the lens focus, and
the nonlinear effects can be detected as variations in the normalized transmittance. In particu-
lar, closed apertureCp) transmittance curves measured through a small aperture are sensitive
to phase distortion and are affected by both nonlinear refraction and nonlinear absorption in
the samples, whereas open-aperture (OA) measurements performed without the aperture carry
information only on the nonlinear absorption effects.

The measurements were performed with a ring-cavity, mode-locked Nd:glass laser source. The
laser supplies trains of about 100 pulses at a repetition rate of 1 Hz. The single pulse duration
is about 6 ps and the time separation between two pulses is 5 ns. A pulse slicer was used in
order to select a single pulse out of each train. The laser was operated in thg ekle at

fixed power output. The laser output was frequency doubledb27 nm) by means of a sec-

ond harmonic birefringent crystgB¢barium borate3-BBO). A 100 mm converging lens was

used to focus the laser beam. The beam wagsat the focal point was about 20m, and the
Rayleigh range (diffraction length of the Gaussian laser beampyw@s7 mm. Closed-aperture

and open-aperture transmittance curves were collected simultaneously at each sample position
along the beam propagation direction and normalized to a reference sign@lAFoeasure-

ments, an iris diaphragm was used as aperture with a linear transmi@abde Each point in

the z-scan curves is the average of 64 shots. The measurements have been performed at dif-
ferent laser beam intensities obtained by means of optical density filters. The maximum peak
intensity was always maintained lower than 1 GW/dmprevent sample damage or modifica-

tions during the scans. A GSeference sample §n= 3 x 1014 cm?/W) was used to calibrate

the laser intensity [27].

In the thin-sample approximatidn << zy (L being the sample thickness, about 70 nm in
our case) and in the low-intensity regime, the following analytical expression can be used to
define the normalized transmittantehrough the aperture as a function of the aperture linear
transmissiors, as shown by Guet al.[28]:

. (1-9Hsing 1-(1—-9Hcosé

T Tsaeg AT Tsae O W

where 2( 5 3)

X+
N ) @
Rte @
and 5

ACDO = Tn-n2|0Le (4)
AW = BloLe/2V2 (5)

X = z/7y is the dimensionless relative position of the sample along the beam propagation
direction with respect to the focus of the converging ldgsis the on-axis laser intensity

at the lens focus ante = [1—exp<‘“0'->} /ao is the sample effective length, withy the
linear absorption coefficient. For open aperture measurements (S=1) Eq. (1) results in the
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Fig. 1. Optical absorption spectra of the samples with (AuAg-NPL, continuous line) and

without (AuAg, dot-dashed line) the nanoplanets. The vertical line indicates the z-scan
excitation wavelength. The inset shows the corresponding TEM cross-sectional bright-field
micrographs.

conventional expression given by Sheik-Balkeaal.[25]:

- Blol-e
2V2(1+x2)

In principle, Eq. (1) can be used to obtain both the nonlinear refractive inglard the non-

linear absorption coefficier. Nonetheless, in order to minimize the number of degrees of

freedom and therefore providing a much more reliable determination of the nonlinear parame-

ters we have chosen to fit separately@eandCA scans with the Egs. (6) and (1), respectively,

but to get consistent results between the two classes of scans, the fit€af¢cheves have been

always performed by fixing the parameters of the correspor@fits.

(6)

Toa=1

3. Results and discussion

As reported in previous works [22, 23], the sequential implantation of And Ag™ and the
subsequent thermal treatments induce the formation in the samples of a population of AuAg
alloy clusters with an average diameter<dd>= 12+ 6 nm, centered at about 60 nm below

the silica surface, producing a hanocomposite sub-surface layer of laboditnm thickness.

The Ar irradiation then promotes the formation of Au-enriched satellite clusters with a mean
diameter of about 2 nm at a distance of about 2-3 nm from the original cluster surface, giving
rise to the nanoplanets structure. In Fig. 1 we have shown the optical absorption spectrum of
these systems (AuAg-NPL, continuous line). The spectrum of the same samples before Ar ir-
radiation, that is previous to the nanoplanets formation, (AuAg, dashed line) is also reported
for comparison. The inset shows the corresponding TEM cross-sectional bright-field micro-
graphs. The nanoplanets formation induces a red-shift of the surface plasmon resonance band
whose peak shifts from 477 nm (visible in the samples before Ar irradiation) to 508 nm, that is
closer to the z-scan excitation wavelength (527 nm). Since the actual composition of the core
clusters in the Ar-irradiated samples does not change significantly with respect to the original
ones obtained before Ar irradiaton, [23] the changes in the optical spectra cannot be merely
interpreted in terms of a compositional change. Conversely, the topological arrangement of the
satellites clusters has to be taken into account. Indeed, the observed plasmon shift has been
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Fig. 2. (a, b, c) open-aperture (OA) and (d, e, f) closed-aperttf@ ¢-scan curves of
sample AuAg-NPL, measured at 527 nm at the three indicated laser beam intensities (at
the lens focusl|p). The solid lines represent the best fits according to Egs. (6) and (1),
respectively, following the approach described in the text. The different vertical scales are
used to highlight the features visible at the different intensities.

demonstrated to be a consequence of a strong electromagnetic coupling between the core and
the satellite nanoclusters, which affects the local-field near the core surface, and local-field en-
hancements as high &5| /|Eo| ~ 15 have been calculated in the satellite cluster halgsgE

the incident field) [24].

In Fig. 2 we have reported the open-aperture and closed-aperture z-scan transmittance curves
of sample AuAg-NPL measured at three different laser beam intensities in the 0.1-1 &W/cm
range. The data are normalized to the linear transmittance measured far from the lens focus.
The graphs are plotted with different vertical scales to better highlight the features visible in
the different scans. The reproducibility of the results has been checked both for forward and
backward scans performed on the same sample position as well as for scans obtained increasing
the laser peak intensity up to the maximum value used in this experiment and subsequently de-
creasing it to its minimum. This ruled out any possible permanent modification of the samples
induced by the laser irradiation in the range of intensities explored in this work. At the lowest
laser peak intensity the open aperture scan (Fig. 2a) exhibits two opposite features: a transmit-
tance decrease visible in the pre-focal and post-focal regions and a peak in the region close
to the lens focus (z=0). This behavior is due to the superposition of two componghts:(a
component, responsible for the observed transmittance decrease, induced by reverse saturable
absorption phenomena (RSA), anga< 0 component giving rise to the central peak, due to
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saturable absorption (SA) effects. By increasing the laser peak intensity this SA contribution

becomesnore and more evident, being completely dominant at the highest intensity (Fig. 2c).
Such effects cannot be accounted for by using a purely constant vaftieagfcommonly

used in the standard z-scan analysis procedure [25], as we will show below. Therefore we

assumed an intensity-dependent nonlinear absorption coeffg{eéngiven by the following

expression with two components:

B(I) = Brsa(l) +Bsa(l) = 1ﬁ+|7 + 1ﬁ_|7
I§ ls

@)

wherethe signs “+” and “-” refer to the RSA (positive) and SA (negative) contributions, re-
spectively. The hyperbolic form has been chosen, as done bgt@l [29], to introduce a
saturation effect at high laser intensities in the nonlinear absorption coeffidieraadl; are
the corresponding saturation intensities. Consequently, Egs. (1) and (6) have been corrected by
introducing the above expression for the nonlinear absorption coefficient. The solid lines in Fig.
2 are the best fits obtained with this approach. The numerical results are reported in Table 1.
The mechanisms controlling the optical nonlinearity of gold and silver nanoclusters in the
picoseconds regime have been investigated in the past by Bhdipstudying chemically syn-
thesized AuAg nanoclusters in liquid solutions [30] and more recently by Guredakin
pulsed laser deposited Ag nanodots on quartz substrates [31]. In those systems the nonlinear
absorption behavior has been explained on the basis of the electron dynamics in the excited
states of the metal nanopatrticles. According to the authors, for excitation at moderate inten-
sities in the picoseconds time scale, the intraband electron transitions within the conduction
band lead to the ground-state plasmon bleaching which results in a SA process. At higher ex-
citation intensities, excited-state absorption related to free carriers becomes significant leading
in this case to an RSA process. Moreover, at very high pump intensities even the excited-state
absorption responsible for RSA may saturate giving rise in the end to a further changeover to
a SA behavior. This last changeover from RSA to SA actually was suggested by the authors,
but was not experimentally observed within the pump intensity range available for their work.
Conversely, in our samples this evolution is clearly evident already at the minimum laser peak
intensity useful for the experiment (Fig. 2a). In fact, due to the intrinsic capability of the z-scan
technique to change the intensity on the sample by moving it along the beam propagation di-
rection, the concomitant presence of a REAX 0) component in the regions far from the lens
focus (where the intensity on the sample is the lowest) and 88SA{) component close to the
focus (where the intensity has its peak value in the scan) demonstrates that the RSA towards
SA changeover is actually taking place. Then the SA behavior becomes dominant at higher
laser peak intensities (Figs. 2b, c). We ascribe the capability to observe this evolution from
RSA to SA in our samples already at relatively low laser intensities to the strong local-field
enhancement effects induced in the samples as a consequence of the core-satellite coupling in

Table 1. Nonlinear optical parameters measured at 527 nm of the samples with (AuAg-
NPL) and without (AuAg) the nanoplanets.

] | AuAg-NPL | AuAg \
nz (10 10 c?/W) —8+3 —5+1
B. (103 cm/W) 19+0.7 0.15+0.03
I3 (108 Wicn?) 0.0940.04 442
B_ (10~4 cm/W) —4+1 —3+1
l5 (10° Wicnv?) 1.2+0.1 | 0.010+0.001
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Fig. 3. (a, b, c) open-aperture (OA) and (d,e,f) closed-aper@AgZ-scan curves of sample
AuAg, measured at 527 nm at the three indicated laser beam intensities (at the lens focus,
lg). The solid lines represent the best fits according to Egs. (6) and (1), respectively, fol-
lowing the approach described in the text. The dashed lines in (a) and (c) represent the best
fit and the simulation, respectively, obtained for an intensity-indeperlent.1x 10~

cm/W (see the text for comments).

the nanoplanets. Owing to this, the effective intensity locally experienced by the samples is
significantly increased (roughly by two orders of magnitude) with respect to the laser beam
intensity.

A validation of this description has been provided by the results of the same z-scan measure-
ments performed on the non-irradiated samples (AuAg). As previously mentioned, indeed,
these systems are analogous to the Ar-irradiated ones (containing the nanoplanets) from a com-
positional point of view. Conversely, they exhibit a blue-shifted SPR band out of resonance
with the z-scan laser excitation wavelength and therefore much lower field enhancement fac-
tors. For this reason these samples are the most suitable to check the effect on the nonlinear
optical properties of much lower effective intensities experienced by the samples. To this aim,
we have performed z-scan measurements on AuAg samples in the same intensity range ex-
plored to investigate those containing the nanoplanets (AuAg-NPL). The experimental results
are reported in Fig. 3. The main feature that can be observed DAlseans of these samples
is a transmittance decrease as the sample approaches the lens focus induced by RSA processes.
This behavior is visible at all the investigated laser peak intensities. Consistently, also in this
case the z-scans have been analyzed by introducing an intensity-dependent nonlinear absorp-
tion coefficient, given by Eq. (7), following the same procedure used to analyze the AuAg-NPL
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sample. The solid lines in Fig. 3 are the best fits obtained in this way. The numerical results are
alsosummarized in Table 1.

To better support the scheme adopted, we compared the present analysis with the standard
one [25] that assumes a constant value of the nonlinear absorption coeficieRt. (6). The
results are shown in Fig. 3a, ¢ with dashed lines: although a reasonably good fit is obtained at
low intensity (Fig. 3a, dashed line), a simulation of the expe@Aacurve at high laser peak
intensity with this value of3 (Fig. 3c, dashed line) demonstrates that the simple picture of
a constanf3 value fails to describe the experimental results in the whole intensity range. As
shown, in this case the experimen@A scan exhibits a much less pronounced minimum at
the lens focus with respect to the simulation, suggesting a lower (i.e., not constant) nonlinear
absorption coefficient. It is worth noting that a better level of agreement with the experimental
OA data could be obtained with this constant valug éf the Rayleigh rangey is treated as a
free parameter in the fitting procedure. Nonetheless this would lead to an inconsistent increase
of the value ofz, as the laser peak intensity is increased, which is unphysical gjnsen-
dependent of the beam intensity and it is defined only by the given experimental set-up [32].
These results thus demonstrated that in our samples: (i) the nonlinear absorption cogfficient
is a function of the laser intensity and (ii) at the highest intensities in the range explored the
excited-state absorption processes, responsible for the RSA behavior, saturate. Moreover, by
introducing a SA componenpéa) in the nonlinear absorption coefficient (Eqg. 7) it has been
possible to account also for the small humps visible in the pre-focal and post-focal region in the
low intensity OA scan (Fig. 3a). For these samples therefore the nonlinear absorption behavior
is characterized by a changeover from SA exhibited at very low intensities towards RSA at
moderate intensities that in turn further saturates at the maximum intensities accessible for the
experiment. It is worth underlining that the whole nonlinear behavior so-far described is con-
sistent with the mechanism proposed by Phdifal.[30] to describe the picosecond nonlinear
properties of 3-4 nm Au or Ag nanoparticles in solutions and with the results by Ganhaév
on 4 nm Cu nanoparticles in silica [33].

Figure 4 summarizes the evolution of the nonlinear absorption coeffiBightas a contin-
uous function of the intensity in the two samples, as computed with the data reported in Table
1. The overall opposite behavior is evident in the two samples: at high intensities the saturat-
ing SA component dominates in the AuAg-NPL sample whereas the saturating RSA one is the
most effective in the AuAg. Of course what is important from an applicative point of view is
the productBl, which is the nonlinear correction to the linear absorption coeffiagniThis
implies that in Fig. 4 the high-intensity side of the curves is dominating. To investigate this
point we plotted in Fig. 5 the resulting values of the normalized intensity-dependent absorption
coefficienta(l)/ag as a function of the laser intensity. AuAg sample behaves as an optical
limiter, i.e., itsa (1) increases at high laser intensities, whereas AuAg-NPL sample exhibits a
decreasing value of absorption lag increased. It is interesting to note that in this last case
for laser intensities close to 1 GW/érthe normalized absorption approaches zero and eventu-
ally could become negative (if extrapolating the measured data at higher intensities), therefore
behaving like an effectively optical gain material. Unfortunately this range of intensities is not
experimentally accessible since it is beyond the damage threshold for these materials, above
which we observed permanent modifications of the samples that completely alter their optical
response. This limitation could be overcome through a further optimization of the local-field
enhancement properties of the plasmonic nanostructures (either nanoplanets or more complex
architectures), which could make the optical gain regime already accessible at laser intensities
below the damage threshold.

A final comment on the value of the nonlinear refractive indgxs worth doing. As it can
be seen in Table 1, although tBevalues differ substantially (both in sign and magnitude) in

#156046 - $15.00 USD  Received 14 Oct 2011; revised 11 Nov 2011; accepted 13 Nov 2011; published 9 Feb 2012
(C) 2012 OSA 13 February 2012 / Vol. 20, No. 4 / OPTICS EXPRESS 4545



0.01 0.1 1

N AuAg-NPL  (a)-
64 .. ]
s 4 \\\BRSA i
L B
=Y .\ T
& -2 I
' B T _
7 I SA - ]
2 : .
~~~~~~~~~~ Brsa (b)
1- \\\\\\\ .
= B
5 op.”
e 14 ,/'/’/‘ i
[ca // BSA
AuAg
2 — R
0.01 01 1
| (GW/cm?)

Fig. 4. Evolution of the nonlinear absorption coeffici@nsolid line) and of its components
Brsa (dashed line) anfisa (dot-dashed line) plotted as continuous functions, obtained from
the NLO data measured at 527 nm as a function of the laser intensity for AuAg-NPL sample
(a) and for the AuAg sample (b).

the AuAg and AuAg-NPL samples, theip values measured by z-scan are of the same order
of magnitude (and comparable with similar samples as in ref. [14]) and intensity-independent.
This can be consistently interpreted by considering that from a topological point of view the dif-
ference in the scattering cross section between AuAg-NPL and AuAg nanoparticles is mainly
controlled by the halo of satellites whose size is about 2 nm. In this size range, the dipolar ap-
proximation can be used in the visible range (i.e., the cluster r&lisisnuch smaller than the
wavelength of light) and therefore the extinction cross section (i.e., the sum of scattering and
absorption cross sections) results to be mainly controlled by the absorptive part (proportional in
the dipolar approximation t8%), whereas the scattering cross section, being proportiofi&l to

is almost negligible. Therefore from a scattering point of view the satellites halo is equivalent
to an effective medium shell layer that changes locally the dielectric environment of the core
nanoparticles, resulting in a net red-shift of the cross sections without altering too much the
contribution of the scattering with respect to the absorption component. For this reason in the
far field we can expect the larger effect of the nonlinear coefficient in the absorption part, and
not in the scattering (refractive) part, in agreement with the present results.
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Fig. 5. Evolution of the normalized absorption coefficier{l ) /ag measured at 527 nm

as a function of the laser intensity for AuAg and the AuAg-NPL samples: dots represent
experimental points from the z-scans in the whole intensity range and the lines are the
functions computed with the measured values reported in Table 1

4, Conclusions

In this work, the nonlinear optical properties of Au-Ag nanoplanets have been experimentally
investigated close to their surface plasmon resonance by means of the single beam z-scan tech-
nigue. The measurements have been performed in the picoseconds regime in order to isolate
the fast electronic contribution to the optical nonlinearity. The results reveal that both AuAg
nanoplanets and AuAg nanoparticles exhibit large values of the nonlinear optical parameters
with an opposite sign of the (intensity dependent) nonlinear absorption coefficient, demonstrat-
ing that at the highest intensities investigated (below the damage threshold) AuAg nanoplanets
behave as a saturable absorber, whereas AuAg nanoparticles exhibit an optical limiting char-
acter. On the other hand, our experimental results allowed to reveal in the AuAg nanoplanets
the peculiar strong local-field enhancement effects, theoretically expected considering the core-
satellite coupling. As an important consequence, this enabled to investigate nonlinear phenom-
ena that could not be activated even at the highest excitation intensities in the sample with-
out nanoplanets. Finally, we found in the nanoplanet configuration a dramatic decrease of the
absorption coefficient, which approaches zero at intensities close to the threshold for sample
damage. This prompts for the design of optimized plasmonic nanostructures whose local-field
enhancement properties could make this optical gain regime already accessible at laser intensi-
ties below the damage threshold.
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