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Nonlinear materials are of great technological interest for the realization of nanophotonic devices able
to control and manipulate light. These properties can be specifically engineered by exploiting the surface
plasmon resonance of plasmonic nanocomposites, in proximity of which nonlinear absorption and refrac-
tion are largely enhanced. An exploration of the spectral, irradiance, and host material dependence of the
nonlinear parameters is important to be able to gain a thorough understanding of the nonlinear response.
In the present work, we investigate the nonlinear optical response of Au and Ag nanoparticles embedded
in sapphire by a spectral z-scan characterization across the localized surface plasmon band of the samples.
We also present a comparison of the results obtained for Au nanoparticles embedded both in silica and in
sapphire, produced under equivalent conditions, to test the influence of the host material. We theoretically
describe the spectral trends of both the nonlinear absorption coefficient and nonlinear refractive index by
implementing a three-level model, which provides important insights into the main physical parameters
controlling the observed spectral features, and the possibility of ab initio composite designs with tailored

properties.
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I. INTRODUCTION

The study of the optical properties of nanostructured
materials, specifically collections of nanoparticles embed-
ded in some host material, has attracted considerable inter-
est in the past few years [1-6]. This interest arises in
the most part from the capability of tailoring their opti-
cal properties by manipulating their different fabrication
parameters: composition, morphology, and the spatial dis-
tribution of the nanoparticles, as well as the dielectric
contrast with the host medium. Their nonlinear optical
properties are particularly interesting in order to implement
different functionalities in proposed applications, such as
saturable absorbers [7], nonlinear elements information
processing systems [8], among others [9—11].

Metallic nanoparticles embedded in a dielectric matrix
in particular have attracted a lot of attention, due to the
capability of exciting localized surface plasmons, and the
resonances associated with them. These metal-dielectric
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composites display strong absorption bands in the visi-
ble arising from the localized surface plasmon resonances
(LSPRs), producing different optical phenomena, such as
a strong dichroism for example [3,12]. Regarding their
nonlinear optical properties, it is well known that they
are greatly enhanced on or near these LSPRs, resulting
in relatively large nonlinear optical coefficients [2,13—17].
The degenerate third-order nonlinearity gives rise to non-
linear absorption and refraction, the latter being observed
in different effects, such as self-focusing, self-modulation,
and four-wave mixing [18]. This nonlinear response is
of interest from the point of view of possible applica-
tions, provided that they have a strong enough response
to make their use feasible. Applications such as all-
optical switching rely on nonlinear refraction, while laser
mode-locking relies on nonlinear absorption, for exam-
ple. Most applications will involve waveguiding devices
of some sort, so achievement of efficient waveguiding
is of great importance. This has been demonstrated for
the Ag nanoparticle-containing channel waveguides pro-
duced by masked ion implantation [19], a further step
toward the implementation of devices. Being on or near
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a resonance usually implies an enhancement of the nonlin-
ear coefficients, but this enhancement works differently for
nonlinear absorption than for nonlinear refraction, which
will have in general different wavelength dependencies.
Because of this, it is important to conduct a detailed char-
acterization of the spectral dependence of the nonlinear
response of a given material, in order to understand the
response and to identify possible interesting regimes for
a given application. For example, a spectral region where
nonlinear absorption becomes negligible while nonlinear
refraction remains finite [20,21] is important for all-optical
switching applications, since nonlinear absorption repre-
sents deleterious effects [22]. There have been many stud-
ies of the nonlinear response of nanostructured materials
[23,24], but only a few include the spectral dependence of
the nonlinear parameters [13,15,25-28].

Another aspect that has an important influence on the
spectral position of the LSPRs, and more importantly on
the magnitude of the nonlinear response, is the dielectric
contrast with the host. This is characterized by the local
field factor £, given by f| = 3e€4/ (€, + 2€4), where €, is
the dielectric function of the dielectric host (purely real and
positive for a transparent dielectric) and €, is the dielectric
function of the metal, usually complex, with a negative real
part. The effective third-order nonlinear susceptibility of
the composite x is given by x5 = plfil*/,2x + x
[29], where p is the volume filling fraction of the nanopar-
ticles, and x% and x ;3) are the third-order susceptibilities
of the metal and dielectric, respectively. The contribution
of the host susceptibility Xf) is usually orders of mag-
nitude smaller than that of the metal, which is further
amplified by the local field factor contribution, indicating
that the response is actually dominated by the properties of
the metal-dielectric metamaterial as a whole. In this sense,
the dielectric contrast is another parameter that can be
manipulated to improve the nonlinear response, and since
the local field factor appears as the fourth power in the
expression for the effective nonlinearity of the composite,
a small change in this factor can have a strong impact on
the size of the nonlinearity. It therefore makes sense to use
a high refractive index dielectric (e.g., sapphire or titania)
as the host to maximize this factor [29].

In this work, we present a detailed study of the non-
linear refraction and absorption observed in composites
consisting of either gold or silver nanoparticles embed-
ded in sapphire, and their spectral dependence across the
LSPR absorption features. We also show results for Au
nanoparticles embedded in silica under similar implanta-
tion conditions for comparison. For the case of Au, the
opportunity to contrast the response for different host mate-
rials across an ample spectral region allows the study
of the local field effect on the overall nonlinearity. The
samples are produced by the ion-implantation technique,
which allows good control of the concentration and size
distribution of the nanoparticles, and due to the fact that

they are embedded, the long time stability of the samples
is assured. The spectral trends of both the nonlinear absorp-
tion coefficient and nonlinear refractive index are theo-
retically described by implementing a three-level model.
This model represents a simple, but very useful tool to get
insights into the main physical parameters controlling the
observed spectral features and to design nanocomposites
with properly tailored nonlinear response.

II. EXPERIMENTAL PROCEDURES

A. Samples synthesis and characterization

Ion implantation is performed at room temperature
using an implantation energy of 2 MeV at the 3MV tan-
dem accelerator (NEC 9SDH-2 Pelletron) at the Instituto
de Fisica, Universidad Nacional Autéonoma de México.
Ag and Au ions are implanted with a fluence of 2.5 x
10'® cm™2 in high-purity sapphire and silica plates. After
metal ion implantation in sapphire, each sample is heated
under a reducing atmosphere (RA, 50%N,+50%H,) for
90 min at a temperature of 950°C, while for the Au-
implanted silica sample, the thermal treatment is done in
air at 1100 °C for 60 min. In the following the samples are
named according to the implanted ion and the substrate,
as Au:sapphire, Ag:sapphire, and Au:silica. The implan-
tation fluence and the parameters of the implantation pro-
file (projected range R, below the sample’s surface and
the FWHM) are measured by Rutherford backscattering
spectrometry (RBS). The results are shown in Table I.

The absorbance spectra of the thermally treated sam-
ples are measured using a Jasco V670 spectrophotometer.
The spectral range between 200 and 900 nm has been
explored. The absorbance spectra measured for each sam-
ple are reported in Fig. 1. The observed peaks correspond
to the LSPR of the plasmonic nanoparticles. In particu-
lar, Au:sapphire and Au:silica have maximum absorbance
at 561 and 525 nm, respectively, whereas Ag:sapphire
exhibits a LSPR band centered at 464 nm. The particle
size distribution for the samples studied in this work is
estimated by performing simulations of the absorbance
spectra according to Mie theory [30]. The size distribution
for the Au:silica sample is Gaussian with a mean radius
of about 3.8 nm and a standard deviation of 1.9 nm. For
the Au and Ag nanoparticles implanted in sapphire, we
instead had to use a wide size distribution that is not Gaus-
sian. In particular, for the Au:sapphire sample, the radii

TABLE 1. Projected range (R,) and the FWHM of the ion-
implantation profile of each sample.

Substrate Sapphire Silica
Implanted ions Au Ag Au
R, (nm) 329 520 570
FWHM (nm) 187 251 282
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FIG. 1. Absorbance spectra of the analysed samples. The
dashed lines enclose the spectral ranges explored for each sam-
ple by the z-scan technique, i.e., the regions around the plasmon
resonance peak of each sample.

range mainly from 5 to 35 nm, and there is also a sig-
nificant number of particles with sizes less than 2 nm.
For the Ag:sapphire sample, the radii range from 18 to
50 nm, also with a significant number of particles with
size less than 2 nm. These results are in accordance with
previous TEM and optical studies performed in similar
samples with Au and Ag nanoparticles embedded in silica
or sapphire at similar implantation energies and thermal
annealing [30-32]. Moreover, it is possible to estimate a
mean volumetric density p by choosing for each sample
a mean particle radius », the RBS measured implantation
fluence, and the FWHM of the ion distribution [33]. We
used a mean particle size of 3.8, 20, and 30 nm for the
Au:silica, Au:sapphire, and Ag:sapphire samples, respec-
tively, according to the Mie simulations. The volumetric
density p and the mean volume of a nanoparticle in each
sample allow us to roughly estimate a filling factor of
1.5%, 3.2%, and 2.2% for the Au:silica, Au:sapphire, and
Ag:sapphire samples, respectively.

B. z-scan measurements

The nonlinear absorption coefficient 8 and the nonlin-
ear refractive index n, of the investigated samples are
determined by the single-beam z-scan technique [34-36].
A converging lens focuses the laser beam on the sample
while the transmitted intensity is measured. The sample
is translated along the beam propagation axis (z) so that
the incident beam intensity varies with z, being maxi-
mum at the lens focus. The nonlinear response is detected
as variations of the normalized transmittance. The z-scan
measurements can be performed in two configurations,
namely open aperture (OA) and closed aperture (CA).

In the former all the transmitted intensity is measured,
whereas in the latter a small aperture in front of the detec-
tor partially cuts the transmitted beam, making the measure
sensitive to phase distortions. From the analysis of the nor-
malized OA and CA transmittance curves, § and n, can be
extracted, respectively.

In this work, OA and CA measurements are performed
simultaneously by using the following setup. The third
harmonic beam of a mode-locked Nd:YAG laser (A =
355nm), supplying 18 ps pulses with 10 Hz repetition
rate and an average pulse energy of approximately 7
mJ, is employed to pump an optical parametric ampli-
fier (OPA), which tunes the beam wavelength in a wide
spectral range between 420 and 2400 nm. The short pulse
duration employed precludes the appearance of intrapulse
thermal effects, while the low repetition rate prevents
the possibility of cumulative pulse-to-pulse thermal pro-
cesses, thus ensuring that the nonlinear response activated
in the samples is purely electronic in origin. The incident
beam has a TEMy, Gaussian profile with a beam waist
of wo = 38.6 um at A = 600 nm, measured by the knife-
edge method [37—39], and its intensity (/o) can be varied by
means of optical density filters. A beam splitter divides the
incident beam so that on one arm its intensity is measured
by a photodetector (reference signal) and on the other arm
it is focused by a converging lens (f = 200 mm) on the
sample, which is mounted on a 200-mm-long translation
stage that moves it along the z direction, namely the laser
beam propagation path. The transmitted beam is then split
into the OA and CA branches: along the former the beam
is directly focused onto a photodetector, whereas along the
latter the beam first passes through an iris diaphragm, i.e.,
the aperture, and is then focused onto another photodetec-
tor. The linear transmittance of the aperture used in this
work is S = 0.29. The signal revealed by the two detec-
tors is normalized by the reference signal obtaining the
OA transmittance (7ps) and the CA transmittance (7¢a),
respectively. The three photodetectors are connected to a
digital oscilloscope and from it to a computer, which also
allows us to control the OPA and the translation stage by
remote. Each point of the z-scan curves is acquired by
averaging 100 pulses. All the z scans are performed in the
forward and backward directions to ensure that no artifacts
due to local damage in the sample are induced in the z-scan
curves.

The quantitative analysis of the OA and CA measure-
ments, to determine the nonlinear absorption coefficient 8
and the nonlinear refractive index n,, is done following
the approach described in detail in Ref. [40]. To minimize
the number of degrees of freedom and get a more reliable
determination of the nonlinear coefficients, for all the mea-
surements, the OA curve is first independently analyzed to
extract the nonlinear absorption coefficient and then this is
set into the fit function of the CA curve from which the
nonlinear refractive index is obtained.
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II1. RESULTS AND DISCUSSION

A. Spectral response

The nonlinear optical properties of plasmonic nanocom-
posites are expected to be strong in the spectral region
around their LSPR due to the enhancement of the local
electric field in the plasmonic nanoparticles [16]. Hence,
a spectral z-scan characterization of the nonlinear absorp-
tion (NLA) and nonlinear refraction (NLR) of the produced
samples is performed in the spectral regions around the
LSPR peak (Arspr) of each sample. In particular, the
ranges shown in the dashed regions in Fig. 1 are explored.
The measurements are conducted with an average peak
intensity at the lens focus of /[y ~ 5 GW/cm?. This value
has been chosen in order to be sufficient for activating
the samples nonlinearity and not excessive to prevent
modification or damage of the samples.

1. Au:sapphire

As an example, in Fig. 2 we report the OA scans (upper
panels) and the CA scans (lower panels) measured at three
selected wavelengths corresponding to the LSPR peak
(A =560 nm, central column) of the Au:sapphire sam-
ple and two opposite ends of the explored range (A =
480 nm, left column and A = 620 nm, right column). The
red curves are the best fits obtained with the approach
described in Ref. [40]. At 560 nm, which is exactly in cor-
respondence with the maximum absorbance of the sample

)T= 480 nm

(see Fig. 1), the sample exhibits strong saturable absorp-
tion (SA), which generates a peak of transmittance in the
OA curve [Fig. 2(b)] at the focal point (z = 0) since the
material becomes more transparent as the incident inten-
sity increases. This corresponds to a negative nonlinear
absorption coefficient (8 < 0). At the same wavelength,
clear nonlinear refraction is also observed in the CA trans-
mittance curve [Fig. 2(e)]. The shape of the CA curve
depends on the character of the NLR, i.e., on the sign of
the nonlinear refractive index #,. In the case of pure non-
linear refraction (8 = 0), self-defocusing (SD, n; < 0) is
represented by a transmittance curve showing a peak in
the prefocal region and a valley in the postfocal region
with an inflection point at z = 0; the opposite occurs in
the case of self-focusing (SF, n, > 0) [34]. However, if the
sample exhibits nonlinear absorption (8 # 0), the CA scan
is affected by both the NLA and NLR. This happens in
the case of Au:sapphire at A = 560 nm [Fig. 2(e)]; here,
the CA curve shows a transmittance increase due to the
NLA by approaching the focal position, and an asymmetric
scan is generated, indicating SF. By spectrally moving far
from the Apgpr of the sample, changes in the transmittance
curves occur. At A =480 nm, namely on the left-hand
side of the LSPR peak, the sample exhibits an opposite
nonlinear absorption response, characterized by a mini-
mum of transmittance close to the focal point [OA scan
in Fig. 2(a)], characteristic of reverse saturable absorption
(RSA) and thus of a positive nonlinear absorption coef-
ficient (8 > 0). Correspondingly, the CA scan [Fig. 2(d)]
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(a)Hc) OA and (d)—(f) CA z-scan curves of Au:sapphire at the wavelengths indicated over the panels. The red solid lines are

the best fits obtained in each scan. The measurements are performed with a beam intensity of the order of Iy = 5 GW/cm? at the lens
focal point (the exact values of [ for each scan are reported in Table IT).
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indicates a SF response. At A = 620 nm, namely on the
right-hand side of the LSPR peak, two opposite features in
the OA scan can be observed [Fig. 2(a)]; here, the transmit-
tance curve exhibits an increase before and after the focal
position and a small valley at z = (0. The first feature is
typical of SA, whereas the second corresponds to RSA.
This indicates that two components of the NLA coefficient
with opposite sign coexist and they are activated at differ-
ent intensities; in fact, the intensity is maximum at the focal
point and decreases going far from it, so that the nonlin-
ear absorption coefficient becomes intensity dependent. In
such a case, 8 cannot be simply described by a purely con-
stant value, but the following expression can be employed,
which also accounts for possible saturation effects of the
nonlinear components [40,41]:

B- B+

BU) = Bsa(l) + Prsal) = Y + T (1

Here B_ and B, are unsaturated NLA parameters, respec-
tively, referring to SA and RSA, while /g and /{ are the

corresponding saturation intensities. By observing the CA
curve at the same wavelength [Fig. 2(f)], a peak-valley
feature can be noted, indicating in this case SD behavior.
Summarizing briefly, the above described z scans sug-
gest that in the Au-implanted sapphire sample: (i) the
NLA is larger near A spr and it decreases along the tails
of the surface plasmon resonance band, where it changes
its character; and (ii) a sign inversion of the nonlinear
refractive index occurs by moving from Apgpr towards
the red. To further assess this description we performed
a detailed spectral characterization of the nonlinear opti-
cal parameters of the sample across its LSPR peak. The
trends of B and n, as a function of the wavelength are
displayed in the left column of Fig. 3 (central and bot-
tom rows, respectively). In the upper row the absorbance
spectrum of the sample is reported for comparison. The
vertical dashed lines are used to indicate the spectral posi-
tion of the LSPR peak (black line) and the wavelength at
which the sign reversal of the nonlinear refractive index
occurs (blue line). The red and blue solid lines are the
spectral trends of f and n, simulated by means of the
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FIG. 3. Spectral trend of the nonlinear absorption coefficient 8 (central row) and the nonlinear refractive index n, (bottom row) of

Au:sapphire (left column), Ag:sapphire (central column), and Au:silica (right column); the upper row shows absorbance spectra of
the samples. In the central row, only the dominant component of § is displayed where B_ and S coexist (see Table II). The red and
blue solid curves represent the spectral trend of the corresponding nonlinear parameter simulated using the three-level model with the
best-fit values. The vertical dashed lines indicate the spectral position of the LSPR peak (black) and of the sign reversal of n, (blue)
determined by the simulations with the three-level model. The measurements are performed with a beam intensity of the order of
Iy = 5 GW/cm? at the lens focal point (the exact values of I for each scan are reported in Table II).
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TABLE II. Nonlinear optical parameters of the studied samples extracted from the z-scan measurements.

Iy A o B_ B4 I I ny
(GW/cm?) (nm) (10* cm™1) (1073 cm/W) (1073 cm/W) (GW/cm?) (GW/cm?) (107" cm?/W)

Au:sapphire

2.14+0.2 520 32+£02 —0.30 £ 0.06 16 £3
2.84+0.3 560 34402 —-59+14 e 0.22 £ 0.06 ... 434+1.6
22+£02 600 32402 —58+12 ... 0.28 £ 0.06 . —54+24
39+05 460 3.0+£02 . 1345 . 0.06 £ 0.03 22407
46+£0.38 480 3.0+0.1 e 6.8+24 e 0.13 £0.02 29+0.6
3.7+£0.6 500 3.0+£02 e 8+4 e 0.06 = 0.02 46+12
40+£0.7 520 32402 —0.16 + 0.04 3.7+ 1.0
47+£0.38 540 33+02 —51+1.6 . 0.22 £ 0.07 .. 26+£09
3.8+04 560 34402 —88+1.9 . 0.17 £ 0.04 ... 27+£0.7
51+£0.6 580 33+£02 —924+22 ... 0.19 £ 0.04 ... 09+03
6.0£0.7 600 32+02 —56+13 e 0.40 £ 0.05 .. —0.8 £0.6
48+0.5 620 2940.1 —38+ 1.1 0.25 £ 0.09 0.5+0.2 .. —-1.9+0.7
72+0.7 640 2.7+0.1 —1.8+04 0.17 £ 0.04 09+£0.1 —1.1+04
95+1.0 520 32402 —1.7+£0.8 04402 —14+04
10+ 1 560 34+02 —234+04 . 0.7+£0.1 ... 05+02
111 600 32402 —51+£1.0 0.35 £ 0.06 —04+0.5
Ag:sapphire
1.6 +£0.2 460 34102 —16+3 0.13 £0.03 85+ 1.5
23402 580 2.540.1 0.17 £ 0.03 —2.1+0.8
5.6+0.6 430 32+02 e 28+09 e 03+0.1 1.4+£05
6.6 £0.7 460 34402 —72+£23 . 0.11 £0.03 ... 1.2+04
55+0.6 490 33+£02 —11+£3 0.13 £ 0.01 1.3+£05
54407 520 3.0+0.2 —58+ 1.7 .. 0.22 £0.03 .. —0.6 £ 0.4
55+£05 550 28+0.1 —-3.0+04 . 0.6 £0.1 ... —-0.7+£0.2
43+04 580 25+0.1 —04+04 0.06 £ 0.05 0.48 £ 0.05 . —1.1+03
41+04 610 2240.1 0.12 £ 0.02 —2.0+0.6
34+04 640 1.9+0.1 0.16 = 0.02 —2.1+£0.6
14+1 460 34402 -9+6 0.04 £ 0.05 0.14 £ 0.08 .. 09+02
1141 580 25+0.1 —0440.1 1.5+£05 0.18 £ 0.08
Ausilica
1.6 £ 0.2 480 1.27 £ 0.06 23+£07
1.8+ 1.8 520 1.62 + 0.08 —14+4 0.08 = 0.02 47+12
1.7+£0.2 560 1.26 £ 0.06 —0.3 +£0.09 . e . —3.0+0.9
6.0+ 0.6 460 1.70 £ 0.08 . 04 +£0.1 . 0.1+04 06+02
57+0.6 480 1.80 £ 0.09 e 0.04 £ 0.01 e . 1.5+£03
41+04 500 2.0+0.1 —58+£1.5 0.06 = 0.02 0.12 £ 0.04 ... 1.7+ 0.6
48+0.5 520 23+0.1 —11+£2 0.10 £ 0.02 1.2+£05
42+04 540 2240.1 —12+2 0.11 £0.02 —-1.2+£0.7
42+04 560 1.78 £+ 0.09 —45+£13 .. 0.17 £ 0.05 ... —-1.0+£04
53+£05 580 1.45 £ 0.07 —254+04 ... 0.17 £ 0.03 ... —0.6 £0.2
63+0.7 600 1.22 £0.06 —0.04 £ 0.01 e e ... —0.3+0.2
12+1 480 1.80 £ 0.09 —0.09 + 0.03 e 7+5 .. 02+02
14+1 520 2340.1 —1.1£0.5 0.07 £ 0.03 1.24+0.5 03+£0.1
1241 560 1.78 £ 0.09 —2.6+04 ... 0.36 £ 0.05 . —0.24+0.2

three-level model explained in Sec. III B. The numerical ~ almost symmetrical trend with respect to the LSPR peak,
values of all the nonlinear parameters extracted from the  having the largest absolute value near A spr (SA response)
performed z-scan analysis are collected in Table II. The  and gradually decreasing at the wavelengths along the
nonlinear absorption coefficient (central row) shows an  peak tails. At wavelengths shorter than 520 nm the sample
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exhibits a RSA behavior. Conversely, on the right tail of
the peak, a positive component of the NLA coefficient
appears at 620 nm, coexisting with the negative compo-
nent (see Table II). Both components tend to vanish at
longer wavelengths. The nonlinear refractive index (bot-
tom row) exhibits the following trend: n, increases from
460 to 500 nm, where it takes the largest positive value
(self-focusing behavior), then it decreases and changes its
sign between 580 and 600 nm, assuming the most negative
value (self-defocusing behavior) at 620 nm. It is interest-
ing to note that in this sample the change in the nonlinear
refraction response from SF to SD occurs in a wavelength
range quite redshifted (of about 25 nm) with respect to
its LSPR peak, i.e., in a region in which both the linear
and nonlinear absorption properties of the sample start to
decrease significantly.

2. Ag:sapphire

The spectral trend of the nonlinear optical response of
Ag:sapphire is shown in the central column of Fig. 3. The
numerical values of the NLA and NLR parameters esti-
mated at all the explored wavelengths are summarized in
Table II. The z scans obtained at 430, 490, and 640 nm are
reported in Fig. 4. As in Au:sapphire, the Ag:sapphire sam-
ple exhibits a strong saturable absorber behavior (8 < 0)
close to the LSPR peak: at A spr the absolute value of
B is even larger than that of Au:sapphire (consistently

/1‘=4C">0n.m S )“.

with the stronger plasmonic properties of Ag with respect
to Au). The SA character gradually decreases, moving
towards the tails of the absorption band, where it turns
to RSA (B > 0), as shown in Figs. 4(a) and 4(c). How-
ever, at A =430 nm the RSA response is much more
pronounced and significantly saturated with respect to A =
640 nm (see the values in Table II), owing to the prox-
imity to the Ag interband transition region. Similarly to
the Au:sapphire sample, in Ag:sapphire a sign reversal
of n, is also observed, indicating a transition from self-
focusing to self-defocusing. This occurs between 480 and
500 nm, i.e., at longer wavelengths with respect to the
sample’s LSPR peak (about 30 nm redshifted from it).
As with the Au:sapphire sample, Ag:sapphire exhibits the
strongest SF response on the left of the resonance peak.
Moreover, by moving toward the red, we observe a grad-
ual increase of |n;|, which reaches its largest negative
value (n; = —2.1 x 107" cm? /W) at 640 nm. This means
that also in this sample the transition from SF to SD
occurs in a wavelength range in which correspondingly
both the linear and nonlinear absorption start to decrease
and a strong NLR response (SD type) is obtained where
the NLA is almost null. This property is highly appealing
for the implementation of these metallic nanocomposites
in optical devices, e.g., for all-optical switching applica-
tions, where a major challenge is the maximization of
NLR factors of merit, minimizing linear and nonlinear
absorption [42,43].

Normalized
transmittance (OA)

<
@)
T -
©
E 2
25
c
o
—('30 —4'0 —2'0 (') 2'0 4'0 6'0—é0 —4'0 —2'0 C') 2b 4'0 6'0 —'60 —4'0 —2'0 (') 2'0 4'0 6'0
z (mm) z (mm) z (mm)
FIG. 4. (a)A(c)OA and (d)Hf) CA z-scan curves of Ag:sapphire at the wavelengths indicated over the panels. The red solid lines are

the best fits obtained in each scan. The measurements are performed with a beam intensity of the order of Iy = 5 GW/cm? at the lens
focal point (the exact values of Iy for each scan are reported in Table II).
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3. Au:silica

In order to investigate the effect of the substrate and
the dielectric contrast in the nonlinear optical response
of these metallic nanocomposites, we also measured the
spectral dependence of the nonlinear optical parameters
of Auwsilica (right column of Fig. 3 and Table II). The
OA and CA scans measured at three selected wavelengths
across the sample absorption band are shown in Fig. 5.
Regarding the NLA properties, we find that the behavior
of this sample is similar to that of the samples implanted
in sapphire, again highlighting an enhancement of the non-
linear absorption coefficient near the LSPR peak, where
the sample exhibits a strong saturable absorber charac-
ter. Moreover, also in this case a change of sign in the
nonlinear refractive index from positive (self-focusing) to
negative (self-defocusing) values is observed by increas-
ing the wavelength. Nonetheless, differently from what has
been found for sapphire-based nanocomposites, here the
sign inversion of n, occurs exactly in correspondence with
the LSPR peak and the largest n, values are obtained in
its close proximity (positive on the left-hand side of the
LSPR peak and negative on the right-hand side). As a con-
sequence, in this sample the strongest NLR response and
the transition from SF to SD are obtained in a spectral
region where at the same time both the linear and nonlinear
absorption properties are the highest, thus placing major

limitations on the possible implementation of this kind of
nanocomposite in optical devices.

B. Three-level model

It is important to have a model that can correctly
explain the spectral dependence observed for the nonlinear
response of the different samples. On the one hand, this can
give an insight into the spectral regions that can be inter-
esting for possible applications, and on the other hand, it
can provide some a priori design capability of compos-
ite systems with tailored nonlinearities. There are different
approaches that can be employed for such a model: one that
has been applied successfully to explain the spectral [44]
and irradiance dependencies [45,46] of different nanocrys-
talline and plasmonic materials considers the combination
of ground- and excited-state absorption in a three-level
system. Specifically, for the nanocomposites investigated
in the present work, the first excited state corresponds to
the LSPR of the nanoparticles and the second excited state
is that responsible for the absorption features observed in
the 200250 nm region for all samples. These states have
contributions from different processes, such as intraband
transitions or hot electrons [16], all based on electronic
excitation. Nonetheless, it has to be stressed that the details
of the physical origin of theses processes are not relevant
for the purpose of the implementation of this model, they

A =460 nm A =520 nm A =560 nm
1.10
<
-2
_gg 1.05
g g
2% 1.00 -
C
©
0.95
1.20 1

1.05 4

1.00 +

Normalized
transmittance (CA)

0.95 A

—50-40-30-20—10 0 10 20 30 40 50-50-40-30-20—10 0 10 20 30 40 50 -50-40-30-20-10 0 10 20 30 40 50

z (mm)

FIG. 5.

z (mm) z (mm)

(a)Hc) OA and (d)~(f) CA z-scan curves of Au:silica at the wavelengths indicated over the panels. The red solid lines are

the best-fits obtained in each scan. The measurements have been performed with a beam intensity on the order of Iy = 5 GW/cm? at
the lens focal point (the exact values of Iy for each scan are reported in Table II).
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only matter in the sense that they give origin to the absorp-
tion features observed. The model is used with different
variants; in the present case we consider direct transitions
from the ground state |1) to states |2) and |3), depending on
the excitation wavelength, and the excited-state [2) — |3)
absorption is also considered; decay from level |3) is con-
sidered to happen only into level |2) for simplicity. Under
these assumptions, we can write the rate equations for the
populations A; of the involved three states as

dN; Ny
= (N, = Nppoip + — — (Ny — N3)poiz,  (2)
t 1
dN- N N-
72 = —(N, — Ny)poir — =N, - N3)poys + =,
t 1 732
3)
dN; N
= (N2 — N3)poy3 — — + (N1 — N3)poiz,  (4)
t 732

where 7;; is the |j) — [i) decay time, oy; is the absorption
cross section for the |i) — |j) transition, and p = I/hw

J

N()I’loC

is the photon flux. The steady-state solution for the rate
equations, dN;/dt = 0 (under the constriction that Ny =
Ni + N, + N3 at all times), can be used to calculate an
effective susceptibility y.g with real and imaginary parts
given by [21,45,47]

noc
Im(yer) = %[(Nl — Ny)o1s + (N2 — N3)ops

+ (N1 — N3)oi3], 5

noc
Re(et) = %[(Nl — M) (w21 — w)o2 1

+ (N2 — N3) (w32 — w)o3 T3
+ (N} — N3) (w31 — w)o137T3], (6)

where w;; = (E; — E;)/h is the resonance frequency of
the |i) — |j) transition, while 7, and 75 are the dephas-
ing times of the |2) and |3) levels, respectively. Solving
Egs. (2)«4) and substituting into Eqgs. (5) and (6) we
obtain

ploos(War + W3p) + 013023 W32] + Wa Wi (o012 + 013)

Im(Xef’f) =

N()I’l()c

Re(xer) =

o 3p2ox(o1n + 013) +p[Qo1 + 013)War + o1z + 023) War] + Wi W3

(N

3p2oys(o1z + 013) + plow + 013)War + Qo3 + 023) Warl + W W3

y {P[012023(A21T2W21 + A3 T3W33) + 013023(A3 T3 (W3 — Wap) + Az1 TsWa )] + (012801 Tz + 013 A3 T3) W1 W3 }

with Aj; = w; — @ being the detuning factors of each
|iy — |j) transition. Besides, we have used the decay
rates WW;; = 1/7;; and we have considered the fact that o1,
o3 ~ 0, i.e., there is no overlap in the absorption cross sec-
tions for the transitions to the two excited states. This result
can be connected to the usual expansion of the polarization
in terms of powers of E in order to obtain the third-order
susceptibility x®. For a centrosymmetric system, this can
be written as

P = gox(l)E + SOX(3)E3 +---
=eo(x 'V + xPVEHE = eoxenE. )

In this way, x® can be calculated by expanding x.f in
powers of / and keeping the term that is linear with /. This

®)

(

is done for both the real and imaginary parts of g, giving

2.2
gocnsNy
Im(x?) = ————C——[-205,Ws, — of3(W3, + 2W:
m(x"’) 2hw2W32W21[ 01, W3z — oj3(W3z + 2Wa1)
+ 013023 (W32 — Wa1) + 012023 W3], (10)
22
eocn N()
Re(x?) = 0 [—205 W38T,

2ha? W3 Wy
— oL A Ts(Wsy + 2Way)

+ 01302383 T3(W32 — Way)

+ 012023 W32 A3 T3] (11)

Here, the frequency dependence is contained in the dif-
ferent oj; cross sections that can be written in terms of
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the actual lineshapes gj(w), which we consider to be
Lorentzians as

o — nnoa)uizj o nnoa)ué )/ij/27T
1T Teoch T Teeh (0 — ) + (g /22
(12)
J
Im(x®) 7ngNoTa1 111,
2h3€0
2.4 4
T ngNoto1 ], 1o
RC(X(3)) — 02}1—38012

+ wizgs1(w)(1 — Tr)]}-

The experimental results are described in terms of the
nonlinear absorption and refraction parameters 8 and n;,
which are related to x @ by [18]

4
B=—Im(x®) (15)
Agonye
and
ny = —5Re(x®). (16)
801’100

Equations (13) and (14) can then be used to fit the spectral
dependence for the NLA and NLR of the studied materi-
als. To this end, the following procedure is followed. First,
the linear absorption spectra are fitted to the sum of two
Lorentzians to obtain w,; and ws;;, and the actual line-
shapes g1 (w) and g3 (w). From these, w3; = w3 — wsy
is also obtained. The experimental 8(w) data are then fit-
ted using u'5, (s, and .. as fitting parameters. This set of
parameters is then used to fit the n,(w) data, for which the
ratio 73 /T, is now the only free parameter.

In Fig. 3 we show the fits obtained for the three stud-
ied samples using the described procedure, with the fitting
parameters collected in Table III. From the experimen-
tal data in Fig. 3, the nonlinear absorption coefficient g

{—2g3, (@) — (1}3)°g3 (@) (1 +27,) + 1h3g3(0)[g21 (@) + w331 (@) (1 — )]},

The expressions for Re(x ) and Im(x®) can be sim-
plified by introducing the reduced parameters wu}, =

I35/ Whps o3 = U35/ 1Ty, and T, = T35/ 7oy then

(13)

2 r 2,2 T r .
{ —2gh (@) Axy — (n]3)°g13(@) Aszg (E)(l +21.) + /Ll3g32(a))A32(72>[g21(a))

(14)

is negative on resonance, and has a minimum (maximum
|B]) very close to the resonant peak for the three samples.
For the Au:sapphire and Ag:sapphire samples, however,
becomes positive above resonance, i.e., short wavelengths.
For a material with a single isolated absorption feature, the
nonlinear absorption is given only by the term —g3, ()
in the expression for Im(x ®), with a minimum exactly at
resonance, and should remain negative across the whole
resonant regime. The three-level model reproduces very
well the change to positive values for g at short wave-
lengths, which is explained by the effect of excited-state
absorption on the nonlinear response.

For the nonlinear refractive index n, also shown in
Fig. 3, all three samples show negative values below res-
onance (longer wavelengths), changing to positive above
resonance. Again, for an isolated transition, Re(x®)
would originate from the term —g3,(w)A,; and would
change sign exactly at resonance. This is pretty much the
case for the Au:silica sample, and it is very well repro-
duced by the model. For the Au:sapphire sample, and more
markedly for the Ag:sapphire sample, this change of sign
occurs at wavelengths below resonance. The model repro-
duces these features reasonably well, which again can be
attributed to the influence of excited-state absorption on
the nonlinear response. This shift that happens for the sam-
ple where the nanoparticles are embedded in sapphire, but

TABLE III. Three-level model fitting parameters.
A2l A3l A
Sample m)  @m) () s s . T3/ T,
Ausilica 525 250 477 11+2 3.15£0.05 0.75 £ 0.05 0.10 4 0.06 x 1072
Au:sapphire 565 202 314 8+3 9.00 £+ 0.03 0.05 +0.04 74£2x1072
Ag:sapphire 467 203 359 1.0+0.5 40+£0.1 1.0+£0.7 2046 x 1072
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not for the one where silica is the host, has to do with
the narrower LSPR features observed in the latter. This
makes the influence of the higher-lying state less promi-
nent, i.e., the LSPR acts more like an isolated absorption
feature. Although the fits involve many parameters, we
have found that the wavelength at which g changes sign
depends strongly on the value of the u}, ratio, while the
equivalent crossing point for #; is strongly determined by
the T5/T, ratio. Hence, we have assigned small uncer-
tainties to these two parameters in Table III. Variations
of the other fitting parameters are seen to have a smaller
impact on the features of the fits, and their uncertainties are
accordingly considerably larger. Another important effect
that can be observed from contrasting the results for the
Au:sapphire and Au:silica samples is that the overall non-
linear refractive index n; is larger for the former by a factor
of approximately 4. This is consistent with a larger local
field factor f; for the high index sapphire, as compared
to silica, resulting in a larger x . A completely quanti-
tative assessment of the 1nﬂuence of the host is difficult
to establish, since although the implantation conditions for
both host materials are the same, the nanoparticles nucle-
ation processes are bound to be slightly different, resulting

18 0
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NE 12 —o—520 "”\1‘:} 2 =
= —a— 560 E
5] 6 —a— 600 -4 o
T % -6 5
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FIG. 6. Nonlinear refractive index s, (left) and nonlin-
ear absorption coefficient B (right) of the three samples
(Au:sapphire, Ag:sapphire, and Au:silica) as a function of the
laser peak intensity /. For each sample, the measurements are
performed at the wavelengths indicated in the legends.

in different size and depth distributions. Such a compar-
ison cannot be made for measurements made at only one
wavelength, because the resonance conditions will be quite
different for the different hosts, which has a strong effect on
the magnitude of the nonlinearity.

C. Intensity-dependent response

To get deeper insights into the nonlinear optical prop-
erties of the produced nanocomposites and to determine
the conditions for getting the best performances, we also
investigate the intensity dependence of their nonlinear
response. The results are summarized in Fig. 6.

The measurements are performed for laser peak inten-
sity values Iy of 2, 5, and 10 GW/cm? (the exact intensity
values are reported in Table II) at selected wavelengths
across the LSPR peak of each sample. For the three inves-
tigated samples, the data clearly show a progressive fading
of the nonlinear optical parameters when increasing the
peak intensity. This is particularly evident for the nonlinear
refractive index n, (left column in Fig. 6), and as a conse-
quence it entails a decrease of the spectral contrast; at low
intensities a much stronger difference in the NLR response
(in both sign and amplitude) can be obtained by changing
the wavelength.

IV. CONCLUSIONS

Nanocomposites made up of Au or Ag nanoparti-
cles embedded in sapphire have been synthesized by ion
implantation. Their nonlinear optical response has been
spectrally investigated by the z-scan technique across the
LSPR absorption peak of each sample. An intense nonlin-
ear absorption coefficient (8 ~ 107> cm/W) is observed in
correspondence of the surface plasmon resonance peak and
a large nonlinear refractive index (1, ~ 10~!" cm?/W) is
obtained in a spectral range where the linear and nonlin-
ear absorption features are weaker. It is worth underlining
that a regime where n, remains finite while nonlinear
absorption becomes negligible constitutes a regime that
is particularly interesting for all-optical switching applica-
tions, for which nonlinear absorption can be a deleterious
effect. Moreover, for Au nanoparticles, the results show
an overall enhancement factor of approximately 4 for
the nonlinear refractive index when sapphire is the host
material, over the case where silica is used. This enhance-
ment, observable only through measurements across the
whole resonance, is consistent with the expected influ-
ence of the dielectric contrast on the nonlinear response of
the composite. The spectral results have been well repro-
duced theoretically by implementing a three-level model,
which highlighted the role of excited-state absorption in
determining the observed spectral features. The model rep-
resents a very useful tool to design nanocomposites with
properly tailored nonlinearities for specific applications in
different spectral ranges. It has been applied in the past to
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study different aspects of the nonlinear response of a vari-
ety of nanostructured materials, such as organic nanocrys-
tals in suspension, ordered arrays of metallic nanoprisms,
and here for metallic nanoparticles embedded in glass,
demonstrating its applicability in many kinds of different
systems. The study of the intensity dependence of the non-
linear response shows that, for wavelengths where either
ny or B changes sign, the response shows the coexistence
of two weak effects of opposite signs. Finally, a complete
study of the nonlinear response of the nanocomposites,
such as the one presented here, is important in order to
get a good understanding of the nonlinear response, in
conjunction with a working model.
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