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Krzysztof Dzierżȩga a,*, Aleksandra Gorczyca a, Witold Zawadzki a, Wojciech Talik a, 
Nadia Pellerin b, Babacar Diallo b, Jean-Philippe Blondeau b, Stephane Pellerin c 

a Marian Smoluchowski Institute of Physics, Jagiellonian University, ul. Łojasiewicza 11, Kraków, 30-348, Poland 
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A B S T R A C T   

The Z-scan technique, with the use of femtosecond laser pulses at 813 nm and of 1 kHz repetition rate, was 
applied for measurement of the nonlinear optical properties of silicate glass with embedded gold nanoparticles, 
produced by the standard melt-quenching method and then annealed at 550 ◦C. At irradiance levels of 1012 W 
m− 2 it exhibited two-photon absorption with β = 3.8 × 10− 15 m W− 1 and positive Kerr lensing effect with n2 =

1.85 × 10− 20 m2 W− 1 which resulted in the nonlinear susceptibility χ(3) = (0.031 + 2.366 i) × 10− 14 esu. These 
values, although remarkably low, indicate that the nonlinear refraction effects significantly dominate the 
nonlinear absorption and when appropriately increasing the doping with Au nanoparticles, this nanocomposite 
glass can be considered for the optical switching applications outside the spectral range of the surface plasmon 
resonance.   

1. Introduction 

There is continuing interest in the preparation and characterization 
of new materials for nonlinear optical (NLO) applications. Materials 
with large and fast third-order optical response are essential for the 
development of optical telecommunication, data storage, and all-optical 
data processing or ultrafast laser technology [1–8]. They also found 
applications in solar cells, biological labelling and sensing [9–11] or in 
catalysis [12,13]. 

Transparent glasses are exceptionally attractive substrates for such 
materials. Compared to other media, typically liquids, crystals or poly-
mers, they have greater advantages. They are simultaneously charac-
terized by high mechanical and chemical robustness, high transparency 
in the visible and near-infrared, biocompatibility, and the ease of 
fabrication in desired shapes including planar waveguides and fibers. 
Moreover, the composition of the glass can be designed and tuned ac-
cording to the needs while their manufacturing is usually feasible at 
relatively low cost. Last but not least, in most glasses, a uniform distri-
bution of various types of inclusions can be readily obtained. 

One way to improve the nonlinear response of glasses is to incor-
porate heavy metal oxides (HMO) into their composition since HMOs 

possess large electric polarizability. An alternative idea is the doping of 
noble metal nanoparticles (MNPs) such as Cu, Ag or Au. In this case, the 
larger nonlinear optical coefficients of nanocomposite glass arise from 
the localized surface plasmon resonance (LSPR) and the enhancement of 
the electric field in the vicinity of MNP, within and outside of the LSPR 
spectral region [14,15]. 

The LSPR consists in collective oscillations of conduction-band 
electrons in response to the electromagnetic field of light. This reso-
nant excitation appears in the UV/visible spectral range and its char-
acteristics, like amplitude or spectral location and bandwidth, strongly 
depend on the size, shape, and concentration of MNPs as well as on the 
properties of the host medium. Although the optical properties of indi-
vidual MNPs and their systems are already relatively well-studied, the 
nonlinear properties of their composites, including glasses with 
embedded MNPs, still require a lot of research. This is because their 
properties do not depend solely on the composite, which is very complex 
anyway, but also on the properties of laser pulses – wavelength, dura-
tion, energy and their repetition rate. 

In this study, using the standard melt-quenching technique, we 
fabricated silicate oxide glass with gold nanoparticles and characterized 
its linear and non-linear optical properties employing 
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spectrophotometry, electron microscopy and the Z-scan method. The 
choice of silicate glass is due to its prevalence (widespread use) and 
extraordinary transparency in the infrared and visible spectral region. 
Moreover, silica glass is famous for its excellent chemical and thermal 
stability and good radiation resistance while its low dielectric constant is 
beneficial in improving the nonlinearity of composites. 

2. Experimental 

2.1. Sample preparation 

The studied soda-lime silicate oxide glass was prepared by conven-
tional melt-quenching method. The bulk glass was synthesized by 
weighing out suitable proportions of constituents for the required glass 
composition which is presented in Table 1. The ingredients were mixed 
and placed in a high purity (95%Pt and 5%Au) platinum crucible and 
melted in an electric furnace at 1350 ◦C. Melts were then poured into 
carbon molds and then relaxed for the next 16 h at 450 ◦C. Finally, it was 
cut into about 1 mm thick specimens and polished for further in-
vestigations. Such as-prepared glass sample is presented in Fig. 1a. To 
precipitate the appropriate metallic nanoparticles, the as-prepared glass 
was then annealed for 4 h at 550 ◦C in a reducing atmosphere of carbon. 
The sign of precipitated NPs is the color change of the sample from 
transparent to pink due to strong absorption band in the visible as a 
result of the localized surface plasmon resonance (see Fig. 1b). 

2.2. Sample characterization 

To determine the size, shape and spatial distribution of Au nano-
particles in the prepared glasses, transmission electron microscopy 
(TEM) analysis was performed using JEOL JEM-2100F and Philips CM20 
microscopes, both operated at an accelerating voltage of 200 kV and 
equipped with energy dispersive X-ray (EDX) probes/spectrometers. The 
first device was also operating in the scanning TEM (STEM) mode. For 
analytical purposes, the sample was prepared by the STEM method as 
follows. First, it was thinned down to 40 μm by mechanical polishing 
using precision ion polishing system (PIPS). Next, prepared thin glass 
films were glued together using epoxy. Finally, such a stack was milled 
with Ar ion plasma to obtain the glass lamella as thin as 100 nm. 

The linear absorbance spectra of the sample were measured using a 
dual beam SPECORD210 Plus (analytikjena) UV/VIS/NIR spectropho-
tometer with a 1.4 nm spectral bandwidth. In turn, its nonlinear optical 
properties, originating from the optical Kerr effect (OKE) and two- 
photon absorption (2 PA), were investigated using of the Z-scan tech-
nique. In this method, a sample is translated along a focused laser beam 
and the variation of the light intensity in the far field is measured as a 
function of sample position. The nonlinear refractive index n2 is deter-
mined by measuring the power transmitted through a small aperture 
placed on the beam axis (closed aperture, CA Z-scan). The variation of 
measured power with sample position is found to be proportional to the 
phase shift experienced by the laser beam while passing through the 
sample, which in turn is directly proportional to n2. On the other hand, 
the nonlinear absorption is determined by measuring in the far field the 
total transmitted power, also depending on the sample position (open 
aperture, OA Z-scan). 

As a light source for the Z-scan measurements, the 35 fs laser pulses 
at 813 nm were generated by a mode-locked Ti:sapphire laser system 
(Quantronix, Ti-Light with Odin-II amplifier) at a repetition rate of 1 

kHz. The laser beam was collimated by the use of the telescopic system 
and incident on the 1 mm diaphragm, resulting in the formation of the 
Airy beam in the far field. The central fringe of this beam, with 
approximately gaussian spatial distribution, was focused, using the lens 
with the focal length f = 10 cm, to the spot with the waist w0 = 25.75(5) 
μm as measured by a beam profiler. The energy of the incident single 
laser pulse was varied between 1 nJ and 465 nJ. For each position of the 
studied sample, the OA and CA signals were simultaneously recorded by 
large-area photodiodes and an oscilloscope as averages of 500 pulses on- 
line calibrated against the reference pulses. 

3. Results and discussion 

The absorbance spectra for the as-prepared glass and for the as- 
annealed are shown in Fig. 1c. Due to the heterogeneity of the sample 
containing Au NPs, only the selected area was studied which is marked 
with a rectangle in Fig. 1b. The absorbance spectra indicate that the as- 
prepared sample is transparent in the entire spectral range except for 
wavelengths below about 350 nm. On the other hand, the annealed glass 
reveals a distinct absorption band around 540 nm which is attributed to 
the LSPR of Au nanoparticles. The significant increase in absorbance 
below 500 nm can most likely be associated with the interband transi-
tions from d-band electrons [16]. 

In order to determine the parameters of the prepared nanocomposite 
glass, an attemp was made to model its absorbance spectrum. 

In the general case, the absorption coefficient α0 of a material with a 
complex dielectric function ϵ(ω) = ϵ1(ω) + iϵ2(ω) is expressed as 

α0(ω) = 2
ω
c

(

−
ϵ1(ω)

2
+
(ϵ2

1(ω) + ϵ2
2(ω))

1/2

2

)1/2

. (1) 

According to the Maxwell-Garnett effective medium theory [14,17, 
18], for a composite of a well separated (low filling factor, f ≪ 1) small 
(R ≪ λ) metallic nanoparticles, statistically distributed in a non-
absorbing homogeneous dielectric matrix characterized by the dielectric 
constant ϵd, the dielectric function is [14,15]. 

ϵ = ϵ1 + iϵ2 = ϵd
(ϵm + 2ϵd) + 2(ϵm − ϵd)f
(ϵm + 2ϵd) − (ϵm − ϵd)f

. (2) 

ϵm denotes the dielectric function of noble metal and is given by 

ϵm(ω) = 1 −
ω2

p

ω2 + iγω + χib
1 (ω) + iχib

2 (ω). (3) 

The first two terms originate from the Drude model of a free- 
electron-like metallic nanosphere where ωp is the plasma frequency of 
the conduction electrons in the nanoparticle while γ is the rate of elec-
tron collisions. The other two terms describe the contribution of inter-
band electronic transitions which are significant above the interband 
transition edge frequency Ωib. 

It was assumed that the rate of electron collisions can be significantly 
increased by size effects due to their frequent collisions with surface. 
These effects usually play an important role when the particle size is of 
the same order or less than the mean free path of the electrons. In the 
context of the Drude model, this reflects the fact that the intraband 
absorption is increased because it can be assisted by electron collisions 
with the surface. This effect is included in a phenomenological way by 
introducing a term proportional to the frequency of collisions with the 
surface [14]. 

γ = γ∞ + g
vF

2R
, (4)  

where γ∞ is the intrinsic electron collision rate for bulk Au, g is a pro-
portionality factor close to unity and vF is the Fermi speed of the elec-
trons. Fitting the absorbance model to the experimental data, we 
obtained the parameters of the nanocomposite glass, namely the effec-
tive (optical) radius of Au NPs, their filling factor f as well as the 

Table 1 
Composition of the as-prepared glass containing Au ions.  

Composition (% mol) Ingredient Composition (% mol) Ingredient 

70 SiO2 SiO2 10 CaO CaCO3 

1.0 Sb2O3 Sb2O3 0.1 AuCl AuCl 
20 Na2O Na2CO3    
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dielectric constant of the host medium ϵd. The values of all constants for 
bulk Au used in our calculations are collected in Table 2. The experi-
mental data and the absorbance fit are shown in Fig. 1c while the fitted 
parameters are collected in Table 3. 

It should be emphasized that these results have been obtained 
assuming Au NPs identical in size and shape, while it is clear that these 
quantities are always subject to a certain distribution. 

The presence of Au NPs in as-annealed glass sample was confirmed 
by TEM research (see Fig. 1d and e). The precipitated NPs are roughly 
spherical with a diameter of 19 nm – 35 nm and very distant (from 500 
nm to 3 μm apart) from each other which results in their very low filling 
factor. Analysis of the elemental composition of the observed NPs, 
performed by the STEM-EDS method with a STEM dark-field imaging 
(DF) and presented in Fig. 2, confirms Au is their main constituent. Thus, 
it is evident that TEM observations are consistent with the results of 
photometric measurements which also validates the adopted absorbance 
model for the investigated sample. 

The nonlinear optical properties of the as-annealed sample were 
investigated by the Z-scan method at different laser pulse energies. At 
each energy, measurements were repeated several times to exclude any 
permanent modification of the sample by the laser beam. It was found 
that such modifications occur for laser intensities exceeding 2 TW cm− 2 

(laser fluence of 70 mJ cm− 2) under our experimental conditions. 
Fig. 3 shows the selected Z-scan measurements for the studied sam-

ple recorded at two different energies of laser pulses. OA scans reveal 
only a small nonlinear absorption related to the two-photon absorption 
(2 PA) process which is most likely due to the interband transitions d → 
sp band in Au NPs [16,21]. In this case, the total absorption coefficient α 
= α0 + βI where α0 and β indicate linear and nonlinear absorption co-
efficients, respectively. On the other hand, CA scans indicate a signifi-
cant positive nonlinear refraction. It means, the laser beam is 
self-focusing as the sample approaches the focus so the beam diameter 
is increasing at the aperture placed in front of the detector, which sub-
sequently decreases the transmittance at negative z values. Therefore, 
the global refractive index is then represented as n = n0 + n2I with n0 and 
n2 indicating the linear and nonlinear refractive coefficients, respec-
tively. Effects of this type were not observed in the case of the 
as-prepared glass sample, which indicates their Au NPs origin. 

To quantify the OA data, the normalized transmittance of the laser 
beam was assumed to be given by [22]. 

TOA(z) =
∑∞

m=0

[ − q0(z)]m

(m + 1)3/2 , (5)  

where q0(z) = ΔΨ0/(1 + z2 /z2
0), ΔΨ0 = βI0Leff, Leff = (1 − exp(− α0L))/

α0 with L the sample thickness, z0 = kw2
0/2 the Rayleigh range while I0 is 

the peak on-axis irradiance at focus (i.e. at z = 0). This equation ac-
counts for the laser pulse with Gaussian temporal and spatial profiles 
and assumes |ΔΨ0| < 1. 

Fitting the OA scans with Eq. (5) yields the nonlinear absorption 
coefficient β at a given laser pulse energy as shown in Fig. 4. The sum-
mation was performed up to the term m = 3, which ensured the 
convergence of the entire numerical procedure. Finally, the average 
value of β was determined to be 3.76(57) × 10− 15 m W− 1. 

Although the nonlinear absorption is not significant, it can influence 
the closed-aperture measurements and therefore, following the refer-
ences [23,24], the normalized CA transmittance was approximated as 

TCA(z) = 1 +
̅̅̅
π

√ 4(z/z0)ΔΦ0 − (z2
/

z2
0 + 3)ΔΨ0

(1 + z2/z2
0) (9 + z2/z2

0)
. (6) 

It includes both nonlinear absorption and nonlinear refraction with 
ΔΦ0 = kn2I0Leff and k = 2π/λ where λ is the laser wavelength. By fitting 
Eq. (6) to the CA experimental data, at given ΔΨ0 from the OA mea-
surements (see Fig. 3), the nonlinear phase shift ΔΦ0 was determined as 
shown in Fig. 4. Finally, the average value of the nonlinear refractive 
index n2 was determined to be 1.85(18) × 10− 20 m2 W− 1. 

The correct operation of the entire Z-scan experimental setup and all 
numerical procedures of data processing and fitting were verified for the 
sapphire sample. The results of these measurements (the case of CA 
scans) are shown in Fig. 5 with n2 = 3.13(20) × 10− 20 m2 W− 1 which is 
comparable with the results presented by Ref. [25]. 

For a complete characterization of the optical properties of the as- 
annealed glass, containing Au NPs, the third-order nonlinear suscepti-
bility was determined based on the following relations [32]. 

Fig. 1. (Color on-line) Characterization of the 0.98 mm thick soda-lime silicate oxide glass containing Au nanoparticles. (a). The as-prepared glass. (b). The as- 
prepared glass plate after annealing at 550 ◦C for 4 h. (c). The absorbance spectra of the as-prepared and as-annealed glass plates and the fit of the theoretical 
model. (d,e). TEM images of the as-annealed sample with precipitated Au NPs obtained using Philips CM20 and JEOL JEM-2100F, respectively. 

Table 2 
Constants for bulk Au used in calculations of the extinction spectrum of the glass 
composite containing gold nanoparticles [19,20].  

plasma frequency, ℏωp [eV] 9.01 
rate of electron collisions, ℏγ∞ [eV] 0.014 
interband electron transition frequency, ℏΩib [eV] 2.45 
Fermi velocity, vF [106 m s− 1] 1.40 
electron mean free path, lf [nm] 42 
proportionality factor, g 1.0  

Table 3 
Parameters of nanocomposite glass obtained by fitting the model of absor-
bance to the experimental data (see Fig. 1c).  

Au NP diameter, 2R [nm] 18.8 
dielectric constant of the host glass, ϵd 2.248 
filling factor of Au NPs, f [10− 4] 0.167 
concentration of Au NPs, N [1013 cm− 3] 4.75 
linear absorption coeff. at 813 nm, α0 [cm− 1] 0.671  
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Assuming n0 ≅
̅̅̅̅̅ϵd

√
= 1.499, we get χ(3) = (0.031 + 2.366i) ×

10− 14 esu. Taking into account the values of linear and non-linear ab-
sorption, at the studied wavelength, as well as of nonlinear refraction, 
we observed that in our nanocomposite glass, the effects of non-linear 
refraction significantly dominate the effects of non-linear absorption, 
i.e. β/(n2k) = 0.026. Moreover, for laser intensity exceeding 3.0 × 1011 

Wcm− 2, they also dominate the effects of linear absorption, i.e., n2I/ 
(α0λ) > 1 and therefore it can be considered for optical switching. 

The optical parameters characterizing our sample are listed in 
Table 4 together with the results of other recent and similar experiments 
on glasses with embedded gold NPs. 

Compared to other works, we obtained the lowest values of the 
studied nonlinearities, which is likely associated with a very low filling 
factor of Au NPs, f ≈ 10− 5. Although the results of experiments greatly 
differ, one can notice that those obtained using lasers with 80 MHz 

Fig. 2. (Color on-line) Elemental distributions inside and in the proximity of 
the Au NP as acquired using STEM-EDS with a STEM dark field (DF) image. The 
magnification is × 800k. 

Fig. 3. (Color on-line) (a). Schematic of the Z-scan experimental setup. The normalized open aperture – OA (b,c) and closed aperture – CA (d,e) Z-scans (full circles) 
and the fitted curves (solid lines). 

Fig. 4. (Color on-line) The nonlinear absorption and nonlinear phase shift 
determined at different energies of the incident laser pulse. The average 
nonlinear absorption coefficient β = 3.76(57) × 10− 15 Wm− 1 and the nonlinear 
refractive index n2 = 1.85(18) × 10− 20 Wm− 2. 
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repetition rate are usually orders of magnitude larger than those ob-
tained with 1 kHz (or less) lasers. This indicates the role of accumulative 
and thermal effects in the formation of optical nonlinearities. The only 
exception is the work by Ref. [27]. However, in this case, the enormous 
nonlinearity recorded with the laser of low repetition rate concerns a 
very thin (100 nm) layer of Au NPs produced by ion implantation 
method. In all other cases, samples were prepared either by 
melt-quenching or sol-gel [26] techniques with gold NPs in their whole 
volume. 

The experimental results differ not only quantitatively but also 
qualitatively. While the focusing effect is observed in most cases, the 
defocusing was reported by Refs. [21,31] for borate glasses with high 
content of B2O3. Simultaneously, they observe the effect of saturated 
absorption (SA) in contrast to the other works in which two-photon 
absorption dominates. We ignore here the result presented by 
Ref. [26] which is rather ambiguous. In the studied case, when the laser 

is red-tuned with respect to the LSPR frequency (off-resonant case), 2 PA 
and SA are assigned to the interband (d → sp) and the intraband (sp → 
sp) transitions within Au NPs, respectively. 

4. Summary and conclusions 

We have presented thorough experimental studies on linear and 
nonlinear optical properties of silicate oxide glass with embedded gold 
nanoparticles. This nanocomposite was prepared using the melt- 
quenching method and Au NPs were precipitated in the process of its 
annealing at 550 ◦C. Photometric measurements showed the presence of 
the localized surface plasmon resonance in the visible, characteristic of 
gold nanoparticles. The adopted model of absorbance allowed to esti-
mate the size and concentration of nanoparticles, which are consistent 
with TEM observations. The Z-scan measurements, with the use of 
femtosecond laser pulses at 813 nm, of 35 fs duration and 1 kHz repe-
tition rate, exhibited self-focusing and minor two-photon absorption. 
The latter process is most likely related to the interband (d → sp band) 
transitions within Au NPs. We believe that this type of glass, when 
appropriately doped with Au nanoparticles, can be considered for op-
tical switching applications outside the LSPR spectral range. 
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K. Dzierżȩga et al.                                                                                                                                                                                                                              

http://refhub.elsevier.com/S0925-3467(21)00912-5/sref7
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref7
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref8
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref8
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref8
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref9
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref9
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref10
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref10
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref11
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref11
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref12
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref12
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref12
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref13
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref13
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref13
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref14
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref14
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref14
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref15
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref15
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref16
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref16
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref16
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref17
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref18
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref19
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref20
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref20
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref20
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref21
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref21
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref21
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref22
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref22
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref22
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref23
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref23
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref23
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref24
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref24
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref25
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref25
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref26
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref26
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref26
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref27
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref27
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref27
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref28
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref28
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref28
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref29
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref29
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref29
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref30
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref30
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref30
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref30
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref31
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref31
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref31
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref32
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref32
http://refhub.elsevier.com/S0925-3467(21)00912-5/sref32

	Optical nonlinearities of silicate oxide glass with gold nanoparticles outside the spectral range of surface plasmon resonance
	1 Introduction
	2 Experimental
	2.1 Sample preparation
	2.2 Sample characterization

	3 Results and discussion
	4 Summary and conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	References


