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ARTICLE INFO ABSTRACT

Gold nanoparticles (NPs) embedded in sodium antimony borate glass system were fabricated and their optical,
physical, structural, ultrafast nonlinear optical properties were studied and analyzed. Metallic gold NPs were
synthesized using thermal reducing agent Sb,O; and demonstrated the reduction mechanism of Au®*/
Au* — Au® by using reduction potentials of corresponding redox system. UV-Visible spectroscopy measure-
ments have revealed the characteristic surface plasmon resonance (SPR) of Au NPs at ~565 nm, attributed due
to interband transition. The micrographs of High-Resolution Transmission Electron Microscopy (HR-TEM)
confirmed the existence of uniformly distributed spherical shaped Au NPs with particle sizes in the 8-45 nm
range with an average particle size of 25 nm. The ultrafast nonlinear optical properties of gold doped glasses
were investigated using the Z-scan technique at a non-resonant wavelength (A = 800 nm, 80 MHz repetition
rate) with femtosecond (fs) Ti:sapphire laser pulses. Z-scan measurements of undoped glass depicted are verse
saturable absorption (RSA) type of nonlinearity whereas the gold-doped glass demonstrated saturable absorption
(SA) kind of nonlinearity due to intraband (sp — sp) transitions. The Z-scan data demonstrated that the in-
vestigated glasses are potential materials for the applications in nonlinear optics devices, particularly in optical
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switching devices.

1. Introduction

In recent years, the investigations on nonlinear optical (NLO) ma-
terials with ultrafast response, high laser induced damage threshold,
large two-photon absorption (2PA) and third order nonlinearities have
been attempted since these are crucial for the development of next
generation photonic devices. Additionally, materials with good optical
switching properties are of great interest for waveguide applications
[1]. In particular, glasses containing metal nanoparticles (MNP) have
drawn significant importance due to their (i) potential applications in;
laser physics [1], optoelectronics [2], photovoltaics [3], nanophotonics
[4], wavelength converters, super continuum generators, pulse mod-
ulators, high speed-high-capacity optical communication system and
high-power-short-pulse broad band fiber laser system [5], (ii) high
transparency, high mechanical strength, ease of fabrication in desirable
shapes and sizes (iii) the MNP concentration dependent NLO response
[1] and (iv) use of glasses as a ultrafast optical switchers and limiters
since they have fast response time and high Kerr nonlinearity [6].
Further, noble MNP's have fascinated the materials scientists because of
their unique properties, including the high scattering and absorption of
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light resulted from huge optical field enhancements, high electrical
conductivity and excellent catalytic property [7-10]. The resonant os-
cillation of free electrons of the MNPs in the presence of light also
known as surface plasmon resonance (SPR) is the origin for enrichment
in optical and NLO properties of MNPs [2]. This SPR usually occurs at
visible and infrared (IR) regions resulting in effectual resonant light
absorption and scattering within a precise spectral range [11]. These
properties can be used to exploit light illumination for a variety of
applications including photocatalysis, solar cells, sensors, cancer
therapy and biological imaging [12-17]. Particularly, gold (Au) NPs are
of significant interest due to their capacity to support SPR phenomena
and their unique optical properties and it is also due to its low inherent
toxicity, an essential requirement for biological applications [18]. For
empowering the optical performance of plasmonic nanostructures, it is
necessary to tune the peak position, width, and amplitude since by
varying the particle size, shape and the composition the SPR or plas-
monic properties of NPs can be controlled [11,15,19]. In the absence of
intimate contact with a substrate, the peak position of the plasmonic
resonance can be tuned by the nanoparticle size [20], shape [21],
composition [22] and refractive index of the surrounding dielectric
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medium [23].

The NLO properties of the glasses comprising of MNPs fabricated
from different routes were generally investigated at the wavelength that
corresponds to the wavelength of the SPRs of these particles [1].
Meanwhile, it is practically important to use the optical switches, op-
tical limiters and other components at the wavelengths of the com-
mercially available lasers, such as Nd:YAG (A = 1064 nm) and Ti:Al,03
(A = 800 nm). Therefore, it is essential to study their NLO properties
not only in the spectral range of their SPRs, but also at the wavelengths
of the commercial lasers towards the development of new materials for
practical use in integrated optics and laser systems. The importance of
these studies has been understood because the materials possessing
strong NLO properties in the near IR range are very attractive for the
telecommunication applications. Furthermore, compared to continuous
wave (CW) and long-pulsed lasers, the femtosecond (fs) lasers have two
distinct features: (i) partial elimination of the thermal effects because of
high short energy impeachment time and (ii) high localization of laser
photons in both time and spatial domains made possible to assist var-
ious nonlinear processes. Because of the ultrafast light-matter interac-
tion time and the high peak powers associated with these pulses, the
material processing with fs pulses is generally characterized by an ab-
sence of heat diffusion [19]. In literature, there are several reports on
the NLO properties of MNPs embedded in silica matrix [5], germanate
matrix [24], germano-silicate matrix [25,26], boro-silicate matrix [7],
heavy metal oxide matrix [27], phosphate matrix [28], sapphire matrix
[29], indium tin oxide matrix [30],TiO, matrix [31], and SrTiOs matrix
[32]. However, there are few reports on the NLO properties of borate
glasses comprising MNPs. Furthermore, borate glasses possess excellent
photonic properties such as good transparency, low glass transition
temperature (Tg), high density, high thermal expansion coefficient
(allowing easy optical fiber fabrication), optimum bandwidth, good
infrared transmission, high mechanical stability, high vitrifying ability
and is available at low-cost besides unusual capability to dissolve large
amounts of other glass formers, modifiers, rare-earths and MNPs or
intermediate compounds without reduction of the glass-forming ability
[33]. Particularly, borate glasses containing alkali metals are promising
for MNPs formation [33]. These borate glasses consist of intermediate-
range ordered micro-domains of boroxol group. Such structural dis-
ordering in borate glasses leads to an increase in the average B—O
distance in both stable oxygen coordinations of boron (i.e. triangular
BO; and tetrahedral BO,) [34]. It was recently demonstrated by
Youngman et al. [35,36] that near the glass-transition temperature the
boroxol rings breakup leads to more open structure in borate glasses.
Therefore, alkali borate glasses are an interesting host material for
experiments with metallic MNPs formation. The present work reports
on optical, structural and ultrafast non-resonant (fs laser operating at
wavelength, A = 800 nm was used) NLO properties of gold doped
Sb,03—Na,0—B,03 glasses.

2. Experimental details
2.1. Samples preparation

The glasses of nominal composition 2Sb;03-25Na,0-73B>03-xAuCl;
(x = 0, 0.005, 0.01, 0.02 mol%, hereafter named as NB-0, NB-1, NB-2,
NB-3 respectively) were prepared by melt quench technique. The proper
weights of AR grade Sb,O3, Na,CO3, H3BO3, and AuCl3HClxH>O chemi-
cals were mixed homogenously and the composition was taken in a por-
celain crucible and kept in high temperature furnace. Initially, the batches
were maintained at about 450-500 °C for 30 min for complete dec-
arbonisation of Na,CO3 and the decomposition of H3BO3; and the tem-
perature was raised and maintained at 1160°C of about 50 min. The
crucibles were shaken frequently at interval of 15min for a uniform
mixing of all the glass constituents. The glass melts were quickly cooled at
room temperature by pouring and pressing between two pre-heated brass
moulds after the complete melting. The as prepared glasses were ruby in
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colour and the glasses were polished for further characterization with post
annealing of the samples at 350 °C for ~4 h to remove the thermal stresses
in glasses. A good reproducibility was achieved in gold doped glasses. The
circular disc shaped glass samples with typical thickness of ~1 mm (in
particular, the thickness of the NB-0, NB-1, NB-2 and NB-3 glasses were
0.98 mm, 0.95 mm, 0.97 mm and 0.99 mm, respectively) were used for
characterization.

2.2. Characterization of the glasses

XRD (Rigaku Ultima IV) measurements using Cu-Ka radiations
(A = 1.54 A) with copper filters operating at 40 kV and 100 mA, the
range of 26 was 0°-60° with step size of 0.2°, a resolution of 0.01%were
used to confirm the glassy nature of the samples. The room temperature
optical absorption spectra were recorded using PerkinElmer
Lambda-35 UV-Vis spectrometer in the range of 200-1100nm
equipped with a deuterium lamp and halogen lamp with a resolution
of + 1 nm. The refractive indices measurements were made using
Abbe's refractometer having mono-bromonaphthalene as the contact
layer between the sample and prism of the refractometer, and sodium
vapour lamp emitting the light of wavelength of 5893 A (D line) was
used as a source of light, the measurements of refractive indices were
repeated for consistency and all obtained values were similar with an
error of + 0.0001. Technica G2, F30 High- Resolution Transmission
Electron Microscope (HR-TEM) operating at accelerating potential of
300 kV with resolution of 2 A was used to obtain the structural mor-
phology, size distribution and to verify the existence of gold NPs in the
glass matrix. Fourier transform infrared (FTIR) transmission spectra of
all glass samples were taken by a Thermo Nicolet, Avatar 370 FTIR
spectrometer in the range of 400-4000 cm ™ * with resolution of 4 cm ™ *
using KBr pellet technique. The ultrafast nonlinear optical measure-
ments were made using Z-scan technique [37]. In Z-scan experiments, fs
pulses from a Ti:sapphire laser (Chameleon, Coherent Inc., 80 MHz,
~150 fs) were utilized. The wavelength of 800 nm (non-resonant wa-
velength) was selected in the present experiments. In the far field, a
perfect Gaussian profile of the input bean was obtained by spatial fil-
tering. In Z-scan measurement, the input beam of 2-mm diameter was
focused using 10 cm focal length convex lens and the glass sample was
placed on a 10-um resolution translation stage. The data was collected
manually using a detector (Thermal Sensor-Field Max, Coherent). Since
the Z-scan technique is a sensitive technique, to avoid the errors in the
collected data, the samples having high polish, uniform thickness were
used for measurements and the measurements were repeated with the
same intensity. The obtained NLO coefficients were within the experi-
mental estimated error of + 10% for both open aperture and closed
aperture data. The main sources of errors in such measurements are
from the peak intensity estimation, laser pulse to pulse fluctuations, and
fitting errors.

3. Results and discussion
3.1. X-ray diffraction and UV-Vis absorption spectroscopy

The absence of sharp crystallization peak and presence of a broad
hump at 40°-55° confirms the glassy nature of the samples. Fig. 1
presents the typical XRD patterns of all the samples and are nearly
same. The concentration of gold in present glasses is very low and,
therefore, no characteristic peak of Au was evident in the spectra [38].
The absorption spectra of glasses containing MNPs are always very
much responsive to the size, shape and interparticle distance and di-
electric function of the MNPs [38,39]. The optical absorption spectra
for glasses doped with different concentration of gold displayed in
Fig. 2 (a), in which inset showing the absorption spectrum of undoped
(NB-0) glass. The undoped glass did not demonstrate any absorption
band. However, the clear proof of SPR absorption band near
565-597 nm (due to the interband transition from the ‘d’ band to the
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Fig. 2. (a) Optical absorption spectra of NB glass doped with different concentration of
gold, inset representing the absorption spectrum of undoped glass.

(b) Position and broadening of SPR peak at different concentration of gold, dashed line
representing weak red shift in SPR peak and horizontal solid line representing broadening
of SPR peak with increase in gold content. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

Fermi level [40]) is observed for samples doped with Au, which dis-
closes the existence of nano-sized Au particles.

The optical absorption coefficients a () of the samples were ob-
tained by using the equation given below [41]:
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a(d) = 2.303 (ﬁ)

d (€]
where, ‘A’ and ‘d’ are the absorbance and the thickness of the glass
samples, respectively.

The measurement of absorption edge is important, especially in
connection with the theory of the electronic structure of amorphous
materials. The higher energy parts of the spectra, particularly those
associated with the integrand electronic transition will provide in-
formation about the electronic states. In this respect, the electrons are
excited from a filled band to an empty one by photon absorption and as
a consequence a marked increase in the absorption coefficient ‘o’ will
result [42]. The onset of this rapid change in ‘@’ is called fundamental
absorption edge and the corresponding energy is defined as the energy
gap. The relation between ‘e’ and the photon energy of the incident
radiation ‘hy’ was interpreted by Davis and Mott [43] and can be
written in general form as:

ahv = B(hv — Eqp)" 2

where, ‘a’ is the absorption coefficient, ‘hy’ is the incident photon en-
ergy, B is constant called band tailing parameter, E,, is the energy of
the optical band gap, ‘n’ depends on the type of transition (direct or
indirect) taking the values n = 2, 3, 1/2, and 1/3 which correspond to
indirect allowed, indirect forbidden, direct allowed, and direct for-
bidden transitions respectively, n also depends on the nature of the
material (crystal or amorphous). For amorphous materials, indirect
transitions are valid according to Tauc relation, i.e. the power part
n = 2, because one important difference between amorphous and
crystalline solids is that, there is a sharp well-defined lattice absorption
edge E,p; for crystalline solids whereas in amorphous materials, the
absorption edge has a finite slope. Thus, when analyzing the variation
in optical absorption with respect to the photon energy, n = 2 is valid
[44]. To estimate the values of direct (Egdi') and indirect (Egi"dir)
bandgap energies, the linear regions of (ahv)® v/s hv and (ahv)'/2 v/s
hv are extrapolated to meet hv at (ahv)? = 0 and (ahv)'”? = 0 as shown
in Fig. 3(a) and (b) respectively.

It is well known that, the SPR peak of MNPs depends on the re-
fractive index of the surrounding media, concentration of metallic NPs
as well as the size and shape of the MNPs inside the glass matrix. From
the data presented in Fig. 2(b) it is evident that the SPR peak of Au NPs
is shifted to longer wavelengths [from 565 to 597 nm i.e., a weak red
shift in SPR peak of Au NPs, represented by dashed line in Fig. 2 (b)]
with increase in gold content from 0.005 mol% to 0.02 mol% mani-
festing the formation of larger Au NPs by Ostwald's ripening process
[45]. The refractive index is increases (refer Table 1) with increase in
gold concentration, this increase in refractive index is attributed to the
fact that the increase in the mol% of gold results in increase in density
of Au NPs and also growth of Au NPs. Thus it was concluded that the
SPR peak of Au NPs is red-shifted with enhancement in refractive index
of the glasses and this observed red-shift of the SPR peak of Au NP with
the increase of the refractive index is related to resonance condition,
which is satisfied at higher values of the wavelength of the incident
light due to the increase of the wave vector of the surface plasmon
mode [25,46,47]. Similar observations (i.e. red-shift of plasmon band of
MNPs with increase in refractive index of glass matrices) were made by
Ju et al. [46,48], Amjad et al. [49], Ghoshal et al. [38] and many others
in the glass matrices comprising MNPs. In addition to the red-shift, the
broadening of these SPR peaks of gold NPs [represented by horizontal
solid lines in Fig. 3(b)]are attributed to the increase in Au NPs density
and decrease in Au-Au interparticle distance (day.ay) i-€., Au NPs spa-
cing decreases with increase in mol% of the Au (refer Table 1) [24,50].
According to Maxwell-Garnett theory (MG theory), the SPR peak is
shifted through electromagnetic coupling, therefore, both the coupling
between the surface plasmons of closely spaced Au NPs and aggregation
of Au NPs (which led to larger spherical particles) were responsible for
observed red shift and broadening of the SPR peak of Au NPs in studied
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Fig. 3. (a) Plot of (ahv)? v/s hv for direct bandgap energy measurements. (b) Plot of
(ahv)'/2 v/s hv for indirect bandgap energy measurements. (c) hv dependence on In(a) for
Urbach energy calculations.

glasses [51].

The increase is in refractive index also responsible for reductions of
the optical band gaps as shown in Fig. 3 (a) and (b) [38]. It is explained
that, the electronic and spectral features of the MNPs yield basic
changes as compared to that of bulk materials when the diameters of
the MNPs reduced to 2-20 nm [38] and this kind of behaviour arises
from the quantum size effects, can affect the electronic band structures
and therefore, alters the effective band gap [52].
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3.2. Physical properties

Density of the samples were measured using the Archimede's prin-
ciple with toluene as the immersing liquid and was calculated using the
expression,

W,

T

X P 3)
where, ‘W,” and ‘W’ are the weights of the sample in air and that of in
toluene immersion (p; = 0.8669 gcm’3) respectively. The best che-
mical stability against hygroscopic attack of the glasses and somewhat
low toxicity of toluene made to prefer it as immersion liquid [38], the
density measurements were repeated for consistency by calibrating the
instrument (weighing balance) at each and every time, and all yielded
values are almost same at an error of = 0.004.

The molar volume (Vm) of the glasses was calculated from the ex-
pression [53],

@

where, ‘M;’” and ‘p’ are the average molecular weight and the density of
the glasses respectively.
The molar refractivity (Ry) was obtained from the expression [54],

_e-1

Ry =
M €+ 2

[V -
where, ‘V,,,” and ‘¢’ are the molar volume and the dielectric constant of
the samples respectively.

The electronic polarizabilities (a.) of the glasses was calculated with
the help of Lorentz-Lorenz equation [54],

3
a. = — (R,
©= G, ) ©)
where, ‘N,’ is the Avogadro's number.
The atomic concentration of Au was calculated using,
N = X X p X Na
M; )

where, ‘¥’ is the mol% gold.
Polaron radius of gold atoms was calculated from the expression,

1
o 1( m )3
A)=—[—

P =3 (6N) ®)
Inter particle distance of gold NPs (day.au) Was calculated from the

equation,

1

dau-ne(A) = (if

N €)]
Dielectric constant of the glasses was calculated using the relation,
€ =n? (10)
where, ‘n’ is the refractive index of the glass samples.
Linear optical susceptibility was estimated using,
=T an

The complete idea about the physical properties is necessary to
analyze the changes in the structure of the glass system. Fig. 3(a) and
3(b) depicts the hv dependency on (ahv)? and on (ahv)'/? for direct and
indirect band gap energies respectively for base and Au doped NB
glasses. The Urbach energy was calculated from the inverse of the slope
of In (o) v/s hv and Fig. 3(c) represents the plot of In (a) v/s hv for
undoped and Au doped glasses. The noticeable decrement in direct
optical band gap energy (Egdi‘) from 3.469 to 3.131 eV and indirect
optical band gap energy (E,"") from 2.937 to 2.428 eV (shown in
Table 1) with the increase of Au NPs concentration is due to an increase



G. Jagannath et al.

Table 1

Physical, optical and inter-nuclear property of NB glasses at different concentration of gold.
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Properties ( * error limits) NB-0 NB-1 NB-2 NB-3
Physical properties

Average molecular weight, M (gmol ~ 1) 72.152 72.167 72.184 72.217
Density, p (gem ™ 2) ( = 0.002) 2.466 2.497 2.468 2.415
Molar volume, Vy, (cm 3 mol™1) ( = 0.001) 29.258 28.901 29.247 29.903
Refractive index, n ( = 0.001) 1.620 1.625 1.631 1.637
Dielectric constant, e( = 0.001) 2.624 2.640 2.660 2.679
Molar refractivity, Ry (cm™ 3) ( + 0.002) 10.278 10.218 10.419 10.734
Electronic polarizability, a.(x 10~ 2* cm®) ( = 0.001) 4.073 4.0495 4.129 4.254
Linear susceptibility, ™ ( £+ 0.001) 0.129 0.131 0.132 0.134
Optical properties

Direct optical band gap, Egdir (eV) ( = 0.002) 3.469 3.346 3.245 3.131
Indirect band gap, E;™ (eV) ( % 0.002) 2.937 2.80 2.639 2.428
Urbach energy, Ey ( = 0.001) 0.413 0.475 0.823 0.840
Position of SPR peak of gold (nm) - 565 590 597
Inter-nuclear properties

Concentration of gold (mol %) 0 0.005 0.01 0.02
Au atoms concentration, N (x 10%° atoms/cm®) ( = 0.0001) - 1.0421 2.0592 4.0281
Au-Au interparticle spacing, day.as (nm) ( = 0.0001) - 2.1581 1.7202 1.3761

in the disorder and decrease in the rigidity in the NB-glasses [55].
However, the Urbach energy (Ey) increases from 0.413 to 0.840 eV as
the Au NPs concentration increases from 0.005 to 0.02 mol% manifests
the degree of disorder present in the glass samples [56]. As increase in
the concentration of gold, the refractive index is increases from 1.620 to
1.637 and is imputed to the notable changes in the structure of the
glass, which in turn signifies the higher polarizability [57]. From the
literature it is found that, the vibrations of boron and oxygen atoms in
glass structure affected by the addition of NPs in to the glass matrix
which introduces large scale disruptions in the glass network by the
conversion of bridging oxygens to non-bridging oxygen [58], these
created non-bridging oxygens in turn responsible for increase in re-
fractive indices by contributing higher polarizability over the covalent
bonds of bridging oxygens [56].

The effect of Au NPs on the density and molar volume of NB glass
systems is shown in Fig. 4. The decrease in glass density from 2.466 to
2.415gem™ 2 and increase in molar volume from 29.258 to
29.903 cm ® mol ~ ! with increase in mol% of Au NPs is ascribed to the
contraction in structural network of the glasses and is due to the par-
ticipation of Au NPs in the free space region of the network structure
and the elongation in the bond length or an increase in the interparticle
spacing respectively [38]. The increment in molar refractivity from
10.278 cm ™~ 3 to 10.734 ecm ™ ° is proportional to the polarizability of
the glass samples [59].
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Fig. 4. Variation of density and molar volume with varied concentration of gold. (For
interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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3.3. Fourier transform infrared (FTIR) spectroscopy and high resolution
transmission electron microscopy (HR-TEM) analysis

The addition of alkali and/or other metal ions into a well-known
glass former B,Oj results in the formation of several BO3> ~ groups and
it brings about the changes in the boron co-ordination from three-to
four-membered one, which generates several BO3 units such as dibo-
rate, triborate and tetraborate. Subsequently, the addition of gold NPs
modifies the bonding between ligands [38]. The FTIR spectra of all the
glass samples have been recorded for identifying the network structure
of the glasses and are shown in Fig. 5. The FTIR spectra's of different
concentration gold shown in Fig. 5 are nearly same, means that, Au NPs
do not change the structure of present glasses and also four to five
absorption peaks with the peaks are sharp, medium and broad can be
observed in Fig. 5. The combined effect of vibrational states of high
degeneracy, lattice dispersion thermal broadening and mechanical
scattering from the powder samples gives rise broad bands in oxide
spectra [60]. The 806 cm ™! frequency is a characteristic frequency of
boroxol ring in pure B,03 glasses [60], the absence of absorption peak
at 806 cm ™~ ! in FTIR spectra of present glasses indicates the absence of
boroxol ring formation, because the Krogh Moe's model [61] proposed
that, the structure of borate glass consists of a random network of

.005 mol %

(%)

ission

.02 mol %

Transm

T T
2000 1500 1000 500

Wavenumber (cm'l)

Fig. 5. FTIR spectra of NB glasses at different concentration of gold. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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planar BOj; triangles with a certain fraction of six membered (boroxol)
rings. It concludes that, the present glass system consists of only BO3
and BO,4 groups. The same kind of behaviour is also observed in
B,03-Li,0 glasses [62,63]. These groups may be attached in the form of
random network, resembles to the continuous substitution of boroxol
ring by BO3 and BO,4 groups [60].

The vibrational modes in borate glass structure is predominantly
active in three IR regions, which are: (i) the bands at
1200-1600 cm ~ 'attributed to the asymmetric stretching relaxation of
the B—O band of trigonal BOs3 units (ii) the bands lies between 800 and
1200 cm ™! and are ascribed to the starching of B—O bonds in tetra-
hedral BO, units and (iii) the bands around 700 cm ™ ‘are attributed to
B—O—-B linkages bending in the borate networks [64]. The band at
around 1374 cm ™~ ! is assigned to stretching vibrations of B—O bonds of
various trigonal (BO5)®~ units [60]. The shoulder at around
1244 cm™ ! may arise from stretching vibrations of B—O bonds of
(BO3)® ~ unit in metaborate and orthoborates chains. It is reported that,
in IR spectra of Na,0—B»03—SiO, and Na,0O—B,03;—PbO glasses, the
band at around 995 cm™ ' and 993 cm ™' is ascribed to a stretching
vibration of B—O—Si and B—O—PDb linkage respectively [60,65]. Simi-
larly, the presence of broad absorption band at 902 cm ™ ‘inthe present
case may be assigned to a stretching vibration of B—O—M (B—0—Sb)
linkage; M represents a metal ion i.e. Sb. The absorption band at
696 cm ™ ! is assumed to be due to the combination of bending vibra-
tions of B—O—B linkages in BO4 and symmetric stretching Sb—O—Sb
vibrations of SbO; trigonal pyramids with Cs or C, symmetry (Table 2)
[60,65].

The particle sizes of Au NPs were investigated using the HR-TEM.
The micrographs of HR-TEM of NB-2 glass (doped with 0.01 mol% of
Au) are shown in Fig. 6(a) and (b). The size distribution and mor-
phology of Au NPs have been analyzed using imageJ software. Fig. 6(a)
illustrates the uniformly distributed Au NPs and Fig. 6(b) depicts that
the Au NPs are spherical in shape in NB glasses. Histogram for size
distribution of Au NPs in NB glasses is shown in Fig. 6(c). Many
spherical shaped Au® NPs dispersed homogeneously in the glass matrix
with wide size distribution ranging from 8 nm-45 nm with an estimated
average particle size of 25 nm have been observed from HR-TEM mi-
crographs. The spherical rings around the central bright region present
in SAED pattern shown in Fig. 6(d) also confirms the existence of A’
nanocrystallites in the glass matrix. Crystalline Au NPs with fringe
spacing of 0.20 nm shown in Fig. 6(e) corresponds to the (2 0 0) plane
of the face centred cubic (FCC) structure of gold (JCPDS card no.
4-784) which again discloses the generation of Au® crystallites in the
Au-glass nanocomposites. Here it may be noted that, these
Au’nanocrystallites are not detectable by XRD analysis since the con-
centration of gold is very small.

With the help of reduction potentials (E%) of the respective redox
systems present in the glass system, the probable mechanism of re-
duction of Au® ™ to Au® by Sb3* can be explained [66,67]. The re-
duction potentials of the multivalent elements in glasses are highly

Table 2
IR band assignments for respective glass samples.

Glass samples and wave numbers in Band assignments

cm

NB-0 NB-1 NB-2 NB-3

1374 1369 1369 1365 B—O stretching vibrations of various
trigonal (BO3)®~ units

1244 1244 1240 1238 B—O stretching vibrations of (BO3)® ~
units in metaborate and orthoborates
chains

902 902 902 902 Stretching vibration of B—O—Sb linkage,

696 692 692 691 Bending vibrations of B—O—B linkages in

BO,4 and symmetric stretching Sb—O—Sb
vibrations of SbOj trigonal pyramids.
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dependent with temperature. Because of unavailability of the values of
reduction potential for antimony and gold at high temperatures, the
room temperature E%values for simple systems at equilibrium with air
are used here to explain the reduction mechanism [66,67].

Sb>*/Sb3*, E0 = 0.649 V (12)

Awt/AuW, E® = 1.498 V (13)

Here, the reaction 3Sb®* +2Au®** — 3Sb°* + 2Au® (E° = 1.05V
and free energy (AG) around — 608 kJ) is the only conceivable spon-
taneous reduction reaction [66]. Hence, the negative free energy of
reduction reaction saying that, this reaction is spontaneous and ther-
modynamically feasible i.e. Sb>* reduces Au®* to Au® and it itself is
oxidized to Sb® *. With this the reduction of Au®* to Au® is confirmed
with the help of reduction potentials.

Further, Ju et al. [5] have been reported that the presence of re-
ducing agent in the glassy matrix effectively converts Au ions to Au
MNPs by providing reduction condition in the glass matrix during the
fabrication. However, there is an abundance of OH (even at high tem-
perature) and O, in the glass matrix and, therefore, there are chances of
[Au(OH)4]~ or NaAuO, formation in the glasses. The results of
Smithies et al. [68] have proved that the sodium also acts as an alter-
native reducing agent, which forms stable Au MNPs of smaller size, in
the present glasses concentration of sodium 25 mol% (quite high).
Hence, it can be thought that sodium also plays a role in the conversion
of [Au(OH)4] ~ or NaAuO, to Au NPs. Furthermore, Lusvardi et al. [69]
demonstrated that (for the case of 15Ca0-5P,05-80SiO>—xAu,0, where
x = 1 mol% of Au,0), Au particles in the Au-containing glass samples
play an hydrophilic role. Nonetheless, to confirm the formation of
100% Au NPs in these glasses further detailed studies will be necessary
to identify the exact mechanisms responsible for such processes.

3.4. NLO properties

The strong NLO properties and the ultrafast response times asso-
ciated to the SPR of metal nanoparticles in glasses makes them potential
materials for the applications in photonic devise [70]. However,
studying the NLO properties at non-resonant wavelengths is important
towards device applications. Hence, the NLO properties of present
glasses have been studied using Z-scan technique with fs Ti:sapphire
laser operating at the wavelength 800 nm (non-resonant wavelength,
since there is no any absorption peak in this region). The Z-scan mea-
surements of open aperture (OA) and closed aperture (CA) type were
performed to obtain the nonlinear absorption and nonlinear refraction
coefficients respectively.

The nonlinear absorption parameters can be obtained by fitting the
experimental OA Z-scan data with the multi-photon absorption (MPA)
equation given by Sutherland et al. [37,71,72],

1
[1+ (0 = DanLer(Too/(1 + (Z/Zo)»)" =1

Toa(nPA) =

o0a(nPA) 14)
where, a, is the effective MPA coefficient (n = 2 for 2PA; n = 3 for
3PA, and etc.) and Iy is the intensity of the input irradiance. The
theoretical equation merely for two-photon absorbers yielded when
retained only 2PA term in above equation

1
1 + opLegt(Ioo/(1 + (Z/Zo)%))

Toa(2PA) =

0a(2PA) a1s)
where, the effective path length (L.g) in the sample of length L for 2PA
is Leg = %, Ipo is the peak intensity in the input beam, Z is the

sample position, Z, = 7‘“’(2)/ is the RayleighRange, wq is the beam waist at
the focal point (Z = 0), A is the wavelength of the laser light used for
the experiment.

The closed aperture Z-scan data was fitted the with following
equation [72],
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where, A®, is the phase difference of the laser beam caused due to
nonlinear refraction and is obtained by fitting the CA Z-scan experi-
mental data with above equation. The nonlinear refractive index ob-
tained using,

IADy| A

n,(m2w-1) =
27l go Legr

a7

166

Fig. 7(a) and (b) illustrate the open and closed aperture Z-scan
signatures for undoped glasses [in Fig. 7(a) and (b), the open circles
represents the experimental data while the solid lines are theoretical
fits]. In Fig. 7(a), OA Z-scan data of undoped glasses is established a
valley in the transmittance as the sample reached the focal point
(Z = 0) and that valley represents pure RSA. The 2PA coefficient (a,)
was evaluated by fitting the experimental OA Z-scan data with Eq. (15)
and the evaluated value of o, is 13.5 x 10~ '2mW ™. The pre-focal
dip and the post-focal peak shown in Fig. 7(b) is the signature of CA Z-
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Fig. 7. Z-scan signatures of undoped NB glasses (a) Open aperture Z-scan curve (b) Closed
aperture Z-scan curve. The open circles represent the experimental data while the solid
lines are theoretical fits.

scan data for undoped glasses and is indication of positive nonlinear
refraction, which is attributed to self-focusing nonlinearity. The CA Z-
scan experimental data was fitted with Eq. (16) to calculate the non-
linear refractive index (n,) and estimated value of n, is
1.189 x 10~ *m?W ™ . Generally, the division of NLO phenomena can
be done as the resonant and non-resonant nonlinear effects based on the
real or virtual states are involved in photo excitation. Both the effects
can contribute to the optical nonlinearity in inorganic glasses. The NLO
property of positive type is due to the hyperpolarizabilities of the
constituents present in the glass composition like the heavy metal ca-
tions (such as Pb?™, Bi®*, Sb®*,W° " Te* ", Ge* *,Nb° T, Si®* etc.)
transition-metal ions, bridging and non-bridging oxygens [73]. Xinhua
Zhu et al. [73] further demonstrated that, the glasses containing heavy
metal oxides (HMO) results in small 2PA and high nonlinear refractive
index due unusual hyperpolarizability of non-bridging lone pair elec-
trons of heavy metal ion and effective screening of outer electron from
the nucleus under the impact of applied optical electric field. Thus, the
observed small 2PA and high nonlinear refractive index (comparably)
of undoped glasses is ascribed to the large hyperpolarizability of the
non-bonding lone electron pairs of Sb®* and the many filled inner
electronic shells of Sb®* ion screen the outer electrons efficiently from
the nucleus, thus promoting large charge displacements to occur due to
the domination of an applied optical field. The anharmonic effects
originate from such large displacements are manifested by the high
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Fig. 8. Open aperture Z-scan data for 25Na,0-75B,03 glass.

nonlinear refractive index (n,) of glasses containing antimony. Also,
from the structural (FTIR) analysis discussed in earlier section, the
present glass system have Sb—O—Sb and B—O—Sb local structures,
these local structures are also responsible for observed nonlinearity in
undoped glass [64]. We also measured the NLO properties of
25Na,0-75B,03 in OA Z-scan under same laser exposure, in which no
change in the transmitted intensity as the sample moved along the Z-
direction has been observed and is shown in Fig. 8. Therefore, the ob-
served nonlinearity in undoped glasses is only due to the presence of
Sb®*. The same kind of nonlinearity has also been observed by Rajar-
amakrishna et al. [74] for undoped and untreated lanthanum lead bo-
rate glasses under 532 nm, nanosecond (ns) laser excitation and by
Almedia et al. [27] for undoped HMO (GeO,-Bi,03) glasses under
500 nm, fs regime.

The open and closed aperture Z-scan results of the NB-1 glasses are
depicted in Fig. 9 (a) and (b) respectively [in Fig. 9(a) and (b), the open
circles represent the experimental data and solid lines represent the
theoretical fits]. The typical peak symmetric about the focal point
showed by OA Z-scan profile is the sign of saturable absorption and it
reveals the nonlinear absorption of negative type. A same type of sa-
turable absorption nonlinearity was observed by Rajaramakrishna et al.
[74] in the case of lanthanum lead borate glasses doped with gold NPs
after the heat treatment at 550 °C at different durations and by Almedia
et al. [27] for HMO glasses doped with Au after annealing at 420 °C of
about 3 h. The values of 2PA coefficient (a,) of undoped glasses and
saturation intensity of gold doped glasses is found to be comparable
with those reported in literature for glasses [74,27]. The values of re-
fractive indices of present glasses are again comparable with those in
reported in references [27,75].

In noble MNPs, the NLO properties originally arise from intraband
and interband transitions. The transition between the levels in the d-
band which are just below the Fermi level and the conduction band
results in the interband transition. The transition arises from ground
state to the excited state in the conduction band yields the intraband
transition. Initially the electrons are stimulated from ground state to the
excited state at which they then become free carriers (SPR absorption),
this process is subsequently followed by the broad band absorption of
these free carriers (free carrier absorption, FCA), finally through elec-
tron-phonon interaction, electron-electron coupling and phonon—
phonon relaxation the stimulated electrons decay to the ground state
[76]. The intensity is very weak when the glass sample is far from the
focal point and this weak intensity unable to cause any nonlinearity,
thus the transmitted intensity is unity. The intensity is increases when
glass sample is moved towards the focal point and this mild intensity
can able to induce the plasmon oscillation of the electrons within the
conduction band. Hence the greater number of the nanoparticles is
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Fig. 9. Z-scan signatures of NB-1 glasses (doped with 0.005 mol% Au) (a) OA Z-scan
curve (b) CA Z-scan curve. The open circles represent the experimental data and solid
lines representing the theoretical fits.

geared up to the excited state results in smaller population of the
ground state, which bleaches the ground state plasmon absorption
band. Therefore, the transmittance will be a maximum at this intensity
level, result in SA (hump) kind of behaviour [77]. For gold NPs, the first
excited transition usually occurs at 6700 A (1.52 eV) due to intraband
(sp — sp) transition. The peak at 4500 A (2.63 eV) attribute to intra-
band (sp — sp) and interband (d — sp) mixed transitions, and that at
4000 A (2.91 eV) is essentially from an interband transition (d — sp)
[78]. The excitation of free valence electrons near the Fermi surface
known as intraband transition and is energetically admissible even with
photons of low-energy, whereas the transition of the electrons arises
from the d-band to the conduction band is interband transition, which
require photon of higher energy [77,78]. However, in our Z-scan ex-
periment, the laser wavelength of excitation is 800 nm (1.55 eV) which
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is obviously smaller than 2.91 eV and near to 1.85 eV and further the
peak intensity of the laser pulse maintained while during the experi-
ment was of about 5.2 x 102 Wem ™ 2. Thus, the intraband (sp — sp)
transition is dominant in gold doped glasses and which depletes the
electrons near the Fermi surface causing SA nonlinearity.

From Table 3, it is evident that the value of negative nonlinear re-
fractive index (n») gold doped glasses increases as the concentration of
gold increases. This may be attributed to the fact that the number gold
NPs increases when the concentration of gold increases, representing
that more number of Au NPs are contributing to the enhancement of
nonlinear refractive index. The enhancement in the nonlinear refractive
index at 800 nm (fs) with the increase of AuCl; concentration in sodium
antimony borate glasses also attributed to the increase of the NBOs in
glasses as amount of gold increases. However, with fs MHz excitation
there are some thermal effects expected hence the studies with kHz
excitation will be taken up in near future. From the application point
view, the glasses having high nonlinear refractive index and small 2PA
coefficient can be considered as a promising material for ultrafast op-
tical switch in an optical fiber communications system. Since the pre-
sent glasses exhibited relatively low 2PA, hence the present glasses are
suitable for optical switching devices or optical switches.

4. Conclusions

Au NPs have been successfully fabricated with conventional melt
quench method in sodium antimony borate glasses. We systematically
investigated the optical, physical, structural and ultrafast nonlinear
optical properties of the NB glasses doped with different concentration
of gold. The glassy nature of the glass samples has been verified by XRD
patterns. The optical absorption spectra of glasses doped with Au NPs
exhibit SPR plasmon band at around 565-597 nm due to the interband
transition and a weak red shift in gold plasmon band have been ob-
served with increase of gold content, which is attributed formation of
larger Au NPs by Ostwald's ripening process with increase of Au con-
centration. The noticeable decrease in optical band gap energy and
increase in Urbach energy with respect to gold concentration attributed
to an increase in the disorder and decrease in the rigidity. From HR-
TEM it was clear that, Au NP in FCC crystal system have uniformly
dispersed in the glass matrix and the size distribution of these NPs
ranged from 8 to 45 nm with the average particle size about 25 nm.
However, the gold crystal peak in XRD has been not observed due to
low concentration of gold. The broad absorption bands at 902 and
696 cm~ ! in FTIR spectra and Z-scan results of undoped glass reveals
that, the Sb®* is effectively entering in to the glass network though its
concentration is very less. The NLO properties of the glasses were de-
termined using Z-scan method at the wavelength of 800 nm using fs
pulses. The undoped glass exhibited positive nonlinearity and is as-
cribed to Sb—O—Sb and B—0O—Sb local structures, whereas the glasses
doped with gold presents negative nonlinearity. The nonlinear ab-
sorption observed in gold doped glasses attributed to the intraband
(sp — sp) transition. The enhancement in the negative nonlinear re-
fractive index with increase of gold concentration is due to increase of
the NBOs in glasses as content of gold increases. The ultrafast Z-scan
studies of the present glass system revealed that, the studied glasses are
suitable for optical switching devices like passive mode locking, optical

Table 3
Summary of NLO coefficients obtained from Z-scan results of NB glasses. n, a, and Ig represents nonlinear refractive index, 2PA coefficient and saturation intensity,
respectively.
Samples n, m2w™1hH o, (mW™ 1) Is (Wm™ 2y
NB-0 1.32 + 0.13 x 1077 13.5 + 0.14 x 10~ '2 -
NB-1 —2.7 + 027 x 107 '° - 7.42 + 0.74 x 10"
NB-2 -31 = 031 x10 ' - 6.71 = 0.67 x 10'°
NB-3 -38 * 038 x10°'° - 4.23 + 0.42 x 10"
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Q-switching of lasers i.e. in the generation short pulses in region of
800 nm (non-resonant region) under fs excitation.
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