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Gold nanoparticles (NPs) exhibit strong surface plasmon resonance (SPR) in the visible spectral region. Lithium
Zinc Calcium Fluoroborate glasses embedded with Au NPs were synthesized by conventional melt quench
technique. The gold NPs embedded glasses exhibited dichroic nature. A small kink around 44.61° in the X-ray
diffraction (XRD) pattern suggests the presence of Au (2 0 0) in the matrix. High resolution-transmission electron
microscopic (HR-TEM) measurements further confirmed the existence of spherical and ellipsoidal Au NPs.
Thermogravimetric analysis (TGA) reveals the role of network modifiers in the matrix as the glasses that con-

tained higher concentration of lithium oxide exhibits lower T, thereby resulting in creation of more non bridging
oxides (NBO's). The Z-Scan studies were performed under non-resonant condition (800 nm) to analyze the ap-
plication of these glasses for optical limiting devices.

Introduction

Glasses are interesting materials for nonlinear optical devices due to
their wide range of applications in the field of photonic devices viz.,
lasers, light emitting diodes (LED's), solar cells, nano photonics, optical
data storage and sensors [1]. The color of glass in transmitted region
occurs due to various mechanisms such as due to absorption of metal
ions or band-edge cut-off, or precipitation of colloids etc. The transition
metal ions doped in glasses exhibit absorption bands in visible and
infrared regions due to its open valence- shell electronic structure that
arises due to 3d-3d electronic transitions [2]. The noble metal nano-
particles (MNPs) exhibit a characteristic feature of surface plasmon
resonance (SPR) that occurs due to the collective oscillation of con-
ducting electrons at the surface of dielectric medium. The properties of
MNPs are largely depends on the shape, size and their distribution in
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dielectric host. Generally, the SPR and interband transitions of noble
metal clusters partially overlap and as a result when they are excited
under the SPR resonant conditions, the electrons in the bands of d and s-
p will engage in nonlinear process [1,3]. The small size gold nano-
particles (NPs) have large spectrum of potential applications in various
field such as biomedical sensing, cellular imaging, cancer therapy,
catalysis, electronics and nonlinear optics [4]. The bright ruby red color
produced by the addition of small quantity of gold is attributed the Mie
scattering and surface plasmon resonance absorption by metal NPs that
are embedded in the glass matrix and it has been reported earlier that,
there is a strong enhancement of the third-order nonlinear optical (x)
susceptibility and exhibits reversible saturable absorption (RSA) beha-
vior at higher intensities have potential application for optical limiting
devices [5]. The photo stability of Au NPs has led to create tremendous
potential usage in photonics especially in optical limiters. Optical
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limiters play a vital role in protection of sensitive optical devices and
human eye from high intense radiations [6,7].

Nonlinear optical (NLO) properties for metal NPs have been studied
extensively in SPR condition for MNPs. When photo excitation occurs
near to SPR region of Au NPs the optical nonlinearities are enhanced.
The Z-Scan setup is sensitive and very conventional for measuring the
NLO properties of materials compared to other available techniques and
it can estimate real and imaginary part of susceptibility simultaneously
along with the sign of nonlinearity [8,9].

Addition of alkali oxide like lithium or sodium to B,O; network
results in conversion of trigonal to tetrahedral borates groups upto
certain concentrations of alkali content and later depolymerizes the
network thereby forming trigonal groups by creating excess of non
bridging oxygen(NBO's) in the network, this phenomenon is referred to
boron oxide anomaly [10-12]. The NBO's are more polarizable than
bridging oxygens as they lead to increase in the refractive index of
glasses. It was reported earlier that the addition of alkali, alkaline earth,
and aluminum fluorides for durable fluoroberyllate glasses has shown
excellent ultraviolet transmission and a small increase in nonlinear
refractive index (n,) which is apt for nonlinear device applications,
Materials having a large n, and small absorption loss coefficient have
potential for optical switching devices, that works in operating wave-
length [13].

The preliminary investigations provide us an insight to choose an
appropriate matrix pertaining to oxyfluorides in borate glasses which
can be doped with gold as it is expected to enhance the nonlinear op-
tical properties of glasses that are apt for optical limiting applications.
This work suggests the role of network modifiers in Au doped glasses
which tunes the structure and nonlinear optical properties of glasses.

Experimental details

Glasses pertaining to composition (wt%) xLi»O - (35-x)CaF, - 20ZnO
- 45B503 - 0.1AuCl;3 (x = 15, 20) of 10 gm batch were synthesized by
the conventional melt quench technique. The highly pure analytical
reagent (AR) grade precursors were used and their respective compo-
sition details are provided in the table 1. The batches were heat treated
in step process to expel hydrates (at 200 °C for 20 min), chlorides (at
450°C for 20 min) and carbonates (at 650 °C for 45 min). The molten
glass was stirred continuously for 15 min at 1050 °C and then quenched
on preheated (at 200 °C) brass molds. The prepared glass samples were
annealed for 300 °C in order to remove the thermal stresses which are
occurred while quenching from high temperature. The prepared glasses
are coded as A1, A2 for base glasses and G1, G2 for Au NPs containing
glasses.

The observed brown colored glasses (as appeared) that transmit
blue color (when exposed to white light) indicates that gold NPs are
dissolved in the glass and as a result the glasses exhibited dichroic
nature as shown in Fig. 1. The prepared glass samples were well po-
lished for optical and NLO characterizations. Optical absorption data
were collected by Perkin-Elmer lambda 75 Ultraviolet-Visible (UV-Vis)
spectrometer and NLO properties were evaluated using Z- Scan tech-
nique at 800 nm using 150 laser pulses fired at a rate of 80 MHz from
Ti: Sapphire Laser. Samples were crushed and grinded into fine powders
which were characterized for structural and morphological studies viz.,
XRD (PAN-Analytical Xpert 3), IR (Perkin-Elmer), TGA (TA instruments

Table 1
Glass compositions and their labels used in the study.

Glass Code Glass Composition (wt%)

Al 15Li,0-20CaF,-20Zn0-45B,0;

A2 20Li»0-15CaF-20Zn0-45B,03

G1 15Li;0-20CaF,-20Zn0-45B,03-0.1 AuCl;
G2 20Li»0-15CaF5-20Zn0-45B,03- 0.1 AuCl;
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SDT Q600) and HR-TEM (JEOL/JEM 2100).
Results and discussions
XRD results

The XRD pattern of all investigated glasses demonstrated broad
hump between 20°-40° as shown in Fig. 2 confirms that all the samples
are amorphous in nature. For samples G1 and G2 there is a peak at
44.61° indicating the gold NPs are of FCC lattice (2 0 0) [14]. The Miller
indices for this peak can be estimated by using Braggs equation,
2digysin® = na, where A¢, = 0.154nm, dyiq is the inter planar distance,
and for FCC lattice parameter a = 2r+/2, where r is the atomic radius of
gold which is 0.166 nm [15]. The relationship between a and

Ay = ——— results in estimation of interplanar distance between

to Au planes which is found to be 0.2347 nm. The average crystallite
size d of Au NPs can be estimated using Debye-Scherrer's Formula i.e.,
= ﬁgfsis’ where f§ is the FWHM (full width half maximum) of diffraction
peak and O is the Bragg's angle. The average crystallite size was esti-
mated to be more for sample G1 compared to G2 and for G2 it was
found to be 23.68 nm which further matched with those estimated from

HR-TEM images [14].

Physical properties

Physical Properties of glasses were determined by Archimedes
method using toluene as the immersing liquid and other parameters
were calculated using the formulae mentioned in reference [16].
Table 2 clearly suggests that incorporation of gold in matrix has re-
duced the density there by increasing the distance between two boron
atoms. The increase in molar volume due to presence of gold NPs draws
an indication that Au enhances in creating NBO's that lead to open
structure in Li,O-CaF5-ZnO-B,03 glasses [17]. It is observed that, the
density of the glass matrix which contains higher concentration of Li,O
less than that of glass contained lower concentration of Li»O, thereby it
suggests that incorporation of gold assists alkaline element lithium to
create NBO's. It can also be observed that the interionic distance be-
tween Au-Au has been more in G2 glass which supports our argument
on the role of modifier lithium for G2 glass increases more NBO's which
thereby results in enhancement of NLO properties [18].

TGA analysis

The TGA/DTA data of glasses shown in Fig. 3 confirms that the
glasses doped with (G1, G2) and without (Al, A2) gold in the matrix
results in two different kinds of mechanism. The average single bond
enthalpy (Eg) of glasses can be correlated with the T,. The Eg was es-
timated for the Al, A2, G1 and G2 using the following equations [19].

XELi_o — (35 = X)Eca_r — 20Ezq_0 — 45Ep_o — 0.1Eau_au

E; =
? 100 €8]
Where,
. 341KkJ
Epio(Li — 0 = )
mol
527kJ
Eci-r(Ca — F= ——),
mol
284.1kJ
EZn—O(Zn -0= )’
mol
806kJ
Ep o(B—0=—1-),
mol
221.3kJ
EAu—Au(Au —Au = )’
mol

are the bond energies of single bonds in the matrix [15]. For glasses
pertaining to the matrix Al and G1 the glass transition temperature (Tg)
has increased there by CaF, involves in creation of bridging oxygens in
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Fig. 1. Dichroic behavior of Au doped Lithium Zinc Calcium fluoroborate glasses (G1 and G2).
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Fig. 2. XRD patterns of A1, A2, G1, and G2 glasses.

the network. As the glass Al and Gl exhibits bond strength of
576.06 kJ/mol and 576.281 kJ/mol respectively, the increase in single
bond strength enthalpy is due to presence of higher concentration of
alkaline earth Ca®*or the bond energies of Ca-F around 527 kJ/mol
compared to that of Li-O which is 341 kJ/mol. On the contrary, the
glass doped with higher concentration of lithium, A2 and G2 exhibits
lower Tg which indicates that the dominance of lithium in the network
compared to that of calcium fluoride leads in creating more trigonal
borate segments for samples A2 and G2 as compared to that in A1 and
G1. Thus lithium involves in creating more NBO's in the network [20].
The observation of single bond strength in the matrix of glasses A2 and
G2 are 549.72 kJ/mol and 549.94 kJ/mol respectively, it suggests that
there is no much difference is bond strength when compared with base
glass and doped glass and it can be established from the fact that the
alkali modifier Li*in this matrix provides lesser cross linking

coordination of oxygen compared to Ca>* which thereby lowers T, for
A2 and G2 glasses [20].

IR studies

The infrared absorbance spectrum shown in Fig. 4(a) confirms the
presence of BO3 and BO, structural units of glass as depicted in Table 3.
FTIR deconvolution spectra were performed based on [21] using fityk
computer software [22]. The spectrum can categorically be divided into
three borate segments. First borate band appears around 600-800 cm ~*
which is attributed to B-O-B bending vibrations where the oxygen atom
is linked to one tetrahedral and trigonal group. Second borate segment
around 800-1200cm ™! confirms the presence of symmetric stretching
of tetrahedral BO,4 groups [23] as reported by Doweidar et al. [24] that
confirms the presence of distorted Ca; ,»>* [BO3,,F] ~ tetrahedral group
in the same region which could have lead to formation of oxyfluoride
network in the glasses as shown in Eq. (3). The contribution for the
formation of oxyfluoride tetrahedral which appears in the same wave
number region of tetrahedral borates [25] is partly from modifier CaF,
and the rest of CaF, converts into CaF, tetrahedral units [26,27]. The
third group between 1200cm ~'and 1800cm ™! confirms the stretching
vibrations of B-O in trigonal BO3 or [BO,0]~ groups [28]. The vibra-
tional modes for the modifying cations like Li*/Ca®* found to be active
in the region 400-600 cm ™. The vibration of the OH—, water and B-
OH are observed in the region 1700-4000 cm ™! [28,29]. There is no
signature of Au leading to structural changes, but depending on the
lithium concentration structural changes has been observed because the
Li*bond disruption energy (Au-O; 223 kJ/mol) compared to Li-O
(340.5 kJ/mol). Hence, Li,O acts as an intermediate in the G2 glass.
The Eq. (2) advances in these glasses hence their molar volume is
higher than A2 and G2 glasses suggesting loosening in their network
formation .The role of CaF, helps in creating more bridging oxygen as a
result the matrix tightens the network which can be correlated with the
increase in Ty [30]. In case of glasses doped with and without gold (Al
and G1 composition), suggests that the Li* plays a role of modifier that
creates more bridging oxygens this may be due to presence of higher
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Table 2
Optical and physical properties of gold doped Li,O-CaF,-ZnO -B,05 glasses.
Optical, Physical and inter-nuclear properties Al A2 Gl G2
Density (g/cc) + 0.02 2.837 2.833 2.830 2.794
Molar Volume unit (cm®) + 0.02 23.859 23.041 23.988 23.432
Au ion Concentration (10%° atoms/cm®) + 0.02 - - 1.70 1.68
Interionic Distance (10~ ° m) ( = 0.02) - - 1.803 1.811
Polaron Radius (A) + 0.02 - - 7.268 7.290
Average B-B distance (A) + 0.02 3.302 3.264 3.308 3.282
Glass Transition Temperature (Tg) °C 427.46 420.46 427.30 404.12
Nonlinear Refractive Index- n, (10~ '° m2/W) + 0.01 - - 2.1 4.2
Nonlinear Absorption Coefficients a, (cm/GW) + 0.01 - - 1.02 1.64
Surface Plasmon Resonance Peak Position (10~ ° m) - - 605.50 579.27
Optical energy bandgap (eV) + 0.01 3.45 3.29 3.06 2.94
Size of Au nanoparticles (10 ~° m) (Debye-Scherrer Method) - - 36.73 23.68
Size of nano particles (10~° m) (Mie Scattering) - - 29.456 29.53
08 @) Al concentration of modifier alkali element CaF, and less Li,O content
il PO ——— (b) A2 which promotes in tighten the network and forming BO, as presented in
S o7k i “« () G1 Eq. (4 and 5) hence, there is a decrease in Tg [20] as well as reduces Au
g L ‘\-\_\ (d)——G2 which is reflected in its band gap.
< 06 N
8 [BO4/2]~ + [BOs.] + 0.50% — 2[BO,,,0]- 2)
| =
& 05 _
E | Can + B203 d 2C31/22+ [BOg/gF] (3)
— i 2— -
| 2[BOg/5] + 077 — 2 [BO, 3] )
5 _
& 03 Aut + e — AW (5)
o) B
Q. ~ .pe . .
g 02 ~42046°C_ The structural modification of borates due to calcium can be un-
) e ¥ . . . o s
- Gl e derstood by observing the slight change in the shift in bands towards
01 g 2 higher wave number for B-O-B bending vibrations and tetrahedral re-
- I gion in A1 and G1 which leads to reduction in the degree of disorder in
’ T T T P the glass network and on the contrary, for A2 and G2 the reverse trend
150 200 250 300 350 400 450 500 is observed, thereby indicating that the concentration lithium in matrix
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Fig. 3. TGA curve exhibiting glass transition temperature for A1, A2, G1 and G2
glasses.
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leads deformer the network in glass [31].

UV-Visible-NIR studies

The samples G1 and G2 exhibit broad shoulders at 604 nm and
578 nm respectively due to surface plasmon resonance [14]. The in-
corporation of lithium into matrix has reduced more gold and thereby it

—— Actual Spectrum

- - - - Predicted Spectrum
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Fig. 4. (a): IR Spectra of Al, A2, G1, and G2 glasses and (b) Deconvoluted Spectra of G2 glass.
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Table 3
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Structural confirmation of Borate segments in Lithium Zinc Calcium fluoroborate glasses.

Sl. No. Wave number (cm ™)

Spectral Assignments

400-620
620-780
780-1170
1170-1700
1700-4000

Metallic Vibrations of Li*, Ca®*, Zn?*

B-O-B bending Vibrations (oxygen linkages between trigonal and tetrahedral borate)
Stretching vibration of BO,4 units, Presence of oxyfluoride network

Stretching vibrations of BO3 units

-OH, water and B-OH linkage

@
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Fig. 5. (a): Absorption profile (b) Direct bandgap (c) Indirect bandgap (d) Urbach Plot for Al, A2, G1, and G2 glasses.

suggests that the probability of reducing Au*— Au® is more in G2
compared to Gl which further confirmed from the intensity of ab-
sorption profile as shown in Fig. 5(a).

The results also suggest that increasing the concentration of mod-
ifying cation like lithium tends to blue shift the band position of Au SPR
thereby leading to much comparatively larger size of NPs [32] in G2
samples. When the energy transition occurs between top of the valence
band to bottom of the conduction band under the same momentum
space, it leads to direct bandgap which can be estimated from the ab-
sorption spectra by plotting (ahv)® against energy. Similarly, if the
energy transition occurs with different momentum space for energies
that are not aligned, which requires and additional energy leads to
photon assisted indirect bandgap that is estimated by from the plot
(ahv)'/? against energy. Both direct and indirect bandgap values are
drawn by extrapolating the edge line from the plot [33]. Fig. 5(b) and
(c) suggests that the band gap energy reduces for G1 and G2 samples
and it also indicates that higher concentration of Li* in the matrix

promotes more NBO's which can be correlated with the physical
properties, TGA and IR results. The bandgap values in series Al is
higher comparatively to that of A2 thereby, the reduction in bandgap is
generally due to creation of more non bridging oxygens in the network
and in addition to this the incorporation of gold nanoparticles in the
matrix has further shifted the optical bandgap to the lower values, this
can be well established as there is an increase in molar volume. Further,
the strength of disorderness in the network can be interpreted by
plotting Ina against energy [33] as shown in Fig. 5(d). The inverse of
slope defines Urbach energy (E,).The Urbach energy for Al (0.208 eV),
A2 (0.290 eV), G1 (0.528 eV) and G2 (0.836 eV) respectively, indicates
that there is an increase in Urbach energy with glasses doped with gold
which indicates that the probability of NBO's in the network in more
compared to that of base glass. The Urbach energy is found to be
highest for G2 suggesting that the Au entering into the matrix is able to
create more NBO's because the host element has more Li* which sup-
ports in creating the NBO's in network.
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Particle Diameter (nm)

Fig. 6. (a): HR-TEM image confirming uniform distribution of Au NP's in G2 Glass (Inset HR TEM image of 2 nm Au NP's depicts the inter planar distance of Au) (b)
Histogram to depict the probability of shapes in Au NPs that are formed in G2 Glass (c) Histogram to depict particle size of Au NPs in G2 Glass.

The size of NPs estimated theoretically by applying Mie theory as
mentioned in the reference [32].

AVf

Z”C(afsix) ®)

where, A = 1.2, V¢ is the Fermi velocity of gold for bulk medium i.e.,
13.82 x 10° m/s, c is speed of light in vacuum, A\ is FWHM and A2py is
the surface plasmon resonance wavelength. This expression is valid
only for spherical nanoparticles. Since our glass exhibits dichroic
nature, it can be assumed that there could be a probability of particles
to be elliptical with lesser aspect ratio which is closer to 1. If that case is
valid, then ellipsoid can be considered and spherical and the apparent
sizes of Au NP's were found to be around 30 nm.

r=

Morphological analysis

The morphological features of Au NPs were analyzed using ImageJ
software. It was found that the gold NPs have been distributed evenly in
the 20Li,0-20Zn0-15CaF,-65B,03 matrix has as shown in Fig. 6(a) and
it also confirms that the spacing between Au NPs in the glass matrix is
found to be around 2.0 A (shown in the inset image), this result are in

good agreement with XRD data. It is interesting to note that the shape
of NPs has been distributed in form of spherical (when aspect ratio (a/b
is 1:1 or 1.0) and ellipsoidal as it approaches higher aspect ratio as
shown in Fig. 6(b). The maximum probability on finding the shape in
this matrix confirms that the gold NPs have exhibited the shape of el-
lipsoidal which was found to be in aspect ratio of 3:2 orl.6 thereby, it
confirms that the dichroic nature of this glass is due to presence of
elliptical Au NPs [14]. The average particle diameter of Au NPs is es-
timated and shown in histogram in Fig. 6(c). The data suggests that the
average particle size is found to be around 23 nm which is correlated
with the values those obtained using Debye Scherrer method in XRD.

NLO studies

The NLO experiments were performed at 800 nm obtained using Ti:
Sapphire 800 nm laser pulses. In the Z-scan experiment, a lens is used
for focusing the laser beam and optically transparent polished sample
which moves along the beam axis or the Z-axis through the focal region.
At each Z point (i.e., position of the sample), the sample undergoes
variable intensity of the laser beam at each position and the transmitted
energy was measured using the energy meter placed after the sample.
The readings were taken directly to the Z axis lead to open aperture
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data (measuring absorption coefficient) and the readings that were
taken with help of an aperture lead to closed aperture data (measuring
nonlinear refractive index).

The open aperture (OA) and closed aperture (CA) data of Z-scan
instruments evaluates nonlinear absorption and refraction properties
which vary with respect to intensity of incident beam on the sample
along the beam axis.

The OA data was fitted using the equation

1
"1+ apLegl L1 + (Z1Z0)?)] %)

Toa

in the above equation, L. is the effective path length of the sample over
the length L, Iy is the laser irradiance intensity. The closed aperture
data was fitted using the equation

. 409, (ZIZo)
(1 + (ZIZo)119 + (ZIZo)] (8)

Tea=

where Zothe Rayleigh Range which is often is calculated by the re-
lationship %"2, wherew, is the beam waist and A is the wavelength of
operating laser, g is the phase difference that is attributed to nonlinear
refraction which can be estimated from the curve fitted data, thus the
nonlinear refractive index (n,) was calculated using the ex-

pressionzmﬂ [34]. There was pronounced nonlinearity in the sample

L efr I
G2 comparfefd(mto G1. Fig. 7(a) data suggests that, as the samples ap-
proaches Z = 0 or the focal point, intensity gradually decreases i.e.,
there is a dip in focal region accompanied later by an elevation in focal
region, thus leading to positive nonlinear refractive index (np > 0)

which indicates that the beam is said to exhibit self-focusing nature.
The closed aperture (CA) data reveals that the nonlinear refractive
index was found to be higher with increase in concentration of Li,O
since the probability of presence of boron tri oxide is more this may
lead to agglomeration of Au NP's or formation of clusters which the
nonlinear properties of glasses [30]. The nonlinear refractive indices of
these glasses were estimated to be 2.1 x 10~ !° m?*/W for G1 and
42 x 107'°m?/W for G2. The OA data shown in Fig. 7(b) clearly
demonstrated of valley indicates that the sample exhibits Reverse Sa-
turable Absorption (RSA) which can be arises due inter (d — sp) and
intra band(sp — sp)transitions that occur in Au NPs [34]. The nonlinear
absorption coefficient for sample that contained lesser concentration of
lithium was 1.02 cm/GW and for the sample that contained more li-
thium was found to be 1.64 cm/GW. The depth of valley is found to
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increase with increase in lithium concentration. The role of modifiers in
glass is crucial for design of optical limiters which can resist high in-
tense beam. Since these glasses have higher absorption coefficient and
lower refractive index, these glasses can be used as optical limiters
which can be confirmed from figure of merit [34].

F=22
n

Where, o, is nonlinear absoprtion co — efficient,
n, is nonlinear refractive index and A

is wavelength of operating laser (800nm) 9

The figure of merit for both the glasses is found to be greater than
one, interestingly the glass that contained lesser lithium oxide con-
centration is more transparent than that of higher concentration of li-
thium oxide. This may be due to larger nonlinear absorption and larger
nonlinear refractive index for the sample G2 might have appeared due
to increase in non-bridging oxides in samples [18], whereas compara-
tively the value of the nonlinear refractive index in sample G1 is found
to lower. It can be found that these glasses are not apt for optical
switching application and hence these glasses are potential for ultra-fast
optical limiters [35]which can abstain high energy laser radiation
thereby the material protects optical detectors and human eyes when
exposed to laser radiation around this wavelength [7].

Table 4 draws a comparison between various Au NPs doped glasses
and the results suggest that, the synthesized Au NP embedded glasses
(G1 and G2) exhibits better nonlinear absorption coefficient compared
to glasses doped with NZB series, GB-Au and Au NPs doped in monolith
glass whereas the glasses NB1, NB2 and NB3, BBS Au-1, BBS Au-2, Au
NP in 1-8 have shown much better results than our glass, this might be
because of the presence of heavy metal oxides in the matrix viz., anti-
mony, bismuth and lead which leads to pronounced nonlinearity [36].
It also suggests that the silicate glasses show better absorption com-
pared to borate glasses, which is quite clear from the results of BBS Au-
1, BBS Au-2, Se:0Sn:5Au, 5Se:5Sn:2Au. The result from the data
available as per our knowledge in Table 4 clearly suggests that the
nonlinearity of glasses depends upon the host matrix and the con-
centration of dopant.
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* Experimental G2
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Fig. 7. (a) Closed aperture Z-Scan signature (b) Open aperture Z-scan signature of gold NPs embedded glasses. In above figures the symbols represent the experi-

mental data points while the solid lines indicate the theoretical fits.
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Table 4
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Comparative study on nonlinear optical behavior of Au nanoparticles doped in various glass systems.

Glasses Studies

Glass System

Nonlinear Refractive Index n, (m?/ Nonlinear Absorption Coefficient

G1 [Present Work] Borate

G2[Present Work] Borate

Au NP in L1-4 without heat treated, Z-scan studies Performed at 532 nm, Borate
5 ns pulses [37]

Au NP in L1-8 without heat treated, Z-scan studies Performed at 532 nm, Borate
5 ns pulses [37]

NB-1, Z-scan studies Performed at 532 nm, fs pulses [34] Borate

NB-2, Z-scan studies Performed at 532 nm, fs pulses [34] Borate

NB-3, Z-scan studies Performed at 532 nm, fs pulses [34] Borate

NBS-10 Z-scan studies Performed at 800 nm, 150fs pulses [35]
NBS-20 Z-scan studies Performed at 800 nm, 150fs pulses[35]
NBS-30 Z-scan studies Performed at 800 nm, 150fs pulses[35]
GB-Au, Z-scan studies Performed at 500 nm [38]

1NZB, Z-scan studies Performed at 800 nm,150 fs and 80 MHz [33] Borate
2NZB, Z-scan studies Performed at 800 nm, 150 fs and 80 MHz [33] Borate
3NZB, Z-scan studies Performed at 800 nm, 150 fs and 80 MHz [32] Borate
0Sn-0Se-5Au, Z-scan studies Performed at 532 nm Continuous wave [32]  Silicate
5Sn-5Se-2Au, Z-scan studies Performed at 532 nm, Continuous wave [32]  Silicate

BBS- Aul, Z-scan studies Performed at 800 nm, 56 MHz and 200fs [39]
BBS- Au2, Z-scan studies Performed at 800 nm 56 MHz and 200fs [39]

Antimony Borate
Antimony Borate
Antimony Borate
Germanium Bismutate

Bismuth borate silicate
Bismuth borate silicate

w) az(m/W)

0.21 x 107 x 0.01 1.02 x 107
0.42 x 107 + 0.01 1.64 x 107
- 6.4 x 10712

- 1.89 x 107!
- 284 x 1071 1.82 x 1071
- 322 x 1071 2.02 x 107!
- 391x 107 241 x 107M
0.21 x 10718 0.14 x 1071
0.51 x 107'® 0.46 x 10711
0.87 x 1078 0.82 x 107
0.18 x 1071 0.09 x 10~
-1.2 x 1071 52 x 107

-1.9 x 107! 46 x 1074

-2.8 x 1071 81 x 1074

- 2.06 x 1071°
- 233 x 1071
465 x 1071 7.4 x 1071

3.13 x 1071° 51 x 107

- 7.72 x 1071
- 16.3 x 1071
- 525 x 10711
3 x 1072 -6.5 x 1074
1.74 x 10718 572 x 10712

Au ions in GIL49 Performed at 800 nm, 1 kHz repetition rate and 25 fs Silicate
pulses [34]

Au ions in BK7 Performed at 800 nm, 1 kHz repetition rate and 25 fs Silicate
pulses [40]

Au ion in Glass B Performed at 800 nm, 1 kHz repetition rate and 25 fs Silicate
pulses [40]

Au Nanoparticle doped monolith glass at 800 nm, 20 kHz repetition rate  Silicate
and 196 fs pulses [41]

Au Nanoparticles embedded silica glass performed at 720 nm fs pulses Silicate
[42]

Conclusions

The role of Li;O and CaF, due to presence of gold NPs in the
fluoroborate glasses is reported. FTIR deconvolution suggests that there
is a probability of formation of [BO3,,F] from CaF, thereby confirming
the presence of oxyfluoride network in the matrix. The dopant gold
plays a supporting role in enhancing NBO's in the network. Since the
concentration of Li,O is higher in G2 compared to G1, the probability of
NBOs is found to be higher which can be correlated as the optical
bandgap values were red shifted, thereby the samples doped with gold
with more concentration of lithium content (G2) has resulted in better
the nonlinear refractive index and nonlinear absorption coefficient.
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