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Utilization of optical limiting materials to suppress the input intense laser energy is obligatory in a wide
variety of applications that deploy the high-power laser sources. In this letter, we demonstrate that the
optimization of borate structural units in lanthanum borate (LB) glasses through the addition of vari-
ous concentrations of heavy metal oxides (HMOs) (PbO and Bi,03) resulting in achievement of an op-
timum optical threshold value. The structural changes of these glasses were analyzed by "B MAS-NMR
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and Raman spectroscopic techniques. Nonlinear optical attributes were assessed by the Z-scan technique.
The enhancement of two-photon absorption coefficient and decrement in optical limiting threshold fac-
tors suggest the LB glasses containing HMOs could be beneficial for power optical limiting devices. The
achieved optical limiting threshold values of 0.075 and 0.114 J/cm? at 700 and 800 nm, respectively, are
superior compared to advanced materials such as nanoparticles, carbon nanotubes, and few-layers of

MoS,/Polymethylmethacrylates.

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Owing to the irrecoverable optical damages that occur upon us-
ing advanced high power laser sources, the demand for the devel-
opment of laser safety devices such as optical limiting (OL) ma-
terials has been tremendously increased. OL materials mainly dis-
play third-order nonlinear optical (NLO) property and depict low
limiting and high damage thresholds, fast response time, excellent
transparency and broadband spectral protection [1-3]. Different
classes of materials such as organo-polymers [4], carbon nanoma-
terials [5], organic dyes [6], graphene oxides [7], noble metal nano-
materials [8], inorganic crystals [9] and nano-composites [10] etc.,
have been widely studied for OL applications. Though excellent
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OL efficiencies are commonly observed in advanced materials,
predicaments such as thermal decomposition, and low damage
threshold hinder their practical use in the fabrication of devices.
Owing to the good optical transparency over large spectral ranges,
high damage threshold to irradiation, good thermal and mechani-
cal stability [3,11], adjustable composition to meet the specific re-
quirement, a special focus has been paid on the development of
inorganic glass-based OL materials.

It is worth mentioning that NLO materials possessing strong
nonlinear absorption (two-photon or multi-photon absorption)
work as excellent optical limiters for different laser spectral regions
and pulses [12,13]. Therefore, achieving high nonlinear absorption
along with optical nonlinear susceptibility is becoming the primary
criteria for obtaining efficient power optical limiters. Among dif-
ferent inorganic glasses of interest to date [11,14-18], the borate
glasses have received significant interest. Due to the presence of
different anionic borate units, the borate crystals whose NLO co-
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efficients are six times better than those of potassium dihydrogen
phosphate crystals are being commercially used for NLO material
[19]. It has been documented that borate systems containing pla-
nar six membered ring (B30g)3~ (connected with three BO;3 units)
and the trigonal (BO3)3~ anionic groups with conjugated 7 -orbital
systems are more favorable for achieving large NLO susceptibili-
ties [20,21]. Further, the NLO susceptibility for (BO3)3~ units are
in general four orders of magnitude higher than those of (BO,4)°>~
units (in borate crystals) [19]. It can therefore be anticipated that
borate glasses containing a larger concentration of (BO3)3~ units
demonstrate high optical nonlinearity. It has been reported that
the addition of La,03 to B,O3 glasses increases the concentration
of (BO3)3- units and their refractive index [22]. Several reports
have documented that the incorporation of lead or bismuth in the
borate glass network causes depolymerization of the glass struc-
ture and results in the formation of various borate units [23-25] by
controlling the formation of BO4 tetrahedron [26]. Further, the in-
corporation of heavy metal oxides (HMOs), in particular the PbO
and Bi,03, enhances the NLO attributes to several orders of mag-
nitude [14,15,18,27-29]. In addition, the high polarizability values
of Pb%*+ (3.623 A3) and Bi3* (1.508 A3) ions [30] and the elon-
gated Pb-0 and Bi-O bonds over shorter B-O bonds further con-
tribute to the enhancement of NLO properties of glasses [31]. In
the present letter, with the above background, we demonstrate
a significant enhancement in the NLO coefficients of La,03-B,03
(LB) glass through the control of (BO4)*~ and (BO;3)3~ units. The
concentrations of (BO4)>~ and (BO3)?~ units in LB glass were al-
tered with the addition of PbO or Bi;05. The structural modifica-
tions, i.e., variations of BO3 and BO4 units, due to the incorporation
of PbO or Bi,O were assessed by 1B magic angle spinning-nuclear
magnetic resonance (MAS-NMR) spectroscopy, and NLO properties
of the prepared glasses were assed using Z-Scan technique.

Glasses with the nominal composition (mol%) 10La;03-xHMO-
(90-x)B,03 (30 < x < 50, x is in steps of 10 mol% and HMO = PbO,
Bi,03) were synthesized by melt-quenching technique in porcelain
crucibles using a resistive furnace in air atmosphere following the
procedure reported elsewhere [27]. The prepared glasses were la-
beled as LPB-x and LBB-x for the glasses containing PbO and Bi,03
respectively, in which x represents the concentration of PbO and
Bi, O3 in corresponding compositions. The detailed glass synthesis
procedure is provided in the supplementary information. The phys-
ical properties such as density (p) and refractive index (n) of glass
samples were measured using Archimedes’ principle and Abbes’ re-
fractometer, respectively. "B MAS-NMR spectra of glass samples
were recorded on ECX 500 MHz JEOL NMR spectrometer. A 3.2 mm
double-resonance MAS probe was employed with MAS frequency
18 kHz. "B frequency is quoted in ppm using "B NMR of 1 M
H3BO3; (19.6 ppm) as reference. Raman spectroscopic measure-
ments were performed by utilizing home-made setup explained
elsewhere [32], the Raman spectra of samples were recorded by
exciting with 532 nm laser. NLO properties were measured uti-
lizing the Z-scan technique. The NLO properties were studied at
spectral region from 700 to 1000 nm insteps of 100 nm utilizing
~150 (fs) laser pulses fired from Ti: sapphire laser at a repetition
rate of 80 MHz. The detailed experimental procedures followed for
1B MAS-NMR and Z-scan characterizations are described in the
supporting information.

1B MAS-NMR spectra for all the glasses are shown in Fig. 1a
and 1b. The spectrum of each glass displays well resolved two
broad peaks located at around ~ 15 ppm and ~ 1 ppm, which are
the characteristic frequencies of BO3 (B3) and BO,4 (B*) units, re-
spectively [33]. The relative concentrations of BO3 and BO4 units
and their relative isotropic chemical shifts in each glass are ex-
tracted using the deconvolution (Figs. S1 and S2 of supporting in-
formation) with the help of DMFit software and the correspond-
ing parameters are tabulated in Table S1. Deconvolution of 1B
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MAS-NMR spectra reveal that tetrahedral boron peak (B*) cen-
tered around +1.01 ppm is resolved into two peaks namely B4
and B42), The trigonal boron peak centered around +15 ppm is
also fitted to two peaks such as B3 and B3(?). From the Table S1
it is evident that the chemical shift of B3 peaks shift slightly to-
wards (relatively large shifting in Bi;O3 containing LB glass) the
higher frequency, plausibly due to the variations in the environ-
ment of B3 units [34]. The obtained asymmetry parameters for
B3 units clearly indicate that the BOs units in the present glasses
contain one or two non-bridging oxygens (NBOs), which are in-
dicated as BO3NBO, The variations of N, values, which are evalu-
ated through the ratio of area under tetrahedral boron peaks to
the total area under both trigonal and tetrahedral boron peaks,
are represented in Fig. 1c with respect to HMOs content. It has
been reported that in the case of binary alkali or alkaline-earth
borate glass systems at a high concentrations (> 30 mol%) of al-
kali and alkaline-earths, the BO3NBO units increase at the expense
of BO,4 units [35,36]. The appearance of broad vibrational bands at
around 930 cm™! and at 1300 cm™! in the Raman spectra of LPB-
40 and LBB-40 glass samples, (Fig. 1d) further confirm the pres-
ence of BO;NBO units. Similar Raman structural vibrational bands
in the high frequency region have been observed for the Bi,O3-
B,05 and PbO-B, 03 glass systems [35,37,38]. According to the pre-
vious structural study on La,03 containing borate glasses [22,39]
the band observed at around 930 cm™! is assigned to the symmet-
ric stretching vibration of BO33~ groups (orthoborate groups [22]).
A broad vibrational band near 1300 cm™! is attributed to the py-
roborate units. A strong vibrational band in 300 to 600 cm™! range,
which is characteristics peak of angularly constrained Bi-O-B link-
ages, in LBB-40 glass indicates that the Bi exist in the form of BiOg
distorted octahedral unit [40]. Being an unconventional glass for-
mer (at lower concentrations), in most of the glass system, it is
therefore assumed that Bi, O3 interacts with the borate network as
a network modifier, whereas at high concentrations Bi, 03 prefers
to retain the covalent nature as network builder through the for-
mation of Bi-O-Bi bonds. Similarly, in PbO-B,03 glass system, the
lead attains PbO,4 and PbOg octahedral units at higher and lower
concentrations of PbO, respectively. The Pb in its PbOg form be-
haves like a network modifier and interlinks with the BO4 units,
whilst the Pb in its PbO4 form behaves as network former and
forms the Pb-O-Pb linkages [35]. Lead in its PbO4 form prefer-
entially associates with BO3 units rather than with the BO4 units.
Several studies [35,37] on structure of Bi;0O3-B,03 and PbO-B,03
glasses reveal that Bi and Pb participate in the network structure
through the Bi-O-B and Pb-O-B bonds. Therefore, considering the
presence of various BO3 units consisting NBOs (i.e., pyro, ortho and
metaborates), it might be visualized that the BiOg/PbOg/PbO,4 units
are distributed between the stacks of BO3NEO units and connected
through the NBOs. Nevertheless, the presence of such connectivity
needs to be confirmed. It is therefore understood that the increase
in the concentration of Bi;O3 and PbO in the La;05-B,03 glass sys-
tem increases the concentration of BO;NBO units which are further
connected to the BiOg/PbOg/PbO, units. The Raman spectra of all
the glass samples studied in the current work are provided in the
supporting information (Fig. S3).

The variation of n with respect to PbO and Bi,O3 contents is
presented in Fig. 1e. The compositional dependence of p and mo-
lar volume (Vy;) as functions of PbO and Bi,03 in La;03-B,053 glass
is shown in Fig. 1f. From the Fig. 1f, it is evident that both p
and V,, increase with an increase in HMOs. This behavior is at-
tributed to higher atomic mass, larger atomic radii and longer bond
length of PbO (223.2 am.u, 180 pm and 2.18-2.49 A) and Bi,0;
(465.96 a.m.u, 160 pm and 2.08-2.80 A) compared to that of B,0;
(69.62a.m.u, 85 pm and 1.38-1.53 A). The increase in Vy, is also
attributed to the formation of NBOs with the addition of HMOs
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Fig. 1. "B MAS-NMR spectra of LB glass containing various concentrations of (a) PbO and (b) Bi,03, (c) N4 variation with respect to HMOs content in LB glasses, (d) Raman
spectra of LPB-40 and LBB-40 glasses. Variations of (e) refractive index, and (f) density and molar volume with respect to the concentration of HMOs in LB glass.

[41,42] which is revealed by "B MAS-NMR and Raman spectral
analysis. Nonetheless, a keen observation of density values of LBB-
x glasses reveals a density reduction when Bi, O3 reached 50 mol%,
i.e. for BiO3 > 40 mol% the density decreased. This anomalous be-
havior of density around x = 40 mol% could be understood because
of the change in structural role from the modifier to network for-
mer. The increase in refractive index can be attributed to the high
polarizability of heavy metal atoms and the NBOs [14]. The physi-
cal parameters such as molar electronic polarizability, molar refrac-
tivity values of all the glasses have been computed and furnished
in Table S1.

Open-aperture (OA) and closed-aperture (CA) Z-scan measure-
ments performed from 700 nm to 1000 nm for the La;03-B,03
glass containing HMOs and are shown in Fig. 2a and 2b, respec-
tively. The data presented in Fig. 2a reveal that irrespective of the
excitation wavelengths, all the glass samples depicted a decrease
in transmittance as the sample moved towards the focal point.
This indicates the existence of a reverse saturable absorption (RSA)
mechanism in all the glasses used in the current study. To extract
the nonlinear absorption coefficient, data were fitted with two
photon absorption (2PA) equation [27,43] (solid lines in Fig. 2a)
and the evaluated 2PA coefficients (o) for all the excitation wave-
lengths are represented in Fig. 3a. It is clear that «, increases with
increasing the HMOs concentration in the LB glass. Typically, at
800 nm excitation, with increasing HMOs concentration the o in-
creases from 0.52 x 10-"" m/W to 0.99 x 10-"" m/W in LPB-x
glasses and from 0.59 x 10~! m/W to 1.08 x 10-"! m/W in LBB-

x glasses as the HMOs content elevated from 30 to 50 mol%. The
spectra in Fig. 2b reveal the signature of a valley-peak type, sug-
gesting the presence of positive type nonlinearities (n,> 0) at all
wavelengths of excitation. The phase shift (A®) [27] is evaluated
from the data presented in Fig. 2b, where symbols represent the
experimentally measured data and thick lines represent the theo-
retical fits. This positive nonlinear refraction could be attributed to
self-focusing effect.

The procedure explained in Ref. [27] was followed to find the
n, values and their variations with the composition as shown in
Fig. 3b. Typically, at 800 nm irradiation, the n, increases from
043 x 1078 m2/W to 1.07 x 10~'® m2/W and from 0.47 x 10718
m?/W to 1.09 x 1018 m2/W with increasing PbO and Bi,O3 con-
tent elevated from 30 to 50 mol%, respectively. Using o, and n,
values, the real [Re x(3)], imaginary [Im x(®)], and total third or-
der nonlinear susceptibility [ x(3)] values have been calculated us-
ing the relations mentioned in the Ref. [27] and resulted values
are presented in Table 1. The improvement of x(3) as the function
of HMO content is related to average bond lengths in glasses [27].
When PbO or Bi,03 is incorporated for B,O3 in the LB glass, the
number of elongated Pb-O bonds (the range of 2.18-2.49 A) or Bi-
0 bonds (the range of 2.08-2.80 A) [31,44] increases per unit vol-
ume, compared to that of shorter B-O bonds (the range of 1.38-
1.53 A) [31]. This results in an increase of the n, and hence x(3)
with respect to HMOs content in the studied glasses.

The structural studies unveiled that the increase in the HMOs
content in LB glass increases the formation of BO3NBO units. It has
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Fig. 2. Z-scan signatures, (a) Open aperture Z-scan, (b) closed aperture Z-scan profiles of PbO (upper profiles) and Bi, O3 (lower profiles) loaded LB glasses at all the
excitation wavelengths. In the figures the symbols represent the experimentally collected data whilst the thick lines instantiate the theoretically fitted data.

been documented that the trigonal (BO3)3~ anionic groups possess
larger electron population of the conjugated s -orbital system [19].
These m-orbital systems which made up of loosely held electrons
can easily be distorted when exposed to high energy laser light.
Normally, the NBOs are weakly bound to the network modifying
cations and the valence electrons of the NBOs are easily distorted
when subjected to a high intensity optical electric field. Raman
spectral outcomes unveiled the distribution of BiOg/PbOg/PbO4
units between the stacks of BO3NBO units and connected through
the NBOs. The Pb2* and Bi3tions possess [Xe] 4f* 5d'0 6s2 elec-
tronic structure. Since the filled 41 5d'0 inner electronic shells
screen the outer 6s2 electrons, the outer non-bonding lone elec-
tron pairs (6s2) easily distort from the nucleus of Pb%* and Bi3+
ions when excited with high intensity optical signal and thus per-
mit larger charge displacements. Due to the combined charge dis-
placements produced by 7 cloud, valence electrons of NBOs and
non-bonding lone electron pairs (6s2) of Pb%+ and Bi3*causes the
strong inharmonious effects thereby resulting in high optical non-
linearities in the studied glasses [26,31]. There are many literature
reports explaining the role of lone pair of electrons on the en-
hancement in NLO coefficients of organic compounds and/or crys-
tals [45-50]. Based on inferences, the interactions between the
lone pair electrons on polarizable Bi3+ and Pb2* cations and -
delocalized electrons on borate trigonal units are also responsible
for the high optical nonlinearities observed in the studied glasses.
Further, the molar refraction is related to the polarizability by the

Lorenz-Lorentz equation. Also, the third-order nonlinear polariza-
tion is related to linear polarizability by fourth power. Therefore,
larger the molar refraction larger the x(3) of the glasses. In ox-
ide glasses the molar refraction sensitive to 0%~ ions, are affected
by neighboring cations. Increasing the ionic radius of the neigh-
boring cations enlarges the molar refraction of glasses, because
the ion refraction of the cation itself increases and the asymme-
try of the electric field around the 02~ jon becomes large [51].
Therefore, when the PbO and Bi;O3 are incorporated in LB glasses
cause enhancement in molar refraction due to the larger ionic radii
of Pb2+ and B;3*ions compared to B3* ions. Thereby, the polariz-
ability of the substituted glasses consequently increases with in-
creasing HMOs contents in LB glasses, which show enhanced x ().
From the Table S2, the electronic polarizability [52] values increase
from 4.57 A3 to 5.55 A3 with increasing PbO content, and from
6.26 A3 to 10.73 A3 with increasing Bi, O3 concentration. This con-
cludes that the enhancement in optical nonlinearity of the LPB-x
and LBB-x glasses is also due to the high polarizability of Pb2*and
Bi3*ions.

The "B MAS-NMR results revealed that the variations in the
environment of B3 units with increase of PbO and Bi,0; contents
and the asymmetry parameters indicate these BO3 units contain
NBOs. Also, from the Table S1 it can be seen that the area un-
der trigonal boron peaks does not significantly increase with re-
spect to HMOs content (instead, it is slightly decreasing). From the
Raman spectral results, it is underlined that the BiOg/PbOg/PbO,
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Table 1
The real (Re x®)), imaginary (Im x(®)), and total third order nonlinear susceptibility (x))
of the glasses used in the current study at all the excitation wavelengths.

Sample codes  Re x@) (x 1073 esu) Im x® (x 1008 esu)  x® (x 1073 esu)

A =700 nm

LPB-30 3.499 2.599 4.358
LPB-40 5.812 3.666 6.872
LPB-50 8.883 4.814 10.103
LBB-30 4.776 3.248 5.775
LBB-40 8.651 4.664 9.829
LBB-50 12.344 6.879 14.132
A = 800 nm

LPB-30 2.949 2.272 3.722
LPB-40 5.507 3.800 6.690
LPB-50 8.719 5.139 10.121
LBB-30 3.805 3.042 4.871
LBB-40 8.369 4912 9.704
LBB-50 12.013 7.582 14.206
A =900 nm

LPB-30 2.812 2.309 3.639
LPB-40 5277 3.891 6.556
LPB-50 8.719 5.606 10.366
LBB-30 3.561 2.958 4.630
LBB-40 7.335 5323 9.063
LBB-50 12.013 7.976 14.420
X = 1000 nm

LPB-30 2.606 2.293 3.472
LPB-40 4,742 4.079 6.255
LPB-50 8.557 5.969 10.433
LBB-30 3.319 3.029 4.493
LBB-40 5.266 6.064 8.032
LBB-50 11.793 8.336 14.442
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The OL threshold values of studied glasses at all the excitation wavelengths, the table also enlists the OL threshold values of some recently reported advanced materials.

Sample codes [compositions

Excitation Wavelength and other experimental

conditions

OL threshold values

(Jjem?) Refs.

LPB-30

LPB-40

LPB-50

LBB-30

LBB-40

LBB-50

Oleylamine-capped gold nanoparticles

Carbon nanotubes

MoS,/PMMA

Au-Fe;03-reduced graphene oxideCd-Fe,03;-reduced
graphene oxide

700 nm, 150 fs, 80 MHz
800 nm, 150 fs, 80 MHz
900 nm, 150 fs, 80 MHz

1000 nm, 150 fs, 80 MHz

700 nm, 150 fs, 80 MHz
800 nm, 150 fs, 80 MHz
900 nm, 150 fs, 80 MHz

1000 nm, 150 fs, 80 MHz

700 nm, 150 fs, 80 MHz
800 nm, 150 fs, 80 MHz
900 nm, 150 fs, 80 MHz

1000 nm, 150 fs, 80 MHz

700 nm, 150 fs, 80 MHz
800 nm, 150 fs, 80 MHz
900 nm, 150 fs, 80 MHz

1000 nm, 150 fs, 80 MHz

700 nm, 150 fs, 80 MHz
800 nm, 150 fs, 80 MHz
900 nm, 150 fs, 80 MHz

1000 nm, 150 fs, 80 MHz

700 nm, 150 fs, 80 MHz
800 nm, 150 fs, 80 MHz
900 nm, 150 fs, 80 MHz

1000 nm, 150 fs, 80 MHz

780 nm, 300 fs, 10 Hz
780 nm, 300 fs, 10 Hz
800 nm, 100 fs, 1 Hz
700 nm, 150 fs, 80 MHz

800 nm, 150 fs, 80 MHz

900 nm, 150 fs, 80 MHz 800 nm, 150 fs, 80 MHz

0.290
0.344
0.415
0.542
0.190
0.229
0.305
0.379
0.135
0.171
0.231
0.288
0.210
0.279
0315
0.353
0.120
0.203
0.235
0.277
0.075
0.114
0.190
0.207
26.0 [57]
10.0

315.1 x 1073 [58]
26.60 x 107 [59,60]

Present work

X

26.29 x 1076
22.01 x 1076 0.65 x 1076

units are distributed between the stacks of BO3NBC units and con-
nected through the NBOs. Therefore, both the lone pair electrons
from Pb2*and Bi3*ions and the conjugated m-orbital electrons of
trigonal (BO3)3~ anionic groups are contributing for the enhance-
ment of NLO coefficients. However, the intensity of high frequency
Raman signals related to BO3 units is decreasing and that of Raman
signals related to Pb2* and Bi3* is increasing (majorly in Bi,03
containing glasses) with PbO and Bi,03 contents. This suggests
that the contribution of lone pair electrons of Pb2* and Bi3*might
be superior in comparison to that of conjugated m-orbital elec-
trons of trigonal (BO;3)*~ groups. Furthermore, x3) of 20La,05-
80B, 03 glass, which could be considered as similar to the pristine
glass, was found to be 5.94 x 10~'* esu [53], being two orders of
magnitude lesser when compared to highest value observed in the
present study. This confirms the effective contributions of Pb2*and
Bi3+ cations along with BO3NBO units.

Generally, the optical limiter materials exhibit linear transmit-
tance at lower input fluence and decrease the transmittance at
greater input fluences [54]. The measurement of OL threshold eval-
uates the performance of OL materials. OL threshold is defined as
the input laser intensity or fluence at which the transmittance or
the intensity falls to 50% of the normalized transmittance [55].
Strong RSA and 2PA coefficients along with the nonlinear refrac-
tion mechanisms are responsible for inducing limiting action in
materials [56]. In order to evaluate the OL threshold values with
respect to HMOs content, the nonlinear transmission of all the
glasses were estimated with respect to the input fluence and corre-
sponding OL curves are displayed in Fig. 4. The OL thresholds val-
ues of LPB-x and LBB-x glasses are furnished in Table 2. The data
in Table 2 indicate that the OL threshold decreases with increas-
ing overall concentration of HMOs (PbO and Bi,03) in the LB glass,
confirming the enhancement in limiting efficiency. This enhance-
ment in OL efficiency (decrease in OL threshold values) of LPB-x
and LBB-x glasses is attributed to the strong 2PA and nonlinear re-

fraction caused due to BO3NBO, Pb2+ (in LPB-x) and Bi3* (in LBB-x)
ions. The improvement in o, and decrement in OL threshold with
respect to HMOs concentrations suggest that the glasses contain-
ing high content of HMOs beneficial for designing the high-power
optical limiters to work in NIR region. The OL threshold values of
some diverse material reported recently have been tabulated in
the Table 2 along with experimental conditions. Table 2 data re-
veals that the LB glasses comprising HMO (50 mol%) are improved
materials in contrast to advanced materials such as nanoparticles,
carbon nanotubes and few-layer MoS,/PMMA (PMMA: Polymethyl
methacrylates, also known as acrylic glass), while the lowest OL
threshold value achieved in the current study is greater in com-
parison to the graphene oxide materials [57-60].

The efficacy of HMOs (PbO and Bi;03) on the structural and fs
NLO properties of La;03-B,03 glasses has been investigated and
discussed in detail. The "B MAS-NMR results revealed the de-
crease of BO4 by increasing the BO; motifs. The Raman spectra
confirm the existence and increase of pyro, ortho, and metaborate
units in La,03-B,03 glasses with increase of HMOs content. The
NLO features were improved in the studied glasses with respect
to HMOs concentrations in the compositions. The enhancement in
NLO features is attributed to the combined charge displacements
produced by 7 electron cloud, valence electrons of 0,2~ and non-
bonding lone electron pairs (6s2) of Pb2t and Bi3*ions. The en-
hancement in n, is also attributed to an increasing number of
elongated Pb-O and Bi-O bonds per unit volume. The OL thresh-
old results are decreasing with enhancement in HMOs content in
the composition. The 2PA and nonlinear refraction mechanisms are
responsible for increasing the OL efficiency in the glasses. The en-
hancement of o, and decrement of OL threshold factors with re-
spect to HMOs content suggest that the glasses encompassing high
concentration of HMOs could be beneficial for fabricating power
optical limiters to work in broad spectral wavelengths in the NIR
region. Further, the OL threshold values also unveiled these glasses
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Fig. 4. Optical limiting profiles of LPB-x and LBB-x (where 30 < x < 50) glasses at all the excitation wavelengths, in the figures the symbols indicate the measured data

points whereas the theoretical data represented by solid lines.

as competing materials in contrast to the advanced materials being
investigated extensively.
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