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ARTICLE INFO ABSTRACT

Keywords: Photonic vitreous materials with high optical nonlinearities and fast response times are beneficial for designing
Borat‘f glasses next generation nonlinear photonic devices. Herein, large concentration of heavy metal oxide (PbO and BiyO3)
Europium . containing borate glasses activated with different Eu>* concentrations have been designed through the melt
IZ_I_:ZZI metal oxides quench technique. The non-linear optical (NLO) attributes such as nonlinear optical absorption and refractions
Polarizability were ascertained by utilizing the open aperture (OA) and closed aperture (CA) Z-scan techniques respectively in

the spectral regions of 750-1000 nm using femtosecond laser pulses. The OA and CA Z-scan profiles demon-
strated a reverse saturable absorption (RSA) nonlinearity (ascribed to two-photon absorption) and a positive
nonlinear refraction nonlinearity (attributed to self-focusing effect) respectively. The NLO coefficients such as ay,
ny and X(S) values were improved with respect to Eu>" content in the glasses composition due to non-bridging
oxygen and hyperpolarizability of Eu>" ions. The NLO studies suggested that the examined glasses could be
constructive materials for NLO device utilizations in the near infrared spectral regime.

Non-bridging oxygens

optical switching devices and constantly searching for the relevant NLO
materials with high nonlinear absorption and refraction coefficients to

1. Introduction

The recent advancements in communication technology created a
growing need for the materials, which can be utilized to construct higher
processing speed of switching element. In view of this, the materials
with the high nonlinear optical (NLO) performance are essential to up-
grade optical information technologies to next level. Basically, all op-
tical switches engage the interaction among the photon and the medium
to command the “turn on” and “turn off” of the optical signal trans-
mission process at a fast rate (typically sub-picosecond or faster). It is
utilized for all-optical signal regeneration, ultrafast wavelength con-
version and optical limiting devices [1]. In the recent past, the re-
searchers have mainly concerned about the fabrication of efficient
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develop the materials for aforementioned applications [2,3]. Among the
different materials of current interest, the glasses owing good third order
optical nonlinearity due to absence of centrosymmetry are very much
beneficial in NLO devices. Also, the third-order optical nonlinearity can
be significantly tuned to meet specific requirement for a particular
application by varying the glass compositions since the glasses are
flexible in choosing the composition and can be prepared in desired
shapes. In addition, the good mechanical stability and chemical re-
sistivity of the glasses make them useful for several purposes [1].
Further, the glasses with high PbO and Bi,O3 content are believed to be
promising materials for the utilization in the field of nonlinear optics
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because the Pb?" and Bi3* cations are main sources for high nonlinear
refraction and absorption coefficients [4]. Further, it has been reported
that third order nonlinear optical susceptibility [¥®] of the glasses in-
creases with the increase of heavy metal oxide (HMO) concentration in
the glass composition. Therefore, it is required to design the glasses with
high HMO content as high as possible. Nevertheless, the glass-forming
region is considerably large for borate glass family than other conven-
tional glass families. Hence, the borate glass is superior host for HMO
since it vitrifies up to very high HMO content. Additionally, according to
anionic group theory [5] the borate materials are of great interest
because the nonlinear optical susceptibility [y] mainly depends on the
boron-oxygen anionic group and their coordination in the glass network.
In corroborating to this, the improved NLO properties from borate ma-
terials have been obtained due to the presence of isolated (BO3)®~
groups [6]. Nonetheless, the borate glass structure majorly composed of
isolated (B03)3’ groups along with (B0, (B306)3*, (Bs0)>,
(B309)9_ and (B409)6‘ groups etc. Hence, the improvement in nonlinear
susceptibility in borate glasses can also be expected. Moreover, the op-
tical threshold of borate glasses is high compared to other glasses, in
view of this, it is important to take up the NLO investigation on borate
glasses.

Furthermore, there are many reports on rare earth (RE) doped
glasses for various photonic applications such as the development of
new light sources, display devices, ultraviolet sensors and tuneable la-
sers and many more [7]. In spite of the scientific and technological in-
terests on RE doped glasses, little interest has been given to their NLO
properties. Surprisingly, the investigations related to the NLO properties
of diverse glasses activated with RE ions are very few [7-12]. Recently,
Santos et al. [7,13] and Nanda et al. [11] explained that, the NLO
properties are enhanced significantly due to the polarizability of the RE
ions. It has been also reported that the 4f electrons of RE ions are not
involved in chemical bonding with network cations and they are effec-
tively shielded from nucleus by external electric field and hence
contribute to the hyperpolarizability, thereby improving the X(3) of the
material significantly [14,15]. It is important to investigate the NLO
properties at the spectral regions of commercially available lasers so that
the practical utilization of materials is possible. In addition, for the
practical functioning the material should possess the good optical
nonlinearity at non-resonant spectral regions. In view of this Eu>* ions
are the good choice for doping since the Eu®" ions are having very less
absorptions cross section peaks at near infra-red (IR) region or absent in
the glasses containing high concentration of HMOs thereby the resonant
and/or energy transfer mechanisms can be ruled out.

Therefore, herein, the NLO properties of high HMO (PbO and Bi;O3)
containing borate glasses activated with different concentration of Eu®*
are studied at near IR spectral regions using femtosecond (fs) laser pulses
to evaluate their use in NLO devices and discussed the attenuations of
nonlinear absorption and refraction as a function of excitation wave-
length. The obtained NLO parameters are correlated with non-bridging
oxygens (NBOs) and the polarizability of Eu®t ions. Nevertheless, the
Pb%* and Bi®>* have similar electronic structure ([Xe] 4f* 5 d'° 652 6p°)
and their optical transition mechanisms resembles each other [12]. It is
also quite interesting to compare the NLO properties of borate glasses
containing these two HMOs.

2. Experimental details

Series of borate glasses activated with EuyO3 were prepared through
the melt-quenching method using porcelain (J-brand) crucibles based on
the glass composition 10Laz03-50HMO-(40-x)B203—xEus03 (with x =
0, 0.5, 1 and 2 mol% and HMO = PbO, BiyO3). The prepared samples
were labelled as LPb50BEux and LBi50BEux for the lead and bismuth-
containing samples respectively, here x indicates the concentration of
Eup03 in the glass composition. The starting reagents of high-grade
oxides such as By0s, PbO, LayO3 and EuyO3 were procured from SD
Fine Chemicals Ltd. for glass preparation and were used without
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additional purification. The weighed 15 g of chemical composition was
grinded thoroughly for homogenous. The well-mixed powder was
transferred to porcelain crucible and kept for melting using muffle
furnace. The lead-containing glass mixture was melted at 1050 °C and
bismuth-containing glass mixture was melted at 1030 °C. After 20 min of
melting, molten mass was quenched on pre-heated (200 °C) brass molds.
The as-prepared glasses were annealed at 450 °C for 4 h to remove the
thermal stress occurred while quenching from high temperature. Later,
the annealed glass samples were highly polished using various grade
emery sheets. The polished glasses were optically homogeneous to
naked eyes and free from strains occurred due to synthesis conditions
maintained. The glass transition (Tg), onset crystallization (Ty) tem-
peratures were evaluated using SDT Q 600 V8.3 build 101 Differential
Thermal Analyzer (DTA) with a heating rate of 10 °C/min. Optical ab-
sorption spectra of all prepared glass samples were recorded utilizing
PerkinElmer Lambda-35 UV-Visible spectrometer. The identification of
structural groups formed in the glass network was carried out through
Fourier transform infrared (FTIR) transmission measurement. Open
aperture (OA) and closed aperture (CA) Z-scan measurements were
executed for evaluating the nonlinear absorption and refraction prop-
erties of the prepared samples respectively in the spectral range of
750-1000 nm (insteps of 50 nm). The detailed experimental procedure
of Z-scan technique has been summarized in our previous articles [16,
171.

3. Results

DTA profiles of Eu-free and corresponding 1 mol% Eu®" doped
LHMO50Eul (HMO = Pb, Bi) glasses are shown in Fig. 1. In general, the
change between Ty and Tg (AT = Ty — Ty) is referred as the estimation of
glass forming ability or glass stability against crystallization [18]. To
achieve a larger working range during operations for fiber drawing, we
usually change the composition and the content of doping rare-earth and
other factors to obtain a desirable AT. Since, the fibre drawing is a
reheating process and ay crystallization during the process will
strengthen the scattering loss of the fibre and worsen its optical prop-
erties. According to literature, if AT > 100 °C, the glass system having
relatively good thermal ability [18]. From DTA profiles, the Tg values of
LPb50B, LBi50B, LPb50BEul and LBi50BEul glasses were found to be
468, 481, 468 and 464 °C respectively. Further, the Ty values of the
respective glasses were found to be 603, 591, 587 and 577 °C.
Furthermore, the AT values of the corresponding glasses were estimated
tobe 135,110, 119 and 113 °C. All the examined glasses exhibited AT >
100 °C, indicating the examined glasses were more stable against
devitrification and suited for fiber drawing. From the profiles, it can also
be noticed that the thermal stability is decreased on incorporation of
Eu®" to the glass system evidenced by decrease in AT values as the Eu®*
added to the system.

The prepared glass samples exhibited a broad hump with absence of
sharp crystalline peaks in the X-ray diffraction profiles as shown in Fig. 2
suggesting the glasses were amorphous in nature. The linear optical
absorption spectra of LPb50BEux and LBi50BEux glasses are depicted in
Fig. 3 (a) and (b), respectively. The glasses activated with 0.5 mol% of
Eu®" exhibit a single absorption due to "Fo—°Dy transition at 464 nm
[19]. An additional absorption peak at 393 nm corresponding to
7Fo—"Lg transition appeared in the lead-containing samples for higher
Eu®" concentration [19]. The absorption intensity of absorption peaks
increased with Eu®" content and highest for 2 mol% doped glasses. The
several other absorption bands of Eu>* ion in the UV and visible region
not observed or masked in the present glasses due to strong absorption of
the host glass [20]. The existence of heavy metal cations Pb2* and Bi®*
respectively in LPb50BEux and LBi50BEux glasses might be the reason
for the strong absorption of the glasses.

The FTIR spectra of Eu-free LPb50B and LBi50B glasses are shown in
Fig. 4. Majorly there are three bands in the spectra which are in agree-
ment with those mentioned in Refs. [21-23]. It has been largely
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Fig. 1. DTA profiles of undoped and 1 mol % Eu* doped glasses.
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Fig. 2. The XRD profiles of undoped and 1 mol% Eu®" doped glasses.

accepted that the band around 1100-1500 cm ! is ascribed to stretching
vibration of B-O bonds of trigonal (B03)3' groups in metaborate,
pyroborate and orthoborates [21], whereas the band around 750-1100
em ! is ascribed to stretching vibration of B-O bonds in tetrahedral
(BO4)” groups [24]. The transmission band at around 690-700 cm ™ is
due to the bending vibrations of the B-O linkages in the borate network
[21]. The weak band at 621 cm™! observed in lead-containing glass can
possibly be attributed to bending vibration of O-B-O bonds of borate

units [25]. Nevertheless, the IR analysis of the BipOs-containing glasses
demonstrated a weak bands in low frequency region expanded between
500 and 600 cm ™! which are attributed to bending vibrations of Bi—-O-Bi
bonds in highly distorted BiOg octahedral units [26,27]. From the IR
spectra, it is evident that, the centres of the 750-1100 em™! and
1150-1500 cm ! bands in bismuth-containing glass were slightly shif-
ted to lower wave numbers with reduced width compared to
lead-containing sample. It has been highlighted that, the center of the
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Fig. 3. Optical absorption spectra of lead- (a), and bismuth- (b) containing gl.
measurements.

band around 750-1100 cm ™ shifted to lower wave number indicates an
increase in NBOs, and a longer bond length of BO4 structural unit. While,
the center of the same band shifted to higher wave number indicating a
decrease in NBOs and a shortening in the bond length of BO4 [27].
Therefore, the shift of 760-1100 cm ™! band to lower wave numbers is

asses. In the figure, the vertical lines representing the wavelengths selected for NLO

attributed to increase in NBOs and a lengthening in the bond length of
BO4 when BiyOg incorporated in the place of PbO. Further, the shift of
1150-1500 cm ™! band towards the lower wave numbers in BiyO3--
containing sample may be due to the fact that, the new bridging bond of
Bi-O-B is formed by the inducement of strongly polarizing Bi®* ions.
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Fig. 4. FTIR spectra of Eu,O3 free LPb50B and LBi50B glasses.

Since the stretching force constant of Bi-O bonding is substantially
lower than that of the Pb-O, hence the stretching frequency of Bi-O-B
might trend to be lower [26,28,29]. The refractive index, polarizability
of all the investigated glasses are calculated and are furnished in Table 1
along with Eu®* ion concentration.

NLO attributes (the absorption and refraction) of the glasses were
investigated with the aid of OA and CA Z-scan experiments respectively.
In CA mode the aperture in the far field was set partially closed i.e. the
aperture was set open by 40%, to let only the center of the spot at far
field pass to the detector. Fig. 5 (a) and (b) represent the OA Z-scan
signatures of LPb50BEux and LBi50BEux glasses at 800 nm respectively.
All the examined glass samples demonstrated a broad and downward
valley at Z = 0 in the OA measurement at all the excitation wavelengths
as shown in Fig. 5, revealing the feature of reverse saturable absorption
(RSA) type of nonlinearity present in the studied glasses [30]. The
similar features for all the samples irrespective of excitation wave-
lengths. This RSA kind of nonlinearity is the characteristic feature for
optical limiting property, a property that is widely applicable in the
protection of optical sensors and other sensitive devices. The CA Z-scan
signatures LPb50BEux and LBi50Eux glasses at 800 nm are depicted in
Fig. 6 (a) and (b), respectively. The valley-peak configuration noticed in
Fig. 6 correspond to a positive nonlinear refractive index and is char-
acteristic of self-focusing behaviour of the glass samples for the propa-
gating light [17]. Similar signatures were observed at all the excitation

wavelengths for all the samples.

The measured Z-scan data in OA Z-scan mode of all studied glasses
are well fitted with two photon absorption (2PA) equation found in Refs.
[31] shown by solid lines in Fig. 5. The experimentally collected CA
Z-scan data were fitted with the theoretical equation (solid lines in
Fig. 6) [17] to obtain the phase difference value (A®p). Using the ob-
tained A®y the nonlinear refractive index (ny) values are evaluated using
the formula

_ |Ado|x

e (mW ) 270 et

@
where Iy is the input laser light peak intensity and Ly is the effective
path length of light propagation in the sample and 1 be the excitation
wavelength. The variations of 2 PA coefficient (a2) with respect to
spectral excitation for the LPb50BEux and LBi50BEux glasses are shown
in Fig. 7 (a) and (b), respectively. Similarly, the attenuations of ny in
LPb50BEux and LBi50BEux glasses with reference to spectral excitation
are represented, respectively, in Fig. 8 (a) and (b). From the figures, it is
evident that the a; is increased as the Eu,O3 content increased from 0.5
mol% to 2 mol% in the studied glasses. It is also evident from the figure
that the a3 is increasing as the excitation wavelength is shifted towards
blue side. It has been demonstrated that, when the energy of excitation
wavelength approaches the optical bandgap energy of the glasses

Table 1

Physical and optical properties of un-doped and Eu®*doped PbO and Bi,Os-containing lanthanum borate glasses.
Properties (+error limits) LPb50B LPb50Eu0.5 LPb50BEul LPb50BEu2 LBi50B LBi50Eu0.5 LBi50Eul LBi50Eu2
Density, p (g-cm’g') (£0.002) 5.393 5.36 5.103 5.043 6.812 6.795 5.808 5.940
Molar Volume, Vy,, (cm®-mol 1) (+£0.001) 29.05 29.45 31.25 32.18 43.071 43.387 50.996 50.339
Molar Refractivity, Ry (cm’s) (£0.002) 12.40 12.60 13.50 14.20 22.701 22.934 27.774 27.843
Electronic Polarizability, oe ( x AS) (£0.001) 4.912 4.991 5.352 5.631 8.996 9.089 11.00 11.032
Refractive index, n (+0.001) 1.792 1.801 1.812 1.834 2.084 2.089 2.142 2.171
Direct optical band gap, Egi' (eV) (£0.002) 2.812 2.866 2.770 2.634 2.623 2.551 2.515 2.325
Indirect band gap, E;“dir (eV) (£0.002) 2.300 2.575 2.439 2.188 2.373 2.314 2.268 2.136
Concentration of EuyO3 (mol%) 0 0.5 1 2 0 0.5 1 2
Eu®" concentration, N ( x 10?* ions/cm?) (£0.001) - 0.93 1.75 3.41 - 0.694 1.181 2.392
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Fig. 5. Open aperture Z-scan profiles of (a) lead-containing glass samples and (b) bismuth-containing glass samples at 800 nm. Solid symbols represent the
experimentally measured Z-scan data and solid lines are the theoretical fits to the data points.

resulted in enhancement in optical nonlinearity due to resonant effect
[32]. Therefore, in the current examination the enhancement in a, as the
excitation wavelength approaches the optical bandgap energy is
attributed to resonance effect. Further, the figures clearly demonstrate
that the ny values are independent of excitation wavelength (nearly the
ny values are constant considering the experimental error), while the n,
values are increased with increase in EuyOs content in the glass
composition. The real and imaginary parts and hence total third order
NLO susceptibility () values are calculated by utilizing the expres-
sions [17]. All the values evaluated are furnished in Table 2. The error
bars attached to the experimentally measured data arise from Z-scan
noises, inhomogeneous glass samples etc. Typically, errors are estimated
on a level of 2% for OA Z-scan data and 5% for CA Z-scan data.

4. Discussion

In the examined glasses, there were no absorption peaks in the
750-1000 nm region as evidenced from the UV-Visible absorption
spectra. Therefore, the resonant and/or energy transfer mechanisms are
ruled out for the observed optical nonlinearities in the studied glasses.
The positive (reverse saturable absorption in OA and valley-peak
signature in CA configurations) non-resonant type optical nonlinearity
in studied glasses is attributed to both NBOs and polarizability of the
glasses based on the following arguments. The optical band gap values
and refractive indices of the prepared glasses were measured. The op-
tical bandgap values showed decrease trend i.e. the direct optical
bandgap decreased from 2.866 to 2.634 eV and from 2.551 to 2.325 eV
respectively in lead- and bismuth-containing samples, while the indirect
optical band gap values decreased from 2.575 to 2.188 eV in lead-
containing glasses and from 2.314 to 2.136 eV in bismuth-comprising
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Fig. 6. Closed aperture Z-scan profiles of (a) lead-containing glass samples and (b) bismuth-containing glass samples measured at 800 nm. Solid symbols represent
the experimentally measured Z-scan data and solid lines are the theoretical fits to the data points.

glasses when the Eu®' content increased from 0.5 to 2 mol%. The
refractive index values increased from 1.801 to 1.834 in lead-containing
samples and from 2.089 to 2.171 in bismuth-containing samples as the
Eu®t concentration raised from 0.5 to 2 mol%. These attenuations
clearly tell that the NBOs (0%7) are increasing with increase in Eu®* ions
concentration in the glass matrix. It has been explained, that the NBOs
(0%7) are weakly and less covalently bonded to the network cations,
whose valence electrons can be easily distorted and resulted in high
charge displacements when subjected to the optical electric field. Hence
a strong anharmonic effect arises from the NBOs [33]. Therefore, the
NLO susceptibility increased with increase in Eu®' concentration. In
addition to the NBOs, the outer valence electrons present in outermost
electronic shell of Eu* ions to be distorted when glasses are irradiated
with optical electric field (electric field component of laser light).
Therefore, large charge displacements are produced which causes the

large hyperpolarizability of the Eu>* ions. It has been reported, that the
electronic polarizability affects the NLO properties of glasses. In support
of this, the electronic molar polarizability (a.) values were calculated for
all the studied glasses using the relation [16] and are furnished in
Table 1.

3

IN, (Rw) )

o =

where Ny is Avogadro’s number and Ry is the molar refraction value and
is given by [16].

_e—1
Te+2

Ry (Vi) 3)

in which & be the dielectric constant (¢ = nZ, n is refractive index) and V;,
is average molecular weight/density of the glasses. From Table 1 it can
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be identified that, the electronic polarizability values showed increase
tendency from 4.991 to 5.631 A% in LPb50BEux glass samples and from
9.089 to 11.032 A in LBi50BEux glasses with Eu>" content increase
from 0.5 to 2 mol% in the glass composition. This fact concludes the
enhancement in nonlinear optical susceptibility of the glasses is ascribed
to the polarizability of the glasses, which in turn is dependent to the
increase in of the Eu®" ion content. The increase of the electronic
polarizability magnitudes is attributed to the presence of Eu®* (1.12 A%
ions and the incorporation of Eu®* (1.12 A3) ions for B** (0.003 A%) in
the composition whose polarizability is less than Eu®* [13,34]. The
similar behaviour has been observed in BiCl3-Li;O-B203-Er;03 glasses,
and in CaO-B303- Alp03-CaF,-Nd203 glasses in which the polarizability
showed a constant increase with the Er>* and Nd3* content respectively

[35,36].
Further, the v is related to linear susceptibility as [37].

29 = (){u))«‘ % 107 (esu) )

According to Harmonic Oscillator model y™ can be expressed as
[371.

Ng?
m(w — w)

2 (w) = 5)

in which N is the Eu®* ion concentration, q is the charge, m is the
electron mass, w is the incident frequency and wy is the resonant fre-
quency. The Eu®" ion concentration has been attained using the
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expression found in Refs. [38] and furnished in Table 1. From Table 1 it
can be seen that the Eu®" ion concertation is constantly increased as a
function of Eu®>" content. Therefore, the linear susceptibility is increased
as it is directly related to Eu®" ion concentration through equation (4)
which in turn probably increases the third-order nonlinear susceptibil-
ity. With all these explanations, we conclude that both the NBOs and
polarizability of the glasses are contributing for the observed optical
nonlinearity in glasses. Further, from Table 1 it can be seen that, the aa,
ng and hence y® are high for the LBi50BEux glasses than for LPb50BEux
glasses. Since the polarizability values of BioOs-framed glass samples are
high compared PbO-comprising glasses. The FTIR analysis clearly
revealed that NBOs content is more in LBi50B glass than LPb50B glass.
Therefore, the nonlinear parameters are quite high in BioO3-comprising
glasses than PbO-containing glasses. In addition, the greatness of y® in
BizO3 comprising glasses is also due to the fact that, the intensity
dependent ny is related to bond lengths present in the glass network
according to the below equation [39].

—1237,.2 2 16
_25x10°2f(n 741)d B ) @

n(E - )

2

where f; is the Lorentz field factor, n is the intensity-independent
refractive index, Eg is the Sellmeier gap, E is the photon energy and
d is the M—O bond length (M: cation). In the PbO-comprising glasses the
Pb-O bond lengths are in the range of 2.18-2.49 A while in BiyOs-
containing glasses the Bi-O bond lengths are in the range of 2.08-2.80 A
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[40]. Due to this elongated Bi-O bond lengths the nz and hence 5
values are greater for LBiSOBEx glasses compared to LPb50BEux glasses.

Further, Lin et al. [41] have examined the nonlinear optical response
time of silicate glasses through the optical Kerr shutter experiment with
30 fs laser pulses and the estimated response time was less than 90 fs.
Sugimoto et al. [42] have investigated the temporal dynamics of glasses
via degenerate four-wave mixing method using 200 fs laser pulses and
the electronic response of their examined glasses below 200 fs. Simi-
larly, Yu et al. [43] have investigated the NLO properties of HMO glasses
by means of the optical Kerr gate method and temporal response was
faster than 350 fs. Their results clearly suggested that the observed
nonlinearity arises predominantly from electronic polarization. The
Z-scan experiments are single-beam experiments in which the pumping
and probing of the glass samples are done by the same laser pulses.
Hence, by the analogy the response time of glasses studied in the present
investigation has ultrafast component. However, in the present study the
NLO measurements were performed using fs laser pulses produced at 80
MHz repetition rate. Because of this high repetition rate, there will be a
component of thermal effect (heating of the sample) in the observed
nonlinearity [44]. However, investigations need be undertaken with fs,
kHz repetition pulses to separate out the pure electronic contribution,
which will be a part of our future works.

The figure of merit (F) is a peculiar propriety which decides the
suitability of the glasses for NLO device application and is given by F =
2a34/ny where, the terminologies have their usual meanings. When the
F < 1 is holds good, then the glasses could be utilized for switching
applications, whereas the F > 1 is matches, then the glasses are bene-
ficial in nonlinear optical limiting applications. In the current study, all
the investigated glasses satisfied the F > 1 condition. Nonetheless,
enhancement in ay, ny and hence )((3) as a function of EuyOg clearly
suggest that the examined glasses activated with high concentration of
Euy03 (2 mol%) are beneficial for optical limiting applications in the
studied wavelength region to protect the human eyes and sensitive
photonic devices from high energy laser radiations. The a, and n, values
of the studied glasses are greater compared to those reported for Sm®*
[11] and Gd3* [9] activated borate glasses. Nonetheless, the values are
lesser than those reported for bismuth-containing zinc borate glasses
[45] and alkaline earth bismuth borate glasses [46]. For comparison, the
NLO coefficients of certain glass systems are provided in Table 3.

5. Conclusions

Eu®*-doped borate glasses containing high concentration of heavy
metal oxides (PbO and Bi;O3) have been designed by utilizing melt
quench technique. The NLO properties of glasses were measured by
means of Z-scan technique. The OA Z-scan signatures exhibited RSA
nonlinearity due to 2PA while the CA Z-scan profiles demonstrated a
positive nonlinear refraction attributed to self-focusing effect. The az, nz
and y® values showed an increase trend as a function of Euz03 content.
The enhancements are attributed to NBOs generated when Eu" incor-
porated to the glass composition and hyperpolarizability of Eu>* ions.
The NLO properties and their evaluations suggest the glasses containing
high concentration of Eu®" are beneficial for NLO devices particularly
for optical limiting applications in the near IR region. Further, compared
to PbO-containing glasses the BizO3 containing glasses demonstrated
strong optical nonlinearities due to the presence of high NBOs content as
evidenced by FTIR spectra.
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Table 2

Summary of NLO results studied glasses viz., the 2 PA coefficient (&), nonlinear refractive index (n»), nonlinear optical susceptibility [X(3)] and figure of merit (F)
values at near IR spectral regions under fs regime.

Glass labels LPb50B LPb50BEu0.5 LPb50BEul LPb50BEu2 LBi50B LBi50BEu0.5 LBi50BEu1l LBi50BEu2
— NLO parameters
A =750 nm
az (x 107 m/W) 1.03 1.06 1.17 1.27 1.05 1.13 1.24 1.45
ny ( x 10718 m2/w) 1.08 1.19 1.32 1.68 1.09 1.27 1.42 1.74
Rey® ( x 1073 esu) 8.15 9.76 10.99 13.89 12.10 14.03 16.49 20.76
my™ ( x 1072 esu) 5.01 5.22 5.80 6.48 6.92 7.45 8.61 10.37
2@ (x 10713 esu) 10.12 11.07 12.43 15.33 13.94 15.89 18.61 23.21
F 14.31 13.36 13.30 11.34 14.45 13.35 13.10 12.50
A = 800 nm
az (x 107 m/W) 0.99 1.03 1.13 1.23 1.08 1.11 1.22 1.33
ny ( x 10718 m2/w) 1.07 1.18 1.31 1.62 1.09 1.26 1.41 1.74
Rey® ( x 1073 esu) 8.74 9.75 10.93 13.86 12.05 13.99 16.44 20.75
my™ ( x 1072 esu) 5.15 5.41 6.02 6.67 7.60 7.86 9.02 10.12
2@ (x 10713 esu) 10.14 11.15 12.48 15.38 14.25 16.05 18.75 23.09
F 14.80 13.97 13.80 12.15 15.85 14.10 13.84 12.23
A = 850 nm
az (x 107 m/wW) 0.98 1.02 1.13 1.22 1.02 1.11 1.21 1.32
ny ( x 10718 m2/w) 1.08 1.18 1.31 1.62 1.09 1.26 1.41 1.73
Rey® (x 10713 esu) 8.77 9.72 10.89 13.84 12.08 13.99 16.42 20.72
Imy® ( x 1072 esu) 5.39 5.69 6.37 7.04 7.56 8.31 9.57 10.65
1@ (x 1073 esu) 10.30 11.26 12.62 15.52 14.24 16.27 19.00 23.29
F 15.43 14.69 14.66 12.80 15.91 14.98 14.59 12.97
A =900 nm
az (x 1071 m/w) 0.96 1.01 1.11 1.20 1.01 1.10 1.20 1.29
ny ( x 10718 m2/w) 1.07 1.18 1.31 1.62 1.09 1.27 1.41 1.73
Rey™® ( x 1073 esu) 8.74 9.72 10.92 13.84 12.11 14.04 16.39 20.70
my™® ( x 1072 esu) 5.59 6.14 6.64 7.35 7.96 8.74 10.03 11.13
1@ (x 107 B esu) 10.37 11.49 12.78 15.668 14.49 16.55 19.22 23.51
F 16.15 15.41 15.25 13.33 16.68 15.59 15.32 13.42
A =950 nm
az (x 1071 m/w) 0.94 1.01 1.10 1.11 0.99 1.09 1.11 1.28
nz ( x 107 m%*/W) 1.08 1.18 1.31 1.62 1.09 1.26 1.41 1.73
Rey™® ( x 1073 esu) 8.79 9.70 10.91 13.84 12.11 13.96 16.39 20.67
Imy™® ( x 1073 esu) 5.80 6.26 6.96 7.18 8.26 9.11 9.83 11.51
X® (x 10713 esu) 10.52 11.55 12.95 15.59 14.66 16.68 19.12 23.66
F 16.54 16.26 15.95 13.02 17.26 16.44 14.96 14.06
A = 1000 nm
Ay (x 1071 m/W) 0.92 0.99 1.00 1.01 0.95 1.01 1.10 1.23
Nz ( x 107¥ m?/W) 1.05 1.12 1.35 1.61 1.07 1.26 1.41 1.72
Rey® ( x 1072 esu) 8.57 9.25 11.27 13.76 11.84 13.98 16.37 20.59
Imy™® ( x 1072 esu) 5.98 6.52 6.69 6.88 8.30 8.92 10.22 11.70
X® (x 10713 esu) 10.45 11.32 13.10 15.39 14.46 16.58 19.30 23.68
F 17.52 17.68 14.81 12.55 17.76 16.03 15.60 14.30

Table 3

NLO Coefficients of certain selected glass systems.
Glass composition Excitation wavelength and other details ay (% 1011 m/W) ny (% 1078 m2/W) Reference
{[(Te02)70(B203)30]70(Zn0)30}1_x (Gd203), X = 1 mol% 532 nm (5 ns, 10 Hz) 0.6157 0.9425 [10]
{[(Te02)70(B203)30]70(Zn0)30}1-x (Gd203)x, X = 2 mol% 0.7117 0.6317 [10]
{[(Te02)70(B203)30170(Zn0)30}1-x (Gd203)x, X = 3 mol% 0.7466 0.7217 [10]
{[(Te02)70(B203)30]70(Zn0)30}1_x (Gd203)x, X = 4 mol% 0.7142 0.8227 [10]
{[(Te02)70(B203)30]70(Zn0)30}1_x (Gd203)y, X = 5 mol% 0.6460 0.8275 [10]
xSm;03-(100-x) [0.1Ba0-0.4Zn0-0.5B,03] with x = 0.0 mol% 532 nm (5 ns, 10 Hz) 0.00572 0.000106 [12]
xSmy03-(100-x) [0.1Ba0-0.4Zn0O-0.5B,03] with x = 0.5 mol% 0.001128 0.00847 [12]
XxSmy05-(100-x) [0.1Ba0-0.4Zn0-0.5B503] with x = 1 mol% 0.001507 0.00986 [12]
xSm303—(100-x) [0.1Ba0-0.4Zn0-0.5B,03] with x = 1.5 mol% 0.001928 0.01022 [12]
xSm203-(100-x) [0.1Ba0-0.4Zn0-0.5B,05] with x = 2.0 mol% 0.002746 0.011299 [12]
45Bi,03-30Zn0-25B,05 800 nm (110 fs, 1 kHz) 1.04 0.15 [45]
45Biy05-30Zn0-25B,05 532 nm (30 ps, 10 Hz) 24.6 - [45]
10Ca0-35Bi03-55B203 800 nm (110 fs, 1 kHz) 0.028 - [46]
10Ca0-35Bi;03-55B505 532 nm (30 ps, 10 Hz) 1.3 - [46]
10SrO-35Bi,03-55B,05 800 nm (110 fs, 1 kHz) 0.034 - [46]
10SrO-35Biy03-55B,05 532 nm (30 ps, 10 Hz) 2.4 - [46]
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