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Abstract: Photonics properties of glasses can be designed by controlling their complex Kerr nonlinearity. Chemical
structure and bonding properties are considered as the origin of glass third-order susceptibilities. Investigation of the role of
orbital hybridization on the glass electronic polarizability and third-order susceptibility is carried out. Thus, series of heavy
metal lead borate glass of the composition 0.25B2O3–0.75PbO is prepared by melt quenching technique. Orbital
hybridization, as a linear combination for valence electron wave functions of p- and d-block elements, is obtained through
structural co-substitution of very small contents of Cr2O3 and/or SeO2, by B2O3. It get succeed to tune the glass nonlinear
optical characteristics such as; the complex components of third-order susceptibility. Scaling roles describing the relations
between oxide ion polarizability and index of refraction and between imaginary part of third-order susceptibility and band
gap energy are proposed. The glasses exhibit zero-dispersion wavelength at 1.55 µm band which is needed for
telecommunication devices. The polarizability approach is applied to analyze and explain the obtained glass properties.
Keywords: Glass, Susceptibility, Polarizability, Orbital Hybridization

1. Introduction
Metal oxides display properties such as piezoelectricity,
superconductivity, negative thermal expansion, ionic
conductivity, high-temperature superconductor and
transparent conductors. Transition metal oxides are
fundamental ingredients for the smart and functional glasses.
Ruby (Cr: Al2O3) and Nd:YAG (Y3Al5O12) lasers, the
well-developed nonlinear optical crystals LiNbO3 and
Ba2NaNb5O15, are advanced examples for metal oxides glass
photonic applications.
Chromium, as paramagnetic transition ion has various
oxidation states; Cr3+, Cr4+, Cr5+ and Cr6+, where Cr4+ [1] and
Cr6+ [2], is considered as most stable ions. Chromium with
3d2 configurations is of interest in solid state laser due to its
ability to generate laser emission in the near infrared spectral
region between 1.2 and 1.7 µm. For instance, Cr4+-doped
forsterite (Mg2SiO4) emits from 1.167 to 1.345 µm [3].
In optical telecommunication systems, chalcogenide

elements are used due to their less multiphonon relaxation [4,
5] and semiconductor-like property [6, 7]. They are also
used in all-optical processes including switching,
wavelength conversion, amplification, lasing, pulse
compression, and slow light [8, 9]. A selenide based-glass
can be doped with fluorescent rare-earth ions (emit at
wavelength around 1 µm) which is stable against
crystallization during fiberization [10]. In selenium, the
4p-electrons occupy two bonding orbitals representing
covalent bonding and one orbital named a lone-pair.
Borate glasses are composed of microdomains of boroxol
rings [11]. Near glass-transition temperature, they are
broken up leading to a more open structure which offers
excellent host material to incorporate trivalent rare earth
ions. Great progress has been made in the field of nonlinear
optical (NLO) materials since the advent of the first
"high-tech" borate material β-BaB2O4 because of their high
UV transmittance [12] combined with a high damage
threshold.
Due to its higher polarizability and lower melting
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temperatures [13], existing of Pb ions in glass network
provides high refractive index and shifts the UV-electronic
edge noticeably towards IR region of spectrum. Many heavy
metal glasses, due to their low phonon energies and small
field strength of their element ingredients, can be used as
gain media for upconversion lasers [14, 15]. The difference
between atomic masses of lead and boron increases the
thermal stability and decreases the phonon energy of the
glass which are needed for many spectroscopic applications.
Mixed valence effect [16] in glass is needed for
photonic-crystals [17], for strong optical field confinement
(which allows small waveguide bend radii) [18-20] and for
controlled nonlinearity [21]. Development of new
heavy-metal oxide glasses [22] with high optical
nonlinearity is an important issue for harmonic generation,
fiber telecommunication, ultrafast optical switches, power
limiters, real-time holography, self-focusing, white-light
continuum generation, and many other photonic
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applications.
As shown above, the effect of 3d-4p orbital hybridization
of Cr2O3 and SeO2 on the electronic structure and
two-photon absorption of heavy metal borate glass was
studied [23]. In the present work we continue studying the
effect of orbital hybridization on the dispersion of nonlinear
optical properties of heavy metal borate glasses.
Phenomenological relation between the maximum values of
imaginary part of third-order susceptibility with band gap
energy is proposed. The obtained results may help to
understand more the suitability of the studied glass in a
diversity of photonic applications. Chemical bond approach
is used to explain the obtained hyperpolarizability of the
prepared glass.

2. Experimental
2.1. Glass Preparation

Table 1. Glass compositions, Abbe dispersion number (Vd), static refractive index (n0), dispersion energy (Ed), oscillation energy (Eo), lattice energy (El),
direct optical energy gap (Eg) and wavelength for zero dispersion (λc)

1st series

2nd series

3rd series

No.

Glass compositions

Vd

no

Ed(eV)

Eo (eV)

El(eV)

Eg (eV) [23]

µm)
λzero(µ

1

0.25B2O3-0.75PbO (base)

43.91

1.5885

9.20

6.04

0.19

3.37

1.6633

2

0.002SeO2-0.248B2O3-0.75PbO

57.59

1.7702

15.0

7.03

0.21

2.42

1.6320

3

0.004 SeO2-0.246B2O3-0.75PbO

12.77

1.7040

8.3

4.36

0.22

2.35

1.9516

4

0.006 SeO2-0.244B2O3-0.75PbO

27.97

1.7022

10.17

5.36

0.21

2.29

1.7824

5

0.002Cr2O3-0.248B2O3-0.75PbO

36.52

1.7893

13.1

5.95

0.213

3.46

1.7611

6

0.004 Cr2O3-0.246B2O3-0.75PbO

67.38

1.6465

10.3

6.02

0.198

3.45

1.1970

7

0.006 Cr2O3-0.244B2O3-0.75PbO

86.96

1.7603

17.23

8.21

0.20

3.49

1.4985

8

0.002(SeO2+ Cr2O3)-0.248B2O3-0.75PbO

25.46

1.9330

14.26

5.43

0.23

1.79

1.8751

9

0.004(SeO2+ Cr2O3)-0.246B2O3-0.75PbO

11.73

1.7408

8.71

4.29

022

2.36

1.9729

10

0.006(SeO2+ Cr2O3)-0.244B2O3-0.75PbO

14.53

1.8329

10.76

4.56

0.23

1.8

1.6808

Three series of lead borate glasses of compositions
xCr2O3-(0.25-x)B2O3–0.75PbO,xSeO2-(0.25-x)B2O3–0.75P
O and x(Cr2O3+SeO2)-(0.25-x)B2O3–0.75PbO are prepared
(Table 1), where x is the oxide molar fraction. The used raw
materials were of chemically pure grade, in form of H3BO3,
Cr2O3, SeO2 and Pb3O4. The glass is prepared by melt
quenching technique using porcelain crucibles in an electric
furnace. The amount of the glass batch was 50 g melt-1 and it
was pre-heated at 500-600 oC, where the temperature of
melting was 1100 °C. The duration of melting was one hour
after the last traces of batches were disappeared. Then the
melt was poured onto stainless steel mould and annealed at
around 350oC to remove thermal strains. Optical slabs were
prepared by grinding and polishing of the prepared samples
with paraffin oil and stannic oxide reaching minimum
surface roughness tested by an interferometric method.
Glass homogeneity was examined using two crossed
polarizers.

2.2. Spectrophotometric Measurements
Computer
aided
two-beam
spectrophotometer
(shimadzu-3101PC UV-VIS NIR) was used to record the
reflectance, R, and the transmittance, T, data of the
plane-parallel slab glass samples, A resolution limit of 0.2
nm and a sampling interval of 2 nm were utilized for the
different measuring points, The accuracy of measuring R(λ),
and T (λ) is 0.003 with the incident beam making an angle of
5.0°± 0.1° to the normal to external slab faces. The 1240
measured points were carried out at room temperature for
the entire spectral range 0.2-2.75 µm.

3. Theoretical Considerations
Nonlinear optics deals with strong electric field, E, that
can alter the optical properties of materials to produce new
fields altered in phase, frequency, and amplitude. The
nonlinear polarization P of the material is given by [24]:
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)
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where P0 is the static dipole moment and χ( ) , χ( ) , and
χ( ) are the first-, second-, and third-order susceptibilities,
respectively. χ( ) is acquainted for the linear optical
properties, whereas χ( ) is applied only to materials without
inversion symmetry. Third-order susceptibility χ( ) is
considered for two-photon absorption (TPA), self-focusing
and the quadratic Kerr effect.
In isotropic materials such as glasses the nonlinear
response of interest for the glasses considered here is the
second-order nonlinear refractive index n2 which is given
by:
=

+

〈

(2)

〉

where
is the total refractive index, n is the linear one.
When the optical frequency is below the electronic band
gap, the self-focusing n2 for laser beam in isotropic media
can be attributed to electronic contribution which has a
minimum response time of order of 10-16 s. It is faster than
the time resolution provided by the shortest optical pulses
available today (<10 fs). The electronic contribution of n2 is
of nonresonant type and it is included in the real part, Reχ(3),
of χ(3), whereas the nonlinear absorption (or gain)
contribution is of a resonant type and is included in the
imaginary part, Imχ(3), of χ(3). Since the optical frequencies
are too large as compared to the vibrational frequencies of
the material, therefore, Reχ(3) is large than Imχ(3).
According to Miller’s rule [25], the third-order
susceptibility χ( ) (as a complex quantity) of a material can
be estimated by the linear refractive index value, n, using the
following relation:
χ(

)

=

× 10

(esu)

(3)

So, it means larger index of refraction induces larger χ( ) .
According to Vogel et al. [26], χ(3) as a function of
second-order refractive index, n2, is given by the relation:
= χ( ) (×10

esu)

(4)

Thus, a large index change may result in considerable
nonlinear phase changes. The nonlinear directional coupler
and optical bistability devices can be made on the basis of
such optically induced phase changes.
Classification of optical nonlinearity into resonant- and
nonresonant- nonlinear effects depends upon whether real or
virtual states are involved in optical excitation. The
nonresonant effect appears to have a better chance of success
because of the minimal thermal dissipation that negatively
affects the maximum data rate in optical telecommunication
systems. The dispersion of the two parts χ(3) (in esu) can be
given by [27]:
Re χ(

)

=2

Im χ(

)

=

"# $

,
λ

β

(5)
(6)

where c is speed of light, λ the wavelength, β is two-photon
absorption coefficient (TPA), and ε0 is the permittivity of
vacuum. The TPA coefficient as a function of glass
refractive index and the optical band gap energy, Eg, is given
by [28, 29]:
%=&

'

⁄

)(2ℏ+/

- )/

-

(7)

The material-independent constant K is in cm/GW eV5/2 and
Ep is the Kane energy parameter. The material-independent
spectral function F(2ℏ+/ - ) as function of photon energy,
ℏω, is given by [30, 31]:
)(2ℏ+/

-)

=

[/ ℏ0 ⁄12 3

]5⁄

6

/ ℏ0 ⁄12 3

(8)

where ℏ is Plank's constant and ω is the angular frequency.
The photon energy range is selected at two wavelengths
satisfying TPA condition where Eg/2<ℏω <Eg.
Different attempts and empirical relations have been
carried out to correlate nonlinear optical parameters such as
n2 (second-order nonlinear refractive index), β and χ(3) to the
linear refractive index and/or band gap energy [32-34].
Accordingly, Böling et al. [34] proposed a relation that
connects n2 to the linear refractive index and the glass Abbe
number, Vd, where n2 is given by:
(10

esu) = 391

(

)

6⁄;

9:

(9)

The Abbe dispersion number is given by:
<= =

:

>

(10)

?

where nF, nd and nC are the linear refractive indices at the
following standard wavelengths: λF = 0.4613 µm, λd =
0.58756 µm and λC = 0.65627 µm. The calculated values of
Abbe numbers are listed in Table 1.
At long wavelengths the value of the linear refractive
index n0 (static refractive index) can be related to structural
dispersion parameters Eo and Ed by the following expression
[35]:
1:

=@

1#

+1

(11)

which obviously relates both the second-order index of
refraction, n2, and the third-order nonlinear optical
susceptibility, χ(3), to the structural and dispersion
parameters of the investigated glasses. On the other hand,
examining the refractive index data below the interband
absorption edge found that normal dispersion of the energy
dependence of refractive index satisfies a Sellmeier relation
of the form [36]:
−1=

1B 1:

1B 1

(12)

where E is the photon energy, Eo is the single oscillator
energy (average oscillator energy for electrons), and Ed is the
dispersion energy parameter of the material, all are in eV.
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The parameter Eo is directly related to the optical band gap,
whereas the parameter Ed is a measure of the strength of
interband optical transitions. On other hand, Ed values are
related to the nearest neighbor cation coordination, anion
valency, ionicity, and effective number of dispersion
electrons [36].
The dispersion parameters Eo and Ed are necessary to
calculate a very important parameter for glasses which is the
material dispersion M(λ). This parameter determines the
suitability of the glass to be used for optic fiber Telecom
applications and it is defined by:
C(λ) = −

λ D
$

(13)

Dλ

Practically, M(λ) is calculated in ps nm−1km−1 by the
following expression [37]:
C(E) = 1.54×10

1: ⁄1B5
I5

A 2.17
17×10

T

I

(14)

where El is lattice energy in eV. The wavelength λzero (in µm)
for zero material dispersion (M = 0) is calculated from
Wemple’s material three-parameter formula [37]:
EKLMN

1.63 P

1:

1B5 1Q

R

S
;

4. Possible Structural Units of Lead
Borate Base Glass

(15)

Fig 1. (a) Possible structural units of PbO-B
PbO 2O3 glasses, three coordinated
boroxol rings modiﬁed by Pb2+, (b): Formation of Pb–O–B
Pb
covalent bands,
(c): Bridge networks between [BO3] and [BO4] units and (d): Complex
structures of Pb2+-modiﬁed boron–oxygen
oxygen rings and chains [38].

The addition of 10–20 mol% PbO into the borate network
does not aﬀect its structure, where PbO acts as a network
participant ﬁlled in the interspaces of [BO3] units in the form
of Pb2+ ions (Fig. 1(a)) [38]. The electrostatic ﬁelds of the
strongly polarizing Pb2+ ions are aﬀected with increase of
PbO content. The addition of PbO leads to the conversion of
[BO3] units to [BO4] units. Moreover, with increase of the
content of PbO from 30 to 50 mol%, the formation of
bridging bonds of Pb–O–B starts (Fig. 1(b)). Since the
stretching force constant of Pb-O
Pb bonding is substantially
lower than that of the B–O,
O, the stretching frequency of
Pb–O–B might tend to be lower. Another dominant, the
presumption that B–O rings are formed in the glasses by the
connection of the bridge oxygen ions between [BO3]
triangles and [BO4] tetrahedrons can be made (Fig. 1(c)).
When the content of PbO increases up to 75 mol%, the
content of Pb–O–B becomes dominant in the glass network
structure. It can be presumed that, increasing polarization of
Pb2+ with the increase of PbO content contributes to the
formation of Pb2+-modiﬁed boron–oxygen
boron
rings and their
chains with also increasing the content of [BO4] units.
Subsequent additions of PbO (60–80 mol%) have the same
eﬀect on the structure of glasses. It can be concluded that, as
PbO content exceeds 60 mol%; ﬁve bridging oxygens may
be involved in glass networks: B–O–B in [BO3] and [BO4]
units, the bridging oxygen ions between [BO3] and [BO4]
units, Pb–O–B in bridge connection of [BO3] and [BO4]
units, and Pb–O in covalent bonds (Fig. 1(d)). Addition of
various oxide constituents, in PbO-B2O3 glasses, would
aﬀect also the structural properties of these glasses.

5. Results and Discussion
Fig. 2 elucidates the dispersion of the calculated refractive
indices of the different prepared glass samples as a function
of wavelength. The estimated error, δn, for the refractive
index is 0·003. As shown in the figure, the refractive indices
of the glasses in series 3 have higher relative values as equal
share molar ratio of SeO2 and Cr2O3 increases on the
expense of B2O3. This behavior is attributed to increase in
glass polarizability due to different factors arise from the
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cooperation of negative sites with different binding energy
including nonbridging oxygen bonds (NBOs) [39, 40]. The
first factor is due to the BO−4 units where negative charges
are distributed around the boron atom (see Fig. 1(a) and
1(b)). The second factor is nonbridging oxygen atoms where
the negative charge is localized on the B-O bond (see Fig.
1(c) and 1(d)) with deeper potential well. The third is a
conversion of chromium ions from CrO42− structural units to
predominantly Cr3+ state in octahedral environment with
nonbridging Cr–O– bonds. Fourth, selenium oxide possesses
selenate (SeO42-) structure which acts as a modifier in the
network with four coordinated oxygen and two lone pair of
electrons. Thus the increase in these types of negative sites
massively increases the glass polarizability.
According to electronic polarizability approach of the
oxide ion through Fajans' rule [41], the polarization power
(p) could be used to predict whether a chemical bond will be
covalent or ionic. It depends on the charge Z on the cation
and the ionic radius r of the cation in Å, where it is defined
as p = z/r2. Thus to increase the polarizability of the glass (i.e,
increasing its refractive index) large Z and small r is required,
so that the electronic shell of the oxygen ions is affected by
the polarizing action of modifying ions leading to an
increase in the concentration of NBOs. Therefore
polarization power (field strength) increases due to the order
B3+> Se6+> Cr3+.Thus, it is predicted that the replacement of
one B2O3 oxide by the co-participation of equal share of the
two Cr2O3 and SeO2 oxides will provide glass with more
ionic behavior. This can describe the pronounced increase
in refractive index that is in sample 8. It is clear that the
dispersion measurements are very important when one is
looking for nonlinear material characterization, especially if
the incident wavelength of the pump beam is around the
band gap energy, Eg, when the linear absorption cannot be
neglected.

refractive index based polarizability of oxide ions αO2-(n) of
oxide glasses can be determined by subtracting the cation
polarizability from the molar polarizability [42, 43]:
αO2-(n) = [(Vm/2.52)(n2-1)/(n2 + 2)-Σαi](No2-)-1

(16)

where Vm is molar volume, Σαi denotes molar cation
polarizability and No2- denotes the number of oxide ions. For
ternary glasses with a general formula x1ApOq x2BrOs
x3CnOm, where x denotes the molar fraction for each oxide,
the oxide ion polarizability is calculated using the following
equation denotes molar cation polarizability given by
x1paA+x2raB+x3naC and NO2- denotes the number of oxide
ions in the chemical formula given by x1q+x2s +x3m. The
molar volume of the present glass is taken from Ref. [40],
while the molar cation polarizability αO2-(n) of the glasses is
calculated using the data on the polarizability of cations
collected in Refs [44, 45]. The calculated polarizability
values of oxide ions αO2-(n) are plotted in Fig. 3 as a function
of the refractive index n. It can be seen that there is a linear
trend for increasing the oxide ion polarizability along with
the increase in refractive index. Such line relation can be
described by an empirical expression giving by:
VW

[Å ]

3.8

− 4.7

(17)

The findings suggest that the refractive index of the
glasses depend not only on the hydrostatic density but also
on the polarizability of the glass. As Shown in Fig. 4, the
values of oxide ions polarizabilities αO2-(n) are plotted
against oxide molar fraction, x, and from this figure it is
clear that the third glass series which has a mixture of equal
share of molar fractions of Cr2O3 and SeO2 oxides will
provide a glass with the higher oxide ions polarizability
αO2-(n), for example samples 8 and 10.

Fig 2. Dispersion of the linear refractive index for all investigated glasses.

Fig 3. The variation of calculated oxide ions polarizability αO2-(no) plotted
as a function of the refractive index, n.

5.1. Scaling of Oxide ion Polarizability with Refractive
Index

5.2. Scaling of Imaginary Part of Third-Order
Susceptibility with Band Gap Energy

On the basis of refraction data, Fig. 2, there is an intrinsic
relationship exists between electronic polarizability of the
oxide ions αO2-, the local field inside the material and its
refractive index n. Based on Lorentz- Lorenz equation, the

Ultrafast switching, signal regeneration, and high-speed
demultiplexing that are used in high-capacity
communication networks would be all-optically achieved
through the design of third-order optical susceptibility. This
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ultrafast response has been exploited in soliton propagation
in glass fibers [46, 47], in the generation of femtosecond
pulses in solid-state lasers [48] and in ultrafast
all-optical-switching devices [49, 50].
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seen with glass sample 9.

Fig 6. Dependence of Reχ(3) on the cation type and its oxide molar fraction.

Fig 4. Oxide ions polarizabilities αO2-(no) versus substituted oxides molar
fractions, x.

Fig. 5 illustrates the calculated dispersion of real
contribution of third-order susceptibilities, whereas Fig. 6
illustrates the effect of type of cation and its molar fraction
on Reχ(3). It is clear that the real susceptibility part follows
the same trend of the glass linear refractive index indicating
that the electronic polarizability is the origin of Reχ(3).

Fig 5. The dispersion of real contribution of third-order susceptibilities.

For comparison purpose between the different prepared
glass samples Reχ(3), Fig. 5, will be evaluated at λd =
587.56 nm. Reχ(3) is varying from 3.4×10-15 esu (sample 1)
to 6.7×10-15 esu as in case of 0.002 Cr2O3 mole fraction
(sample 2). Also Reχ(3) showed 15.2×10-15 esu with a 0.004
SeO2 mole fraction (sample 6) while sample 9 with an equal
share for molar fractions of Cr2O3 and SeO2 provided
28.1×10-15 esu. At photon energy near to resonance
frequency, sample 9 got Reχ(3) = 63.3×10-15 esu. Indeed the
existence of the NBO's which are previously discussed [40]
and their associated structural negative sites could not only
explain such considerable value for Reχ(3), specially that

Quantum mechanical calculations demonstrate that bond
hyperpolarizabilities generate the third-order susceptibility
according to [24]:
χ

≅

[|]|;

ℏ 0#^_

(18)

where N is the number density of optically active electrons
if each atom possesses more than one outer-shell electron,
µ is the resultant dipole transition moment, ω0 is a
characteristic resonance angular frequency and ω is the
angular frequency of the incident light. Accordingly the
resultant dipole transition moment of the glass, which is
reinforced by an orbital hybridization [23, 51-54], governs
the obtained third-order susceptibility.
Charge-transfer transitions of Se–O bonds may overlap
with electronic transitions of Cr-O, resulting in significant
changes in second-order bond hyperpolarizabilities. Due to
valence p orbital of Se ion has a greater spatial extent than
the d orbital of Cr ion, so the atomic orbitals that of 3d-states
of Cr atoms hybridize with that of 4p-bands of Se atoms, and
the d–p hybridized bands become broader [23, 40]. So by
adjusting SeO2 and Cr2O3 content levels and depending on
the nature of valence orbitals, the substitution of p- and
d-block elements results in lowering of conduction band. It
leads to a drop in band gap to the semiconductor region
[51-53] achieving the Reχ(3) required for glass
optoelectronic properties.
The dispersion of Imχ(3) versus photon energy for
different glass samples is shown in Fig. 7, while the effect of
cation type and its molar fraction is shown in Fig. 8.
Nonlinearity in glasses is reinforced by addition of either a
second lone pair holder such as Se6+, Pb2+ or cations with
empty d-orbitals like Cr3+.
Different reports [23, 55, 56] maintained that the
electronegativity difference between the oxide cations and
anions is responsible for the electronic structure of band gap
of a material. Glasses with high-atomic-number anions and
cations experience large optical polarizability resulting in
small band gap and hence a large Imχ(3) described by Eq. (6).
It can be seen in Fig. 7 that, the dispersion of Imχ(3) follows

60

Fouad El-Diasty et al.:

Influence of Orbital Hybridization on Kerr Nonlinearity of a Heavy Metal Borate Glass: Scaling of
Polarizability and the Imaginary Contribution of Optical Susceptibility

the trend of two-photon absorption coefficient dispersion
[23], that is described by Eq. (7). It indicates that sample 8
has also the highest Imχ(3) with maximum value of
4.97×10-12 m/GW.

described by a universal linear relation for transition
metal-containing oxide glasses [60].
For scaling purpose, a relation between Imχ(3) and direct
optical energy gap Egd [23] (Table 1) at λd = 587.56 nm is
carried out and is shown in Fig. 9. The variation could be
described by an empirical linear expression given as:
Im χ

×10

m/GW) = 2.45 − 0.61

=
-

(eV)

(19)

Such proposed linear relation means that a drastic control
of Imχ(3) by tailoring the optical band gap, i.e., the linear
optical resonance could provide a way to tune the value of
Imχ(3) by scheming the value of Eg. As shown in Fig. 10, the
relation between the maximum value of Imχ(3) along with Eg
is not linear any more, which is described the following
expression:
(3)

Fig 7. Dispersion of the imaginary part contribution of χ
investigated glass samples.

for the

( )
Imχcde
×10

f

gh

= ij

k12

+l

(20)

where A, B and C are material-independent constants having
the values of 207 (×10-12 m/GW), 2 (eV)-1 and 0.2 (×10-12
m/GW), respectively. This gives possibility to calculate the
so-called maximum Imχ(3) based on linear absorption using
data of band gap energy of the glass.

Fig 8. Dependence of Imχ(3) on the cation type and its oxide molar fraction.

At photon energies near the band gap energy, the
dominant nonlinear optical mechanism is usually saturation
of the exciton resonance of material. For photon energies
greater than the band gap energy, the nonlinear response
occurs as the result of excitation of electrons from valence
band to conduction band. Resonant nonlinearities must
involve the generation of carriers (electrons and holes). It
leads to execute processes such as screening of the Coulomb
potential, reduction of the band gap and filling of the
conduction band, although modifications are possible by
selection of network-modifying cations. According to Liu et
al. [57], optical spectra in heavy metal oxide glass show
typical features of electronic structure similar to those of
crystalline semiconductors.
Van Stryland et al. [58] have proposed a simple but widely
applicable model to predict TPA coefficient in
semiconductors by using the parabolic band model, in their
formulation, TPA coefficient β is in proportional to Eg-3. In
the same predisposition, Yuichi Watanabe [59] reported a
[Egopt]-1 proportionality for heavy metal glass, confirming
the electronic structures base for β and hence Imχ(3).
Furthermore, the variation in the nonlinear absorption
coefficient, β, along with band gap energy, Eg, has been

Fig 9. Scaling the relation between Imχ(3) and Eg at λd = 587 nm.

The astonishing observation is that when we divided the
band gap energy over the photon energy at maximum Imχ(3)
the ratio gives 1.5 for all glass samples. Such scaling ratio
means that the value of photon energy correspondence to
Imχ(3)max can be determined once Eg is known.

Fig 10. The relation between the maximum value of Imχ(3) along with Eg.
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Fig 11. Determination of obtained zero-dispersion wavelengths which are
nearby 1.55 µm.

Fig 12. Dependence of zero-dispersion wavelength, λzero, on the oxide
electronic polarizability, αO2-, for the studied glasses.

Highly Nonlinear Fibers (HNLFs) made from heavy
metal glasses [61] with tailored chromatic dispersion are of
great interest for several photonic applications, ranging from
supercontinuum generation to all-optical signal processing
and optical parametric devices. Four-wave mixing (FWM)
in fibers, due to glass transparency in terms of both
modulation format and bit rate, is one of the most promising
wavelength conversion mechanisms in high speed
wavelength division multiplexed (WDM) optical networks.
The effective nonlinear coefficient, γ, of a fiber is used in
order to scale its performance for nonlinear device
applications, which can be expressed as:
m

λ nopp

(21)

where Aeff is the effective mode area. On other hand,
applications of supercontinuum generation involve a shifted
chromatic dispersion profile, so that the zero-dispersion
wavelength, λzero, of the nonlinear fiber is accurately
positioned to match that of the pump light source. This can
give rise to extreme spectral broadening even in a short fiber
length [62].
The first promising result on the use of our prepared glass
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to be nonlinear dispersion-flattened optical fiber for
operation around telecoms wavelength 1.55 µm is its high
nonlinearity. In order to achieve dispersion minimized
propagation it is desirable that the material of the optical
waveguide should have nearly zero group velocity
dispersion (GVD) at the operating wavelength for
communication. Generally 1.55 µm is used in majority cases
of communication network. For fused silica GVD is zero at
1.27 µm. Wavelength for zero dispersion is also an essential
parameter needed for different application such as fiber
optical parametric amplifiers, parametric gain and
wavelength conversion, parametric oscillator, parametric
soliton laser, and ultrafast all optical switching [63-67].
Consequently, the second encouraging result is indeed the
obtained zero-dispersion wavelengths according to Eq. (14),
as shown in Fig. 11 and Table 1. Samples 1, 2, 7 and 10
exhibit zero group velocity dispersion with zero-dispersion
wavelengths nearby 1.55 µm. As shown in Fig. 12, the
zero-dispersion wavelength increases with increasing the
glass electronic polarizability. Therefore we can confirm, as
it was previously concluded [68], that controlling the glass
electronic polarizability is one of the ways to tailoring the
wavelength for zero dispersion at the Telecom operating
wavelengths. For instance, the wavelength for zero material
dispersion is proportional to the parameter Ed which is a
measure to the strength of interband optical transitions.
It is found that Ed obeys a simple empirical relationship
[36] Ed = κ Nc Za Ne, where Nc is the coordination number of
the cation nearest neighbor to the anion, Za, is the formal
chemical valency of the anion, Ne, is the effective number of
valence electrons per anion (usually Ne = 8), and κ is
essentially two-valued, taking on the "ionic" value κ = 0.26
+ 0.04 eV for halides and most oxides, and the "covalent"
value κ = 0.37 + 0.05 eV for the tetrahedral bond type
structures [36]. The calculated values of Ed, E0 and El for the
investigated glass samples are listed in Table 1. It is
suggested that the dependence of Ed on coordination number
and valency implies that an understanding of wavelength for
zero dispersion behavior may lie in a localized molecular
theory of optical transitions and molecular orbital
hybridization.
Orbital hybridization between the different integrated
oxides affects the glass physical properties reaching to
optimize the glass functions and its processing parameters.
Combination of structural and optical properties is
achievable as a result of structural variability in glasses since
more than one structural unit may exist. SeO2 exists as one
dimensional polymeric chain with alternating selenium and
oxygen atoms. Cr2O3 consists of a hexagonal close packed
array of oxide anions with 2/3 of the octahedral holes
occupied by chromium.
PbO occurs in two polymorphs, one having a tetragonal
crystal structure and the other having an orthorhombic
crystal structure. B2O3 is composed of structural groupings
as boroxol, tetraborate, diborate, microdomains of boroxol
rings making BO3 triangles depend on composition and on
preparation conditions. The presence of multiple structural
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moieties creates a range of dipole environment which is
ideal for tailoring the glass electronic structure and hence its
optical and photonic applications.

6. Conclusion
We have determined the frequency dependence of the
nonlinear optical susceptibilities of heavy metal borate glass
to demonstrate the relative contributions of both "electronic
polarization" and "hybridization" mechanisms to the glass
nonlinearity. It is found that χ(3) increases as the ionic radius
of both network modifiers and intermediates decreases.
Glasses with high-atomic-number cations and large field
strength experience large optical polarizability resulting by
large orbital hybridization. Substitution of SeO2 by B2O3
makes the base glass to have a more pronounced
semiconducting character while Cr2O3 caused the base
material to have an insulating property. However, the
substitution of SeO2 and/or Cr2O3+SeO2 by B2O3 derives the
glass to have semiconducting-like features. The rise in
nonlinear index is then governed by the nonlinear bond
polarizabilities of the Se–O and Cr-O bonds. Charge-transfer
transitions of Se–O bonds overlap with electronic transitions
of Cr-O, resulting only in considerable changes in bond
hyperpolarizabilities. Scaling of oxide ion polarizability
with refractive index and scaling of imaginary part of
third-order susceptibility with band gap energy are proposed.
The material dispersion obtained from refractive index
measurements exhibit a glass with zero-dispersion
wavelengths fall in the 1.55 µm Telecom propagation band.
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