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We studied the influence of different lattice modifiers (Nb,Os, Bi,O3 or TiO,) on the nonlinear refractive index
of a tellurite glass matrix by using the Z-scan technique. Based on the ability of the lattice modifiers to decrease
the band-gap energy while simultaneously increasing the linear refractive index of the TeO,-based glass, we
investigated how these modifiers affect the nonlinear refractive indices. All studied glass presented high
nonlinearities, and the addition of lattice modifiers made only a small contribution to increasing magnitude.

These results could be explained through the observation of the band-gap energy reduction, which is related to
the increase in the non-bridging oxygen content with the addition of the lattice modifier. The increase in the
refractive index nonlinearity is explained by the optical basicity and the high electronic polarizability of the

modifiers ions.

1. Introduction

Third-order optical nonlinearities (TONL) of glass materials have
been extensively studied, mainly due to their possible applications in
telecommunications as ultrafast optical switches, modulators, and
electro-optical devices [1-4]. Among several formed glass lattices,
TeO,-based glass is receiving special attention due to its good optical
properties, particularly when compared to traditional silicate glass, for
instance. Apart from its high linear and nonlinear refractive indices,
other important characteristics of this glass family are its low phonon
energy, high infrared transmittance, and the possibility of second
harmonic generation when an anisotropy is induced [5,6].

The nature of the high-TONL properties of TeO,-based glass has
been attributed to the high polarizability of a lone pair of electrons in
the Te*" ions, and a high percentage of TeO, structural units present in
glass lattice [7]. The lattice modifier plays an important role in the
TONL properties, especially because it influences the glass structure,
turning it with high hyperpolarizability [8].

The purpose of this work is to determine the nonlinear refractive
index of tellurite glass prepared with different lattice modifiers by using
a femtosecond Z-scan technique. The relationship among the obtained

nonlinear refractive index with the linear refractive index, band gap
energy, glass structure, optical basicity, and electronic polarizability are
discussed.

2. Experiment

Tellurite glass was prepared by the conventional melting-quenching
method from the following analytical grade reagents from Sigma-
Aldrich (>99.99% purity): TeO»; Li»COs; Nb,Os; BinOs; and TiO,.
Nine samples were prepared with the following compositions: 80TeO,—
20L120, SOTBOQ'(20‘X)LizO‘XszOs, BOTCOQ‘(ZO‘X)LiZO'XTiOQ, and
80Te05-(20-x)Li»O-xBi,03 (with x = 5, 10 or 15 mol%). For the glass
containing Bismuth, the maximum x value was 10 mol%, because we
were unable to obtain glass material with 15 mol%, under the same
experimental conditions. These samples will be referred to, henceforth,
as TL, TLNx, TLTx, and TLBx, respectively. The reagents were weighed
out, mixed in an agate mortar, and melted in a Pt-Au 5% crucible at
850° C for 60 min. The melt was poured into a stainless steel mold pre-
heated and annealed for 5 h at temperatures near the glass transition
temperature (Tg), which varies with the composition. Finally, the
produced glass was cut and optically polished up to ~ 1 mm thick.
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The X-ray diffraction pattern of all obtained samples showed the
characteristic halo of an amorphous material.

Measurements of the nonlinear refractive index (n») were carried
out with the traditional closed-aperture single beam Z-scan technique
[9] using femtosecond laser pulses. A tunable optical parametric
amplifier (OPA) was used as the excitation light source. It was pumped
by a Ti**:Al,03 chirped pulse amplified system at 775nm with
approximately 150 fs of duration and a repetition rate of 1 kHz. The
OPA provided 120-fs pulses from 0.46 to 2.6 um. Here, the Z-scan
measurements were performed using a laser radiation at 1.3 um. A
silica sample was used as reference to calibrate the magnitude of n, and
to determine the Gaussian beam parameters. The laser beam passed by
a spatial filter to ensure a Gaussian beam TEMg, profile, and it was
focused by a lens (f = 15 cm) at z = 0. During the z-scan procedure, a
translation stage moved the sample from - z to + z around the focus (z =
0), and the transmitted signal passed through an aperture positioned in
front of a large area germanium PIN photodetector, which was
connected to a lock-in amplifier. In the open aperture configuration,
it was possible to measure the imaginary part of the nonlinearity (two-
photon absorption). To reduce the uncertainty in n, value due to laser
fluctuation and sample inhomogeneity, at least three Z-scan measure-
ments for each sample in different sample positions were performed.

The n, values obtained by Z-scan were compared with ones
evaluated by the empirical expression from Hazarika-Rai [10] and
Boling [11]. Although this method does not usually lead to the correct
magnitudes of n,, it can be used to indicate the correct trends of the
nonlinearities as a function of linear optical parameter modifications.

A commercial spectrometer of the Varian 50 in the range of 190—
1100 nm was used to measure the absorption spectra of the samples.
The band-gap energy was evaluated from absorption spectra as
proposed by Tauc [12]. The white-light Michelson interferometer was
used to obtain the dispersion of the linear refractive index. The
interference profile was detected by an Ocean Optics USB 2000 UV—
VIS+ES monochromator; the linear refractive index values, in the
wavelength range 350—850 nm, were estimated by the Cauchy equation
[13]. The Raman scattering was recorded using 785 nm as excitation
with a micro-Raman apparatus (BX51-Voyage model).

3. Results and discussion

Fig. 1 plots the refractive Z-scan signal obtained for the TLB10 glass
at 1.3 um (0.03 mW). Similar curves were also obtained for the other
glass and for a silica sample (reference sample) used for experimental
setup validation. This Z-scan signature of a valley followed by a peak
indicates positive nonlinearity and is expected for a pure electronic
effect. From the curve fit by the theoretical model proposed by Shake-
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Fig. 1. Z-scan signal obtained for TLB10 glass by using 0.03 mW of a pulsed laser at
1.3 ym.
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Table 1

Band-gap energy (E,q,), experimental linear refractive index (me.,) at 632.8 nm,
calculated refractive index (ncq.), polarizability (ao?), basicity (A), experimental non-
linear refractive index (ns .., ) measured at 1.3 um, and nonlinear refractive index
calculated by BGO theory (nacarc)-

Sample  Egqp  Nexp Nege  ao” A N2 exp N2cale
(eV) (+0.001) (A% 107 m%/wW) (107 m?/W)
TL 3.43 1.985 206 231 0973 26 5.0
TLN5  3.14 2.090 208 231 0974 29 5.1
TLN10 3.04 2.160 214 233 0982 3.0 55
TLN15 3.00 2210 236 235 0989 35 6.5
TLT5 298 2.062 212 231 0976 29 5.6
TLT1I0 293 2132 215 232 0979 29 6.8
TLT15 290 2.161 217 232 0981 3.1 8.0
TLB5  3.28 2.045 208 231 0976 28 6.0
TLB10 321 2.099 211 234 0990 3.0 7.2

Bahae et. al. [14], wp = 16 um and A¢ = 0.156 were determined. A
value of n, = 2.2 x 1072° m?/W was obtained for silica, whose value is
strongly similar to the value reported in the literature [15]. By using the
n, of fused silica as a reference, the average values of the nonlinear
refractive indices for all studied tellurite glass were determined and are
summarized in Table 1. The estimated error (0.2 x 107*° m?2/W) was
based on the fitting in our Z-scan measurements and from typical
changes to experimental data due to laser intensity fluctuations. It is
important to mention that the open aperture Z-scan measurements
were also performed, but nonlinear absorption was not observed in any
samples. The magnitude for the nonlinear refractive index is practically
constant for the different lattice modifiers. However, slight growth
trends with increases in modifier concentration can be seen, in which
the TLN15 sample exhibits the highest n, value (3.5 x 1071° m?/W).
Our results are similar to those reported for TeZnNaNb, TeZnNaNbLa,
TeBa, TeNb, and TeZnNaGe tellurite glass [16,17].

It is well known that band-gap energy (Eyq,) is an important
parameter to describe the nature of the nonlinear refractive index and
third-order nonlinear susceptibility ¥ [18]. Thus, the band gap
energy of the glass was determined from the optical absorption
coefficient (a) spectrum using the relation described by Tauc et al.
[12]. Fig. 2 plots the (aE)'/? spectra against the photon energy (E) for
TL, TLB5, and TLB10, showing the adopted procedure for evaluating
Egyqp. This procedure was also performed for all samples, and the
obtained E;, values are presented in Table 1. The results show that the
concentration of the modifiers Ti, Nb, or Bi oxides cause a red shift in
the cut-off edge when compared to the TL glass. Consequently, the
band gap energy decreases when the modifier concentration increases.

This change in the absorption edge can result from the formation of
non-bridging oxygen (NBO) in the glass structure [19] as has been
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Fig. 2. (aE)'/? vs. photon energy (E) spectra of the TL, TLB5, and TLB10 glass.
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Fig. 3. Nonlinear refractive index as a function of the band gap energy. The solid line is
included to aid visualization of the exponential behavior.

observed for several tellurite glass matrices, such as TeBiBa [20], TeLiB
[21], and TeNbNa [22].

Fig. 3 shows the exponential dependence of the nonlinear refractive
index on the band gap energy from tellurite glass reported in the
literature [7,8] together with the results obtained in this study. This
exponential behavior obeys the relationship proposed by Sheik-Bahae
et al. [23], and was also noted by Dimitrov and Sakka [18] when
investigating a set of oxides. In this study, although the concentration
range of Ti, Nb, and Bi changed the band gap energy, it was not
important to alter the nonlinear refractive index values, as noted in
Fig. 3.

Different authors report that the high polarizability of cations
justifies the n, behavior with E,,,. On the other hand, El-Diasty
et al. [24] argued that this is due to the increase in NBO that promotes
unstable and weak linkages with former and modifier lattice atoms,
meaning that the valence electrons can be easily distorted when
exposed to the intense laser electric field.

Fig. 4 shows the refractive index dispersion for the TL, TLBS5,
TLB10, TLT10, and TLN10 samples, whose n,., values at 632.8 nm are
displayed in Table 1. The n value increases when the concentration of
the modifier oxide is increased. This increase in the n,,, values can be
related to structural changes in the glass matrix when a lattice modifier
is added, especially due the growth of the anionic quantities present in
the glass lattice. In Capanema et al. [25], the relationship between the
dispersion of the linear refractive index and the structural change was
attributed to changes in the coordination number, which indicates the
number of oxygen atoms neighboring the main cation. Likewise,
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Fig. 4. Dispersion of the linear refractive index for the samples with different lattice
modifiers.
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Fig. 5. Raman scattering for tellurite glass with different lattice modifiers.

Chagraoui et al. [26] measured the linear refractive index and verified
that the lattice modifiers ZnO and Bi,O3 cause an increase in n values.
This was attributed to a structural change in the number of the NBO
when higher ZnO and Bi,O3; amounts are introduced in the glass lattice.
The values of the calculated refractive index (n.q.) by the Lorentz-
Lorentz relationship [18] are shown in Table 1. Although the n.q.
values are slightly higher than the n,,;, values, it is interesting to note
the dependence with the modifier. This behavior was also observed in
the nonlinear refractive index n» (listed in Table 1) determined from
the dispersion of the linear refractive index using the Boling, Glass, and
Owyoung (BGO) model [10,11].

In order to evaluate the vibrational characteristics of the TL glass
with different lattice modifiers, Raman scattering measurements were
performed in all studied samples. The spectra are showed in Fig. 5. A
band at 442 cm™! was identified by symmetrical stretching of linkages
Te-O-Te [27], at ~ 660 cm™* to the Te-O-Te antisymmetric stretching
vibration of TeO, units, and at 750 cm™ to the Te"O bonding,
involving a three-coordinate tellurium atom (0=TeO2) [28]. It can be
seen in the spectra that adding a lattice modifier to the TL glass matrix
causes a structural change. For samples TLT5, TLT10, and TLT15, an
increase in the band intensity centered at 660 cm™' was observed,
indicating a rising level of TeO, structural units with the addition of
TiO,. This is reinforced by a higher intensity band at 442 cm™ of
linkages Te-O-Te from TeO, units. On the other hand, the band at
750 cm™! shows a decrease in intensity. The same behavior in the
function of concentration was observed for samples with niobium
oxide.

When Bi,03 was added, a structural change in TL glass due to a
decrease in the intensity of the band centered at 660 cm™' and an
increase in the intensity of the band centered at 750 cm™' was noted.
This indicates that bismuth oxide is connected with glass lattice,
causing elongation of the axial bonds of TeO,, transforming it at
TeO3 through TeOs,;. This Raman band can be associated with the
formation of the complex lattice Bi»Te4O1; [29]. This structural change
is reinforced by the Raman spectral intensity of the band centered at
440 em™!, which increases when higher Bi,O3 amounts are added to
glass. In addition, the Bi,O3 displays a shift for lower wavenumbers,
which characterizes the formation of Te-O-Bi linkages [19]. In this
same context, the Raman spectra for samples with bismuth present a
small band at ~ 320 cm™! that increases with Bi,Os. It corresponds to
the Bi-O-Bi vibrations of the BiOg octahedral units [19]. These results
suggest that Bi»O3 in this amount plays the role of modifier in tellurite
glass lattice and agree with the results presented by Fujiwara et al. [19]
and Udovic et al. [30], which also suggest that bismuth is a lattice-
former for higher Bi,O3 concentrations (> 20% mol).

The increase in the n, for TL prepared with Bi,O3 may be associated
with higher coordination numbers and ionic radii in Bi** ions (1.2 &),
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which increase the number of NBO [31]. In accordance with Reddy
et al. [32], oxide ions such as Cd?*, Ba%*, Sb%*, and Bi®* present a high
electronic polarizability that is related to large ionic radii and field
strength of the cationic unit. To confirm this hypothesis, optical
basicity (A) and polarizability (ap®) were determined by the Duffy
and Ingram model [33]. The optical basicity measures the negative
charge donate power from the oxygen ion to the glass lattice, meaning
that it should indicate the influence of the lattice modifiers on the
covalence of the glass. The results are shows in Table 1, and reveal that
A and ap? increase with lattice modifiers as expected, since these
parameters are directly related. The increase in the A values suggests
that the glass structure is more depolymerized, and, consequently, an
increase in the NBO linkages can be observed. Since NBO possesses
high electronic polarizability, glass with a high NBO value can indicate
an increase in the TONL optical properties.

4. Conclusions

In summary, different TeO2-based glass was prepared and its
optical and structural properties investigated. Nonlinear refractive
index results show an increase in n, values for all samples when lattice
modifiers are added; the highest value was obtained for
65Te0>+20Li>0+15Nb,05 glass. The results reveal that the addition
of TiO,, Nb,Os, and Bi,O3 in TL glass increases the values of E, and n,
mainly due to structural changes. The obtained results for the different
lattice modifiers in TL glass present a good correlation between no, E,
and n,,, values, as well as with structural changes. The increase in the
TONL properties are strongly related with structural changes, a
phenomenon that is confirmed by the optical basicity and polarizability
values associated with NBO linkages, as well as Te*" ions.
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