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Abstract

In this work, 80TeO,—~(20 —x) Na,0—xTiO, (x=0, 5, 10 and 20) mol% glasses by melting quenching technique were obtained.
Density (p) and molar volume (V) of these glasses have been investigated. The characterization was performed by X-ray
diffraction (XRD), differential scanning calorimetry (DSC), Fourier transform infrared (FTIR) and ultraviolet—visible (UV—
Vis) spectroscopy. As expected, the V, values decreased with x increasing, exhibiting a density opposite behavior. DSC,
FTIR and UV-Vis results indicated that, with the increasing the TiO, content, the role of this oxide changes from network
modifier to former. In addition, more covalent bonds are formed, reinforcing the network connectivity by increasing the
Te—O-Ti inter-chain bounds. These features improved the glassy system thermal and optical properties.

1 Introduction

TeO,-based glasses have increasing scientific and technolog-
ical interest due to wide optical transmission window (0.350
to 5.0 um), consistent vitreous stability (AT > 100 cm™) and
low phonon energy (between 600 to 850 cm™Y) [1-3]. Addi-
tionally, these materials behold density over 4 g/cm™ and
linear refractive index higher than 2 [4-6]. These properties
allows application for photonics and electronics, such as:
optical fiber, amplifiers and sensors [2, 7, 8].

The TeO,-glassy is obtained only with ultra-rapid cooling
rates [9]. However, the addition of modifier oxides, such as
alkali, alkaline earth or transition metal oxides drops the
cooling rates to 1 kJ/s, making it possible to obtain these
glasses by conventional melt-quenching technique [10-13].

The addition of Na,O in TeO,-based glasses was first
reported by Mochida et al. with a range of glass formation
between 10 <x <46.5 mol% [11]. The Na,O oxide plays the
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role of network modifier, causing the transformation of the
basic structural unit TeO, to TeO; ., breaking the Te-O-Te
linkages [14]. Nishida et al. [15] proposed that this trans-
formation occurs due to the change of the glass matrix from
a three- or two-dimensional network structure to a lower
dimensional one. These structural changes gives rise to con-
sequences on the thermal properties decreasing the vitreous
transition temperature (T,) [3, 16].

On the other hand, TiO, is effective in reinforce TeO,
glass network by the substitutional positioning of Te to
Ti site [6, 17, 18]. In addition, the incorporation of this
oxide increases third-order optical non-linearities, lin-
ear refractive index and thermal stability for systems like
TeO,-Li,0O-TiO,. These features have been attributed to the
change in coordination from TeOj; to TeO, units by Te-O-Ti
linkages [4, 19-22].

In this sense, the correlation between structural with
thermal and optical properties of TeO,—Na,O-TiO, glassy
system were investigated, in order to understand the role of
TiO, into the glass as Na,O was exchanged for TiO,.

2 Materials and methods
The 80TeO,—(20 —x) Na,0—xTiO, (x=0, 5, 10, 15 and
20 mol%) samples were prepared by means of melt-quench-

ing technique in air atmosphere. The precursors reagents:
TeO, (Alfa Aesar 99.99%), Na,O (Sigma-Aldrich 99.5%)
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and TiO, (Synth 99.5%) were weighted and mixed with pistil
and agate mortar during 40 min. The mixtures were melted
in Pt crucible at a temperature of 840 °C for 30 min. The
melt was quenched in a preheated brass mold at a tempera-
ture 20 °C lower than T, and submitted to an annealing treat-
ment for 240 min.

The density measurements were carried out by means the
Archimedes’s Principle with xylene (p=0.88 g/cm® using
a balance (AY220, Shimadzu) with 10™* g precision. The
diffractograms were recorded on X-ray Automatic Diffrac-
tometer (Ultima IV, Rigaku) at a scan rate of 2°/min (CuKa
radiation A=1.5418 A, 30 kV, 40 mA).

Differential Scanning Calorimetry (DSC) data were
obtained with a 4 °C precision in calorimeter (Labsys Evo,
Setaram Instrumentation). Such measures were realized
under Argon atmosphere with 20 mL/min flux and heating
rate of 10 °C/min, from ambient temperature to 600 °C using
alumina crucible. In order to apply DRX and DSC, the sam-
ples were powdered and sieved (<53 um).

The structural analysis was carried out by means of Fou-
rier transform infrared (FTIR) spectroscopy. For FTIR it was
used a spectrometer, (IR-Prestige 21, Shimadzu). The glassy
powdered samples were pulverized in an agate mortar with
100 mg of KBr in the 1:50 proportion. The resulting spec-
tra were obtained in the absorbance model in the interval
between 4000 and 400 cm™! using 64 scans with 4 cm™!
resolution.

The optical absorption spectra were acquired using a
spectrometer (Carry 50, Varian) in the wavelength range
300-700 nm. The samples thickness were 300 um.

3 Results and discussion

3.1 Density, molar volume and oxygen density
packing

The physical parameters density (p), molar volume (V) and
oxygen density package (OPD) are presented in Table 1. The
p values observed in samples for x=0 and x =20 corrobo-
rate with the previously reported [23, 24]. The exchange of
Na,O by TiO, increases the p values, which is due to the
substitution of a lower molecular weight substance (Na,O

61.98 g/mol) with a higher molecular weight one (TiO,
79.87 g/mol), resulting in an increase in total molecular
weight. Besides, the density increase is due to the struc-
tural modifications occurring in the amorphous network. In
sample with x=0, Na,O plays the role of network modifier
changing the Te atom coordination from TeO,— TeO;. With
TiO, addition, more covalent bonds are formed, promoting
a continuous glassy network by the Te—O-Ti linkages [17].

Other physical parameters which can contribute with
valuable information about the changes in glass structure are
molar volume and the oxygen packing density. V,, was cal-
culated by using V,, = %1, where M is the glass sample

molecular weight. The OPD was determined using the equa-
tion: OPD = 1000C, X ﬁ, where C,, is the number of oxygen
atoms per formula unit. As expected, the V,, values (Table 1)
decrease from 29.1 to 27.26 cm?/mol, with increasing X,
exhibiting density opposite behavior. The increase of OPD
values (Table 1) with x is an indicative of close packing
glass network structure. This packing degree is dependent
of cation field intensity and the cation radius [25]. Since the
ionic radius of Na* and Ti** are 0.098 nm and 0.064 nm,
respectively [26]. Therefore, the average of the cation field
intensity increases with x, consequently increasing the OPD.

3.2 X-ray diffraction (XRD) results

Figure 1 presents the XRD results of the studied samples.
We can notice that the sample in the composition for x =0
is mostly amorphous, except for two sharp peaks at 13.3 and
26.5° superimposed on broad peaks due to the majority glassy
phase. In fact, during the experimental studies, this sample
was observed to be hygroscopic, such behavior is in accord-
ance with literature for (100 —x)TeO,—xNa,O binary system.
This feature can be attributed to the hydrated compound pres-
ence such as Na,Te,05-2H,0 phase [23]. For x=5 we notice
the predominant amorphous character with some sharp peaks
superimposed at 13.3 and 26.5°, showing the same Na,Te,05
phase presence. The peaks at 26.1, 29.8 and 32.0° are attrib-
uted to the TiTe;Og4 phase [27]. The aTeO, phase presents
peaks at 28.7 and 48.5°. For x=10 and x =15 the samples pre-
sented amorphous character. The sample with x =20 contained
significant amount of crystalline phases and presented several

Table 1 Values of: density (p);
molar volume (V); oxygen
packing density (OPD);

Sample p A\
(g/em’?)

(cm’/mol)

glass transition (T,); onset

L g x=0 4.81+£0.04 29.1+0.2
crystallization (T,); peak
crystallization (T,); thermal x=05  497+0.02 284+0.1
stability (AT); and parameter x=10 5.09+0.01 27.88+0.05
Weinberg (H,,) x=15  516+0.03 27.7+0.1
x=20 527+0.01 27.26+0.05

OPD T,(°C) T,(°C) T, (°C) AT(°C) H,
(mol/L) +2 +2 +2 +2

61.9+0.5 245 348 370 103 0.42+0.01
65.2+03 272 321 340 49 0.18+0.01
68.2+0.1 302 358 375 56 0.19+0.01
70.4+04 348 408 441 60 0.17+0.01
733+0.1 367 411 442 44 0.12+0.01
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Fig. 1 Diffractograms indicating the different phases formed in
x=20, 15 and 0 samples

peaks attributed aTeO, (19.7, 28.7 and 48.5°) and TiTe;0q
(26.1,29.8,32.0, 34.6, 46.7 and 55.4°) [28].

Figure 2 shows, the all sample photo that were character-
ized in Fig. 1. These samples change from yellowish to brown-
ish with increasing x, being the glassy sample (x=10 and
x=15) and partially crystallized (x=0, 5 and 20).

3.3 Differential scanning calorimetry (DSC) results

Thermal behavior of each sample was determined by DSC
analysis. The obtained thermograms are presented in Fig. 3.
From these data, the glass transition (Tg), the onset crystalliza-
tion (T,), the first exothermic peak at the crystallization (T,)
temperatures and the thermal stability were determined. The
last one was determined using two criteria: AT =T, —T,,
which is frequent17y used for glass materials, and the Weinberg
parameter H,, = %T"' [29, 30]. These results are presented in
Table 1. We can noiice an increase in T, from 245 to 367 °C

Fig.2 Samples photograph in
bulk after melting quenching

with the exchange of Na,O for TiO,. This increase can be
related to the reinforcement of the glass network due to the
high coordination number of Ti** (4 or 6) [31]. Besides, the
asymmetric crystallization peak for x=0, 5 and 20 suggests
different distinct phase crystallizations. The shift in T, from
370 to 340 °C with x =5 is an indicator of the increasing con-
centration of nuclei in the glass and consequently the probabil-
ity of crystallization inside the glass matrix increases, this is a
direct consequence of the aTeO2 presence, as observed in
XRD results [32].

In binary glasses, excessive addition of a network modifier
decreases vitrification behavior, due to the decreasing stability
of TeO; units [23], increasing T, values and decreasing glass-
forming ability. So, the addition of 5% mol of TiO, makes
this oxide plays a role of modifier network. However, for 10
and 15% mol the TiO, assumes the role of former network,
rearranging the breaking caused by Na,O which creates TeO,
and TeO;,; and does not allow the formation of the Na,Te,O5
phase, facilitating the amorphization of the glass network. This
directly impacts the shape of the peak T, which is narrower
for the samples x =10 and 15 and is shifted to higher tempera-
tures, indicating a lower concentration of nuclei that induce
the crystallization.

In Table 1, AT decreases from x=0 to x=35 and slightly
increases for x=10 and 15. This behavior is in accordance
with XRD results, since the samples x =10 and 15 presented
an amorphous behavior showing that the melting quenching
technique was successfully performed for these two compo-
sitions. This result endorses the change of the role of TiO,
oxide from network modifier to former. Besides, H,, (Table 1)
decreases with the exchange of Na,O for TiO,, that suggest
an increase in the crystallization tendency [33] which is an
indicator of the substitution of Te—O-Te for Te-O-Ti bounds
favoring the covalent character of the network [34]. These
statements are reinforced by p, V,, and OPD results.

3.4 FTIR analysis

In order to obtain some insights about the structural change
with composition, FTIR experiments were performed and the
results are shown in Fig. 4. According to the literature, in the
region from 400 to 1000 cm™!, there are, at least, eight charac-
teristic regions corresponding to the different structural units
present in tellurite glasses with TiO,: ~450, 580, 620, 660,
710, 750, 780, 800-830, 852-890. [22, 23, 27, 32, 35-38].
The region at~450 cm™! can be related to Te—~O-Te and/
or Te—O-Ti stretching vibrations. Besides, for x=0 we
notice a shoulder at 451 cm™' and for x =20 at 440 cm™.

=

x= 15

G

x= 20
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of The region at 2900 - 3500 cm ™ is attributed to the vibra-
- tion of the elongation of the hydroxyl group and hydrogen.
-30 This high intensity region decreases with increasing x. In
-60 this case the high Na,O content confirm the sample tendency
0 to be hygroscopic [36].
> FTIR results in the region from 500 to 950 cm™! were
B detailed into Gaussian fitting as presented in Fig. 5. The
; -4 band centered at 580 cm™!, which is attributed to Te—O
= 6 stretching vibrations of TeO4 and TeO;,, units, remains
= 3 at the same position but decreases in area from x =10 to
O 0 x=20. According to Dimitriev [38], the addition of modi-
L fier network stimulates TeOj, ; units formation. Our results
© 'g showed that the TiO, acts as network modifier for the sample
Q with x=5. On the other hand, for x=10, 15 and 20 its role
L 3 changed from network modifier to former reinforcing the
0 - DSC results as shown in Fig. 3.
SO S The band area at 620 cm™! increases with x content. This
40 mode, which is attributed to Te—O bonds of deformed TeO,
-8 L units, increases from x =0 to x =15, remains constant from
120 x=5 to x=15 and increases to x =20. This behavior is an
- X . 20 | | | | indicative that TiO, inhibits the Na2O action in creates more
TeO,, , and TeO, from TeO, units [3, 23]. The 660 cm™
1 3+1 3 4 ’
00 200 300 4000 500 600 band is associated to asymmetric stretching vibration of
T ture(°C y N
empera ure( ) Te—O bonds in TeO; pyramidal units [3]. The intensity of
this band remains approximately constant up to x=15 and
Fig.3 DSC scans of samples
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Fig.4 FTIR spectra of samples

This shoulder has been related to symmetric stretching of
O-Te-O in a-TeO, structure. The 467 cm™" peak for x=0
is related to Te—-O-Te stretching vibrations. For x =20,
Te—-O-Ti stretching vibrations appear at 486 cm™'. For x=5,
10 and 15 these modes were superimposed and presented a
broad band in this region [27, 32, 35].
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decreases for x=20. The 710 cm™! band increases up to
x =10 and decreases with increasing X, this band can be
attributed to TeO; units [38]. The band at 750 cm™! is attrib-
uted to TeOj, ; unit and increases with x content. The band
at 773 cm™! is well resolved for x =0 and x =5 samples and
it is attributed to aTeO, [36]. For the other samples this
mode vibration is superimposed with the 800 cm™! which
it is attributed to TeO; units [23]. This band decrease in
intensity increasing x content in the samples. In Fig. 5, shifts
from 800 to 852 cm™! and from 831 to 889 cm™!, with x
increasing from 5 to 20 can be perceived. These bands are
related to stretching vibration of Ti—O-Ti bridges in TiO,
units [36]. FTIR analyses indicate that when Ti is incorpo-
rated in Te—-O—-Te interchain, Te—~O-Ti bonds are formed,
and for relative high TiO, composition and after a saturation
of Te—O-Ti interchains, occurs the TiO, units formation [22,
23,27, 35, 36].

3.5 Optical absorption

The analysis of the optical absorption edge is useful to
obtain some insights about the optical transition and optical
bandgap of materials. According to the literature [39], in
glasses, the UV absorption edge shifts to longer wavelengths
by increasing the molecular weight of their precursor oxides.
The yellow color of the glasses, as observed in Fig. 2, is due
to a variable shift of the ultraviolet absorption edge towards
the visible range, which depends on the glass composition.
For the analyzed samples, it was not possible to analyze the
x=20 sample UV edge, since it was completely opaque even
for 300 um thickness. For the other samples, the optical band
gap and Urbach’s energy were determined.

Davis and Mott [40] presented an expression for the
absorption coefficient (o) as a function of photon energy
(hv), as follow:

a(hv) (hv—EG)m (D

where a is the absorption coefficient, (hv) is the energy of
the photon, E, is the bandgap energy and m indicates the
type of electronic transition involved in the absorption pro-
cess. The values for m depend on the bandgap characteristic:
m=1/2 for direct allowed transition; m=3/2 for direct for-
bidden transition, m =2 for indirect allowed transition and
m =3 for indirect forbidden transition. The absorption spec-
tra presented in Fig. 6a were used to determine the optical
bandgap (E,) of samples using Eq. 1. Figure 6b presents the
curves of (a.hv)"™ versus photon energy, with the E, values
being estimated by extrapolation of the linear portion of the
curves, where (o.hv)/™=0. The best fit was obtained for
m=2, indicating an indirect allowed transition [41]. Another
method to determine the bandgap is the intersection point
between lines that extrapolate absorption coefficient values
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Table 2 Bandgap values (E, and Eé ), Urbach’s energy (AE), and elec-
tronic ion polarizability of the samples

Sample E, (eV) E, (eV) AE (eV) 16(Ey) Al
(£0.003) (£0.004)
x=0 3.394 3.46 0.488 3.02+0.03
x=5 2915 2.99 0.171 3.04+0.01
=10 2.857 2.93 0.185 2.922 +0.007
=15 2.845 2.89 0.198 2.831+0.006

in the small hv range and at the linear absorption edge (E; )

[42]. Table 2 presents the values of Eg and E’g in eV. The Eg
values changes from 3.394 to 2.845 eV with increasing x
content. In principle, this behavior would be related to the
increase in defects of glassy network, however from FTIR
and DSC results we noticed that the exchange of Na,O for
TiO, is reinforcing the network. In fact, this behavior can be
explained by means of ion oxide polarizability and it will be
discussed later.

The optical absorption coefficient near the fundamental
absorption band has an exponential dependency, which is
given by the Urbach’s rule [41]:

(i)
a=agexp | —

AL @
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in which o is a constant and AE is the Urbach’s energy. AE
corresponds to the optical transitions between localized tail
states adjacent to the valence band and extended states in the
conduction band above the mobility edge [43]. The absorp-
tion coefficient values (in log scale) were plotted against
the photon energies. The AE values were obtained by linear
fitting from those plots and are presented in Table 2. It can
be notice that the AE values decrease and then increase from
x=5 to x=15. According to Mott and Davis [40] model,
this energy depends on the degree of the both disorder and
defects of the amorphous structure. If the glass has a more
polymerized network, Urbach’s energy is lower.

According to the literature [43], the behavior of the polar-
izability of the electronic ion are calculated by the following
Eq. 3:

V, E _
Yor_(Eg) = <m> I-\pl- 2@ @

were 7y is a polarizability of the cation, V, is the molar
volume, p denotes the number of cations and q oxide ions
respectively, in de chemical formula A, O,. Figure 7 pre-
sents the bandgap values (E,), Urbach’s energy (AE), and
the polarizability (y) versus TiO, content.

The polarizability behavior should be inverse to the band-
gap; however, this behavior does not occur to our system.
The substitution of Na,O by TiO, generated a decrease in
the bandgap, but there is a polarizability atypical behav-
ior, which does not accompany inversely the bandgap.

o 5 10 15
TiO, (mol%)

Fig.7 a Bandgap and AE energy values and b polarizability values
Yoo versus TiO, content

@ Springer

Therefore, this same behavior which decreases the polariz-
ability is related to the increase of mean simple bonding [43,
44]. This increase in average simple bonding is observed
when a certain amount of TiO, added, suggesting that there
is an onset of composition which allow the formation of
strong chemical bonds in the glass network. This statement
is reinforced by the DSC results, which show a decrease
in thermal stability for the samples. Finally, the feature of
changing the role of TiO, from network modifier to former
drastically influences the thermal and optical properties in
TeO,-Na,0-TiO, glassy system.

4 Conclusion

We conclude that the structural of the TeO,—Na,O0-TiO,
system investigated by FTIR analysis, with the equimolar
substitution of Na,O by TiO, showed a structural transfor-
mation in the TeO2 network. The Na,O performs the role
of network modifier, changing the coordination of the atom
of TeO,— TeO;. With the addition of TiO,, more covalent
bonds are formed, promoting a continuous glass network
through the Te—O-Ti bond. The XRD results corroborate
with FTIR, and the presence of the hydrated compound, such
as the Na,Te,05-2H,0 phase and the TiTe;O4 phase.

In addition, the decrease in polarization is related to
the increase in the mean simple bonding. This strong bond
increase, which is related to decreases of the bandgap and
polarizability values, indicates the increase of Te—-O-Ti
bonds (band at 450 cm™"). This increase also agrees with the
DSC results, which show a decrease in the thermal stability
for the samples. Finally, we conclude that TiO, changes its
role from network modifier to former after 5 mol%, which
drastically influences the thermal and optical properties
through increasing the network connectivity.
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