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ABSTRACT

The effects on optical and mechanical properties of introducing large amounts of TiO, and Nb,0s in a
silicate matrix have been studied. Raman spectroscopy has been carried out in order to tentatively
establish correlations between structural and physical properties. The high linear refractive index and
the increase of the hardness for increasing d° ions concentration have been related to the formation of a
denser glass network dominated by corner linked NbOg and TiOg octahedra.

1. Introduction

Glasses exhibiting high refractive indices are of importance for
the development of new materials and optical systems. They can
be used in various applications like optical devices for non-linear
optics [1-4], as matrices for fluorescence [5,6], in infrared
transmitting devices [7-9], glass ceramics [10-12], thin films for
microelectronics [13]. But a high proportion of these glasses
incorporate toxic or possible pollutant oxides like PbO, As,0s,
Sb,0s3, or TeO,, which provide the high refractive indexes and help
to ease the glass processing by lowering the melting temperature.
Nowadays for such purpose, friendly glass composition is desirable
in order to complain with environmental issues, this subject have
sparked off a big industrial interest [14-17]. Bismuth oxide has
widely been proposed to replace lead in high refractive index
glasses [18-21], but too few data on its toxicity and environment
interactions are available which directs us to preferably use metal
transition oxides like Ta,03, ZrO,, Lay03, TiO2 or Nb,Os. Glass
containing large amount of metal transition ions have been
reported to be attractive. Multiple researches have been devoted
on linear and nonlinear optical properties of such material for
applications in optical devices [22-24]. Most of the studies report
the incorporation of one type of d° ions and the evolution of the
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optical properties versus the concentration of the transition metal
oxide.

In the present article, the incorporation of two metal oxides
(TiO2 and NbyOs) has been investigated in sodium and barium
silicate matrix. The study shows that the increase of their
concentration impacts significantly the optical properties and
the glass hardness. Raman and infrared spectroscopies have been
carried out to investigate the structure of the glass and to correlate
it with the physical characterization.

2. Material and methods
2.1. Glasses preparation

Two sets of compositions (1) and (2) given below were
prepared, varying respectively the niobium oxide content or the
titanium oxide content. Reagent grade Na,COs; (Roth, 99.8%),
Ba,COs (Alfa Aesar, 99.8%), SiO, (Alfa Aesar, 99.8%), TiO, (Aldrich,
99.9%) and Nb,0s5 (Alfa Aesar, 99.9985%) were mixed, hand milled
and melted in a platinum crucible for 30 min at a temperature of
1300-1400 “C depending on the glass composition. The melts were
then quenched on a brass plate and immediately annealed at 40 “C
below the transition temperature. The glasses obtained are cut and
optically polished to obtain final samples of about
1cm x 1cm x 1 mm for optical and physical measurements. In
the following, x; is the NbOs;> molar percentage for the first glass
system (1) and x, is the molar percentage of TiO, for the second
glass system (2).



Table 1
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Glass composition, optical and physical characteristics obtained from glasses of composition (1) and (2): crystallization onset temperature and glass temperature difference
Tx —Tg, linear index ns3; measured at 532 nm, volumetric weight ¢ and microhardness HK.

Sample name NbOs; (mol.%)+ 0.5 TiO, (mol.%)+0.5 Tx-Tg (°C)x3 ns3; £0.01 @ (gem3)£0.005 HK (kg mm™2)+5%
X1

N19 18.5 20.1 133 1.89 3.910 602

N23 23 19.0 127 1.90 3.975 606

N26 26.1 18.3 127 1.93 4.037 628

N30 30.3 17.2 123 1.96 4.064 640

N35 34.7 16.2 102 2.00 4.128 664
X2

T20 159 20 126 1.87 3.872 591

T25 14.9 25 112 1.91 3.865 610

T30 13.9 30 115 1.95 3.863 631

T35 129 35 94 1.99 3.856 640

T40 119 40 50 2.00 N/A (608)

(1-x)[24.7%TiO, — 152%Ba0 — 30.5%Si0, — 29.6%Na0, 3]
—x1[NbOs 5] (1)

(1 —x2)[19.8%Nb0s/, — 16.1%Ba0 — 30.6%Si0; — 33.5% NaO 5]
—X2 [TlOz] (2)

2.2. Measurements

For differential scanning calorimetry (DSC), a Netzsch DTA 4040
PC thermoanalyser in air atmosphere was employed with a
crushed sample mass of 50-100 mg. Transition temperature (Tg) at
the onset and crystallization temperature (Tx) were determined
using a 15 °C/min heating rate.

Refractive indexes were determined by the Brewster angle
technique [25] with a 532 nm laser on one polished side samples
for avoiding perturbation from the second side.

Volumetric weight was measured using the Archimedes
principle by calculating the difference of a sample mass measured
inair and then immersed in calibrated diethyl phthalate (DEP). The
accuracy was less than 0.3%. The Knoop microhardness (HK)
measurement was performed on a Leica WMHT Auto apparatus
equipped with a CCD video camera. A charge of 100g force
(=0.981 N) was applied during 10 s. The average of 10 measure-
ments spread all over the sample was considered to obtain the
microhardness of the sample.

Transmission spectra were recorded from 800 nm to 200 nm on
a Varian Cary 5000 UV-Visible spectrophotometer and were
normalized to a 1 mm thickness for all samples.

Raman spectra from 200 cm™~! to 2000 cm™~! were recorded at
room temperature on a Labram confocal micro-Raman instrument
(Horiba/Jobin-Yvon) in the backscattering geometry, using an
excitation at 532nm and a typical resolution of 3 cm~'. The
spectrophotometer includes a holographic Notch filter for Rayleigh
rejection, a microscope equipped with a 100x objective, and a CCD
open electrode nitrogen cooled detector.

Infrared spectra from 100 cm~' to 1500 cm™! were recorded on
reflection mode under dry air atmosphere using a Thermo
Scientific Nicolet 6700 spectrometer. Specular reflection spectra
were recorded and Kramers-Kronig analyses were performed to
obtain the absorption coefficient [25].

3. Results

Samples labelling and their corresponding results from thermal
measurement Tx — Tg, refractive index, measured density and
microhardness are gathered in Table 1.

The two specific glasses with x;=34.7% NbOs;, (N35) and
X, =40% TiO, (T40) had to be quenched in a different brass mould
with more contact area to avoid crystallization. All the samples

obtained were amorphous to X-ray diffraction and optically
transparent; they showed a colour from slight yellow to orange-
yellow depending on the d° ions content.

The temperature difference Tx — Tg decreases with the
increasing content of either niobium or titanium oxide, meanwhile
both the refractive index, the density and the Knoop microhard-
ness increase. The difference Tx — Tg decreases faster in the second
glass system when the titanium oxide concentration increases.

Glasses densities evolution as a function of the number of d°
ions (Nb + Ti) per centimetre-cube is presented in Fig. 1. For the
glass system (1), we clearly see a strong increase of density with
the increase of niobium content. Additionally, we observe for the
glass system (2) a very slight decrease of density when the
titanium oxide percentage increases.

Fig. 2 shows the results of the Knoop microhardness tests. The
errors bars are deduced from the standard deviation induced by
the 10 measurements. We can see for each system an increase of
the hardness of the glasses as the niobium oxide or titanium oxide
content increases. The maximum value of the hardness is obtained
for set (1) at largest niobium oxide content.

Transmission spectra of the glasses from sets (1) and (2)
focusing onto the absorption edge ranging from 300 nm to 450 nm
are reported in Fig. 3. We observe that the UV absorption edge of
the glasses shifts to longer wavelength by increasing the niobium
or titanium content. No absorption band due to d' ions (Ti** or
Nb*") in the 400-900 nm range is observed for all samples (not
showed). The absorption edge of the glasses is located between
340 nm and 360 nm for all glasses. The yellow colouring shifting to
yellow-orange for high values of x; and x» is explained by the
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Fig. 3. Absorption spectra of the glasses from (a) set (1) and (b) set (2).

important absorption observed between 350 nm and 450 nm for
the sample with high content of d° ions. One can observe in the
case of the second glass system that the absorption edge is not as
sharp as the one of the first glass system even for the lowest
content of d° jons.

Polarized (I;)) Raman spectra for the two systems are shown in
Fig. 4. For both, two main bands are evidenced at 650 cm~' and
around 785cm~'. A shoulder can be distinguished around
840 cm~! for both compositions. The relative intensity of these
bands varies depending on the d° ions content. In both glass
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Fig. 4. Polarized Raman spectra I;; of the glasses from (a) set (1) and (b) set (2).

systems the band around 650cm™' becomes more intense in
relative intensity as x; or x, increases. For the band located around
785 cm™', a shift towards lower wavenumber (from 810 cm™' to
770 cm~") is observed when the titanium oxide content increases
in the case of set (2) (Fig. 4b). Weaker additional bands can be seen
for both compositions between 850 cm~' and 1100 cm™".

The IR spectra of glasses are presented Fig. 5. (The curve of the
sample with x; = 12% was not plotted because the data could not be
collected for this sample.) For the two compositions we observe
similar patterns as well as similar evolution. As the niobium or
titanium oxide content increases, the bands observed at 450 cm™'
and 580 cm~! present an increase of their intensity while the one
at 910-920 cm~! decreases. The band at 450 cm~! shows a greater
increase in the case of the second glass system. One band at
350 cm™~! clearly merge on the spectra from set (1). The band is
present in the general shape of the spectra from set (2).

4. Discussion

From the data reported in Table 1, one can conclude that the
progressive introduction of Nb,Os5 or TiO in the glass decreases
the “vitreous stability”, as the Tx — Tg parameter decreases, as
observed by Malakho et al. [26]. This confirms the strong trend of
glasses with high content of transitions ions, especially glasses
N35 and T40, to crystallize during the quenching. This effect is
confirmed by the fact that the glasses exhibiting the highest d°
ions content for the two systems had to be quenched more rapidly.
The increase of the refractive index and the density with the
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Fig. 5. Infrared spectra of the glasses from (a) set (1) and (b) set (2).

niobium oxide or titanium oxide content is directly correlated to
the strong polarisability and high refractive index of the oxides
introduced (nyp,05 = 2.33; nrjp, ~2.50) and their high molar mass
compared to the other oxides constituting the glass. Similar high
linear refractive index of 2.00 can be achieved for both glass
systems even though the polarisability of Ti-O bond is considered
higher than Nb-0 bond, due to the fact that larger amount of d°
ions can be introduced in the first glass system.

The increase of the density of the glass with the niobium oxide
content for serie (1) is directly related to the fact that the niobium
is the heavier ion, and the more niobium is introduced in the glass,
the more the network becomes compact and dense. For the second
glass system when the titanium content increases, the situation is
more complex since the content of the heavier ions decreases,
leading to a slight decrease of the volumetric weight. In both
systems the microhardness increases, as a function of the number
of volume d° ions content incorporated in the glass. The evolution
seems to be the same for both glasses and only the volume
concentration of d° ions seems to be the influent parameter. As the
total d° ions volume concentration is the key parameter, the first
glass system is more appropriate when large hardness is desired.

In the transmission spectra of Fig. 3, the bathochromic
evolution of the absorption edge can be explained by the fact
that the progressive introduction of the transition ions induces
new electronic transitions between the 2p orbitals of oxygen
atoms and 3d (Ti) or 4d (Nb) orbitals which occurs at lower
energies than the ones of the glass matrix, i.e. this introduces a shift
of the absorption edge towards larger wavelength. Hence, the
colour of the glass slightly changing from pale yellow to yellow-
orange has to be related with the long tail of the absorption up to
the visible range.
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Raman spectroscopy has been widely used for studying the
structure of glasses containing Ti** and Nb°* jons in oxide matrix.
The contributions from TiO,, or NbO,, polyhedra are dominant in
the spectra due to the larger polarisability of these units as
compared to silicate, phosphate, borate or germinate units [27]. For
niobium oxide containing glasses, the 650 cm™' band has usually
been attributed to the vibration of Nb-O bonds in corner-shared
octahedrons associated in 3D blocks [24,26-29]. Zhilin et al.
attributed the band to “crystal motif” formed of tungsten bronze
like block of NbOg [30]. For the same glasses, a second band around
840 cm~! is assigned to the vibration of Nb-O bonds in corner-
shared in one dimensional chains. A band around 900 cm™' is
attributed to isolated NbOg octahedra with a short Nb-0 distance.
Raman signal between 800 cm™' and 1100 cm™' has been also
attributed to Si-O vibration of the SiO,4 tetrahedra [29].

Regarding titanium containing glasses, bands situated between
780 cm~"' and 850 cm~! have been attributed to the presence of
TiO,, polyhedra. In crystalline structure with short Ti-O bond high
frequency vibration have been associated to the presence of
pyramidal TiOs site, like in Ba,TiSi,Og (825 cm™") [31] or K,Ti,05
(905 cm~1) [32]. The vibration at 745 cm~! has been related to the
vibration of chain of distorted octahedral site like in NaTiO(PO,4)
crystalline compound [33]. In titanate compounds, a band at
650 cm™~! can be observed in crystalline BaTiO3 in which corner
shared connected TiOg octahedra exhibit low distortion.

Looking at the Raman spectra obtained for the glasses of
composition (1) presented in Fig. 2a and considering the
previous investigations, the increase of the relative intensity of
the band at around 650 cm~"' indicates that increasing niobium
oxide content induced the formation of a 3D network of corner
shared NbOg octahedra. But, the relative intensity of this same
band also increases in the case of the second glass system. Such
evolution indicates that the titanium polyhedral sites could be
also involved in this vibrational mode. One hypothesis is that
this vibration band corresponds to the association of NbOg and
TiOs octahedra in which the octahedral site has a lower
distortion. They together contribute to form a dense 3D
network in our glasses. The band in the first system which
remains located at around 785 cm™' can be attributed to one
dimensional chains of corned shared distorted octahedra. The
occurrence of such association progressively decreases as the
niobium oxide content increase. It is supposed that these
chains gather to form the dense 3D network. The band around
850 cm~!, in batch 1 can be attributed to NbOg chains with
alternative short and long Nb-O bond length.

The band in the second glass system located around 810 cm™!
shifts to lower wavenumbers as the titanium oxide content
increases. As mentioned previously, the mode around 800 cm™'
can be related to the formation of isolated square based pyramids.
The shift from 810 cm™! to 770 cm~! as the titanium concentration
increases may be related to mixed association of TiOg and NbOg
units forming more Ti-O-Ti bridges for increasing the Ti/Nb ratio.

From the Raman spectra, the increase of the relative intensity
ofthe band at 650 cm~"' compared to the one at 780 cm ™! seems to
indicate that the introduction of niobium and titanium oxides in
large amount creates a network with multiples association
between MOg entities (M = Ti, Nb) leading a three dimensional
MOg network. This conclusion can be related with the strong
increase of the density with the d° ions content shown before for
the first system; the glass network seems to be progressively
formed of 3D association of corner shared MOg units. The glass
structure becomes then more compact. The hardness evolution is
also parallel with the progressive formation of a compact glass
network formed of MOg units. The formation of this dense
network may be related to this linear evolution of the
microhardness.



Concerning the infrared spectra of the glasses presented in
Fig. 5, the bands at 910 cm™" and 450 cm™~' may be assigned to the
asymmetric stretching and bending modes, respectively, of the Si-
0-Si bonds in the SiO4 tetrahedra [28,34]. In Fig. 5a, the 580 cm™!
band may be related to the asymmetric mode of the Nb-O-Nb
bonds. The increase of this band with increasing niobium oxide
contents are indicative of the formation of corner shared NbOg
octahedra, where Si-O-Si bonds are progressively substituted by
Si-O-Nb and Nb-O-Nb bonds, which confirms the Raman
spectroscopy results discussed previously [34,35]. Since the atomic
radius and Pauling electronegativity of Ti*" and Nb>" are very
similar (respectively 0.68 A and 0.70 A for the first parameter and
1.54 and 1.60 for the second), we suppose that the increase of the
580 cm~' band when increasing the titanium oxide content is
attributed to the asymmetric vibrations of Ti-O-Ti bonds which
progressively replace Si-O-Ti bonds and the former Si-O-Si bonds.
Raman spectroscopy is also in accordance with these results. We
attributed the band at 450 cm™' to bending modes of SiO4 units,
butits increases as the content of d° ions gets greater needs further
investigation.

5. Conclusions

High refractive indices and harnesses have been obtained in
silicate matrices by introducing Nb,Os and TiO,. It has been shown
that larger niobium concentration than titanium is desirable for
achieving high refractive index and high hardness. Correlations
have been established between high refractive index, the hardness
and the formation of compact glass network with connected MOg
octahedra (M =Ti, Nb).
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