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Abstract: Alkali germanotellurite glasses of composition 0.3M20-0.7[(1-x)GeO2-xTeO], M=Li,
Na and 0<x<1, were investigated by Raman and infrared vibrational spectroscopic techniques to
search for the origins of the alkali ion-dependent network former mixing (NFM) effect in these
ion-conducting glasses. The vibrational spectra measured on mixed network-former glasses, and
the spectral comparison between equimolar-mixed glasses (x=0.5) and pellet-mixtures of the
endmember glasses, 0.3M>0-0.7GeO2 and 0.3M>0-0.7TeO:, provided evidence for the formation
of hetero-atomic Ge-O-Te linkages and structural rearrangements in the germanate and tellurite
components of glass. The mixing-induced structural rearrangements were expressed in terms of
chemical equilibria between the network-building units and were used to make qualitative
predictions for changes in the network cross-linking density and the related network-strain energy,
as well as in the binding energy part of the activation energy for ion conduction. Thus, it is
proposed that the mixing-induced structural modifications in the germanate and tellurite parts of
glass cause the cancelation of changes in the binding energy and the network-strain energy
contributions to the activation energy for ion transport. These qualitative predictions were
discussed in the context of the previously found absence of an NFM effect for M=Na and the
presence of a weak positive NFM effect for M=L.i.

Keywords: Tellurite glasses, Germanate glasses, Network Former Mixing, Raman spectroscopy,

Infrared spectroscopy, lon-conducting glasses.

1. Introduction

Mixing network formers introduces an avenue of changing the topology of glass networks while
keeping the network modifier concentrations constant. The concomitant changes of physical
properties upon variation of network former ratios, such as ion-conduction and elastic properties
are often non-linear and, thus, attract wide interest in the field [1-7]. Over the last decade, several
studies have reported network former mixing (NFM) effects in many ternary alkali oxide glass
systems [8-11]. Within such systems, an NFM effect is observed when the magnitude of a physical
property in the ternary glass deviates from the weighted average of the properties of the binary
endmember glasses.

Often, solid-state nuclear magnetic resonance (NMR) spectroscopy is exploited to study

NFM effects by offering insights into the short- and intermediate-range structure of such glasses,



i.e., by probing network former connectivity or alkali and alkaline-earth ion distributions.
However, there are elements among the oxide glass-formers that do not exhibit favorable NMR
properties and, therefore, spectroscopic information is sometimes only available from other
spectroscopic or diffraction methods. For instance, in a recent study of GeO»-TeO, mixed network
former glasses with composition 0.3M>0-0.7[(1-x)GeO,-xTeO:], where M=Li, Na and 0<x <1, an
alkali-ion-dependent NFM effect was observed for the first time [12]. In particular, the ionic
conductivity was found to exhibit a weak positive NFM effect for M=Li but to correspond to the
weighted average conductivity values of the binary endmembers in the Na-glass system. The
structural origins for these different effects were explored mainly by *Te solid-state NMR
spectroscopy; however, concrete structural evidence could not be derived from the presented NMR
data because the resolution of the '>Te NMR experiments was insufficient to obtain meaningful
structural information and *Ge NMR experiments were completely unfeasible. Also, the absence
of spectroscopic evidence for the formation of mixed Ge-O-Te linkages led to the tentative
proposition that the alkali-ion-dependent NFM effect is related to cation-dependent
segregation/phase separation phenomena, which occur for M=Na over a wider distance range than
in the Li-containg germanotellurite glasses [12].

Besides NMR spectroscopy, infrared (IR) and Raman vibrational techniques can provide
insights into the structural characteristics of glasses and their effect on physical properties.
Examples include the probing of both the network structure and the distribution of metal ions, and
their correlation with properties like glass transition [13,14] and ion transport [15] in borate
glasses, basicity in borate [ 15] and germanate [ 16] glasses, and elastic properties in tellurite glasses
[17]. In a recent study, a different approach was taken to probe NFM effects in mixed lithium
borotellurite glasses, Li2O-B203-TeO2, by comparing weighted average infrared spectra of the
endmember binary glasses with the corresponding spectra measured on mixed network former
glasses [18]. A similar treatment of the Raman spectra appears promising for application in the
otherwise spectroscopically challenging mixed GeO»-TeO; glass system [12].

In the present work, alkali germanotellurite glasses with composition 0.3M20-0.7[(1-
x)Ge02-xTeOz], where M=Li, Na and 0< x <I, are investigated by employing Raman and IR
spectroscopy to shed light on the structures of the germanate and tellurite parts and on their

connectivity in forming the glass network. The results are discussed with reference to the recent



NMR study by Bradtmiiller et al. on glass samples from the same batch and to the finding that the
NFM effect in ionic conductivity is weakly positive for M=Li but absent for M=Na [12].

2. Materials and methods
2.1 Glass preparation and measurements of physical properties

Alkali germanotellurite glasses 0.3M>0-0.7[(1-x)GeO2-xTeO2] (M=Li, Na and 0< x <1) were
synthesized by conventional melt quenching [12]. Glass compositions in these Li- and Na-
germanotellurite series are denoted here by MGTX where M=Li, Na, and X=100x. For each
composition, 12 g batches of finely ground Li2CO; (Oregon L.W., 99.99%), Na,COs (Alfa Aesar,
99.95%), GeO: (Alfa Aesar, 99.999%), and TeO> (Merck, 99.5%) were mixed, homogenized, and
then melted in a platinum crucible using a bottom-loading high-temperature furnace. Melting
temperatures in the range 780—1130 °C were employed depending on the composition, and melting
times of 3040 min were chosen. The melts were subsequently splat-quenched on a room
temperature stainless-steel plate using a copper block. The resulting glasses were then heat-treated
at an annealing temperature of 30 °C below 7§ for 12 hours to relieve thermal stresses. After slow
cooling to room temperature, the obtained glass specimens were transparent with a yellowish color,
which becomes more intense for higher TeO; contents. Sodium-containing glasses with high TeO»
content (x>0.5) were hygroscopic and prone to crystallization and thus needed to be re-melted once
at the same conditions. After synthesis, all samples were quickly stored in a dry atmosphere.
Glass transition temperatures, 7,, were determined before the annealing process by
differential scanning calorimetry (DSC) on bulk pieces in Pt sample pans using a NETZSCH
Thermalische Analyse DSC 404 cell, equipped with a TASC 414/3 controller providing a heating
rate of 10 °C/min. The measured DSC curves for the studied Li- and Na-containing glasses are
shown in Figures la and 1b respectively. The 7, values were determined as the onset of the heat
capacity steps during the glass transition process as shown in the inset of Figurela, where the
crystallization temperature, 7, is also marked. The obtained values for 7, and 7 are listed in Table
1 as a function of composition, together with values of glass stability (S) against crystallization.
The glass stability is expressed by the difference between the first crystallization onset value and
the glass transition temperature, S=7x—7,. The error in determining 7 and 7k is estimated to be

+1°C, leading to an error in the S value of +1.5°C.



Glass density was measured by the Archimedes principle, using the density determination
kit for solids of a Mettler high-accuracy balance of sensitivity 10~ g [19], and employing toluene
as the immersion liquid to avoid glass hydrolysis. For each glass composition, density was
measured on at least three different samples resulting in an error of about +0.004 g/cm?. The

measured density values are reported in Table 1 for the synthesized glasses.
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Figure 1. DSC curves for glasses 0.3M>0-0.7[(1-x)GeO2-xTeO>] with M=Li (a), and M=Na (b).
The inset in (a) shows in an expanded scale the glass transition event for x=0 and the marking of
glass transition (7y) and crystallization (7x) temperatures.



Table 1. Glass transition temperature (7%), crystallization temperature (7x), stability (S), density
(p), and molar volume (V) of glasses 0.3M>0-0.7[(1-x)GeO2-xTeOz] (M = Li, Na).

Glass Tg Tx S p Vm
Composition +1°C £1°C £1.5°C +£0.004 g/cm®  +0.01 cm’/mol
x=0.0 476 556 80 3.840 21.40
x=0.2 410 498 88 4.055 22.16
x=04 361 470 109 4.219 23.13
M=Li x=0.5 334 473 139 4.303 23.57
x=0.6 312 483 171 4.391 23.98
x=0.8 275 420 145 4.549 24.84
x=1.0 247 310 63 4.669 25.85
x=0.0 472 556 84 3.689 24.89
x=0.2 407 474 67 3.890 25.58
x=04 327 438 111 4.054 26.44
M=Na x=0.5 300 421 121 4.130 26.89
x=0.6 270 427 157 4.208 27.31
x=0.8 241 405 164 4.298 28.53
x=1.0 225 298 73 4.450 29.28

2.2 Spectroscopic measurements

Raman spectra were measured at the backscattering geometry on a Renishaw inVia Raman
Microscope, equipped with a 2400 lines/mm diffraction grating, a high-sensitivity Peltier-cooled
charge-coupled device (CCD), a motorized xyz microscope stage, and a 50x long working distance
lens. All spectra were recorded at room temperature with 2 cm™! resolution. The 514.5 nm line of
an Ar ion laser was used for excitation employing about 0.10 mW/um? at the glass sample, with
no signs of laser-induced modifications being observed. For compositions with x=0, 0.5, and 1 of
both glass series, polarized Raman spectra were also recorded under VV and VH polarizations; the
first letter indicates the polarization of the exciting laser beam, and the second letter the

polarization of the scattered light with V and H indicating vertical and horizontal, respectively.



Infrared (IR) spectra were measured on a vacuum Fourier transform spectrometer (Bruker,
Vertex 80v), in quasi-specular reflectance mode (11° off-normal). Reflectance spectra were
separately recorded in the far-IR and mid-IR range and then merged to form a continuous spectrum
in the range of 30-7000 cm!. All spectra were measured against a high reflectivity gold mirror at
room temperature with 4 cm™' resolution. Analysis of reflectance spectra by Kramers—Kronig
transformation yielded the absorption coefficient spectra, a(v), from the expression a(v) =
4nvk (v) where v is the infrared frequency in cm™ and k(v) is the imaginary part of the complex

refractive index [20].

3. Results
3.1 Glass properties

Table 1 summarizes the bulk properties of the studied glasses. The presently measured densities
and glass transition temperatures for the endmember Li- and Na-tellurite glasses are in very good
agreement with the reported property values on the same glass compositions [21]. This is also the
case for reported density [22,23] and glass transition temperature [24] values for the endmember
Li- and Na-germanate glasses.

The composition dependence of thermal properties (7, Tx, S) and glass molar volume
(Vm=molecular weight/density) is shown in Figure 2. In both systems, 7 decreases in a non-linear
way with increasing TeO; content (Figure 2a,b), similarly as observed in previous studies on mixed
B>03-TeO; glasses [25]. On the other hand, the behavior of the crystallization temperatures is more
complex; for M=Li, Tx values correspond well to the weighted average values of the endmember
compositions (endmember interpolation) for 0<x<0.4 and deviate to higher values for higher TeO>
contents (Figure 2a). For M=Na, 7« exhibits first a negative deviation from the interpolation of
endmember values up to x=0.5, and then a positive deviation for larger x values (Figure 2b). As a
consequence of these trends in 7y and 7%, the mixing of GeO: and TeO: results in a clear
enhancement of glass stability in the entire glass-forming range of the M=Li system (Figure 2c).
However, the stability of the Na-glass system first decreases for x<0.3 and then increases at higher
TeO: contents (Figure 2d).

The molar volume is found to vary linearly with composition for M=Li (Figure 2¢) and to

show a slight negative NFM effect for M=Na (Figure 2f).
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Figure 2. Top (a, b): Glass transition (7)) and crystallization (7x) temperatures; Middle (c, d):
Glass stability (S), and Bottom (e, f): Molar volume (V) for glasses 0.3M>0-0.7[(1-x)GeO»-
xTeOz] with M=Li (a, c, €) and M=Na (b, d, f). Dashed lines connect the data points of the
endmember glasses and serve as guides to the eye in identifying network former mixing effects.

3.2 Glass structure

The Raman and infrared spectra of the sodium- and lithium-germanotellurite glasses are quite
similar and can be presented and interpreted jointly. In this context, Figure 3 shows the Raman
spectra for both glass systems MGTX (M=Na, Li), and Figure 4 shows the polarized Raman
spectra of the binary sodium (lithium) germanate and sodium (lithium) tellurite glasses, as well as
those of the mixed network former glasses at maximum mixing (NaGT50 and LiGT50). Figure 5

shows the infrared absorption spectra of MGTX glasses, derived from the specular reflectance



measurements after Kramer-Kronig inversion. In Figure 6 (Raman) and Figure 7 (IR) a comparison
is made between the spectra measured on the glasses NaGT50 and LiGT50 and on the equimolar

mixtures - in pellet form - of the corresponding endmember glasses (x=0 and x=1).

3.2.1 Binary alkali-germanate glasses

Starting with the Raman spectra of the binary alkali-germanate glasses 0.3M>0-0.7GeO; (x=0 in
Figure 3a,b), we note the presence of dominant band envelopes at 450-650 cm™ and 700-950 cm
!, The first broad and asymmetric envelope, with maximum intensity at 530 cm™! (Na) and 545
cm ! (Li), has been attributed to the symmetric stretching of Ge—O—Ge bridges, v{(Ge—O—Ge) [26-
28]. The shoulder near 605 cm™ (Na) characterizes structures in which GeOs tetrahedra and GeOs
octahedra link to form a three-dimensional network, in analogy to the structure of NasGeoO2o
involving Ges-O-Ges and Ges-O-Geg bridges, where the subscript denotes the coordination number
of Ge [26, 27]. Besides the 605 cm! shoulder, the Raman spectrum of the NaGTO glass shows
weak signals at 325 and 650 cm™ which are also related to GeOs octahedra. It is noted that such
Raman signatures are not seen in the spectrum of the LiGTO glass.

The nature of Ge—O—Ge bridges giving rise to the main component of the 530-550 cm™!
envelope depends on the alkali content; for low alkali content glasses, these are Ges*-O-Ges*
bridges in four- or three-membered rings made of Ges® tetrahedra, where the superscript denotes
the number of bridging oxygen atoms on Ge. For alkali-rich glasses, bridges of the type Ges*-O-
Ges® are also formed between Ges* tetrahedra with four bridging oxygen atoms and Ges® tetrahedra
with three bridging and one non-bridging oxygen (NBO) atom; these are known also as Q* and Q°
germanate tetrahedral sites.

The second strongest band envelope is found between 700 and 950 cm™ with a dominant
peak at 865 cm™! for M=Na and 850 cm™! for M=Li. This strong peak has been assigned to the
symmetric stretching of Ges® (Q®) units and involves mainly the stretching of Ge-NBO bonds, Ge-
O™ [26-31]. The analogous stretching mode of Ges? (Q?) units is active at a lower frequency, around
755-790 cm™! depending on the charge balancing cation, with Q? units forming above 20 mol%
Li>O and above ca. 30 mol% M>O for M=Na, K, Rb, Cs [23, 26-31]. For the NaGTO0 glass of this
study (Figure 3a, x=0), the Q? band could correspond to the ca. 775 cm™! feature [23,30,31], which
appears as a shoulder of the Q* band at 865 cm™'. The second weak shoulder at around 740 cm™!

for M=Na was assigned to Ge-O stretching in higher coordinated germanate polyhedra with Ge



atoms in five- and/or six-fold coordination and its intensity was primarly found to change in the

order Na>K>Rb~Cs [31].
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Figure 3. Raman spectra of sodium (a) and lithium (b) mixed network germanotellurite glass series
0.3M20-0.7[(1-x)GeO2-xTeO2], M=Na, Li and 0<x<1. The spectra were normalized to their most
intense higher frequency band and offset for comparison.

Having associated GeOs octahedra with the Raman features at 325, 605, and 650 cm™, an
alternative assignment for the ca. 740 cm™!' shoulder for M=Na could be the asymmetric stretching
of Q? germanate tetrahedral units. To explore this possibility and assist further in assigning Raman
and IR bands, we have measured the polarized Raman spectra presented in Figure 4 for the binary
(x={0, 1}) and ternary (x=0.5) germanotellurite glasses 0.3M>0-0.7[(1-x)GeO2-xTeO2]. As
observed in Figure 4a, the spectrum of the NaGTO glass exhibits strongly polarized Raman features

at 325, 530, 605, 650, and 865 cm™'; this suggests their assignment to symmetric vibrational modes.

10




However, the contributions at ca. 740 and 775 cm™ appear depolarized as they retain considerable
relative intensity in the VH spectrum, especially concerning the 865 cm™ Q® band. Therefore, the
740 and 775 cm’! features may rather be attributable to asymmetric vibrational modes and, as such,
are expected to be particularly active in the infrared spectrum. Indeed, the IR spectrum of the
NaGTO glass in Figure 5a shows its stronger band at about 775 cm™. For Q® germanate tetrahedral
species with C3y symmetry one would expect the asymmetric stretching mode (v3) to split into two
components, Ai(R,IR)+E(R,IR), both being Raman (R) and infrared (IR) active [32]. On these
grounds, the IR band at 775 cm of NaGTO could be the convolution of the Aj and E type

components of the v mode of Q° species, with Raman activities at about 740 and 775 cm™'.
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Figure 4. Parallel-polarized (VV, blue) and cross-polarized (VH, red) Raman spectra of binary (a,
b, e, ) and ternary (c, d) Na- and Li-germanotellurite glasses 0.3M>0-0.7[(1-x)GeO2-xTeO],
M=Na, Li. The notations NaGTX and LiGTX indicate glass compositions for M=Na and M=Li,
respectively, with X being the TeO; content in mol%, i.e., X=100x.
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The VH Raman spectrum of the LiGTO endmember shows its high-frequency envelope
peaking at ca. 815 cm™ (Figure 4b), where the corresponding IR spectrum exhibits its largest
intensity (x=0 in Figure 5b). This suggests that the v; mode of Q* germanate species should be
active at 815 cm™! for the LiGTO glass and, thus, its Raman shoulder at about 760 cm™ should be
of different origin. Indeed, the Raman feature developing at 760 cm™! for Li>O contents above 20

mol% was associated with the formation of Q* germanate species [23].
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Figure 5. Infrared spectra of sodium (a) and lithium (b) mixed network germanotellurite glasses
0.3M>0-0.7[(1-x)GeO2-xTeO;] with M=Na, Li and 0<x<1. The spectra were normalized to their
most intense higher frequency band and offset for comparison.

The IR spectrum of the NaGTO glass (Figure 5a, x=0) shows better-resolved features at
350 cm™!, around 575 cm! with a pronounced shoulder at 500 cm™!, and a high-frequency strong

envelope with distinct maxima at about 775 and 835 cm™'. Compared to NaGTO0, the IR spectrum
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of the LiGTO glass shows considerably broader features (Figure 5b, x=0). According to previous
infrared studies on Rb- and K-germanate glasses, and the polarization characteristics of the Raman
spectra in Figure 4, the IR bands can be assigned to the rocking motion of Ge-O-Ge bridges near
350 cm™, to the bending modes of Ge-O-Ge bridges around 450-600 cm™!, to the asymmetric
stretching of Q> species at 775 cm™! for M=Na and at 815 cm™ for M=Li, and to the asymmetric
stretching of Ge-O-Ge bridges around 835 cm™ [26,27,33]. We note also that this high-frequency
band at 835 cm™! for NaGT0 encompasses the asymmetric stretching of Ges-O-Ges and Ges-O-Geg
bridges.

The vibrations of Na"and Li" ions against their oxide sites, v(M-O), are expected around
200 and 400 cm™! in germanate glasses [34]. The Li-O vibration (~400 cm™") couples with the Ge-
O-Ge rocking mode (~350 cm™) and the Ge-O-Ge bending mode (500 cm™') and this gives rise to
the broad envelope extending from about 250 to 650 cm™ (Figure 5b). Coupling of vibrational
modes has been observed before in glasses with high field strength ions [35]. The Na-O vibration
is at lower frequency, around 230 cm™!, and appears as a weak shoulder of the Ge-O-Ge rocking
band (Figure 5a).

According to the Dachille and Roy approach [36], the average coordination number (CN)
of germanium can be estimated from the position of the high-frequency IR band which results

from the convolution of the vas(Ges-O-Ges) and vas(Ges-O-Ges) vibrational modes. This approach
was applied to Rb- and K-germanate glasses and resulted in the simplified expression K= 5.63—2,

where A is the wavelength (in pm) corresponding to vas(Ge—O—Ge) and K takes the value K=0.172
[26,27,33]. Using for vas(Ge-O-Ge) the band maximum observed at 835 cm™ for the NaGTO glass
(Figure 5a), we estimate an average Ge coordination number of CN(Ge)=4.4. Although our Raman
spectrum of this glass indicates that the higher coordination state of Ge is six-fold, the presence of
five-fold coordinated germanate species cannot be excluded. The IR spectrum of the LiGTO glass
has no resolved component at the high-frequency side of the 815 cm™ band (Figure 5b), suggesting
the absence of Ges-O-Geg bridges or a very small content of GeOg units in this glass. This is in
agreement with the absence of Raman features at about 325, 605, and 650 cm™ which would
designate the presence of GeOs species (Figure 3b).

As presented above, the presence of Ge in six-fold coordination in glass NaGTO was
inferred from the IR spectrum by considering the influence of Ges on the vis(Ge—O—Ge) mode.

The stretching modes of Ge-O bonds in GeOg octahedra in the infrared are expected at frequencies

13



similar to the bending mode of Ge-O-Ge bridges, i.e. around 500 to 650 cm™ [37,38]. In the
infrared study of crystalline LiCrGeOs, a band at 447 cm™ was assigned to Li-O stretching for
tetrahedral coordinated Li" ions, and bands at 526 and 623 cm™ were associated with GeOs
octahedral units. The absence of IR bands at higher frequencies was taken to indicate the absence
of tetrahedral GeOs species in this germanate crystal.

In summary, the Raman and IR spectra of the 0.3Na,0-0.7GeO> glass (NaGTO0) show that
the germanate network involves tetrahedral Q? units and octahedral GeOg units, while the results
for the 0.3Li,0-0.7GeO glass (LiGTO) are consistent with the presence of tetrahedral Q° and Q?
units. The preferences of Na* ions for GeOg units and of Li* ions for Q? units reflect their difference

in ionic field strength.

3.2.2 Binary alkali-tellurite glasses

The Raman spectra of the pure sodium- and lithium-tellurite glasses 0.3M>0-0.7TeO> (x=1 in
Figures 3a and 3b) agree well with published spectra on the same or similar tellurite glass
compositions [17-19, 39]. They exhibit a high-frequency envelope with peaks at 668/680 cm™ and
777/760 cm! for M=Na/Li, and bands with lower intensity at 470/465 cm™ and ca. 300 cm™'. Band
assignments follow earlier publications and reflect a partially modified tellurite network [17-19,
39-43]. In particular, the highly polarized peak at 668/677 cm™ (Figures 4e and 4f) is due to the
remaining TeO4 trigonal pyramids (tbp’s), as it results from the symmetric stretching/breathing
mode of Te-O»-Te double bridges, vi(Te-O2-Te), connecting TeO4 units [43]. The higher intensity
peaks at 775/767 cm’! are also polarized and are due to the symmetric stretching of TeOs+
polyhedra with contribution from TeOs>" trigonal pyramids (tp’s) with three terminal oxygen
atoms. The notation TeOs+1 indicates a tbp unit with one terminal oxygen atom and three bridging
oxygen atoms, with one bridging Te-O bond being comparatively longer than the other three Te-
O bonds [44]. The weaker component at 470/462 cm™! arises from the stretching-bending vibration
of Te-O-Te single bridges, and the very weak contribution at about 300 cm™ from O-Te-O bending
[43]. As observed in Figures 4e and 4f, the above Raman peaks are also polarized suggesting their
association with symmetric vibrational modes.

While the Raman spectra of Na- and Li-tellurite glasses are dominated by symmetric
stretching and bending vibrations of tellurite species, the corresponding asymmetric vibrational

modes are strongly active in the infrared (x=1 in Figures 5a and 5b). Thus, the presence of TeO4
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units is signaled by the 620/630 cm™ peak, TeO3+1 units by the ca. 700/720 cm™! feature, and TeO3*"
units by the higher-frequency contribution at 765/763 cm™'. The asymmetric stretching-bending
mode of Te-O-Te bridges is observed around 360 cm™ for M=Na. The analogous mode for the Li-
tellurite glass overlaps with the Li-oxygen vibration at a higher frequency, resulting in the broad

envelope peaking at about 430 cm.

3.2.3 Ternary alkali-germanotellurite glasses

The Raman spectra of mixed former glasses 0.3M>0-0.7[(1-x)GeO2-xTeO>] show that the most
pronounced changes occur when the second former oxide is added to the binary glass, that is for
0<x<0.2 and 0.6<x<1.0 (Figure 3). Starting with TeO addition, a quite drastic decrease in intensity
is noted for the Q® germanate band at 865/850 cm™ with the parallel appearance of a
disproportionally strong tellurite band at 767/773 cm™ (x=0.2 in Figures 3a and 3b). Such large
differences in Raman intensity between the tellurite and germanate species should result from the
considerably higher polarizability, a, of the Te*" ion compared to Ge*', with @.++=1.595 A% and
@ce++=0.137 A3 [45]. Since the Raman intensity is proportional to the square of the polarizability
derivative with respect to the normal coordinate of the mode, the Raman cross-section of tellurite
vibrations would be significantly larger compared to germanate-related modes. Consequently,
even a small number of tellurite species in a germanate matrix is expected to give relatively strong
Raman signals. Likewise, small to medium GeO> contents in mixed germanotellurite glasses would
be easily overlooked in the Raman spectra. Indeed, the signature of the Q? germanate band at
865/850 cm! is not noticed for glasses 0.6<x<1.0, i.e. for germanate contents lower than about
50% GeO- (Figure 3).

In addition to polarizability-related effects, the Raman spectra of the Te-rich glasses show
that incorporation of GeO: induces significant changes in the tellurite speciation for both glass
series. This is manifested by the reduction in intensity of the TeO4 band at 668/680 cm™! relative
to the envelope at about 770 cm’'. The latter becomes progressively more symmetric with
increasing GeOx content, and for M=Na it shifts from 777 to 767 cm™! (Figure 3a). Of interest is
also the composition dependence of the tellurite band at 470/465 cm™ (bending of Te-O-Te
linkages) which is observed already at x=0.2 as shoulder of the germanate band at 530/545 cm’!,
thus signaling the build-up of the tellurite sub-network.
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Similar trends are seen in the IR spectra, where the 620/630 cm™ TeO4band loses intensity
and the high-frequency envelope (700-765 and 720-763 cm™") gains relative intensity upon GeO:
addition (Figures 5a and 5b). Also, the high-frequency envelopes appear to shift to lower
frequencies by losing progressively intensity from their high-frequency side. These changes in
Raman and IR spectra point to a progressive restructuring of the tellurite sub-network upon
addition of GeO». The combined spectroscopic results indicate the conversion of TeO4to TeO3+1
and the parallel reduction in the population of TeOs>" units in the presence of GeOx.

Focusing again on the germanate part of the network, we note for both glass-series that
even small additions of TeO> (x=0.2) result in pronounced intensity reduction for the bands at
865/850 cm™ (Q?) and 530/545 cm™ (Ge—O—Ge). While this manifests the more than 10 times
higher polarizability of Te*" over Ge*' ions, the Raman spectra of the Na-series (Figure 3a)
demonstrate also a contrasting relative enhancement of the GeOs-related bands at ca. 325 and 605
and 650 cm™ upon increasing TeO: content. Remarkably, the 325 and 605 cm™ bands are clearly
observable even at x=0.6, whereas the 650 cm™' germanate feature merges with the remaining TeO4
intensity at about 670 cm™'. On the contrary, the 865 cm™ (Q*) band has almost vanished at x=0.6.
These findings suggest that GeOs octahedra are favored over Q? tetrahedral units when TeO» is
present in the Na-glass series.

As noted above, GeOs-related bands were not observed in the Raman spectra of the Li-
series. Instead, Li* ions favor their isomeric Q? tetrahedral units which give Raman scattering at
about 760 cm™!. However, the intensity development at about 760 cm™ upon TeO, addition (Figure
3b) cannot be attributed entirely to the creation of Q? germanate units because tellurite species also
scatter at the same frequency range.

The IR spectra of the mixed germanotellurite glasses show mostly the expected evolution
as TeOz replaces GeO». In addition, we note the gradual emergence of the 497 cm™! feature in the
Na-series which is seen at maximum mixing (x=0.5, Figure 5a). Considering that the bending
vibration of Te-O-Te bridges is active at 360 cm™ and that for Ge-O-Ge bridges at 575 cm’!, it is
reasonable to associate the 497 cm™ feature with the formation of mixed Ge-O-Te bridges upon
network former mixing. The situation is less clear in the Li-series because the IR spectra of the
corresponding binary glasses show much broader bands in the bridge-bending regions compared
to Na-glasses (Figure 5b). Nevertheless, the evolution of absorption at about 487 cm™ upon mixing

is compatible with the formation of Ge-O-Te bridges in the Li-series as well.
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In summary, the Raman and infrared spectra of the mixed alkali-germanotellurite glasses
demonstrate the development of interactions between the GeO; and TeO, components which lead
to structural rearrangements in the germanate and tellurite subnetworks. In addition, infrared

spectroscopy gives evidence for mixed Ge—O—Te bonding in both glass series.

3.2.4 Equimolar-mixed alkali-germanotellurite glasses

In the context of the present findings, it is clear that mixing the two network former oxides triggers
structural rearrangements within the tellurite and germanate sub-networks in both glass series. To
explore this aspect further we focus here on the glasses with equimolar mixing and compare spectra
measured on the glasses NaGT50 and LiGT50 against pellet-samples made from equimolar
amounts of the endmember glasses (x=0 and x=1). For the latter samples we prepared equimolar
mixtures of the corresponding binary glasses, i.e. (0.3Na>,0-0.7Te02)+(0.3Na,0-0.7GeO>) and
(0.3L120-0.7Te0O2)+(0.3Li120-0.7GeO,). For each sample, weighted equimolar amounts of the
binary glasses were ground to fine powder and mixed very thoroughly. Each mixture was then
pressed into a free-standing pellet with fairly smooth surface. Raman and IR spectra were
measured on the pellets and are compared in Figures 6 and 7 with the corresponding spectra of
glasses NaGT50 and LiGT50.

The most profound effect of network mixing on the Raman spectra is the intensity
reduction of the 667/680 cm™ band from pellets to glasses (Figure 6), indicating an analogous
reduction in the relative population of TeOs units. Due to polarizability differences, germanate-
relate peaks are weak in the Raman spectra of both pellets and glasses. Nevertheless, the Raman
spectrum of the NaGT50 glass in Figure 6a shows the 325 and 607 cm™! peaks enhanced relative
to the 865 cm™! shoulder in comparison to glass NaGTO, thus suggesting an increased population
of GeOs octahedral units relative to Q° tetrahedral units. A comparison shows that the TeO4 band
at 680 cm™! for glass LiGT50 (Figure 6b) is not reduced to the same extent as for glass NaGT50.
This suggests a smaller reduction in the population of TeO4 units and/or an enhanced scattering at

about 760 cm™ due to creation of additional Q? germanate units in glass LiGT50.
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Figure 6. Comparison of the Raman spectra measured on the synthesized glasses and pellets of
equimolar mixtures of the corresponding endmember glasses for NaGT50 (a), and LiGT50 (b).
The spectra were normalized to their most intense higher frequency band. For details see text.

The infrared spectra of pellet samples in Figure 7 show a band at 600/610 cm™ which is
not observed as a distinct band in the spectra of the individual endmember glasses (x=0 and 1 in
Figure 5). This band may result from the convolution of the TeO4 band at 620/630 cm™ and the
Ge-O-Ge band at 575/583 cm™!, and its near absence in the spectra of glasses NaGT50 and LiGT50
signals the population reduction of TeOs units and/or Ge-O-Ge bridges upon mixing the two
network formers. The destruction of Ge-O-Ge bridges is in line with the intensity reduction at

835/875 cm™! from pellets to glasses (Figure 7). Similar destruction of Te-O-Te bridges in glass
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NaGTS50 is suggested by the intensity reduction at 355 cm™ (Figure 7a). On the other hand, the
spectrum of this glass shows intensity enhancement at 495 cm™ which would be consistent with
the formation of mixed Ge-O-Te bridges upon mixing. Analogous observations cannot be made
for glass LiGT50 because of the broad nature of the 200-600 cm™ envelope. Finally, the high-
frequency IR peak at 774/790 cm! for pellets shows a clear downshift to 755 cm™ in glasses. This
shift signals the decrease in the population of different germanate structure units like Ge-O-Ge
bridges and Q° germanate tetrahedra. It is consistent also with the destruction of TeOs* in favor

TeOs:+1 units, considering that TeOs+1 units absorb at lower frequency compared to TeO3%".

/WI 755 774 (a)

pellet
glass

" [
LiGT50
pellet
glass

Normalized infrared absortpion (arb. units)

1 [ 1 -
400 600 800 1000

Wavenumber (cm'1)
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Figure 7. Comparison of the IR spectra measured on glasses and pellets of equimolar mixtures of
the corresponding endmember glasses for NaGT50 (a), and LiGT50 (b). The spectra were
normalized to their most intense higher frequency band. For details see text.
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In summary, the Raman and IR spectra of equimolar-mixed alkali-germanotellurite glasses
have shown that the structure of mixed glass networks cannot be described as weighted averages

of the structures of the binary endmember glasses.

4. Discussion

4.1 Germanate-tellurite interactions in Li(Na)-germanotellurite glasses

The recent NMR study of mixed Li(Na)-germanotellurite glasses indicated a proportional sharing
of the alkali cations between the two network former components [12]; this implies a constant
degree of modification for each network former across the ternary glass series (0<x<1). The
consideration of the Raman and infrared spectra of these glasses (Figures 3, 5) and of the
equimolar-mixed NaGT50 and LiGT50 glasses and pellets (Figures 6, 7) have demonstrated the
development of interactions between the germanate and tellurite components. As a result, the
structure of a mixed Li(Na)-germanotellurite glass cannot be described as a weighted average of
the structures of the binary endmember glasses. The interactions between the two glass
components lead to the formation of mixed Ge-O-Te linkages and the parallel destruction of homo-
atomic Ge-O-Ge and Te-O-Te bridges. This tendency promotes the formation of homogeneous
glasses upon mixing rather than segregation or phase separation phenomena, at least with length
scales detectable by Raman and IR spectroscopy.

Mixing was found to cause also redistribution in the population of germanate and tellurite
units in both glass series. Specifically, the addition of TeO> was found to favor the transformation
of tetrahedral Q* units to octahedral GeOg units in mixed NaGTX glasses, and to tetrahedral Q>
units in mixed LiGTX glasses. On the other hand, addition of GeO> leads to the conversion of
TeO4 units to TeOs+1 polyhedra and to population reduction of TeO3* units. Considering that the
stoichiometry of the TeO4 unit is TeOs2 and TeOs+1=(TeO2.5)", and the stoichiometry of germanate
units is (GeOzs)™ for Q°, (GeOgn)* for GeOs and (GeO220.)* for Q?, the observed structural

changes upon mixing can be expressed by the chemical equilibria:

032Ge-0-GeOs2 + 032Te-0-TeOs32 2 2[032Ge-O-TeOs2] (1)
TeOusn + (TeO3)*...2M" 2 2[(TeOzs)...M"] )
(TeO3)*..2M" + (GeOzs)...M" =2 (TeOzs5)...M" + (GeO3)*...2M" (3)
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Equation (1) describes the formation of mixed Ge-O-Te bridges, Eq. (2) expresses the mixing-
induced rearrangement among tellurites units, and Eq. (3) manifests the change in the degree of
modification of the two components; the changes in modification expressed by Eq. (3) is in line
with the basicity difference between the two glass-forming oxides; i.e., TeO2 is considerably more
basic than GeO:. In fact, TeO, is the most basic among the known glass-forming oxides having
A(Te02)=0.99 [45], where A is the optical basicity. On the other hand, GeO: is less basic and its
basicity depends on the coordination number of Ge, with A(GeO2)=0.61 for CN(Ge)=4 and
A(Ge0O2)=0.40 for CN(Ge)=6 [16].

The (GeOs)* species in Eq. (3) represents the GeOg or the Q? unit, noting that the latter

units are chemical isomers:

(GeOgn)* = (Ge02202)* 4)

The above equilibrium is shifted to the left for M=Na and to the righr for M=Li.

4.2  Structure-ionic conductivity correlation in Li(Na)-germanotellurite glasses

As noted in the introduction, the composition dependence of ionic conductivity in glasses MGTX
(M=Li, Na) shows a weak positive network former mixing (NFM) effect for M=Li and a nearly
linear variation for M=Na, i.e. absence of NFM effect, with the conductivity of NaGTX glasses
following the weighted average values of the binary endmembers [12]. The difference in the
coordination number of germanium in the isomers of Eq. (4) has a direct consequence on the
distribution of the two formal negative charges; they are delocalized on the entire octahedral
(GeOe/2)* unit i.e. over the six germanium-oxygen bonds but are localized on the two non-bridging
oxygen atoms of the (GeO2,202)* tetrahedral unit. A redistribution of the negative charge over
larger network segments will reduce the Coulomb forces between M" ions and their anionic sites
and, thus, this will facilitate ion transport in mixed M-germanotellurite glasses. An analogous
mechanism was discussed for Na- and Li-borophosphate glasses, where replacement of non-
bridging P-O" bonds by the tetrahedral (BO4)  groups was found to favor Na/Li ion conduction [2,
3]. On these grounds, the presence of (GeOs/2)* species for M=Na is suggested to be beneficial for

ionic conduction in contrast to (GeO2,202)* species for M=Li. For the same reasoning, and given
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Egs. (2) and (3), the transformation of the doubly charged (TeOs)* tellurite species to singly
charged (TeO25) species is expected to have a positive effect on ionic conduction in both glass
series.

According to the Anderson and Stuart model for ion conduction in glasses [46], there are
two main contributions to the activation energy for conductivity, Es; the Coulomb binding energy
of the ion in its site, Eg, and the elastic strain energy, Es, associated with the distortion of the glass
network as the ion jumps from one equilibrium site to the next one. Based on the previous
discussion, the structural changes induced by mixing of GeO> with TeO; are expected to reduce Eg
for the tellurite part in both glass systems and the germanate part of the Na-containing glasses, but
to increase Ep for the germanate part of the Li-containing glasses. The network strain energy, Es,

is given from the expression:

Es = 4nGrp(r-1p)? (5)

where G is the shear modulus of the glass and rp is a doorway radius that needs to be enlarged to
accommodate an ion of radius r. In the absence of measured values of the shear modulus that would
allow the calculation of Es, we discuss here changes in the network strain energy in terms of
changes in the cross-linking density of the glass network by comparing the structural units found
in the two glasses series and their efficiency in cross-linking the network. This is because the shear
modulus G increases with increasing cross-linking density of the glass network [47, 48].

The structural changes involved in Eq. (1) show no variation in network cross-linking upon
mixing. Considering that the number of bridging Te-O bonds (Te-Op) in units TeOasp,
TeOs:+1=(TeO25) and (TeOs)* is four, three, and zero respectively, the combination of Egs. (2) and
(3) indicates that the number of Te-Op bonds increases from 4(Te-Op)/3Te to 9(Te-Oyp)/3Te, thus
predicting an increased tellurite cross-linking upon mixing for both glass series. In Eq. (3) the
germanate speciation changes from to (GeO2s) to (GeOs)*, and thus the change in germanate
connectivity will be eventually dictated by Eq. (4). For M=Na, the change from (GeO.s) to
(GeOe12)* will increase the number of bridging Ge-Op bonds by 3(Ge-Ob)/Ge. The opposite effect
is foreseen for M=Lli, i.e., a decrease by one (Ge-Oyp) per Ge. Taken together the changes in the
tellurite and germanate connectivity, mixing the two glass former-oxides will leave the network

cross-linking density practically unaffected for M=Li but clearly increased for M=Na. Variations
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in network cross-linking density are usually reflected in the composition dependence of molar
volume, Viol. It was found that Vo varies linearly with composition for M=Li and shows negative
deviation from additivity for M=Na (Figures 2e and 2f); this provides support for the predicted
change in the network cross-linking density of the two glass series.

A study of ionic conductivity in alkali-germanate glasses has shown that the strain energy
component of Es is relatively more important for germanate glasses than for the analogous silicates
[49, 50]. It was also discussed that the conversion of GeO4 to GeOg units, and the subsequent
changes in the medium-range structure, correlate with the increased strain of the network and the
reduction in the volume available for the diffusion of the alkali ions; these factors contribute to the
increase in Es. The importance of the strain energy was also discussed for sodium tellurite glasses,
and its contribution to the activation energy for ion conduction was found considerably larger than
that of the binding energy [44]. Similarly, the decrease in Ca ion diffusivity with increasing Na
content in NaxO-Ca0O-B,03 glasses was correlated with the increase in the atomic packing density
as BOs units are converted into BO4 units; this leads to the increase in the mechanical strain of the
network and affects the ionic transport [51]. In line with this is also the composition dependence
of the glass hardness, which was found to follow closely the formation of BO4 units in the same
glass system [51]. Finally, a thorough investigation of sodium-borosilicate and sodium-
borogermanate mixed glass systems showed that ionic conductivity and bulk modulus exhibit
opposite trends in terms of slopes and extrema in their composition dependence [6], and
highlighted the fact that high network cross-linking density and mechanical stiffness is likely
related to low ion mobility.

Based on the previous discussion and related literature reports, we summarize for
convenience in Table 2 our predictions for the effect of mixing on the electrostatic part, Eg, and
the network-strain part, Es, of the activation energy for ion conduction, Ec=Ep+Es, with reference
to both the tellurite and germanate parts in glasses MGTX (M=Li, Na). Taking as an example the
Na-containing glasses, Table 2 shows that glass-former mixing will decrease Eg for the tellurite
part and increase Es, thus leaving E; (i.e. Eg+Es) practically unchanged for tellurite species.
Similarly, the effect of mixing on the germanate part for M=Na will be the decrease in Eg and the
increase in Es and thus Es will be practically unchanged for germanate species. While the actual
magnitudes of the energy changes are not known in these glasses and the presented description is

purely qualitative, the predicted changes in Eg and Es appear to cancel out for both glass series,
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although for different structural reasons. This prediction is in accordance with the experimental
finding for the absence of a strong network former mixing effect in both glass systems; the effect

is absent in glasses NaGTX and very weak in glasses LiIGTX [12].

Table 2. Qualitative description of the mixing-induced changes in the electrostatic, Eg, and
network-strain, Es, part of the activation energy for ion conduction, Es, for glasses 0.3M>0-0.7[(1-
x)Ge02-xTeOz] (M=Li, Na). The predicted energy changes refer to the tellurite and germanate
parts of glass and are designated by arrows to indicate the increase (1) and decrease () in energy.
For details, please refer to the text.

Glass Component AEsB AEs AEq

tellurite ! )

M=Li =0
germanate 1 !
tellurite ! )

M=Na =0
germanate l )

5. Conclusions

Lithium and sodium germanotellurite glasses with composition 0.3M>0-0.7[(1-x)GeO2-xTeOz],
where M=Li, Na, and 0<x<1, were investigated by density and glass transition temperature
measurements and by Raman and IR spectroscopy to probe the structure of the germanate and
tellurite units, and their (inter)connectivity in building up the mixed glass network. The aim of this
work was to search for the underlying origins of the alkali ion-dependent network former mixing
(NFM) effect in ionic conductivity of the investigated glasses.

The results of the complementary Raman and IR spectroscopic techniques show mixing-
induced interactions between the GeO; and TeO- oxides, which lead to formation of mixed Ge-O-
Te linkages and changes in the degree of modification of both network-forming oxides.
Specifically, it was found that structural rearrangements in the tellurite part are related to the
destruction of TeOu trigonal bipyramids and (TeO3)* trigonal pyramids in favor of TeOjs:
polyhedra. The corresponding changes in the germanate part involve the transformation of
tetrahedral Q? units to octahedral GeOg units for M=Na and to tetrahedral Q? units for M=Li. These

structural changes were expressed in terms of chemical equilibria which demonstrate the decrease
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of modification in the tellurite part and its increase in the germanate part, in line with the basicity
difference between the two glass-forming oxides.

The knowledge developed for the structures of the germanate and tellurite units in the
studied binary and ternary germanotellurite glasses was employed to predict changes in the
network cross-linking density upon mixing. It was found that the crosslinking density remains
practically the same for M=Li and increases for M=Na. Such variations in network cross-linking
were correlated with the composition dependence of the glass molar volume, which changes
linearly for M=Li and shows a negative deviation from additivity for M=Na.

In addition, consideration of changes in the negative charge distribution and the network
cross-linking density among the germanate and tellurite units allowed predictions, albeit of
qualitative nature, for changes in the electrostatic, Eg, and the network-strain, Es, parts of the
activation energy for ion conduction. It was found that, for different structural reasons, the
predicted changes in Eg and Es appear to cancel out for both glass series. This is in line with the
absence of a pronounced NFM effect in ionic conductivity in the studied glasses; the M=Li series

shows a weak positive NFM effect whereas the M=Na series shows practically no NFM effect.
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