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1. Introduction

The use of germanate glasses in technological applications, such as: optiéal fibers and
infrared transmitting windows, has stimulated extensive 1nvest1gatmns of their
physical properties. The refractive index, density, thermal expansion-coefficient, and
electrical conductivity of alkali germanates were found to exhibit extrema asa functlon
of alkali oxide content [1-4]. This behaviour is widely known as the “germanate

anomaly effect”.
To explain this anomalous behavxour it was proposed . that addition of alkali

oxide M;0) to GeO, causes the partial conversion of germanium-oxygen tetrahedra
~ into octahedral units when the alkali content is up to 20-25 mol% M,0, while higher
M,O concentrations cause the formation of non-bridging oxygen (NBO) containing
germanate tetrahedra [5-12]. In a different approach, it was proposed that the
formation of non-bridging OXygens is the only modlﬁcatwn mechamsm of the
germanate network [13].

In this work, mfrared reflectance and Raman spectroscoples are employed in
an attempt to investigate the structural origin of the germanate anomaly- effect in the
xK,0.(1-x)GeO, glass system. In particular, emphasis is placed on understanding the
compositional dependence of germamum coordination and the bonding state of oxygen

atoms.

2. Experimental

- Glass samples in the sys'tem sz_O.(l-x)Ge_Oz were prepared by melting in Pt crucibles
stoichiometric amounts of polycrystalline GeO;‘ and K,CO; at ~1150°C for ca 0.5-2
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hrs depending on composition. Splat-quenching the melt resulted in glasses with K;0
contents in the range 0<x<0.55.

Raman spectra were measured using a Ramanor HG 2S Jobin-Yvon
spectrometer and the 488nm line of a Spectra Physics argon ion laser for excitation.
The glass sample was placed in a vacuum cell to eliminate hydrolysis effects.

Infrared spectra were recorded in the specular reflectance mode on a vacuum
spectrometer (Bruker 113v). The reflectance data in the range 20-4000 cm™ were
analysed by the Kramers-Kronig inversion technique. The reported here absorption
coefficient spectra c(v), were calculated by the expression o(v)=4nvk(v), where k(v) is
~ the imaginary part of the refractive index and v is the frequency in cm™ [14].

3. Results and Discussion
3.1 RAMAN SPECTRA
Raman spectra of XK,0.(1-x)GeO, glasses are shown in Figures-1 and 2 in the ranges

0<x<0.20 and 0.24<x<0.55, respectively. These spectra show considerable agreement
with spectra published earlier by Verweij and Buster [8] and Furukawa and White [9].
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~ Figure 1. (left) Raman spectra of XK,0.(1-x)GeO, glasses (0<x<0.20).
~ Figure 2. (right) Raman spectra of xK>0.(1-x)GeO, glasses (0.24<x<0.55).



319

The dominant feature of the GeO, glass (x=0) at 418 cm™ is attributed to the
symmetric stretching vibration of Ge(4)-O-Ge(4) bridges (v, (Ge(4)-0-Ge(4)) in six-
membered rings, i.e. rings containing six GeQ, tetrahedra [15,16]. The number in
parenthesis indicates the coordination number of Ge atoms. Upon increasing K,O
content this band decreases in intensity and eventually vanishes at x=0.25 indicating
the distruction of such tetrahedra containing ring arrangements

Three bands at ca 320, 600 and 650 cm™ develop with increasing x, attain
their maximum relative intensity at x=0.24 and then diminish for x>0.40. Previous
Raman studies of glassy and crystalline alkali germanates have demonstrated that the
presence of these bands is related to the formation of interconnected GeOs octahedral
units [14,17,18]. Specifically, bands in the range 550-650 cm™ were attributed to v,
(Ge(6)-O-Ge(6)) [14]. Besides these features, a new band develops at ca 525 cm™ with -
increasing x. As shown elsewhere [14] this band can been assigned to v, (Ge(4)-O-
Ge(6)), i.e. to bridges connecting a germanium tetrahedron with a germanium
octahedron, without excluding some contribution from v, (Ge(4)-O-Ge(4)) in three-

- membered rings of GeO, tetrahedra.
For x>0.10 a new band develops at 867 cm” and becomes the dominant

‘Raman feature for x=0.33. This band is assigned to the symmetric stretching vibration |

of Ge-O™ bonds (O"=NBO) in germanate tetrahedra contammg three bridging and one
non-bridging oxygen [14]. This is the so called Q® unit, where the notation Q"
indicates a germanium tetrahedron with 4-n non-bridging oxygens per Ge atom. Thus
a new type of bridge, Ge(4)-0-Ge(Q?), is formed with one Ge atom being of Q type. It
is expected that the symmetric stretching v1bratxon of the new bridges, v, (Ge(4)-O-
Ge(Q?), will also contribute to the 510-530 cm™ range.

Increasing further the K,O content (x>0.30) causes additional modlﬁcatxons '
to the germanate structure as evidenced by the appearance of the new band at 770-780
cm’ and the shoulder at ca 740 cm’ (x>0.50). The new features are attributed to the
symmetric stretching vibration of Ge-O™ bonds in Q and Q' germanate tetrahedra
respectively [8,9,14]. Therefore, high alkali oxide contents lead to the progressive
depolymerization of the germanate network through formation of non-bridging oxygen
atoms.

In an attempt to semiquantify the effect of K,O on the relative abundance of
the various structural units composing the germanate network, we have deconvoluted
the complex profile from 350-650 cm™. A typical example of deconvolution is shown
in the inset of Fig. 3 for the x=0.20 glass. The three spectral ranges considered are:
418-450 cm™ (A), charactensnc of Ge(4)-O-Ge(4) bridges mostly in six-membered
rings; 515-530 cm’ (B) resuiting from Ge(4)-O-Ge(4) bridges in three-membered
rings and mixed bridges such as Ge(4)-0 -Ge(6) and bridges where at least one Ge
atom contains NBO’s, e.g. Ge(4)-0-Ge(Q?) and Ge(Q*)-O- Ge(Q?); and 600 cm™+650
cm™ (C) characteristic of connected GeQg octahedra. The composition dependence of
the relative intensity of these selected Raman bands (Fig. 3) show clearly that the
relative abundance of GeO, tetrahedra in six-membered rings decreases monotonically
with X and vanishes for x=0.40 (curve A), while the relative population of connected
GeOs octahedra attains its maximum value at ~24mol% K,O (curve C). This indicates
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Figure 3. Composmon dependence of the relative intensity of deconvoluted bands in
the 350-700 cm™ Raman envelope of xK;0.(1-x)GeO, glasses. Lines are drawn to
gmde the eye The vertical dotted lines indicate the approximate onset for formation of
Q® and Q* germanate tetrahedra. The inset shows an example of deconvolution
(x=0.20).

that the GeO, —> GeOg conversion is the dominant modification mechanism up to
x~0.25, in agreement with the recent studies of K-germanates by XPS and EXAFS
[19,20]. The composition dependence of curve B (515-530 cm’ 1Y is more complicated
because of the combined contribution of at least four different bridges as discussed
above. A more detailed discussion of the Raman spectra will be presented in a future
publication.

3.2 INFRARED SPECTRA

3.2.1 Spectral Assignments

The infrared absorption spectra of xK,0.(1-x)GeO, glasses are presented in Figures 4
and 5 for 0<x<0.45. Clearly, addition of K,;O to GeO, causes progressive spectral
changes in the entire infrared range. However, for the purpose of this work we consider
only the high frequency envelope (600-1100 cm’ Y. For x<0.20 a monotonic downshift
of the high-frequency envelope is observed, while for higher modification levels it
splits initially into two components (0. 20<x_0 33) and then develops into a broad band
' (x20.40) with a shoulder at ca 650 cm’'. The intense band of GeO, at 915 cm™ is
assigned to the asymmetric stretching wbratxon of Ge(4)-O-Ge(4) bridges; designated -
by Vas (Ge(4)-O-Ge(4)) [14-16]. The asymmetry of this band reveals a broad
distribution of intertetrahedral Ge-O-Ge angles. For low KzO contents (x<0 02), the
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Figure 4 (Ieft). IR spectra of xK,0.(1-x)GeO; glasses (0<x<0.15).
Figure 5 (right). IR spectra of xK,0.(1-x)GeO, glasses (0.20<x<0.45).

rapid decrease of v, (Ge(4)-O-Ge(4)) can be explained in terms of the change in rings
statistics in favour of the smaller three membered rings. As shown in the case of
rubidium germanate glasses, a decrease of the average Ge(4)-O-Ge(4) angle by ~5° can
cause a lowering of v, (Ge(4)-0-Ge(4)) by as much as 25 cm™ [14].

For higher K,O contents, the GeO; — GeOs transformation mechanism, as
well as the formation of NBO containing units take place as shown from. the
consideration of the Raman spectra. Therefore, the complexity of the induced structural
changes makes deconvolution of the 650-1100 cm’ envelope necessary. Typical
" examples of deconvoluted infrared profiles are shown in Figure 6. For x>0.01, the
: _gradual destruction of Ge(4)-O-Ge(4) bridges (intensity decrease of the band centered
at'~890 cm™) is followed by the creation of new types of bridges and therefore the
development of new bands. Thus, the formation of octahedral units gives rise to the
band at ~850 cm™ (v,, (Ge(4)-O-Ge(6))), and the creation of Q® species to the band in
the range ~800-770 cm” (v, (Ge-O") [5,14]). In the recent XPS study of potassium
germanate glasses NBO’s were detected at K;O content as low as 2mol% [19]. The - -
relative abundance of Q° species dominates at x=0.33, in agreement with the Raman
“spectra presented in Fig. 2. The new feature in the range 820-830 cm™ evolving for
- x>0.25 is attributed to the v, (Ge-O-Ge) where at least one of the germanium atoms

contains NBO’s (i.e. Q°, Q). The formation of Q? units for x>0.25 is signaled by the
band developing at ~700 cm™, v, (Ge-0). |
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Figure 6. Examples of deconvoluted high frequency envelope of the infrared spectfa of -
potassium germanate glasses. For details see text.

3.2.2 Coordination of Ge atoms in K-germanate glasses
As shown previously [14], the frequency of the asymmetric stretching of Ge-O-Ge
bridges perturbed by the presence of GeOs octahedral units (v, (Ge(4)-O- Ge(6)) can be
used to estimate the average coordination number of germanium atoms. The Dachille
and Roy [21] semiempirical relation between v,, and the coordination number (CN) of
the glass forming cation takes the following form for the case of germanate glasses
K=5.6CN/A?
where the constant K was estimated to be K=0.172 and the wavelength A=(vy)" is
given in pm. The results for the composition dependence of CN (Ge), using for the v,
(Ge(4)-O-Ge(6)) frequencies the values obtained by deconvolution, are shown in
Figure 7(a). It is very clear that the CN of Ge atoms changes with K,O addition to
‘GeO; and attains its maximum value (CN=4.32) at ~25mol% K,O. This is in good
~ agreement with previously published results by Sakka and Kamiya [7] (CNmax~4.46)
and Huang et al. [20] (CNmax~4.2) employing different spectroscopic techniques.
e The fraction of Ge atoms in six-fold coordination was estimated from the
relation: Ng=(CN/2)-2 and is shown in Figure 7(b) vs xK,O. The_solxd line represents
~ the theoretical curve, Ng=x/(1-x), if no NBO’s were formed. Ngvalues obtained from
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Fi gure 7. Composmon dependence of the coordination of Ge atoms CN (a) and of the
fraction of Ge atoms in six-fold coordination, Ng (b) in xK>O. (l-x)GeOz glasses. IR
and XPS denote N values obtained from the analysis of infrared and XPS data
respectively.

XPS spectroscopy [19] are also shown for comparison. It is evident that the results
from both spectroscopic techniques are in considerable agreement. Deviation of the
experimental Ng values from the theoretical curve, mainly for x>0.25, indicates the
increasing rate of NBO formation. -

4. Conclusions

Potassium germanate glasses xK,0.(1-x)GeO, were prepared over the entire glass
forming region, 0<x<0.55, and studied by infrared reflectance and Raman
spectroscopies in order to investigate the composition dependence of the structural
modification mechanisms. _

In glasses with low K,O content (0sx<0.02), six-membered rings rearrange to
form smaller rings; probably three-membered ones. This process is manifested by the
abrupt downshift of the high frequency envelope of the infrared spectra.

For K,O contents up to x=0.25, the GeOs — GeOs conversion mechanism
~ dominates. In the Raman spectra this is manifested by the progressxve evolution, and
then the disappearance of the bands at ca 320, 600 and 650 cm™, while the infrared
analysis showed that the average coordination number of Ge atoms increases and
attains its maximum value (~4.32) at x=0.25.

The formation of non-bridging oxygens (NBO’s) in various Q" species is the ~
main structural modification process for x>0.25. The progressive depolymerization of
the germanate network through NBO formation is followed by the development of high
" frequency bands in the Raman spectra, due to the localized vibration of the Ge-O~

bonds, and by the increasing deviation of the experimental Ng values from the
theoretical curve. ‘
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