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We have used resonant Raman and absorption edge spectroscopy together
with first-principle calculations in order to study the structure of GeS, glasses
(g-GeS;). The glasses were prepared under different melt temperatures and
cooling rates, which are shown to significantly influence the g-GeS, structure at
the nano-scale. The combined use of Raman spectroscopy and ab initio
calculations reveals the origin of the molecular level electronic structure and its
connection to the interesting technological features of the g-GeS,. Local structure
within the glasses is discussed in terms of atomic Ge,S,, clusters. The band gaps
computed for these clusters and their correlation to the experimental band gaps
and the possible formation of band tail states are also discussed.

1. Introduction

The structure and its coupling to the fundamental physical properties of amorphous
(a) and/or glassy (g) materials has been the subject of intensive studies for many
years [1]. The considerable attention on chalcogenide glasses (based on S, Se, or Te)
is mainly due to their foreseen practical usage possibilities. It is known that chalco-
genide materials can be used as a sensitive media for optical recording (CD, CDRW,
DVD), useful optoelectronic elements, laser-technology devices, light guides, and
anti-reflecting coatings [2]. Moreover, bulk GeS, glasses (g-GeS,) with Ag™ cations
are solid electrolytes with a high ionic conductivity at room temperature [3].
The structure and physical properties of g-GeS, have been investigated previously
using both experimental [4-8] and theoretical [7, 9-11] approaches. However, the
interpretation of experimental results to determine basic structural units at
nano-scale is difficult due to the absence of unambiguous experimental techniques
for the investigation of medium-range order in amorphous structures. However,
several recent studies [7, 11, 12] show agreement between experimental data and
computer simulations of glass structure and properties. In this work this approach
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is applied to g-GeS, by employing spectroscopic experimental techniques and
ab initio calculations. Ultimately, computational methods can be used not only for
a detailed interpretation of performed experiments, but also to predict the properties
of amorphous materials.

For the local structure and bond order in a glassy network the preparation
conditions are important. In return, the resulting local structural peculiarities
(e.g. dangling bonds, defects, interstitial atoms) in chalcogenide glasses can produce
localized electronic states: band tail states — on top of the valence band and on
bottom of the conduction band [8, 13]. These band tail states have vast influence
on the optoelectronic properties of the materials and can thus be tailored by using
different technological conditions of glass preparation.

In this work, resonant Raman and absorption edge spectroscopy together with
ab initio calculations have been used to elucidate the local structure and resulting
band gaps of g-GeS, prepared under different conditions.

2. Experimental and theoretical details

2.1. Sample preparation and experimental methods

The g-GeS, samples were synthesized by melt quenching from different temperatures
ranging from 1173 K (T;) to 1473 K (T4) and cooling rate variations from 100 K/s
(Vy) to 150K/s (V,). The four different g-GeS, samples will hereafter be denoted
(T, Vy), (T, Vy), (T3,V,), and (T4, V,). The synthesis of crystalline GeS (c-GeS) is
described elsewhere [14, 15].

Raman spectra of g-GeS, and c-GeS were measured using Dilor—Labram
and Renishaw system 1000 Raman spectrometers equipped with CCD detectors.
The laser sources used for Raman scattering excitation of g-GeS, were as follows:
(1) a diode laser (785nm), (ii)) a He-Ne laser (632.8 nm), and (iii) an Ar-ion laser
(514.5 and 488 nm). Optical filters, limiting the output power, were used in order
to avoid photostructural changes of the materials. The spectra were measured
in micro-Raman configuration using a back-scattering geometry. The Raman
spectrum of c-GeS was measured using a Spectra Physics Model 168 Ar-ion laser
(514.5nm, 1 W).

Absorption spectra of g-GeS, were measured at 80 and 293 K using an SF-46
spectro-photometer. A standard method based on the analysis of light transmission
and reflection was used. The glasses were sliced and polished to produce high-quality
sample surfaces. The sample thicknesses were chosen to provide the maximum
accuracy of absorption edge measurements within the o range of interest.

2.2. Calculational methods

The computational part consists of first-principle calculations on small atomic
Ge,S,, clusters (1 <n<3,1<m<9) as depicted in figure 1. All clusters were suitably
terminated by use of hydrogen atoms.

Initial calculations were performed using the Gaussian-03 quantum-chemical
program package [16]. The self-consistent field (SCF) and Hartree—Fock (HF)
methods were applied for geometry optimizations of the clusters using the
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Figure 1. The structural models of Ge,S,, clusters used for ab initio calculations of vibra-
tional spectra: single tetrahedra (GeS,/,); corner-shared bi-tetrahedra (Ge,S;¢/2); edge-shared
bi-tetrahedra (Ge,S,.4/); edge-shared bi-tetrahedra closed by S-S ends (Ge>Se); ethane-like
cluster (Ge,Se)»); three-fold coordinated structures (SGesjs, SGes—S¢/3, GeS33); fragment of
c-GeS, ring (Ge3S;.¢2) and a model of the Phillips “outrigger raft” (Ges;Ss.4p). Saturating
hydrogen atoms and corresponding bonds are not shown for clarity.

Berny optimization procedure. The triple zeta valence Pople 6-311G* [17] basis set
was used for the Ge and S atoms. For the H atoms the 3-21G basis set was used.
Subsequent second derivative calculations, using the same method and basis set,
verified the obtained structures as true energy minimum geometries. In order to
eliminate the influence of the hydrogen atoms in the Raman spectra calculations
the GAMESS (US) software was used [18]. The algorithm of elimination is described
elsewhere [19].

While the HF approximation is very useful to provide basic structural data, it
also has severe shortcomings (e.g. incorrect bond dissociation). As a result too
high vibrational frequencies are obtained and this cannot be totally corrected for
by using larger basis sets [20]. However, by assuming that the error is constant for all
vibrations, or at least for a group of vibrations having similar force constants,
a linear scaling factor can be used. Here an empiric factor of 0.94 was used to
scale the frequencies calculated at the HF/6-311G* level of theory.
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In order to increase the accuracy of the HF calculations either “post-HF”
methods or methods based on density functional theory (DFT) can be used, primar-
ily to account for electron correlation. Here we applied DFT methods to obtain
more accurate band gaps. The basis sets used were the same as for the HF calcula-
tions and used together with the corrected exchange functional proposed by Becke
[21] and the gradient-corrected correlation functional of Lee et al. [22] (BLYP).
The band gaps were estimated in two different ways. The simplest approximation
used was the energy difference between the HOMO and LUMO molecular orbital
energies (AEg ) [23]. However, the LUMO is a virtual-type orbital connected
only with the ground-state. Therefore, in addition, the low-lying excited states
of the clusters were calculated using a time dependent (TD) approach (TD-DFT)
(AEg) [24].

3. Results

3.1. Experimental Raman spectra of g-GeS,

In figure 2 the resulting Raman spectra of g-GeS, was measured using a photon
energy of 2.42eV (514.5nm), less than the Tauc optical gap of GeS, glasses
(Eg~3.2¢eV) [14] that are shown. As these spectra are similar to those measured
with longer wavelengths: 632.8 and 785nm, corresponding to 2.41 and 1.58eV
(not shown), we assign these to be non-resonant Raman spectra. All spectra are
normalized using the 342 cm ™' peaks. A pronounced difference between the samples
is that both the (T, V;) and the (T;, V,) samples show similar small increases in the
370 and 433 cm~! vibrational modes, as compared to (T», V,), and for the (T4, V,)
sample these peaks broaden and merge with the main peak at 342cm™". A very weak
mode at ~200cm ™! is observed for all samples while a weak Raman mode at
490 cm ™" is detected only for (T,, V,). The most pronounced differences, however,
occur at the low frequency side of the main peak: new peaks arise at 256 and
237cm™!, especially strong for (T4, V). Polarized Raman spectra of single crystal
c-GeS are shown in the insert of figure 2.

To examine the influence of photon energy on intensities of Raman modes
(i.e. possible resonance Raman features) the (T, V), (T, V), and (T3, V,) samples
were excited as above by a 514.5nm laser (2.42¢V) and in addition with a shorter
wavelength (blue) laser of 488nm, increasing the photon energy to 2.54¢V.
The resulting spectra for (T, Vy) and (T, V,) are shown in figure 3 and intensity
increases for the two Raman modes at 370 and 433 cm ™' which are observed for both
samples. All intensities were taken as peak height values. Figure 4 shows the intensity
ratios of the 370 and 433 cm™' modes as compared with the intensity of the main
mode at 342cm™!, (I370/1342) and (I433/1342), respectively, as functions of excitation
photon energy, and shows clearly the mainly common behaviour of the glasses.

3.2. Computed local structures, Raman spectra, and band gaps of g-GeS,

Calculated and scaled vibrational frequencies for the Ge,S,, clusters (figure 1) and
the corresponding Raman intensities are tabulated in table 1.
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Figure 2. The Raman spectra of g-GeS, prepared using different technological conditions
and excited by Ar-ion laser beam with wavelength 514.5 nm. All spectra were normalized to thg

—
main band at 342cm™'. Inset shows the Raman spectra of c-GeS measured in ab and bb
polarization geometry.

As seen there are many possible contributors to the main features, in the
235-435cm™! region, and this is also true for the weaker features such as the
peak at ~200 cm~'. However, only two clusters (GesSsia2 and GerSe (S-S ends))
contribute above 450 cm ™",

The occupied and unoccupied MO’s for the “normally” coordinated (i.e. Ge is
four- and S is two-fold coordinated) Ge,S,, clusters are shown in figure 5. However,
clusters with tri-coordinated S or Ge (SGes 3, SGes—S¢3, and GeSs3) represent the
local structure of c-GeS better. The charge of these clusters resulted in MO energies
shifting and therefore, their MO values were excluded from figure 5. In table 2 the
calculated band gaps of Ge,S,, clusters are shown as obtained both as differences
between HOMO and LUMO energies (AE,;) and as differences between ground
state and first excited state energies (AEy) using TD-DFT. The narrowest band
gap, regardless of method, is clearly obtained for the Ge,S¢ cluster with S-S ends,



2952 R. Holomb et al.

T T T T T T T
Aoy 1=514.5nm
| (@) - (T4, Vy)
(b) - (T, Vp)
” Aoy 2=488 nm
2 L (¢) - (T4, Vy)
=]
8 (d) - (T, V)
=St
=
= |
c
[0)
£
.
]
S
<
o
©
[ (a)
. ] .
200 300 400 500 600

Raman shift, cm1

Figure 3. The Raman spectra of (T4, Vy) (a, ¢) and (T,, V») (b, d) excited with two different
laser beams. All spectra were normalized to the main band at 342cm™".

while the other cluster with an S-S connection (Ge;3Ssy4/,) has a similarly high
HOMO, but a higher energy LUMO resulting in a significantly, by about
0.6-0.7¢V, larger band gap.

3.3. Measured absorption edges of g-GeS),

The absorption spectra at 80 and 293 K of the (T, V,) and (T3, V,) samples are
shown in figure 6 together with the absorption spectrum of c-GeS, [25] at 293 K.
The energy range shown corresponds to the so-called Urbach tail [26]. Both the
position and the slope of the absorption coefficient depend on the glass synthesis
conditions (figures 6a and b). We will determine the glassy pseudo band gaps
at a=10"cm™" (generally, the so-called Tauc gap (E,) of amorphous materials
is related to an o level of 5¥10°cm™" [26]). An energy of 3.05¢V at a=10°cm™'
and 293K corresponds to the pseudo band gap for (T,, V,). For an increased
melt temperature sample (T3, V,) this value shifts to 3.15eV. For comparison,
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Figure 4. The ratios of the 370 and 433cm™! Raman intensities relative to the 342cm™!

mode intensity for different excitation photon energies.

the corresponding band gap of c-GeS, is larger than 3.4eV at 293 K. The band gaps
become shifted by similar amounts for both glassy samples when the temperature
of measurement is lowered to 80 K.

4. Discussion

4.1. Local structure and Raman spectra of g-GeS,

By merging the experimental observations for the g-GeS, samples with the computed
Raman spectra of various atomic models we aim to propose local structural models
for the different glasses investigated. For clarity the two discernible spectral regions:
(i) 300-500cm ™" and (ii) 200-300cm ™" (figure 2) are analysed separately.

4.1.1. The spectral region 300-500 cm~'. This region has at least three vibrational
modes at ~342, ~370, and ~433cm~'. The main band at ~342cm™' has been
assigned to A;-type stretching vibrations in the basic building blocks of this material:
single GeS, tetrahedra and corner-shared bi-tetrahedra [4]. The strong Raman inten-
sity indicates that these tetrahedra are the main structural units of g-GeS,. Our
calculations support this and show strong modes at 355cm™"' for GeSyn, 342 cem™!
for GesSi1¢/2, 346 and 351 cm~! for GesSsi62 and GesSs, 4> clusters, respectively
(table 1). All these clusters are composed mainly of GeS, tetrahedra or bi-tetrahedra.
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Table 1. Vibrational frequencies and Raman intensities for the Ge,S,,
clusters (HF/6-311G*).
Cluster o* (cm™) ® (A4/a.m.u.) Cluster o* (cm™) ® (A4/a.m.u.)
GeSy)» 355 324 SGes 3 221 16.2
409 12.9 291 4.0
413 10.1 303 3.8
Gezsl+6/2 342 49.3 SGe3*S6/3 211 124
399 11.1 212 11.0
408 16.5 217 6.3
411 5.2 223 10.9
411 14.4 246 9.9
415 5.3 274 5.8
419 15.1
Gezsz+4/2 348 6.3 G62S6 359 5.2
381 59.9 (S-S ends) 367 41.7
413 25.4 367 28.1
441 19.1 443 64.1
540 98.3
GesSe 2 250 25.4 GeS;)3 220 11.6
391 35.0 231 15.6
396 18.9
402 20.9
407 5.8
409 11.6
Ge383+6/2 347 52.6 GC3S5+4/2 351 40.2
399 9.7 (S-S ends) 359 21.4
406 6.7 401 8.9
408 17.2 405 12.1
411 5.7 411 18.5
414 22.4 415 5.6
417 8.5 422 11.7
422 15.2 425 14.7
425 5.0 431 11.2
509 15.5

*An empirical scale factor of 0.94 has been applied.

The origins of the two Raman modes at ~370cm™" (the so-called “companion
A; Raman mode”- Af) and at ~433cm™", respectively, are ambiguous at present
[27, 28]. Generally, the A{ mode has been associated with medium-range order in
the glasses, i.e. with large “outrigger raft” structures proposed by Phillips et al.
[4, 29, 30]. However, a more recent interpretation is that of a cluster edge type of
mode [12]. There are also at least two interpretations of the mode at ~433cm™"'.
It is either assigned to edge-shared bi-tetrahedra or to S-dimers, e.g. by using the
“outrigger raft” Phillips’ cluster. The ratios I370/l54> and I433/I34> can be changed
using different excitation wavelengths (figure 3) and the proportional change of the
two ratios indicates the common nature of the two peaks (figure 4). Clusters that
contribute in this region with large Raman intensity peaks are the GesSs,4/, cluster
(with double peaks at 351/359 and 411/425cm™") and the GesSs414p cluster (with
peaks at 381 and 413cm™"). The former cluster has an S-S bond, while the latter
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Figure 5. The energies of occupied and unoccupied MO’s for the Ge,S,, clusters
(BLYP/6-311G*).

Table 2. Calculated band gaps of the Ge,S,, clusters by using differences in HOMO
and LUMO energies (AE,;) (BLYP/6-311G*) and differences in ground and first excited
states energies (AEy,) (TD-BLYP/6-311G*).

Cluster AEg; (eV) AE,, (eV) Cluster AE,; (V) AE,, (eV)
GeS4)2 3.43 3.60 SGes)3 272 2.89
Gezspr()/z 3.15 3.23 SG63*S6/3 2.89 3.08
Gezsé/z 2.87 3.20 GCS3/3 3.96 4.46
G62S2+4/2 2.99 3.08 Gezsﬁ (S*S ends) 1.71 1.74
GC3S3+6/2 2.97 3.01 GC3S5+4/2 (S*S ends) 2.31 2.43

is a cluster that may indicate that these modes can be attributed to edge-sharing
GeS, tetrahedra. To resolve this issue we note the changed ratios of the modes with
different excitation wavelengths, to be discussed further in the next section.

As for the role of the technological conditions of synthesis only, the (T, V,)
sample has a very weak feature at ~490 cm™', but on the other hand no other strong
peaks than the three typical modes. Among the different glasses this sample also
results in the relatively weakest 370 and 433 cm ™! peaks. Accordingly, the ratios Is7/
1345 and I433/154, are smallest for (T,, V;), a behaviour preserved for different photon
energies (figure 4), as all glasses follow the same trend with respect to changed
wavelengths of excitation. However, the feature at ~490cm™' is important as the
only cluster that provides us with a calculated feature in the vicinity is Ge3Ssi4/»
with a mode at 509 cm ™. Thus, the presence of S-S bonds and their contribution to
this region overall is supported, but only for the (T, V,) sample, while for all other
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Figure 6. The absorption coefficients () of the GeS, glasses at 293 and 80 K: (a, c) (T», V»)
and (b, d) (T3, V,). The absorption edge of c-GeS, (e) [25] shown for comparison.

samples edge-shared tetrahedra is the suggested structural basis for the observed
peaks.

4.1.2. The spectral region 200-300 cm~'. This spectral region shows a main feature
at ~256cm™! (figure 2), which had previously been assigned to the presence of
ethane-like structural units with Ge-Ge bonds within the glass matrix [31]. This
band is highly sensitive to the preparation conditions and absent for (T», V,) while
second in strength in the entire spectra of (T4, V,). Together with this peak, a
shoulder at ~237 cm ™" also develops. The experimental peaks at 256 cm™! correlate
with the calculated Ge-Ge stretching mode in the ethane-like Ge,Sg, cluster
(250cm™") or the mode calculated at 246cm™"' obtained for SGe;—Se/3. However,
the shoulder at ~237cm™" can only be related to the formation of new structural
units all having tri-coordinated S or Ge (SGejs3, SGes—S¢ 3, and GeS;/3) as no other
clusters have any peaks below 250 cm™". The band near 237 cm™! is a breathing-like
A, mode [32] in the polarized spectra of c-GeS for bb polarization. It is known
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that the basic building block of ¢c-GeS is a pyramid where both S and Ge atoms are
three-fold coordinated. It is thus tempting to ascribe both features to SGe;—S¢3
units, and thus with no Ge—-Ge bonds at all present in the materials, or possibly in
combination with Ge,S¢/, units. Previously, homo-polar bonds (Ge-Ge) in g-GeS,
have not been detected by neutron experiments [33], but this has been ascribed to the
sensitivity limit of a diffraction measurement [34]. Moreover, interpretation of the
256 cm ™' mode as a breathing-type vibration of distorted rocksalt GeS microphase
has also been made [4].

The very weak band detected at ~200cm ™! is in accordance with our calculated
Raman peaks at 211 and 212 cm™! for the SGe;-Se/3 cluster that in turn are in
excellent accordance with the 212cm™' B3, mode for c-GeS [32]. For small c-GeS
clusters implanted into pores of zeolites (X-GeS) this peak is located near ~200 cm ™"
and is the dominant peak (figure 1, Ref. [15]). Accordingly, the calculated Raman
peaks for the SGes;—Sg¢/; cluster 1ndlcate the dominant mode in the integrated Raman
spectrum. Therefore, c-GeS nano-particles with sizes about 7— 12A [15] may exist
in the (T,, V,) glass structure. Other synthesis conditions than (T,, V,) may result in
association of these clusters and the formation of larger c-GeS particles within the
matrix of g-GeS..

Altogether the non-resonant Raman results combined with the ab initio calcu-
lations support the co-existence of single GeS, tetrahedra, corner-shared and
edge-sharing GeS, tetrahedra together with tri-coordinated S or Ge (SGejys,
SGe3—Se3, and GeSsj3). For the (T,,V,) sample also a S-S bond containing
Ge3Ss. 4 cluster contributes to a very minor extent.

4.2. Band gaps and absorption edges of g-GeS,

The short-range order was shown above to be different for the samples and
consequently we believe that the optical gap of g-GeS, can be modified using
different conditions of preparation. Sulfur atoms are known to form the basis of
the valence band of germanium disulfide by lone-pair electron states [26]. The lone
pair electrons interact through the m-orbitals [23]. In edge-shared tetrahedra the
sulfur atoms are in a strained state in comparison with corner-shared tetrahedra.
The interaction of such sulfur atoms can produce electronic states near the top of the
valence band. In figure 5 the MO’s of Ge,S,, clusters are shown. The HOMO energy
values of most Ge,S,, clusters are all close to —6.3eV. However, the GesSs 4
cluster has a higher lying HOMO (—5.8¢V). This is due to the S-S bonds being
present. This cluster is, however, in general considered less likely in light of the
results above. For the (T, V,) sample, however, the observed increase of the
490 cm ™' mode with a higher exciting photon energy (figure 3) supports the existence
of the GesSs,4) cluster.

In general, the edge-shared Ge>S, 4, cluster is considered more likely to
contribute to the resonant Raman spectra in figure 3, but has a much larger band
gap than 2.54¢V (2.99-3.08 ¢V, table 2). However, by closing the structure, modify-
ing the GeaSyiap cluster (S-S distance ~3.43 A) to the Ge,S¢ (S-S ends) cluster
(~2.31 A) both the HOMO changes upward (—5.8eV) and the band gap becomes
much smaller than 2.54e¢V (1.71-1.74¢V). Thus small variations in the local
structure seem to be able to be responsible for both the Raman spectra (as provided
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by the edge-shared Ge,S,. 4/, cluster) and the resonant Raman spectra (as provided
by the closed Ge,S¢ (S-S ends) cluster. Therefore, we conclude that S-S bonds form
the band tail states at the top of the valence band of g-GeS,, a result in accordance
with the results of electronic density of states (DOS) calculated by Louie [13] for
g-GeSe,.

In figure 6 we show the absorption edge measurement results for (T,, V,) and
(T3, V,) at room and liquid nitrogen temperatures and in addition c-GeS, [25] for
comparison. The absorption coefficient of (T, V,) at =10’ cm™" corresponds to a
band gap of 3.05eV. Calculated gaps of Ge,S| 62 and Ge,Sy4p are 3.15-3.23eV
and 2.99-3.08 eV, respectively. On the other hand, if the GesSs 4, cluster would
contribute the band gap should be much lower (calc. 2.43 eV). This hardly indicates
that this Philips “outrigger raft” cluster realizes in the structure of the glass to
any large extent, as also seen by the very weak intensity of the 490cm~' band as
discussed above.

The absorption edge of g-GeS, shifts and corresponds to an optical gap of
3.15¢eV for (T3, V,), a value still possible to ascribe to Ge,Si 62 or GesSs4/» clus-
ters. The corner- and edge-shared clusters have a delicate balance as previously
calculated from formation energies of Ge,S; 6, and Ge,S;y4/ clusters [35], and
the up-shifted absorption edge is possibly due to concentration differences among
the two clusters. This shift can also be related to the absence of S-S bonds in the
structure of (T3, V,) sample in comparison with (T,,V,). The role of three-fold
coordinated SGe;—S¢3 cluster (2.89-3.08) is still negligible here.

The absorption edge of (T4, V;) is not shown in figure 6 as the thickness of the
sample did not provide the maximum accuracy, but crude results provide a red-shift
and hence an optical gap less than 3.05eV. The decreased gap can only occur
by association of three-fold coordinated SGess; clusters and formation of c-GeS
micro-phases (room temperature optical energy gap of 1.57eV was measured for
the b axis of c-GeS [36]), in excellent accordance with the results of Raman spectra in
the 200-300cm ™" region.

5. Conclusions

The combined picture of the local structure of the g-GeS, samples is as follows:

(1) All glasses contain corner-shared and edge-shared GeS, tetrahedra. With
increased melt temperature or reduced cooling rate the amount of edge-shared
GeS, tetrahedra and tri-coordinated S or Ge structures increases. The
SGe;—Se3 is the local structure that we found to compare most favorably
with the collection of experimental data. Even the second lowest melt tempera-
ture and fastest cooling rate sample, (T,, V,), has a detectable amount of
the SGes—Se3 tri-coordinate structures in addition to the Ges;Ssi 4> S-S bond
containing cluster.

(i) The common nature of the features at 370 and 433cm™ as seen in the
resonance Raman measurements together with the non-resonant Raman peak
positions allow us to assign both these peaks to originate in Ge,S,4/> clusters.

(iii) The origin of the band gaps of g-GeS, is very complex, but nevertheless the
results allow us to conclude that the formation of S-S bond(s) lead to the

1
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creation of a localized state near the top of the valence band. A delicate balance
of different S-S distances within the glasses seems to determine the exact
value of the band gap observed. Further decreased band gaps are obtained
for the (T4, V,) sample resulting from the extensive formation of tri-coordinate
structures, which can be similar to a c-GeS micro-phase. It is thus possible to
modulate the band gaps by the synthesis procedure, both by melt temperature
and by cooling rate.
(iv) There is no support for the existence of Ge—Ge bonds in any of the glasses.
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