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The Raman spectra of binary GexS1-x chalcogenide glasses have been measured for various 
compositions and discussed in terms of the structural units present. High temperature Raman 
measurements in GexS1-x glasses have shown that, above the glass transition temperature Tg, 
irreversible two step crystallizations occur for the compound GeS2 (x=1/3) and the 
moderately rich in Ge (x=0.35) and S (x=0.30) glasses, but in the case of the strongly 
enriched in S (x=0.20) glass, a one step reversible crystallization takes place with the 
material returning to its starting glassy phase upon slow cooling to room temperature. The 
evolution of the A1

c companion Raman band of GeS2 glass in the crystalline phases provides 
evidence (in support of predictions) that this controversial band is associated with symmetric 
stretching of S atoms in bridges of edge-sharing Ge-(S1/2)4 tetrahedra. Raman measurements 
above melting point have indicated the existence of tetrahedral units in the molten phase of 
these glasses. High pressure Raman measurements in GeS2 have shown that the bond lengths 
decrease substantially with pressure, while the material remains glassy throughout the 
pressure range of measurements (up to 10.8 GPa). It appears that all pressure induced effects 
are reversible after pressure relief. 
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1.  Introduction                

 
         Chalcogenide glasses have drawn increasing attention over the past three decades because of 
their potential in photoresist [1,2], microelectronic [3-5], optoelectronic [6-9] and holographic [10,11] 
applications. In recent years, Ge-based chalcogenide glasses have been used for manufacturing optical 
waveguides of high transparency in the infrared window at 1.3 µm and as host materials of rare earth 
ions for photonic applications [12-14]. Owing to all these applications, knowledge of their electronic 
and optical properties, as well as their microstructure (local and medium range structure) is very  
important over the entire glass forming range of compositions of the glass systems. It is generally 
known [15-19] that Ge-based chalcogenide glasses usually display a photobleaching effect upon 
illumination with band gap light, an effect which can be reversed after subsequent annealing [17-19] at 
an appropriate temperature below the glass transition temperature Tg. In fact, these photoinduced and 
thermally induced changes in their optical properties are often accompanied by structural changes 
which can be readily detected by Raman spectroscopy.  
         The structure of GexS1-x glasses at ambient conditions has been studied in the past by several 
groups [20-27] using Raman spectroscopy as the probing technique. It is generally accepted that a 
phase separation takes place in S-rich GexS1-x glasses (x<1/3), with the excess sulphur forming S8 ring 
clusters enclosed in the matrix of a, by large, corner sharing Ge-(S1/2)4 tetrahedra network. In 
contrast, two different models have been proposed for the compound GeS2 (x=1/3) and the Ge-rich 
(x>1/3) glasses : According to the first [20,21], the structure of these glasses consists of an extended 
three dimensional and, more or less, chemically ordered network of Ge-SnGe4-n  (n=0,1,2,3,4) tetrahedra 
centered about Ge atoms which are bonded to S and other Ge atoms, with the parameter n being largely 
determined by the S and Ge contents. In the second model, introduced [22,28] for the compound GeS2 
and GeSe2 glasses, a layered structure is proposed similar to the two-dimensional (2D) crystalline phase 
[29-31] of the respective compound materials; in this model, the glass is built up by fragments of the 
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2D-phase, with each fragment consisting of corner-sharing tetrahedra chains bridged by edge-sharing 
tetrahedra and being terminated by S-S (Se-Se) dimers which have directions perpendicular to the 
chains. 
         It is well known that GeS2 is a polymorphous material exhibiting, apart from the glassy phase, 
several crystalline phases having rather complicated low symmetry structures with a large number of 
molecules in the unit cell [29]. At ambient conditions, GeS2 can be found in two main crystalline 
modifications : (i) a three-dimensional structure (3D-GeS2) in which the crystal lattice is made up by an 
extended array of only corner sharing Ge-(S1/2)4  tetrahedra, and (ii) a layered structure (2D-GeS2) in 
which the lattice is built up by both corner-sharing and edge-sharing tetrahedra; in the latter 
structure, chains of corner-sharing tetrahedra are bridged via edge-sharing tetrahedra along a direction 
perpendicular to the chains. The two crystal phases can be distinguished in Raman experiments by the 
different frequency of the strongest (main) A1 mode which has been unambiguously assigned in both 
phases to symmetric stretching of S atoms in corner-sharing tetrahedra along the direction of chains. 
This mode was observed at 339 cm-1 in the 3D-phase [30], while there is a disagreement for the 2D-
phase with one report [30] claiming a frequency of 356 cm-1 [30] and another at 363 cm-1 [31].  
         A characteristic feature of the Raman spectrum of the glassy phase of GeS2 is a polarized band 
[20-27] for which, it was originally thought, there was no counterpart in the crystal phases. This so-
called companion A1

c mode, with a frequency (374 cm-1) about 10% greater than the normal A1 mode 
(342 cm-1) of the glassy phase, exhibits an anomalous dependence of intensity with composition in 
GexS1-x alloys [20,26]. The existence of this band in the Raman spectra of GeS2 and GeSe2 glasses 
prompted the proposition of the fragmented layered structure model [22,28] for these glasses and the 
band itself was assigned to symmetric vibrations of S-S dimers [22]. Elsewhere, the A1

c band was 
associated with the medium range order (MRO) [23-25]. Finally, in another report [26], bearing in 
mind the higher frequency of this band compared to the A1 one, it was predicted that it should be related 
to symmetric stretching of S atoms in bridges of edge-sharing tetrahedra, by virtue of the higher force 
constant in the bridges in comparison to the chains.     
         There have not been any studies of structure of Ge-based chalcogenides glasses at high 
temperatures, although it is generally accepted that they crystallize above Tg. Most part of this work is 
concerned with the structural changes (as seen by Raman spectroscopy) occurring in glasses of the 
basic binary alloy system GexS1-x from room temperature, through Tg and Tm (melting point) and up to 
a temperature of about 130 K above Tm. The main objectives of the present work are : (i) to study the 
evolution of the Raman spectra with increasing temperature of the glasses and through the observed 
changes to draw conclusions about certain ambiguous spectral features, such as the controversial A1

c  

companion Raman band, and the structure of these glasses as a whole, (ii) the systematic recording of 
structural changes taking place first with increasing and then with decreasing temperature and (iii) to 
obtain an idea about the structure of the GexS1-x melts and relate it to the structure of the respective 
glasses, in an attempt to get an insight on the mechanism of glass formation from the melt (quenching 
of the melt). In addition, Raman measurements at high hydrostatic pressures have been carried out in 
GeS2 glass in order to detect any changes of the structural units with pressure and to study the pressure 
dependence of the glassy network as a whole. 
 

2.  Experimental procedures 
 

         Glasses of the GexS1-x system covering a wide glass-forming region (0.17�x�0.45) were 
prepared using the melt quenching technique. Melts of predetermined atomic contents were kept inside a 
crucible at a temperature of about 100 K above Tm under rocking for about 24 hours, after which 
period the crucible was transferred quickly to water. The samples for the high temperature 
measurements were held inside small vacuum tight silica cells to avoid chemical changes of the 
materials, because GeS2, and Ge-S alloys in general, decompose [32] and oxidize [33] in open space 
before they melt. The same samples and cells were used for the measurements of Raman spectra of 
molten GexS1-x alloys. A vacuum operated optical furnace [34] of low temperature gradients was used 
for the high temperature experiments. The high pressure experiments were performed using a diamond 
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anvil cell (DAC) [35] which was loaded with a small size (~50 µm) glassy sample for the Raman 
measurements and ruby chips for monitoring (via the ruby luminescence) the pressure. 
         Two Raman set-ups were used for recording the spectra of glasses and their melts : One 
JOBIN YVON model T 64000 triple monochromator equipped with microscope and CCD detector for 
ambient conditions measurements, and a conventional SPEX model 1403 double monochromator for 
the high temperature and high pressure experiments. The 488 and 514.5 nm lines of an Ar+ laser were 
mainly used, but at very high temperatures (in molten state) the 647 nm line of a Kr+ laser was also 
used. The spectral slit width was between 3 and 4 cm-1 for either double and triple monochromator set-
up. Details regarding experimental procedures have been given elsewhere [36]. 
 

3.  Results and discussion 
    

 3.1. Raman spectra of GexS1-x glasses at ambient conditions 
 

        In this section we present and discuss briefly our ambient conditions Raman data in connection 
with previous relevant studies, in order to provide the necessary background for discussing the high 
temperature and pressure data. Fig. 1 shows the polarized Raman spectra of GexS1-x glasses for four 
compositions: two S-rich glasses (x=0.20, 0.30), the stoichiometric (compound) GeS2 glass (x=1/3) and 
one Ge-rich glass (x=0.35). There is good agreement between the Raman spectra of this work and those 
reported previously [20-27]. 
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Fig. 1. Raman spectra of GexS1-x glasses for the compound (x=1/3), one Ge-rich (x=0.35) and  
                                            two S-rich (x=0.20, 0.30) compositions.  

 
In the Raman spectrum of the compound GeS2 glass (Fig. 1), four bands are clearly observed 

at 110, 342, 374 and 434 cm-1 and a fifth one is marginally observed at ~260 cm-1. The band at 110 cm-

1 has been attributed [27] to bond bending vibrations of S atoms in Ge-(S1/2)4 tetrahedra, but judging 
from its low frequency and broad character we suggest that it may be due to intermolecular 
displacements of whole tetrahedral units. The bands at 342 and 374 cm-1 are polarized and correspond 
to the A1 (main) and A1

c (companion) modes mentioned in the introduction; it is generally accepted that 
the former is due to symmetric stretching of S atoms in the tetrahedra, while the latter has been a matter 
of controversy in the past and its origin is discussed in the next section 3.2 as is deduced from its 
temperature dependence. The band at 434 cm-1 is relatively depolarized (compared to the A1 and A1

c 
bands) and has been attributed to S-S bond stretching since a similar band has been observed in both 
fibrous [37] and liquid [38] sulphur which are known to contain sulphur chains. This implies the 
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existence of either separate small  sulphur chains in the network of GeS2 glass or interconnecting S-S 
units between tetrahedra. The appearance of homopolar (defective) S-S bonds in the compound glass 
indicates a deviation from the ideal network of only Ge-(S1/2)4 tetrahedral units. In this situation 
homopolar Ge-Ge bonds should, also, be present in the network of GeS2 glass and this is confirmed by 
the observation of the weak band at 260 cm-1which is attributed to such bonds as a similar band has 
been observed in amorphous Ge [39]. This argument is, also, supported by the big enhancement of 
intensity of this band in the Ge-rich GexS1-x glasses (Fig. 1). Further increase of the Ge-content 
(x>0.35) results in the appearance of other broad bands at lower frequencies (<250 cm-1), an effect 
combined by a drop of intensity of the 260 cm-1 as well the A1 and A1

c bands, thus indicating a 
reduction of the Ge-(S1/2)4 tetrahedral population.  
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Fig. 2. Ratio of integrated intensities of the 475 to the                 Fig. 3. Ratio of  integrated   intensities of   the  
434 cm-1 bands for GexS1-x glasses plotted against                            A1(342 cm-1) to the A1

c(374 cm-1) plotted  
               Ge content.                           against Ge content.            

 
Another polarized band at 475 cm-1 is observed in the spectra of the S-rich GexS1-x glasses (Fig. 

1) for which there is general agreement [20-27] that is due to symmetric stretching in S8 rings. The 
intensity of this band increases with increasing S-concentration, while that of the 434 cm-1 band 
decreases, showing a relative population increase of S8 rings against S-S chains. This effect is 
illustrated in Fig. 2 in which the integrated intensities ratio of the 475 to 434 cm-1 bands is plotted 
against concentration. This ratio increases non-linearly with increasing S- (decreasing Ge-) content. 
The integrated intensities were deduced by fitting the bands to Gaussian  functions. 
 
 

3.2. High temperature phase transitions of GexS1-x glasses 
 

Figs. 4 -7 show the Raman spectra of four GexS1-x glasses at various temperatures from room 
temperature up to a temperature close to melting point of the respective alloy. Also, in the same Figs. 4 
- 7, the Raman spectra of the materials are shown after free (unforced) cooling to room temperature. 
Specifically, the four compositions include: the compound GeS2 glass (x = 1/3, Fig. 4), one moderately 
rich in Ge glass (x = 0.35, Fig. 5), one moderately rich in S glass (x = 0.30, Fig. 6) and a highly 
enriched in S one (x = 0.20, Fig. 7). 

From the evolution of the Raman spectrum of GeS2 glass (Fig. 4), we conclude that two 
gradual phase transitions take place in this glass at high temperatures. First, at ~750 K the main A1 
band becomes sharper, an effect which is accompanied by a simultaneous appearance of new sharp 
bands at low frequencies. At ~770 K, this band is quite narrow and looks similar  (in terms of 
frequency, intensity and narrowness) to the characteristic A1 mode of the 3D-crystalline phase [30]. 
This sharp band is observed at ~337 cm-1, that is slightly shifted (compared to the value of 339 cm -1, 
Ref.30) towards the lower frequencies because the material is at elevated temperature. All these 
observations indicate that the compound GeS2 glass undergoes a transition to the 3D-crystalline phase 
at ~750 K. Further increase of temperature to 800 K results in the appearance of a new line at ~352 
cm-1 which becomes stronger and sharper above this temperature at the expense of the rival A1 band of 
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the 3D-phase. This new band is the dominant feature of the spectrum above 900 K and up to melting 
point Tm (=1123 K), and corresponds to the characteristic A1 mode of the 2D-crystalline phase [29,31]. 
This is confirmed by slow cooling of the material to room temperature (Fig. 4), with the 2D-phase 
being retained  throughout the cooling process. This observation also shows that the two step 
crystallization of GeS2 glass is irreversible. The first transition to the 3D-phase implies that the network 
of the GeS2 glass is, largely, three-dimensional, with the corner-sharing tetrahedra linkages being 
dominant over the edge-sharing ones. Finally, it should be noted that the 434 cm-1 band of GeS2 
diminishes with increasing temperature, well below the crystallization temperature.  
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Fig. 4. Evolution of the Raman spectrum of GeS2 glass showing a two step irreversible   
crystallization. +   main   A1   band   of    glassy  phase;  *A1

c    companion   band  of   glassy   
                                  phase; X main A1 band of the 2D-crystalline phase.    
 
The evolution of the A1

c band of GeS2 glass with temperature reveals that this band has, after 
all, a counterpart in the crystalline phases and this has been concluded after deconvoluting the high 
temperature Raman spectra. This band (and its successor in the 3D-phase) is well resolved up to 850 
K, while above this temperature is seen (in the unconvoluted spectra) as a shoulder; however, it 
reappears upon cooling and is clearly resolved below 700 K, with a frequency of 382 cm-1 in the room 
temperature spectrum of the 2D-phase. A similar band has been observed previously [29,31] in the 
Raman spectrum of the 2D-single crystal of GeS2  and assigned to symmetric stretching of S atoms in 
bridges of edge-sharing tetrahedra; hence, a similar assignment is implied for the A1

c band of GeS2 
glass, in agreement with previous predictions[26]. 

A similar two-step crystallization is observed at high temperatures in GexS1-x glasses having 
compositions close to that of the compound GeS2 glass, first to 3D- and then to the 2D-phase (Figs. 5 
and 6). The 2D-phase is maintained up to melting point and following a subsequent cooling to room 
temperature, showing that crystallization of these moderately enriched in Ge and S glasses is also 
irreversible.  

In the GexS1-x glass highly enriched in S, though, the structural changes observed at high 
temperatures are different (Fig. 7). It is reminded that a phase separation takes place in such glasses, 
with S8 ring clusters forming in the matrix of predominantly corner-sharing tetrahedra (three- 
dimensional glassy network, see also Fig. 3). Around 720 K, the A1 band becomes narrower, indicating 
that crystallization of the glassy matrix commences to the 3D-phase of GeS2, a phase maintained up to 
melting point. (The exact value of the melting point for this glass is not known, but one can guess it 
should be around 870 K as the intensity of the spectrum drops substantially at this temperature, Fig. 7). 
It is significant that after cooling, the spectrum of the material is similar (both with regard to the 
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lineshape and intensity) to that of the starting glass (Fig. 7), indicating that the one-step crystallization 
of highly enriched in S glasses is reversible. It has been observed in a previous work [40] that three-
dimensional glassy networks of Ge-based chalcogenides favour the appearance of photo- and thermally-
induced reversible structural changes because of their larger free volume. Here, the matrix of the highly 
rich in S glass has a largely three-dimensional structure which, it seems facilitates successive reversible 
transitions from glass to crystal, but always retaining its three dimensional character. The latter 
should be attributed to the excess sulphur which fills the voids of the glassy matrix, thus preventing the 
network from becoming two-dimensional as is the case for glasses close to stoichiometry. A more 
detailed account of the high-temperature transitions is given elsewhere [36].  
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Fig. 5. Temperature dependence of Raman spectrum        Fig. 6. Temperature dependence of Raman spectrum 
  of Ge0.35S0.65 glass(slightly rich in Ge) showing a             of Ge0.30S0.70 glass (moderately rich in S) showing a 
         two step irreversible crystallization to the                          two stage irreversible crystallization to the 
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  Fig. 7. Temperature dependence of Raman spectrum of the Ge0.20S0.80 glass (highly rich 
           in S) showing a one stage reversible crystallization to the 3D-phase of GeS2.  
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3.3. Raman spectra of GexS1-x melts  
                             

The Raman signal from all GexS1-x alloys drops abruptly above melting point as the molten 
samples become almost opaque to any laser line in the visible, that is, they acquire metallic behaviour. 
As a consequence, the Raman spectrum of the hot silica cell (SiO2 glass) appears in the recorded 
spectrum as noise which exceeds the signal from the melt. However, we have succeeded to obtain the 
Raman spectrum of pure melts by subtracting, in each case, the Raman spectrum of the cell which has 
been recorded separately (without sample inside it) at a temperature coinciding or close to that of the 
melt  
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Fig. 8. Raman spectra of molten Ge0.20S0.80 at two temperatures showing the characteristic 
band  (at ~320 cm-1)  due  to  tetrahedral  Ge-(S1/2)4 units. The  Raman  spectrum  of  the  
silica cell  was recorded separately and subtracted from the overall spectrum of melt and cell. 

 
As an example, we present in Fig. 8 the Raman spectrum of the Ge0.20S0.80 melt at two 

temperatures as is deduced from the above described procedure. The detection of a weak band at ~330 
cm-1 in the spectrum of the pure melt provides evidence that the tetrahedral Ge-(S1/2)4 units exist in this 
molten alloy, at least at the lower temperature of 940 K. As the temperature is increased further (1073 
K), this Raman band of the melt is only marginally observed (Fig. 8), which can be explained in terms 
of an increased melt opaqueness or of shorter life-times of the tetrahedral species with temperature. The 
latter interpretation is compatible with the suggestion that at high temperatures and particularly in the 
molten phase, the coordination number of Ge changes from 4 to 8 and the element becomes metallic 
[41,42]. This also explains the opaqueness of GxS1-x melts. Similar results have been obtained from 
other GexS1-x  melts.  

 
 

3.4. Raman spectrum of GeS2 glass at high pressures 
 

        The pressure dependence of the Raman spectrum of GeS2 glass is shown in Fig. 9 for pressures 
up to 10.8 GPa. Also, in the same figure, the Raman spectrum of the glass is shown after pressure 
relief. A substantial shift towards the higher frequencies is observed of the whole packet of molecular 
bands, i.e. the main A1 band at 342 cm-1, the companion A1

c band at 374 cm-1 and the band due to S-S 
bonds at 434 cm-1, although only the position of the A1 band is unambiguously detected at high 
pressures. These results indicate a substantial densification of the glass and a continuous decrease of 
the Ge-S and S-S bond lengths with pressure. The band at 260 cm-1 is not detected at high pressures. 
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          Fig. 9. Pressure dependence of the Raman spectrum of GeS2 glass showing a strong  
                                               hardening of the Raman bands. 

 
 We have also observed a darkening of the glass at high pressures and a consequent continuous 
loss of transparency to all laser lines in the visible, which is in agreement with the strong red shift of the 
absorption edge observed in this glass with pressure [43]. This effect causes a big drop of the Raman 
intensity from the glass at high pressures and, most likely, results in the emergence of a sharp line at 
~420 cm-1 at a pressure of ~5 GPa which is attributed [44] to Raman scattering from the sapphire 
(Al2O3) window of the DAC or/and the ruby chips. This line emerges in the spectrum at high pressures 
when the Raman signal of the glass becomes very weak. Above 10 GPa, the glass became almost 
opaque to visible radiation. After releasing the pressure, the spectrum of GeS2 glass returns back, more 
or less, to its initial lineshape and intensity, thus implying no significant hysteresis effects in the glass. 

 
                       

4.  Conclusions 
 
 The study of the Raman spectra of GexS1-x glasses at high temperatures has shown that all 

glasses undergo a first-step transition to the 3D-crystalline phase of GeS2 which confirms that the 
network of these glasses is, by large, three-dimensional. At higher temperatures, the compound GeS2 
and the moderately rich in Ge or S glasses sustain a second transition to the layered 2D-crystalline 
phase of GeS2 which is irreversible upon subsequent cooling to room temperature. In the highly rich in 
S glass, though, whose glassy matrix is made up almost exclusively of corner-sharing Ge-(S1/2)4 
tetrahedra, there is no second transition to the 2D-phase, with the material maintaining the 3D-crystal 
structure up to melting point and then reversing to its initial glassy state after cooling to room 
temperature; the reversibility and dimensionality preservation of the matrix of this glass is attributed to 
the presence of S8 ring clusters which "fill" the free volume of the three-dimensional matrix.  

 From the evolution of the A1
c companion band of GeS2 glass in the crystalline phases, we have 

concluded that this band is due to symmetric stretching of S atoms in bridges of edge-sharing 
tetrahedra, in agreement with previous predictions.  
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 All GexS1-x alloys become almost opaque above melting point and this is related to the metallic 
behaviour of Ge in the molten phase. However, there is evidence that the tetrahedral Ge-(S1/2)4 units 
exist in the melts of these alloys, at least up to a certain temperature. 

 The application of pressure on the GeS2 glass results in a continuous densification of the glass 
which is manifested by the substantial hardening of the Raman bands with increasing pressure. The  
material darkens continuously with pressure because of a strong red shift of its absorption edge, but 
maintains its glassy phase throughout the pressure range (up to 10.8 GPa). It appears that all pressure 
induced effects (volume, bond lengths and optical transparency) are reversible after bringing the glass 
to ambient pressure. 
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