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The developed cluster modeling approach based on ab-
initio calculations with RHF/6-311G* basis set testifies 
absence of intermediate optimally-constrained phase in 
binary GexSe100-x system within 20 ≤ x < 26 domain. It is 
shown, that character “outrigger raft” carcass is con-
served for all glass compositions within expected re-
versibility window. Thus, the structure of binary 
GexSe100-x glasses can be described in terms of “chains 
crossing” model in case of x < 12, mixed “chains cross-
ing” and “outrigger raft” models in case of 12 ≤ x < 20 
and modified “outrigger raft” model in case of x ≥ 20. 

The expected reversibility window in binary GexSe100-x 
glasses is shown to be only quasi-adaptive phase, based 
on “outrigger raft” structural motive with two edge- and 
four corner-sharing tetrahedra interconnected by opti-
mally-constrained Ge-Se-Se-Ge bridges with extra Se at-
oms in ring-like configurations replaced Se-Se dimers. 
The results of quantum mechanics modeling are con-
firmed well by high-resolution X-ray photoelectron spec-
troscopy measurements in this system. 
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1 Introduction 
Self-organization phenomenon discovered recently in 

many covalent-bonded glassy systems opens a conceptu-
ally new insight for understanding of their glass-forming 
ability and compositional trends in physical properties [1-
5]. It is based on the main principles of mean field theory 
and constraints counting algorithm [6,7]. According to the 
developed approach, a glass network is considered to be 
floppy or underconstrained, if mean number of Lagrangian 
constraints per atom nc is less than space dimensionality 
(nc < 3), stressed rigid or overconstrained if nc > 3 and 
rigid but not stressed or optimally-constrained if nc = 3 [1-
7]. In turn, the self-organization means that network avoids 
creating the overconstrained stressed regions unless there 
is no alternative keeping nc = 3 as long as possible. In 
terms of [4, 5], the domain of glass compositions which 
possess a self-organized (alternatively, a self-adaptive) 

network is called intermediate phase or reversibility win-
dow.  

In this respect, the binary GexSe100-x system is one of 
the main canonical for experimental study and theoretical 
simulations of self-organization processes [1, 2, 4, 8, 9]. 
The intermediate phase was identified in this system within 
a relatively broad compositional range 20 ≤ x < 26 using 
the least values of non-reversible heat flow in temperature-
modulated differential scanning calorimetry (DSC) ex-
periments as a criterion [10]. Some spectroscopic and 
volumetric measurements also support the idea on reversi-
bility window within this range [11, 12].  

However, the recent search for structural signature of 
intermediate phase in GexSe100-x glasses using X-ray dif-
fraction, X-ray absorption fine structure spectroscopy [13] 
and molecular dynamics simulation [14] did not yield any 
evidence for structural origin of this phase.  
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So, the main controversy left unresolved for this binary 
GexSe100-x system: does intermediate phase exist in terms 
of self-adaptive (optimally-constrained) network having nc 
= 3 within 20 ≤ x < 26 compositional domain or not?  

The recent results obtained with high-resolution X-ray 
photoelectron spectroscopy (XPS) [15] testify the specific 
structure formation within these compositions, which pre-
sumes constant ratio between edge-shared (ES) and corner-
shared (CS) GeSe4/2 tetrahedra. It means that basic glass-
forming structural motive is more or less similar within the 
whole concentration range of the expected reversibility 
window, allowing only slight deviations in Se-based chains 
and rings. In the present paper, using quantum mechanics 
modeling and XPS data [15], we present a principally new 
approach confirming that self-organization in a sense of 
global glass connectivity is not possible in this binary 
GexSe100-x system and previously reported 20 ≤ x < 26 
compositional domain reflects only quasi-adaptive phases 
built of the overconstrained structural units interconnected 
via optimally-constrained bridges. 

2 Calculations 
Our approach is based on the idea that glasses of bi-

nary Ge-Se compositions can be divided into separate 
building blocks (a so-called network-forming clusters), 
which infinite multiplication adequately reproduces the 
fully-saturated “8-N” covalent network. This simplification 
(known as glass-forming structural units) was first intro-
duced by R. Muller near a half century ago [16]. The di-
versity of network-forming clusters is defined by the glass 
composition. Each structural imperfection like wrong ho-
mopolar covalent bonds or 3-5 member chalcogen rings 
can be reflected in the corresponding clusters, which 
weighted superposition with main network-forming clus-
ters reproduces a whole glassy network. Thus, a compli-
cated and time-consuming modeling route for glassy net-
works usually containing hundreds of atoms can be simply 
performed for individual clusters using available PC-aided 
software (like HyperChem).  

Then, if one can show the energetic preference for one 
kind of clusters over the others for the same glass composi-
tion, there would be a highest probability to find them as 
main building blocks within a whole glassy network. Of 
course, the generalization can be made only under assump-
tion that influence of neighborhood on the total energy of 
individual clusters is negligible. Despite rough approxima-
tion (effect of the temperature is also not considered here), 
the energy values obtained due to the above procedure can 
be used to estimate the glass-forming tendency in the main 
chalcogenide-based systems. 

The ab-initio calculations in this paper are based on re-
stricted Hartree–Fock self-consistent field method with 6-
311G* basis set [17]. The individual clusters were termi-
nated at their borders by hydrogen atoms in full accordance 
to “8-N” rule [11, 12]. After geometrical optimization, the 
obtained total energy of cluster was corrected on these hy-

drogen atoms and bonds according to procedure developed 
elsewhere [18]. Finally, the calculated energies were nor-
malized to the energy of free GeSe4/2 tetrahedron. 

In order to check the self-organization tendency, the 
mean-field constraints counting algorithm assuming cor-
rections on inner rings was applied to each cluster [6, 7].  
Then, the constraints additivity rule was used to make a 
decisive conclusion on general connectivity of glass back-
bone: the average number of Lagrangian constraints per 
atom of a whole glass network was adopted to be equal to 
a weighted sum of the ones calculated for individual net-
work-forming clusters and intercluster bridges (chalcogen-
based chains).  

3 Results and discussion 
Recently, the paradigm of structural organization in the 

network GexSe100-x glasses was explained well at the basis 
of high-resolution XPS [15]. In particular, it was shown 
(see Table 1) that two models could be adequately used to 
describe the structure of these materials, the so-called 
“chains crossing” and “outrigger raft” models. The first 
model explains compositional behavior in physical proper-
ties in terms of length of Se-based chains linking GeSe4/2 
tetrahedra without any atomic agglomerations. The second 
model is based on structural fragments proper to high-
temperature modification of crystalline GeSe2, consisting 
of two edge-shared (ES) tetrahedra connected with four 
corner-shared (CS) ones (Fig. 1) [8, 20]. According to [15], 
the structure of GexSe100-x glasses with x < 12 is defined 
mainly by “chains crossing” model (within ~5-6 % accu-
racy bar), those with 12 ≤ x ≤ 20 by mixing “chains cross-
ing” and “outrigger raft” models and, finally, the glasses 
with x > 20 are structured only by “outrigger raft” concept. 
This result is in good agreement with Raman scattering 
data showing formation of ES tetrahedra for glass compo-
sitions with x > 15 [21-23]. Nevertheless, no structural sig-
nature of optimally-constrained phase was found with XPS, 
but only almost constant ratio of CS and ES tetrahedra 
were detected in GexSe100-x system in whole domain of the 
expected reversibility window (20 ≤ x < 26) [15]. So, with 
change in Se content, the structure of glasses within this 
domain does not change basic “outrigger raft” motive ex-
pressed in two ES tetrahedra interconnected with four CS 
ones, revealing only deviations in the attached Se chains. 
As it can be seen from Fig. 1 [24], there are two possibili-
ties to link additional Se atoms to “outrigger raft” cluster: 
instead of Se-Se dimer or as intercluster bridges.  

From the other hand, the compositional behavior of 
long- and short-term physical ageing in the studied 
GexSe100-x glasses clearly indicates the onset of reversibility 
window in a sense of non-ageing ability at x ≈ 20 [25]. As 
far as main microstructural mechanism of physical ageing 
in Se-rich glasses is connected with -Se-Se-Se- fragments 
[26], we should assume that backbone of glasses with x ≥ 
20 does not include these fragments. However, the pres-
ence of -Se-Se-Se- configurations is evident from the fit of 
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Se 3d core level XPS spectra for all GexSe100-x glasses up to 
x < 30 (see Table 1). This inconsistence can be eliminated 
by assuming that -Se-Se-Se- fragments do not participate 
in the global connectivity of glass backbone for x ≥ 20 
forming specific Se-rich regions.  
 

Table 1 Numerical parameters (3d5/2 components) of Se 3d and 
Ge 3d core level XPS spectra.  

Fragment content , % 
Se-Se-Se Se-Se-Ge Ge-Se-Ge 

Composition 
/Core level Se 

A A0 A A0 A A0 

Se 100 100     
Ge5Se95 81 79 19 21   
Ge8Se92 70 65 25 35 5 0 
Ge10Se90 61 56 33 44 6 0 
Ge12Se88 56 45 33 55 11 0 
Ge20Se80 32 0 36 100 32 0 
Ge23Se77 22 0 35 81 43 19 
Ge25Se75 11 0 44 67 45 33 
Ge30Se70   29 29 71 71 
    

Fragment content , % 
Se-Ge-(Se)3  

CS tetrahedra 

Se-Ge-(Se)3  
ES tetrahedra 

Composition 
/Core level Ge 

A A0 A A0 

Ge5Se95 100 100   
Ge8Se92 100 100   
Ge10Se90 100 100   
Ge12Se88 97 100 3 0 
Ge20Se80 67 100 33 0 
Ge23Se77 66 100 34 0 
Ge25Se75 70 100 30 0 
Ge30Se70 70 100 30 0 
A0 – the ratio of atomic environment calculated in terms of 

“chains crossing” model; 
A – the ratio of atomic environment estimated experimentally 

as partial area under fitted XPS peak [15]. 
 
We can assume from the above analysis (Table 1) that 

within 20 ≤ x < 26 compositional domain accepted as pos-
sible reversibility window in binary GexSe100-x system [10], 
the structural fragments proper to high-temperature modi-
fication of crystalline GeSe2 form the main backbone of 
glass network, extra Se atoms being attached somewhere 
else instead of Se-Se dimers within individual “outrigger 
raft” clusters or between them as intercluster bridges.  

To check the above possibilities, we have constructed 
network-forming “outrigger raft” clusters for some distin-
guished compositions of GexSe100-x system having symmet-
ric Se legs (inter-cluster bridges) between them: Ge30Se70, 
Ge27Se73, Ge25Se75, Ge23Se77, Ge21Se79. Then, we have 
compared the energy of each cluster in respect to the total 
energy of free tetrahedron GeSe4/2. We have started from 
Ge30Se70 composition, which structure is fully built of 
“outrigger raft” clusters [24] interconnected via short Ge-

Se-Ge bridges. In this case, the Se-Se dimers attached to 
each basic glass-forming structural fragment evolving two 
ES tetrahedra interconnected with four CS ones do not par-
ticipate in a general connectivity of glass backbone. With 
increase in Se content, additional Se atoms can be attached 
instead of Se-Se dimers or in the legs between “outrigger 
raft” clusters. These variants of structural evolution are 
well exemplified in Fig. 2 for Ge25Se75 glass. 

The performed quantum mechanics calculations show 
that in all cases under consideration the more energetically 
favorable are such configurations which have two Se at-
oms incorporated between individual “outrigger raft” clus-
ters as intercluster bridges (see Fig. 2b). It can be easily 
shown that such intercluster bridges are optimally con-
strained with nc = 3. Extra Se atoms (according to the glass 
compositions) form ring-like fragments instead of Se-Se 
dimers. This conclusion is supported well by Raman scat-
tering data [21-23] showing almost jump-like shift of  Se 
line from ~250 cm-1 to ~260 cm-1 for x ≥ 20 (it was ac-
cepted that Raman shift was greater for Se ring-like frag-
ments than for chain-like [26-28]).  

The maximum possible number of Se atoms within the 
ring-like fragments at the place of initial Se-Se dimers de-
pends on the character value of local free volume proper to 
high-temperature crystalline modification of GeSe2 [20], as 
well as steric parameters of Se chains. The latter criterion 
was analyzed in details in [29]. It was shown that first and 
seventh Se atoms in such ring-like configuration tend to 
overlap with each other and tend to be excluded from the 
structure due to large steric repulsion energy. So, we argue 
that last possible network forming cluster in the binary 
GexSe100-x system should include no more than six Se at-
oms in ring-like fragments instead of Se-Se dimers. This 
requirement is satisfied for Ge20Se80 composition, which is 
also evident from our calculations. Thus, it is not a surprise, 
that all glasses with x < 20 possess structural networks 
with long …-Se-Se-Se-… fragments between individual 
clusters.   

Therefore, with increase in Se content, the structural 
evolution of binary GexSe100-x system occurs in such a way 
to keep optimally-constrained intercluster bridges (Ge-Se-
Se-Ge) with increased Se-based ring-like fragments incor-
porated instead of Se-Se-dimers. So, the whole glass net-
work is only quasi-adaptive being built of locally overcon-
strained (nc > 3) “outrigger raft“ clusters interconnected via 
optimally-constrained (nc = 3) intercluster bridges. This 
evolution trend is restricted by Ge27Se73 and Ge20Se80 glass 
compositions giving obvious reason for minimal irreversi-
ble heat flow component in temperature-modulated DSC 
measurements [10]. 

According to constraints counting algorithm [6, 7], 
only one composition with global nc = 3 averaged for 
whole glass network can be distinguished in GexSe100-x sys-
tem. This is Ge21Se79 glass. The glasses with x < 21 are un-
der-constrained, while those with x > 21 are overcon-
strained. Thus, there is no structural signature for interme-
diate phase in this system in good agreement with [13].  
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Figure 1 Fragment of Ge30Se70 glass structure (black – four-fold 
coordinated Ge atoms; yellow – two-fold coordinated Se atoms) 
having “outrigger raft” motive in the form of two ES tetrahedra 
interconnected with four CS ones. 

 
 
 
 
 
 

Figure 2 Structural evolution in the side part of “outrigger raft” 
fragment proper to Ge25Se75 glass, showing intercluster bridges 
trough one (a), two (b) and three Se atoms (c).  

 
So, what is observed with temperature modulated DSC 

in binary GexSe100-x system [10]?  
We believe the low limit of the reversibility window as 

observed by this technique is determined by disappearing 
of Se-Se-Se sequences in the connectivity of glassy back-
bone, which occurs near x ≈ 20-21. Then, we have con-
served “outrigger raft” clusters interconnected through op-
timally-constrained Ge-Se-Se-Ge bridges, the extra Se at-
oms forming ring-like configurations at the place of initial 
Se-Se dimers, for example. This is happening up to a glass 
composition where the number of Se atoms is not enough 
to keep Ge-Se-Se-Ge bridges. The border glass composi-
tion where all connections between “outrigger raft” clus-
ters are through Ge-Se-Se-Ge bridges is Ge27Se73. Disap-
pearing of such bridges is responsible for upper limit of re-
versibility window as observed by temperature modulated 
DSC [10]. It should be noted here, that compositional de-
pendence of molar volume in GexSe100-x system, has a 
broad minimum in 20 ≤ x < 26 domain [11], which can be 
also the reason for least values of non-reversible heat flow 
in temperature modulated DSC [10]. 

4 Conclusions 
Glass-formation tendency in binary GexSe100-x glasses 

is estimated via cluster-forming energy using quantum me-
chanics calculations and high-resolution XPS data. It is 
shown that glasses within expected reversibility window 
(20 ≤ x < 26) have character “outrigger raft” structural mo-
tives evolved two ES and four CS tetrahedra, being inter-
connected through optimally-constrained Ge-Se-Se-Ge 
bridges with extra Se atoms in ring-like configurations re-
placed Se-Se dimers in the first approximation. 
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