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According to the polymeric polymorphous-crystalloid concept of individual vitreous chemical 
substance structure, glass is a co-polymer of structural fragments (crystalloids) which are 
bearers of short-range and intermediate-range orders (SROs and IROs), of different crystal 
polymorphous modifications (PM), taking part in glass-formation, and having no a long-
range order (LRO). When two-component systems are under consideration, the number and 
type of SROs and IROs in glass get changed, depending on concentration and chemical 
nature of the second component, to the point of the phenomenal occurrence – glass without 
IROs and SROs typical for crystalline PMs of initial chemical substances. Having based on 
the analysis of two-component glass-forming systems GeSe2-Se, S-Se and SiO2-GeO2, the 
conclusion has been drawn that the glass consists of co-polymerized structural fragments of 
initial chemical substances that can be characterized by SROs and IROs of crystal PMs 
and/or by fragments without these orders. Such concurrent existence in glass of different 
structural fragments of the nanometric scale without LRO is called nano-heteromorphism. 
Nano-heteromorphism and nano-heteromorphous co-polymerization are necessary and 
sufficient conditions for glass-formation of mono- and multi-component glasses. 
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1. Introduction 
 
Beginning since thirties of the XX century till now a paradox situation can be observed in 

publications concerning glass: from one side, it is long ago and irrefutably proved that in well-prepared 
glass there are no even smallest crystals (crystallites) [1-3], but from the other side, that properties of a 
single-component glass, SiO2 in particular, and its structure are related simultaneously with properties 
and structure of two, and even three (quartz, cristobalite, tridymite) crystalline polymorphous 
modifications (PM) [4-10, 3].  

More than 60-years existence of the half-realized paradox "appearance of properties of 
crystalline polyforms in the glass without crystals" is explained, in our opinion, by the pagan fanatical 
affection of investigators (including the author) for the idea formed about a half-century ago: short-
range orders (SRO) in vitreous and crystalline individual chemical substances (ICS) – for example, in 
SiO2, P2O5, Se – are the same. This thesis was transmitted through well-known monographs of Mott 
and Devis [11], Feltz [12] and other works.  

In this seemingly natural thesis a deadlock for solving the problem of glass structure has been 
laid down long ago. 

During about twenty last years most investigators of non-crystalline substance structure have 
been already saying about an intermediate-range order (IRO) in non-crystalline structure outside limits 
of the short-range order. The progress is evident. The situation has been lead out to the higher level of 
understanding. But the deadlock has not been broken yet. There is no a generally accepted definition of 
the IRO. There is no understanding of insufficiency, and moreover – fallaciousness, of the thesis of 
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presence in an individual non-crystalline substance of a single short-range order and a single 
intermediate-range order. 

 
 
2. The concept of polymeric polymorphous-crystalloid structure of 
    individual vitreous chemical substance 
 
The exit of the deadlock has been proposed in the concept of polymeric polymorphous-

crystalloid structure of an individual vitreous chemical substance (CPPCSIVCS) [13-15]. This concept 
is supported by the following thesis: 

1. The process of formation of a vitreous substance is the process of generation, mutual 
transformation and co-polymerization of structural fragments of various crystalline polymorphous 
modifications of the substance without a long-range order (crystalloids) in disordered polymeric 
polymorphous-crystalloid structure (network, tangle of chains, ribbons, etc.) of glass. 

2. The notion "crystalloid" is directly related with notions "short-range order" and 
"intermediate-range order" that are applicable to both non-crystalline and crystalline substance.   

The short-range order is a stereometrically-determined composition of atoms including the atom 
taken as the origin point and surrounding atoms in the first coordination sphere. The SRO is 
characterized by the coordination number, type of constituent atoms, distance between atoms, and by 
inter-bond angles [16,17].  

The intermediate-range order is a stereometrically-determined composition (a topology) of 
short-range orders in the limits of a crystalloid which is characterized by parameters of all SROs and 
by dihedral angles [14]. The intermediate-range order, at least along one of crystallographic axes, has 
dimensions less than two periods of the crystal lattice. Otherwise, the crystalloid transforms in a 
crystallite – a smallest crystal in which the unit cells of the crystal lattice can be inter-translated.  

Crystalloids in glass are bearers of IROs of different polymorphous modifications.  
3. In every non-crystalline substance there are two or more SROs, two or more IROs (plurality 

of SROs and IROs), and there is no a long-range order (LRO).  The number of IRO types is equal to 
the number of polymorphous modifications taking part in formation of the non-crystalline substance. 
For example, SiO2 is characterized by SRO around an silicon atom and SRO around an oxygen atom. 
The latter SRO in cristobalite is different from those in quartz and other polymorphous modifications 
by the value of Si-O-Si angle that is the reason of difference of IROs in these polymorphous 
modifications.  

4. Structure and properties of glass are determined by the concentration ratio of crystalloids of 
different PMs inherent to given glass and dependent on state of the initial material, conditions of 
formation and treatment of the vitreous material.  

 
 
3. Some aspects of binary vitreous systems structure 
 
3.1 Intermediate-range and short-range ordering in glass-forming system GeSe2-Se 
 
Glass-formation in individual chemical substances GeSe2 and Se is caused by co-

polymerization of crystalloids of different PMs of GeSe2 and Se [14,15]. Minimal crystalloid GeSe2 - 
the bearer of the intermediate-range order of one or another PM contains two joined tetrahedrons. The 
intermediate-range order of low-temperature PM (LTPM) is characterized by tetrahedrons joined by 
vertexes only. IRO of high-temperature PM (HTPM) is formed by tetrahedrons joined by both vertexes 
and edges [18]. 

Besides, there are different short-range orders in v-GeSe2.  Germanium atom surrounded by 
four selenium atoms forms two resembling but different SROs: GeSe4/2. They are different in angles Se-
Ge-Se and the length of the bond Ge-Se because in LTPM GeSe4/2 tetrahedrons are joined by vertexes, 
and in HTPM – both vertexes and edges that in the latter case leads to distortion of tetrahedrons, and 
consequently SRO. Two different SROs exist around Se atoms connected with two Ge atoms (these 
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SROs (SeGe2/4) are different in angles Ge-Se-Ge and the length of the bond Ge-Se due the same reason 
as SRO inside GeSe4/2 tetrahedron). 

The above said assertions agree with the glass model described by the chemically ordered 
continuous random network (COCRN) and based on the assumption that for all compositions 
heteropolar bonds having larger energy are more preferable than homopolar bonds [19,20]. In real glass 
GeSe2 many authors (for example, Boolchand [21]) have observed Raman-spectra peaks which are 
characteristics of chemical bonds Ge-Ge (∼ 170 cm-1) with concentration up to 2% and Se-Se bonds 
(240-250 cm-1).   

It means that in real v-GeSe2 two more SROs appear: 1) Ge atom surrounded by three Se 
atoms and one Ge atom - Se3/2 GeGe1/4 and 2) Se atom connected with one Se atom and one Ge atom - 
Se1/2SeGe1/4. These SROs are formed from fragments of short-range orders of initial ICSs: GeSe2  
(GeSe4/2) and Se (SeSe2/2 – chains of three Se atoms). Therefore, these short-range orders can be called 
cmpound ones.  

The minimum number of atoms necessary for creation of different IROs of selenium, in cis- 
and trans-configurations, typical for monoclinic and hexagonal PMs of selenium, is equal to 4 [14].  
SRO of selenium is described above.  

Now, let us consider intermediate compositions of the glass-forming system GeSe2 – Se from 
the point of view of intermediate-range and short-range ordering. 

When Se is added to GeSe2, selenium atoms embed between GeSe4/2 tetrahedrons forming at 
first two-fold and then three-fold, four-fold chains and so on. When selenium content of 80 at.% is 
achieved (at ideal mixing of GeSe2 and Se), all tetrahedrons are isolated from each other by chemical 
bonds Se-Se, and in the result all crystalloids of high-temperature and low-temperature PMs, from 
which vitreous GeSe2 (v-GeSe2) is formed, turn out to be destroyed [15]. It means that in the 
composition Ge20Se80 IROs, typical for both PMs of GeSe2, disappear (Fig.1,2). All germanium atoms 
at this composition are connected with each other by two-fold selenium chains which are not also 
typical for any selenium PM because they cannot form IRO of any selenium PM because, as it was 
described above, it is necessary to have no less than four Se atoms in the chain. The first chain of 4 
selenium atoms appears in the composition when the ratio of selenium and germanium is greater than 
6:1 (Ge14.29 Se85.71).  

Thus, whereas in ICS GeSe2 and Se the glass-formation in the "ideal" case is provided for by 
different-structural, heteromorphous crystalloids – bearers of IRO of the nanometric scale inherent to 
different PMs of corresponding ICS, in the composition range of 80 > Se > 66,6(6) at.% there are, 
beside GeSe2 crystalloids, nano-structural selenium fragments composed of two-fold chains which are 
not IRO bearers of any selenium PM. It means that, for this composition range,                          nano-
heteromorphous structural fragments which form two IROs and all SROs of GeSe2, and                
nano-heteromorphous structural fragments composed of two-fold chains of Se which unite GeSe2 
tetrahedrons and, as a result, organize the compound SRO Se1/2 SeGe1/4, are typical (Fig.1).     

Therefore, the nanoheteromorphism here - the assembly of nano-heteromorphous structural 
fragments – is presented by both structural nanofragments of different polymorphous modifications and 
nano-fragments which are not typical for any PM.    

In the composition range of 80.00 ≤ Se ≤ 85.71 at.% there are neither structural fragments with 
IRO of GeSe2 nor Se (Fig. 1).  

In this range, nano-heteromorphous structural fragments are presented which are typical only 
for three different short-range orders: 1) the SRO reproducing GeSe2 tetrahedrons, 2) the SRO 
organizing three-fold selenium chains and 3) the compound SRO Se1/2SeGe1/4. 

For the composition range of 85.71 < Se < 100 at.%, IROs of two selenium PMs with inherent 
selenium SRO, SRO GeSe4/2 and the compound SRO Se1/2SeGe1/4, are typical.  

Thus, in the system GeSe2-Se, which glass-formation region is characterized by concentration 
alteration of each element by 33.3(3) at.%, the nano-heteromorphism is not related with structural 
fragments of different polymorphous modifications in the range of 5.71 at.% only. 

It follows from above considerations that the concentration of crystalloids – bearers of 
intermediate-range orders of polymorphous modifications of GeSe2 – decreases from the maximum at 
66.6(6) at.% Se to zero at 80.00 at.%. At selenium concentrations of 80.00-85.71 at.%, in glass at ideal 
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homogenous distribution of components, crystalloids of any PMs are absent, and at further increase of 
selenium concentration from 85.71 at.% to 100%  concentration of selenium crystalloids – bearers of 
its intermediate-range order – increases from zero to maximum. So, on the IRO bearers concentration 
vs. composition dependence we have two rectilinear sections: 66.6(6) – 80 at.% Se and 85.71 – 100 
at.% Se divided by the section of 80.00–85.71 at.% Se with zero concentration of IRO bearers (Fig. 1). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
      Fig. 1. The diagram of location of intermediate-range and short-range orders in the glass- 
             forming system GeSe2-Se at ideally homogeneous distribution of components. 
 
 
Naturally, we considered the ideally homogeneous distribution of components GeSe2 and Se. 

But it is known that practically in any real glass, and glass-forming liquid as well, containing two or 
more components, a structural feature appears, so-called "concentration fluctuation" [22,23]. 
Therefore, in real glass in the whole glass-formation region of GeSe2-Se system some amount of nano-
heteromorphous formations characterizing IROs of different polymorphous modifications of GeSe2 and 
Se will be present, and in this case the alteration of concentration of crystalloids – bearers of IRO of 
polymorphous modifications of GeSe2 and Se - from maximum to minimum will deviate from the 
polyline composed of straight lines and will follow concave curves above points 80 and 85.71 at.% Se 
and asymptotically tending to zero in points 100 and 66.6(6) at.% Se, respectively. The summarized 
curve of the analyzed dependence will present a smooth concave curve with maximums at compositions 
of 66.6(6) and 100 at.% Se and the minimum above the zero line in the region of 80 - 85.71 at.% Se 
(Fig. 2).  

It is interesting that the very same shape has been obtained for the dependence of endothermic 
non-reversing heat flow at heating of glasses of the GeSe2-Se system in the softening region (Tg) by 
Temperature-Modulated Differential Scanning Calorimetry (TMDSC) in the work of Boolchand [21]. 
From the point of view of the concept of polymeric polymorphous-crystalloid glass structure [13-15] 
such dependence is quite natural. It is known [24] that the polymorphous transformation of low-
temperature PMs in high-temperature PMs occurs with an endothermic effect. Both v-GeSe2 and v-Se 
are formed of co-polymerized crystalloids of these PMs. And in the region Tg, where the transformation 
LTPM → HTPM is the most intensive, the endothermic effect is observed [18]. It has its maximum 
where concentration of crystalloids of these PMs is highest, i.e. for ICS GeSe2 and Se. The minimum of 
the effect coincides with the minimum of concentration of crystalloids – bearers of intermediate-range 
order of polymorphous modifications. The Boolchand's experiment is one more evidence of correctness 
of the concept of polymeric polymorphous crystalloid glass structure. 

It is necessary to note, however, that in the Boolchand's experiment [21] the minimum of the 
curve "the value of the endothermic effect vs. composition" corresponds to the glass in which the 
average coordination number r is equal to 2.46, i.e. the composition Ge23Se77. According to our 
calculations, this minimum should be located in the interval of compositions containing from 20 to 
14.29 at.% of germanium and from 80 to 85.71 at.% of selenium, i.e. in the interval r=2.4÷2.29.  
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Fig. 2. The dependence of the concentration C (relative units) of crystalloids – bearers of 
intermediate-range orders of different polymorphous modifications of GeSe2 (a1 – for the case 
of ideally homogeneous distribution of components in glass, a2 – for real glass) and Se  (b1 – 
"ideal" glass, b2 – real glass), concentration of structural fragments – bearers of the short-
range order in GeSe2 (c - GeSe4/2; d1, d2 - SeGe2/4 in "ideal" and real glasses), in Se (e1, e2 - 
SeSe2/2 in "ideal" and real glasses), the concentration of structural fragments – bearers of 
compound SRO  (f - Se1/2SeGe1/4 in  “ ideal”   glasses, g - Ge1/4GeSe3/2 in real glasses)  in  the 
glass-forming system GeSe2-Se vs. composition. 

�
 – the point of intersection of curves a2 and  

                                                                      b2. 
 
 
Such shift of the minimum of the endothermic effect is likely determined by three factors. 
Firstly. The presence of a number of bonds Ge-Ge (≈ 2% for GeSe2 compound) decreasing the 

concentration of crystalloids of different PMs of GeSe2 and, correspondingly, increasing the 
concentration of Se crystalloids. 

 Secondly. The appearance of 4-fold atomic chains of selenium, i.e. crystalloids of its 
polymorphous modifications, as the result of the non-ideal mixing of Ge and Se atoms in compositions 
containing more than 20 at.% of Ge. 

Thirdly. The higher value of the endothermic effect of the polymorphous transformation in 
selenium than in GeSe2, as is seen in Boolchand's Fig. 3.  

It is interesting that the minimal endothermic effect in the Boolchand's experiment is quite 
distant from the zero level and equals to ≈ 0.1 cal/s.g while in systems GexAsxSe1-2x and Ge0.25S0.75-xIx it 
practically equals to zero in the minimum point.  In our opinion, it means that the in minimum point of 
the effect (r=2.46 in Fig. 3), i.e. in the composition Ge23Se77 both GeSe2 and Se crystalloids present, 
and decreasing of their concentration at decreasing of GeSe2 or Se concentrations takes place along 
curves continuing the right or left branches of the Boolchand's curve from the minimum point to the 
zero content of germanium in the zero point of the endothermic effect for GeSe2, and, the second branch 
– from the minimum point to the composition GeSe2 at the zero level of the endothermic effect for Se. 
In other words, it is completely similarly to curves of the concentration change of corresponding 
crystalloids (a2 and b2) in real glasses of Fig. 2. 

And, at last, in the Boolchand's figure the minimum of the endothermic effect for complicated 
systems GexAsxSe1-2x and Ge0.25S0.75-xIx is located exactly in the middle of the interval of compositions 
containing in the system GeSe2–Se 80–85.71 at.% Se (r=2.4÷2.29), i.e. it belongs to the composition 
Ge17.15Se82.85 (r=2.34) located in the center of the region in which, for the ideally mixed glass of the 
system GeSe2 - Se, crystalloids – bearers of the intermediate-range order of PMs GeSe2 and Se  are 
absent (Fig. 2). 

In this complicated systems there are apparently no bonds Ge-Ge and chalcogene's atoms are 
distributed more uniformly between Ge and As atoms in the former system and between Ge and I atoms 
in the latter system, and, as the result, the minimum of the endothermic effect is located in the place 
where it should be at the ideal mixing of components in systems GeSe2-Se and GeS2-S which are in the 
base of systems analyzed by Boolchand. 
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      Fig. 3. 

�
Hnr variation as a function of glass composition revealing thermally reversing  

           windows in GexSe1-x ( � ), GexAsxSe1-2x ( � ) and Ge0,25S0,75Ix (
�

) bulk glasses [21]. 
 
 
The correctness of our interpretation of Boolchand's data can be confirmed experimentally if 

selenium in the system GeSe2-Se is replaced for the equi-atomic composition S0.5Se0.5 that does not 
contain structural fragments of any chalcogen PM because all atoms of one chalcogen form chemical 
bonds with atoms of another chalcogen in glass. In this case at increasing of the total concentration 
S0.5Se0.5> 80 at.%   and up to 100% of S0.5Se0.5 (and in any other composition of the system GeSe2-
S0.5Se0.5, though) vitreous alloys will contain structural fragments of polymorphous modification neither 
sulfur nor selenium that will lead to the absence of such great endothermic effect, as for selenium, at Tg 
that is caused by the transformation of crystalloids of low-temperature (unstable) PMs in crystalloids of 
HTPMs. On the Boolchand's curve there will be no the branch reflecting the increase of the 
endothermic effect at increasing of the total chalcogen concentration from 85.71 at.% to 100 at.%. The 
dependence "the value of the endothermic effect vs. the total chalcogen's concentration" will resemble in 
real glass-forming alloys of the GeSe2-S0.5Se0.5 system the curve of the concentration dependence of the 
content of crystalloids of different PMs GeSe2 on the selenium's content in the system GeSe2-Se (the 
curve a2 in Fig. 2).      

  
 

3.2 Intermediate-range and short-range ordering in glass-forming system S-Se 
 
The two-component system S-Se is presented by the glass-formation region expanding on all 

compositions from sulfur to selenium [25].    
Selenium is characterized by 3 monoclinic and 1 hexagonal modifications, sulfur – 19 

polymorphous modifications [12]. At the present time there are no sufficient experimental data for a 
detailed analysis of glasses based on structures of all polymorphous modifications of chalcogens. 
Therefore, we will not go beyond reliable confirmed data on presence in vitreous sulfur and selenium of 
cis- and trans-fragments in arrangements of four chalcogen atoms characterizing different PMs. We 
take that chalcogen crystalloids of the minimum size contain 4 atoms and are in one of mentioned 
configurations (cis- and trans-) that in crystalline selenium form monoclinic and hexagonal 
modifications constructed from 8-fold rings and “endless”  chains, correspondingly, in sulfur – the 
group of cis-modifications consisting of rings with different number of atoms (6,7,9,10,11,12,18,20, 
etc.) [12] and the trans-modification consisting of “endless”  chains, correspondingly.  
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Fig. 4. Fragments  (crystalloids) with cis and trans configurations (monoclinic and 
hexagonal  polymorphic modifications, respectively) in the chain structure of vitreous 
selenium [26]. (1) Chain   fragments   (trans  configurations)  and   (2)  fragment  of  the  Se8   
                                               ring  structure  (cis  configurations). 
 
 
Vitreous selenium is constructed mainly from co-polymerized 4-atoms structural fragments 

consisting of cis- and trans-configurations (Fig.4 [26]), i.e. crystalloids monoclinic and hexagonal PMs 
[14]. When sulfur is added to selenium, its atoms embed between selenium atoms. At 10% of sulfur in 
the alloy in the case of its ‘ ideal”  dissolving and distribution, sulfur atoms will separate fragments of 
chains, consisting of 9 selenium atoms, at 20% of sulfur – of 4 selenium atoms, i.e. fragments which 
can still form both cis- and trans-configurations, i.e. represent crystalloids which are bearers of 
intermediate-range orders of two different PMs.  At last, at 25 at.% S in Se all selenium chains consist 
of 3 atoms united by sulfur atoms in "endless" compound chains. In this case there are no already 
selenium crystalloids neither monoclinic nor hexagonal modifications, there are no intermediate-range 
orders characterizing these polyforms. And naturally, there is no IRO characterizing sulfur poly-forms. 
They are absent also in sulfur enriched compositions including Se25S75 composition (Fig. 5,6).  

At further increasing sulfur content at alloys (again, in the "ideal" case), first four-fold sulfur 
chains appears which are able to organize cis- or trans-configuration of atoms and corresponding IRO 
characterizing ring-like or chain-like modifications.  

So, in the range of 75 ≥ Se(S) ≥ 25 at.% "ideal" glasses in the S-Se system do not have IRO of 
any PM. The intermediate-range-ordering in this system is proper only to 100 ≥ Se(S) ≥ 75 at.%  
compositions (Fig. 5). It means that on the dependence "concentration of crystalloids – bearers of IRO 
of selenium and sulfur vs. composition", like the GeSe2 - Se system, there will be two rectilinear section 
(100-75 at.% Se and 25-0 at.% Se) divided by the section of 75-25 at.% Se with zero concentration of 
IRO (Fig. 6). In real glass due to “ concentration fluctuation”  the summarized curve of the dependence 
will present, like the GeSe2-Se system, a smooth concave curve with maximums at 100% S and Se and 
the minimum in the area of 50 at.% of each component above the zero level of the crystalloids 
concentration of S and Se. The dependence "endothermic effect vs. glass composition" must have the 
similar shape.  

The short-range ordering in sulfur and selenium is characterized by the chain of three atoms in 
which the central atom is connected with two atoms of the same type: sulfur's SRO -S-S-S- and 
selenium's SRO -Se-Se-Se-, i.e. SSe2/2 and SeS2/2.  

Short-range ordering in glasses of the S-Se system is characterized by nano-heteromorphous 
fragments consisting of three atoms of one element or both elements of the S-Se system. 

In the "ideally" mixed alloy of sulfur and selenium chains –S-S-S- and -Se-Se-Se- can exist 
only at the sulfur or selenium concentration higher than 66.6(6) at.% of the given element. At the 
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concentration of this element equal to 66,6(6) at.% all its chains consist of two atoms united in the 
"common" chain by individual atoms of another element.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
Fig. 5. The diagram of location of intermediate-range and short-range orders in the system  
                           S-Se at ideally homogenous distribution of components. 
 
 
It means that the short-range order of initial components of the S-Se system takes place only at 

concentrations of 100 ≥ Se(S) > 66.6(6) at.%. The range of 33.3(3) - 66.6(6) at.% Se(S) is 
characterized by absence of short-range orders of initial components of the binary system S-Se.  

In the system S-Se there are, however, another short-range orders as well: SRO around the 
sulfur atom characterizing the chain -S-S-Se- (S1/2 SSe1/2) and SRO around the selenium atom 
characterizing the chain Se-Se-S-(Se1/2SeS1/2), and also SROs characterizing chains -S-Se-S-(SeS2/2) 
and -Se-S-Se-(SSe2/2). The former two SROs are in the composition range of 100 > Se(S) > 50 at.%, 
the latter two SROs are in the composition range of 100 > Se(S) ≥ 50 at.% (Fig. 5, 6).   

Naturally, in real alloys the borders of the existence ranges of different intermediate-range and 
short-ranges orders get diffused, being greater at lower temperature and shorter time of the glass 
synthesis. Apparently, any of orders described can be revealed in the whole composition range 100 > 
at.% S(Se) > 0 but the main part of structural fragments corresponding to all orders listed are in the 
indicated above ranges (Fig. 5).  

 
3.3 Intermediate-range and short-range ordering in SiO2-GeO2 system 

 
The two-component system SiO2-GeO2 is the glass-forming system in the whole range of 

compositions [27]. Vitreous SiO2 (v-SiO2) is constructed from co-polymerized crystalloids of mainly 
LTPM-quartz and HTPM-cristobalite [14], v-GeO2 – from crystalloids of LTPM-cristobalite and 
HTPM-quartz [15].  

At adding GeO2 in SiO2, the concentration of SiO2 crystalloids of both PMs decreases and at 
"ideal" mixing of SiO4/2 ���

�
 GeO4/2 tetrahedrons becomes equal to zero in the composition with equal 

content of these oxides. In this case, each SiO2 tetrahedron is connected with four GeO2 tetrahedrons 
and vice versa, i.e. there is no connection (in the "ideal" case) of two tetrahedrons of the same type (for 
example, SiO2) which is the smallest bearer of the intermediate-range order which is intrinsic for one of 
PMs of SiO2. Therefore, the concentration of SiO2 IRO bearers decreases following the straight line 
from maximum in pure v-SiO2 to zero in the composition (SiO2)0,5.(GeO2)0,5 (Fig. 7, 8). At further 
increase of the GeO2 concentration in glass, crystalloids appear – the bearers of IRO of polymorphous 
modifications GeO2 which concentration increases to maximum in pure GeO2. The composition 
(SiO2)0,5.(GeO2)0,5 does not have an intermediate-range order of any initial component. 
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The real concentration dependence curve of IRO vs. composition will have, like in the case of 
S-Se system, a concave shape with the minimum in the range of 50 at.% each of components above the 
zero concentration line. The same shape (it's just an assumption!) will have the dependence of the 
endothermic effect vs. composition in the range of the softening temperature Tg. 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. The dependence of the concentration C (relative units) of crystalloids – bearers of 
intermediate-range orders of different polymorphous modifications of S (a1 – for the case of 
ideally homogenous distribution of components in glass, a2 – for real glass) and Se  (b1 – 
"ideal" glass, b2 – real glass), the concentration of structural fragments – bearers of the short-
range order in sulfur SS2/2 (c1 and c2 for "ideal" and real glass, respectively), selenium SRO 
SeSe2/2 (d1 and d2 - for "ideal" and real glass, respectively),  the concentration of structural 
fragments – bearers of  compound SRO S1/2SSe1/2 (e), S1/2SeSe1/2 (f), SeS2/2 (g), SSe2/2 (h) –  
       for  the case of ideally homogenous distribution of components in glass vs. composition. 
 
 
As for short-range orders which are characteristic for SiO2 and GeO2, the following can be said 

about them. 
In each of the oxides there are SRO around cation atoms (Si, Ge) and around oxygen atoms. 

And while the former SRO (SRO-1), characterized by tetrahedrons SiO4/2 or GeO4/2, is practically the 
same for both PMs of each these oxides, the latter SRO (SRO-2) around the oxygen atom - OSi2/4 
(OGe2/4) – is different for quartz and cristobalite – for each PM its own inter-bond angle Si-O-Si or Ge-
O-Ge is intrinsic.    

The concentration of tetrahedrons - the bearers of SRO-1 of one of the components of the 
system SiO2-GeO2  - decreases from maximum for pure substance to zero at approaching 100% content 
of the second component (Fig. 7, 8). 

At adding germanium oxide to silicon oxide (and visa versa), the compound SRO-2 appears 
around the oxygen atom Si¼OGe¼. Its concentration increases from zero in the individual oxide to the 
maximum in the composition (SiO2)0.5(GeO2)0.5 (Fig. 7,8).   
 

3.4 Some general regularities of glass structure in binary glass-forming systems 
      GeSe2-Se, S-Se and SiO2-GeO2 
 
The analysis of structure of three binary glass-forming systems shows that for a non-single 

component vitreous substance the nanoheteromorphism is typical – concurrent existence of different 
structural fragments of the nanometric scale without a long-range order. 

These fragments can be divided in three types:  
1) crystalloids – bearers of intermediate-range orders of PMs of initial components of glass-

forming systems,  
2) structural fragment – bearers of short-range orders of initial components, and  
3) structural fragments – bearers of short-range of orders compound formed from atoms of 

both initial components. 
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      Fig. 7. The diagram of location of intermediate range and short-range orders in the glass- 
            forming system SiO2-GeO2 at ideally homogenous distribution of components. 

 
 

Glass-formation is realized due to co-polymerization of fragments of different structure – nano-
heteromorphous fragments without a long-range order which are not able to form a crystalline 
substance because of their heteromorphous character. For one-component substances (individual 
chemical substances) such fragments are fragments of the first type: crystalloids – bearers of 
intermediate-range orders of different PMs.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 8. The dependence of the concentration C (relative units) of crystalloids – bearers of 
intermediate-range orders of different polymorphous modifications of SiO2 and SRO OSi2/4  
(a1 – for the case of ideally homogenous distribution of components in glass, a2 – for real 
glass), IROs of different PMs of GeO2 and SRO OGe2/4 (b1 – "ideal" glass, b2 – real glass), 
the concentration of structural fragments – bearers of SRO SiO4/2 (c) and SRO GeO4/2 (d), the 
concentration  of  structural  fragments – bearers  of  compound   SRO  Si1/4OGe1/4 of  "ideal"  
                                                  (e) glass vs. composition. 
 
 
 

Two-component glasses can be formed (depending on their composition):  
- the first case – from fragments of all three above mentioned types, for example  
compositions Ge30Se70, S20Se80, (SiO2)40(GeO2)60 and others – see Fig. 1,5,7),  
- the second case – from fragments of second and third types (for, example, compositions  
Ge17Se83, S30Se70, (SiO2)50(GeO2)50),   
the third case – from fragments of the third type (for example, the composition S50Se50).  
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Thus, in binary systems there are some glass compositions in which intermediate-range 
ordering is absent, in which there are no intermediate-range orders characterizing initial components. In 
the system S-Se we meet the case where in some glass compositions both intermediate-range and short-
range orders typical for initial components are absent. In these cases there are only SROs of compound.    

All above mentioned is related with glasses having ideally homogeneous distribution of 
components. In real glasses there are always "concentration fluctuations" of components which lead to 
the situation where in any two-component glass all three analyzed structural fragments are present. But 
in the second case (glass formation from structural fragments of 2nd and 3rd types – see above) there is 
very insignificant amount (fractions of percent or several percents in the case of poorly synthesized 
glass) fragments – bearers of IRO, and in the third case – bearers of IRO and SRO of initial 
components.    

Any concept of structure of multi-component glass-forming substances (binary, in particular) 
has the right to exist in the case it naturally includes a certain concept of structure of vitreous individual 
chemical substance, a concept of structure of one-component glass-forming system.  

The systems analyzed above show genetic relation between the concept of polymeric 
polymorphous-crystalloid glass structure applicable to individual chemical substances [3,5] and the 
more general concept, coming into being, of polymeric nanoheteromorphous glass structure (PNHGS) 
applicable to multi-component systems as well.     

Some features of these concepts as well as differences between them, connected with the fact 
that the former is the special case of the latter, are shown above. Other differences as well as 
generalized theses of the PNHGS concept will be stated later, after analysis of other binary and multi-
component systems. But it appears that the main thesis of the new concept can already be stated now: 
nano-heteromorphism and nano-heteromorphous co-polymerization are necessary and sufficient 
conditions of glass-formation in any substance.  

 
 
4. Conclusions 
 
The new notion is suggested for description of non-crystalline substance structure – nano-

heteromorphism. 
Nano-heteromorphism is a concurrent existence in non-crystalline substance of structurally 

different fragments of nanometric dimensions without a long-range order. 
Nano-heteromorphous fragments of a glass-forming structure are:  
-  crystalloids – bearers of intermediate-range orders of different polymorphous modifications 

of individual chemical substances,  
- fragments – bearers of short-range orders of different ICS, and  
- fragments – bearers of compound short-range orders formed from atoms of different ICS. 
Nano-heteromorphism and nano-heteromorphous co-polymerization are necessary and 

sufficient conditions for glass-formation in any substance. 
Genetic relation between the concept of polymeric polymorphous-crystalloid structure of 

individual vitreous chemical substance [13-15] and the generalized concept of nano-heteromorphous 
glass structure, proposed for the first time and applicable to multi-component compositions as well, has 
been shown by the example of glass-forming systems GeSe2-Se, S-Se and SiO2-GeO2. 

For glasses of binary systems in the case of ideally homogeneous distribution of components, 
the presence of intermediate-range orders inherent to different polymorphous modifications of initial 
components is typical in composition ranges:    
- in the GeSe2-Se system: 66.6(6)-80 at.% Se and 85.71-100 at.% Se 
- in the S-Se system: 0-25 at.% and 75-100 at.% S (Se) 
- in the SiO2-GeO2 system: 100 ≥ mol.% SiO2 (GeO2) > 50  

The intermediate-range ordering is absent:  
- in GeSe2-Se system in the composition range of 80 ≤  at.% Se ≤ 85.71,  
- in S-Se system – in the composition range of 25 ≤ at.% Se ≤ 75,  
- in SiO2-GeO2 system – in the single composition (SiO2)50(GeO2)50.  
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In real glasses, due to fluctuations of homogenous distribution of components, in mentioned 
composition ranges there are some quantity of crystalloids of different polymorphous modifications that 
are bearers of intermediate-range orders. 

In the glass-forming system S-Se in the composition range of 33.3(3)-66.6(6) at.% Se for the 
case of ideal mixing of component, structural fragments – bearers of short-range orders (three-fold 
chains of one-type atoms) – are absent. In real glasses, some quantity of SRO's bearers of initial 
components is present due to fluctuations of the chemical composition. 

In glass forming systems GeSe2-Se, S-Se and SiO2-GeO2, beside nano-heteromorphous 
structural fragments – bearers of short-range orders typical for initial ICS, there are fragments – 
bearers of compound short-range orders (-Se-Se-Ge≡), (-S-S-Se-), (-Se-Se-S-), (-S-Se-S-), (-Se-S-Se-) 
and (≡Si-O-Ge≡), or Se1/2SeGe1/4, S1/2SSe1/2, Se1/2SeS1/2, SeS2/2, SSe2/2, Si1/4 OGe1/4, respectively. 
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