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Abstract: The structure of GeO2 glass is investigated via molecular dynamic simulation. The 

influence of pressure to the structure of GeO2 glass is due to the change of short-range order, network 

structure, domain structure and free volume regions. The obtained results show that the structure of 

GeO2 was formed by a continuous random network of basic structural units linking to each other via 

with corner-sharing, edge-sharing, face-sharing bond. At low pressure, the basic structural units are 

mainly linked via one bridge oxygen (the corner sharing bonds). As pressure increases, the fraction 

of edge sharing bonds (two bridge oxygen) increases meanwhile the fraction of corner sharing bonds 

significantly decrease. There is a slight increase with the fraction of face- sharing bonds (three bridge 

oxygen). The Ge-O bond distance is almost not dependent on pressure, meanwhile the Ge-Ge and 

O-O bond distances are significantly dependent on pressure. Under compression, the average 

coordination number of Ge tends to increase from fourfold (at ambient pressure) to six-fold (at high 

pressure). Moreover, structure of GeO2 glass has two-domain near 15 and 25 GPa. And at ambient 

pressure or high pressures, the struture of GeO2 glass has single domain. The dependence of the 

distribution of free volumes on pressure in GeO2 glass has been examined. The distribution of void 

radius has the Gaussian form and the position of the peak tend to shift to the left under compression. 

Keyword: Molecular dynamic, glass, domain structure, pressure, free volumes. 

1. Introduction* 

In recent decades, numerous studies have focused on the structure and dynamical characeristic of 

oxide glasses. This is beacause they are important materials that have been widely applied in many fields 
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such as: microelectronics device, optical fiber, medicine (bio-material) and certain adsorption materials. 

It is known that the structure of oxide glasses like silica (SiO2), borate (B2O3), germania (GeO2), alumina 

(Al2O3) comprises basic structural units. Their structures are formed by a continuous random network 

of corner-shared tetrahedrons, in which a random structure is generated by linking short-range structural 

units with relatively narrow range of bond angle distribution [1-3]. The pressure influence of the 

structural transformation of oxide glasses has been investigated in detail. Upon compression at high 

pressure, there is a progressively structural transition from tetrahedral structure to octahedral structure 

and most of basic structural units transform to TO4 (T= Si, Ge, Al, B, ect.). At more elevated pressures, 

most of the basic structural units are TO6, forming an octahedral network [4-8]. Furthermore, the T-O 

bond length and T-O coordination number increase with the increase of pressure. The Si-O distance is 

close to 1.62 Å. The distribution of the Si-O-Si bond angle has a maximum of 1440 indicating the 

distinction between vitreous and crystalline forms of silica. The O-Si-O bond angle also gives a broad 

distribution with a maximum of 1090 [9-10]. Under the change from low-density, the Al–O bond length 

increases from 1.74 to 1.80 Å. The Al–O–Al bond angle has a wide range of values from 93o to 130.3o. 

At high density, it has a peak at 75o but when the density decreases the peak shifts toward a larger value, 

namely 107o ± 3o [11, 12]. 

With GeO2, the experimental studies show that at ambient pressure, the average distances for the 

Ge-Ge, Ge-O and O-O pairs are 3.16- 3.18, 1.73 and 2.83o A, respectively. The average bond angles for 

the O-Ge-O and Ge-O-Ge are equal to 109o and 133o [7, 8, 11]. Under compression, the average Ge-O 

bond length increases from 1.72˚ (at ambient pressure) to 1.82 Å (at 13 GPa). The average bond angles 

for the O-Ge-O and Ge-O-Ge are significantly dependent on pressure. The O-Ge-O and Ge-O-Ge angles 

decrease with increasing pressure. Moreover, many reasearchs have revealed that GeO2 has a slightly 

distorted tetrahedral network structure like SiO2 [12, 13]. The aim of this work is to research the 

influence of pressure on the short-range order, network structure, domain structure and free volume 

regions of GeO2 glass at 600 K, then to clarify densification mechanism and structural transformation 

in oxide glasses. 

2. Computational Procedure 

Molecular dynamic simulations were performed for GeO2 system (5,400 atoms including 1,833 of 

Ge and 3,666 of O) at 600 K, under pressure ranging from 0 to100 GPa. We used periodic boundary 

conditions and Oeffner-Elliott potentials [14, 15]. The Verlet algorithm time step of 0.5 fs is used to 

integrate the motion equation. To obtain the GeO2 model at 0 GPa, the initial configuration was 

constructed by randomly placing all atoms in a simulation box. This configuration was heated to 6,000 

K to avoid the effects of the initial state on the system. Then the sample was cooled down to 3,500 K. 

The model has relaxed in the NPT (ensemble at this temperature for 4.0-5.0 ns). This is call model M1 

(0 Gpa; 3,500 K). The GeO2 models (3, 6, 9, 12, 15, 20, 30, 40, 60, 80, 100 GPa) were constructed 

starting from the configuration with a pressure of 0 GPa. After that, the models are cooled to 600 K with 

cooling rate of 2.5 K/ps. These models are relaxed for 106 MD time. In order to improve statistics, all 

quantities of considered structural data were calculated by averaging over 10,000 configurations during 

the last simulation. 

We use the cutoff distances rcutoff (the first minimum of pair radial distribution function) to calculate 

the number of GeOx unit. rcutoff is equal to 2.54 Å for Ge-O pair. The schematic illustration of 

coordination number and domain D4 is shown in Fig. 1. There are two types of the bridge oxygen. The 

first type is bonded with Ge atoms having the same coordination numbers. In contrast, the second type 

is connected with Ge atoms having different coordination numbers. It is boundary oxygen (DB). Dx 
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domain comprises O and Ge atoms having the same coordination numbers. Figure 1c presents domain 

D4 with 3 atoms: two Ge4  atoms and one O44  atom. 

 

 

 

 

 

 

 

 

The structure of GeO2 is formed by a continuous random network of basic structural units linking to 

each other via with one (corner-sharing bond), two (edge-sharing bond) and three (face-sharing bond) 

bridging oxygens (BOs). Fig. 2 displays the GeOx- cluster, consisting three types of sharing in structure 

of GeO2 glass. 

 

 

 

 

 

 

3. Results and Discussion 

To determine the influence of pressure on structural characteristics in GeO2 glass, we have 

constructed 12 configurations in the range of pressure from 0 to 100 Gpa, 600 K. Firstly, the structural 

characteristics of GeO2 glass is compared to experimental data, and therefore allow us to test the 

reliability of models. The position and height of first peak in PRDF gij(r) and fraction of of basic 

structural units of model and experiment are shown in Table 1. The obtained results show that the bond 

Ge-O bond distance is almost not dependent on pressure. Namely, at lower 12 GPa, the Ge-O bond 

length is around 1.74 Å. It has maximum value of approximately 1.80 Å at 30 GPa. And the Ge-O bond 

length almost does not change with pressure. It has value about 1.78 Å at pressure beyond 40 GPa. The 

result is in good agreement with values reported in [11, 16]. However, the Ge-Ge and O-O bond 

distances are significantly dependent on pressure. The Ge-Ge and O-O bond lengths are around 3.16 Å 

and 2.82 Å, respectively. The constructed models have the structural characteristics that are closed to 

the results in [17].  

Moreover, the results shown in Table 1 revealed that the average coordination number of Ge tends 

to increase from four-fold (at ambient pressure) to six-fold (at high pressure). Namely, fraction of GeO4 

Figure 2. Schematic illustration of GeOx- cluster consist three type of sharing bonds.  

 

Figure 1. The schematic illustration of (a) and (b) the coordination number GeO4, OGe2,  

(c) domain D4 with 3 atoms. 

b) a) c) 
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monotonously decreases while fraction of GeO6 increases with increasing pressure. The fraction of GeO5 

increases and has a maximum near the point of 15 GPa. 

Table 1. Structural characteristics of GeO2 glass; rij the position of first peak in PRDF;  

zij is the average coordination number 

Model  

(GPa) 
0 3 6 9 12 15 20 30 40 60 80 100 [11, 16] 

rGe-Ge, [Å] 3.16 3.16 3.20 3.26 3.36 3.34 3.20 3.40 3.36 3.34 3.34 3.30 3.16, 3.30 

rGe-O, [Å] 1.74 1.74 1.74 1.74 1.76 1.76 1.78 1.80 1.78 1.78 1.78 1.78 1.74 ±0.02 

rO-O, [Å] 2.82 2.80 2.76 2.70 2.66 2.64 2.62 2.60 2.58 2.54 2.54 2.50 2.80 

ZGe-O 4.07 4.25 4.49 4.70 4.88 4.99 5.19 5.43 5.53 5.65 5.71 5.77 - 

ZO-Ge 1.99 2.08 2.19 2.29 2.34 2.39 2.43 2.47 2.51 2.52 2.49 2.49 - 

  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 presents the average coordination number of Ge-O as a function of pressure. The results are 

compared to the to data reported in previous works. There is an increase of the number of oxygen 

neighbors in the vicinity of a Ge atom. By inelastic X-ray scattering experiment, Lelong et al. showed 

that the coordination numbers increase to 5.3 under compression [7]. This result is observed via perform 

molecular dynamics simulation on amorphous GeO2 under compression from 4.8 and 16.6 GPa [18]. 

The curve for the fraction of GeO5 intersects with the one for the fraction of GeO4 and the fraction 

of GeO6 at 10 and 25 GPa, respectively (Fig. 4). Meanwhile, the average coordination number  

of oxygen tends to increase from two-fold (at ambient pressure) to three-fold (at high pressure)  

(Fig. 5). 
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Figure 3. Pressure dependence of the average Ge-O coordination number (this study) compared to data 

from previous works: Simulation [18] and experiment [7]. 
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Figure 4. Pressure dependence of fraction of GeOx units in GeO2 glass. 

 

 

 

 

 

 

 

 

 

Figure 5. Pressure dependence of fraction of OGey units in GeO2 glass. 

To clarify the structural transformation mechanisms, we consider the dependence on pressure of the 

Dx domain, distribution of Core-, Edge and Face- sharing bond and the distribution of free volumes in 

GeO2 glass. Fig. 6 shows the dependence of domain atoms on the pressure. The results reveal that there 

is two-domain (D4-D5 or D5-D6) near 15 and 25 GPa. And at ambient pressure or high pressure, struture 

of GeO2 glass has one domain (D4 or D6 domain) BD. The fraction of DB has maximum near the point 

of 15 GPa. The change of the fraction of DB can be explained as following, the merging of Dx domains 

intensively occurs at low or high pressures, meanwhile the splitting of domain intensively occurs around 

15 GPa. The total of number of Dx domain has maximum value of 703 at 15 GPa. This result is presented 

in Table 2. 
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Figure 6. The dependence of domain atoms on the pressure in GeO2 glass. 

Table 2. The number of domains in GeO2 glass. In which ND4 , ND5 , ND6 is the number of D4-, D5-  

and D6-domain, respectively 

Model (GPa) ND4 ND5 ND6 Total number 

0 1 66 14 81 

3 11 156 55 222 

6 74 206 125 405 

9 156 185 190 531 

12 223 168 231 622 

15 274 169 260 703 

20 144 297 117 558 

30 240 242 195 677 

40 73 342 67 482 

60 33 381 26 440 

80 22 362 20 404 

100 3 319 8 330 

One can see that, at low pressures, there is only one large D4 domain at ambient pressure.  The large 

D4 domain is broken into small ones and it has a maximum value near a point of 15 GPa. At pressure 

beyond 30 GPa, the decreasing number of D4 domains is caused by decreasing number of GeO4. Under 

compression, there is a gradually structural transition from a tetrahedral structure (GeO4 units) to an 

octahedral structure (GeO6 units) via intermediated GeO5 unit. Therefore, the number of GeO6 increases 

and the number of D6 domain decreases. The small D6 domains has been merged into large ones. The 

number of D6 domain significantly decreases under compression. At high pressure (100 GPa) the 

number of D6 domain is equal to 3. Moreover, the intensive splitting of D5 domain and merging of D6 

domains occurs parallel at pressures larger than 15 GPa. So, the number of boundary atom oxygen 

increases within 0 - 15 GPa and decreases at pressure beyond 30 GPa.  

 To clarify the dependence of the number of corner-, edge- and face-sharing bonds on compression, 

we caculated the distribution of the number of corner-, edge- and face-sharing bonds as well as their 
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length at different pressures. The obtained results are shown in Table 3 and 4. At low pressure, the basic 

structural units are mainly linked via bridge oxygen (BO) and the connectivity between GeOx is mainly 

one BO (the corner sharing bonds). The fraction of corner sharing bonds is equal to 95.13% total of 

bond. The fraction of edge-, and face-sharing bonds is quite small (equal to 4.57% and 0.31%, 

respectively). At high pressure (100 GPa), the number of corner-, edge- and face-sharing bonds is 5,579; 

1,814 and 443, (equal to 71.20%, 23.15% and 5.65%, respectively).  As pressure increases, fraction of 

edge sharing bonds increases meanwhile fraction of corner sharing bonds significantly decreases. There 

is a slight increase with the fraction of face- sharing bonds. 

Table 3. The distribution of Core-, Edge and Face- sharing bond at different pressures in GeO2 glass.  

Ncore, Nedge, Nface, Ccore, Cedge and Cface is the number and fractrion of core-, cdge and face- sharing bond, 

respectively 

P(GPa) Ncore Nedge Nface Ccore (%) Cedge (%) C face (%) 

0 3708 178 12 95.13 4.57 0.31 

3 3830 389 42 89.89 9.13 0.99 

6 3995 647 100 84.25 13.64 2.11 

9 4162 863 156 80.33 16.66 3.01 

12 4250 1114 187 76.56 20.07 3.37 

15 4397 1178 229 75.76 20.30 3.95 

20 4470 1486 260 71.91 23.91 4.18 

30 4819 1573 407 70.88 23.14 5.99 

40 4918 1748 382 69.78 24.80 5.42 

60 5203 1797 421 70.11 24.22 5.67 

80 5450 1773 442 71.10 23.13 5.77 

100 5579 1814 443 71.20 23.15 5.65 

Table 4. The distribution of average corner-, edge-, face-sharing bond length at different pressures  

in GeO2 glass. Dc, De and Df are the average-distance of corner-sharing bonds, edge-sharing bonds  

and face-sharing bonds, respectively 

P(GPa) Dc (Å) De (Å) Df (Å) 

0 3.2044 2.5296 2.3773 

3 3.2243 2.6193 2.3515 

6 3.2627 2.6359 2.3653 

9 3.2859 2.6657 2.3349 

12 3.3148 2.6728 2.3474 

15 3.3248 2.6715 2.3421 

20 3.3556 2.6893 2.3507 

30 3.3766 2.7020 2.3418 

40 3.3771 2.6923 2.3494 

60 3.3671 2.6858 2.3407 

80 3.3468 2.6767 2.3326 

100 3.3342 2.6660 2.3154 

 

The pressure dependence of distribution of average corner-, edge-, face-sharing bond lengths is 

presented in Table 4. One cansee that the average corner sharing bond lengths is about 3.204 Å at 

ambient pressure. In the 0–40 GPa pressure range, the average corner sharing bond lengths significantly 

increase with pressure and get maximum value of 3.377 Å at 40 GPa. At 100 GPa pressure, it is about 
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3.334 Å. Moreover, the result also shows the increase of the average edge-sharing bond lengths with 

compression. At 30 GPa, the average lengths of edge-sharing bonds were around 2.702 Å. However, the 

increase of the average edge-sharing bond lengths is small. Meanwhile the average length of face-

sharing bonds is almost not dependent on pressure. In the 12–60 GPa pressure range, it is around  

3.34-3.35 Å. In the 0–9 GPa pressure range, the number of face-sharing bonds is too small to calculate 

the average length. 

 In the structure of materials, there is an existence of free volume regions. So, we caculate the 

dependence of distribution of free volumes on pressure in GeO2 glass, in which the void is a sphere 

passing four four neighboring atoms without atom inside. The radius of the void is not fixed, it depends 

only on position of four atoms. The radius distribution of the void is given in Fig. 7. It can be seen that 

the distribution of the void radius has the Gaussian form.  The position of the peak tends to shift to the 

left under compression. At 0–100 GPa range, the position of the peak of fration of the void radius shifts 

from 1 Å to 0.75 Å.  

.  

 

 

 

 

 

 

 

 

 

 

 

 

    Figure 6. The radius distribution of void in GeO2 glass under ompression. 

The free volume characteristics in GeO2 glass is described in Table 5, here we call the voids that 

have the radius greater than or equal to the oxygen atom are vacancies. Under compression, the number 

of void increases from 22,390 to 24,430 meawhile the number of vacancies decreased from 1,811 at  

0 GPa to 2 at 20 GPa. Because of a significant role of vacancies in the diffusion mechanism of the 

system, the diffusion process almost does not occur. The number of void clusters also increased linearly 

with the compression from 3,761 clusters at 0 GPa to 7,375 clusters at 100 GPa. Thus, at the high 

pressure there are many small clusters of voids. These results are closed to volume of cluster of voids. 

One can see that the volume of cluster of the voids strongly depends on the pressure. It reduces from 

1.28 to 0.64 with increasing compression. 
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Table 5. Free volume characteristics in GeO2 glass. In which, Nvoid Ncav and Ncluster are the number of voids, 

vacancies, and cluster of voids, respectively. Vvoid and Vcl is the volume of cluster of voids, respectively 

Model (GPa) Nvoid Ncav Ncluster Vvoid Vcl 

0 22390 1811 3761 0.5114 1.28 

3 23102 572 4444 0.4657 1.16 

6 23322 237 4893 0.4338 1.10 

9 23603 96 5263 0.4003 0.98 

12 23577 35 5461 0.3939 0.90 

15 23493 40 5643 0.3824 0.96 

20 23349 2 5559 0.3608 0.78 

30 22002 1 5901 0.3852 0.86 

40 22817 2 5973 0.3794 0.75 

60 23860 0 6581 0.3024 0.68 

80 24276 0 7098 0.2843 0.61 

100 24430 0 7375 0.2706 0.64 

4. Conclusion  

The influence of pressure to the structure of GeO2 glass is investigated via molecular dynamic 

simulation. The obtained results show that the structure of GeO2 is formed by a continuous random 

network of basic structural units linking to each other via with corner-sharing, edge-sharing, face-

sharing bond. 

The bond Ge-O bond distance is almost not dependent on pressure meanwhile the Ge-Ge and O-O 

bond distance is significantly dependent on pressure. At ambient pressure, the Ge-O bond length is 

around 1.74 Å; the Ge-Ge and O-O bond length is around 3.16 Å and 2.82 Å, respectively. And the 

basic structural units are mainly linked via the corner sharing bonds. The average corner sharing bond 

lengths is about 3.204 Å at 0 GPa. As pressure increases, fraction of edge sharing bonds and fraction of 

face- sharing bonds increase meanwhile fraction of corner sharing bonds significantly decrease.  

The average length of face-sharing bonds is almost not dependent on pressure. It is around 3.34-3.35 Å. 

Moreover, the distribution of free volumes depends on pressure. The distribution of void radius has the 

Gaussian form and the position of the peak tends to shift to the left under compression. As pressure 

increases, the void radius decreases rapidly. 
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