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Abstract: We report on the results of classical molecular dynamics (MD) simulations of structure of 
amorphous 15 B i,03 85 S ;02 [% mol] and 40 Bi20 3 60 Si02 [% mol], and their totally reduced forms, 
15 Bi2 85 Si02 [% mol], and 40 3 i2 60 Si02 [% mol], respectively. The simulations have been performed 
in the isobaric-isothermal ensemble, using a two-body interaction potential. The set of the potential 
parameters was constructed as a sui table combination of the parameters which were previously proposed 
for pure Bi20 3, and Si02. Both unreduced, and reduced systems were initially prepared as well 
equilibrated hot melts, and then slowly cooled down to 300K. The structural information from the MD 
simulations was obtained from radial and angular distribution functions, static structural factors, Voronoi 
polyhedra statistics, and ring analysis.
The simulation results can be summarised as follows. In unreduced glass with 15 Bi20 3 [%mol] contents, 
the silicon structural units (mainly regular tetrahedra) form continuous network, whereas in 
40 Bi20 3 [%mol] glass these units are disconnected. In both unreduced systems Bi ions have mainly six­
fold oxygen co-ordination, and no dominating structural unit can be individuated. However, the distorted 
bismuth units form a continuous network. In both totally reduced glasses (15 Bi2 85 S i02, and 40 tii2 
60 S i02 [% mol]), the silica network is built entirely from comer sharing Si04 tetrahedra. The structure 
of the silica subsystem is similar to that of pure a -S i0 2. After the reduction, the Bi- Bi co-ordination 
significantly increases, whereas the first neighbour distance decreases. Moreover, partial static stnictural 
factors for Bi-Bi pairs indicate that the medium-range order in reduced glasses exhibits greater periodicity 
than in unreduced glasses. Neutral Bi atoms form small clusters within the silica matrix.
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1. Introduction
Bismuth glasses have been extensively investigated following the pioneering 

papers by Dumbaugh [1,2]. Recently, interest in bismuth glasses has increased 
because of their high non-linear optical susceptibility [3], and their ability to 
synthesise high temperature ceramic superconductors [4, 5]. For example, bismuth- 
silicate glasses of composition xBi20 3 (100-x)SiO2 (x>40 [% mol]) are of 
particular interest because of their applicability in production of low-loss fibre optic 
materials in the infrared region [6], and also as the active medium of Raman-active 
fibre optical amplifiers [7]. However, the structural role played by Bi.,03 in such 
non-conventional glasses is complicated and poorly understood. The problem is so 
complex because crystalline Bi20 3 can form several polymorphs with highly 
distorted corner-, and edge-sharing polyhedra [8, 9],

The present contribution is dedicated to a molecular dynamics study of the 
structure of bismuth-silicate glasses of compositions 15 Bi20 3 85 Si02 [% mol] and 
40 Bi20 3 60 Si02 [% mol]. The value of x = 40 is the lower bound on the 
appearance of continuous bismuth oxide network [12]. Moreover, the bismuth- 
silicate glasses are known to undergo dramatic changes of optical properties [10] 
and electrical surface conductivity [11], when submitted to the hydrogen reduction 
process. Since these changes must be related to the stractural reconstruction of the 
material, we have also performed the simulations of totally reduced 15 Bi2 85 SiO, 
[% mol] and 40 Bi2 60 Si02 [% mol] glasses. In Section 2 we describe in brief the 
applied simulation technique and the methods of structural analysis of the obtained 
atom configure. ;ons. The simulation results are described, discussed, and compared 
to the available experimental data in Section 3. Section 4 contains concluding 
remarks.

2. Simulation technique
The molecular dynamics (MD) method is at present widely used for stractural 

modelling. It consists in numerical solution of the classical many-body problem of 
interacting particles, so that the trajectories of all particles within a simulation box 
are found. At this point the laws of statistical physics are operative, that is, suitable 
averaging procedures over the atom trajectories yield the structural and 
thermodynamical information on the system (e.g. [13]).

The simulations have been performed in the 'sobaric-isothermal (NpT) 
ensemble according to the Andersen algorithm [14]. The atoms were assumed to 
interact by a two-body potential (Bom-Mayer repulsive forces, and Coulomb forces 
due to full ionic charges, calculated with the aid of the standard Fwald technique), 
with Si-Si, Si-O, and 0 - 0  interactions parametrised by Soules [15]. The B'-Bi 
interaction parameters have been taken from [16], and Bi-O, and Bi-Si interaction 
parameters have been calculated as suitable averaging of Bi-Bi and 0 - 0 ,  and Bi- 
Bi, and Si-Si nteractions. Our potential parametrisation was tested in the range of 
the glass compositions x -  15 -=-60. It allows to perform successfully the MD 
simulations at zero external pressure in the considered range of stoichiometries, both
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of unreduced, and totally reduced (for x < 50) glasses. All the systems discussed in 
the present work were initially prepared in a well equilibrated molten state at 6000K, 
and then slowly cooled down to 300K, passing equilibrium states at 5000K, 4000K, 
3000K, 2500K, 2000K, 1500K, 1000K, 600K. At each temperature the system was 
being equilibrated during 30000 fs time steps, and sampled during other 10000 time 
steps. The numbers of atoms within the simulation box are summarised in Table I.

The structural information from the MD-simulated equilibrium final

Table I. Numbers o f  atoms within the simulation box.

x = 15, 
unreduced x = 15, reduced x = 40, 

unreduced x =40, reduced

Bi 300 300/3000 400 400/6000
Si 850 850/8500 300 300/4500
0 2150 1700/17000 1200 600/9000

configuration of N  atoms was obtained from radial (gap(r)) and angular distribution 
functions, and static structural factors, calculated from the radial distribution 
function as:

Sav(k)= K v+ 4n(CaCn T ]  ,
0 Kr

where a  and ft label the atom types, 5ap is the Kronecker symbol, and ca, cp are 
the relative concentrations of a, and j3 atoms, respectively. Also other, more ad­
vanced structure analysis methods based on new algorithms were applied. In par­
ticular we have performed the stochastic geometry analysis (Voronoi polyhedra) 
[17- 18], and the cation-anion ring analysis [19- 23]

The Voronoi polyhedron (VP) is defined as the minimal polyhedron whose planar 
faces bisect at right angles to the lines joining an atom to its neighbours. The VP 
network (a set of VP constructed for all atoms in the sample) splits in a unique 
manner the total sample volume into the zones owned by each atom. VP network 
contains the whole information about the structure of the sample. The shape of a 
VP reflects the arrangement of all the neighbours of a given atom. In the amorphous 
structures VPs are rather complex polyhedrons. Our Voronoi analysis was 
performed using the recent developments of the method [17, 18J.

An X -O -X -O ... ring with N X  cations 5 called /V-member ring. In our cation- 
anion ring analysis the ring detection was performed usmg a new highly efficient 
redundance aware algowthm. It follows the general guidelines of Balducci and 
Pearlman [21] message passing method, but a new approach based on a pre- 
filtering technique is introduced to perceive nngs in structures represented by 2 - 
connected graphs [23],
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3. Simulation results and discussion
Table II summarises the obtained average nearest neighbour distances and co­

ordination numbers. Figures 1-4 show radial, and several angular distribution 
functions, respectively. The figures refer to the equilibrium structure of samples 
cooled slowly down to 300K. Curves (a) correspond to unreduced systems, whereas 
curves (b) refer to the totally hydrogen reduced systems. We shall now discuss in 
turn the structure of the silicate subsystem (Section 3.1), and the bismuth subsystem 
(Section 3.2).

Table II. The first neighbour distances, and the first co-ordination numbers (in brackets) fo r  unredu­
ced and totally reduced glasses.

X 15%,
unreduced 15%, reduced 40%,

unreduced 40%, reduced

B i-B i [A] 4.12 [2.6] 3.96 [4.0] 4.22 [4.1] 3.78 [8.2]
Bi -  Si [A] 3.96 [6.4] 4.18 [9.2] 3.78 [5.2] 3.92 [2.6]
S i-B i [A] 3.96 [2.3] 4.18 [3.3] 3.78 [6.9] 3.92 [3.4]

Bi — 0  [A] 2.62 [5.7] 3.70 [11.1] 2.64 [6.2] 3.40 [1.95]

0  —Bi [A] 2.62 [0.9] 3.70 [1.2] 2.64 [2.1] 3.40 [1.3]

S i-S i  [A] 3.26 [3.2] 3.26 [4.01] 3.30 [1.4] 3.20 [4.0]

Si — 0  [A] 1.64 [4.1] 1.66 [4.0] 1.62 [4.4] 1.62 [4.0]

0 - S i  [A] 1.64 [1.6] 1.66 [2.0] 1.62 [1.1] 1.62 [2.0]
0 - 0  [A] 2.62 [4.9] 2.62 [6.2] 2.60 [3.5] 2.60 [6.3]

3.1. Silica subsystem
The inspection of radial S i-0  and 0 - 0  distribution functions (Figure 1 and 3), 

and of angular O-Si-O and 0 - 0 -  J  distribution functions (Figure 2 and 4) indicates 
that the first co-ordination shell of silicon ion in unreduced glasses consists mainly of 
four oxygen ions. Detailed counting of neighbou ng oxygen atoms around Si atoms 
confirms the latter fact (Table III). Four-fold co-ordinated Si remains in the centre of 
a regular tetrahedron, whereas five-fold co-ordinated Si remains approximately in 
the centre of the basis of a regular square pyran id. The Si04 tetrahedra are 
somewhat more distorted for x = 40 glass. Significant difference in the structure of 
the silica subsystem between the two compositions is seen in the network continuity. 
Forx = 15 we observe continuous network, containing a significant fraction of long 
rings (up to 16-member rings, Figure 5A). Thus, the structure is rather an open one. 
In the case of x = 40 the silicon structural units do not form any continuous network. 
We have constiucted an adjacency graph for this composition, setting on a S i-0  bond 
if the distance between silicon and oxygen atoms was shorter than 0.2 nm (using 
periodic boundary conditions). The obtained graph was highly disconnected, 
composed of over one hundred small connected subgraphs, mainly stars, and bi-stars
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Figure 1. Radial distribution functions in unreduced 15 Bi2Os 85 SiO! [% mol] glass (curves a), 
and totally reduced 15 Bi2 85 S i02 [%> mol] glass (curves b)

Figure 2. Angular distribution functions in unreduced 15 Bi20 } 85 S i02 [%> mol] glass (curves a), and 
totally reduced 15 Bi2 85 S i02 [% mol] glass (curves b)
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Figure 3. Radial distribution functions in unreduced 40 Bi20 3 60 S i02 [%> mol] glass (curves a), 
and totally reduced 40 Bi2 60 S i02 [% mol] glass (curves b)

Figure 4, Angular distribution functions in unreduced 40 Bi20 } 60 S i02 [% mol] glass (curves a) 
and totally reduced 40 Ri2 60 S i02 [% mol] glass (curves b)
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Table III. The statistics o f  the first co-ordination shell o f  silicon atoms in unreduced glasses

Oxygen co-ordination 
o f Si atoms 15 Bi20 3[% mol] 40 Bi2Oj [% mol]

4-fold 91% 70%
5-fold 9% 28.5%
6-fold — 1.5%

In the reduced systems, xBi2 (100-.r)Si02 (x=  15, 40 [% mol]), the structure of 
the silica subsystem is quite different. All the silicon ions are co-ordinated with four 
oxygen atoms, and the only silica structural unit 's a regular tetrahedron. In 
contradistinction to the case of unreduced system, here we have obtained for both 
glass compositions a silica network formed entirely from comer-sharing Si04 
tetrahedra. Thus, the structure of the silicj subsystems is similar to that of pure 
vitreous Si02, which also consists of random network of comer-sharing tetrahedra. 
The difference between the silica network in pure a -S i0 2 and in the Bi doped the 
Si02 networks can be seen in the ring statistics. Various models of well-relaxed 
pure vitreous Si02 contain predominantly five-, six-, and seven-member rings 
[24, 25]. The occurrence of smaller rings geometrically constrains the relaxation of 
the network. The extreme is a two-member ring, in silica corresponding to edge 
shav ng tetrahedra. Three-member rings do not occur in any pure S i02 polymorph, 
but they do exist in some silicate minerals, where the Si-O -Si-O-Si-O  rings form 
anionic cages for various cations. In bulk vitreous SiO- two- and three-member 
rings are considered as defects. The distribution of silicon-oxygen ring lengths in our

ring length ring length
Figure 5. Si-O-Si-O-... ring length distribution in unreduced 15 Bi20 } 85 S i02 [%> mol] (A), 

totally reduced 15 Bi2 85 S i02 [% mol] (B), totally reduced 40 Bi2 60 S i02 [% mol] (C),
and in pure silica (D)
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Bi-polyhedron volume [A3] Bi-polyhedron volume [A3]

Figure 6. Distribution o f the volumes [A3]  o f  the Voronoi polyhedra centred on Bi atoms. 
(A)- 15 B ip ,  85 S i02 [% molJ; (B) -  15 Bi2 85 S i02 [% molj; (C) -  40 Bi20 } 60 S i0 2 [% mol];

(D) -  40 3i2 60 S i02 [% mol]

ring lengih ring length

Figure 7. Bi-O-Bi-O-... ring length distribution in unreduced glasses fo r x  = 15 (A), andx = 40 (B)

neutral-bismuth contain'ng glasses is shown in Figure 5B and Figure 5C. For 
comparison, in Figure 5D we show the distribution of silicon-oxygen ring lengths in 
pure S i02 glass simulated with the same potential. As it is seen, the silica networks 
of our reduced bismuth glasses contain more defects than pure silica (3-fold rings), 
the contribution of well relaxed rings (6-, and 7-fold) is significantly lower, and the 
percentage of strained 4-fold rings is higher. As expected, the silica network in the 
reduced x = 15 glass is more similar to the pure a -S i0 2 network, than that of the 
x = 40 glass (about 62%, and 41% of 5-, 6-, and 7-member rings, for x = 15, and 
x = 40, respectively).



3.2. Bismuth subsystem
Some experimental structural data are available for a-phase of crystalline EhG3 

[26] and crystalline Bi4Si30 ]2 [27]. These data are to be compared with our simulation 
results for the unreduced glass. As far as the authors know, no experimental data on 
atomic level have been published for reduced bismuth-silicate glasses, and thus in this 
case only simulation results will be presented.

According to [26] the total co-ordination number of Bi3+ ions in the radial range 
0.21 -T- 0.27 nm in the a-phase of crystalline Bi20 3 is close to five. One of the B i-0  
bonds (the shortest one) is 0.206 5  0.21 nm long. The remaining four B i-0  bonds 
are appro: mately classified into two shorter distances (0.22 -s- 0.23 nm) and two 
longer distances (0.24 -r 0.27 nm). In addition, there is another Bi-O distance about 
0.28 nm long, which increases the co-ordination number to six. In the crystalline 
Bi4Si30 |2 [27] three B i-0  bonds are about 0.215 nm long, and other three — about 
0.262 nm. In our MD simulated glasses the average B i-0  co-ordination number 
equals 5.7 and 6.2 for x=15 ,  and x = 40, respectively (Table IV). The B i-0  
distance, as results from the width of the first RDF peak, ranges from 0.24 nm to 
0.28 nm for both systems. The first Bi-O peaks have their maximum at 0.262 nm 
and at 0.264 nm, respectively (Table I). The nearest 0 - 0  distances range from 0.27 
nm to 0.3 nm in -E :20 3 [26], and from 0.262 nm to 0.315 nm in the crystalline form 
of Bi4Si30 12 [27], which is also very similar to our result. For 0 - 0  bond length v/e 
obtained 0.262 nm for* = 15, whereas for* = 40, 0.26 nm and 0.34 nm. The oxygen 
neighbours of Bi ions determine a variety of distorted polyhedra difficult to classify. 
The distributions of the Bi-polyhedra volumes in both unreduced glasses are shown 
in Figures 6A, and 6C. As it is seen, the dispersion of the volumes owned by E:.' ions 
is significantly lower in the 40 Bi20 3 [% mol] glass. The bismuth structural units 
form a continuous edge sharing network. This results from the Voronoi analysis, and 
is also seen from the Bi-O -Bi-O ... ring statistics: two-member rings are the most 
frequent ones (about 70% — Figure 7A and about 67% — Figure 7B). In the glass 
with lower Bi20 3 concentration (x -  15) several longer rings have been pierceived 
(8-, and 9-member rings). The average Bi-B distance amounts to 0.38 nm in Bi 0 3 
[26], and to 0.3875 nm in Bi4Si30 12 [28]. In our simulations we have obtained 
significantly higher Bi-Bi distance — 0 412 nm, with the co-ordination equal to 2.6 
for 15 Bi20 3 85 Si02 glass and 0.422 nm, with the co-ordination equal to 4.1 for 40 
Bi20 3 60 SiO, glass.
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Table IV. The statistics o f the first co-ordination shell o f  bismuth atoms in unreduced glasses

Oxygen co-ordination 
o f Bi atoms 15 Bi20s [% mol] 40 Bi20} [% mol]

4-fold 6% —
5-fold 39.5% 20%
6-fold 39% 50.5%
7-fold 14% 25.3%
8-fold 1.5% 4.2%
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Figure 8. Partial static structural factors fo r  Bi-Bi, Bi-Si, and Bi- 0  pairs for x  = 15 (left figures), 
and x  = 40 (right figures). Curves a: unreduced glasses, curves b: reduced glasses

On reduction, the structure of the bismuth subsystem undergoes remarkable 
changes. First of all, the first neighbour distances and the first co-ordination 
numbers both for the Bi-Bi pair, and for the Bi-O pair, change significantly. 
In comparison with the results for unreduced sample, the Bi-Bi distance decreases 
(by about 0.016 nm, and 0.044 nm for x = 15, and x = 40, respectively). At the same
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Figure 9. Distribution o f  atoms within the simulation box at the last simulation time-step 
in unreduced (left) and in reduced (right) glass (blue-bismuth, green-silicon, red-oxygen). 

The simulation boxes contain 3300, and 2850 atoms, respectively; x  = 15
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Figure 10. Distribution o f  atoms within the simulation box at the last simulation time-step 
in unreduced (left) and in reduced (right) glass (blue-bismuth, green-silicon, red-oxygen). 

The simulation boxes contain 1900, and 1300 atoms, respectively; x  = 40
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Figure 11. Distribution o f  atoms within the simulation box at the last simulation time-step in reduced 
glass (blue-bismuth, green-silicon, red-oxygen), x  = 40. The simulation box contains 19500 atoms

time the average Bi-Bi co-ordination increases in both systems almost by the factor 
of two (Table I). The average B i-0  distances behave quite inversely: they increase 
by about 41% and about 29% for x=15 ,  and x - 4 0 ,  respectively. The 
corresponding co-ordination number significantly increases in the case of the lower 
Bi concentration (from 5.7 to 11.1), and decreases for the higher Bi concentration 
(from 6.2 to 1.95). This means that in both glasses bismuth atoms agglomerate, and 
form granular structures. The shape of the RDF peaks, and the structure of the S(k) 
peaks (Figure 8) confirm this conclusion. The Bi atom distributions in the unreduced, 
and reduced glasses are visualised directly in Figures 9-11.

The bismuth granules seen in reduced samples (Figures 9-11) form a continuous 
network. In each case, the adjacency matrix for Bi subsystem represents a single
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co-ordination > 12 co-ordination >10

co-ordination > 8 all atoms

Figure 12. Distributions o f  Bi atoms o f  given Bi-Bi co-ordination

cluster. Table V shows the distribution of Bi-Bi co-ordination numbers in our 
MD-simulated reduced glasses. Figure 12 shows spatial distributions of Bi atoms in 
the simulation box. The last panel presents all the Bi atoms, whereas three first 
panels present the Bi atoms with Bi-Bi co-ordination higher than or equal 12, 10, 
and 8, respectively. Thus, more and more low-co-ordinated atoms are eliminated. 
The last panel shows only the atoms fully surrounded by other Bi atoms. As it is 
seen, even such inner atoms of the granules have a rather continuous distribution, 
which means that the system of metal granules is highly connected.
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Table V. Distribution o f Bi- Bi co-ordination numbers in reduced glasses.

Bi-Bi
co-ordination

15%Bi285% Si02 
300 Bi atoms

40% Bi2 60% S i02 
400 Bi atoms

40% Bi2 60% S i0 2 
6000 Bi atoms

1-fold 7% 0.25% 0.35%
2-fold 11% 0.5% 0.42%
3-fold 16.67% 0.75% 1.48%
4-fold 19.33% 2.75% 2.52%
5-fold 12.67% 5% 4.33%
6-fold 15.67% 7.75% 7.18%
7-fold 9.33% 7% 10.42%
8-fold 5% 9.5% 13.1%
9-fold 2.33% 13% 14.52%
10-fold 0.67% 15% 13.18%
11-fold — 12% 13.17%
12-fold 0.33% 14.25% 11.35%
13-fold — 9% 6.02%
14-fold — 3.25% 1.63%
15-fold — — 0.27%
16-fold — — 0.07%

4. Conclusions
In the present work a parametrisation of a two body interaction potential for 

xBi20 3 (l-x)S i02 [% mol] glasses has been proposed and tested in the range of the 
glass compositions x = 15-r60. Our potential allows to perform successfully the 
simulations at zero external pressure in the considered range of stoichiometries, both 
of unreduced, and totally reduced (for x < 50) glasses. The obtained interatomic 
distances, and co-ordination numbers agree well with the experimental data on 
unreduced glasses. As far as the authors know, there are no published experimental 
data on the atomic structure of totally reduced glasses, and so our simulations 
constitute the first study of the structure of reduced bismuth-silicate glasses. In 
accordance with the experiment, a strong tendency of neutral Bi atoms to form 
metal granules has been perceived, independently of the Bi20 3 contents. In 
contradistinction to the behaviour of the Pb atoms in reduced lead-silicate glasses, 
where great and separated metallic droplets appear [29], in our bismuth-silicate 
glasses strongly connected network of Bi clusters is formed within the silica matrix. 
In order to elucidate the kinetics of the metallic cluster formation much more 
extensive MD studies on xBi20 3 (l-x)S i02 glasses and xBi20 3 (l-x)G e02 glasses 
are in progress.
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