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Heavy metal glasses have attracted large interest due to their physical properties, such as high polarisability, long infrared 
cut-off or high non-linear optical susceptibility, optical transmission devices, ultrafast optical switches [1]. These properties can 
be influenced by doping with transition metal oxide.Fe3+ electron paramagnetic resonance (EPR) studies on iron doped 
silica-bismuthate glasses and glass ceramics were carried out in order to evidence the site selectivity of iron in the local 
structure of samples as the ratio between Bi2O3 and SiO2 content changes from 9/1 to 2/3. The environment of the resonant 
Fe3+ ions was investigated in  vitreous and partially crystallised samples of similar composition. EPR data indicate that the iron 
dopant occupy equivalent sites in glasses, in the entire composition range, while in vitroceramic samples the iron is differently 
disposed in samples as Bi2O3/SiO2 ratio decreases. Structural changes induced by temperature rising in binary 
silico-bismuthate glasses are investigated by differential thermal analysis (DTA).   
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1. Introduction  
 
Bismuth oxide, Bi2O3 , is not a classical glass network 

former, due to its high polarizability but in the presence of 
conventional glass formers, it may build a glass network of 
[BiO3] pyramids [1, 2]. In all optical switching and 
broadband amplification devices are used glasses based on 
bismuth oxide [3] characterised by high non-linear optical 
susceptibility. Bismuth-silicate glasses acquired special 
applications as low loss optical fibres, infrared transmitting 
materials or as active medium of Raman-active fibre optical 
amplifiers and oscillators [4-7]. Bismuth based glasses are 
also used to produce after appropriate annealing high 
temperature superconductors with controllable 
microstructure [8-10]. 

The structural role played by Bi2O3 in glasses without 
or with low content of conventional glass formers, so called 
heavy metal glasses, is complicated and poorly understood. 
The problem is complex because the [BiOn] polyhedra are 
highly distorted due to lone pair electrons and consequently 
the structural model for xSiO2·(100-x)Bi2O3 glasses is  
under discussion [11, 12].  

Several techniques have been employed in the attempt 
to identify the local environment of the different elements 
in bismuthate glasses. Electron paramagnetic resonance 
(EPR) spectroscopy is a very useful experimental technique 
in obtaining information on the local structure around 
transition metal ions in glasses [13-15]. The transition 
metal ions can be used to probe the host glass structure, 
because their outer d-electron orbital functions have rather 
broad radial distributions and their responses to 

surroundings cations are very sensitive. Due to the lack of 
structural long range order in amorphous materials a 
unambiguous assignment of the structural groups is not 
possible without comparing their spectra with those of 
corresponding crystalline counterparts. 

This paper is focused on the structural changes induced 
in iron doped silica-bismuthate glasses by progressive 
replacing of Bi2O3 with SiO2, by crystallisation heat 
treatment and by temperature rising. 

 
 
2. Experimental  
 
Glass samples belonging to 

0.01Fe2O3·0.99[xSiO2·(100-x)Bi2O3] system (10 ≤ x ≤ 60 
mol %) were prepared using BiO(NO3)·H2O, SiO2 and 
Fe2O3 of analytical grade purity. Corresponding amounts of 
reagents were mixed and melted in sintercorundum 
crucibles for 10 minutes at 1200°C. The samples were 
obtained by fast quenching of the melts cast and pressed 
between steel plates at room temperature. X-ray powder 
diffraction analysis did not reveal any crystalline phase. 
The vitreous samples were partially crystallised by heat 
treatment applied at 600oC for 24 hours. 

Thermal analysis measurements were carried out using 
a MOM derivatograph. Thermogravimetric, differential 
thermogravimetric and differential thermal analysis curves 
were recorded from powder samples, with a rate of 
10oC/min, up to 1000oC in static air atmosphere, using 
Al2O3 as reference material. 

Electron paramagnetic resonance spectra were 
recorded on powder samples at room temperature in X band, 
with 4 G modulation amplitude, on an ADANI spectrometer. 
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3. Results 
 
The phase diagram given in Fig. 1 shows that Bi2O3 and 

SiO2 can form a binary system by melting of oxide mixtures in 
air atmosphere. 

DTA is primarily used for detection of transitions induced 
by temperature rising. The thermogravimetric (TG) and 
differential thermogravimetric (DTG) curves evidence in the 
run temperature range no mass loss for the investigated glasses. 
In the differential thermal analysis (DTA) curves (Fig. 3) are 
evidenced both exothermic and endothermic events 
summarised in Table 1. 

 

 
 

Fig. 1. Phase diagram of binary Bi2O3- SiO2 system according  
to Ref. [16]. 

 
 

The silica-bismuthate samples doped with 1 mol % 
Fe2O3 are transparent and coloured from yellow-brown to 
red-brown as SiO2 content increases from 10 to 60 mol %.  

The X-ray diffraction patterns show a very large peak 
typical for glass systems and prove their vitreous state. The 
crystalline phases identified from X-ray diffractograms of 
heat treated samples (Fig. 3) are Bi12SiO20 , a δ solid 
solution Bi5.6Si0.5O9.4 and Bi2SiO5  [17]. The Bi12SiO20 
phase is present in samples with 10 ≤ x ≤ 30, Bi5.6Si0.5O9.4 
phase in samples with 40 ≤ x ≤ 60 and   Bi2SiO5 phase is 
observed, in a low amount for the sample with x=60. 

 The room temperature EPR spectra of all glass 
samples are shown in Fig. 4. The spectra consist of a main 
relative large resonance line with geff ≈ 4.3 and a very 
weakly resolved line at geff ≈ 2.0. The EPR line at g ≈ 4.3 is 
occurring in all glasses containing Fe3+ ions as impurity or 
as dopant [18-21]. The dependence of the width of this line 
with glass samples composition is illustrated in Fig. 5a.  
The feature of Fe3+ EPR spectra for heat treated samples are 
evidently modified, as can be seen in Fig. 6. For low SiO2 
contents (x ≤.30) the dominant line occurs at geff ≈ 2.0 along 
with the less intense line at geff ≈ 4.3, while for higher SiO2 
contents (40 ≤ x ≤ 60) the geff ≈ 2.0 signal is slightly 
evidenced, excepting the sample with x = 60. The width of 
geff ≈ 2.0 line, recorded from samples with low SiO2 content, 
decreases with x as can be  observed from Fig. 5b. 

 

4. Discussion 
 
The differential thermal analysis (DTA) curves show a 

very broad endothermic peak corresponding to the glass 
transition. This transition is followed by more than one 
exothermic peak which show different stages of 
crystallisation denoting that the silico-bismuthate glasses 
are not characterised by a unique crystallisation 
mechanism.  

Several exothermic peaks could be also related to the 
fact that crystalline Bi2O3 can form several polymorphs 
[11]. 

We consider more probable that the less intense 
exothermic peaks recorded before the most intense one 
could be associated with the structural relaxation and germs 
nucleation in the solid glass network, the most intense 
exothermic peak with the cold partial crystallisation 
process and the next ones with structural polymorph 
modifications of the prevalent crystalline phase.  
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Fig. 2 . DTA curves of xSiO2·(100-x)Bi2O3  glasses. 

 
 

According to another approach [22] the exothermic 
DTA peaks recorded from iron phosphate glasses are due to 
the crystallisation of structural units including different 
oxidation states of the modifier cations. The shift of the 
crystallisation peak toward lower temperature is 
determined by increasing number and size of nucleation 
centres [23]. This could be an explanation for the 
composition dependence of the crystallisation temperature 
(Table 1) showing that by increasing of the bismuth content 
are increasing also the number of nucleation centres. 

 
Table 1. Temperature of exothermic (Texo) and 
endothermic (Tendo)  peaks, glass transition temperature 
(Tg) und Hruby parameter (Kgl) for xSiO2·(100-x)Bi2O3  
                                        glasses. 

 
X   
(mol %) 

Texo 
(oC) 

Tendo 
(oC) 

Tg 
(oC) 

Kgl 

20 488, 654, 728, 807 905 415 0.19 
30 536, 726, 778 887 412 0.35 
40 582, 778 826 400 0.53 
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At the same time the glass stability expressed by Hruby 
parameter [24] evidence the same composition dependence 
(Table 1). The Hruby parameter Kgl = (Tcr-Tg)/(Tm-Tcr) was 
calculated considering for Tcr the temperature of the first 
exothermic peak, Tg the glass transition temperature and Tm  
the melting temperature. 

The crystalline phases Bi12SiO20 and Bi5.6Si0.5O9.4 
identified in X-ray diffractograms of heat treated samples 
with x ≤ 60 (Fig. 3) evidence different configurations of the 
component atoms in phases of almost the same Bi/Si ratio 
and same oxygens number (Bi12SiO20 vs. Bi11.2SiO18.8). 
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Fig 3. X-ray diffraction pattern of glass ceramics samples  

(x-Bi12SiO20, o-Bi5.6Si0.5O9.4, and *-Bi2SiO5). 

 
 
The expected crystalline phases with higher silicon 

content, like Bi2SiO5 [14, 25], are observed, in a low 
amount, only for the sample with x=60. The development 
of 12:1 and δ type crystalline phases in glass samples with x 
≤ 50 shows that in these glasses, which appear macroscopic 
completely homogeneous, there are small regions rich in 
silicon, quite stable and regions rich in bismuth, that will 
easily crystallise in δ phase[26]. It was suggested [12] that 
the structure of glasses with x = 50 mol % is similar with 
that of Bi2SiO5 crystal, that is a structure formed from 
continuous [SiOn] chains placed between double layers of 
[BiOn] units. The growth of a δ crystalline phase in our 
sample with x = 50 instead of the expected Bi2SiO5 phase 
support the above invoked phase separation rather than a 
layered structure. 
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Fig. 4 Fe3+ EPR spectra of glass samples 

0.01Fe2O3·0.99[xSiO2·(100-x)Bi2O3]. 

The features of the EPR spectra for different 
Bi2O3/SiO2 ratio are quite similar for all glass samples (Fig. 
4) and consist in lines at g = 2.0 and g = 4.3. The lines at g = 
2.0 are assigned to paramagnetic ions in sites characterized 
by relatively weak crystalline fields, for which Zeeman 
term dominates, while the lines with g > 2 are attributed to 
paramagnetic ions in sites of relatively strong crystal field, 
where the crystal field terms are comparable or larger than 
the Zeeman term [27]. However one can observe that the 
width of geff = 4.3 resonance line broadens when SiO2 
content increases from 10 to 20 mol % and by further 
replacing of Bi2O3 with SiO2 the linewidth narrows 
(Fig.5a). 
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Fig. 5 a) Composition dependence of the width of 
resonance line with g = 4.3 recorded from glass samples.  
b) Composition dependence of the width of resonance line  
     with g = 2.0 recorded from vitroceramic samples.  

 
 

In order to account for this evolution of the width of 
Fe3+ resonance line we consider that the initial broadening 
is correlated with the increase of disorder on the sites of 
iron from the glass sample with x = 20 compared to the 
sample with x = 10. 

The narrowing of the resonance line for x > 20 denotes 
a more uniform environment of Fe3+ ions in silica rich 
glasses. The shape of the EPR line describes both the 
disorder around the resonant iron ions and the structural 
characteristic of the glass matrices in which these ions are 
incorporated. From the last point of view the EPR spectra of 
the investigated samples show that in the much polymerised 
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silica network the disorder degree quenched from the melt 
is lower than in the more fragmented network from the 
matrices with high bismuth content. 

In the heat treated samples the iron ions are subjected 
to modified crystal fields and the Fe3+ EPR spectra (Fig. 6) 
show the changes occurred in the local order around the 
iron ions. Taking into account the ionic radii for Bi3+ and 
Fe3+ ions and their identical valence state, it is expected that 
Fe3+ ions are occupying Bi3+ sites from Bi12SiO20 
crystalline phase. 

One also remarks that the width of this line narrows 
with increasing SiO2 content (Fig.5b) that denotes the 
tendency to more structural order around the resonant Fe3+ 
ions disposed on these sites. 

The signal at geff = 4.3 is recorded from all samples and 
the linewidth is close to 200 G for all compositions. This 
result indicates that the short-range order surrounding the 
Fe3+ ions responsible for this signal is still characterized by 
a relatively strong crystalline field and can be associated 
with iron sites in silica-rich non-crystalline network. The 
line with g = 2.0 is clearly resolved only for lower SiO2 
contents, up to x = 30, and is assigned to Fe3+ ions situated 
in sites of low crystal field with octahedral symmetry. 
The weakly developed resonance line assigned to iron ions 
disposed in sites of low crystal field for vitroceramic 
samples with x > 30 mol % show that only a small amount 
of Fe3+ ions are situated in the Bi3+ sites of δ phase, their 
surrounding being highly distorted. 
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Fig. 6 Fe3+ EPR spectra of vitroceramic samples   
0.01Fe2O3·0.99[xSiO2·(100-x)Bi2O3] . 

 
 

The blocking effect of the lone pair electrons of Bi3+ 
ions [11, 12, 28, 29] may also contribute to this result. It is 
possible that the majority of Fe3+ ions are disposed in the 
remained non-crystalline silica-rich phase. 

  
 
5. Conclusions 
 
The EPR results show that the iron environment in 

silica-bismuthate glass matrices is characterised by a higher 
ordering when SiO2 replace more than 20 mol % of Bi2O3. 
The highest disorder degree around iron in glass samples is 

noticed for x = 20. For all compositions in glass samples the 
iron ions occupy sites of strong crystal field, while in the 
partially crystallised samples, up to x = 30, iron ions are 
identified both in sites of strong crystal field and in sites of 
low crystal field. The EPR data also indicate that the 
fragmentation of the glass network is much pronounced in 
the high bismuth content range. 

The development of only δ type solid solution 
crystalline phase in the heat treated samples with high SiO2 
content, x ≥ 40, even though their composition is much 
closer to Bi2SiO5 phase, proves that in the corresponding 
precursor glasses there are small regions with high bismuth 
content that will easily crystallise in a δ phase and regions 
rich in silica, more stable as non-crystalline phase.  
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