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A B S T R A C T   

The absorption spectra of the Fe– and Ce–doped 15Na2O–15CaO–70SiO2 glasses (mol%), melted in oxidising and 
reducing conditions, have been analysed. A repeatable set of the fitting parameters has been developed for the 
Ce3+ and Ce4+ ions, while previously published parameters were used for the Fe–ions. The Ce–ions significantly 
decrease the proportion of Fe2+ions in both electric– and gas–melted glasses, and the Ce3+ ions content increases 
due to the mutual redox between Fe and Ce, most effectively in reduced glasses. The Fe3+ ions in octahedral sites 
decrease and in tetrahedral sites increase. The photoluminescence (PL) emission spectra (excited at 355 nm laser) 
confirmed the changes between the Fe3+ and Ce3+ ions at low concentrations. The PL emission of the Fe3+ ions is 
very weak and may come from the tetrahedral sites. The Ce3+ emission peak was strong and consist of four 
components.   

1. Introduction 

Light transparency, glass colour, and the ultra-
violet–visible–near–infrared (UV–Vis–NIR) absorption spectrum of glass 
depend on the ionic dopants and contaminants, their redox ratios, and 
partitioning of coordination structural sites, as well as on the glass 
composition and manufacturing method used. It has been wished for a 
long time, that the absorption spectra of transition metal ions and their 
site structures would be so accurately known and mathematically 
described, that coloured glasses could be designed by computer, not 
needing hundreds of manufacturing trials. The absorption spectrum of a 
wine bottle glass could be made transparent at visible wavelengths, but 
it should effectively protect the wine inside from UV light. 

Fe is the most common contaminant in glass raw materials and a 
deliberate dopant, especially for amber and green glasses. Complete 
removal of the iron from raw materials and the final glass would be 
costly. The UV absorption also offers some protection from UV light 
radiation for many products kept in glass containers (e.g., for beer, food, 
wine) and for human beings behind glass windows. The high absorption 
in the NIR energy by the Fe2+ ions, also available at high temperatures, 
plays an important role in heat transfer in the glass melting process. So, 
it can be easier and cheaper to manufacture Fe–containing glasses 

compared to ultra-clean ones missing Fe–contamination. 
The absorption spectrum of Fe–containing 15Na2O –15CaO –70SiO2 

glass consists of absorption of the contaminants and the four parts of the 
spectra of Fe2+ and Fe3+ ions, both of them in two sites, octahedral and 
tetrahedral ones, as described in [1,2]. The repeatable and accurate 
parameters for all of these parts of the absorption spectrum in this type 
of glass are given in Ref. [2]. The control of the Fe ion mutual redox ratio 
(the molar concentration ratio [Fe2+]/[Fe3+]) and the partitioning be-
tween their octahedral and tetrahedral sites (i.e. [Fe2+ tetra]/[Fe2+

octa] and [Fe3+ tetra]/[Fe3+ octa]) in the final glass products are the 
essential parameters for the glass colour and transparency [2–7]. The 
15Na2O –15CaO –70SiO2 (mol%) composition was chosen, because it is 
known to have properties similar to commercial glasses (usually made of 
5–7 oxide components and recycled glass) used for bottles and windows, 
and because it was possible to manufacture repeatably in small portions 
(100–300 g) in the laboratory. 

One of the control methods for the Fe redox is co-doping with Ce ions 
that react with Fe ions via mutual redox reaction, the balance of which 
in the final glass produced, also depends on the glass composition, 
melting (oxygen pressure, temperature, concentration of reducing/oxi-
dising and refining agents, etc.) and annealing conditions (time and 
temperature profile, conditions) [1–12]. It is well known that by adding 
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Ce to a glass, the [Fe2+]/[Fe3+] redox ratio decreases, and the glass 
becomes more transparent to visible light, while its UV–absorption in-
creases [2,3,5,8–13]. However, its effect on the partitioning of Fe2+ and 
Fe3+ between their possible coordination sites has not been widely re-
ported. The reported absorption spectra and the fitting parameters for 
the Ce3+ and Ce4+ions vary for different types of glasses, and the fitting 
parameters are missing in many papers [3,5–13]. 

The absorption spectra, including the charge-transfer absorption 
within the UV range for both Fe– and Ce–ions in glasses almost similar to 
ours, have been studied but were not applied to a redox test series or 
partitioning of Fe- ions site structures [3–5]. The mutual redox between 
Ce and transition metal ions has been studied in [8,12,14,15], but we 
have not found any study between Fe and Ce in the similar glass as we 
have. In several recent studies, photoluminescence (PL) spectroscopy 
has also been used to analyse either Ce, Fe, or both in various glasses [3, 
8,9,12–17]. It can be concluded that the PL spectra of Fe-dopant depend 
also on the glass composition and the Fe-ions coordination site struc-
tures. The emission intensity, wavelength, and peak shapes, which peaks 
show up, depend very strongly on the glass and the excitation wave-
length used. 

Answers to the following questions have been sought out in this 
study: Can the absorption spectra of the Ce3+ and Ce4+ ions be fitted so 
accurately with one set of the parameters so that the concentration of 
these ions could be defined in the glasses? What concentration of Ce ions 
in proportion to Fe are needed to oxidise practically all iron ions to Fe3+

ions at iron concentration levels of 0.1–1.0 mol%? How much does the 
Ce addition affect the glass transmission spectrum at visible wavelengths 
and its colour? What are the underpinning phenomena, such as the 
mutual redox reactions between Ce and Fe ions and/or the structural 
changes in the configuration of the nearest oxygen ions around Fe2+ and 
Fe3+ ions? 

2. Methods 

2.1. Sample preparation 

The test glasses (Table 1) were melted, and the samples for the 
spectroscopy measurements were prepared as described by Volotinen 
[1,2]. All glasses, analysed and reported here, have the same host glass 
composition: 15.00 Na2O–15.00 CaO–70.00 SiO2 (mol%). A refining 
agent, 0.35 mol% Na2SO4, was added to all glasses to give a bubble-free, 
homogenous glass. Sulphur is also a redox ion. 

Two series of glasses (Table 1) with the same base composition were 
melted from commercial-grade powder ingredients (sodium carbonate, 
CaO stone powder, and SiO2 sand). The purity of the ingredients was of 
commercial type, i.e., some Fe (typically 0.006 mol%) was found in all 
glasses and some Cu (0.002 mol%) was found especially in those melted 
in the electric furnace. The dopant ions were added as Fe2O3 and CeO2 
on top of the base glass composition. The batches were carefully 
weighed, mixed, and melted either in Pt crucibles (100 g melts) in an 
electric furnace or mullite crucibles (300 g melts) in a gas-fired furnace. 
The melting temperature was 1450 ± 3 ◦C, and the melting time was 5 h 
in both types of furnaces. The glasses melted in an electric furnace were 
homogenised either by casting to frit in deionised water after 3 h of 
melting and then re-melted for 2 h, or by stirring for 4 h. The casting to 
water and remelting gave a slightly less oxidised glass than the stirring 
gave the most homogenous and oxidised glasses. The glasses melted in a 

gas furnace were not homogenised by stirring or casting to water, and 
significant corrosion of the mullite crucible walls occurred resulting in a 
little contamination of the glass. All glass melts were finally cast onto a 
heated iron plate or into a bar-shaped mould and subsequently moved to 
a furnace at the annealing temperature of 540 ◦C. The samples were 
annealed for 1 h and cooled slowly to room temperature at a rate of 1 ◦C 
min–1. 

The samples (Fig. 1) for the analyses reported here, were 3–10 mm 
thick, rectangular (10–13 mm x 20–25 mm) cut from the annealed 
glasses. Their surfaces were polished manually by grinding on rotating 

Table 1 
Information on the melting conditions and dopants added into the glass com-
positions in this study. The glass sample numbers xxx refer to the glasses pre-
pared 2002–2008 [1,2].  

Sample Melting conditions Fe (mol%) Ce (mol%) 

Exxx Electric furnace under air (oxidising) 0 – 2.0 0 – 1.0 
Gxxx Gas-fired furnace (reducing) 0 – 1.0 0 – 1.0  

Fig. 1. The glass samples (Undoped ones, Ce-doped ones, Fe-doped ones, and 
Fe- and Ce-doped ones) used to measure both absorption and PL spectra and to 
develop the mathematical parameters of the Ce ions absorption spectra. The 
undoped and Fe-doped samples were used also to develop the fitting parameters 
of the contaminations and Fe-ions Ref. [2]. 
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tables with water and silicon carbide powders/sandpaper of decreasing 
particle size, and the surfaces were flattened to an appropriate uniform 
thickness ± 0.01 mm. Polished surface quality was achieved with a 
suspension of CeO2 powder in water. The last step was polishing with 
micrometre-sized SiO2 powder in clean ionised water and then rinsed 
with clean acetone, isopropanol, and ionised water. 

2.2. Experimental techniques and procedures 

The transmission absorption spectra were measured by a Per-
kin–Elmer UV–Vis–NIR Lambda 900 spectrophotometer over the 
wavelength range between 186 and 3300 nm, in steps of 2 nm and with 
slits between 0.85 and 2 nm. The integration time at each step was such 
that one scan over the wavelength range took about 70 min. The ab-
sorption equipment was calibrated without a sample before the mea-
surements, and the data were recorded using an empty port as a 
reference. The drift and variation of the absorption signal caused by the 
equipment were below ±0.0005 over the wavelength range [1]. The 
repeatability and resolution of the measured absorption data were 
checked and found to be better than ± 0.001 [1]. 

The samples were as thick as possible (typically 3–10 mm) to use the 
full dynamic measurement range of the equipment (0.001–4 absorp-
tion), i.e., to get a maximum 3.5 absorption at the key Fe2+ absorption 
peak near 1050 nm. For some glasses, a second thinner sample, 1, 2 mm 
thick, was prepared to give absorption data at as high wavenumber as 
possible. The target was to keep the ratios of the Fe (or Ce) absorp-
tion–to–noise and Fe (or Ce) absorption–to–background losses as high as 
possible. The UV–Vis–NIR absorption spectra were recorded on the 
carefully polished samples with surfaces parallel to better than ±0.01 

mm, depending on the maximum absorption measured so that the sig-
nal–to–noise and signal–to–background (reflection losses, absorption of 
the OH—molecules, and other low backgrounds) absorption were 
maximised. The repeatability of the measured total absorption within 
the well measurable absorption range of 4 (=40 dB) was found to be well 
below 0.01 over the measurable wavelength range, as checked with a 
few series of five containing samples of different thicknesses prepared 
from the same glasses. 

The reflection loss curve calculated from the ellipsometry measured 
median refractive index curve of 40 differently doped samples of similar 
glasses was subtracted from the measured absorption spectrum [18]. 
The remaining absorption spectrum was normalised to 10 mm thickness, 
as described in [18]. Before determining the concentration of each 
dopant ion and site, the OH- molecules concentration was determined by 
the fitting process using the earlier given data [2], and their part of the 
absorption was subtracted; a small portion of the IR edge also had to be 
subtracted, as described in [1,2]. Similarly, low contamination con-
centrations of Cu ions and Fe-S chromophores in some glasses caused 
shallow peaks, which were subtracted. The scattering losses were kept as 
low as possible by using only well-prepared homogeneous glass samples 
(Fig. 1). The full description and the parameters for all these background 
issues are described in [1,2]. 

The remaining absorption coefficient spectra (shown in Figs. 2(a–d) 
and 3(a,b)) were then fitted by using the 4 sets of the absorption spectra 
earlier developed for Fe2+ and Fe3+ ions, both in the two series [2]. After 
that, the remaining spectra were fitted by manual iteration within the 
complete set of the 15 Fe– and Ce–doped glasses to get the repeatable 
fitted absorption spectra for the Ce3+ and Ce4+ ions. 

To verify the changes in the dopant ions and their site 

Fig. 2. The reflection–loss–corrected absorption spectra are shown for the glasses used for the fitting development presented in this paper. (a) The spectra of the 
Fe–doped glasses, melted in the electric furnace, (b) the Fe–and Ce–doped glasses melted in the electric furnace, (c) the Fe–doped glasses melted in the gas–furnace, 
and (d) the spectra of Fe–and Ce–doped glasses melted in gas–furnace. 
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concentrations, the PL emission spectra were also measured on the same 
glass samples as the absorption spectra. It is known that of the Ce–ions 
only Ce3+show the PL emission [3,8,9,12–14]. The PL spectroscopy 
measurements were performed on the same samples on which the ab-
sorption spectrum measurements were performed, but 10–12 years 
later. First, the glass sample surfaces were cleaned by wiping with iso-
propanol and acetone. The PL spectra of the Fe ions were analysed by 
comparing their weak PL peaks with the reported PL data for other types 
of glasses [3,13–17]. 

The PL measurements were carried out on a Renishaw Invia Qontor 
Raman spectrometer with a Centrus–detector (Centrus CCD, 1024×256 
pixels) using a 355 nm (Cobolt, 12 mW) excitation laser with a 0.13 nm 
width of the excitation source, a 2400 lines per millimetre grating be-
tween the wavelengths of 360 and 744 nm with 0.0255 nm steps. The 
laser power was 12 mW with about 50% remaining after passing the 
beam expander and mirrors to the sample. A 10% neutral density filter 
was used, corresponding to 0.6 mW on the sample. The laser light illu-
minated the surface from the direction along the surface normal. Cali-
bration was done with the reference line of 520.5 cm− 1 on a silicon 
wafer. A 20X N–plan–type of Leica microscope objective was used to 
collect the PL light only from the wider angles (5–20◦) around the 
excitation laser beam from a bigger portion of the glasses. The sample 

was located at a distance where its surface was seen as accurately as 
possible from the CCD camera. The PL spectra were collected with one 
accumulation of 10 s in ambient conditions. All of the measurements 
were carried out at room temperature. 

2.3. Fitting procedure 

2.3.1. Fitting absorption spectra of the Fe2+ and Fe3+ ions 
The four sets of fitting parameters of the absorption spectra were 

developed for both Fe–ions in the two sites, as described in [2], and the 
spectra shown in Figs. 4 and 5 at 1.0 mol% concentration of both Fe ions. 
The peaks are related to the octahedral and tetrahedral sites and their 
concentrations. For the Fe2+ ion sites, the two peaks of the tetrahedral 
sites are much smaller than the peaks of the Fe2+ octahedral sites. 
Therefore, the proportion of their concentrations was calculated after 
the fitting as the proportion of the total areas of their two peaks (Fig. 4 
(a)). For the Fe3+ ions, both sites are shown at the half intensity, 0.5 mol 
% (Fig. 4(b)), and have a very similar total area of peaks. The mutual 
partitioning of the Fe3+ sites is adjusted in the fitting by a common 
multiplication factor of the peak heights for both sites (e.g., tetrahedral: 
0.43 and octahedral (1 – 0.43)). To get the accurate proportion of the 
sites, the summed absorption peak area has been calculated for both 

Fig. 3. The reflection–loss–corrected absorption curves for some glasses, doped with Fe, Ce, or both, and melted either in an electric (E) or gas–furnace (G). (a) The 
main effect of the 0.99 mol% Ce co-doping is that the Fe2+ ions are oxidised to Fe3+, and the UV–edge is moved to smaller wavenumbers. (b) Even 0.2 mol% Ce ions 
move the UV–edge and decrease the concentration of Fe2+ ions. 

Fig. 4. The fitted absorption spectra of Fe2+ (a) and Fe3+ (b) ions in their tetrahedral and octahedral sites at unit concentrations. The charge transfer UV–peaks are 
included. The fitting parameters, given in Ref. [2] have been used. 
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sites of both Fe ions. 
The parameters used for the UV–peaks of the Fe ions (Table 2) in the 

gas– and electric–melted glasses are the same as in Figs. 4 and 5 [1,2]. 
The UV–peaks are not used to calculate the site proportions. They are 
common for both coordination sites of the Fe ions. 

2.3.2. Fitting absorption spectra of the Ce3+ and Ce4+ ions 
The fitting parameters of the Ce3+ and Ce4+ ions (Tables 3 and 4) 

were developed to be as close as was possible to the data given in Refs. 
[5,8,9]. They are also close to the data given in [5–12]. However, the 
parameters here are more accurate than those given for the Ce ions in the 
same glasses indicated in the earlier publications [1,2]. 

The fitted absorption spectrum of Ce3+ ions (at 1 mol% and 1 cm 
thickness) is shown in Fig. 6, and the parameters are given in Table 3. 
The peak parameters are close to the data given in Refs. [5,8] for an 
almost identical type of glass. However, minor variations of the posi-
tions and peak heights were needed to minimise the difference between 
the measured and the fitted absorption coefficient spectra. Therefore, 
the variation needed in the fitting parameters for all the glasses shown in 
Fig. 1, and analysed here, are given in Table 3. 

Very few parameters were needed to adjust to fit the spectra of all 
glasses, and all fitted sum curves of the Ce3+ions are shown in Fig. 7. A 
small variation was needed in the peak positions in the parameters for 
the electric melted glasses (Fig. 7(a)), while the gas–smelted glasses 
could be fitted with an almost identical set of parameters, with a tiny 
variation in the heights (Fig. 7(b)). 

Fig. 8 shows the absorption peaks of the Ce4+, and the fitting pa-
rameters of the peaks are given in Table 4. For the gas–melted glasses, 
the height of the larger peak was only 120, the width was a little larger, 
and the height for the smaller peak in some of the glasses was slightly 
higher. 

The challenge in fitting the absorption spectra was that the UV–edges 
of both Fe ions and the sum peaks of the Ce3+ and Ce4+ spectra were at 
the same wavenumbers range, as shown in Fig. 9(a) and (b). The slopes 
are, however, different from each other. For example, the Ce3+has a 
sharp edge, and therefore it moves the UV–edge position on the wave-
number scale. On the other hand, the Ce4+ions absorption spectrum has 

a much lower slope but large width, and therefore even a low concen-
tration of the Ce4+ ions, as is the case in these glasses, raises a little the 
absorption at all wavenumbers from 10,000 to 25,000 cm–1. Realising 
these behaviour differences helped out to get the fitting parameters after 
many tens of iteration trials. 

3. Results 

3.1. Absorption spectra analysis for the Fe– and Ce–doped glasses 

The outcome from the fitting process is shown in the following 
Figs. 10–12. The differences between the total fitted curves and the ref.– 
loss corrected absorption coefficient curves are shown in Fig. 10. The 
differences are well below 0.1 for the Ce–doped and Fe– and Ce–co- 
doped glasses over most of the wavenumber range from 3000 to 30,000 
cm–1. Only at the absorption level well above 3.0, there is a difference 
for most glasses containing Ce–dopant. It was very difficult to remove 
the difference completely with one set of fitting parameters. 

The molar Fe2+, Fe3+, Ce3+, and Ce4+ concentrations obtained by the 
fitting analysis are shown in Fig. 11(a) and (c) for both types of glasses. 
The mutual concentrations are shown in Fig. 11(b) and (d). 

A comparison of the dopant ion concentrations obtained (Fig. 11(a) 
and (c)) show that in the electric melted glasses, the Fe3+ and Ce3+ ions 
have slightly higher concentrations than in the reduced glasses, and the 
Fe2+ and Ce4+ ions have lower concentrations in the electric melted 
ones. In both types of glasses, the concentrations of Ce4+of Fe2+ ions fall 
to close to zero with increased addition of the Ce–ions, eliminating the 
absorption of Fe2+ ion peaks and reducing the absorption in the visible 
wavelength range. 

However, the most significant difference between the glasses melted 
in reducing and oxidising conditions is seen in the partitioning of the 
Fe3+ octahedral and tetrahedral sites, shown in Fig. 12 (a) and (b). In 
electric melted glasses, almost no site partitioning difference is seen as a 
function of Ce addition. Only a slight difference is seen when both 
dopants have the same concentration. However, in gas–melted glasses 
(lower access to oxide ions), the Fe3+ in tetrahedral sites increases, and 
octahedral sites decrease significantly when the Ce–concentration in-
creases in proportion to the Fe–concentration. This further increases the 
movement of the UV–edge towards the lower wavenumbers and 
removes the absorption in the main part of the visible range, at 12,000 – 
20,000 cm–1 (500 – 830 nm). 

An increased proportion of the tetrahedral Fe3+ sites in the electric 
melted glasses is seen only when the dopant concentrations are the same 
(50% and 50%). In the gas–melted glasses, the difference is, however, 
more significant and even more prominent when 1 mol% of both 

Fig. 5. (a) The fitted UV–peaks are shown at 1 mol% for both Fe–ions, with the parameters from [2]. (b) The UV–curves at a typical concentration proportion of 
0.135 mol% Fe2+ ions and 0.865 mol% Fe3+ ions are shown. 

Table 2 
The fitting parameters of the Fe UV–peaks.  

UV–Peak parameters UV–Peak Fe2+ UV–Peak, Fe3+

position, cm–1 46,700 39,360 or 39,300 
width, cm–1 5700 3050 
height, (cm mol%)–1 1000 1900  
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dopants were added, compared to 0.2 mol% of both. 
Also, some minor changes were noticed during the fitting process for 

the Fe2+ ion site partitioning. At very low Fe concentrations, especially 
when Ce is increased (i.e., at low Fe2+ concentration), some Fe2+ re-
mains in tetrahedral sites while Fe2+ in octahedral sites disappears 
completely. The main outcome, the decrease and disappearance of the 

octahedral sites of Fe3+ ions is more obvious in the gas–melted glasses 
(melted under reducing conditions) than in the electric furnace melted 
glasses (melted under oxidising conditions, Fig. 12(a) and (b)). 

3.2. Photoluminescence spectra for the Fe– and Ce–doped glasses 

The PL measurements were done at an excitation wavelength of 355 
nm, showing the emission of both Fe and Ce dopants (Fig. 13(a)–(d)). 
The PL excitation and PL photoluminescence measured here on the glass 
samples using the microscope and 20X Plan objective were performed so 
that a similar size of the parallel beam was used as the excitation in all 
samples. The PL signal was also collected as a parallel beam to the de-
tector system, and it is assumed to come mainly from the glass under the 
top surface, i.e., not only from the surface molecules. 

A relatively low intensity, narrow peak for the Fe3+ was found at 702 
nm (14,118 cm–1), and a strong, four-component–peak, with the highest 

Table 3 
The fitting parameters of the absorption peaks of Ce3+ ions.  

Peak parameters Peak 1 Peak 2 Peak 3 Peak 4 

position, cm–1 28,000–28,110 29,250–29,300 30,300–30,350 31,700–32,020 
width, cm–1 450 500 950–1000 2000–2060 
height, (cm mol%)–1 1.5 25 24–25 25  

Table 4 
The fitting parameters for the absorption peaks of the Ce4+ ions. The height 
parameter of the larger peak was greater for the electric (E) melted glasses than 
for the gas–melted ones (G).  

Peak parameters Peak 1 Peak 2 

position, cm–1 20,000 39,000–39,600 
width, cm–1 3000 5900–5990 
height, (cm mol%)–1 0.58–1.0 120 (G), 180 (E)  

Fig. 6. (a) The fitted absorption spectrum of Ce3+ ions at 1 mol%. (b) The same graph is shown at a more detailed absorption scale, relevant to the glasses. The 
parameters used in the graphs are given in Table 3. 

Fig. 7. The sums of the fitted peaks of the Ce3+ ions at 1 mol% and 1 cm thickness are shown for (a) the electric melted (E) and (b) gas–melted (G) glasses.  
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Fig. 8. (a) The fitted absorption spectrum of Ce4+ ions at 1.00 mol% in the electric melted glasses. (b) The same spectrum is shown at a relevant absorption scale.  

Fig. 9. The UV–peaks of Fe2+ and Fe3+ ions and the sum of all peaks of Ce3+ and Ce4+– ions shown at two absorption coefficient scales a) and b), at the order of the 
concentration levels found in these studies of Fe–and Ce–doped glasses. 

Fig. 10. The differences between the total fitted absorption coefficient spectra and the measured, ref. loss–corrected absorption spectra are shown for the 
Ce–containing (a) gas–melted and (b) electric-melted glasses. The unfitted absorption spectra are shown in Figs. 2, 3. 
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photoluminescence at 410 nm (24,300 cm–1) for the Ce3+ ions (Table 5). 
The Ce3+ emission peaks were obtained in the range 16,000 – 27,000 
cm–1. There is some indication at the smallest wavenumbers for another 
peak, which could also come from Fe ions. 

The other outcome of the simple PL analysis is that the Ce PL peaks 
are stronger for the gas–melted glasses than the similarly doped electric 
melted glasses, while the Fe–PL peaks are stronger for the electric melted 
ones. Furthermore, the effect of the Ce addition is also seen on the Fe–PL 
peak, which is missing for the glasses having a higher amount of the Ce 
than Fe, and also for the glass with only Ce dopant (some Fe exists in the 

base glass as a contaminant). On the other hand, the Fe PL peak is seen 
for glasses with the same amount of both dopants or more Fe than Ce. 
The Fe3+ emission peak at 14,118 cm− 1 may be anyway coming from the 
tetrahedral sites. 

The UV–absorption peaks of the Fe ions and Ce3+ ions are at similar 
wavelengths, making the fitting analysis of the absorption spectra very 
difficult. However, the emission peaks (at 355 nm excitation) are well 
separated. The complete Ce3+ PL spectrum at 13,000 – 27,000 cm–1 had a 
similar shape in all the Ce– and Ce– and Fe– doped glasses. It consists of four 
peaks [Fig. 14(a),(b), Table 5]. Fitting parameters are given in Table 5. 

Fig. 11. The fitting analysis results obtained for (a,b) the gas melted and (c,d) the electric melted glasses.  

Fig. 12. The partitioning of the Fe2+ and Fe3+ ion octahedral and tetrahedral sites obtained (a) in gas–melted glasses and (b) in electric-melted glasses.  
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The results from the absorption spectrum analysis were compared 
with the emission spectra of PL, performed on the same samples at one 
excitation wavelength (355 nm). The simple PL analysis confirmed the 
outcome of the absorption fitting analysis and was useful for confirming 
the concentration proportion of the Fe3+ and Ce3+ ions in these glasses 
at low concentration levels. The shapes of the Ce3+ peaks are similar in 
all glasses doped with Ce. The heights are linearly related to the Ce3+

concentrations obtained at the lowest concentrations and the differences 
between the gas– and electric melted ones, following the absorption 

spectrum analysis results. At the higher concentrations (0.5–1 mol%), 
the PL peak heights were much greater, related exponentially related to 
the Ce3+ concentration, which seems to be the case here (Figs. 13 and 
14). 

The PL peak shapes of the Ce in the studied glasses have a more 
complex shape than are shown in published papers [3,5,8,9,12–14] for 
the Ce3+ ions in glasses. Only the height of the broadest Ce3+ peak at 21, 
380 cm–1 varied in relation to the other Ce3+ peaks within the studied 
glasses. In a way, the shape and widths of the Ce3+ PL peaks resemble the 
behaviour of other rare earths (e.g., Er, Nd, Yb) in optical glasses and 
fibres. We have not found published results for PL data measured in the 
exactly same way as here on the exactly similar glasses. One reason 
might be the very sensitive and repeatable test method used and the 
well–prepared glasses examined here. In order to define to which sites or 
energy levels of Ce3+ ion the PL peaks are related, a more detailed 
analysis is needed to be done. 

Fig. 13. (a) and (b) The photoluminescence intensity spectra measured for the gas–melted glasses; the same data are shown at two intensity scales. The graphs (c) 
and (d) show the PL spectra for the similarly doped electric melted glasses. The excitation wavelength was 355 nm. 

Table 5 
The fitting parameters for the PL spectra of Fe3+ and Ce3+ ions shown in Fig. 14 
(a) and (b).  

Ion and peak Position, cm–1 Width, cm–1 a) Height, a.u. b) Height, a.u. 

Fe3+ peak 14,118 ± 1 1454 ± 2 – 1307 
Ce3+, peak 1 21,038 ± 5 5425 ± 9 29,144 117 
Ce3+, peak 2 22,461 ± 4 1237 ± 9 16,390 245 
Ce3+, peak 3 24,099 ± 7 2155 ± 30 45,018 695 
Ce3+, peak 4 25,660 ± 11 1600 ± 11 21,228 374  
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4. Discussions 

4.1. General notes 

There is a very small uncertainty in the fitting results of the glasses 
containing Ce because the reflection loss correction was made on the 
average refractive index curve for similar glasses but doped with various 
transition metals and or rare-earth ions [18]. Only one of the 40 samples 
used contained Ce. It is well known that Ce–dopant affects the refractive 
index, especially at the wavelengths around the UV–edge of the ab-
sorption. However, the effect is small compared to the other dopants 
used in the glasses. To get more accurate fitting data for the Ce–doped 
glasses, the reflections loss correction should be made based on accurate 
refractive index measurements made over the same wavelength range as 
the absorption spectrum measured on each sample used. 

4.2. Fe2+ and Fe3+ absorption spectra 

Compared to our earlier paper [2] and thesis [1], the new informa-
tion is the verification of the Ce–co-doping on the redox between the 
Fe2+ and Fe3+ ions. Furthermore, the additional effect of the Ce ions in 
the partitioning of the Fe3+ ions coordination sites, especially when the 
glass is more reduced, has been shown here. During the latest years, it 
has been discussed and reported in glass conferences, particularly for 
glasses containing higher Fe–concentrations (over 1 mol%) and melted 
without refining agents or in other special conditions, also 5–fold co-
ordination of Fe3+ would exist [3]. However, no indication about those 
sites has been found for the glasses reported here. 

4.3. Ce3+ and Ce4+ absorption spectra 

A new, repeatable fitting parameter set has been obtained for the 
absorption spectra of the Ce3+ and Ce4+ ions in the glasses of this study. 
It is new information compared to the earlier published papers. How-
ever, probably these parameters are only usable for the glass of the same 
composition, made in similar melting and annealing conditions. 

It was seen that the absorption spectra and the fitting parameters of 
the Ce ions are varying slightly more between the glass samples analysed 
than the fitting parameter sets of the Fe–ions or background attenuation 
parts of the spectra. One of the reasons might be the fact that Ce is a rare 
earth element with 58 electrons compared with the transition metal Fe 
which has only 26 electrons. The Ce electrons at the outer levels are 
much more sensitive to the surrounding glass ions, and their more 
complex coordination site of the surrounding oxide ions may be more 

varying in a glass, compared to the Fe–ions, whose closest oxygen ions in 
glass are almost in a crystalline structure. 

4.4. Redox between Fe and Ce ions 

The outcome of this analysis agrees closely with the outcome of [5], 
made on almost similar glasses. The clear result is: that the proportion of 
the Fe3+ ions in tetrahedral sites increases with Ce concentration. The 
higher the proportion [Ce]/[Fe+ Ce] is, the more we have Fe3+ in 
tetrahedral sites, especially in the gas–melted glasses. 

Generally, the more detailed data of the fitting parameters obtained 
here for the absorption and PL spectra and the detailed shapes of PL 
spectra are related to the laser light used for the PL excitation and ac-
curate measurements. Some differences are seen between the earlier 
published PL data, [5–17], and our more detailed data. 

5. Conclusions 

The absorption spectra of the Fe– and Ce–doped 
15.0Na2O–15.0CaO–70.0SiO2 glasses (mol%), melted in oxidising and 
reducing conditions, have been fitted and analysed. Repeatable sets of 
the fitting parameters (the absorption peak parameters at 1.00 mol%) 
were developed for both Ce3+ and Ce4+ ion spectra in these glasses, 
while the earlier published fitting parameter sets were used for the 
Fe–ions and their sites, for all contaminations and the reflection loss 
correction. 

This analysis shows, that the Ce–ions significantly decrease the 
proportion of Fe2+ions (from the 20% down to 0%) in both electric– and 
gas–melted glasses, and the Ce3+ ions content increases due to the 
mutual redox between Fe and Ce, most effectively in reduced glasses. 
The Ce ions also affect the partitioning of the Fe3+ion coordination sites, 
in particular in the reduced glasses. Transmission increases in the visible 
wavelength range due to the disappearance of the Fe2+sites and the 
decrease of the Fe3+ ions in octahedral sites (from 50% of the Fe3+ ions 
to 30%), even though the Ce3+ions move the ultraviolet–edge slightly 
towards the visible range and the Ce4+ ions have the very low absorption 
over the visible range. 

The analysis of the photoluminescence (PL) emission spectra (excited 
at 355 nm laser) confirmed the changes between the Fe3+ and Ce3+ ions 
at low concentrations. Their emission peaks are well separated, even 
though their ultraviolet–absorption peaks are at the same wavelengths. 
The PL emission from the Fe3+ ions in the studied glasses is very much 
weaker than the PL of the Ce ions. The Ce3+ emission peak was found to 
have four components in the studied glasses. The comparison with the 

Fig. 14. Photoluminescence of (a) the Ce–doped glass E198 (0.99 Ce) and (b) the Fe–and Ce doped glass G252 (1.0 Fe + 0.1 Ce), both excited at 355 nm. The fitting 
parameters of these graphs are given in Table 5. The ground levels (shown in the graphs) for the fitting are higher than the zero level to eliminate the effect of the 
contaminant PL background. 
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literature [3,13–17] suggests that the PL peak of Fe-ions at 14,118 cm− 1 

is coming from the tetrahedral Fe3+sites. PL measurements at a wider 
wavelength range than measured here might show another emission 
peak at 11,000 – 13,000 cm− 1, which would come from the octahedral 
sites. 
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