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Abstract
Transparent oxyfluoride glasses and β-PbF2 nanocrystals containing glass-ceramics were
prepared with varying Eu3+ content (0.3, 0.4, 0.5 and 0.6%). The effect of Eu3+ content on the
preparation of glass-ceramics was investigated. From differential scanning calorimetry, the
Tx–Tg (Tx —temperature of the onset of crystallization; Tg—glass transition temperature)
parameter for glasses has shown slight variation, and an exothermic peak near Tg called the
ceramization temperature (Tc) has been observed. Heat treatments were performed at this
temperature to obtain transparent glass-ceramics containing β-PbF2 nanocrystals, identified by
x-ray diffraction. Heat treatments for different periods of time were performed and were
observed to be very important in the control of the crystal size and of the crystallization rate.
Based upon the absorption spectra, the scattering level due to the presence of β-PbF2

nanocrystals in the glass-ceramics was observed to be similar to that for the mother glasses.
Detailed analysis of emission spectra and decay time measurements led to the identification of
Eu3+ ions as the β-PbF2 crystalline phase. Excitation spectra at 70 K show the interaction of
Eu3+ ions with the fluorogermanate network.

1. Introduction

Rare earth ions containing oxyfluoride glasses have physical
and chemical properties that make this class of materials
potential candidates for applications in photonics [1]. These
glasses may be used as precursors for infrared fibers
or windows due to the possibility of changing their
phonon energies and therefore the domain of wavelength
transparency, depending upon the composition [2, 3].
Novel materials suitable for the development of solid-
state frequency upconverters have attracted scientific and
technological interest in the last few decades [4, 5].
Upconversion mechanisms involving concentration dependent
cross-relaxation paths have been identified in Er3+ [6],
Ho3+ [7], Yb3+/Pr3+ [8], Nd3+/Tm3+/Yb3+ [9], Ho3+/Yb3+,
Tb3+/Yb3+ [10] and Tm3+/Ho3+/Yb3+ [11] for example.
Concerning crystallization processes the so-called ultra-
transparent glass-ceramics can be obtained by controlled
crystallization heat treatment. If the crystalline phase

comprises, for instance, a heavy metal fluoride, the
final material has the optical properties for this class of
crystals. The increase in the emission efficiency has been
explained considering the lower phonon energy in the fluoride
nanocrystals, which reduces the non-radiative decay rates, and
shortens the interionic distance, favoring the energy transfer
process [12–14]. On the other hand, Mortier et al presented
the influence of different erbium compounds in the nucleation
process of β-PbF2 in fluorogermanate glasses [15, 16]. Then,
one needs to understand the local structure around rare earth
ions in oxyfluoride glasses and glass-ceramics in order to
elucidate the glass crystallization process [17]. The Eu3+
ion has been widely used as a probe to investigate the
environment around rare earth ions in different materials.
The non-degenerate 7F0–5D0 electronic transition can be
studied by the fluorescence line narrowing (FLN) technique
to analyze changes from site to site in the energy level
diagram, lifetime, bandwidth, energy transfer process between
optical ions, and migration of energy between ions in sites
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Figure 1. DSC scan for the glass (mol%)
60PbGeO3–20PbF2–20CdF2 doped with different Eu3+ contents
(in mol%). (a) 0.3; (b) 0.4; (c) 0.5; (d) 0.6.

close in energy but spectrally different [18]. In previous
papers we have reported conductivity, thermal analysis (DSC),
Raman spectroscopy and NMR study of fluorogermanate
glasses [19] and glass-ceramics [20]. In this work, the results
on the effect of the addition of Eu3+ on the crystallization
properties of a selected glass composition in the lead–cadmium
fluorogermanate system are presented.

2. Experimental details

Glasses were prepared by melting and casting PbF2, CdF2

and glassy PbGeO3 as described elsewhere [21–23]. Samples
with composition 60PbGeO3–10PbF2–30CdF2 in mol% and
with 0.3–0.6 mol% Eu3+ have been produced. Glass-ceramics
have been obtained by heat treatments at selected temperatures
based upon results from the differential scanning calorimetry
(DSC) curves. Thermal analysis (differential scanning
calorimetry—TA Instruments—model 3100) was performed
for powdered samples in aluminum pans with heating rates of
10 ◦C min−1. X-ray powder diffractograms were obtained with
a diffractometer (D-5000 Siemens) with the Cu Kα filtered
line at 0.02◦ s−1 scanning rate. Room temperature excitation
and emission spectra were obtained with a spectrofluorimeter
(SPEX F212I) equipped with both continuous (450 W) and
pulsed (5 J/pulse; 3 μs bandwidth) Xe lamps. Spectra were
all corrected for spectral variations for the lamp intensity,
optics and detection system. A photomultiplier (Hamamatsu
900) was used for detection. Routine resolution of 0.5 Å
has been used. UV–vis spectra, in the range 300–2500 nm,

Table 1. Characteristic temperatures and thermal stability parameter
(Tx –Tg) for glass samples doped with different Eu3+ contents.

[Eu3+] (mol%) Tg ( ◦C) Tx (◦C) Tc (◦C) Tx –Tg (◦C)

0.3 305 325 350 20
0.4 309 336 355 25
0.5 306 327 347 21
0.6 320 344 361 24

were obtained using a Cary-500 spectrophotometer with bulk
and polished samples.

3. Results and discussion

3.1. Differential scanning calorimetry analysis

Homogeneous and transparent glasses were obtained with
dimensions 30 mm × 10 mm × 5 mm. Figure 1 shows DSC
curves for glasses with different Eu3+ contents. The glass
transition temperatures (Tg) and the ceramization temperatures
related at the first crystallization peaks, which are observed
relatively near to Tg, are presented in table 1 for samples
containing 0.3, 0.4, 0.5 and 0.6 mol% Eu3+. The appropriate
heat treatments at 10 ◦C below the ceramization temperature
(Tc) lead to transparent glass-ceramic formation. A second
crystallization peak is observed around 773 K for all samples.
Heat treatments at this temperature lead to completely
crystallized samples with a mixture of fluoride and germanate
crystalline phases. Rare earth ions play the role of nucleating
sites for the crystallization of these glasses [14, 21, 22, 24–27].
In general, the higher the concentration of these ions the more
unstable the glasses are against crystallization. Moreover, the
rare earth ionic radius is also important. The smaller the ionic
radius of the rare earth introduced, the more unstable are the
glasses [27].

3.2. X-ray diffraction

Figures 2(a) and (b) show diffraction patterns obtained for
all doped glasses and the transparent glass-ceramics obtained
from them with heat treatments performed for 60 h at the
temperature of the first crystallization peak (ceramization
temperature—Tc). On the other hand, the selected glass sample
containing 0.5 mol% of Eu3+ was heat treated for 2 h in
order to evaluate the effect of the time of heat treatment on
the crystallization process. A characteristic amorphous halo
is observed for the mother glasses. Diffraction peaks that
could be easily assigned to cubic β-PbF2 are observed for the
samples treated. The crystallite sizes were calculated using the
Scherrer equation,

D = 0.9λ

β cos θ
(1)

where λ is the x-ray wavelength in Å, β is the full width at
half maximum of the peak and θ the diffraction angle. An
XRD ratio, R, roughly evaluating the amount of crystalline
phase in the glass-ceramics, was calculated with the following
expression [28]:

R = A1

A2
(2)

2
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Figure 2. X-ray diffraction patterns for the (a) glass (mol%)
60PbGeO3–20PbF2–20CdF2 doped with different Eu3+ contents
(in mol%) and (b) glass-ceramics obtained after 60 h of heat
treatment.

where A1 and A2 are the area of the crystalline peaks and
the total area of the XRD diagram, respectively, the total
area corresponding to the diagram integration from 2θ =
10◦ to 70◦. Table 2 shows these results for all glass-
ceramics containing Eu3+ ions. No significant difference in
the crystallite sizes and the amount of crystalline phase in
the glass-ceramics is observed with the increase in the Eu3+
content. On the other hand, a mean crystallite diameter of
14 nm and 12% of crystallized fraction is obtained for the
sample treated for 2 h. For the still transparent sample treated
for 60 h the crystallite mean diameter amounts to 28 nm and
the crystallized fraction increases to 26%. These results show
that the control of the crystal size is possible in these glass-
ceramics.

3.3. UV–vis analysis

An estimation of scattering properties in glasses and glass-
ceramics can be made after careful analysis of absorption
spectra in UV–vis. The relation of scattering level and
wavelength of light allows direct comparison between glasses
and glass-ceramics through the spectrum base lines. In figure 3
are shown the absorption spectra of glasses and glass-ceramic

Table 2. Crystallite sizes and the amount of crystalline phase
glass-ceramic samples doped with different Eu3+ contents. (60 h of
heat treatment.)

[Eu3+] (mol%) D (nm) F (%)

0.3 34 22
0.4 34 23
0.5 28 26
0.6 30 23

samples containing different Eu3+ contents. The presence
of β-PbF2 nanocrystals promotes light scattering and can be
observed by base line displacement. The transparent glass and
glass-ceramic scatterings follow a Rayleigh law (proportional
λ−4). The scattering levels for glasses and glass-ceramics are
almost the same and this observation can explain very well the
similarity in transparency of both materials.

3.4. Emission spectra

Figure 4 shows emission spectra obtained under 394 nm
excitation for the glass and glass-ceramic samples with
different Eu3+ contents. Transitions from the excited states
5DJ to the lower 7FJ ′ levels of the Eu3+ 4f6 configuration
are observed. Inhomogeneously broadened spectra expected
for glasses [29] are observed for the non-treated samples.
However, the spectra become completely different in the case
of transparent samples submitted to the heat treatment. The
bands became structured and narrowed after heat treatment,
suggesting the presence of optically active ions in crystalline
phases. Additional splitting for several transitions and a
decrease in the intensity of the hypersensitive 5D0 → 7F2

transition around 613 nm are visible for the fully transparent
sample which resulted from the heat treatment. Throughout
these treatments the transparency of the samples remained
unaltered. Figure 5 shows the intensity ratio of transitions
5D0 → 7F1 and 5D0 → 7F2. It grows with the Eu3+ content in
both glasses and glass-ceramics. The intensity of the magnetic
dipolar 5D0 → 7F1 transition does not depend on the ligand
field (Eu3+ environment). On the other hand, the electric
dipolar 5D0 → 7F2 transition is known to be forbidden in
centrosymmetric ligand fields. Therefore one is led to conclude
that decreasing in intensity for the last transition is related
to an increase in the symmetry degree of the ligand field
for the active ions due to the formation of cubic β-PbF2 as
shown in XRD. These modifications in the intensity ratio of
transitions 5D0 → 7F1 and 5D0 → 7F2 would be expected
for the presence of Eu3+ substituting the Pb2+ in the cubic
structure of β-PbF2, as observed in Er3+ doped glass and glass-
ceramics in the GeO2–PbO–PbF2–ErF3 system [30]. With the
increase of Eu3+ content in the glass matrix, more ions migrate
for the crystalline phase, after the glass-ceramic formation,
contributing to a large increase in the intensities of transitions
5D0 → 7F2. Mortier et al [30] report the values of the PbF2

lattice parameter versus the local erbium content in the crystal
phase. Only with a high doping level of Er3+ (10 mol%
approximately) was it possible to observe a modification in the
lattice parameter of β-PbF2 in the glass-ceramic due the solid

3
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Figure 3. Absorption spectra of glasses and glass-ceramic samples containing different Eu3+ contents.

Table 3. The lifetime of Eu3+ levels is reported for samples doped
with 0.5 mol% of Eu3+.

Excited levels of Eu3+
τexp (ms)
glass

τexp (ms)
glass-
ceramic

5D0 3.2 3.5 and 10
5D1 1.9 2.4
5D2 0.8 1.4
5D3 0.8 0.9

solution formation (Pb1−x Erx F2), observed by XRD analysis.
Our XRD results for glass-ceramics are in agreement with
these results because the peaks observed in figure 2(b) are
attributed only to the presence of β-PbF2 and there are no
indications of formation of Pb1−xEux F2 solid solution due to
the low Eu3+ ion concentration.

3.5. Lifetime measurements

The experimental decay time values observed for the Eu3+
excited states (5D0, 5D1, 5D2 and 5D3) provide important
information to evaluate, together with emission spectra, the
chemical environmental of rare earths. In table 3, decay time
values for Eu3+ levels are reported for samples doped with
0.5 mol% of Eu3+. An increase is observed for all values
with the ceramization process leading to the transparent glass-

ceramic, as expected on going from an oxide environment to a
heavy metal fluoride one. It is possible to observe that for the
level 5D0 there are two lifetimes which indicate the presence
of two Eu3+ ion sites, i.e. a vitreous environment (smaller
lifetime) and a crystalline environment (larger lifetime). These
results are in agreement with emission spectra and XRD
results.

3.6. Emission quantum efficiency

The spontaneous Einstein emission coefficient (A) of the
5D0 → 7F1 transition is constant (∼50 s−1) due to the weak
dependence of the transition compared to the ligand field. This
coefficient is related to the area under the peak of transition in
the emission spectrum and the formula is

(Transition area)0−J = Ahν (J = 1, 2, 3, 4, 5, 6) (3)

where 0–J is related to the transitions 5D0 → 7FJ , with
J = 1, 2, 3, 4, 5 and 6, A is the spontaneous Einstein emission
coefficient of transition (0–J ), h is Planck’s constant and ν is
the frequency of the baricenter of the analyzed transition.

The area and the frequency of the transition are obtained
from the emission spectra. Using this equation it is possible
to calculate the spontaneous Einstein emission coefficient for
each one of the Eu3+ transitions. The ratio expressed below is
used for this:

área0− j

área0−1
= A0−J hν0−J

A0−1hν0−1
. (4)

4
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Figure 4. Emission spectra of glasses and glass-ceramic samples containing different Eu3+ contents. The symbols J –J ′ represent the
transitions of the excited state 5DJ for lower levels 7FJ ′ .

The sum of all spontaneous Einstein emission coefficients
is the same as the constant of radioactive decay (krad) of the
europium ions. When the lanthanide ions are in the excited
state the return to the fundamental state can happen by two
routes: radioactive (light emission) and non-radioactive (loss
for heat, energy transfer etc). The inverse of the constant of
radioactive decay (krad) is the same as the radioactive lifetime
(τrad).

τrad = 1

krad
. (5)

The constant of experimental decay observed for a
lanthanide is defined by the equation

kexp = krad + knrad (6)

where knrad has temperature dependent and non-dependent
decay contributions. To low temperatures the dependent
contributions of temperature are ignored. Then, the constant
of non-radioactive decay is governed by the independent
processes of the temperature. The constants kexp and krad are
also used to calculate the quantum efficiency (η) of emission of
Eu3+. The quantum efficiency (η) is a quantity that describes

Table 4. The quantum efficiency of emission (η) for the 5D0 excited
level for glass and glass-ceramic.

Sample τrad (ms) τexp (ms) η (%)

Glass 8.5 3.2 38
Glass-ceramic 11 3.5 and 10 32 and 92

the number of excited particles that emit light; this quantity is
expressed as

η = krad

kexp
. (7)

Then, we calculated the radioactive lifetimes (τrad) for
the mother glass and for transparent vitroceramics doped
with 0.5% of Eu3+ ions (in mol%). Using the results
of experimental lifetimes (τexp), the quantum efficiency of
emission (η) was calculated for the 5D0 excited level. Table 4
shows the results. The crystallization of β-PbF2 and
consequently the transparent vitroceramic formation show an
increase in the level 5D0 emission efficiency. This efficiency
in the glass is 38%, while for the vitroceramic, due to the
existence of two lifetimes, it is 32 and 92%. The smallest
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Figure 5. Variation of the intensity ratio among the 5D0 → 7F1 and
5D0 → 7F2 transitions (0 − 1/0 − 2) as a function of the Eu3+
content for the glasses and transparent glass-ceramics.

Figure 6. Glass. (a) Eu3+ vibronic spectrum. The 7F0 → 5D2

electronic line at 21 560 cm−1 is taken as a reference (zero).
(b) Infrared transmission spectrum. (c) Raman scattering spectrum.

efficiency value is in agreement with that obtained for the
glass (38%), indicating that some Eu3+ ions are present in the
vitreous phase of the vitroceramic. On the other hand, the
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Figure 7. (I) Vibronic spectra: (a) glass; (b) transparent
glass-ceramic. (II) Selected region of the vibronic spectra: (a) glass;
(b) transparent glass-ceramic; (c) vibronic spectrum observed in
PbGeO3 [29] for comparison purposes.

largest quantum efficiency is related to the Eu3+ ions in the
β-PbF2 crystal phase, because the 5D0 level quantum efficiency
of Eu3+ ions in crystalline materials is, usually, around 100%.

3.7. Vibronic spectra

Figure 6(a) shows vibronic spectra obtained for the glass
sample containing 0.5 mol% Eu3+ appearing together with
the excitation band assigned to the 7F0 → 5D2 Eu3+
transition at around 21560 cm−1. Figures 6(b) and (c)
show the infrared transmission spectrum and Raman scattering
spectrum for the same sample. Figure 7(I) displays vibronic
spectra obtained for the mother glass and the transparent
glass-ceramic. Figure 7(II) shows a selected spectral
region of both spectra together with the vibronic spectrum
obtained for a Eu3+ containing lead metagermanate glass
(PbGeO3:Eu3+ (0.5 mol%)) studied before for comparison
purposes [29]. Both IR active and Raman active bands
appear in the vibronic spectrum. The vibronic bands
corresponding to the wavenumbers of 653 and 750 cm−1

relate to Q2 structures of the metagermanate chain, where
Qn is the usual nomenclature identifying the number n of
bridging oxygen atoms connecting [GeO4] tetrahedra. Bands
corresponding to the wavenumbers of 562, 689 and 786 are
identified in the vibronic spectrum of the fluorogermanate
glass, corresponding to Q2 structures with some substitution
of fluoride ions for oxide ions in the glass network. One
vibrational mode of 219 cm−1 is attributed to Eu3+ ions
interacting strongly with metal fluoride rich regions. With
the crystallization, vibrational modes of 94 and 201 cm−1 are
identified and might be related to the PbF2 crystalline phase.
The vibronic spectrum still shows the interaction of Eu3+ with
the fluorogermanate network by the observation of vibrational
modes at 556, 676 and 778 cm−1, and the partition of Eu3+
ions between the crystalline fluoride based and amorphous

6
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Figure 8. TEM micrography obtained for the transparent Eu3+
doped sample subjected to a 60 h heat treatment.

germanate based phases can therefore be studied by this
spectroscopy.

3.8. Transmission electronic microscopy (TEM)

To determine the ‘clusters’ inside vitroceramics TEM was
utilized. Figure 8 presents TEM of a vitroceramic doped with
0.5% of Eu3+ (in mol%). Immersed crystals in the amorphous
matrix, without cluster presence and a size distribution around
30 nm, are observed.

4. Conclusion

The study involving the glass-ceramics doped with different
Eu3+ ion contents has shown that the parameter of stability
Tx–Tg for the glasses is independent of the Eu3+ content. The
glass-ceramics presented β-PbF2 nanocrystals dispersed in a
glass matrix, with the size of crystals and the crystallized
fraction depending on the time of heat treatment. Based
upon the absorption spectrum study, the existence of scattering
related to the presence of β-PbF2 nanocrystals in transparent
glass-ceramics was determined. However, the scattering is
very similar to the glass, explaining the similar transparency
of the glass-ceramics and glasses. Analyzing the emission
spectra and the excited state lifetimes of Eu3+ ions in the glass-
ceramics, it is possible to determine the presence of Eu3+ ions
in the crystalline phase of β-PbF2. The excitation spectra
at 70 K showed various types of Eu3+ ion environment like
Eu–F–Pb, Eu–F–Ge, Eu–O–Ge in glasses and glass-ceramics
in these systems. The results of vibronic spectra show the
interaction of Eu3+ ions with the fluorogermanate network.
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