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ARTICLEINFO ABSTRACT

Keywords: Optical, structural properties and redox were studied for Ce-bearing silicate and aluminosilicate glasses and Ce-
XAS activated silica (SiO2) fiber preforms, by X-ray Absorption, Raman and Photoluminescence Spectroscopy.

Raman The introduction of Al,Os in Ce-bearing silicate glass strongly stabilizes reduced species in agreement with
gh‘:_':a]i':‘i“;”_ce“ce the optical basicity concept and additionally induces modifications in the Ce** surrounding. In Al-free silica
Oll: l; cal p:‘s);c:_lyis preforms, depending on the collapsing conditions, the Ce®*/XCe ratio has the highest variability (Ce**/

ZCe = 0.7-0.85 + 0.07), whereas in Al-bearing fiber preforms, Al codoping induces a strong stabilization of
Ce®™* spedes, despite the collapsing atmosphere.

Al presence induces modifications on Ce local environment, and thus variations of the distance between Ce®*
and its ligands, and/or to variations of the covalency of the bonds. Absorption bands in the UV region, ascribed
to Charge-transfer (CT) bands, in our samples, occur only for low amount of Ce* * (Ce®**/=Ce > 0.85 *+ 0.07).
Indeed, in silicate and aluminosilicate glasses the higher amount of Ce** does not give rise to UV absorption
bands ascribed to CT processes, whereas, in fiber preforms, Ce® * species can induce the trapping of hole centers,
and enhance the photoluminescence efficiency. More generally, these results enhance our understanding of REE
structural and chemical roles in amorphous materials and increase our knowledge for technical applications.

1. Introduction

Rare-earth elements (REE)-bearing materials are economically and
technologically important and they have a strong impact in many fields,
including geo- and materials sciences and, especially in the develop-
ment of high-power laser, solid-state devices, electronic and optical
devices, as well as in the ceramic industries [1-5]. To improve these
technological applications, it is necessary to increase our understanding
of REE structural and chemical roles in amorphous materials. Among
REE, Ce®* has attracted much attention thanks its 5d — 4f emission
[6], whereas the presence of Ce** is an issue for luminescent appli-
cations because this ion does not emit light. Indeed, cerium in glasses
may be present both in tri- and tetravalent states, and the proportion
between them, as for many other multivalent elements, depends on
several factors, including cerium content, oxidizing-reducing condi-
tions during glass synthesis, temperature, and glass bulk chemistry
[4,7-10].

Optical absorption and luminescence spectroscopy are widely used
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lab techniques to investigate REE- and transition elements-bearing
glasses, and have been extensively employed to study Ce-doped glasses
[7,8,10-12]. However, the quantification of Ce redox state in glasses by
these spectroscopic techniques is very controversial. Indeed, both Ce
species present absorption in the UV-region with an overlap of broad
bands, which increases or decreases depending on many factors. Ce**
does not show luminescence due to closed electronic shell ([Xe] 4}0),
whereas trivalent cerium ([Xe] 4f1) is optically active and has fluores-
cence emission that originates from a transition from one (or more) of
the 5d levels, to the 2F ground state [7,13,14]. cet may lose the 4f
electron to form Ce** by direct ionization or by trapping a hole,
Ce** +h* —>Ce**, and Ce'* may trap an electron,
Ce** + e~ — Ce®*, and the charge-transfer (CT) gives rise to a broad
absorption band in the UV region (around 4.8 eV).

Recently, in Yb or Tm-based glass fibers, the co-doping of Al and Ce
has been studied, for different host compositions, as an effective way to
reduce photodarkening (PD) [15,16]. Indeed, PD is mitigated by co-
doping with P or Al, or a combination of Al, P, and Ce [15,17,18]. Shao



and coauthors [16] demonstrated that trapped electron centers and
trapped hole centers were inhibited by Ce doping, and they suggested
that the coexistence of the redox couple Ce®*/Ce* * in glasses provides
means for trapping both hole- and electron-related color centers. Jet-
schke et al. [17] have shown that a small portion of ce® ™ ions are
temporarily oxidized to Ce** by trapping released holes in the pump
process, which ensures that the hole related color centers are sup-
pressed. The ability to trap electrons/holes has been the most used
explanation to explain the photodarkening mitigation in Yb-activated
fibers [15-17], and recently, also in Tm-based fibers [18]. However, the
role of Ce, and the redox ratios that favor the suppression of photo-
darkening have not been clarified. To gain insight into the favored
mechanisms, it is necessary to accurately determine the Ce®*/Ce**
ratio, and provide insights into the codopant(s) structural role, and on
the effect of manufacturing conditions (e.g. collapsing atmosphere).
The study of the element speciation in fiber preforms is particularly
complex due to the limited dimension of the doped core, and to the low
concentration of the dopants.

In order to better quantify the variations occurring in Ce-activated
silica fiber preforms codoped with Al, in this study, glasses in the
ternary SiO2-Naz0-Al>03 system, with constant molar content of SiO2
(~66.6 mol%) and with Al/(Al + Na) ratios varying from 0 to 0.54,
have been used to study Ce structural role and redox, depending on Al
presence and content. Data obtained from X-ray absorption spectro-
scopy (XAS) at the Ce Lig-edge, photoluminescence (PL), and Raman
spectroscopy are presented. The sensibility and the resolution achiev-
able with these spectroscopy techniques allowed obtaining re-
producible results. Discussions of the outcomes are based on the
quantified Ce®*/=Ce ratios, on the structural variations occurring in
the glass network, and on the chemistry (optical basicity) of the glasses.

2. Experimental methods

The starting material has been prepared from dried pure Al,O3, SiO,
and NazCOs in stoichiometric proportions. The mixtures were homo-
genized in an agate mortar and melted twice in air, at 1400 °C, in order
to obtain a homogeneous bubble-free glass. The bulk glasses obtained
have compositions corresponding to aluminosilicate glasses in the SiO,-
Nay0-Al,03 system, with constant SiO, molar content (~ 66.6 mol%)
and Al/Na ratios from 0.0 to 1.17. Ce-free glasses are named NA66.y,
with y = Al,03 and Na,0 = 100 — (66 + y). 10 g of each was finely
ground, doped with 0.36 mol% CeO,, then remelted in air. Ce-bearing
aluminosilicate glasses are labeled NAC66.y. The glasses obtained were
checked by Raman and optical microscope to ensure homogeneity and
absence of crystalline phases. Glass compositions and synthesis condi-
tions are listed in Table 1.

Ce-activated silica (SiO,) preforms were fabricated by the conven-
tional modified chemical vapor deposition (MCVD) technique [19], and
the so-called solution doping technique [20] was applied to incorporate
aluminum and REE (cerium and thulium): the pure silica core porous
layer was soaked with a solution of water containing chlorides salts of
desired concentrations to prepare Ce, Ce-Al and Ce-Tm-Al doped sam-
ples. CeCl3:6H,0, TmCl3:6H,0 and AlCl3:6H,0 concentrations were
0.08, 0.02 and 0.7 mol/l, respectively. After drying of the solvent, the
core layer was sintered down to a dense glass layer in O,, He or N, flux
(except for the first pass which was always made under O, atmosphere).
Then, the tube was collapsed under the same flux into a solid rod, re-
ferred to as preform, at an elevated temperature higher than 1800 °C.
Ce-activated silica preforms are labeled depending on the dopant/co-
dopant, and on the flux during collapsing (He, O,, N5, Table 1). Sections
of the preforms were cut and polished to optical quality. The preform
discs obtained are ~0.9 mm in diameter, with the doped cores in the
range of 280-400 pm.

X-ray absorption spectroscopy (XAS) experiments at the Ce Lig-edge
(5723 eV) were carried out at BM25A beamline (ESRF, France). Ce
model compounds (Ce** 0, and Ce®*-pyrochlore) and powdered

glasses were prepared by smearing finely ground powder on a Kapton
tape. The flat sample surface was placed 45° with respect incoming
beam and detector. Ce spectra were acquired in fluorescence mode by
using a Si 13-elements detector and the energy was calibrated by de-
fining the first derivative peak of a metallic Cr reference foil (5989 eV)
acquired, simultaneously to the samples, in transmission mode. A Si
(111) crystal monochromator was used, providing an energy resolution
of ~0.8 eV at 5.8 keV, but considering the finite core-hole width of Ce
at the Ly-edge, the resulting convoluted energy resolution is around
4 eV. A few experiments, in order to describe the evolution of Ce XAS
spectra depending on the redox, have been done at high temperatures
(HT) via Dispersive-XAS (D-XAS). Spectra for a Na-disilicate glass
(Na66.00) containing 1.8 mol% CeO, were acquired in transmission
mode at ODE beamline (SOLEIL, France). ODE is an energy-dispersive
beamline with a Si(111) bent polychromator crystal at the focal point of
which the sample is placed. The beam size was ~30 X 30 pm (FWHM).
Due to the fixed energy-position correlation in the diffracted energy
band, a complete spectrum was obtained from measurements of the
intensity distribution on a position-sensitive detector. For high-tem-
peratures (HT) experiments the samples were loaded as microgram-
powders in a 0.5 mm hole of the Pt-Ir10% heating wire of the micro-
furnace previously used for in situ high-temperature studies of Eu and
Fe in silicate glasses i.e. [21-23]. Because a spectrum is recorded in the
order of milliseconds, this beamline is particularly well suited to in-
vestigate reduction/oxidation kinetics processes at HT. The closed mi-
crofurnace allows also the use of different gases (Ar/H,, Ar, O,) to
obtain different redox environments. For all XAS spectra background
was subtracted using a linear function and then normalised for atomic
absorption on the average absorption coefficient of the spectral region
from 5750 to 5780 eV. The threshold energy was taken as the first
maximum of the first derivative of the spectra, whereas the main peak
positions were obtained by calculating the second derivative of the
spectra.

Analyses of optical emission and excitation behaviour (PL) were
performed with a spectrofluorometer equipped with double mono-
chromators (Czerny-Turner) in excitation and emission (Fluorolog3,
Horiba Jobin Yvon), using a 450 W Xe-lamp as excitation source. All
measurements were carried out with excitation and emission spectral
resolution of 1 nm. The photoluminescence measurements for alumi-
nosilicate glasses were carried out on polished glasses with dimension
of ~0.8-1.0 cm, whereas for silica preforms discs the cladding portion
was masked by a black tape (matt black foil), in order to collect the
signal almost exclusively from the doped core. Several measurements
were repeated in order to ensure the reproducibility.

Raman spectra have been collected both with laser excitations at
488 nm and 532nm at the Department of Materials Science and
Engineering (WW3, FAU Erlangen). The Thermo Scientific Nicolet™
Almega Raman spectrometer coupled with a high-quality Olympus
visible microscope, and a high resolution grating (2400 lines/mm)
provided a very good spatial and frequency resolution, respectively of
~lpymand 1 cm™ L.

Aluminosilicate glasses and fiber preforms were analyzed by scan-
ning electron microscopy (SEM) (Merlin™, Carl Zeiss AG, Germany).
The chemical composition was evaluated with an energy dispersive X-
ray spectrometer (EDS) (X-Max", Oxford Instruments plc., UK).

3. Results and discussion
3.1. XAS and D-XAS

Ce crystalline compounds used as trivalent and tetravalent Ce re-
ferences are, respectively, Ce-pyrochlore and CeO, [24]. As shown in
Fig. la trivalent and tetravalent Ce compounds display strong differ-
ences in the Ce Lyr-edge X-ray absorption near-edge structure (XANES)
region. The Ce®*-pyrochlore has a relatively narrow white-line at
~5727 eV arising from the transition (vertical dashed line a), whereas



Table 1

Nominal composition of starting materials (in mol%), synthesis conditions, and Ce® * /=Ce for all the silicate glasses here investigated. For SiO, fiber preform glasses, the amount of co-

dopant (ppm.at), and the conditions for collapsing are reported.

Label/mol% Sio, Na,O ALO3 Ce0, T (°C) Atmosphere ce**/xCe Theoretical optical basicity (A) Tg"
+ 0.07 (K)

NA66.00 66.66 33.33 1300 Air - 0.62 726

NAC66.00 66.43 33.22 0.36 1400 Air 0.35 0.62

NA66.01 66.66 32.33 1 1400 Air - 0.61

NAC66.01 66.43 32.22 1 0.36 1400 Air 0.37 0.61

NA66.10 66.66 23.33 10 1400 Air - 0.55 814

NAC66.10 66.42 23.24 9.96 0.36 1400 Air 0.5 0.55

NA66.18 66.66 15.33 18 1400 Air - 0.51 1089

NAC66.18 66.4 15.27 17.93 0.36 1400 Air 0.85 0.51

Label/ppm.at” Tm Al Ce

Ce (N, 1300 N, - 0.48

CeAl (N,) 17,000 3800 N, 1 0.47

Ce (02) 3300 0, 0.85 0.48

CeAl (02) 15,000 3500 0, 0.9 0.47

Ce (He) 3100 He 0.7 0.48

CeAl (He) 17,000 3000 He 0.9 0.47

CeAl-Tm 260 8000 1300 0, 0.85 + 0.1 0.47

Notes:
§ From [61].
" From [18].

# Estimated from SEM-EDS analyses.
* Prepared by MCVD (see experimental section).

Ce** compound (Ce0,) has other three features, respectively labeled b,
c and d in Fig. 1a, according to Bianconi et al. [25]. Peak d corresponds
to the electronic transition, whereas peak ¢ is due to the transition,
where an electron is transferred from ligand (L) orbitals (i.e., 2p of
oxygen) to the 4f shell of Ce. The position and the integrated area of
peak c, relative to peak d, is strongly dependent on the Ce chemical
environment [25,26]. Peak b is assigned to the transition, which is
forbidden from the selection rule, Al = * 1. Hybridization of 5d-4f
orbitals allows the transition to appear as a small peak [25,27]. The
different spectra for Ce*>* and Ce** can be used as fingerprint for the
presence of both species.

In order to evaluate the variations of the Ce Ly-edge XANES spectra
depending on Ce redox ratio we performed in-situ experiments at ODE
beamline (SOLEIL, France). Microgram-powder of the starting
NAC66.00 glass (1.8 mol% CeO,) was inserted in the heating wire and
heated up to ~1060 °C (temperatures controlled “in-situ” with a py-
rometer: error = 10 °C). After completely reducing the melts in Ar/H,
atmosphere we started to follow the Ce redox kinetic at high tem-
perature under O, flux. Each spectrum was acquired every 5s until the
equilibrium was reached (no further changes in the spectra after

15-25 min). The two XANES end-member spectra (fully oxidized and
fully reduced) were used for a linear combination (Fig. 1b), and com-
pared to each single spectrum acquired, in order to provide the quan-
tification of the Ce®*/ZCe ratios in all the other spectra/samples. In
Fig. 1b is shown the evolution of the Ce XANES spectra with time for
the Ce-bearing NA66.00 melt. In addition to the linear combination
method, another procedure was done to quantify the Ce®* /ZCe ratios,
in order to provide an error relative to the estimation of each Ce species
present in the glasses. Following the work of [9], we used the ratio
between the maximum intensities (minimum values found by the
second derivative) of the peaks relative to ce®* (down arrow in
Fig. 1b) and Cet** (up arrow in Fig. 1b) from the linear combinations,
to build a calibration curve. The values from the aluminosilicate glasses
fall into the confidence band (95%) except for the Al-free glass which
has a higher scattering. As a result, the error associated to the Ce®*/
ZCe ratio was fixed to = 0.07.

Glasses of Na-aluminosilicate composition, doped with 0.36 mol%
CeO,, have been studied by X-ray Absorption Spectroscopy (XAS) at
room temperature. Normalised spectra for four aluminosilicate glasses
are shown in Fig. 2. The XANES spectra are typical of compounds with a

a) b))  ce
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1

Normalised Absorption (arb. units)

I

Fig. 1. a): Normalised Ce Ly-edge XANES spectra for Ce® *
and Ce* * reference compounds, along the respective second
derivatives. Letters and dotted lines indicate the electronic
transitions associated to the different features (see text). b)
Linear combination of the two XANES end-members ac-
quired at HT in-situ. The bold lines represent the fully oxi-
dized (Ce**) and the fully reduced spectra (Ce**).
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Fig. 2. a) Normalised Ce Liy-edge XANES spectra for Ce-aluminosilicate glasses. b) Ce®* /
XCe redox ratios estimated for the glasses are plotted against their Al/Na molar ratio.
There is a correlation between Ce®* /ZCe redox ratio and both Al/Na molar ratio and
theoretical optical basicity (A).

mixture of the two valences, since both the characteristic features of
Ce** and Ce** are present (Fig. 2). On the other hand, clearly there is
a trend and by increasing the amount of Al;03 the main peak increases
in intensity, whereas the shoulder at higher energy, associated to Ce**,
is decreasing. The Ce®*/ZCe ratio for each glass was obtained by
comparing the XANES spectra with those of the linear combination
(Table 1), and when plotting the estimated Ce®* /X Ce ratios vs. the Al/
Na ratio (Fig. 2b), the positive correlation is clear. Indeed, the sub-
stitution of Al for Na stabilizes reduced Ce species in the glasses.

The theoretical optical basicity (A) values for the glasses here in-
vestigated can be used satisfactorily to predict the Ce redox states, in
agreement with previous studies [28-30]. By increasing the optical
basicity, the content of oxidized species in the glasses increases, and by
increasing Al content there is a decrease of the A (Fig. 2b).

Ce L-edge XANES spectra have been collected also for Ce-activated
silica glasses, either Al-free or Al-doped, collapsed under different at-
mospheres (He, Oz, N2) (Fig. 3). All silica preforms have high ce*ty
2Ce ratios (see Table 1). The collapsing atmosphere, for the Al-free
preforms, to some extent, influences the Ce redox ratio (Fig. 3a,b) with
the glass prepared in He, unexpectedly, resulting in the highest amount
of oxidized species (Ce®> * /=Ce = 0.7 + 0.07, black line in Fig. 3a). As
observed for aluminosilicate glasses, Al presence in silica preforms in-
duces a strong stabilization of Ce® * (Fig. 3b) compared to Ce**, and
even the gases used have somehow a subordinate influence with respect
to Al codoping effect. Indeed, the estimated Ce®*/Ce ratios range
between 0.9 and 1 ( = 0.07).

In Ce-activated silica preforms, considering the amount of Al doping
with respect to the Ce content, and following the trend observed for the
Na-aluminosilicate glasses, it can be expected a variation of the Ce
redox ratio up to 35%, depending on the presence or not of Al

3.2. Photoluminescence spectroscopy

Photoluminescence (PL) measurements, in the UV-Vis range, have
been done for all the glasses. Both excitation and emission spectra for
Ce-bearing compounds largely shift depending on bulk composition, Ce
content, temperature, etc.... ([7,10,14] and references therein) never-
theless, the optical basicity (OB) [31-33], or the polarizability [34-36]
have been used to predict the variations occurring on Ce luminescence
properties [10,37].

In Fig. 4, the normalised emission (EM) and excitation (EX) spectra
for the set of aluminosilicate glasses are shown. The broad emission
band is associated to the allowed electronic transition 5d — 4 f. The
spin-orbit interaction splits the ground level into two sublevels (doublet
2Fs,, and 2F,,;) [14] which causes the strong asymmetricity of the
photoluminescence. The emission bands have been analyzed and de-
convoluted in two Gaussians [12] and the two components splitting, of
around 2200 cm ™, is in agreement with the literature [12,14].

Ce-bearing aluminosilicate glasses (Fig. 4) have luminescence ex-
citation and emission bands at different wavelengths, depending on the
presence or the amount of Al. All emission bands are asymmetric and
broad, whereas the excitation bands are relatively narrow asymmetrical
peaks with a maximum around 346-357 nm, and a shoulder peaking
around 300 nm. Samples NAC66.00 and NAC66.01 have almost the
same Ce redox and OB values, however the photoluminescence shows a
little shift toward blue (see Table 2) both for emission and excitation
bands. These variations can be respectively ascribed to the decrease of
the component at higher wavelengths (~ 460 nm) in the emission band,
and to a slight increase of the shoulder at ~300 nm in the excitation
band, due to Al presence (arrow in Fig. 4). The prevalent presence of
Ce** (> 60%) in these glasses do not cause strong modifications in the
UV region.

The strongest differences in the photoluminescence can be observed
for the glass with the highest amount of Al (NAC66.18), with Stokes
shifts strongly reduced, and also with lower spin-orbit splitting of the
ground 4f level (~1995 cm™ 1y (Table 2). In this sample, the emission
band is largely shifted at lower wavelengths, along with a net increase
of the band at ~300 nm in the excitation spectrum.

Aluminosilicate glasses, following the Al substitution for Na, present
a blue shift of both excitation and emission spectra, except for glass
NAC66.10, which is out of trend. It represents always the maximum
variation, with the highest Stokes shifts (5437.8 cm™ 1 and the highest
splitting of the ground 4f level (~2280 cm™ 1), and with both emission
and excitation bands shifted toward red wavelengths (respectively
~443 nm and ~ 357 nm, Fig. 4).

Ce-activated silica preforms (Fig. 5) as well have broad asymmetric
emission bands, and there is a clear difference for Al-free and Al co-
doped samples. Indeed, Al co-doped preforms, around 400 nm, have an
asymmetric emission band, very similar to that of Al-rich silicate glass
(NAC66.18), and also with very similar values for the spin-orbit split-
ting of the ground 4flevel (~2000 cm™ !, Table 2). On the contrary, Al-
free preforms have much broader and red shifted (~450 nm) emission
bands. The deconvolution of the emission bands for the Al-free pre-
forms show that the spin-orbit splitting of the ground 4f level is much
higher compared to other glasses and preforms, especially the one
collapsed under N, (~2700 cm™ !, Table 2). Thus, the 5d — (?Fs/, and
2F, ) splitting by itself, cannot justify the energy difference between
the two Gaussian needed for the deconvolution.

The excitation spectra for silica preforms are also broader and show
the presence of two components at lower wavelengths (see arrows in
Fig. 5). The first one has a similar position to that observed in alumi-
nosilicate glasses (—300 nm), whereas the second one is at shorter
wavelengths (~275 nm or ~4.5 eV). This latter contribution probably
could be related to Charge Transfer (CT) band(s), and it is interesting to
observe that by increasing the Ce®* /ECe ratio in the preforms, this
contribution raises. Moreover, contrary to aluminosilicate glasses, the
large variations in fiber emission spectra do not go along with the shift
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Fig. 4. Excitation (EX) and emission (EM) spectra for Ce-bearing aluminosilicate glasses,
respectively measured at the maximum of the emission and excitation bands. The position
of the maxima changes depending on the presence or the amount of Al (see Table 2).

in the excitation bands, thus the Stokes shifts are really wide-ranging
(from 4611 up to 7767 cm ~ ; Table 2). The presence of the components
at lower wavelengths in the excitation bands for silica preforms, along
with the wider splitting of the emission components (Fig. 5), suggests
the presence a/o combination of different effects: the presence of in-
trinsic silica defects, a charge-transfer (CT, i.e. Ce** trapping electrons)
that gives rise to the broad bands at lower wavelengths, or to the ability
of Ce** to form Ce** by trapping holes. Because the component at
~275nm linearly increases with the Ce®*/ECe ratios, we are more
likely to assign it to trapped hole centers. As a matter of fact, this band,

Table 2

Wavelength (nm)
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Fig. 5. Excitation (EX) and emission (EM) spectra for some of the Ce-activated silica
preforms here investigated, respectively measured at the maximum of the emission and
excitation bands. In the excitation spectra, there is the occurrence of a broad contribution
at lower wavelengths. Ce redox ratios are reported for sake of clarity.

in all the samples here investigated, occurs only for low amount of
Ce** species. Indeed, the contribution in the excitation spectra at high
frequencies start to be pronounced only in the Al-rich silicate glasses
(NAC66.18), which is very similar to that observed in the Al-free silica
preform collapsed under O,. Hence, based on the estimated Ce redox
ratios we defined that Ce®**/=Ce > 0.85 + 0.07 is the limit for the
appearance of the component at ~275 nm.

Results from the photoluminescence studies. Maximum of excitation (Ex) and emission (Em) bands, and parameters obtained from the deconvolution of the emission bands by using two
Gaussian (G*) functions. All values as cm ~ ', The Ce redox ratio is reported for sake of clarity (error + 0.07).

Label Ce®*/xCe Ex Em FWHM Em Stokes shift Deconvolution emission bands (cm ™ *)
(em™1) (em™1) (em™Y) (em™ 1) 1st G* FWHM 1 2nd G* FWHM 2 Splitting ground 4f level

NAC66.00 0.35 28,169.0 22,962.1 5352.1 5206.9 23,915.2 34535 21,709.1 4895.6 2206.1
NAC66.01 0.37 28,686.2 23,310.0 5526.6 5376.1 24,108.4 3967.3 21,876.9 5477.2 2231.5
NAC66.10 0.5 28,011.2 22,573.4 5377.6 5437.8 23,733.2 35237 21,452.2 48329 2281.0
NAC66.18 0.85 28,885.0 24,271.8 4964.9 4613.2 24,939.2 3484.9 22,944.3 4775.6 1995.0
Ce (N, - 29,940.1 22,172.9 6203.0 7767.2 23,840.8 3909.7 21,137.0 5286.7 2703.7
Ce (02 0.85 29,455.1 21,834.1 5736.0 7621.0 23,118.0 3535.6 20,734.0 5328.3 2384.1
CeAl (N2) 1 29,673.6 25,062.7 4842.8 4610.9 25,808.9 3264.3 23,768.8 4807.4 2040.2
CeAl (02) 0.9 30,864.2 24,691.4 4698.3 6172.8 25,199.4 3645.5 23,205.4 4841.7 1993.9
CeAl (He) 0.9 29,770.8 24,937.7 4764.8 4833.1 25,464.7 3468.1 23,428.7 4813.0 2036.0
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Fig. 6. Raman spectra for Ce-free aluminosilicate glasses with different Al/Na molar ra-
tios. Letters indicate the position of the low frequency (LF) and high frequency (HF)
regions. By increasing the Al content in the glasses, there is marked shift of the main
bands toward lower frequencies. Vertical dotted lines are guidelines for the position of the
bands at ~570 cm~! and ~945cm 1.

3.3. Raman spectroscopy

For the interpretation of the variations of Ce redox ratio and optical
properties in glasses and fiber preforms, we need to take into account
the variation in the glass structure occurring by introducing aluminum,
and by changing the Al/Na ratio. Therefore, Raman spectra both with
excitation lasers at 488 nm and 532 nm have been collected for all the
glasses: undoped and Ce-bearing aluminosilicate glasses and Ce-acti-
vated fiber preforms.

3.3.1. Ce-free series: NA66.y glasses

Several authors studied the origin of the contributions in the Raman
spectra of silicate-based glasses, both from calculated or measured vi-
brational density of states, and thus, we can relate the bands between
850 and 1300 cm ™~ ! to Si—O stretching in different Q" tetrahedral units,
(n is the number of bridging oxygens and Q the four-fold coordinated
cation — e.g. Si, AL e.g. fully polymerized = Q% e.g. [38-41]. and
references therein).

Spectra of undoped NA66.y glasses are reported in Fig. 6, where the
evolution of the Raman bands depending on the Al/Na ratio can be
appreciated. All spectra have been normalised to the total area. In the
following we discuss the Raman vibrations based on their positions,
accordingly to Le Losq et al. [42,43]: the low frequency region (LF
250-700 cm ™ 1), the intermediate region (700-850 cm_l), and the
high frequency region (HF or Q-range, 850-1300 cm™ '), and we use
the nomenclature adopted by [42,43] for vibrational modes in the Q-
range: band at ~945cm™ ! related to Si—O stretching in @ species,
band at ~1050 cm™ ! related to T» stretching vibrational mode, and
band at ~1100 cm™ ! associated to stretching in Q® species. The con-
tributions at ~1130 and ~1160 cm ™! are both linked to stretching
vibrational mode of Q* species, and respectively called Q*™ and Q*'.

Interestingly there are not so many studies for peraluminous glasses
(Al/Na > 1) compared to the peralkaline (Al/Na < 1) ones, thus we
refer to previous studies done in NAS systems in the albite joint, where
the SiO, molar content is fixed at 75 mol% (NA75 from [43]). The
spectrum of undoped NA66.00 glass shows the typical bands for this
composition (e.g. [41,44,45].), with a strong band, in the HF region,
peaking at 1100 cm™?, and a smaller contribution at ~945cm™!
(Fig. 6). Consequently, Si occurs mainly in Q* and @7 units, with only a
small contribution from Q* units, in agreement with previous studies

[44,46]. In the low frequency region for glass NA66.00, the main band
is a sharp asymmetric peak at around 570 cm™ . When substituting Al
for Na in NA66.y glasses, the main bands, both in the low and high
frequency regions, decrease in intensity and shift to lower wave-
numbers [47]. Indeed, in the low frequency region the main band
(associated to T—O-T vibrations) shifts from ~570cm™ ! to
~499cm™?! by increasing the Al/Na ratio. In samples with Al/
Na > 0.4 (Fig. 6) appear the shoulder at ~570 cm™ 1 which can be
related to the defect-line D,, associated to the breathing mode of (§i0)3-
rings, and also there is the increase of the tail at lower frequencies,
which can be related to the stretching of higher membered rings ([43]
and references therein). The peraluminous sample (Al/Na > 1;
NA66.18 in Fig. 6) additionally has a contribution at lower frequency
(~280cm™Y) assigned to T—O—T bending vibrations, and also a small
broad band in the intermediate region (~700 cm™ 1. In the high fre-
quency region or Q-range there is a systematic shift of the main band
from 1100 cm ™~ * to 1059 cm ™ ! when substituting Al for Na, along with
anet decrease of the intensities (Fig. 6). Moreover, there is a systematic
increase of the contribution around 1050 cm ™ !, which has been related
to T, stretching vibrational mode where two oxygen atoms move closer
to the central Si atom, whereas the other two oxygen atoms of TO4
tetrahedra move away [48]. The occurrence of this band in various
silicate glasses indicates that it arises from a T—O stretching type which
is different from the T—O stretching forming the Q" bands ([42]).

The high-frequency region has been analyzed in detail by taking
into account the different approaches described by Le Losq and co-
authors [42,43]. The deconvolution has been carried out with Gaussian
functions on background subtracted spectra in the 850-1250 cm™ !
frequency range. Examples of the Raman Q-range deconvolution are
shown in Fig. 7, where the experimental spectra, the Gaussian functions
used, along with the residuals, are reported. As stated above, we use the
nomenclature adopted by [42,43] for vibrational modes in the Q-range,
hence five Gaussian have been used to fit the glasses in the peralkaline
range (Al/Na < 1), whereas Q%and Q° peaks are not included in the fit
of sample NA66.18 since no NBOs are expected in this glass composi-
tion (based on previous Raman and NMR studies in CAS, NAS and MAS
systems; e.g. [43,47,49]. (Fig. 7a—d). The evolution of the Q-species by
changing the Al/Na ratio is in agreement with the study done in the
albite joint (in Fig. 7e, NA75.y from [43]), albeit the different pro-
portions for the Q" species due to the different SiO, content. Indeed,
when substituting Al for Na, there is a decrease of the proportion of Q*
species, alongside with the increases of Q*!! species (Fig. 7e). The oc-
currence of highly coordinated Al species in the peraluminous region
was verified by NMR studies in the albite joint [43], and being the trend
for our glasses very similar, we can assume an almost identical beha-
viour.

All the observation done on undoped glasses are going to be used for
the interpretation of Ce surrounding in the doped series.

3.3.2. Ce-bearing series: NAC66.y glasses

In Fig. 8 are reported the Raman spectra for the undoped (NA66.y,
black lines) and Ce-bearing aluminosilicate glass compositions (NA-
C66.y, blue lines). In order to compare the Raman spectra for Ce-
bearing glasses and the undoped ones there is the need to take into
account both the modifications due to the different Al/Na ratios, and
also the different Ce redox ratios. To highlight the spectral changes due
to the Ce presence for each sample, we have normalised the intensity to
the maximum of the band in the Q-range. When introducing Ce in the
aluminosilicate glasses with Al/Na < 1 (Fig. 8a.c), there are a few
modifications, and in particular, in the Q-range, differences are mainly
associated to the T, stretching vibrational mode and Q7 stretching
mode, along with a slightly shift toward lower frequencies, and to the
occurrence of a small feature around 870 cm ™ . Remarkably, this latter
band is higher for the Al-free (NAC66.00) and 1 mol% Al;O3 (NA-
C66.01) glasses (blue lines respectively in Fig. 8a and b).

The strongest differences in the Raman signal can be observed for
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the glass with the highest amount of Al (Al/Na > 1: NAC66.18,
Fig. 8d). When Ce is added, the whole Q-range shifts toward higher
frequencies and both intensity and broadening of the main band in the
low frequency region increases. From the deconvolution of the Q-ranges
for the Al rich glasses (respectively NA66.18 and NAC66.18) we ob-
served a relative increases of the T, and Q*" units for the Ce-doped
glass (see Figs. 7e and 8d).

In the low-frequency region as well, some modifications occur when
introducing Ce. The main band in the low-frequency portion shows
different intensities depending on the presence of Ce, and it slightly
moves toward lower frequencies. Moreover, there are a few modifica-
tions in the tail of the main band that might originate from variations in
the T-O—T bonding. However, all the differences observed in the lower
frequency region are challenging to assign because dissimilarities could
be ascribed to several factors, including baseline modifications, or lu-
minescence centers, etc.

In Na-silicate glasses, by X-ray photoelectron spectroscopy, [50]
suggested that Ce ions enter the network as a glass intermediate,
whereas [51,52] reported that Ce®™* acts as a network modifier, re-
spectively in aluminosilicophosphate and sodium germanate glasses.

In our aluminosilicate glasses, with Al/Na ratio < 0.5, the re-
markable variations are: i) the modifications of the low frequency tail
when adding Ce, ii) the increase of the T, component at ~1030 cm™?,
and iii) the presence of the small feature around 870 cm™ ! Since in
these glasses it was estimated a Ce®* /ZCe = 0.35-0.5 ( = 0.07), we

assume that this latter band is mainly associated to the prevalent pre-
sence of oxidized species. The presence of prevalent Ce®** species
(NAC66.18: Ce®*/=Ce = 0.85 + 0.07) visibly affects the Raman
signal, mainly in the HF region, where the whole Q-range shifts toward
higher frequencies, as a result of the relative increase of Q™™ units,
which have smaller T-O—T angles with respect to Q*' units [43].
Theoretical calculations [53] have shown that when Al is substituted
for Si, the average T—O bond length increases, and the average Si-O-Al
angle decreases, in agreement with experimental studies [54,55]. It
follows that in a system where not enough cations (Na™) are available
to charge balancing Al * cations (leading to higher Al coordinations -
[5]Al and/or [6]Al), Ce®* enhances the stabilization of higher amount
of Al 4-fold coordinated. Therefore, we can assume that Ce** mainly
behaves as charge compensator of neighboring Al polyhedral.

3.3.3. Ce-activated silica preforms

Raman spectra of the Ce-activated silica preforms were collected
both in the silica cladding and in the doped/codoped core. For Al-free
preforms, between the core and the cladding, only small variations
occur in the Raman spectra, whereas for Al codoped preforms, sig-
nificant differences can be observed (Fig. 9). The spectrum collected in
the cladding resembles the spectra of pure SiO,, with the well pro-
nounced D; and D; “defect” lines in the LF region, and the relatively
less intense vibrational features above 950 cm ™! (red spectrum in
Fig. 9a). D; and D, lines are associated to the breathing modes of
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(Si0) 4- and (SiO)5-rings, respectively, whereas the broader band of the
spectra centered at ~436 cm™ ! corresponds to the Si-O-Si vibration
modes [56,57]. The spectrum related to the Al/Ce codoped core (blue
spectrum in Fig. 9a), in the low frequency region, resembles that of the
cladding, but with marked variations in the relative intensities of the D,
and D, lines, and this suggests that Al partially modifies the population
of the small (Si0)4- and (SiO)s-rings. In the high frequency domain, the
Q-range of the cladding presents two well-separated peaks, centered
respectively around 1056 cm™! and 1188 cm™!, whereas the Al/Ce
codoped core has a much broader contribution. The deconvolution of
the Q-ranges (Fig. 9b) highlights that both high frequency regions can
be fitted by using three Gaussians, like the aluminosilicate glass
NA66.18, since there is a high polymerized network where no NBOs are
expected. The contribution at ~1056 cm ™! (T5) is quite narrow and it

remains almost constant either in the cladding or in the codoped core,
similarly to the contribution at higher frequencies (attributed to Q™'
species), that has almost the same FWHM and frequency position. On
the other hand, strong variations can be observed for the central peak,
associated to Q*™ species, that strongly rises and shifts toward lower
frequencies (Fig. 9b). Since both T, and Q*' species remains almost
constant, we can assume that, in the codoped center of fiber preforms,
the 4-fold coordinated AI®* enters in Q*" units, in agreement with
previous observations done in peraluminous systems ([43] and refer-
ences therein).

3.4. Structural considerations

The addition of Al;O3 to alkali silicate glass (with Al/alkali < 1)
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Fig. 9. a) Normalised Raman spectra for the Ce/Al-codoped preform (CeAl (He)) collected in the cladding (red line) and in the Al/Ce codoped center (blue line). b) Deconvolution of the
Q-range of the spectra collected in the cladding and in the core (red and blue bold lines, respectively). Dotted lines refer to the Gaussian peaks used for the fit of the cladding Q-range, and
blue lighter lines to those used for the core Q-range (see text for peak attribution). (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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mainly induces the Na™ ions to modify their structural role from net-
work-modifier to charge compensator, till no more non-bridging
oxygen (NBO) atoms remain. On the other hand, beyond the metalu-
minous join, the exceeding amount of Al,0g, leads Al** cations into
higher coordinations ([5]Al or [6]Al) ([43] for NAS glasses; [49,58,59]
for CAS glasses; [60] for MAS glasses). Moreover, for low content of Al
(1-2 mol%), NMR studies of the ternary systems have highlighted the
occurrence of Al 6-fold coordinated [61].

Molecular Dynamics simulations [62] indicates that Ce®* ions are
preferentially surrounded by aluminum oxygen polyhedra instead of
silicon ones. In the glasses here investigated, from the Raman spectra,
we observed that part of the Al is 4-fold coordinated, but we also expect
higher coordinations ([5,6]Al) [43]. If Ce®* ions are preferentially
surrounded by Al polyhedra with respect Si ones, thus Ce® * may play a
charge balance role for neighboring Al cations, leading to variations in
the Ce surrounding, depending on the aluminum oxygen polyhedral.

Aluminosilicate glasses with 0.1 < Al/Na < 1, and Al-free silica
preforms have very broad emission bands centered around 440 nm,
whereas Al/Ce codoped silica preforms, and NAC66.18 glass, have a
strong blue shift of the emission bands (Figs. 4-5). The observed blue
shift can be rationalized by the nephelauxetic effect, and thus to var-
iations of the distance between Ce®* and its ligands, and/or to varia-
tions of the covalency of the bonds. The smaller Stokes shifts observed
(Table 2) for glasses having Al present in 4-fold coordination and,
presumably, in higher coordinations, indicate that the covalency of
{Ce—0)> bonds decreases, in agreement with a charge compensation
role of Ce species. Moreover, the blue shift suggests a decrease of the
local crystal field splitting of the 5d level [7]. In contrast with Al-
bearing glasses, the shift to lower energies indicates more covalent and
strong crystal field surroundings.

The theoretical optical basicity (A) values for the glasses here in-
vestigated can be used satisfactorily to predict the Ce redox states, in
agreement with previous studies [28-30]. By increasing the optical
basicity (OB), the content of oxidized species in the glasses increases,
and by increasing Al content there is a decrease of the OB, since the
electron donor ability is highly influenced by the surrounding network
former cations. Also for this reason, the photoluminescence does not
follow a linear trend (Fig. 10) by changing the bulk optical basicity.
Indeed, the photoluminescence cannot be easily correlated to the op-
tical basicity, in contrast with [37] or other REE-bearing glasses (e.g. Eu
[63,64]) since the chemical control is largely the primary factor influ-
encing Ce structural role.

There are two trends when correlating optical basicity and max-
imum of the emission band for aluminosilicate glasses and silica pre-
forms (Fig. 10). Hence, we describe the variations of the photo-
luminescence based on the coordination environment around Al, since
it modifies neighborhood of cerium ions (Fig. 10). Glasses without Al or
with Al entirely 4-fold coordinated have the emission maximum at
higher wavelengths, whereas glasses where Al is expected to be present
with higher coordinations ([5,6]Al) have the emission maximum at
much lower wavelengths (Fig. 10). The doping level in the fiber pre-
forms cannot produce variations in the optical basicity, thus it this
mandatory to contemplate variations in the Ce®* surrounding (sym-
metry a/o coordination), and in turn, in its structural role.

4. Conclusions and remarks

We investigated Ce redox ratio, optical properties and glass struc-
ture of aluminosilicate glasses with variable Al/Na ratios and Ce-acti-
vated silica preforms, with the aim to quantitatively describe the cor-
relation between aluminum and cerium.

Ce redox behaviour is strongly linked to the optical basicity of the
glasses, and the substitution of Al for Na in aluminosilicate glasses, and
the Al codoping in Ce-activated preforms, strongly stabilizes reduced Ce
species. Ce® * has the same ionic radii of Na* [65] thus the stabilization
of reduced species with Al incorporation can be seen as a greater ca-
pacity of Ce® * to behave as charge compensator for Al compared to Na.

Raman spectroscopy has evidenced that substitution of Al for Na in
aluminosilicate glasses produces several modifications in the glass
structure. In the glass where Ce®** is the predominant species
(NAC66.18), the Raman spectrum show clear variations, with the whole
Q-range shifted toward higher frequencies, as a result of the relative
increase of Q*™ units (Fig. 7e). The same observation was done for Al
codoped silica preforms, where the feature associated to Q*" species
strongly rises and shifts toward lower frequencies, because it accom-
modates the 4-fold coordinated AI**.

Photoluminescence studies show that cerium has two different
emissions. Al presence induces different environments around Ce®*
ions, and the smaller Stokes shifts altogether with the emission shift,
indicate that the covalency of {<Ce—O) bonds decreases, in agreement
with the Ce>* charge-compensating role of neighboring Al polyhedral.
Additional bands in the UV region occur only for lower amount of Ce**
(Ce3*/2Ce > 0.85 + 0.07), and they can be ascribed to the presence
a/o combination of different effects: the presence of intrinsic silica
defects, a charge-transfer (CT, i.e. Ce** trapping electrons) that gives
rise to the broad bands at lower wavelengths, or to the ability of tri-
valent Ce to form Ce** by trapping holes. Because of the linear in-
creases of the component at ~ 275 nm with increasing Ce® * /=Ce ratios,
we are more likely to assign it to trapped hole centers.

Based on these results we could speculate that photodarkening at-
tenuation in Ce/Al codoped fibers mainly is due to the stabilization of
higher amounts of Ce®* in the amorphous structure thanks to Al ad-
dition, combined with the ability of trivalent Ce to form Ce** by
trapping holes, reducing the formations of Al/Si defects (Si/Al-trapped
hole centers). In order to verify our hypothesis, further experiments on
Tm-Ce/Al codoped fibers are already planned.
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