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A new 30 Ge0,-30 TeO,-15 ZnO-10 NayCO3-10 CaF»-3 Lay03-2 YbF; glass composition was synthesized and
submitted to several heat treatments to provoke nanocrystallization in its bulk. The formation of nanocrystallites
was evidenced by high resolution transmission electron microscopy and X-ray diffraction, and their nature and
size was characterized. The spectroscopic and magnetic properties of the Yb*>* ions dissolved in the glass and,
presumably, in the nanocrystallites, were investigated by absorption and emission spectroscopies (including

anti-Stokes emissions from Tm®* and Er** impurities), fluorescence transients and magnetic susceptibility
measurements. It was found that the Yb®* ions experimental lifetime and average effective magnetic moment, as
well as Tm>* and Er** ions anti-Stokes emission intensities, increase with increasing crystallization state of the

initial glass.

1. Introduction

The glass-ceramics containing nanocrystals doped with rare-earth
ions are more and more investigated in several domains. In this type of
materials, the combination of the best optical properties of single
crystals, and of the low fabrication cost (easiness of synthesis and glass
formation), broadened their field of potential applications, for example
in medical technologies, photovoltaics, optical telecommunications and
lasers [1-4]. During the last decade, an increasing interest in TeO,-
based matrices has risen, because of their remarkable properties. As
compared with phosphate and silicate glasses, tellurite glasses have
lower phonon energies [5,6], lower melting point temperature, larger
infrared transparency, good thermal and mechanical stabilities, high
chemical durability and larger refractive index [5,7-14]. The addition
of fluorine into the glass composition further decreases the matrix
phonon energies (to typically ~500 cm™1) and favors the formation of
fluorinated nanocrystals in an oxide matrix. It is expected that the re-
sulting optical properties will be improved by the incorporation of rare-
earth ions in the nanocrystalline domains of the glass-ceramics. In this
work, we address the case of GeO,-strengthened TeO,-based glass
matrices. The addition of GeO, gives rise to interesting structural units

and consequently, it affects the physical, thermal and optical properties
of the tellurite glass network. For instance, an increase of the chemical
durability, the UV-visible transmission and the thermal stability [15]
can be foreseen. Calcium oxide and/or fluoride (CaO/CaF,) were used
as glass modifiers because of their adequate contributions to the glass
formation. Besides, in several well-known luminescent host matrices, it
was reported that a rare-earth ions can be substituted for Ca*>* cations
[16-19], on the other hand the addition of fluorine compounds, such as
BaF, or CaF,, to RE® *.doped tellurite glasses helped removing OH ™ -
groups and increased the RE®" ions fluorescence lifetime [20-23].
Among the rare-earth ions, Yb®" ones are known to display a very
simple energy level diagram, constituted of only two spin-orbit multi-
plets, the degeneracy of which are split by the surrounding crystal field.
This eventually leads to simple absorption and emission spectra in the
near infrared spectral range due to magnetic dipole and forced electric
dipole transitions [24].

In this study, we present the visible and near IR spectroscopic
properties of Yb®*-doped oxyfluorogermanotellurate glass ceramics,
which have been heat treated in order to form nanocrystallites em-
bedded into the glass matrix. The latters were characterized by X-ray
diffraction (XRD), high-resolution transmission electron microscopy
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(HRTEM) and EDS chemical analysis, and attempts at measuring the
change of crystal field exerted by the Yb®" ions nearest and next
nearest neighbours when passing from the glass to the nanocrystallite
domains were performed by optical spectroscopies and magnetic sus-
ceptibility measurements.

2. Experimental

The nominal molar composition of oxide and oxyfluoride glasses
prepared in this work was: 30 GeO,-30 TeO,-15 ZnO-10 Na,CO3-10
CaC03-3 Lay03-2 Yby03 (G-GTO), and 30 GeO,-30 TeO»-15 ZnO-10
NayCO3-10 CaF,-3 Lay03-2 YbF; (G-GTOF). The glasses were elabo-
rated by conventional melting, the starting powders being weighed in
the desired amounts according to the selected compositions with an
accuracy of + 1mg. After grinding, the powders were placed in a
covered platinum crucible and melted for 1 h at 1050 °C and 1100 °C for
the oxyfluoride and oxide glass, respectively. The melts were then ra-
pidly quenched into a preheated stainless steel thin plate at T;-20 °C to
avoid thermal shock. The glass was subsequently heat-treated at T,-
20°C, in order to relax the mechanical stresses arising from the
quenching. Finally, the glasses were polished for structural, optical and
spectroscopic measurements. The as-prepared oxyfluoride glasses were
heat treated at 713K (30 min), 713K (2 h) and 728 K (2 h) to synthesize
transparent glass ceramics. The Yb®* contents were determined by
Electron Dispersive Spectroscopy (EDS) and Electron Probe
MicroAnalysis/Wavelength Dispersion Spectroscopy (EPMA/WDS),
over large distances in four different samples and found to be suffi-
ciently uniform to be averaged in each sample: 5.67 x, 5.80 X,
5.84 x and 5.49 x 102° Yb**.cm~* concentrations were found. In the
remainder of this paper, we shall use an average concentration of
5.70 x 10*°Yb**.cm 3. The composition of the glasses (Na, Ca, Zn,
Ge, Te, La, O, F) was determined by EPMA/WDS, in order to allow for
the energy resolution of the Ca-K, (3.691keV) and Te-L, lines
(3.769 keV), and of F-K, (0.677 keV) and La-M lines (0.833 keV, even if
for La we used the L line at 4.651 keV). Indeed, the EDS energy re-
solution is 137 eV, while that of EPMA/WDS is a few tens of eV. The
main differences observed between the initial and the final composi-
tions (see Table 1 of the supplementary information file, hereafter
called SI) are likely to be due to losses by sublimation and volatilization
of TeO, during the initial heating and melting stage of the precursor
glass (the vapour pressure of TeO, is higher than 0.3 atm at tempera-
tures higher than 905K [25,26]). For the differences in F content, YbF3
and CaF, are not volatile but they oxidize in air at high temperature.

The differential thermal analysis of the glasses were performed by
means of a differential thermal analyzer DTA Model SDT Q600 TA in-
strument, with a heating rate of 10 K/min. The samples were heated in
alumina crucibles from room temperature to 1300 K under N, atmo-
sphere with a 100 ml/min flow. The X-ray diffraction was carried out in
a powder diffractometer (PANalytical X'pert Pro) in the 26 range 10-80°
with Cu K, radiation (A = 1.54056 A operating at 40kV and 30 mA.
The scanning rate was 0.0028°/s. The transmission spectra were re-
corded by means of a UV-Vis-NIR VARIAN Cary 5000 spectro-
photometer in the 400-2000 nm spectral range. The IR absorption
spectra were measured with a BRUKER Equinox 55 spectrophotometer.
Density measurements were performed by ultrapycnometry using a
Helium QUANTACHROME Ultrapyc 1200e Pycnometer. We made three
measurements for each sample. Each measurement took 1 h and gave us
twenty values, so that we averaged sixty values to find the density of
each sample. For the base glass and the three heat treated samples
(30minat 713K, 2hat 713K and 2hat 728K), the following values
were obtained: 4.68, 4.67, 4.68, 4.65 g/cm3, respectively.

We used a high-resolution transmission electron microscope
(HRTEM, JEM-2200FS) equipped with energy-dispersive spectrometer
(EDS) system to analyze the microstructure and the elements’ dis-
tribution of treated glasses. The EDS mappings and spectra were re-
corded in scanning TEM (S-TEM) mode with a focus spot of 1.5 nm.

The magnetic susceptibility was measured in field heated and
cooled modes (10 K/mn) using an EZ-7 MICROSENSE Vibrating Sample
Magnetometer operated in the 295-930 K temperature range under an
applied magnetic field of 1-1.8 T. Several glass samples of mass typi-
cally between 25.7 and 105.2 mg were cemented on a quartz rod, the
diamagnetic contribution of which was also measured and subtracted
from our data. When arrived at the highest temperature selected for
each sample, a 10 min stage was imposed to the sample and then, the
measurement in cooling mode was started.

Room temperature Stokes and Anti Stokes fluorescence decay
measurements were performed using an OPO laser (EKSPLA) tuned to
the desired excitation wavelength (e.g. 980nm). The photo-
luminescence (PL) signal was then collected from the perpendicular
direction and sent to the spectrometer (Princeton Acton 2300) com-
bined with a photomultiplier tube (Hamatsu R928) or an InGaAs pho-
todiode. The infrared PL of Yb®* ions have been recorded under
908 nm excitation provided by a Coherent 829 Ti:Sapphire laser. The PL
signal was detected with an InGaAs photodiode using a lock-in ampli-
fier.

3. Results and discussion
3.1. Thermal stability of G-GTO and G-GTOF glasses

The DSC curves of the two glasses are shown in Fig. 1. Table 1
summarizes the thermal properties of our germanotellurite glasses to-
gether with selected compositions published in the literature for the
purpose of developing the crystallization of CaF; in tellurite glasses.

The change in thermal behavior was first noticed in the base glass
melting temperature, 1323 K for G-GTOF and 1373 K for G-GTO, unlike
tellurite glasses that can melt at temperatures as low as 1073 K. The
oxide glass scanning calorimetric curve establishes the high thermal
stability of this glass network, resulting in the high glass transition
temperature T, = 749K, and we did not observe any crystallization
peak up to 1023 K. The introduction of GeO, is known to modify the
skeleton of the telluride glasses. These characteristic values show the
interest of studying this composition as an amorphous glass, but not as a
glass ceramics. So, for the purpose of investigating this system as a glass
ceramics, we have substituted CaO and Yb,O3 by CaF, and YbFj, re-
spectively. The thermal analysis curve of the oxyfluoride composition
clearly shows the appearance of an exothermic phenomenon starting at
741 K. This peak is due to the crystallization of the phase nucleated
thanks to fluorine elements, which makes this composition a good
precursor glass for the development of nano-structured glasses. As
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Fig. 1. DSC curves of the G-GTO and G-GTOF glass samples prepared in this
study.



Table 1

Thermal properties of the oxide and oxyfluoride glass samples. T,, Ty and T
represent the glass transition temperature, the starting point of crystallization
temperature, the crystallization temperature, respectively, and AT = Ty-Tg.

Glass T(K)  TuK) T(K) ATK)

30 Ge0,-30 TeO»-15 ZnO-10 Na,CO5-10 CaCO5-3 749  / / =597
Lay03-2 Yby03 (G-GTO)

30 Ge0-30 TeO,-15 ZnO-10 NayCO3-10 CaF,-3 679 741 753 335
La,03-2 YbF; (G-GTOF)

Tellurite [27] 683 743 813 333

Telluro-silicate [28] 643 683 713 313

shown above in Table 1, the results obtained are similar to those pub-
lished previously in oxy-fluorinated glasses based on tellurite [27,28],
and also in aluminum silicate [16,17,29-34].

3.2. X-ray diffraction (XRD) on heat treated glasses

The crystallization of the nanocrystallites was favoured in the heat
treated CaF,-modified and YbF3-doped glass. Using the Scherrer for-
mula L = A/(p X cos (0)) (with L the size of the crystallites in nm,
A = 1.54056 A, P the integral width of the diffraction peak in radians
and 6 the Bragg angle (°)) [35], the average diameter of crystallites
could be calculated, and found to measure between 3 and 10 nm in the
three heat treated samples. In Fig. 2, we mention the (hkl) indices
corresponding to the Fm-3m cubic phase of CaggYbgoFso (ICSD
82712). The lattice spacings determined by XRD are averages over ty-
pically several tens of microns in the samples. It is obvious that other
diffraction peaks appear on the diffractogram. This means that CaF,
nanocrystallites could be of lower symmetry, or that there are different
nanocrystallites phases. We did not manage to find a lattice unit cell
which matches exactly these diffraction peaks alone.

The Williamson-Hall analysis carried out on the series of peaks as-
sumed to be due to cubic CaF, (in Fig. 1 of the SI), in order to study the
source of the broadening (sizes of crystallites and microconstraints) and
the nature of this broadening (isotropic or function of Miller indices)
[36], was too difficult to perform with our data. It might however be
possible that in the glass ceramics heated at 728 K for 2 h the micros-
tresses are isotropic (¢ = 10.9*10~ %) with an average size of 12 nm of
crystallites.
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Fig. 2. X-ray diffraction patterns of three heat treated G-GTOF glasses. The
indexation mentioned in the blue diffractogram corresponds to the Miller in-
dices of the Cag gYbg oF2 > cubic phase Fm-3m. (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred to the Web version
of this article.)
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Fig. 3. (a) TEM, (b) HRTEM image. (c) SAED pattern of heat treated sample at
728K for 2 h, (d-k) two-dimensional compositional elemental mappings of Ge,
O, La, Ca, Na, Yb, Te, Zn and (1) the STEM image corresponding respectively.

3.3. High-resolution transmission electron microscopy (HRTEM), selected
area electron diffraction (SAED) and EDS analysis of heat treated G-GTOF
glasses

Fig. 3 (a) shows the TEM image of a G-GTOF glass sample treated at
728K for 2h, which unveils the formation of quasi-circular nanocrys-
tals with an average size of 8 nm. This is consistent with the values
calculated by means of Scherrer and of Williamson formulas applied to
our XRD data (Fig. 2). Fig. 3 (b) shows the HRTEM image of single
nanocrystals which exhibit atomic rows with calculated lattice spacings
ranging from 3.16 to 3.23 A, and from 2.74 to 2.80 A. If we assume that
these nanocrystals are made of cubic Fm-3m CaF,, the latter spacings
rnight be attributed to d[lll] = 3155A and d[zoo] =2731 A, which
turn out to be the two largest lattice spacings of diffracting planes in
this crystal structure [37,38]. This could mean that the nanocrystallites
observed already have a close-to-equilibrium habit, which would be
rather surprising since 80A correspond to only ~15 unit cells of this
crystal structure. Setting aside distance measurement error bars issues,
the fact that some of the atomic interplane distances are slightly higher
than those found in pure CaF, might be due to the partial substitution of
Ca®* cations for Yb®" ones [39]. If we insert the Végard's law for the
Ca; xYbyFs , « solid solution in the calculation of dj;11; and dzg0;, We



deduce that the maximum amount of Yb®* ions in these nanocrys-
tallites is x = 0.0375, or =8.61 x 102°Yb®>*.cm™3. Other lattice spa-
cings between 3.5 and 3.8 A were sometimes found in a few images, a
little bit too short to be safely attributed to (110)-planes. The SAED
pattern corresponding to the nanocrystals is shown in Fig. 3 (c). The
theoretical ring pattern of CaF, has been superimposed to the experi-
mental one. Clearly, the experimental reflections are consistent with the
presence of CaF, nanocrystals. To investigate the distribution of Yb and
of the other elements in the glass matrix, EDS spectra were recorded in
different domains of the glass, excluding and including the nanocrystals
(point 1 and point 2 shown in Fig. 3 (a)). The spectrum recorded at
point 2 shows higher content of F and Ca than the one recorded in
exactly the same conditions at point 1. On the other hand, the amounts
of Ge, Te, Na, Zn, La and O are slightly lower, which suggests that the
point 2 domain is composed of CaF,. It was not possible to check if
there is an Yb®>" concentration variation between points 1 and 2. The O,
La, Ca, Na, Yb, Te, Zn and Ge two-dimensional compositional elemental
mappings are shown in Fig. 3 (d) to 3 (k). The image for Ca element
exhibits contrasts in the nanocrystallized domains which are com-
plementary of the contrasts observed in the same places on the images
for La, Na, Zn and Ge, which brings support to the contention that the
nanocrystallites are Ca-based. The Ca atomic content increases by a
factor =3.6 when the nanocrystallite is targeted by the electronic
beam. Even if the surrounding amorphous matrix also contributes to the
EDS signal, such an increase in Ca is larger than the sum of the un-
certainties (see Table 2 of the SI file). The F element being lighter, it
was not possible to check the same trend by this technique. Fig. 3 (d) to
3 (k) were also measured in another part of the sample and the same
trend was observed (see in Fig. 2 of the SI). Comparative measurements
between matrix and “nanocrystallite” zones were repeated and another
example is given in Fig. 3 of the SI. Note that the HRTEM images in
Fig. 3 (b) are local views at the nanometer scale, while the electronic
“pear” that permits to quantify the elemental composition by EDS in
scanning TEM mode in Fig. 3 of the SI file crosses the sample over all its
thickness, ~100 nm.

3.4. Absorption and emission spectroscopies

Fig. 4 shows the transmission spectra and their calibration into
absorption spectra, as well as the stimulated emission spectra obtained
by reciprocity method (RM) [40-42], for the G-GTOF glass and glass
ceramics (for the three heat-treatment). The germanotellurite glasses
exhibit a large transmission window that extends from 320nm to
6.2 um. A slight red-shift of the bandgap could be observed in the glass
ceramics with respect to the base glass, likely to be due to the light
diffusion induced by the formation of the nanocrystallites. Broad ab-
sorption bands centered around 3300nm (3600-2500 em™ ) and
4300 nm (2260 cm ™ 1Y) might be assigned to vibrational modes of free
hydroxyl groups OH™, and of tellurium-bonded (Te—OH) groups
[43-54]. These hydroxyl groups probably come from the residual water
present in the starting products. No noticeable differences between the
absorption spectra of the different samples can be observed in the
875-1100 nm domain. All samples exhibit the same absorption peak
cross-section at Azp = 976 nm, =1.5 x 10%° cm?. Such a peak value is a
clear indication that Yb" cations are located on noncentrosymmetric
sites. Although the analysis of the baseline suggest that some light
diffusion in the near UV and visible spectral ranges seems to be cor-
related to the heat treatment of the glasses, the absorption spectra do
not stress any difference between the samples. All the glasses are doped
with the same amount of Yb®>* and the local changes of the glass
“structure” and elements around Yb®* cations may not affect the
crystal field parameters responsible for this intraconfigurational ab-
sorption transition, 2p, 2> 2F5/2.

The 2F5/2 multiplet radiative lifetime calculated with these ab-
sorption spectra, taking a degeneracy ratio of the Fs,, and *F,,, mul-
tiplets g(°Fs/2)/g(°F,,2) = 3/4 and an average wavelength 958.8 nm, is
about 525.8 ps. This value is not correct because the 4™ crystal field
sublevel of the ground state is virtually unpopulated at room tem-
perature. Such a small value must be corrected by means of Auzel's
method [51]. Indeed, by calculating the oscillator strength and the
spontaneous emission probability with, in his notations [55],
a=15054 x 10 *em? B=7.673 x 10" **em?,  y=1.695 X
1072'em? 8 =0cm? and estimated Z(*Fs,;) = 1.40263 and
Z(*F;,5) = 1.37566 multiplet partition functions at room temperature,
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Fig. 5. Emission cross-sections of G-GTOF glass and glass ceramics, calibrated by the Fuchtbauer-Ladenburg method in the near infrared spectral range.

we find g(%Fs,2)/g(’F;,2) = 0.9756, hence a radiative lifetime of
683.6 pus. When we compare these numbers, as well as the shape of the
spectra, with those of heavily Yb®*-doped rare-earth sesquioxides
crystals [24,56,57], and among them more particularly (Gd,Yb),03
crystals, we see that the Yb®* 2Fy,, radiative lifetime in the glass
ceramics is much shorter than in the rare-earth sesquioxide single
crystals. The main reason for this is that the 1 —6 and 1 — 7 optical
transitions (in the notations of [57]) have a peak cross-section much
higher in the crystals than in the glasses. Needless to say, the broadness
of the absorption bands is higher in the glass ceramics spectra than in
the crystals' ones. However, the resulting integrated absorption cross-
section is only a little bit higher in the glass ceramics than in the rare-
earth sesquioxide single crystals. Note also that the forced electric di-
pole contribution to the 2p, /2<—>2F5/2 transition oscillator strength, fED/
fMP~9.4, is intermediate between the one found in flux-grown
Gd1A72Yb0_2803 (~11) and Y1A87Yb()‘1303 ("8.8) CryStalS [24,56,57],
which means the covalency of the bonds in the neighborhood of Yb>*
cations in the glass ceramics compares more favourably with that of the
Y,03 matrix than that of the Gd,O3 or Lu,O3 (~ 8.4) matrices.

Fig. 5 displays the Fuchtbauer-Ladenburg calibrated Yb>* emission
cross-section spectra derived experimentally, by exciting the crystal
around 907 nm, with the radiative lifetime of 683.6 us and an optical
index of 1.91 (deduced from Fig. 4 (b)). The emission bands are so
broad that they are not resolved. The emission cross-section of the zero-
phonon line, at 977.5 nm, is the highest in the most crystallized sample,
but the effect remains rather weak. The radiative lifetime refined in
such a way that the emission spectra, calibrated in cross-section units
by the Fuchtbauer-Ladenburg (FL) formula and by the reciprocity
method, match approximately together at the zero-phonon wavelength,
is = 317 us. This is only 46% of the correct radiative lifetime de-
termined above and a clear indication of reabsorption in the sample.
The modification of the spectra shown in Fig. 5 is also likely to be due to
reabsorption and obviously, the reabsorption effect is the strongest at
this wavelength. The Yb®* cations absorption and emission spectra
shown in Figs. 4 and 5 are dictated by the crystal field they undergo,
and above all by the fact that it does not contain an inversion point
symmetry operator. When the local site they lie at is

noncentrosymmetric, the point group which leaves invariant the crystal
field Hamiltonian is determined by the unit cell content in the crys-
tallites, or by the nearest and next nearest neighbours of the Yb*>* ions
in the glass. Indeed, the B'; crystal field parameters introduced in the
parameterized Hamiltonian, scale as < r* > x A, where Ak«x=(Z %/
R X1, < r¥ > represents a distance typically of the unit cell dimen-

sion, k = 3, 5 and 7, and Ry, is the Yb®*-0%/F~ distance.
3.5. Yb®" ions fluorescence decays in the G-GTOF glass and glass ceramics

Yb®* ions fluorescence decays under resonant excitation shown in
Fig. 6 can be fitted to an exponential law over time ranges which vary
with the state of crystallization. In the untreated glass, the decay can be
said to be simply exponential over ~ 3 times the radiative lifetime value,
while in the heat treated glasses, the decay is exponential over ~4.5
times the radiative lifetime value. The resulting experimental lifetimes
are longer in the heat treated glasses than in the untreated glass.
Nevertheless, it should be mentioned that the heat treated samples data
plotted in log-scale display a slightly concave curvature at very short
times, followed by a linear decrease over ~3 ms in the three heat treated
samples, which in the most heated glass sample forced us the start the fit
at 1 ms. The increase in experimental lifetime might be explained by the
progressive dissolution of the Yb®* ions into the fluorine phase, which is
characterized by low phonon energies (typically <500 cm™ '), and/or by
a slight modification of the refractive index (because the CaF, optical
index is lower than that of the glass). It turns out that the experimental
lifetime exceeds by some 15 and 40% the radiative lifetime in the glass
and the nanocrystallized samples, respectively, which, given the presence
of OH ™ -groups and efficient energy transfer upconversion mechanisms
towards Tm®* and Er** impurities, is likely to be due to a strong re-
absorption effect around 976 nm. The fluorescence transients displayed
in Fig. 6 also depend on the local occurrence of an inversion symmetry
(which would increase the experimental lifetime to tens of ms), on the
strength of couplings likely to reduce the experimental lifetime and affect
the shape of the decay (electron-phonon coupling, energy transfers, etc.),
on reabsorption effects due to the absorption length at 976 nm (here
~1.17 mm), etc.
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Fig. 6. Yb*" ions fluorescence decays at Aey = 1050 nm (under Ay = 980 nm) in G-GTOF glass and glass ceramics heat treated in different conditions.

3.6. Anti-Stokes emission spectra, E’* and Tm>* impurity ions
fluorescence transients in G-GTOF glass and glass ceramics

Anti-Stokes emission (AS) observed in the Yb®*-doped materials
may have different origins (cooperative emission from Yb®* -ions pairs
[581, upconversion by Yb-RE energy transfer mechanisms [59-61]).
The anti-Stokes emission spectra and corresponding transients in Figs. 7
and 8 probe energy transfers which occur by dipole-dipole («1/r°),
dipole-quadrupole (x1/r®) and quadrupole-quadrupole (x1/r'%)

interactions, r being the distance between Yb®>* and other RE®** im-
purity cations. Note that if we assume a perfectly isotropic Yb>* con-
centration, the average distance between these cations is = 7.5 ;\, and if
we assume the same kind of impurity RE** cations concentration, with
a realistic one thousandfold amount less, the average distance between
these RE3* cations is = 75A. So basically, energy transfer related
characterizations are short to middle range probes. Fig. 7 shows the
anti-Stokes (AS) emissions observed in the G-GTOF glass untreated, and
glass ceramics heated at 728K for 2 h. These emission spectra, which
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Fig. 7. Anti-Stokes emission spectra obtained under excitation at 980 nm, of Yb>*-doped untreated G-GTOF glass, and glass ceramics treated at 728 K for 2 h.
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Fig. 8. ErT 483/2 (a) and Tm*®* 'G, (b) room temperature anti-Stokes fluorescence transients in Yb®*-codoped untreated glass and heat treated glass at 728 K for 2 h,

obtained under excitation at 980 nm.

were obtained by exciting Yb®* cations at A = 980 nm, clearly show
emission bands at 477 nm, 524 and 546 nm, and 652nm. These AS
emission bands are due to the 'G,—>Hg transition of Tm>™* impurities,
’Hy4 ,o— and 4S3/2 - s/2 transitions of Er’* impurities, and 4F9/2 —
“I;5,2 transitions of Er** impurities. As compared with the same spectra
in (Gd,Yb),03 crystals [57], in the glass ceramics, several features can
be highlighted: (i) Tm®** seems to be a prominent impurity; (ii) the
emission bands are broader; (iii) the energy spacing between the Er®*
2H,, ,, and *S3, multiplets is larger (the ?H; ,» energy position is 12 nm

below that in the flux-grown (Gd,Yb),O3 crystals). In addition, we ob-
serve an increased intensity in AS emissions in the heat treated sample,
especially for the Tm®* impurities, perhaps due to selective dissolution
of Yb** cations in the nanocrystallites (favouring energy transfer effi-
ciency between these ions and other RE3" cations). Rare-earth clus-
tering is a well known phenomenon in CaF,, which increases the rates
of transfers.

Erdt (483/2) and Tm®* (G,) fluorescence transients under non re-
sonant excitation at 980 nm in the G-GTOF glass untreated, and in glass



Table 2
Energy transfers probabilities found by fitting the Tm>*-'G, and Er®*-S;,,
luminescence non resonant transients with Buisson-Vial's kinetics model.

Emitting level\sample ~ G-GTOF base glass (s"')  G-GTOF heat treated glass

™M

Tm®*-1G, Pise = 3041 Prise = 2808
Piecay = 2467 Pecay = 2665
Er**-4Ss,, Prise = 36341 Prise = 47232

Piecay = 3193 Pecay = 2922

ceramics heated at 728K for 2 h, are shown in Fig. 8(a) and (b). They
exhibit two main features: (i) an intensity rise with a finite character-
istic time due to the multiple photon absorptions, intermediate non
radiative decays and Er** *S3,, and Tm®** 'G, multiplets experimental
lifetimes; (ii) once the intensity maximum is reached, a non exponential
decay with a decay time related to the Yb®** 2F5,, multiplet lifetime
(typically Texp/2). Since the rise time and the average decay times for
both ions are on the order of a few hundreds of ys, it is clear that under
high excitation powers, or at high Er®* and Tm>®* concentrations, such
mechanisms are likely to deplete the Yb®* 2Fs,, multiplet and to in-
crease the heat load released in the materials. As a first approach, we
could approximately fit these transients with Buisson-Vial's kinetic
model [62] and find the transfers probabilities gathered in Table 2.

3.7. Magnetic susceptibility of Yb>*-doped glass and glass ceramics

Another way to investigate the potential impact of structural
changes near the Yb®* cations is to measure the magnetic susceptibility
of the glass and the glass ceramics as a function of temperature, and
cycling around the crystallization temperature. Fig. 9 shows the mag-
netic susceptibility measurements (in the MKSA units system) of YbFs-
doped untreated glass and of glass ceramics. We can deduce from our
optical spectroscopy data that the crystal field energy splitting is at least
480.3cm ™! (=691 K) for the ground state 2f, 2 (the 4™ doublet energy
position of which may tentatively be placed at 706.4cm™ '), and
564.9cm ™! (=812.8K) for the excited state %Fs,,. These energy split-
ting ranges compare to the thermal activation energy scanned in our
measurements (300-950K), and are much higher than the magnetic

characteristic energy due to the applied magnetic field, typically
JgsupuoH/kg~9.7 K.

These energy considerations explain why none of the magnetic
susceptibility curves shown in Fig. 9 could be fitted to a Curie-Weiss law
from room temperature to 800 K. The decrease of the magnetic sus-
ceptibility with increase of temperature is not simply hyperbolic, not
even by successive segments. We could obtain a nice fit of the first
heating curve, from RT to 800K, with Van Vleck's expression for the
paramagnetic susceptibility, simplified in such a way that the a; con-
stants, which contain temperature-independent high-frequency para-
magnetic and diamagnetic contributions, are nil (expression 16 of
chapter IX of reference [63], with the Yb3* ions concentration given in
the experimental section and the following crystal field energy level
positions for the ?F,,, multiplet: 0, 265.9 and 480.3 cm ™%, the fourth
level not being included in the refinement procedure). Note that 800 K
is 50° above the crystallization temperature. The resulting average “L
+2S” effective magnetic moment from this fit is 3.4 pp/Yb>*. This
value corresponds to 75% of the theoretical free ion value. Above
800K, the magnetic susceptibility behavior becomes of Curie-Weiss
type, as suggested by the inverse of magnetic susceptibility, and the
approximate magnetic moment increases to 3.9 ug/Yb®*. The change in
behavior is correlated with both crystallization and progressive thermal
population of the four crystal field energy levels, which are Kramers
doublets, of the ground state. After a 10 min period at 923K, the
cooling magnetic susceptibility curve turns out to be very close to that
of the first heating, suggesting that the local structural changes of the
Yb®* cations are minor, or that there are not enough Yb®* cations in
the nanocrystallites to be detected, or that the sample was not enough
crystallized. Consequently, we performed the same experiment with an
YbF3-doped glass already treated for 2hat 753 K. The magnetic sus-
ceptibility curve, corrected for density variation with crystallization,
exhibits a similar simplified Van Vleck behavior (ay's = 0) from 300 to
829K, with an increase of the average effective magnetic moment,
4.1 ug/Yb®™". This value corresponds to 90% of the theoretical free ion
value. Above 830K, the behavior becomes of Curie-Weiss type but the
range of temperature investigated is not large enough to ascertain the
approximate magnetic moment tentatively obtained, ~5.7 up/Yb>*.
Interestingly, while in the first derivative of the magnetic susceptibility
curve for the untreated base glass, it was not possible to observe any
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Fig. 9. MKSA magnetic susceptibility of an YbFs-doped base glass and a heat treated at 753K (2h) glass, and zoom of the high temperature inverse magnetic

susceptibility of the glass.



peak, in the first derivative of the magnetic susceptibility curve for the
heat treated samples, we did observe several peaks at ~765K and
~881 K upon heating, ~770K and ~848K upon cooling. The same
kind of “crossover” from Van Vleck to Curie-Weiss behaviors, when the
highest Kramers doublet becomes thermally populated, was observed in
samples that were initially doubly doped in Yb®™* (by introduction of 2
Yb,0s3 or of 4 YbF3), with average effective magnetic moments close to
4.7 up/Yb3™* up to 800 K, and Curie-Weiss behaviors above 800 K with
slightly higher magnetic moments and an Yb®* concentration extracted
from the fit of about 1.3 x 10! Yb**.cm ™3, It is well known that the
crystal field Hamiltonian does not act on the spin, which is why such an
optical transition as the one shown in Fig. 4 (a) is expected to occur at
constant S (AS = 0). On the spectra shown in Figs. 4 (a) and 5, the odd
components of the crystal field dictate the cross-section values, espe-
cially the peak cross-section values and the transition strength, while
the even B',fl crystal field parameters (k = 2,4,6) determine the energy
position of the peaks. Odd components are nonzero because the point
group symmetry of the Yb®>* cations does not contain any inversion
point symmetry operator. On the other hand, the inhomogeneous
broadening of the peaks is mainly due to the local disorder in the glass
network, averaged over a distance Oaps *~1.17 mmat 976 nm in our
samples. By acting on the Yb®* 4f'3 electrons energy levels diagram,
the crystal field also modifies the effective magnetic moment of Yb>*
ions, and so their paramagnetic susceptibility behavior. Strictly
speaking, the spin, orbital momentum and total angular momentum
quantum numbers, are no longer the correct quantum numbers. It is the
crystallographic quantum number which labels correctly the Kramers
doublet levels arising from the splitting of the spin-orbit multiplets by
the crystal field. Hence, the magnetic susceptibility measurements
presented in Fig. 9 perform an average over all the Yb®* cations dis-
tributed in the whole volume of the sample, which is completely
crossed by the magnetic field. Even if T; and T, could not be directly
detected on the magnetic x versus temperature curve, a consistent in-
crease in average effective magnetic moment with the crystallization
state was evidenced.

So far, we can classify the techniques employed in sections 3.2 to
3.7 as follows: long range probe -XRD, VSM-, middle range probe —S-
TEM mode EDS, energy transfer and transient spectroscopies-, local
probe -absorption and emission spectroscopy, HRTEM-. XRD and
HRTEM evidenced the formation of nanocrystallites in our samples and
determined their characteristic dimensions, =80-100 A. A tentative
interpretation of some of the lattice spacings, together with EDS com-
positional elemental mapping, led us to have strong presumptions for
Yb®*-doped CaF, nanocrystallites formation. The dissolution of some of
the Yb®* cations in the nanocrystallites was suggested by the increase
of their average effective magnetic moment and of their experimental
emission lifetime with increasing degree of glass crystallization. Anti-
Stokes emission intensity, especially of the ‘G, Tm>* ions, also in-
creases with increasing degree of glass crystallization but this fact,
given the dimensions of the nanocrystallites, is not easy to correlate to
the potential dissolution of RE** impurity ions in the nanocrystallites.
Absorption spectroscopy data did not help identifying the presence of
Yb3™ cations in the nanocrystallites. In order to have chances to dis-
tinguish Yb®* ions in the glass from Yb®* ions in the nanocrystallites, it
would have been necessary to perform site selective spectroscopy by
pump-probe techniques that is, techniques which are both spectrally
and time resolved. As a matter of fact, Yb>* cations dissolved in CaF,
crystals also give rise to broad absorption and emission spectra, due to
the diversity of point defects that are likely to form.

4. Conclusions

A new Yb®*-doped oxyfluorogermanotellurate glass has been syn-
thesized and submitted to varied heat treatments to provoke crystal-
lization in its matrix. The nanocrystallites formed have been found to
measure typically 80-100 A and, presumably, be of ~1.2mol. % Yb>*-

doped CaF,, by XRD, HRTEM, EDS, emission spectroscopy, emission
lifetime and magnetic susceptibility measurements techniques. In par-
ticular, it was established that the experimental emission cross-section
at 977.5nm increases up to 7.7 x 102! cm?, that the experimental
lifetime reaches 1.07 ms and that the average effective Yb®>* cations
magnetic moments are the highest in the most crystallized samples.
Absorption spectra in cross-section units were also obtained and pre-
liminary energy levels positioning was performed. The glass and glass
ceramics contain significant amounts of Tm®** and Er** impurities, as
demonstrated by anti-Stokes emissions and their non resonant tran-
sients.
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