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The effect of rare earth (RE>*) ionic radii on
transparent lanthanide-tellurite glass-ceramics:
correlation between ‘hole-formalism’ and
crystallizationt
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Rare earth (RE) doped transparent tellurite glass-ceramics (GCs) are widely explored for their application
as advanced photonic materials. Specifically, the growth of RE based “anti-glass” crystalline phases in
transparent GCs enhances their effective functionality. Enormous studies on the properties of GCs
revealed that optimization of glass composition and heat-treatment schedule are the foremost factors
that affect the transparency of the GCs. Nevertheless, the direct effect of RE®* ions on the crystallization
mechanism of glass has hardly been reported. Therefore, a base glass of the composition La,Oz—
Gd,03-TiO,-TeO, (LGTT) is doped with RE>* ions (Ce*, Pr¥*, Nd®*, Sm®*, Eu®*, Tb>*, and Dy®*) with
varied ionic radii. Rietveld refinement from XRD of GCs confirms that (La/Gd),TegO15 phases are precipi-
tated, where dopants Ce, Pr and Nd occupy La sites, while Sm, Eu, Tb, and Dy occupy Gd sites. The
configurational heat-capacity (AC,) from DSC is found to be lower for larger ionic radii REs (Ce, Pr, Nd)
than smaller ionic radii REs (Sm, Eu, Tb, Dy) thereby exhibiting higher chemical ordering followed by fas-
ter crystal growth rate in the former. However, the transparency retention profile of different RE-doped
GCs follows the trend Eu:Tb > Sm:Dy > Nd > Pr > Ce, confirming the ionic radii effect. In addition to
the ionic radii effect, in this work, we propose a ‘Hole-Formalism’ concept to explain the observed trend.
It is further corroborated with an identical neutron diffraction pattern and AC, values for these ion pairs
Sm3*: Dy>* (4f°:4%) and EuSt: Tb>* (4f°: 4f%) results in a similar crystallization mechanism, transmission
profile and fine-scale microstructures of these RE-based tellurite GCs.

1. Introduction
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Transparent GCs are the most promising low-cost alternative to
single crystals to achieve a range of advanced photonic applications
like high power lasers,"” light-emitting diodes (LEDs)>* up-
conversion and down-conversion materials,” amplifiers,’ telescope
mirrors,” solar concentrators,® and optical security.”'® Certainly,
transparent GCs obtained from simple but controlled heat-
treatment of glass offer better optical transparency compared to
commercially available transparent ceramics (Nd:YAG, Yb:Sc,O;/
Y,03/Lu,03) due to the possibility of tuneable micro structuring,
low birefringent light scattering at grain boundaries and the
absence of any porosity."'*> On that ground, transparent tellurite
GCs with an extended transparency window (up to ~6 pm) and
low phonon energy (~780 cm ') fabricated through controlled
heat-treatment of TeO,-glass is a suitable host for NIR to mid-IR
photonic applications. In fact, such a wide optical window is far
beyond the ability of other conventional oxide glass matrixes
(silicate, aluminate, borate, phosphate)."®
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Another specialty of tellurite glass is that it allows the
precipitation of “anti-glass” type (KNbOs, BiggNbggTe, 404,
Bi,Te 011, T€o.2Z10.5F0900.55, SrTes015, PbTe;0;, Ln,TegO;s,
Ln,Te;0y5, and Ln,Te,0,) intriguing structure crystallites.**"”
As there is no sharp contrast between the structure of glass and
the precipitated “anti-glass” crystalline phase, the GCs contain-
ing “anti-glass” phases are advantageous for retention of trans-
parency even with relatively larger crystallite sizes. The concept
of an “anti-glass” phase has been described in our previous
publications.”>'® Additionally, these lanthanide-based crystal-
lites (Ln,Tes0;5) can directly incorporate active RE-dopant ions
thereby providing a sufficiently low phonon environment around
them, which improves their emission cross-section and
lifetime.">2° Furthermore, the diffused phase boundary between
the “anti-glass” and glassy phase helps in forbidding light
scattering thus allowing the design of a large variety of GCs
which has the potential for commercialization.>"

As per the reported articles including our previous studies,
lanthanide tellurite glasses containing higher content (~10 mol%)
of Ln,O; (Where Ln = La or Gd) which is further substituted by active
RE** dopant ions have the ability to exhibit MIR emission.**?**
Fujimoto et al”* have studied the effect of RE** ionic size on the
crystallization of the 10La,03-10BaO-80TeO, glass matrix and
reported that transparent GCs can be obtained if the ionic size of
the dopant RE*" is small. In contrast, another research group found
that crystallization of relatively small ionic radii Eu®* doped
(80 — x)Te0,-10La,05-10TiO, (where x is mol% of dopant) glass
leads to the formation of non-transparent GCs containing TeTiz;Og
crystallites.>> As a consequence, there is discrepancy in understand-
ing the influence of RE*" ionic size on crystallite size and retention of
transparency in lanthanide-tellurite GCs. Thus study in this direction
gives insights into the influence of ionic radii of RE*" ions on
the microstructure and crystallization mechanism of lanthanide-
tellurite GCs.

According to the molecular orbital theory, some of the
electronic properties, which majorly include energy states and
their micro-states under the influence of a crystal field, of a
system with x-number of unpaired electrons are similar to the
system with an equal (x) number of holes.”®*” This is generally
called ‘Hole-Formalism’, which is an established concept in the
case of transition metal ions. Upon extension of ‘Hole-Formalism’
theory for lanthanides, pairs of elements with 4f" and 4f'*™"
electronic configurations exhibit the same number of micro-
states. This might suggest that the lanthanides/REs that are obey-
ing the ‘Hole-Formalism’ occupy the same local field symmetry in
glass or GCs. Therefore, it is expected that RE ‘Hole-Pairs’ may
show a similar crystallization tendency. To the best of the authors
knowledge there have been no studies carried out addressing this
aspect. Understanding the influence of ‘Hole-Formalism’ on crystal-
lization behaviour certainly helps to gain a comprehensive idea
about the primary crystallization mechanism attained by a parti-
cular RE* jon pair. This assists in expediting the development of
transparent tellurite GCs for various photonic applications through
selecting the active ion and optimizing its concentration.

Here, we present two aspects: first, the effect of RE*"
(Ln = ce*', pr**, Nd**, sm**, Eu**, Tb*", Dy*") ionic radii on
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crystallization of lanthanide titanium tellurite glasses (Ln,O;-
La,03-Gd,05-TiO,-TeO,) to yield transparent GCs, and second
the correlation between the ‘Hole-Formalism’ and crystallization
mechanism. The neutron diffraction measurements for Eu** and
Tb*" doped samples were performed to identify their effects in
the glassy structure. Heat capacity and crystallization kinetics
have been studied using differential scanning calorimetry (DSC).
The fabricated glasses and GCs have been systematically char-
acterized using X-ray diffraction (XRD), spectrometry (UV-Vis and
FTIR), field emission scanning electron microscopy (FE-SEM)
and analytical transmission electron microscopy (TEM).

2. Theory of ‘Hole-Formalism’

‘Hole-Formalism’ is a quantum mechanical concept which con-
veys that systems with equal number of electrons (e) or holes (h)
exhibit identical >*'L; atomic ground states (GS), where S and L
are the spin and angular quantum number, respectively, and
J = |L £+ S|, and equal Russell-Saunders (RS) coupling term.”®
Hence, systems obeying the ‘Hole-Formalism’ occupy the same
crystal field symmetry and interact with the neighbouring atomic
species in a similar fashion. For example, the number of unpaired
electrons in Eu®" (4f°) is equivalent to the number of holes in the
Tb*" (4f%) ions. Therefore, Eu®* (4f°) and Tb** (4f*) ions possess the
’F; energy level as the ground state, which in a crystal field
degenerates into “F|;_sj-o to "F|z.s= levels (Fig. 1a). Accordingly,
Eu®" and Tb*" are called the ‘Hole-Pair’ of each other, similarly,
Sm** and Dy*" (number e and h = 5) ions obey the ‘Hole-
Formalism’ and display an identical GS term °H; and degenerate
in °Hj;_g=s/2 t0 *Hjrisi-152 levels (Fig. 1a). A pictorial diagram
depicting the ‘Hole-Pairs’(4f* = 4f'*") from lanthanide (4f ele-
ments) and their GS term symbols is given in Fig. 1b. In general,
‘Hole-Formalism’ exhibits a significant effect on the chemical
complexing or spectroscopic properties of p- and d-block elements
as these orbitals are more exposed to a ligand field. The concept of
‘Orgel diagram’ for the coordination geometry of d-elements is
purely based on ‘Hole-Formalism’ theory. Since the f-electrons in
the valence shell are shielded by the electrons in p and s orbitals,
it is a well-known concept that the f-block elements are insensitive
towards ligand field interaction. However, it has been observed
that some of the energy transitions (*Dy — "Fy,) in Eu®* ions are
sensitive to the ligand field and these transitions are found to split
differently depending on crystal field symmetry.>® Furet et al.*®
have also reported a significant effect of the ligand field and
geometry on f-orbital electron density on the reactivity of f-block
elements. Therefore, in this work we attempt to identify the
influence of RE** ions ‘Hole-Formalism’ on the crystallization of
lanthanide-tellurite glass.

3. Experimental
3.1. Procedure of glass and glass-ceramics fabrication

A tellurite glass of composition 5La,03;-5Gd,03-10TiO,-
80TeO, (LGTT) (in mol%) was prepared by using a conventional
melt-quenching technique. Different lanthanide oxides (Ln,Oj3)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Schematic energy level distribution of ‘Hole-Pair' ions Sm>*:Dy** and Eu**:Tb*". (b) An overall pictorial diagram of expected lanthanide

‘Hole-Pairs' (4f" = 4f4~") and their GS term symbols.

where Ln = Ce, Pr, Nd, Sm, Eu, Tb, and Dy were doped with
2 mol% in this glass by replacing an equivalent amount of
La,0; and were named LGTT-Ce2, LGTT-Pr2, LGTT-Nd2, LGTT-
Sm2, LGTT-Eu2, LGTT-Tb2, and LGTT-Dy2, respectively. The
fine chemicals (powder): TeO, (Alfa Aesar, 99.99%), TiO,
(Sigma-Aldrich, 99.999%), Gd,O; (Sigma-Aldrich, 99.99%),
La,O; (Alfa Aesar, 99.99%), CeO, (Alfa Aesar, 99.99%), PrsO;4
(Alfa Aesar, 99.99%), Nd,O; (Sigma-Aldrich, 99.99%), Sm,03
(Alfa Aesar, 99.99%), Eu,O; (Alfa Aesar, 99.99%), Dy,O; (Alfa
Aesar, 99.99%) and Tb,0; (Alfa Aesar, 99.99%) were taken as
the raw materials. The required amounts of each chemical were
weighed and melted in a pure platinum crucible at 950 °C with
three intermittent stirring at a twenty-minute interval followed
by quenching onto a preheated (380 °C) graphite mould so as to
yield 10 g glass. These cast glasses were immediately trans-
ferred to an annealing furnace maintained at 380 °C for 2 hours
and cooled down to room temperature. As confirmed from XRD
(Fig. S1, ESIY), all the glasses synthesized for the present study
are X-ray amorphous in nature. Glasses were cut and finely
polished at 2 mm thickness plates, which have been ceramized
using a two-step heat-treatment schedule with nucleation at
400 °C for 1 h followed by crystal growth at 450 °C for a 3-, 24-,
and 36 hour time period for GCs synthesis.

3.2. Description of thermal, optical, structural and
microstructural characterization techniques

Differential Scanning Calorimetric (DSC) data were recorded
from RT to 850 °C under a N, atmosphere at heating rates of
10, 20, 30 and 40 K min " with glass powder (53-70 micron) of
mass ~30 mg using a Netzsch DSC thermal analyser (Model:
404 F3 Pegasus).

Neutron diffraction (ND) experiments of LGTT-Eu2 and
LGTT-Tb2 glasses were performed on a 2-axis ‘PSD’ mono-
chromatic neutron diffractometer (/, = 1.068 A) at the 10 MW
Budapest research reactor in the momentum transfer range Q =
0.5-10 A~*. The powder specimens of about 3-4 g/each were
filled in a thin-walled cylindrical vanadium sample holder of 8 mm

© 2023 The Author(s). Published by the Royal Society of Chemistry

diameter for the neutron experiments. Data were corrected for
detector efficiency, background scattering and absorption effects.

X-Ray diffraction was carried out on bulk glasses and GCs using
an X-ray diffractometer (Model: Rigaku Ultima IV, Japan) with Cu
K, as the radiation source with 4 = 1.5458 A, at a continuous scan
rate of 6° min~". The precipitated crystalline phases in synthesized
GCs have been identified using the PDF4+ database.

The absorption spectra (200-2500 nm spectral region) and
transmission spectra (2.5-25 um) of the respective glasses and
GCs were recorded using a UV-Vis-NIR spectrophotometer (Model:
3101 from Shimadzu, Japan) and FTIR spectrophotometer (Model:
Frontier FIR MIR from PerkinElmer, USA) respectively.

Field Emission Scanning Electron Microscopy (FE-SEM)
(Zeiss Supra 35 VP model of Carl Zeiss Micro-imaging GmbH,
Berlin, Germany) was used to perceive the micro-structural
crystallite morphology of both the top and inner surface
(both the surface of GCs was ground up to 0.5 mm) of bulk
GCs, and for that the respective surfaces were suitably etched
with 2 volume %HF solution for ~2 minutes.

The nano/micro-structures of glass and GC samples were
investigated using a transmission electron microscope (TEM;
FEI Model Tecnai G2 30ST; Hillsboro, OR, USA) fitted with an
EDS X-ray spectrometer composition analyser (EDAX Inc., USA).
The electron transparent specimens suitable for TEM measure-
ments were prepared adopting an ion-milling method by punch-
ing out 2.3 mm diameter disc samples from a 0.25 mm thin
glass slice using an ultrasonic disc cutter. These punched out
discs were mounted with Gatan G1 epoxy (Gatan Inc., USA), inside
a brass or stainless steel tube section of similar thickness and
with inner and outer diameters of 2.7 mm and 3 mm, respectively.
Each sample was then ground down to about 90-100 microns
using a Gatan disc grinder (Gatan Inc., USA) followed by
dimple grinding and polishing, using a Gatan dimple grinder
(Gatan Inc., USA), to further reduce the thickness at its center
down to about 30 microns. Finally, the dimpled samples were
argon ion-polished using a Gatan 691 Precision Ion-Polishing
System (PIPS, Gatan Inc., USA) to obtain electron transparency

Mater. Adv., 2023, 4, 2667-2682 | 2669
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around perforations at the centre of the dimpled specimens for
TEM characterization.

4. Results and discussion

4.1 Neutron diffraction and reverse Monte Carlo simulations
for LGTT-Eu2 and LGTT-Tb2 glasses

The neutron diffraction experiments were carried out for LGTT-
Eu2 and LGTT-Tb2 glass samples to obtain short-range structural
information including atomic distribution, coordination number
and bond lengths. The total structure factor, Sgxp(Q) obtained
from the neutron diffraction (ND) experiment for LGTT-Eu2 and
LGTT-Tb2 glasses are shown in Fig. 2 (blue dots). This figure also
depicts the simulated total structure factor, Sgmc(Q) derived from
Reverse Monte Carlo (RMC) simulation for comparison (black
coloured line)."®*" The details of RMC simulations along with the
RMC algorithm are provided in the ESL{ Fig. 2 confirms that the
structure factor S(Q) estimated through RMC simulations for both
the glasses are in good agreement with the experimental data.
Therefore, the RMC algorithm is utilized to calculate partial
atomic pair correlation functions gy(r), and coordination number
(CNy) distributions with fairly good certainties. Estimated g;(r)
and CNjy distribution plots of LGTT-Eu2 and LGTT-Tb2 glasses for
Te-O, Ti-O, O-O, La-O and RE-O (RE = Eu, Tb) bonds are
presented in Fig. 3 and Fig. S2 (ESIt) respectively.

Fig. 3 presents atomic pair-correlation function profiles for
both LGTT-Eu2 and LGTT-Tb2 glasses. From the figure the
diffraction pattern is found to be similar for Eu®>" and Tb*" doped
glasses. The obtained Te-O, Ti-O, La-O and RE-O (where RE = Eu
and Tb) bond length, and oxygen co-ordination numbers for Te,
Ti, and La from the RMC simulations are tabulated in Table 1.
The data reveals that Te-O, Ti-O, La-O and RE-O bond lengths
and coordination number distributions for the elements present
in LGTT-Eu2 and LGTT-Tb2 glasses are almost similar consider-
ing the error limit. The estimated covalent bond length of 1.90 +
0.02 A for Te-O for both the glasses indicates a good agreement
with the Te-O bond length values measured for other TeO, based

View Article Online
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analysis proves that Te and Ti atoms exist in 4-fold coordination,
similar to the undoped glass (LGTT, CN = 4.11 + 0.05)."®
Coordination number estimated for La and other RE** ions Gd,
Eu and Tb confirms that RE are in 6-fold octahedral coordination.
Therefore, it could be assessed that the spatial distribution of
structural units in LGTT glass is unaltered with the substitution of
europium and terbium oxides for lanthanum oxide.

4.2 Glass transition

The glass transition temperature (T) of a glassy material depends
on the network connectivity and the average bond strength. The
variation in glass structure, depends on the chemical composition
of the glass, and this reflects the variation in the T, values. The
T, values for all the glasses were measured using isobaric calori-
metric heat capacity measurements. Fig. 4a shows the variations
in the heat capacity (C,) as a function of temperature for all
the respective glasses recorded during the DSC up-scans at
20 K min~*. From these Cp, curves, we have calculated Ty, Ty offsets
glass transition width (AT,) and AC,, (= Cp — Cpg) values and they
are tabulated in Table 2.%° Ty and Ty ofse; TEpresents the standard
calorimetric glass transition temperature and the offset tempera-
ture of the C, overshoot in the glass transition zone, respectively,
whereas, Cp and Cj, are the offset values of the C}, overshoot and
the C, value at Ty, respectively.*>*” The AC,, values represents the
configurational heat capacity.*®*” The methodology used to iden-
tify and calculate these values are presented in Fig. S3 (ESI}),
using the LGTT-Eu2 glass as an example. Within the experimental
error, the measured T, values for all the glasses lie at around
434 °C, except for LGTT-Ce2 glass that has a T, value around
421 °C. This indicates that the RE** cation radius has negligible
influence on the modifications in the network connectivity and
average bond strength of LGTT glass. However, the AT values of
doped glasses are smaller than undoped LGTT glass,'® defining
an increase in crystallization tendency after doping.

Cp is the combination of vibrational (Cp i) and configura-
tional (Cp conf) degrees of freedom, i.e., Cp, = (Cpib) * (Cp,cont)-
In general, a material in the condensed glassy state contains
only a vibrational degree of freedom. Therefore, the heat

glasses.>’ ™! The average coordination number distribution capacity at T, is nearly equivalent to the vibrational heat
1 — RMC Simulation (a) — RMC Simulation ° (b)
20 ® Experiment 2.0 ® Experiment
LGTT-Eu2 LGTT-Th2
aa)
Fig. 2 Neutron diffraction structure factor together with RMC fit of (a) LGTT-Eu2 and (b) LGTT-Tb2 glass.
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Fig. 3 Atomic pair-correlation functions (gj(r)) for (a) Te-0O, (b) Ti-O, (c) O-0, (d) La-O and RE-O (where RE = Eu, Tb) of LGTT-Eu2 and LGTT-Tb2

glass.

Table 1 Bond length and coordination numbers for Te-0O, Ti-O, O-0, La-0O and dopant RE-O atomic correlation factors in LGTT-Eu2 and LGTT-Tb2

glasses

Sample name Te-O Ti-O 0-0 La-O RE-O

LGTT-Eu2 Bond length (10-\) 1.90 £+ 0.02 1.90 £+ 0.05 2.60 4+ 0.03 2.35 4+ 0.02 2.30 + 0.02
Coordination number (CN) 4.08 & 0.05 3.88 £+ 0.05 5.07 £ 0.05 6.29 £ 0.05

LGTT-Tb2 Bond length (A) 1.90 £+ 0.02 1.90 £+ 0.05 2.60 £+ 0.03 2.38 + 0.02 2.35 + 0.02
CN 4.00 £ 0.05 3.89 + 0.05 5.27 4+ 0.05 6.20 + 0.05

capacity, i.e., Cpg = Cpip. With an increase in the temperature,
the glass system turns into a liquid state, which contains both
vibrational and configurational degrees of freedom. Thus, the
heat capacity Cp,; at liquidus temperature, Ty offsee turns into
Cp1 = Cpvib + Cp cont- For a glassy system, the C,, .y, is equivalent
to Cpg. Therefore, the aforementioned relation can be expressed
as Cp conf = Cpi — Cpg.”” This validates that the configurational
heat capacity C}, conr iS approximately equivalent to that of the
AC,. The variations in AC, as a function of RE** cationic radius
in LGTT glass is shown in Fig. 4b. The undoped LGTT glass
exhibits a AC,, value of 0.245 J g~' K ' (Fig. 4a). The lowest
AC,, value of 0.21 J g~' K™ is obtained for the LGTT-Nd2 glass
and the highest value of 0.29 ] g * K" is obtained for the LGTT-
Eu2 glass. Fig. 4b shows that the AC,, value of 0.245 ] g~ ' K~ ' for

© 2023 The Author(s). Published by the Royal Society of Chemistry

LGTT glass represents an effective ionic radius of around 97 pm.
Therefore, we have considered 97 pm as the boundary for
comparison purposes. Fig. 4b reveals that the LGTT glass contain-
ing RE** cations (Sm*", Eu*", Tb**, and, Dy*") of less than 97 pm
ionic radius exhibit high AC,, values compared with the undoped
LGTT glass, whereas the RE** (Ce**, Pr’" and Nd**) cations of
greater than 97 pm ionic radius doping exhibit low ACj, values.

4.3 Crystallization mechanism

To understand the influence of RE** ion radius on the crystal-
lization mechanism of the LGTT glass, the activation energy for
the crystallization and Avrami parameter (n) were evaluated
using a non-isothermal crystallization method upon executing
different heating rates. These two parameters describe the

Mater. Adv., 2023, 4, 2667-2682 | 2671
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Table 2 Calculated Ty, Tgoftset. ATq and AC, (= Cp — Cpg) from heat
capacity measurements at 20 K min~* heating rate

Glass name T, Ty offset AT, AC,Tg "K™)
LGTT18 434 475 41 0.2450
LGTT-Ce2 421 447 25 0.2372
LGTT-Pr2 436 467 31 0.2255
LGTT-Nd2 432 465 33 0.2099
LGTT-Sm2 437 463 26 0.2698
LGTT-Eu2 434 463 29 0.2890
LGTT-Tb2 436 464 28 0.2781
LGTT-Dy2 434 463 29 0.2480
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Fig. 5 DSC thermograms for all the glasses recorded at a heating rate (f)
of 20 K min™™.
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nucleation and growth mechanism of crystals in materials. The
DSC thermograms for all the glasses which were recorded at a
heating rate (f) of 10, 20, 30 and 40 K min~' are shown in
Fig. S4 (ESIT). All the thermal characteristic temperatures like
glass transition temperature (Ty), crystallization onset tempera-
ture (Ty), first crystallization peak temperature (Tp;), and
melting point (T,,) have been tabulated in Table S1 (ESIY).
Fig. 5 shows the DSC thermograms for all the glasses recorded
at a heating rate of 20 K min™—".

The procedure followed for the crystallization kinetics ana-
lysis of all the glasses is mentioned in previous articles,'®>” the
details of which are also mentioned in the ESI.{ The estimated
crystallization kinetic parameters such as activation energy
(E,) for crystallization, Avrami parameter () and crystallization
dimensionality parameter (m) for all the glasses are tabulated
in Table 3. The activation energies for all the glasses were
calculated using the slopes of least-square fitted lines to the
In(B/T,,?) vs. (1000/T},) plots, where T, is the crystallization peak
temperature (Fig. 6a). Whilst, the n values for all the glasses
were measured from the slope of In(—In(1 — x)) vs. In(f8) plot at
a specific temperature, where x is the crystallization volume
fraction (x = Ar/A; A = overall crystallization peak area and Ay =
area of crystallization peak covering the temperature region of
concern within the crystallization peak). It is to be noted that
the n values measured for all the glasses are an average of slope
values measured at three different temperatures. The crystal-
lization dimensionality parameter, m, was measured from the
slopes of In($"/T,,?) vs. In(Ea/nRT}). The method of calculating n
and m values is shown in Fig. 6b and c for LGTT-Pr2 glass.
Table 3 portrays that systematic variation in activation energy
(E,) with decreasing the RE*" ion cation radius from Ce*" to
Dy’* is absent. The obtained m values for all the glasses are
equivalent to the n values indicating that the crystal growth
occurs on a fixed number of nuclei. The Avrami index n is
approximately equivalent to 1 for Ce and Pr containing glasses
and is equivalent to ~1.7 for the rest of the glasses. These
values indicate that the nucleation and crystal growth mecha-
nism in Ce and Pr containing glasses represents diffusion-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Activation energy (E,, kJ mol™?), Avrami index (n), dimensionality parameter (m) and crystallization mechanisms

Glass E, n m Crystallization mechanism

LGTT-Ce2 442 £ 28 0.95 £ 0.07 0.91 Diffusion controlled growth, zero nucleation rate
LGTT-Pr2 482 £ 2 0.97 £ 0.50 0.94 Diffusion controlled growth, zero nucleation rate
LGTT-Nd2 394 + 32 1.56 £ 0.04 1.52 Diffusion controlled growth, decreasing nucleation rate
LGTT-Sm2 321+7 1.7 £ 0.25 1.68 Diffusion controlled growth, decreasing nucleation rate
LGTT-Eu2 338 +£3 1.7 £+ 0.08 1.73 Diffusion controlled growth, decreasing nucleation rate
LGTT-Tb2 354 £ 10 1.8 £+ 0.09 1.83 Diffusion controlled growth, decreasing nucleation rate
LGTT-Dy2 295 + 16 1.69 + 0.42 1.69 Diffusion controlled growth, decreasing nucleation rate

controlled crystal growth with zero nucleation rate whilst
diffusion-controlled crystal growth with decreasing nucleation
rate is prevalent in the case of Nd, Sm, Eu, Tb and Dy containing
glasses.’® Based on the crystallization kinetics analysis for
several glass systems existing in the literature, it is inferred that
the diffusion-controlled crystal growth mechanism along with a
decreasing nucleation rate limits the size of the crystallites and
may eventually lead to transparent GCs.**™*' Therefore, on the
implementation of a suitable heat treatment schedule, it could
be anticipated that the transparent GCs could be obtained in the
case of the LGTT glass containing Nd, Sm, Eu, Tb and Dy. Based
on our previous report, the following two step heat treatment
schedule was implemented for the production of transparent
GCs: nucleation at 400 °C for 1 h followed by crystal growth at
450 °C for 3 h, 24 h and 36 h.*®

4.4 X-Ray diffraction (XRD)

X-Ray diffraction (XRD) patterns of all the glasses and GCs heat-
treated at 450 °C for 3 h, 24 h and 36 h durations are shown in
Fig. 7. The qualitative analysis for the crystalline phases pre-
cipitated in the GCs confirms the precipitation of two different
lanthanide based cubic structured “anti-glass” La,TesO,5 and
Gd,TesO,5 phases with the JCPDS file number JCPDS43-551
and JCPDS 37-1400, respectively. The XRD pattern of all the GCs
are dominated by mainly two diffraction peaks arising from
(111) and (200) lattice planes of the crystalline phases. The
formation of “anti-glass” phases in glasses were well explained
by Fujimoto et al.>* It is clear from Fig. 7a that the XRD patterns
of LGTT GCs containing larger cationic radii REs (Ce, Pr)
exhibit sharp diffraction peaks upon 3 h heat-treatment, while
for the dopant ions Sm, Eu, Tb, and Dy there is a hollow along

with the discrete diffraction peaks. Furthermore, for Ce** and
Pr’” ions the intensity of (200) kI reflection increases compared
to that of (111) reflection with an increase in the ceramization
time up to 36 h (Fig. 7b and c). In contrast, smaller ionic radii
REs, viz., Sm, Eu, Tb and Dy, exhibits systematic increase in
intensity of both (111) and (200) Akl reflections with an increase
in the heat-treatment duration from 3 h to 36 h due to the
controlled decreasing nucleation rate, as detected from crystal-
lization kinetics. The average crystallite size (D) of the nano-
crystallites grown in 36 h GCs for all the dopant ions are
calculated using Debye-Scherrer equation.*®

.
" Bcos 0

(1)

where K = 0.89 (dimensionless shape factor), 4 is the wavelength
of Cu K, radiation = 1.5406 A, § = corrected full width at half-
maximum (FWHM) of diffraction peak (in radians), and 0 = Bragg
diffraction angle. The average crystallite size is estimated to be
74 nm, 48 nm, 43 nm, 48 nm, 34 nm and 63 nm for LGTT-Ce2(GC-
36 h), LGTT-Pr2(GC-36 h), LGTT-Nd2(GC-36 h), LGTT-Sm2(GC-36),
LGTT-Tb2(GC-36) and LGTT-Dy2(GC-36 h) GCs, respectively. It
can be concluded that nano-size Ln,TesO;5 (Ln = La, Gd) crystal-
lites are precipitated in all the GCs on implementing the heat
treatment at 450 °C for 36 h.

4.5 Rietveld analysis to confirm RE*" inclusion within “anti-
glass” crystallites

To extract the lattice parameters and space group of the precipi-
tated “anti-glass” nano-crystalline phases, Rietveld refinement was
employed for the XRD patterns collected for all the GCs. Least
Squares refinement for two phases was done in sequence for the
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Fig. 6 (a) Activation energy calculation of LGTT-Pr2 glass using the Kissinger equation. (b) Estimation of Avrami Index (n) by plotting In(=In(1 — x)) vs. In(f)

for LGTT-Pr2(G). (c) Calculation of crystallization dimensionality parameter (m).
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Fig. 7 X-Ray diffraction (XRD) patterns of all the RE doped (a) 3 h, (b) 24 h, and (c) 36 h glass-ceramics.

structure of LGTT GCs using the following JCPD files of La,TesO;5
(JcPDS 43-551) and Gd,TesO;5 (JCPDS 07-8472) phases. The
constraint was added to restrict the sum of their phase fractions
to be one. Later the lattice parameters and the phase fractions
were refined, followed by the profile parameters (sample para-
meters and instrument parameters) including sample displace-
ment, sample transparency, U, V, W, and X, Y for Gaussian and
Lorentzian contributions. The atomic coordinates and site occu-
pancy factors (SOF) were refined one atom at a time keeping the
parameters of the other atoms fixed. This was done to obtain a
stable refinement. The thermal parameters were constrained to be
the same for atoms that occupied the same site (La/Te, Gd/Te, Gd/
RE/Te, La/RE/Te) in all the compounds. Fit indicators, the R-
values given in Table S2 (ESIt), were used to assess the quality of
the refined structural models. The resultant fit is satisfactory with
a featureless difference profile for all the dopant REs. Preliminary
crystal structure information is provided in Table 4. Fig. 8 displays
Rietveld fit of LGTT-Tb2(GC-36 h) GCs. The crystal structures are
illustrated using CrystalMaker software and shown in Fig. S5
(ESIT).42’43

Initially a single-phase refinement was attempted using the
La,TesO;5 (JCPDS 43-551) file, by retaining all the rare earth
elements (La, Gd, RE) in the same crystallographic site and
varying the SOFs. Secondly a three-phase refinement was
attempted using La,TeO;5, Gd,TegO15, and RE,TesOq5 (RE =
Pr, Nd, Sm, Tb, Dy). However, the overall fit and the R values
were not good in both approaches. Later a two-phase refine-
ment was attempted based on the previous results, however the
challenge was to predict if the RE** (Ce*, Pr’*, Nd**, sm*",
Eu®*", Tb®", and Dy**) ions preferred the La,TesO;5 or the
Gd,TesO;5 phase. Although the RE was placed in either of the
phases at a time and the refinement was attempted based on
the goodness of fit and the difference profile, we conclude that

2674 | Mater. Adv., 2023, 4, 2667-2682

the ionic radii of the RE places an important role in the
preferring one phase over the other. REs (Sm, Tb, and, Dy)
with an ionic radii less than 97 pm preferred the Gd,TesO;5
phase similar to Eu (95 pm) as reported in our previous work,"®
and REs (Ce, Pr, and Nd) with higher than 97 pm preferred the
La,TegO15.

Refinement studies were also utilized to estimate the
approximate fraction of each crystalline phase precipitated in
the GCs. LGTT-Ce2 is comprised of 43.4% (La/Ce),TesO5 and
56.6% Gd,Tes0y5, LGTT-Pr2 is comprised of 37.2% (La/
Pr),TesO15 and 62.8% Gd,TesO;5. LGTT-Nd2 is comprised of
42.7% (La/Nd),Te¢O;5 and 57.3% Gd,TesOq5. LGTT-Sm2 is
comprised of 30.7% La,Tes0;5 and 69.3% (Gd/Sm),TesO;s.
LGTT-Tb2 is comprised of 42.9% La,TesO;5 and 57.1% (Gd/
Tb),TecO15. LGTT-Dy2 is comprised of 29.9% La,TesO,5 and
70.1% (Gd/Dy),TesO;s. Incorporation of RE on either phase
retains the transparency and increases the crystallinity.

4.6 Effect of RE*" ionic radii on the transmission spectra of
glass-ceramics

The transmission spectra from the visible to MIR region (0.43—
6.5 um) for all the glass and GCs are shown in Fig. 9. The
respective images of the glass and GCs are also given in Fig. 9.
The absorption peaks in Vis-NIR-MIR transmission spectra
exhibit characteristic peaks of RE*" dopant ions in the glass
and GCs. GCs formed on implementation of 3 h heat treatment
displays transmittance similar to their parent glasses irrespec-
tive of the doped RE** ion. Nevertheless, transmittance declines
notably in GCs obtained after 24 h and 36 h heat-treatment.
Hence, the effective influence of trivalent rare-earth (RE*") ionic
radii on the transmission of GCs is analysed considering only
24 h and 36 h heat-treated samples.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Result of the Rietveld refinements of different RE doped LGTT GCs

Chemical Phase 3
Sample  formula fraction Unit cell dimensions Volume (A%)
LGTT-Ce2 (La/Ce),TeqO;5 0.4342 a=h=c=5.8401(3) A 199.188(7)
o=f=y=090° .
Gd,TecO;5 0.5658 a=bh=c=5.8066(2) A 195.782(5)
a=p=79=90° )
LGTT-Pr2 (La/Pr),Te0;5 0.3718 a=b=c=5.6267(4) A 178.142(2)
a=p=y=90° .
Gd,Te0,5 0.5730 a=h=c=5.4571(2) A 162.516(8)
o= /j =y = 90° .
LGTT-Nd2 (La/Nd),TesO;5 0.4270 a=bh =c=5.4623(2) A 162.975(3)
o= ﬁ =y= 90° .
Gd,TesO;5 0.5730 a=bh=c=5.4571(2) A 162.516(8)
a=p=7=90° .
LGTT-Tb2 La,TesO;5 0.3075 a=bh=c=5.7250(2) A 187.630(5)
a==y=90 .
(Gd/Tb),TesOy5 0.5714 a=bh = ¢ =5.6150(3) A 177.031(2)
o=f=y=090° .
LGTT- La,TesO;5 0.4286 a=b=c=5.6200(5) A 177.504(5)
Sm2 o=f=y=90° .
(Gd/ 0.5714 a=bh=c=5.6150(3) A 177.031(2)
Sm),Tes0;5 o=pf=y=90° .
LGTT-Dy2 La,TesO;5 0.2994 a=bh=c=5.5972(6) A 175.349(9)
o= /j =y = 90° .
(Gd/Dy),Tes015 0.7006 a=b=c=5.5963(3) A 175.267(2)
o=f=y=090°
16000
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Fig. 8 Rietveld fit of the XRD pattern of LGTT-Tb2(GC-36 h) glass-
ceramics with Ln,TegO15 (Ln = La/Gd) phases.

Fig. 9a and b reveals that the GCs containing cerium
(Ce?*":4f*) and praseodymium (Pr’*:4f%) turned out to be opaque
after implementation of heat treatment for 24 h and 36 h,
whereas neodymium (Nd**:4f*) doped GCs exhibit translucency
(Fig. 9¢). GCs containing samarium (‘Sm’:4f°) (Fig. 9d) show
>70% retention of transparency after 24 h heat treatment but
exhibit translucency (maximum 35%) after 36 h heat-treatment.
In our earlier work, GCs containing 2 mol% europium (‘Eu’:4f®)
exhibited complete transparency even after implementation of
36 h heat treatment.'® Therefore, considering the transmission
characteristics of GCs doped with the different rare-earth ions,
it can be inferred that a decrease in REs ionic radii from Ce to
Eu renders the retention of transparency. In addition, it has
been identified that the doping ‘Tb’ (4f%) to the LGTT glass
leads to highly transparent GCs after 36 h heat-treatment,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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similar to LGTT glass containing ‘Eu’(4f°).'® However, the
transmittance percentage of Dy*" (4f°) doped GCs has
decreased instead of showing an increasing trend with increas-
ing heat-treatment duration as expected from a decrease in the
ionic radius. Interestingly, the transmission characteristics of
Dy*" doped LGTT GCs is found to be similar to that of Sm** (4f%)
doped LGTT GCs as shown in Fig. 9d and 9g, since Sm*" and
Dy** are ‘Hole-Pair’ ions (4f> = 4f°). Therefore, it can be
presumed that, in addition to the ionic radii, electronic
configuration of RE*" ions also influence the optical behaviour
of lanthanide-tellurite “anti-glass” embedded GCs.

4.7 Microstructural study of GCs

4.7.1 Field emission scanning electron microscopy (FE-SEM).
Recently Kaur et al.,** have reported in situ crystallization in Sm,
Eu, Gd, Dy, Er, and Yb singly doped 5La,03;-95TeO, glasses using
optical microscopy. The precipitation of micron sized lanthanum
tellurite “anti-glass” with a crystallite size in the range of 20-
1500 pm, exist in different shapes (triangular, rectangular, sphe-
rical or flower like) corresponding to different RE** ions in the
as-quenched glasses. However, in the current work, all the RE
doped glasses are transparent and X-ray amorphous in nature.
Therefore, all the prepared glasses were subjected to controlled
heat-treatment to form GCs. The microstructure of the prepared
GCs is examined by FE-SEM images with respect to different
dopant ions. Fig. 10 depicts the crystalline morphology of all the
GCs obtained upon the heat treatment at 450 °C for 36 h. All the
FE-SEM images for 3 h and 24 h heat-treated GCs are given in
Fig. S6 and Fig. S7 (ESIY), respectively.

The FE-SEM images of LGTT-Ce2 GCs and LGTT-Pr2 GCs
shown in Fig. 10a and b reveal the presence of rectangular
agglomerations with crystallite sizes ~1.2-1.7 pm, in addition
to spherical particles nano-crystallites of ~50 nm size.
Whereas, LGTT-Nd2 GCs mostly contain large spherical nano-
crystallites of ~120-185 nm size along with small size spherical
crystallites of ~45-50 nm (Fig. 10c). XRD gives the average
grain size of crystallites using the Debye-Scherrer equation.
For all the GCs, obtained on the heat treatment at 450 °C for
36 h, the average crystallite size is estimated to be >100 nm.
Whereas, FE-SEM images provide surface morphology of the
GCs, which may contain individual crystallites as well as bigger
size agglomerated crystallites. Therefore, FE-SEM images of
LGTT-Ce2/Pr2/Nd2(GC-36 h) display both >100 nm crystallites
as well as larger micron size agglomerated crystallites.

The microstructures of LGTT-Sm2 and LGTT-Dy2 GCs heat-
treated for 36 h are shown in Fig. 10d and f, display a dense
population of large size rectangular crystallites of ~500-650 nm
alone. But, for shorter duration (24 h) of heat-treatment LGTT-
Sm2 and LGTT-Dy2 GCs exhibited spherical crystallites of ~ 80—
105 nm size (Fig. S7c and d, ESIt). Similar types of RE*" ionic
radii dependent microstructure were also observed in solvother-
mal precipitation of crystalline RE-fluorides.”> A change in
crystallite shape in alumino-silicofluoride GCs during the pro-
longed heat treatment leads to a loss of transparency due to
‘Ostwald ripening’.*>*” Thus, LGTT-Sm2 and LGTT-Dy2 GCs also
lose the transparency with increasing the heat treatment time

Mater. Adv., 2023, 4, 2667-2682 | 2675
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LGTT-Dy2 along with their photographs.

from 24 h to 36 h and changes of crystallite shape from small
spherical to large rectangular as a consequence of ‘Ostwald
ripening’. This observation corroborates with the results of trans-
mission characteristics (Fig. 9e and g). Fig. 10e shows the micro-
structure of LGTT-Tb2 GCs where spherical “anti-glass” crystallites
have a crystallite size of ~60 nm. However, similar spherical
shape “anti-glass” crystallites precipitation was noticed for 2
mol% Eu®* doped 36 h GCs [LGTT-Eu2(GC-36 h)] in our earlier
work."® This confirms that the spherical shape “anti-glass” crystal-
lite phases play a significant role in the retention of transparency.

In order to examine the microstructures throughout the
volume of the GCs heat-treated for 36 h, FE-SEM has been
measured after the grinding of its top surface (~0.5 mm), and
the micrograms are given in Fig. S8a-f (ESIT). The following FE-
SEM images confirm the volume crystallization throughout the
matrix (3D crystal growth) for each of the dopant ions, which
supports the diffusion-controlled crystal growth mechanism.
From Fig. S8d-f (ESIt), it can been observed that both LGTT-
Eu2(GC-36 h):"*LGTT-Tb2(GC-36 h) and LGTT-Sm2(GC-36 h):
LGTT-Dy2(GC-36 h) GC pairs exhibit precipitation of spherical
and rectangular crystallites respectively, similar to their top

2676 | Mater. Adv., 2023, 4, 2667-2682

surface. Overall, the RE** jonic radii as well as ‘hole-formalism’
dictate the crystalline morphology.

4.7.2 Transmission electronic microscopy (TEM). The
nano/micro structure of the undoped LGTT glass and all the
RE doped 36 h GCs have further been investigated by obtaining
their TEM images. As demonstrated in Fig. 11a, the 5La,03-
5Gd,03-10TiO,-80TeO, (LGTT) glass itself exhibits highly inter-
connected nano-scale (>10 nm) amorphous phase separation
(APS). This phase separation in some of the specific glass compo-
sitions leads to control crystallization on further heat-treatment
and helps/aids in fabricating transparent GCs.**™° High-
resolution TEM (HR-TEM) images of LGTT glass shown in the
inset of Fig. S9a (ESIt) does not display any lattice fringe due to
the amorphous nature of both the phases. Furthermore, TEM
images of different RE doped GCs reveal different microstruc-
tures. Fig. 11b and c confirm the crystallite size for LGTT-Ce2/
Pr2(GC-36 h) GCs is approximately 20-70 nm. However, both of
these GCs lose their transparency due to agglomeration of nano-
particles into micron-size (Fig. S9b, ESIt) on the top-surface of the
GCs, as shown in FE-SEM images. The crystallite size estimated
for LGTT-Nd2(GC-36 h) is ~100 nm without any agglomeration

© 2023 The Author(s). Published by the Royal Society of Chemistry
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a

g,
LGTT-Pr2(GC

Fig. 10 Top surface FE-SEM images of the 36 h heat-treated glass-ceramics: (a) LGTT-Ce2(GC-36 h), (b) LGTT-Pr2(GC-36 h), (c) LGTT-Nd2(GC-36 h),
(d) LGTT-Sm2(GC-36 h), (e) LGTT-Tb2(GC-36 h) and (f) LGTT-Dy2(GC-36 h).

(Fig. 11d), and is in agreement with the result observed from FE-
SEM. Crystalline morphology of LGTT-Sm2/Dy2(GC-36 h) demon-
strates a dendritic growth pattern (Fig. 11e and h), with the
particle size ~400-500 nm. Almost spherical shape crystallites
with ~60-70 nm size are evolved from LGTT-Eu2/Tb2(GC-36 h)
GCs (Fig. 11f and g). The indexed selected area diffraction (SAED)
patterns of all the samples are given in Fig. S10 (ESIt). Depending
on the crystallite size and orientation some of the GCs exhibit a
ring pattern, and others show a superstructure. All the SAED
patterns well matched with standard (%#kl) planes of the FCC

crystal structure: (111), (200), (220), (222) and (311) respectively
as evidenced from XRD.

5. Discussion

5.1. Effect of RE*" ionic radii on crystallization and
transmission of GCs

Neutron diffraction analysis for LGTT-Eu2 and LGTT-Tb2
glasses reveal that the spatial distribution of structural units

LGTT-Sm2(GC-36h)
~500 nm

MRlccchill (h) LGTT-Dy2(GC-36h)

Fig. 11 Bright-field (BF) TEM images (a) LGTT-glass, (b) LGTT-Ce2(GC-36 h), (c) LGTT-Pr2(GC-36 h), (d) LGTT-Nd2(GC-36 h), (e) LGTT-Sm2(GC-36 h),
(f) LGTT-Eu2(GC-36 h), (g) LGTT-Tb2(GC-36 h) and (h) LGTT-Dy2(GC-36 h).
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in LGTT glass is unaltered with the substitution of different
rare-earth oxides for lanthanum oxide. Almost constant values
of T, measured from calorimetric DSC, also confirm the
absence of modifications in the rigidity of the network struc-
ture and the average bond strength in LGTT glass by the
addition of RE®" jons with various cationic size. The AC,, values
for undoped and RE*" doped LGTT glasses vary in the following
order: LGTT-Eu2 > LGTT-Tb2 > LGTT-Sm2 > LGTT-Dy2 >
undoped LGTT > LGTT-Ce2 > LGTT-Pr2 > LGTT-Nd2. This
concludes that the structural units that exist in the LGTT glass
at intermediate range order (IRO) are of different configura-
tions depending on the RE*" ion. It has been evidenced that, in
the case of silicate glasses an increase in the network connec-
tivity decreases the configurational heat capacity (AC,,) value.*”
Nevertheless, for the borosilicate glass system containing high
B,0; content the IRO structural units get activated and influ-
ence the Cp, .onf When the temperature reaches the glass transi-
tion, which has no influence on short range order structural
units.®” Therefore, the variation in the structural units sur-
roundings the RE*" ion within the LGTT glass network in the
IRO may influence the AC,, values after reaching the tempera-
ture T,. In general, the specific heat is directly proportional to
the degree of freedom. With the increase in temperature
beyond T, the displacement of atoms increases leading to an
increase in the possible configuration of atoms. It is known
that the thermodynamic driving force is the prerequisite to
activate the motion of atoms favourable for the precipitation of
critical size nuclei and the crystal growth. The materials with
the highest configurational heat capacity exhibit the lowest
crystallization tendency due to the higher randomness in the
matrix. Therefore, it is understood that the LGTT-Eu2, LGTT-
Tb2, LGTT-Sm2 and LGTT-Dy2 glasses, which are exhibiting
higher values of ACy, ie., Cpconr, have limited growth of
crystallization and lead to the formation of nano-crystalline
phases. A similar observation is made in the present study, that
the structure of glass remains stable with respect to a change in
RE cations (La-Lu including Y) but the crystallization properties
are affected drastically.>'

Crystallization kinetic studies for the present glass systems
confirm that the “anti-glass” phases grow through the
diffusion-controlled growth mechanism. This highlights that
precipitated nuclei during the initial period of heat treatment is
protected by the inherent barriers and control the growth of
crystallite sizes. Interestingly, some of the additives like TiO,,
La, 03, Ce0,, Y,03, and Al,O; tend to inhibit the nucleation rate
by segregating at the periphery of the nuclei.’** This kind of
accumulation acts as a diffusion barrier around the nuclei,
thereby decreasing the interfacial energy of the amorphous/
crystallite surface barrier. In a recent report, we showed that
LGTT glass containing Eu,0; (LGTT-Eu2) crystallizes through
the diffusion-controlled 3D crystal growth mechanism, where
the nucleation rate decreases with time.'® In LGTT-Eu2 glass,
Ti'" ions accumulate around the nuclei containing O, Ln/Gd,
Eu, and Te atoms and control the crystal growth and results in
nano-size crystallites during the prolonged heat treatments.
Therefore, a similar process is anticipated for the LGTT glass
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containing Ce, Pr, Nd, Sm, Tb and Dy. Nevertheless, Rietveld
refinement of XRD for GCs obtained upon the heat treatment at
400 °C for 1 h followed by further heat treatment at 450 °C for
36 h confirms that Ce, Pr and Nd occupy the La sites in
La,Tes0O,5, whereas, Sm, Tb and Dy occupy the Gd sites in
Gd,Teg0,5 similar to Eu as reported earlier.”® This concludes
that the RE*" ions depending on their size, diffuse towards
either La or Gd occupying regions and participate in the
crystallization process during the heat treatment. Nevertheless,
the nucleation and growth of crystallization differs with respect
to various RE*" ions and results in the transparency of GCs due
to the different configurational entropy.

The transmission spectra of GCs obtained upon the heat
treatment at 450 °C for 36 h confirm that LGTT-Eu2 and LGTT-
Tb2 GCs exhibit high transparency followed by LGTT-Sm2,
LGTT-Dy2 GC and LGTT-Nd2 GCs, whilst LGTT-Pr2 and
LGTT-Ce2 turned opaque (Fig. 9a-g). The transparency in GCs
highly depends on the size of the crystals, the smaller the
crystal size compared to the wavelength of the incident light
the higher the transparency. It is generally accepted that the
composition of the crystallite nuclei is purely governed by the
distribution of glass-former and modifying additives inside the
glass network. Yu et al.>* has reported that distribution of RE**
ions in the glass matrix plays a crucial role during the cerami-
zation of glass. In LGTT glass, it is assumed that La, Gd and
doped trivalent RE ions are distributed homogeneously. Riet-
veld analysis confirms that, during the heat treatment sche-
dule, the RE*" cations migrate towards either La or Gd sites.
This is possibly because the cationic radii of Ce, Pr and Nd are
close to that of the cationic radius of La, while the cationic radii
of Sm, Eu, Tb and Dy are close to that of Gd. Nevertheless, the
formation of nucleation and crystallization from a region
enriched with La/Gd, RE, Te and O highly depends on the
mixing of La/Gd and doped RE with each other, i.e., chemical
ordering and the dynamics of La/Gd and RE®*" ions. A high
chemical order indicates thorough mixing of atoms and favours
the growth of crystallization. In the case of Ce, Pr, and Nd
containing glasses, La is replaced with an equal quantity of the
respective dopant ions possessing similar ionic radii. There-
fore, it can be concluded that Ce/Pr/Nd cations in LGTT glass
are thoroughly mixed with the La sites and leads to lowered
configurational entropy than undoped LGTT glass and further
allowing the Ce/Pr/Nd cations to participate in the formation of
“anti-glass” crystalline phases during the crystallization of
glass. This promotes a faster crystal growth rate resulting in
accumulation of precipitated nano-size spherical crystallites
into rectangular agglomerate (Fig. 10b and Fig. S9b, ESIY)
through Ostwald ripening during the prolonged heat treat-
ment, resulting in the loss of optical transparency. On the
other hand, a decrease in chemical ordering in the LGTT glass
containing RE = Sm/Eu/Tb/Dy with radii close to Gd might be
responsible for higher configurational entropy in these glasses
compared to undoped LGTT glass. The number of total RE**
ions competing for the Gd site is comparatively high (7 mol%)
in LGTT-Sm2/Eu2/Tb2/Dy2 glasses thereby increasing the con-
figurational entropy. This higher configurational entropy also

© 2023 The Author(s). Published by the Royal Society of Chemistry
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leads to competition between Gd and other RE (= Sm/Eu/Tb/Dy)
to occupy the Gd sites during the ceramization process and this
could obviously control the growth of crystallites. Furthermore, it
can be assumed that, the smaller ionic radii REs = Sm/Eu/Tb/Dy
may strongly bind to the non-bridging oxygens present in the
glass matrix due to their relatively higher field strength and hence
diffuse less compared to that of REs with larger ionic radii during
crystallizaion,” resulting in sluggish crystal growth. Therefore,
the Sm/Eu/Tb/Dy doped LGTT glasses results in transparent GCs
on heat treatment up to 24 h. Nonetheless, the Sm/Dy doped
LGTT GCs have become slightly translucent while Eu/Tb doped
LGTT GCs remain highly transparent with a further increase in
the heat-treatment duration up to 36 h. This is due to the light
scattering by the micron size rectangular crystallites precipitated
in LGTT-Sm2(GC-36 h) and LGTT-Dy2(GC-36 h) (Fig. 10d and f).

5.2. Effect of RE*" ionic radii on crystal growth mechanism

FE-SEM and TEM analysis reveal that the LGTT glass exhibits
nano-size liquid-liquid amorphous phase separation between the
Ln,0;-TeO, region and TiO, region in the as-quenched glass. On
subjecting to application of heat-treatment, the Ln,0;-TeO,
region attains a critical nuclei energy barrier and starts to
precipitate as droplet shape nuclei with the composition
Ln,TesO;5 at nucleation temperature (400 °C) (Fig. S9b, ESIY).
Here the TiO, region forms a spherical barrier towards the
periphery of the nuclei and acts as an inhibitor for crystal growth.
Nevertheless, these droplets precipitate as ~30 nm size
Ln,TesO;5 “anti-glass” crystalline phase during heat-treatments
at 450 °C for 3 h.*® These precipitates, on further increment in
the heat-treatment duration to 36 h, grow up to a maximum of
65 nm size due to the presence of the TiO,-rich region around the
crystal and results in transparent GCs.'® However, doping differ-
ent ionic radii REs (replacing La,O3) drastically affect the crystal
growth mechanism as well as its morphology. For glasses that
contain larger ionic radii ions such as Ce and Pr, high chemical
ordering acts as the predominant factor for crystal growth. Hence,
these two ions exhibit faster crystal growth and lead to a large
amount of crystallite agglomeration that minimizes its transpar-
ency. In the case of Nd with an intermediate ionic radius, both the
effect of growth barrier by the TiO, region and chemical ordering
in the glass matrix act equally, leading to precipitation of
~100 nm crystallites at 36 h, that made the GCs translucent.
For LGTT glass containing smaller ionic radii REs: Sm, Eu, Tb,
and Dy results in controlled crystal growth with ~60-70 nm even
at higher heat-treatment durations because of the higher
chemical ordering. However, LGTT-Sm2 and LGTT-Dy2 GCs heat
treated for 36 h display micron size rectangular crystallite through
dendritic crystal growth and result in high translucency. Whereas
for LGTT-Eu2 and LGTT-Tb2 GCs, even at longer ceramization
duration result in higher transparency. It has been reported in
lithium-alumino-silicate GCs at higher heat-treatment duration,
the alumina-rich crystal growth barrier around the ZrTiO, crystal
is dissolved and redistributed in the matrix. As a result, the
crystallite changes its shape from a spherical to elongated
3035 Correspondingly, in the present study the Ti-rich diffu-
sion layer probably gets dissolved for the Sm and Dy doped LGTT

one.
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matrix beyond 24 h heat-treatment and the nano-size spherical
crystallites observed in Fig. S7 (ESIf) turned into large size
rectangular particles, evolving into a dendritic crystal growth
pattern throughout the matrix.>® A visualization of each step
during ceramization of LGTT glass and RE doped LGTT-GCs are
represented pictorially in Fig. 12 based on their microstructures.
In summary, retention of the transparency profile based on RE**
ionic radii obey the following trend: LGTT-Eu2 > LGTT-Tb2 >
LGTT-Sm2 > LGTT-Dy2 > LGTT-Nd2 > LGTT-Pr2 > LGTT-Ce2.
It is anticipated that the decrease in ionic radius from Ce to Dy
alter the configurational entropy and the crystallization tendency
thereby increasing transmission of LGTT-GCs. Nevertheless, the
transmission first increases with increasing the cationic radii
from Ce to Eu and then decreases from Tb to Dy. Interestingly,
LGTT-Dy2 GCs and LGTT-Eu2 GCs reveal a similar crystallization
tendency and transmission behaviour to that of LGTT-Sm2 GCs
and LGTT-Tb2 GCs, respectively. Therefore, it may be noted that,
in comparison to the RE*" cation size, the ‘Hole-Formalism’ plays
the critical role in the crystal growth mechanism and the trans-
parency of LGTT-GCs.

5.3. Effect of hole-formalism

It is interesting to identify that specific pair of glasses such as
LGTT-Eu2:LGTT-Tb2 glasses and LGTT-Sm2:LGTT-Dy2 glasses
exhibit similar properties. For example, from neutron diffraction
and specific heat measurements, it is clear that the atomic
configuration and RE local environment is the same for LGTT-
Eu2 and LGTT-Tb2 glasses. Furthermore, the AC, values for
LGTT-Eu2 and LGTT-Tb2 glasses and for LGTT-Sm2 and LGTT-
Dy2 glasses are very close. The crystallization growth mechanism
and retention of transparency profile after the conversion of
glass into GCs are similar for these two pairs of glasses.
Additionally, the structural morphology of the GCs observed
from the FE-SEM images for these two ion pairs match with
each other for all the heat-treatment durations 3 h, 24 h and 36 h
(Fig. S6, Fig. S7, ESIt and Fig. 10). These observations validated
the concept of ‘Hole-Formalism’ in the LGTT glass containing
RE species of Eu, Tb, Sm and Dy. Sm** and Dy**, and Eu®*" and
Tb*" ions are ‘Hole-Pair’ ions. As per the ‘Hole-Formalism’
theory, ‘Hole-Pair’ ions should exhibit similar distributions of
structural units in their surroundings; hence in a glass matrix
they should acquire a similar atomic structure up to an inter-
mediate range. Though we could not study the whole lanthanide
series in the present study, the observed results convey that the
LGTT-Eu2 and LGTT-Tb2 glass-pair, and LGTT-Sm2 and LGTT-
Dy2 pair of glasses obey the ‘Hole-Formalism’ effect and explain
the nano-crystallization behaviour and the observed transmis-
sion of GCs. Overall, it is deduced that not only the cationic
radius of the RE*" ion but also the ‘Hole-Formalism’ play a
significant role in retaining the transparency of GCs. In sum-
mary, it can be said that the ionic radii of RE*" decide the
structural site occupancy in the crystalline phase during the
crystallization of glasses, whereas the ‘Hole-Formalism’ explains
the crystallization process and the retention of transparency in
LGTT glass.
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Fig. 12 A pictorial diagram based on a microstructural change occurs in each step of ceramization in the currently studied glass and glass-ceramics.

6. Conclusion

In the present study we have shown that the RE** ionic radii
and their distribution both in the parent glass and crystalline
phase control the crystallization mechanism of the LGTT glass
followed by regulating the transparency of the GCs. Also, we
established a new concept for RE ‘Hole-Pair’ ions, Sm:Dy and
Eu:Tb, which endures an identical crystallization mechanism.
The ‘Hole Formalism’ effect of RE** ions that was limited to the
energy level configurations has been extended here to correlate
the crystallization behaviour of RE doped glasses. Furthermore,
the identical neutron diffraction pattern and configurational
heat capacity (AC},) for these two pairs of ions also justify the
similar local environment of ‘Hole pair’ ions up to the inter-
mediate range order. Based on the crystallization kinetic ana-
lysis, it has been witnessed that for all of the dopant RE*" ions,
the crystal growth mechanism is diffusion controlled. However,
for Ce and Pr, the nucleation rate remains zero with respect to
time, and the rest of the ions follow a decreasing nucleation
rate. Comparatively lower AC,, values for larger ionic radii RE
(Ce, Pr, Nd)-doped LGTT matrices than the undoped glass
acquire high chemical ordering followed by an increased crystal
growth rate. In contrast, smaller ionic radii RE (Sm, Eu, Tb, and
Dy) doped glasses exhibit comparatively higher AC, values,
lower chemical ordering and controlled crystal growth upon
ceramization. As an outcome, with decreasing ionic radii of REs
an orderly retention in transparency profile is observed and the
trend is as follows Eu:Tb > Sm:Dy > Nd > Pr > Ce. It has also
been clearly identified that RE** ionic radii concurrently with
the ‘Hole-Formalism’ effect control the overall ceramization
process of RE-doped lanthanide-titanium-tellurite glass.
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