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The influence of the addition of 1 mol% Tm2O3 on the nano-
crystallization of LaF3 in a glass of composition 55SiO2–
20Al2O3–15Na2O–10LaF3 (mol%) has been studied. Tm2O3

affects the phase separation in the glass and delays the onset of
crystallization with respect to the undoped glass. Additionally,
the maximum LaF3 crystal size is slightly greater than that in
the undoped glass–ceramics. The microstructural and composi-
tional changes in the glass matrix have been studied using
several techniques, including viscosity, dilatometry, X-ray and
neutron diffraction (XRD, ND), quantitative Rietveld refine-
ment, transmission electron microscopy (TEM), differential
scanning calorimetry (DSC), and Raman spectroscopy. Photo-
luminescence measurements indicate that the Tm3+ ions are
distributed between the glassy matrix and LaF3 crystals.
Eu2O3 has been used as structure probe and part of the Eu3+

ions are reduced to Eu2+ when incorporated in the LaF3 nano-
crystals. Up-conversion spectra under IR-excitation show a
higher intensity of the blue emission in the Tm-doped glass–
ceramic compared with that in the glass.

I. Introduction

O XYFLUORIDE glass–ceramics containing nano-crystals
have been extensively researched since Wang and

Ohwaki1 developed Yb3+/Er3+-doped PbxCd2�xF2 nanocrystals
within an oxide glassy matrix. Investigations have involved
adding different dopant ions and exploring new crystalline
phases, such as CaF2,

2,3 PbF2
4–6 and LaF3.

7–10 This last phase
is one of the most commonly selected fluorides for hosting
rare-earth (RE) ions, as it has the second lowest phonon
energy of the commonly used RE-doped matrices. Moreover,
the similarity of the La3+ atomic radius to those of RE
cations allows its substitution with very little change in the
crystal structure.

Studies of RE-doped materials are mainly focused on optical
properties, with the crystallization mechanisms less well under-
stood. Only a few investigations have analyzed the effect of the
addition of RE ions on crystallization. Chen et al.8 reported a
glass composition in the SiO2–Al2O3–NaO2–LaF3 system
doped with Yb3+, in which the RE cation acts as a nucleation
agent for a diffusion-controlled crystallization mechanism. Hu
et al.11 reported the nucleating effect of Er3+ ions in the same
glass and the higher quantity and smaller size of LaF3 crystal-
lites after heat treatment compared with the undoped composi-
tion. Barros et al.12 documented that the addition of Er3+ and
Sm3+ to the SiO2–Al2O3–NaO2–BaF2 system, in which crystal-
lization of cubic BaF2 occurs, favors phase separation, which is
not observed in the undoped material. The BaF2 crystals are
formed within the phase-separated droplets, which are likely to
hinder diffusion and affect the overall crystallization process;
however, there was no evidence provided for the location of
Er3+ and Sm3+ in the crystalline phase.

We previously reported nano-crystallization of LaF3 in a
glass of composition 55 SiO2–20 Al2O3–15 Na2O–10LaF3

(mol%). The parent glass is phase separated and contains
La-enriched droplets. The crystallization, which takes place
on thermal treatment, involves a variation in the chemical
composition in the glass matrix and an increase in viscosity.
The formation of a crystal-glass interface enriched in SiO2

takes place, which acts as a diffusion barrier leading to a var-
iation in the crystal-growth velocity.13–15

The present study focuses on the effects of dopant Tm3+

ions on LaF3 crystallization in the same glass composition. The
Tm3+ ion is studied in more detail because of its blue up-con-
version emission occurring on excitation at 790 nm, which has
potential application in optical devices for high optical-density
storage,16 under-sea optical communications and, in the field
of medicine, for biomedical diagnostics.17 Nevertheless, Tm3+-
doped materials are generally difficult to analyze as the energy
levels of Tm3+ ions are highly symmetrical and very sensitive
to concentration quenching. Eu3+ may be used as a structural
probe because it shows a single exponential decay18 and does
not exhibit quenching at concentrations as high as 3 mol%.
Hence, glass–ceramics doped with Eu3+ were also prepared to
study the distribution of the RE ions between the glass matrix
and crystals. Optical characterization of the Tm3+- and Eu3+-
doped glasses and glass–ceramics involving absorbance and
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emission spectroscopy, including up-conversion emission and
luminescence-decay curve analysis, has also been undertaken.

II. Experimental Procedure

(1) Glass Melting and Chemical Analysis
Two glasses of nominal composition 55SiO2–20Al2O3–
15Na2O–10LaF3 (mol%) doped with either 1 mol% of Tm2O3

or 0.5 mol% Eu2O3 were prepared by melting reagent-grade
SiO2 (99.6%; Saint Gobain, Aviles, Spain), Al2O3 (Panreac),
Na2CO3 (99.5%; Panreac, Barcelona, Spain), LaF3 (99%;
Panreac), Tm2O3 (99.9%; GFS Chemicals GFS Chemicals
Inc., Powell, Ohio) and Eu2O3 (99.995%; Inframat Advanced
Materials, Manchester, Connecticut) in an electric furnace.
The batches were first calcined for 2 h at 1200°C and then
melted at 1600°C for 1.5 h. The melts were quenched twice in
air onto a brass mold to obtain homogeneous transparent
glasses, which were then annealed at Tg + 5°C for 30 min. The
glass composition was analyzed using X-ray fluorescence spec-
troscopy with a Panalytical spectrometer. The content of all
oxides was determined using the melting method with
Li2B4O7; the fluorine content was analyzed employing pressed
pellets of powdered glass (8 g) to avoid volatilization.

Glass–ceramics were obtained after heat treatments at
620°C from 10 to 80 h; this procedure is the same as that
used previously for the undoped glass.15

(2) Dilatometry and Differential Scanning Calorimetry
The glass-transition temperature (Tg) was determined by
dilatometry in a Netzsch dilatometer, model 402 EP, using
a heating rate of 10 K/min in air (estimated error of Tg is
�2°C).

DSC measurements were performed using a Setaram
instrument (Model Setsys Evolution 16/18, Setaram, Cam-
bridge, UK) using powdered Al2O3 as inert reference mate-
rial and employing 100–150 mg of glass with particle size of
1–1.25 mm to reproduce bulk conditions. The DSC scans
were carried out with heating rates in the range 5–30 K/min
to determine the activation energy for crystallization, the
Avrami parameter, and the dimensionality of crystal growth.

(3) X-ray and Neutron Diffraction
The glass–ceramics were characterized by powder XRD
employing a D5000 Siemens diffractometer (Siemens AG,
Munich, Germany) with monochromatic CuKa radiation
(1.5418 �A). Patterns were scanned over the angular range
20 � 2h � 60° with a step size of 0.05° and a fixed count-
ing time of 2.5 s per step.

The crystallized fraction of LaF3 of the glass–ceramics
obtained at 620°C during 40 h was estimated by quantitative
Rietveld analysis of XRD data, employing a similar method to
that applied previously for the undoped composition.15 The
glass was ground to a fine powder in an agate mortar, sieved
through a 60 lm mesh then milled again with NaF (99.9%;
PRO-VYS, Prague, Czech Republic), which was used as inter-
nal standard in a suitable quantity (3 wt%) to approximate
the peak intensity of the crystalline LaF3. The average particle
size of the NaF internal standard was determined to be
11.4 lm using the laser light dispersion method with a Master-
sizer S instrument (Malver Instruments Ltd., Malvern, UK).
XRD powder data for Rietveld analysis were collected over
the range 10° � 2h � 110° in a stepwidth of 0.0197° and a
fixed counting time of 620 s employing an X’Pert PRO Pana-
lytical diffractometer (PANalytical, Almelo, The Netherlands)
equipped with an X′Celerator detector and monochromatic
CuKa radiation. Rietveld refinement was carried out with the
FULLPROF program19 using interpolation of background
points to model the amorphous contribution to the pattern.

In situ neutron-diffraction measurements were performed
on the D1B diffractometer (ILL, Grenoble, France) in the

range 16 � 2h � 96°, using the k = 2.52 �A line. The glasses
were cut in square-sectioned bars (diameter, 7–7.5 mm;
length 10–50 mm) and placed in a vanadium tube sample
holder located in a vacuum furnace. Heating of the sample
started once the vacuum reached a pressure of 10�1 mbar.
The heating ramp and neutron flux were programmed in the
following sequence: (1) from room temperature to 550°C
without neutron flux; (2) from 550°C to 620°C, with the neu-
tron beam activated during which time a diffractogram was
recorded every 2 min; (3) a dwell of 8.5 h at 620°C for 8.5 h
during which diffractograms were also recorded every 2 min.

(4) Transmission Electron Microscopy
Oxyfluoride glass and glass–ceramic samples for TEM were
prepared by cutting slices, plane-parallel grinding, dimpling
to a residual thickness of ~10–15 lm, and ion-beam thinning
using Ar+ ions. To avoid substantial heating of the TEM
foils and, hence, the introduction of artifacts, double-sided
ion-beam etching was performed at small angles (5°) and a
low ion-beam energy (acceleration voltage, 2.5 kV; beam cur-
rent, <9 lA). The non-conducting samples were selectively
coated with carbon20 prior to investigation to reduce charg-
ing effects under the electron beam. The samples were then
characterized with a Hitachi H-8100 transmission electron
microscope (Hitachi High Technologies Corp., Tokyo,
Japan) equipped with a LaB6 filament operating at an accel-
eration voltage of 75 kV.

(5) Viscosity
The glass viscosity was determined by the rotation method in
the range 103–101 dPa s employing a high-temperature
Haake viscometer (Haake, Karlsruhe, Germany) equipped
with a ME 1700 sensor. Rotation speeds of 1–30 rpm were
used for 10 min and the International Standard ISO 7884-2
was followed. Three measurements were carried out at three
different rotation speeds for each temperature.

Hot stage microscopy (HSM) was performed in a Leica-
EM201 microscope (Leica Microsystems GmbH, Wetzlar,
Germany) with image analysis for determination of the vis-
cosity in air at a heating rate of 5 K min�1. The samples
were initially cold pressed to conformed bodies of 3 mm in
both height and diameter from glass powder with a particle
size <60 lm. The temperature was measured with a Pt/Rh
(6130) thermocouple placed under and in contact with the
alumina support. The temperatures corresponding to the
characteristic viscosity points, following Scholze’s defini-
tion,21,22 were obtained from photomicrographs.

The viscosity–temperature curve was obtained by combin-
ing the experimental data from the rotation method, HSM and
the Tg from the DSC curve obtained at a rate of 10 K/min.

(6) Optical Spectroscopy
Raman scattering of the Tm-doped glass and glass–ceramics
was measured at room temperature in the wave-number
range, 100–1000 cm�1. A microprobe setup (Horiba-Jobin-
Yvon; LabRam Aramis, HORIBA Ltd., Kyoto, Japan) con-
sisting of a diode laser operating at 532 nm, a narrowband
notch filter, a 46 cm focal length spectrograph using a
1200 grooves/mm grating, and a charge-coupled device detec-
tor was employed. Exciting radiation (532 nm) was focused
onto the sample surface with a spot size of~1 lm2 through a
100X objective with numerical aperture of 0.9; the resolution
was ~0.35 cm�1/pixel. Absorbance spectra were recorded at
room temperature using a Perkin Elmer Lambda 950 spec-
trometer in the range 300–880 nm.

Photoluminescence of the Tm3+ and Eu3+ ions was per-
formed at room temperature under excitation with an Argon
laser tuned at 488 nm. The laser beam was focused onto the
sample by a microscope objective lens. The photolumines-
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cence was collected in backscattering geometry with the same
objective lens and focused into a multimode fiber. The end
of the fiber was directly connected to the spectrometer and
the signal was detected with a Peltier-cooled, charge-coupled
device camera. A beam splitter and notch filter were used to
attenuate the pump laser line. The spectral resolution was
about 0.1 nm. Additionally, Eu3+ photoluminescence spectra
were collected at an excitation of 393 nm.

Up-conversion emission spectra were collected at room
temperature under excitation with a Ti: sapphire pulsed laser
at 790 nm. A Multiphoton Microscope was used, consisting
of a Nikon PCM2000 (Nikon Instruments, Tokyo, Japan)
confocal laser scanning microscope, equipped with a Nikon
TE2000-U inverted optical microscope. The laser source is
directly coupled to the confocal scanning unit, after first
transversing a Faraday isolator (to avoid the part of the laser
beam that can return to the laser cavity).

III. Results and Discussion

(1) Study of LaF3 Crystallization in 1 mol% Tm2O3-
Doped Glasses
Table I lists the theoretical and analyzed compositions of both
undoped and 1 mol% Tm2O3 -doped glasses. Fluorine loss
during the melting process, calculated by chemical analysis,
corresponds to 38 and 27 wt% in the undoped glass and
Tm2O3-doped glasses, respectively. As reported by Sroda,23

RE ions, Tm in this case, play a similar role to aluminum, but
their effective radii are more than double that of Al3+ such
that the RE ions form weaker oxygen bonds. Thus, it appears
that the Al ions bond preferentially with oxygen ions, while
Tm ions may contribute to the retention of fluorine ions.

Dilatometry indicates that the glass-transition temperature,
Tg, of the 1 mol% Tm2O3-doped glass is 622°C, which is 24°C
higher than that of the undoped glass reported previously.15

Sroda23 also reported an increase in the Tg up to 25°C with
the addition of 1 mol% Er2O3 in a glass of composition
67SiO2–9Al2O3–20Na2O–Al2F6–3La2F6 mol%, attributing the
rise to the additional O2� ions, which increase the polymeriza-
tion of the network. The higher Tg in the Tm-doped glass
can also be attributed to differences in phase separation
already present in the parent glasses, as will be further
detailed below.

(A) X-ray and Neutron Diffraction: Figure 1(a) shows
the XRD patterns of 1 mol% Tm2O3–doped glass–ceramics
obtained from isotherms of 10–80 h at 620°C, which corre-
spond to that of hexagonal LaF3 (JCPDS 32-0483). The first
diffraction peaks are observed after 10 h of treatment (Fig. 1),
and become increasingly sharper and more intense with time of
treatment, concomitant with the increase in crystalline fraction.

XRD lines were fitted by a Gaussian profile shape func-
tion and the size of the crystals was calculated using the
Scherrer Eq. (1) on the 2h � 27.5° peak of LaF3 (111):

D ¼
Gk

B cosh
(1)

where D is the crystal size, G is a constant whose value is
0.9, B is the corrected full width at half maximum of the
peak and h is the Bragg angle. Figure 1(b) reveals the calcu-
lated crystal sizes corresponding to Fig. 1(a). The crystal
sizes of the undoped glass–ceramics reported in ref. [15] are
also shown for comparison. In the undoped glass–ceramics,
LaF3 diffraction peaks appear after 1 h of treatment at 620°C
and the crystal size increases rapidly until a maximum of
~9 nm is reached.15 In contrast, a significant initial growth of
the crystals in the Tm3+-doped glass–ceramics is not
observed, as diffraction peaks are only detectable after 10 h
of treatment. From 20 h onward, the crystal size remains
constant with time at a maximum size of~19 nm, higher than
that of the undoped glass–ceramics. Hu et al.11 also obtained
greater crystals sizes in RE-doped glass–ceramics with respect
to the undoped analogues, explaining that the effective

Table I. Nominal and Analyzed Compositions in wt% of the
Undoped and Tm-Doped Glasses

Undoped glass ref. [15] 1 mol% Tm2O3-doped glass

Component

Theoretical

(wt%)

Analyzed

(wt%)

Theoretical

(wt%)

Analyzed

(wt%)

SiO2 40.1 38.7 � 0.3 38.34 38.0 � 0.3
Al2O3 24.8 24.3 � 0.1 23.66 22.5 � 0.1
Na2O 11.3 10.7 � 0.4 10.79 10.2 � 0.4
LaF3 23.8 14.7 22.72 16.6
La2O3 22.9 � 0.1 21.7 � 0.1
Tm2O3 – – 4.47 3.65 � 0.10
F 6.90 4.30 � 0.15 6.61 4.84 � 0.15
F Loss% 38 27

(a)

(b)

Fig. 1. (a) XRD patterns of 1 mol% Tm2O3-doped glass obtained
at 620°C during 10 h (A), 20 h (B), 42 h (C), 62 h (D), and 80 h
(E). LaF3 diffraction planes are indicated. (b) Crystal size as a
function of time of treatment at 620°C of the 1 mol% Tm2O3-doped
glass–ceramics and of the undoped glass–ceramics.15 Time
dependence of the area under the diffraction peak at 2h � 27.5° is
shown in the inset.
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concentration (or chemical activity) of RE ions in the crystal-
lites is probably greater than that on the surface, promoting
surface mobility and enhancing crystallite growth.

As a measure of the dependence of crystalline fraction
with time of treatment at 620°C, the area under the diffrac-
tion peak at 2h � 27.5° was plotted as a function of time
[inset of Fig. 1(b)]. A rapid increase in the peak area is
observed from 20 to 42 h, while for longer treatment times
the area increases more slowly and then stabilizes. From 20
to 42 h, the quantity of crystals increases rather than their
size. Hence, it is proposed24 that nucleation takes place in
the glass–ceramic regions, in which the chemical composition
presents Tg values below the treatment temperature. The
nucleation process continues until the Tg of the glass–ceram-
ics is close to the treatment temperature, after which further
nucleation and crystallization are impeded. Our results thus
support the hypothesis of formation of a diffusional barrier
which inhibits crystal growth, as shown in the undoped
glass.15

Structural models of LaF3 (space group, P�3cl) and the
NaF internal standard ðFm�3mÞ were refined by Rietveld
analysis based on the reported structures.25,26 The effects of
the hexagonal shape of the LaF3 crystals on the diffraction
data were incorporated into the Rietveld refinement by
means of refining preferred orientation parameters. The ther-
mal vibration factors of the two phases were not refined to
avoid correlation with the background or other parameters.27

The observed diffraction pattern and the difference pattern
between observed and calculated data on termination of
Rietveld refinement are shown in Fig. 2. Final structural
parameters and reliability factors indicating the quality of
the refinement are listed in Table II. The refined lattice
parameters of the Tm3+-doped crystals are slightly shorter

than those calculated for the undoped glass–ceramic,15 more
so along the c axis, which provides evidence that the Tm3+

substitutes to some extent the larger La3+ ion in the crystal
lattice. Nevertheless, the occupation of the La site by Tm
was not incorporated into the structural model as the resolu-
tion of the X-ray data was not sufficient to permit an
accurate analysis for such a low doping content.

The weight fraction of LaF3 obtained by refinement was
corrected for the presence of the amorphous phase from the
X-ray and real weight fractions of the NaF internal standard
with the same procedure as outlined in previous works.28,29

The actual weight fraction of LaF3 in the glass, after correc-
tion for the presence of the NaF standard in the refinement
data, was calculated to be ~6.3 wt%, similar to the quantity
calculated for the corresponding undoped glass–ceramic after
an equivalent heat treatment.15

In situ neutron diffraction experiments were also per-
formed (Fig. 3) to investigate the different crystallization
kinetics of the Tm3+-doped and undoped glasses [Fig. 1(a)].
In the undoped glass [Fig. 3(a)], the first recorded diffracto-
gram was collected after 2 min at 620°C, after which time
LaF3 diffraction peaks can already be discerned. These peaks
become better resolved with time up to 5 h of treatment. The

Table II. Structure Refinement Data for 1 mol% Tm-Doped
LaF3 Nanocrystals. Space Group P�3cl; a = 7.1923(4) �A;

c = 7.3517(5) �A; Rp = 1.47; Rwp = 1.94; v2 = 1.52

Atom Site x/a y/b c/z occupancy

La(1) 6f 0.6777 (7) 0 1/4 1.0
F(1) 12g 0.344 (3) 0.065 (2) 0.0741 (8) 1.0
F(2) 4d 1/3 2/3 0.133 (2) 1.0
F(3) 2a 0 0 1/4 1.0

Thermal vibration factors were constrained to Biso = 1.0
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Fig. 2. Observed and difference X-ray powder diffraction files of
1 mol% Tm2O3-doped glass–ceramic obtained at 620°C during 40 h,
with 3% NaF as internal standard. The Bragg peaks of NaF and
LaF3 are indicated by top and bottom vertical bars, respectively

(a)

(b)

Fig. 3. In situ neutron diffraction patterns of (a) undoped glass
annealed at 620°C for up to 5 h, (b) 1 mol% Tm2O3-doped glass
annealed at 620°C for up to 8.5 h. The corresponding 3-D in situ
neutron diffraction patterns are shown in the inset of each figure.
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Tm3+-doped glass shows the first diffraction peak after
almost 2 h of treatment at 620°C [Fig. 3(b)], and the peaks
increase in intensity with time. This delay in crystallization in
the Tm3+-doped glass with respect to the undoped glass can
be observed clearly in a 3-D diffractogram plot [inset of
Figs. 3(a) and (b)]. It suggests that LaF3 crystallization
occurs in the Tm-doped glass after a longer induction time
with respect to the undoped glass.

(B) Transmission Electron Microscopy: Figures 4(a)
and (b) show transmission electron micrographs of the und-
oped parent glass and glass–ceramic obtained at 620°C for
40 h, respectively.15 The corresponding micrographs of the
Tm-doped glass and glass–ceramic prepared under the same
conditions are shown in panels c and d of Fig. 4.

The micrographs of both the doped and undoped parent
glasses reveal phase separation involving amorphous
La-enriched droplets in the range of 15–20 nm. The droplets
in the Tm-doped glass seem to be somewhat larger than
those of the undoped material. An enhancement of phase
separation with Tm2O3 additions could contribute to an
increase in Tg. Barros et al.12 observed that the addition of
RE cations affects phase-separation, although the reason for
such behavior is not yet clear.

A homogenous distribution of LaF3 nano-crystals is
observed for both glass–ceramics [Figs. 4(b) and (d)]. The
transmission electron micrograph of the Tm3+-doped glass–
ceramic [Fig. 4(d)] shows a more extended phase separation
than that of the un-doped material [Fig. 4(b)], which corre-
sponds well with the observation stated in the above para-
graph. This phase separation may, in addition to crystalline
LaF3, also result in the formation of amorphous regions
which do not contribute to an increased LaF3 crystalline
fraction. The slightly bigger crystal size in the Tm-doped
glass–ceramic compared with the undoped glass–ceramic is in
good agreement with Fig. 1(b), and favors the formation of
agglomerates.

(C) Differential Scanning Calorimetry: The DSC
curves of the 1 mol% Tm2O3-doped glass and those of the
undoped glass reported in15 at 10 K/min are shown in
Fig. 5(a). The Tm2O3-doped glass exhibits a glass-transition
temperature of 608°C, which is 18°C higher than that of the
undoped glass (590°C), in good agreement with the values

obtained by dilatometry. An exothermic crystallization peak
is observed in the Tm2O3-doped glass at 752°C. Heat treat-
ment at this temperature for 1 h leads to the crystallization
of LaF3 (XRD pattern not shown) and the sample becomes
translucent.

The crystallization peak is observed at 693°C in the und-
oped glass, which is a much lower temperature than that of
the crystallization peak in the Tm-doped glass (752°C).
Hence, the increase in the fluoride crystallization temperature
with the addition of Tm2O3 is consistent with the delayed
onset of LaF3 crystallization and with the longer induction
time in the Tm-doped glass compared with the undoped
glass, shown in Fig. 3.

The DSC curves of the Tm2O3-doped glass recorded at
different heating rates, Fig. 5(b), show one crystallization
peak. Table III lists the LaF3 crystallization temperatures,
Tp, for both the Tm-doped and undoped glasses,15 and the
corresponding temperatures of the onset of crystallization,
Tx. The Avrami exponent, n, was derived from Avrami’s
law, following a previously reported procedure15 involving
Ozawa′s Eq. (2):

d½ln½�lnð1� xÞ��

d½ln Q�

�

�

�

T
¼ �n (2)

where Q represents the heating rate and x is the ratio
between the partial area of the crystallization peak at a fixed

(a)

(c)

(b)

(d)

Fig. 4. Transmission electron micrographs of (a) undoped glass, (b)
undoped glass–ceramic obtained at 620°C, 40 h, (c) 1 mol% Tm2O3-
doped glass and (d) 1 mol% Tm2O3-doped glass–ceramic obtained
after 40 h at 620°C.

(a)

(b)

Fig. 5. (a) DSC Curves at 10 K/min of the undoped and 1 mol%
Tm2O3-doped glass, (b) DSC curves of the 1 mol% Tm2O3-doped
glass at different heating rates. The inset shows the Ozawa plot from
740°C to 760°C for the determination of the Avrami exponent n.
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temperature and the total area of the peak.30 The inset of
Fig. 5(b) shows the Ozawa plot, from which x was calculated
to be in the range 745°C–760°C. Table IV summarizes the
calculated Avrami parameters, where the average value of n
is 1.3, approaching a value equal to 1.

To determine the apparent activation energy for crystalli-
zation, the data obtained using different heating rates,
Fig. 5(b), can be analyzed adopting two different assump-
tions: (i) crystal growth occurs from a fixed number of nuclei
or (ii) further nuclei are formed during the DSC measure-
ment.

For the first assumption, either the Kissinger (3), Takhor
(4) and Augis-Bennett (5) (KTAB) equations can be applied,
respectively, given as follows

lnðQ=Tp
2Þ ¼ �E=RTP þ A (3)

d½ln Q�

d½1=Tp�
¼

E

R
(4)

d½lnðQ=ðTp � T0ÞÞ�

d½1=Tp�
¼

E

R
(5)

where Tp is the temperature of the maximum of the crystalli-
zation peak, Q is the heating rate, T0 is the initial tempera-
ture, R is the gas constant, E is the activation energy of the
overall crystallization process, including nucleation and crys-
tal growth phenomena, and A is a constant. The plots
obtained using the above relations are shown in Fig. 6(a).

The Matusita Eq. (6) may be applied for the second
scenario, where further nuclei are formed during the DSC
measurement:

lnðQn=T2
PÞ ¼ �mE=RTP þ A (6)

where m represents the dimensionality of crystal growth and
determines which equation is correct in each case: If m = n,
crystallization occurs at a fixed number of nuclei and the
KTAB equations are appropriate, whereas if m = n�1,
nucleation occurs during heating and the Matusita relation is
preferable.

In the present study, E/n was first obtained from the
Marseglia Eq. (7):

lnðQ=TPÞ ¼ �ðE=nRTPÞ (7)

The n value from the Ozawa equation allows the activation
energy E to be calculated from the Marseglia plot [Fig. 6(b)].
The value of m can then be determined from the Matusita
plot [Fig. 6(b)].

Table V summarizes the activation energies obtained from
the various relations. Activation energy of 350 kJ/mol is
determined from the KTAB equations, which is very close to
that obtained from the Marseglia relation. As the value of m
(0.98) approaches a value of 1 and m = n = 1 then, according
to Donald,31 a bulk crystallization mechanism with a con-
stant number of nuclei may be assumed, i.e., a well-nucleated
sample in which with the number of nuclei is independent of
the heating rate. Crystal growth occurs in two dimensions at

Table IV. Avrami Exponents Obtained from Eq. (2)

T (°C) 745 750 755 760

n 1.2 � 0.1 1.0 � 0.2 1.1 � 0.1 1.4 � 0.1

(a)

(b)

Fig. 6. (a) Kissinger (●), Takhor (■)and Augis-Bennett (▲) plots
constructed from the DSC data; (b) Marseglia plot. Q is the heating
rate and TP is the DSC crystallization peak.

Table V. Activation Energy Obtained from Eqs (3)–(7)

Activation energy (kJ/mol)

Ln Q Takhor

Ln (Q/Tp²)

Kissinger

Ln [Q/(Tp�T0)]

Augis-Bennett

Ln (Q/TP)

Marseglia

359 � 10 343 � 11 348 � 11 351 � 11

Table III. Tx and Tp Values Obtained from DSC Curves at Different Heating Rates

Q (K/min)

Tx (°C) � 2

of undoped glass

in ref. [15]

Tx (°C) � 2

of studied doped

1 mol% Tm2O3 glass

Tp (°C) � 2

of undoped glass

in ref. [15]

Tp (°C) � 2

of studied doped

1 mol% Tm2O3 glass

5 616 685 667 721
10 635 693 679 737
20 636 713 693 753
30 643 725 703 764
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a rate of ~√T (diffusion controlled). In this type of mecha-
nism, which is the same as that reported for the undoped
glass,15 the use of the Kissinger equation is correct. Chen8

and Hu11 both reported a value of~300 kJ/mol for the activa-
tion energy of a glass of composition 41.2SiO2–29.4Al2O3–
17.6Na2CO3–11.8LaF3 mol% doped with either 3 mol%
YbF3 or 4 mol% ErF3. An Avrami parameter of 1 was also
reported in these works, confirming the nucleating effect of
the added RE ions. In contrast, our results show a delay of
the onset of LaF3 crystallization due to Tm2O3 additions.

The activation energy of the Tm-doped glass is slightly
higher than that of the undoped analogue (338 kJ/mol,15), in
accordance with the delayed onset of crystallization in the
doped glass.

(D) Viscosity: The viscosity-temperature curve of the
Tm3+-doped parent glass is shown in Fig. 7, together with
that of the undoped glass reported earlier.15 The temperature
dependence of viscosity of the Tm-doped glass was fitted
using empirical Vogel-Fulcher-Tammann (VFT) and Avra-
mov equations following the same procedure as that adopted
for the undoped material.15 According to the VFT equation

log g ¼ A1 þ
B1

T� C1

(8)

the parameters were fitted as A1 = �2.7 � 0.1, B1 =
6760 � 300, and C1 = �190 � 50 (dPa s, K). On employing
the Avramov equation

log g ¼ A2 þ B2

Tg

T

� �C2

(9)

the fitted parameters were A2 = �1.0 � 0.7, B2 = 8.1 � 0.8,
and C2 = 1.6 � 0.2 (dPa s, K).

The Tm-doped glass exhibits a lower viscosity than that of
the undoped glass over almost the whole studied temperature
range (Fig. 7), except around the Tg point, as indicated by
the higher value of Tg in the doped glass. Sroda23 reported a
decrease and increase in viscosity at high and low tempera-
tures, respectively, with the addition of some lanthanides in
LaF3-containing glasses, similar to the behavior observed in
this study (Fig. 7). At the temperature employed to obtain
the glass–ceramics, 620°C, the viscosity of the Tm-doped
glass is approximately twice that of the undoped glass (log
g = 12.9 and 12.6, respectively), which has important conse-
quences for the crystallization kinetics.

(E) Raman Scattering Spectroscopy: The Raman
spectra of the Tm-doped glass and glass–ceramic obtained at
620°C during 40 h are shown in Fig. 8. The spectrum pre-
sents a main band at around 480 cm�1, and a very weak sig-
nal at 570 cm�1, corresponding to Si–O–Si and Si–O–Al
bonds, respectively.32 Raman bands at 463 and 457 cm�1

have been attributed by Gusowski et al.33 to the Ln–F
(where Ln = Gd or Y) symmetric stretching vibration; it is
likely, therefore, that the corresponding bands in the studied
material correspond to La/Tm–F environments, as confirmed
by earlier19F-NMR results for the undoped composition.14

The band at 720 cm�1 can be ascribed to the convolution of
the bending mode of the silicate network (775 cm�1) and the
Al–O stretching vibration of AlO4 tetrahedra (700 cm�1).33

A strong band around 1000 cm�1 is observed, corresponding
to an asymmetric Si–O stretching vibration mode, in which
the contribution of different bands pertaining to different
SiO4 units (denoted as Qn, where n is the number of bridging
oxygens) are included.33 In addition, two very weak bands at
224 and 317 cm�1 can be observed in the glass.

The Tm-doped glass–ceramic exhibits very similar Raman
spectra to the parent glass with the main difference being the
presence of four sharper resolved bands at 235, 288, 356, and
382 cm�1. Similar peaks in the 200–400 cm�1 range were
reported by Sroda et al.34 in the Raman spectrum of pure
LaF3 (centered at 289 383, 362, 307 cm�1) and are, thus,
ascribable to LaF3 crystallization in the glass–ceramic. The
weak bands at 224 and 317 cm�1 observed in the Raman
spectrum of the glass could, therefore, be attributed to pre-
cursor nuclei of these crystals, since as shown in Fig. 4(c),
the parent glass is phase-separated in La-enriched droplets.

(2) Optical Characterization
(A) 1 mol% Tm2O3-Doped Glass and Glass–Cera-

mic: (a) Absorption Spectroscopy: Figure 9 shows
the absorption spectra of 1 mol% Tm2O3-doped glass and
that of the glass–ceramic obtained at 620°C during 40 h. The
lower transmittance in the glass–ceramic compared with the
glass provides evidence of the influence of crystallinity. Five
main bands appear, centered at 1670, 1210, 790, 684 and
470 nm, which can be associated with transitions from the
fundamental 3H6 state of Tm3+ ions to the 3F4,

3H5
3H4,

3F2,3, and 1G4 excited states, respectively. No appreciable
differences between the bands of the glass and glass–ceramic
spectra can be observed. This can be due to both the
low crystallinity of the samples (6.3 wt%) and the broad

Fig. 7. Viscosity–temperature curves of the undoped glass taken from
ref. [15] and the 1 mol% Tm2O3-doped glass. Temperature of
treatment, 620°C, is indicated with a vertical dashed line.

Fig. 8. Raman spectra of the 1 mol% Tm2O3-doped glass and
glass–ceramic recorded at 532 nm excitation; the band at 115 cm�1

is due to the Edge Filter.
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absorption bands of Tm3+ ions in glassy environments,
which mask their presence in fluoride nanocrystals at room
temperature. The same behavior has previously been
reported,35 for Tm3+-doped NaLaF4 glass–ceramics.

(b) Emission Spectra Under Excitation at 488 nm:
Figure 10 shows the emission spectra of the glass and glass–
ceramic under excitation at 488 nm. It can be seen that there
are five main bands common to both glass and glass–ceramic
samples centered around 800, 720, 670, 650, and 607 nm,
which are associated with the 3H4?

3H6,
1G4?

3H5,
3F2,3?

3H6,
1D2?

3H4, and 1G4?
3F4 optical transitions,

respectively. These bands show a rather broad spectral band-
width resulting from the amorphous oxygen environments of
the Tm3+ ions in the glass. Additionally, the presence of
sharp and better resolved extra peaks located at 607 and
720 nm can be observed in the glass–ceramic sample (see
inset of Fig. 10). These optical transitions are attributed to
fluoride crystalline environments of Tm3+ and provide evi-
dence for the formation of Tm3+:LaF3 nano-crystals, similar
to those reported previously for Tm3+:NaLaF4 glass–ceram-
ics.36

(c) Up-Conversion Spectra Under Excitation at
790 nm: When glass and glass–ceramic samples are excited

at 790 nm at room temperature with a pulsed laser, blue
emission is observed. Figure 11 shows the up-conversion
spectra, in which a main peak appears in both materials from
425 to 500 nm, which is constituted by two contributions at
447 and 477 nm, corresponding to 1D2?

3F4 and 1G4?
3H6

transitions, respectively. These transitions exhibit slightly
higher intensity in the glass–ceramic than in the glass, indi-
cating a more efficient process in the glass–ceramic, with
respect to that of the glass. In addition, small bands centered
at 507 and 537 nm appear which are ascribable to the
1D2?

3H5 transition.
The variation in the emission intensities as a function of

the 790 nm laser pumping power was measured in the glass
and in the glass–ceramic; the double logarithmic plot of both
variables is shown in the inset of Fig. 11. Both slopes are
1.7, approaching a value of 2, indicating a two-photon pro-
cess, in agreement with previous works.36 Oomen37 reported
a Tm quenching concentration of the up-conversion process
in fluorozirconate glasses, and this effect may contribute to
reducing the slope from 2.

Figure 12 represents the energy-level diagram of Tm3+, in
which the up-conversion mechanism is indicated. At the
790 nm excitation, the emissor level 1G4 is populated
through an excited-state absorption of level 1H5, emitting at
477 nm, while the population of emissor level 1D2 goes
through a cross-relaxation process between 3H5 and 1G4

levels, emitting at 447 nm.
(B) Eu2O3-Doped Glass and Glass–Ceramic: As was

previously mentioned, a Eu2O3-doped glass and the corre-
sponding glass–ceramic were synthesized (0.5 mol% Eu2O3)
to examine the location of lanthanide ions in the LaF3 nano-
crystals. The Tg of this glass, 580°C, is much lower than that
of the 1 mol% Tm2O3-doped glass, and very similar to that
of the undoped glass. Sroda23 reported that the Tg is not
strongly affected by low concentrations of RE ions, in this
case 0.5 mol% Eu2O3. The Eu2O3-doped glass–ceramic was
obtained by heat treatment of the parent glass at 620°C dur-
ing 40 h and crystallization of LaF3 was confirmed by XRD.

Figures 13(a) and (b) show transmission electron micro-
graphs of the Eu3+-doped glass and glass–ceramic obtained
at 620°C during 40 h, respectively. The glass presents
La-enriched, phase-separation droplets, around 25 nm in
diameter [Fig. 13(a)]. The micrograph of the glass–ceramic
[Fig. 13(b)] shows LaF3 nanocrystals around 20 nm with a
homogeneous distribution and a similar crystalline fraction
to that of the Tm-doped glass–ceramic.

Fig. 9. Absorbance spectra of 1 mol% Tm2O3-doped glass and
glass–ceramic.

Fig. 10. Emission spectra of 1 mol% Tm2O3-doped glass and
glass–ceramic under 488 nm excitation.

Fig. 11. Up-conversion spectra of 1 mol% Tm2O3-doped glass and
glass-ceramic under excitation at 790 nm employing a pumping
power of 290 mW. The double logarithm plot of the intensity as a
function of the pumping power is shown in the inset.
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Absorbance spectra of the 0.5 mol% Eu2O3-doped glass
and glass–ceramic are shown in Fig. 14. The absorption
peaks are assigned to the transitions from the ground level
7F0 to the excited levels of Eu3+ ions. The strongest absorp-
tion peak (7F0?

5L6 transition) is located at 393 nm. The
absorption edge in the glass is shifted to much higher wave-
lengths compared with the glass–ceramic, and does not show
the absorption of the 5D4 and 5G2 levels, which are visible in
the glass–ceramic. The fraction of Eu3+ ions in the glass is,

however, still higher than that in the crystalline environment,
which may cause the observed absorption edge shift in the
spectrum. The narrower absorption peaks in the glass–
ceramic indicate that the Eu3+ environment is more
crystalline.38,39

An Ar laser was employed to record emission spectra of
the Eu3+-doped glass and glass–ceramic under excitation at
488 nm (Fig. 15). In general, there are additional and nar-
rower bands in the glass–ceramic compared with the glass,
indicating a more crystalline environment of Eu3+ in com-
parison to the glass. The emission bands correspond to the
transitions of the excited 5D0 energy level to the 7Fn levels of
Eu3+. The emission intensity of the 5D0?

7F2 transition is
electric-dipole allowed (sensitive to the local environment)
and the transition 5D0?

7F1 is magnetic dipole allowed (inde-
pendent of the host matrix). The fluorescence intensity ratio
(R) of the 5D0?

7F2 to 5D0?
7F1 transitions is used to estab-

lish the degree of asymmetry in the vicinity of the Eu3+ ions
and the covalence of the Eu–O bonds for various Eu3+-
doped systems.40 The value of R increases with a lowering in
symmetry around the Eu3+ ions and higher covalence of the
Eu–O bonds.41,42 The Eu3+-doped glass–ceramic presents a
ratio of 5D0?

7F1 to 5D0?
7F2 which is slightly higher than

that of the doped glass, indicating that the Eu3+ environ-
ment become more symmetric and that Eu3+ is, thus, distrib-
uted between both crystalline and amorphous phases. The
appearance of the non-degenerate 5D0?

7F0 transition indi-
cates that the Eu3+ ion is in an environment of low symme-
try,43 corresponding to Eu3+ ions in glassy environments.
The magnetic-dipole transition 5D0?

7F1 splits into three
components, indicating that the crystallographic sites of the
Eu3+ ions in the crystalline lattice adopt symmetry as low as
orthorhombic, monoclinic or triclinic. The better resolved
band at 580 nm could be an indication that the C2 site sym-
metry of La3+ is partially occupied by Eu3+ in the LaF3

crystals.43

Emission spectra of the glass and glass–ceramic were also
recorded under excitation at 393 nm and are shown in the
inset of Fig. 15. A broad band from 400 to 500 nm appears
which could be ascribed to the 4f65d–4f7 transition of Eu2+

ions.44 The reduction in Eu3+ to Eu2+ has been reported to
occur in fluoride-containing glasses doped with Eu3+ in air,
and is related with the optical basicity of the host material
and with a charge compensation model.44,45 In oxyfluoride
glass–ceramics, the transformation Eu3+?Eu2+ occurs when
part of the Eu3+ ions are incorporated into a fluorine-
enriched environment, such as the fluoride crystals. Yang
et al.44 obtained very similar emission spectra in glasses and

Fig. 12. Tm3+ energy-level diagram showing the up-conversion
mechanism. (MPR: Multiphonon relaxation, CR:Cross-relaxation)

(a) (b)

Fig. 13. TEM image of 0.5 mol% Eu2O3-doped glass (a) and glass–
ceramic (b)

Fig. 14. Absorbance spectra 0.5 mol% Eu2O3-doped glass and
glass–ceramic

Fig. 15. Emission spectra of 0.5 mol% Eu2O3-doped glass and
glass–ceramic under 488 nm excitation, and under 393 nm excitation
(inset).
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glass–ceramics of composition 44SiO2–28Al2O3–17NaF–
11YF3–xEuF3 (x = 0.1, 0.2, 0.5, and 0.8) under excitation at
394 nm. Lin et al.46 observed an increase in intensity of the
emission broad band in the blue range of Eu2+ with increas-
ing fluorine content in CaF2-oxyfluoride glasses. From the
normalized intensity ratio of the broad band centered at
around 440 nm shown in the inset of Fig. 15, a higher Eu2+/
Eu3+ ratio is found in the glass–ceramic with respect to the
glass, indicative of the distribution of Eu3+ ions in the crys-
tal structure of LaF3.

The quantification of the RE ions located in the crystalline
LaF3 phase is planned in a future work exploiting different
techniques such as absorption47 and time resolved lumines-
cence measurements.48,49

IV. Conclusions

Tm3+-doped glass–ceramics were synthesized, where LaF3

nanocrystals of 20 nm in diameter are precipitated on heat
treatment of the parent glass. The effect of the addition of
Tm2O3 on LaF3 crystallization has been studied and
compared with that found in the undoped glass. A longer
induction time for crystallization of LaF3 is observed in the
Tm3+-doped glass with respect to the undoped analogue.
The lower tendency of the Tm-doped glass to crystallize is
likely to result from both a slightly higher activation energy
for crystallization and a higher viscosity at the temperature
of glass–ceramic formation. The addition of Tm3+ affects
the phase separation in the parent glass, giving rise to some
larger crystals in the Tm-doped glass–ceramics. Raman spec-
tra confirm the existence of La–F nuclei in the parent-glass
precursors of the LaF3 nano-crystals, as well as La/Tm–F
bonds in the glass and in the glass–ceramics.

Photoluminescence emission measurements indicate that
the Tm3+ and Eu3+ cations are distributed between the glass
matrix and the LaF3 nano-crystals. Moreover, the Eu3+ ions
are partially reduced to Eu2+, as a consequence of the
fluorine-rich environment.

The Tm3+ up-conversion spectra involve a two-photon
absorption process with a higher blue emission intensity in
the glass–ceramic compared with the glass.
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