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Novel transparent luminescent glass ceramics with the ability to generate the line emission of Eu®* ions
were successfully prepared. First, Eu?*-doped barium—aluminum—borate oxyfluoride glasses were pre-
pared by high-temperature melting in a reducing atmosphere, and then transparent glass ceramics were
obtained by crystallization heat treatment. Fluorescence spectroscopy showed that Eu?* exhibited only
broadband luminescence (FWHM x 136 nm) of the 4f°5d! — 4f transition in the glasses. However,
after heat treatment, a 359 nm line emission (FWHM =~ 2.8 nm) from the 4f" — 4f transition of Eu®*
appeared in the glass ceramics. To explore the mechanism of transformation of the optical transition of

Received 8th May 2024, Eu®* from 4f°5d — 4f to 4f — 4f/, the glasses and glass ceramics were analyzed by fluorescence

Accepted 14th July 2024 spectroscopy, X-ray diffraction (XRD), Raman spectroscopy, and electron paramagnetic resonance (EPR)
spectroscopy measurements. The results showed that the alteration in the optical transition of Eu?* was

a result of the Eu®* ions entering the Ba®* sites with weak crystal field strength in BaAlBOsF, (BABF)
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1. Introduction

Rare earth ions are indispensable activating ions in laser
materials due to their abundance of energy levels."> Based on
the transition selection rules, it is easier for the f — f transition
to achieve laser output due to their superior optical stability,
narrowband emission (high emission cross-section), and long
fluorescence lifetime.® At present, the rare earth ions that can
generate laser output and have practical applications are basi-
cally the trivalent rare earth ions of the 4f — 4f electronic
transition, such as Nd**, Yb*", Er**, Ho**, and Tm*". The output
wavelengths of the lasers produced by these ions are primarily
located in the infrared spectral region.

A few rare earth ions can generate d — f transitions between
different configurations, such as Ce*" and Eu** ions. Compared
with the f — f transition, the d — f transition presents challenges
in achieving laser output due to its optical instability, broadband
emission (low emission cross-section), and short fluorescence
lifetime. Despite Eu** ions exhibiting excellent luminescence
efficiency in various matrix materials and having numerous uses
in the field of lighting, there are no reports on the successful laser
output of Eu®" ions. Some researchers have found that Eu®* ions
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crystals from the strong crystal field strength glass phase.

have strong 4f°5d excited-state absorption (ESA), which is the main
reason why the 5d — 4f transition cannot achieve laser output.*

At present, only a small percentage of lasers directly emit
visible light, and the majority of lasers emit in the infrared
region. With the development of semiconductor lasers towards
shorter wavelengths, the possibility of using short-wavelength
LD or LED excitation of rare-earth ions to create visible lasers
for applications may be achievable. To realize this dream, the
first step is to look for short-wavelength f — f transition rare-
earth ions. Recently, we discovered a new luminescence at
approximately 359 nm after microcrystallization of glass when
we were investigating the luminescence of Eu®" in barium-
aluminum-borate oxyfluoride glass. Out of curiosity, we inves-
tigated the origin of this new luminescence. Some studies
consider that it originates from the 4f — 4f transition of Eu**
and only occurs in a few fluoride crystals with weak crystal field
environments.>® Therefore, it can be inferred that a relatively
uncommon crystal with weak field strength has formed in the
glass ceramics of the oxyfluoride glass. Due to the potential
application in lasers, the 4f — 4f transition of Eu®" ions has
received attention and been investigated.” ™' However, at pre-
sent, achieving a laser output of Eu®" is still a huge challenge in
the field of laser materials.

Glass ceramics doped with rare earth ions have high quan-
tum efficiency and favorable chemical and physical properties.
Meanwhile, their low cost, short preparation period, and sim-
ple preparation process make them an attractive material for
optical applications. To the best of our knowledge, the 4f — 4f

J. Mater. Chem. C, 2024, 12,13411-13420 | 1341


https://orcid.org/0000-0002-1094-1598
https://orcid.org/0000-0002-8799-5447
http://crossmark.crossref.org/dialog/?doi=10.1039/d4tc01873g&domain=pdf&date_stamp=2024-07-27
https://rsc.li/materials-c
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4tc01873g
https://pubs.rsc.org/en/journals/journal/TC
https://pubs.rsc.org/en/journals/journal/TC?issueid=TC012034

Open Access Article. Published on 16 July 2024. Downloaded on 4/5/2026 10:17:42 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

transition of Eu®>" has not been reported in glass ceramics.
Therefore, the development of a new type of transparent glass-
ceramic material that can produce Eu”** line emission has great
significance in the fields of ultraviolet solid lasers, photother-
apy lamps, and spectral correction. Due to the shielding effect
of the outer electrons on the 4f energy level, the f — f transition
emission peak is generally located near 359 nm and is hardly
influenced by the matrix material.>'>"* The 359 nm line
emission in the UVA (320-380 nm) region endows Eu** ions
with potential for application in the field of UVA phototherapy
lamps. UVA phototherapy lamps combined with psoralen as a
photosensitizer (PUVA) lead to a phototoxic response, which is
essential for the treatment of fibrotic skin diseases such as
scleroderma and urticaria pigmentosa.'***

In this study, a new transparent glass-ceramic material with
the ability to generate the 4f — 4f transition of Eu** ions was
proposed and prepared. The effects of Eu,0; concentration and
heat treatment conditions on the spectral properties of Eu**
were studied. Fluorescence spectroscopy, XRD, Raman spectro-
scopy, and EPR spectroscopy measurements were used to
analyze and explain the mechanism of different optical transi-
tion types of Eu** ions in the glass and glass-ceramic samples.

2. Experimental

2.1 Sample preparation

5Ba0-35BaF,-40B,0;-20A1,0,-xEu,0; (x = 0.05-0.2) (mol%)
glass samples were prepared via high-temperature melting.
The raw materials used in the experiments were BaCO; (Alad-
din, 99.8%), BaF, (Macklin, 99.99%), H3;BO; (Aladdin, AR),
Al(OH); (Aladdin, 99.9%), and Eu,O; (Aladdin, 99.99%). The
amount of raw materials was calculated and weighed based on
the glass composition. After mixing evenly, 40 g of the mixture
was transferred to a graphite crucible while keeping the Al,O;
crucible outside the graphite crucible to prevent excessive
combustion of the graphite crucible. The graphite crucible
was used to reduce Eu*" to Eu®" during melting. The mixture
was placed in a box-type resistance furnace, heated from room
temperature to 1300 °C, and maintained at that temperature for
10 min. After the mixture was completely melted, the melt was
quickly poured into an Al mold and then placed in a 470 °C
annealing furnace for 3 h to eliminate the stress. After cutting
and polishing, the required glass samples were obtained. The
glass samples were labeled E,, where E represents Eu,0;, and x
is 100 times the Eu,O; doping content (mol%) in the sample.
Then, the glass-ceramic samples were prepared by heat treat-
ment near the glass crystallization temperature. The glass
samples were placed in a double-layer Al,O; crucible containing
charcoal powder, which was used to create a CO atmosphere
that prevented the oxygen-induced uneven crystallization of the
glass samples. The double-layer Al,O; crucible was heated in a
box-type resistance furnace at 570 or 580 °C for 2 or 2.5 h and
allowed to cool naturally to room temperature before removal.
The obtained glass-ceramic samples were labeled E,T-y h,
where T is the heat treatment temperature, y is the heat
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treatment time, and h is the abbreviation for hours. For
example, E;5570-2h represents the glass-ceramic sample
obtained by heat treatment of a 0.15 mol% Eu,0s-doped glass
sample at 570 °C for 2 h.

2.2 Characterization

Differential scanning calorimetry (DSC) curves of the glass samples
were obtained using a Netzsch 404 differential scanning calori-
meter. Density was measured using a Japan Alfa Mirage D-200L
electronic densitometer. The refractive index of the glass was
measured using a prism coupler (Model 2010/M, Mectricon, USA)
with a 633 nm laser. The crystallization status after crystallization
heat treatment was assessed using a Smartlab9 X-ray diffractometer
(Rigaku, Japan), with a Cu-Ka line as the X-ray source. Transmis-
sion spectra were obtained using a PerkinElmer Lambda 950 UV/
VIS/NIR spectrophotometer with a test range of 300-650 nm and a
test step of 1 nm. The excitation and emission spectra, as well as
the fluorescence decay lifetime of the samples, were measured
using an FLS 1000 fluorescence spectrometer (Edinburgh Instru-
ments). The continuous-wave (CW) EPR spectra (X-band,
~9.37 GHz) of the samples were measured at room temperature
using an E-580 electron paramagnetic resonance spectrometer
(Bruker, Germany). The Raman spectra were measured using a
Renishaw InVia micro-Raman spectrometer with a laser wavelength
of 785 nm and in a testing range of 100-1500 cm™". All the above
tests were performed at room temperature.

3. Results and discussion
3.1 Characterization of the crystallization status

To investigate the glass stability and crystallization temperature
of the glass samples, the E;5 glass sample doped with 0.15
mol% Eu,0;, which had the highest fluorescence intensity
among all the glass samples shown in Fig. 4, was selected for
the DSC curve test. According to the DSC curve shown in Fig. 1,
the transition temperature T, of the E;; glass sample is 491 °C.
Beyond the transition temperature, a sharp exothermic crystal-
lization peak appears, at an initial crystallization temperature
T, of 570 °C. The sharp crystallization peak indicates that the
glasses have strong crystallization ability. Therefore, to obtain
higher transparency in the glass-ceramic samples, in this study,
the glass samples were heat-treated at 570 °C and 580 °C (near
the initial crystallization temperature) for 2 h and 2.5 h,
respectively.

To investigate the crystallization status of the samples,
the E;s-series glass and glass-ceramic samples doped with
0.15 mol% Eu,0; were selected for XRD and Raman measure-
ments. Fig. 2(a) shows the XRD patterns of the E,5-series glass
and glass-ceramic samples. In Fig. 2(a), the E;5 sample exhibits
an amorphous scattering peak, indicating that it is in a dis-
ordered glassy state. As the heat treatment temperature and
time increase, sharp diffraction peaks gradually appear in the
XRD pattern, indicating that the number and size of the
microcrystals formed in the samples increase. This results in
a decrease in the transparency of the samples and an increase

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 DSC curve of the E;5 glass sample.

in the intensity of the line emission peak of Eu**, which will be
discussed subsequently. The bottom line in Fig. 2(a) shows the
standard XRD pattern (ICSD card # 409663) of the BaAIBO;F,
(BABF) crystal. The positions of the diffraction peaks of the
E;5580-2h and E;5580-2.5h samples are consistent with those of
the BABF crystals, indicating that the crystals precipitated in
the glass ceramics are BABF crystals.

Fig. 2(b) shows the normalized Raman spectra of the E;5-
series glass and glass-ceramic samples. After heat treatment,
new sharp Raman peaks gradually appear at 130, 275, 350, 470,
and 985 cm ™" in the glass-ceramic samples. Shionozaki and Du
et al."®'” also observed Raman vibration peaks at 350, 470, and
985 cm ™' in the range of 140-1400 cm ' in glass ceramics
containing BABF crystals, which were attributed to the bending
or stretching modes of the BO; units in BABF crystals. Zhur-
avlev et al'® summarized the Raman spectra of the BABF
crystal, where the Raman peak at 134.5 cm ' corresponds
to the E” and E,, vibrational modes and the Raman peak at
270.4 cm™ " corresponds to the E/, E,, E/, and E,, vibrational
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modes. Therefore, the appearance of sharp peaks in the Raman
spectra also indicates that nonlinear BABF crystals precipitated
in the glass-ceramic samples.

In Fig. 2, the XRD pattern of the E;5570-2h sample does not
show any notable crystal diffraction peaks. Similarly, the
Raman spectra of the E;5570-2h sample also does not display
any apparent crystal Raman peaks. However, combined with
the EPR (Fig. 7) and fluorescence (Fig. 6) test results, it can be
inferred that a trace quantity of the BABF crystal forms success-
fully within the E;5570-2h sample. Due to the small size and
number of microcrystals, the presence of BABF microcrystals in
the E;5570-2h sample could not be determined using XRD or
Raman spectroscopy.

Table 1 displays the densities of the E;s-series glass and
glass-ceramic samples. The density of the nonlinear crystal
BABF was reported to be 4.47 g cm >.'7'® According to
Table 1, the density of the E;5 glass sample is 3.700 g cm™>.
Compared with the arranged and compact structure of the
crystal, glass has a looser and more disordered structure,
resulting in a lower density. With an increase in the degree of
microcrystallinity, the size and number of BABF crystals that
precipitated in the sample increased. This led to a denser
structure and a steady increase in the density of the glass
ceramics.

Fig. 3(a) displays the actual images of all glass and glass-
ceramic samples. Fig. 3(b) shows the transmittance of the glass
and glass-ceramic samples at 550 nm. As depicted in Fig. 3(a)
and (b), the prepared glass samples all exhibit exceptional
transparency, with a transmittance of 94% in the visible range
of 450-550 nm. The transparency of the samples decreases to
varying degrees as the heat treatment temperature and time
increase, and the transmittance in the visible region gradually
~94% to ~11%. Combined with the XRD
results, it is explained that the light scattering degree of the
glass-ceramic samples gradually increases with an increase in
the size and number of BABF microcrystalline particles.

The refractive index of the matrix glass E,5 was measured to
be 1.5687 (1 = 633 nm). The BABF crystal that precipitated in
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(a) XRD and (b) Raman spectra of the E;s-series glass and glass-ceramic samples.

J. Mater. Chem. C, 2024, 12,13411-13420 | 13413


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4tc01873g

Open Access Article. Published on 16 July 2024. Downloaded on 4/5/2026 10:17:42 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Table 1 Densities of the Eis-series glass and glass-ceramic samples

Sample Eis E;5570-2h E,5570-2.5h E,5580-2h E,5580-2.5h

Density (g cm ™) 3.700 3.706 3.709 3.722 3.779

the glass ceramics had a hexagonal crystal structure and was a
nonlinear crystal with a refractive index of n, = 1.6284 and n. =
1.5850 (X = 633 nm).>° To maintain optimal transparency in
glass ceramics, it is important to minimize the refractive index
difference between the precipitated crystal and the matrix glass.
Furthermore, it is desirable for the crystal to possess high
symmetry or for the precipitated crystal particles to be relatively
small in size. This glass ceramic exhibited notable light scatter-
ing owing to the difference in the refractive index between the
glass and the precipitated crystal. The precipitated crystal,
which belongs to the hexagonal crystal system with lower
symmetry, further contributed to this scattering effect. As a
result, the transmittance of the glass ceramic was greatly
reduced when the crystal grew slightly.>"

As shown in Fig. 3(b), the transmittance of the samples
remains relatively stable as the amount of Eu,O; doping
increases under the same heat treatment conditions. This
suggests that variations in the content of Eu,0;, ranging from
0.05 to 0.2 mol%, have little impact on the crystallization ability
of the glasses. The degree of crystallization of the glass-ceramic
samples was mainly related to the heat treatment conditions.

Fig. 3(c) shows the transmission spectra of the E, glass
samples doped with varying amounts of Eu,0;. The figure
shows that an increase in the doping amount of Eu,O; from
0.05 mol% to 0.2 mol% results in a redshift of the UV absorp-
tion edge and deepening of the pale yellow color of the glass
sample (Fig. 3(a)). This is due to the increased number of Eu**

View Article Online
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ions in the glass sample, which enables stronger absorption
within the 250-450 nm range via the electric dipole transition
af” — 4f°5d" of Eu®".

Fig. 3(d) shows the transmission spectra of the E;s-series
glass and glass-ceramic samples doped with 0.15 mol% Eu,0j3.
The UV absorption edge of the E;5 glass shown in Fig. 3(d) is
approximately 376 nm, and the absorption end of the glass
ceramics remains relatively constant with increasing degree of
microcrystallinity. This is because the difference in composi-
tion between the precipitated crystals and the glass is
very small.

3.2 Dependence of the spectral properties on the Eu,0;
concentration

Fig. 4 displays the excitation and emission spectra of the E, glass
samples doped with different Eu,0; concentrations to investigate
the impact of the Eu,0; concentrations on the broadband emis-
sion of Eu*". Fig. 4(a) shows the excitation spectra obtained by
monitoring the optimal emission wavelength of the E, glass
samples. Broadband excitation at 250-430 nm can be attributed
to the transition of Eu** ions from the 4f(%S,,,) ground state to the
4f°5d" excited state. In Fig. 4(b), the broadband emission peak
centered at approximately 495 nm corresponds to the 4f°5d" —
4f'(%s,),) transition of Eu”>".>* It is evident that the broadband
emission intensity first increases as the amount of Eu,O; doping
increases. As the concentration increases to approximately 0.15
mol%, the E;5 glass sample exhibits the highest emission inten-
sity, and then the excessive Eu®* concentration causes non-
radiative relaxation, resulting in luminescence quenching.
Furthermore, the emission peak shifts towards longer wave-
lengths, which is attributed to the nephelauxetic effect caused
by the higher Eu®* concentration. This effect decreases the 5d(t,g)
energy level, which results in the transition energy between the
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(a) Actual images of all samples; (b) transmittance of samples at 550 nm; (c) transmission spectra of the E, glass samples; and (d) transmission

spectra of the Eis-series glass and glass-ceramic samples. The sample thickness was 1 mm.

13414 | J Mater. Chem. C, 2024, 12,13411-13420

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4tc01873g

Open Access Article. Published on 16 July 2024. Downloaded on 4/5/2026 10:17:42 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

()

Eu?":4f'(8S,,,)—4f%5d!

Intensity (a.u.)

Excitation

300 350 400

Wavelength (nm)

250 430

Fig. 4 (a) Excitation and (b) emission spectra of the E, glass samples.

energy levels shifting in lower-energy directions.*” In Fig. 4(b), the
weak emission peak near 612 nm in the E,,, E;5, and E,, samples
corresponds to the °D, — ’F, transition of Eu*". This is due to
the limitation of the reduction capacity during the preparation
process. The increase in the Eu,O; doping concentration in the
sample resulted in the excess Eu*" ions not being reduced to Eu**
ions but remaining in the glass as Eu*" ions.

Fig. 5(a) shows the excitation spectra of E, and E,570-2h
samples at a monitoring wavelength of 359 nm. Fig. 5(b) shows
the emission spectra of E, and E,570-2h samples doped with
different Eu,O; concentrations under 257 nm excitation. In
Fig. 5(b), the bump in the emission spectra at 370-400 nm
corresponds to the 4f°5d" — 4f’(®S,,,) transition of Eu®'.
Compared with the E, glass samples, the emission spectra of
the E,570-2h samples after heat treatment show a new UV-
sharp emission peak at 359 nm. The excitation spectra of the
359 nm peak are broad, spanning from 220 to 350 nm, with a
maximum excitation peak located at 257 nm."? This line emis-
sion can be assigned to the 4f”(°P,,) — 4f7(%S,,,) transition of
Eu®" ions in the weak crystal field. In addition, the 4f"(°P,,,) —
4f’(®S,,,) transition of Eu®" ions can be excited by a LED
because LEDs with a wavelength of 254 nm have been
commercialized.
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The 4f shell of Eu** is half-filled, and its ground state is
4f’(%s,,), with the two lowest excited states being 4f”(°P;,,) and
4f°5d(t,g). Generally, 5d(t,g) is located below the 4f’(°P,,)
energy level at room temperature. Therefore, in most Eu*-
doped materials, only 5d — 4f transitions can be observed, and
forbidden 4f — 4f transitions cannot be observed.> Hewes and
Hoffman observed the 361 nm line emission of the 4f’(°P;,,) —
4f’(%S,,,) transition of Eu®>* in the BaAlF; crystal."®** Some
studies have found that the 4f — 4f transition of Eu®** only
occurs in a few fluoride crystals with weak crystal field
environments.>™®

Therefore, considering the XRD test results, the observation
of the 4f’(°P,;,) — 4f’(®S;,,) transition in the glass-ceramic
samples indicates that a part of the Eu”" ions enters the BABF
crystal phase from the glass phase, and the crystal field
strength around Eu®' ions in the BABF crystals is weak com-
pared to that in the glass matrix.

In Fig. 2, the XRD and Raman test results did not show any
significant structural changes between the E;5570-2h and E;5
glass samples. However, in Fig. 5(b), the appearance of an
obvious narrowband emission indicates that there is indeed
precipitation of BABF crystals in the E;5570-2h sample after
heat treatment at 570 °C for 2 h, which implies that the Eu**
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Fig. 5
and (c) emission peak intensities of all glass-ceramic samples at 359 nm.
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(a) Excitation spectra of E, and E,570-2h samples monitored at 359 nm; (b) emission spectra of E, and E,570-2h samples under 257 nm excitation;
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fluorescence spectra are more sensitive for detecting the for-
mation of BAB crystals. This could be a more efficient and
easier way to qualitatively or quantitatively analyze the precipi-
tation of BABF crystals in glass ceramics.

To study the dependence of the line emission spectra of Eu>*
on the Eu,0; doping amount, Fig. 5(c) shows the 359 nm
emission peak intensity of all glass-ceramic samples under
257 nm excitation. This demonstrates that the 359 nm emission
peak intensity of the glass-ceramic samples does not exhibit a
linear relationship with the doped Eu,0; concentration under
the same heat treatment conditions. There occurs a fluores-
cence quenching after the doped Eu,0; concentration exceeds
0.15 mol%. Meanwhile, the 359 nm emission peak intensity of
the glass-ceramic samples significantly increases as the heat
treatment temperature and time increase. Obviously, the inten-
sity of the 359 nm emission peak mainly depends on the degree
of microcrystallization due to heat treatment. We selected the
E;5 series of glass and glass-ceramic samples with high fluores-
cence peak intensities for XRD, fluorescence spectroscopy, EPR
spectroscopy, and Raman spectroscopy measurements to inves-
tigate the effect of the heat treatment conditions on the spectral
properties of the samples.

3.3 Dependence of the spectral properties on the heat
treatment conditions

Fig. 6(a) shows the excitation spectra with broadband emission
peaks for the E;s-series glass and glass-ceramic samples. The
excitation peak is broad in the range of 260-480 nm with a
maximum excitation peak located at 398 nm, which corresponds
to the 4f"(%S,,,) — 4f°5d" transitions of Eu®". Fig. 6(b) shows the
broadband emission spectra of the 4f°5d" — 4f’(®S,,) transition
of Eu”** with an optimal excitation peak at 398 nm, which has a
full width at half-maximum (FWHM) of approximately 136 nm.
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As the degree of microcrystallinity increases, the broadband
emission intensity first increases and then weakens, and the
emission wavelength of the E;5580-2.5h sample blue-shifts to
490 nm. This suggests that the d — f transition is also influ-
enced by the degree of microcrystallization, which will be
discussed in detail in Section 3.4.

Fig. 6(d) shows that the excitation spectra of the line emis-
sion are broad in the range of 240-330 nm with a maximum
excitation peak located at 257 nm. Fig. 6(e) shows the emission
spectra of the glass and glass-ceramic samples with an optimal
excitation peak at 257 nm. The legend of Fig. 6(e) is the same as
that of Fig. 6(d). The emission spectra of the glass-ceramic
samples simultaneously show a broadband emission peak
corresponding to the 4f°5d* — 4f” transition and a 359 nm
line emission peak associated with the 4f” — 4f’ transition.”?
The FWHM of the line emission peak is approximately 2.8 nm,
which is consistent with the characteristics of the 4f” — 4f
optical transition. To make it clear that the 359 nm lumines-
cence peak was caused by Eu*", a control sample of the E,580-
2.5h glass ceramic without Eu,O; doping was prepared.
As shown in Fig. 6(e), the E;580-2.5h glass-ceramic sample
does not exhibit a 359 nm emission peak. This further indicates
that this emission peak is not derived from the crystals pre-
cipitated from the glass-ceramic sample but from Eu*" in the
BABF crystal phase.

The inset (i) in Fig. 6(e) shows the emission spectra of the
E;5570-2h sample under 257 nm excitation. The fluorescence
of E15570-2h is dominated by broadband emission, and the line
emission intensity is relatively low. However, the intensity of
the 359 nm line emission peak of Eu*" gradually increases as
the microcrystalline degree increases. The 359 nm peak inten-
sity of the E;5580-2.5h sample is approximately 65 times higher
than that of the E;5570-2h sample. Fig. 6(e) shows that the
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fluorescence of the E;5580-2.5h sample occurs mainly in the
359 nm line emission, and the broadband emission is weak and
can be ignored.

The inset (ii) in Fig. 6(e) shows the intensity of two different
emission peaks for the E;s-series glass and glass-ceramic
samples excited at their respective optimal excitation wave-
lengths. The optimal excitation wavelengths for 359 nm and
495 nm are 257 nm and 398 nm, respectively. The inset
(ii) demonstrates that the intensity of the line emission peak
at 359 nm exceeds that of the broadband emission peak at
495 nm for the E;5580-2.5h sample. These findings indicate
that the E;5580-2.5h glass-ceramic sample exhibits superior
narrowband luminescence properties.

As shown in Fig. 6(a) and (e), there is an overlap between the
359 nm emission of the f — f transition and the excitation
spectra of the d — f transition, indicating that reabsorption
and energy transfer may occur between the f - fand d — f
transitions. However, the excitation spectra in Fig. 6(a) do not
show the energy transfer from the f — f transition to thed — f
transition. This phenomenon can be attributed to the fact that
the d — f transition Eu®" ions are mainly present in the glass
matrix, whereas the f — f transition Eu®* ions are only found in
the crystal matrix. The significant distance between the Eu®*
ions located in distinct matrix environments limits the transfer
of energy. Section 3.4 suggests the existence of the f — f and
d — f transitions of Eu®" in the BABF crystal. The Eu®" ions
within the crystal are relatively close together, and there is a
possibility of energy transfer. However, the limited quantity of
the d — f transition Eu** ions present in the crystal results in a
rather feeble impact of energy transfer on the fluorescence of
both the f — fand d — f transitions.

Fig. 6(f) shows that the fluorescence lifetime increases from
approximately 19 ps to 43 ps as the degree of microcrystallinity
increases. This indicates that a reabsorption process should
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occur between the f — fand d — f transitions. Due to the low
f — f transition emission intensity of the E;5570-2h sample, it
is susceptible to the reabsorption process, resulting in a shorter
fluorescence lifetime. However, the reabsorption is weak, and
the emission of the f — f transition remains largely unaffected
by reabsorption. The 359 nm emission peak can still be
observed in the fluorescence spectrum.

Fig. 6(c) and (f) show the fluorescence decay lifetime of
the broadband emission and the line emission of the samples,
respectively. The broadband emission has a lifetime of approxi-
mately 50 ns, whereas the fluorescence lifetime of the 359 nm
line emission is much longer, approximately 30 ps. This is
consistent with the characteristics of the 4f°5d' — 4f” and
4f’ — 4f’ transitions.

3.4 Mechanism of alteration of the Eu** transition

Electron paramagnetic resonance (EPR) method is based on the
resonance absorption of external magnetic fields by unpaired
electrons and is an essential method for identifying transition
metals and rare-earth ions in glass materials and analyzing
their surrounding environment.>* The electron configuration of
Eu®" is 4f°55°5p°®, and all electrons in the orbital are paired,
resulting in the absence of an EPR signal. However, the electron
configuration of Eu”* is 4f”, with the 4f orbital having a half-
filled structure. The presence of unpaired electrons in this
orbital causes it to exhibit paramagnetic properties, and its
EPR signal can be detected at room temperature.”®> EPR has
emerged as a promising technique for investigating alterations
in the valence states of Eu ions and the surrounding coordina-
tion environment of Eu*".>®

Fig. 7 shows the X-band EPR spectra of the E;s-series glass
and glass-ceramic samples at room temperature. Eu®" is classi-
fied as a rare-earth S-state ion with an electronic configuration
of 4f”, a total atomic orbital quantum number of L = 0, and a
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ground state of °S,,. Perturbation theory studies have demon-
strated that the spin Hamiltonian of S-state ions contains
Zeeman and crystal field (CF) interactions. Thus, the EPR
spectra depend on the relative magnitude between the Zeeman
microwave frequency of the magnetic field and the strength of
the crystal field:>”>°

H = Hzeeman t Hcr

(1)

Formula (1) consists of two terms: Hzeeman iS the electron
Zeeman interaction, and Hcy is the crystal field interaction. In
this study, the Zeeman microwave frequency (v) was 9.372 GHz.
When the crystal field strength significantly exceeds the Zee-
man microwave frequency (Hcr > hv), the EPR signal of Eu**
appears at g > 2. When the microwave frequency is equal to the
strength of the crystal field, a zero-field resonance signal can be
detected. When the crystal field strength is significantly weaker
than the microwave frequency (Hcr <« hv), the EPR signal peak
can be observed near g ~ 2.0.>7%®

In Fig. 7(a), the X-band EPR first-derivative spectra of Eu** in
the E;5 glass sample are dominated by wide resonance lines at
g=6.0, 4.5, and 2.7 characteristic signal peaks, indicating that
the crystal field interaction is stronger than the Zeeman inter-
action. This spectrum is so ubiquitous in glassy and disordered
polycrystalline materials that it is referred to as the “U”
spectrum.**3°

As shown in Fig. 7(a) and (b), after heat treatment, a new
sharp EPR signal peak appears near g = 1.98 in the E;5570-2h
glass-ceramic sample, and this peak intensity gradually
increases with increasing heat treatment temperature and time.
Lu et al.*"** found that when Eu** occupied the Ba site of
BaTiO;, an EPR signal at an X-band microwave frequency of
9.148 GHz appeared at g = 1.98. The E,580-2.5h glass-ceramic
sample without Eu,0; doping does not exhibit any EPR signal
peak, indicating that the EPR signal peak near g = 1.98 is not
derived from the crystals precipitated from the glass-ceramic
sample but rather from Eu®>" in the BABF crystal phase. There-
fore, the EPR test results show that after microcrystallization, a
trace quantity of Eu®>* ions enter the BABF crystal, and the
crystal field strength of some Eu®" ions in the BABF is signifi-
cantly weaker than the microwave frequency (Hgr < hv). With
an increase in microcrystallization, the number of Eu*" ions
entering the BABF crystal phase increases. This is the reason for
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the emergence and increase in the line emission peak of Eu** in
the glass-ceramic samples.

As depicted in Fig. 7(c), the EPR “U” spectra of the E;5 and
E;5580-2h samples exhibit a high degree of overlap, indicating
that the majority of the Eu® ions still remain in the glass after
microcrystallization. In Fig. 7(d), the relative intensity ratio
(Ig=4.5/14=6.0) between the strong and weak crystal fields of the
E;5580-2.5h sample is slightly lower than that of the E;5580-2h
sample. Previous studies have demonstrated that the EPR signal
peak intensity ratio (Iy-4.5/Iy=6.0) of the “U” spectrum corelates
with the coordination field strength of Eu®" in the glass material.
The signal peaks in the characteristic “U” spectrum of Eu®" are
assigned to two Eu®" sites: the signal peak at g = 6.0 corresponds
to the weak crystal field site, and the peak at g = 4.6 corresponds
to the strong crystal field site.>>**** The decrease of the intensity
ratio (Ig-4.5/Iy=6.0) in Fig. 7(d) indicates a weakening of the crystal
field strength surrounding Eu®'. Therefore, the crystal field
splitting of the 5d energy level of Eu** decreased, causing blue-
shifts of the 5d — 4f transition broadband emission peak
wavelength of the E;5580-2.5h sample, as shown in Fig. 6(b).

Combined with the fluorescence and EPR spectra, the
luminescence transition diagram of Eu** in the BABF crystal
and glass phases is shown in Fig. 8. ¢ represents the crystal
field splitting energy difference between the lowest and highest
energies of the 5d state. The 4f energy level of Eu*" is shielded
by the external 5s and 5p orbitals, and its energy-level position
is unaffected by the external environment. However, the exter-
nal 5d energy level is susceptible to the influence of the external
environment, resulting in its splitting into t,, and e,.>*** The
crystal field strength and nephelauxetic effect of the surround-
ing environment affect the position of the 5d(t,,) energy level,
thereby influencing the optical transition type of Eu*".

Kunghatkar et al.™> observed both broadband and narrow-
band emission peaks for the BaAlBO;F,:Eu** phosphor and
proposed that Eu®* would replace the octahedral AI*" and
tetrahedral Ba”>* sites in the BABF crystal. Broadband emission
is generated if Eu®" occupies the octahedral AI’* site, while
narrowband emission is generated when Eu®" occupies the
tetrahedral Ba" site.

As shown in Fig. 8(b), the crystal field strength is strong in
the glass phase, and the splitting of the 5d energy level of Eu**
is larger. The 5d(t,4) energy level is lower than that of 4f"(°P;,,),
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Fig. 8 Schematic of the luminescence transition of Eu?* in the (a) BABF crystal phase and (b) glass phase.
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resulting in a characteristic broadband emission peak of the
5d — 4f transition.

After crystallization, some of the Eu®" ions in the glass phase
enter the Ba®* sites in the BABF crystal phase. As shown in
Fig. 8(a), the extremely weak crystal field strength surrounding

the Ba®" site (S?f";ﬂ < ef}i“) results in a small crystal field
splitting of Eu*', and the 5d(t,,) energy level is higher than
the 4f’(°P,,) energy level. Therefore, the Eu** ion optical
transition transforms from the 4f°5d" — 4f’ transition to the
4f” — 4f’ transition, resulting in a line luminescence peak
in the glass-ceramic samples.>™® Meanwhile, the crystal field

strength around Eu®" at the Ba®' site is significantly weaker
compared to the Zeeman microwave frequency (Hg“}“ < hu),

resulting in the EPR signal peak of Eu*" appearing at approxi-
mately g = 1.98. The increase in the intensity of the 359 nm
narrowband emission peak of Eu®** can be attributed to an
increase in the quantity of crystallites, resulting in a steady
increase in the quantity of Eu®" occupying the Ba>" site.

As shown in Fig. 8, a portion of Eu** can occupy the AI** site
in the BABF crystal. Compared with that in the glass matrix, the
crystal field strength surrounding the Eu®* ions at the AI** site
is reduced, resulting in a weakening of the crystal field splitting

Can ey
lower than the 4f7(°P,,) energy level. Therefore, the optical
transition of Eu®" at the AI*" site is still the 4f°5d" — 4f”
transition, but the wavelength of broadband emission is
shorter than that in the glass phase.’®> Moreover, the crystal
field strength around Eu”" at the AI*" site is still stronger than

13+

glass

< Ects

>. However, the 5d(t,5) energy level is still

the Zeeman microwave frequency (hu < HY < Hg;“). Eu”"

still exhibits a characteristic “U” spectrum, but its relative
intensity ratio (Iy_4.5/I-6.0) decreases due to the weakening of
the crystal field.

Meanwhile, when Eu®" enters the AI** site after microcrys-
tallization, a decrease in phonon energy and a reduction in
non-radiative relaxation in the crystals lead to an enhanced
broadband emission intensity, as shown in Fig. 6. However, if
the degree of microcrystallization continues to increase, a large
proportion of Eu”* will occupy the Ba>" site because Eu®" ions
approach Ba”" in terms of the valence state and ionic radius.
A reduction in the quantity of Eu®* that generates the d — f
transition results in a decrease in the broadband emission
intensity.

13+

4. Conclusions

In summary, the f — f transition line emission of Eu** ions in
transparent luminescent glass ceramics was successfully
observed. Eu**-doped oxyfluoride borate glasses were prepared
under reduction conditions, and transparent glass ceramics
containing BABF microcrystalline particles were successfully
prepared by heat treatment under a CO atmosphere. A broad-
band emission peak (FWHM = 136 nm) was observed at
around 495 nm for the glass sample, which was caused by

This journal is © The Royal Society of Chemistry 2024
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the 4f°5d" — 4f’(®S,),) transition of Eu®>". However, the glass
ceramics obtained after heat treatment not only exhibited this
broadband luminescence peak but also exhibited a new line
luminescence peak (FWHM = 2.8 nm) at 359 nm. The structural
and optical properties of the glass and glass-ceramic samples were
analyzed using XRD, Raman spectroscopy, fluorescence spectro-
scopy, and EPR spectroscopy measurements. The results showed
that the new line emission was derived from the 4f’(°P,,) —
4f'(%S,),) transition of Eu®" at the Ba®" sites in the BABF crystal.
The Eu®" transition type was determined by the surrounding
crystal field strength. After crystallization, some Eu®" ions enter
the BABF crystal from the glass matrix, resulting in a decrease in
the surrounding crystal field strength. Therefore, the optical
transition of Eu>* transforms from the 4f°5d" — 4f'(S;,,) transi-
tion to the 4f'(°P,,) — 4f'(°S;,) transition. As the degree of
crystallization increased, the intensity of the 359 nm emission
peak of Eu”" also increased. This Eu**-doped barium-aluminum-
borate oxyfluoride transparent glass ceramic material has the
characteristics of a long fluorescence lifetime and narrowband
emission. It is a promising material in the fields of UV solid laser
materials, spectral correction, and phototherapy lamps.
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