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Abstract 
Relevance. Luminescent properties of materials doped with rare-earth ions have garnered significant interest due to their 
applications in various fields, including optoelectronics and photonics. Glassy lithium tetraborate (LTB) represents a 
promising matrix for hosting such ions, offering tunable luminescence properties. 
 
Purpose. The purpose of this study was to investigate the concentration dependence of the luminescence spectrum of 
glassy LTB doped with europium oxide within the spectral range of 300-750 nm. 
 
Methodology. Glassy samples of LTB activated by europium oxide were synthesized via a high-temperature process and 
characterized using photoluminescence (PL) spectroscopy. The PL spectra were recorded in the specified spectral range 
under excitation by a titanium-sapphire laser. The experimental setup provided insights into the luminescence behavior 
of the samples at different Eu3+ ion concentrations. 
 
Results. The concentration dependence of the photoluminescence spectra of glassy lithium tetraborate Li2B4O7 activated 
by europium oxide Eu2O3 was investigated in the spectral range of 300-750 nm. The intense emission observed in the 
wavelength region of 570-720 nm is attributed to the intra-configurational electronic f–f transitions between the excited 
multiplet levels 5D and the ground multiplet 7F of the Eu3+ ion. 
 
Conclusions. The observed transitions, forbidden by selection rules, indicated J-mixing effects. The study highlights the 
potential of Eu-activated LTB glass for optoelectronic applications and provides insights into the underlying luminescence 
mechanisms. 
 
Keywords: rare-earth doping; photoluminescence spectroscopy; europium ions; emission spectra; glassy materials. 
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Introduction 
The spectroscopic properties of lanthanide ions make them 
practically indispensable as luminescence activators in the 
synthesis of materials that can be successfully applied in 
various fields of science, technology, medicine, and 
dosimetry [1-3]. Depending on the synthesis conditions 
and matrix components, lanthanides can significantly 
enhance the characteristics of optical materials as dopants 
[4-6]. One of the interesting materials that has been the 
subject of intensive research due to its attractiveness for 
use as an optical material is lithium tetraborate (LTB) in 
various aggregate states [7, 8]. Glass, single crystals, and 
polycrystals of LTB are promising objects for information 
display and transmission devices, various light sources [9-
11], including lasers [12], frequency converters, 
scintillators, thermoluminescent dosimeters, gamma, and 
neutron detectors [13-15]. 

On the other hand, the electronic and local structures 
associated with dopant-related luminescent centers in 
crystals, glasses, and other disordered compounds present 
an interesting problem in solid-state physics and 
spectroscopy of functional materials. Dopant ions of 
lanthanides incorporated into LTB typically exist as 
trivalent ions, which interact with electron and hole 
trapping centers of the matrix and occupy mutually distant 
positions within its framework, acting as 
thermodynamically stable optical centers that promote 
their own luminescence [16]. 

In this work, which is a continuation of our previous 
studies on the optical properties of lanthanide ions, 
specifically Tb3+, Er3+, and Eu3+, incorporated into the 
glassy matrix Li2B4O7 [17-20], the photoluminescent 
properties of glassy LTB activated by europium oxide at 
various concentrations were investigated under UV 
irradiation. The trivalent europium ion has a relatively 
simple electronic structure with a non-degenerate ground 
state 4f67F0 and is characterized by a high luminescence 
quantum yield in the red spectral region, predominantly 
attributed to transitions from the 5D0 excited state to lower 
levels of the 7F ground multiplet [21]. The relatively 
simple Stark structure of the lower energy levels of Eu3+ 
significantly simplifies the interpretation of spectra and 
enables the study of the nature of luminescence in different 
matrices. 

In the vast majority of studies on the luminescent 
properties of Li2B4O7:Eu glass available in the literature to 
date, a sufficiently high concentration (≥0.5 mol.%) of 
dopant Eu3+ ions has been used (see, for example, [22-24]). 
In this work, samples of Li2B4O7:Eu with much lower 
dopant concentrations (0.001 and 0.003 wt.%) were also 
investigated. 
 
Materials and Methods 
The glassy samples of lithium tetraborate activated by 
europium oxide used in this study were synthesized in 
platinum crucibles in air at a temperature of 950°C from 
molten high optical quality single crystal Li2B4O7 and 
Eu2O3 as an activator. The obtained melt was heated to a 
temperature of 1050°C and then rapidly cooled to 550°C. 
At this temperature, the melt was maintained for three 
hours, after which it was cooled to room temperature in the 
switched off furnace. The glass obtained in this way 

showed no tendency to crystallize. The experimental 
samples consisted of plane-parallel plates measuring 
8×5×2.5 mm, with their surfaces polished to the 8-10 
roughness grade. 

During the experiment, the photoluminescence (PL) 
spectra of glassy LTB with europium oxide concentrations 
of 0.001, 0.003, 0.5, and 1.0 wt.% were investigated in the 
spectral range of 300-750 nm. The excitation of the 
samples’ luminescence was performed using the third 
harmonic of a titanium-sapphire laser CF 131A with a 
wavelength of 260 nm. The laser operated in a pulsed-
periodic mode with a repetition frequency of 10 Hz and 
pulse duration of 10 ns. 

The energy of the laser pulses was approximately 20 
µJ. The laser beam was oriented parallel to the entrance slit 
of the monochromator MS 7504i. The fluorescence zone 
image was projected with a 1:1 scaling onto the entrance 
slit of the monochromator using a quartz lens with a focal 
length of 75 mm. The spectral resolution of the 
monochromator was 2 nm. Time-integrated luminescence 
spectra were recorded by a CCD camera HS 101H and a 
PC. 
 
Results and Discussion 
The measured photoluminescence (PL) spectra of glassy 
LTB for various concentrations of europium oxide in the 
spectral range of 550–750 nm are shown in Fig. 1. It should 
be noted that Figure 1 does not include the sub-550 nm 
wavelength region because no significant fluorescence 
signal was detected in that region. As seen, with an 
increase in activator concentration from 0.001 wt.% 
(Figure 1a) to 1.0 wt.% (Figure 1d), the fluorescence 
intensity increases by approximately 20 times. At the same 
time, the structure of the fluorescence spectrum remains 
practically unchanged. Comparison of the spectra obtained 
by us with the PL spectrum of stoichiometric glassy LTB 
indicates that the observed structure is due to electronic 
transitions in the spectrum of the trivalent europium ion 
[20]. 

According to S.K. Sharma et al. [25], for lanthanide 
ions (in this case Eu3+), whose inner optically active 4f-
shell (in this case 4f 6) is relatively well shielded from the 
influence of surrounding ions in the matrix by external 5s2- 
and 5p6-shells, a case of weak crystal field is realized. 
Therefore, the splitting of energy levels by the crystal field 
is much smaller than the multiplet splitting caused by spin-
orbit interaction. As a result, the centroid position of the 4f 
multiplets depends significantly less on the specific matrix 
[26, 27]. Therefore, when interpreting PL spectra, we 
relied on data on the energy positions of Eu3+ ion levels 
both in the free state and in various matrices [28-30]. 

Identification of the observed structure in the PL 
spectrum is provided in Table 1. The data from the study 
by E.R. Smith et al. [31], where the largest number of 
transitions between Stark sublevels of multiplets 5D and 7F 
was observed, are also presented there. As seen, all 
identified transitions are intra-configurational f→f 
transitions between levels of the 5D and 7F multiplets of 
the same parity. For the free Eu3+ ion, such transitions are 
forbidden according to Laporte’s rule. However, for the 
ion embedded in the matrix, this prohibition is lifted due to 
the mixing of 4f- and 5d- configurations under the 
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influence of the matrix crystal field. Additionally, the 
mixing of wave functions of levels with different total 
angular momentum J values leads to transitions satisfying 
the condition ∆J≤6. In the case where the transition occurs 
from a level with J=0 or to a level with J=0, this condition 
becomes ∆J=2, 4, 6 [21]. These are the so-called induced 
electric dipole transitions, which, in terms of intensity, are 
significantly inferior to ordinary electric dipole transitions. 
It should also be noted that for the Eu3+ ion in the matrix, 

magnetic dipole f–f transitions satisfying the condition 
∆J=0, ±1 is possible (the transition 0→0 is forbidden). 

Let's delve more deeply into the structure associated 
with the luminescence of the Eu3+ ion in the LTB matrix. 
In Figure 1, a set of vertical segments connected by a 
vertical line represents the wavelengths of transitions 
between Stark sublevels of multiplets 5D and 7F [31]: 
5D0→7F0–4 (lower row) and 5D1→7F3,4 (upper row). 

The bands of minimal intensity with peaks at 579 nm 
and 654 nm are attributed to transitions 5D0→7F0 and 
5D0→7F3, respectively. Their low intensity is due to the 
fact that both transitions are forbidden by the selection 
rules for J (∆J=2, 4, 6). The observation of these transitions 
in the PL spectra is related to J-mixing, whereby the wave 

functions of the 7F0 and 7F3 states contain admixtures of 
states with J=2, 4, 6. The significant width of the band with 
a peak at 654 nm is associated with the splitting of the 7F3 
level into Stark sublevels under the influence of the matrix 
field and their broadening at room temperature (Table 1). 

Figure 1. Photoluminescence spectra of glassy LTB activated by europium oxide at different 
concentrations: 0.001 (a), 0.003 (b), 0.5 (c), and 1.0 (d) wt.%
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Table 1. Identification of the PL spectra structure 
Wavelength (nm) Transition [31] Wavelength (nm) Transition [31] 

579 5D0→7F0
 580.6 

624 

5D0→7F2
 625.0 

588 

5D1→7F3
 582.6 5D1→7F4

 627.5 
5D1→7F3

 583.3 5D1→7F4
 629.8 

5D1→7F3
 584.5 5D0→7F2

 629.8 
5D1→7F3

 585.4 5D1→7F4
 632.0 

5D1→7F3
 586.1 5D1→7F4

 632.9 
5D1→7F3

 586.9 

654 

5D0→7F3
 650.6 

5D0→7F1
 587.8 5D0→7F3

 651.5 
5D1→7F3

 587.8 5D0→7F3
 652.6 

5D1→7F3
 588.3 5D0→7F3

 655.0 

593 

5D1→7F3
 590.3 5D0→7F3

 656.9 
5D1→7F3

 591.9 5D0→7F3
 662.0 

5D0→7F1
 592.6 5D0→7F3

 663.0 
5D1→7F3

 592.6 
693 

5D0→7F4
 686.7 

5D1→7F3
 594.5 5D0→7F4

 693.3 
5D1→7F3

 595.3 5D0→7F4
 695.6 

598 5D0→7F1
 599.4 

703 

5D0→7F4
 704.1 

614 

5D0→7F2
 611.0 5D0→7F4

 706.3 
5D0→7F2

 613.0 5D0→7F4
 707.9 

5D0→7F2
 613.9 5D0→7F4

 710.8 
5D1→7F4

 613.9 5D0→7F4
 711.9 

617 
5D1→7F4

 619.7 5D0→7F4
 712.6 

5D1→7F4
 620.2 

Source: compiled by the authors 

The maximum intensity in the investigated PL spectra 
is exhibited by a broad asymmetric band with a peak at 614 
nm and features at 617 nm and 624 nm. It is attributed to 
transitions 5D0→7F2 and 5D1→7F4, which are allowed by 
the selection rules for J (∆J=2, 4, 6 and ∆J≤6, 
respectively). The significant width and asymmetry of this 
band, particularly towards longer wavelengths, are 
associated with the splitting of the 7F2, 7F4, and 5D1 levels 
into Stark sublevels and their broadening at room 
temperature. It is noteworthy that the induced electric 
dipole transition 5D0→7F2 is a so-called “hypersensitive” 
transition, the intensity of which significantly depends on 
the local symmetry of the Eu3+ ion and the nature of the 
ligand. Even with slight deviations from inversion 
symmetry at the cationic site, such a transition manifests in 
the fluorescence spectrum as the most intense band. The 
high intensity of the transition 5D0→7F2 in our case 
indicates the low symmetry of the Eu3+ ions in the glassy 
Li2B4O7 matrix. 

The wide structured band with peaks at 593 nm and 598 
nm, and a feature at 588 nm, is attributed to transitions 
5D0→7F1 and 5D1→7F3. The significant width of this band 
is associated with the splitting of the 5D1, 7F1, and 7F3 
levels into Stark sublevels due to the matrix field and their 
broadening at room temperature. It is worth noting that the 
transition 5D0→7F1, unlike the transition 5D1→7F3, is a 
magnetic dipole transition. Therefore, in our opinion, its 
contribution to the intensity of the observed band is 
somewhat smaller than that of the induced electric dipole 
transition 5D1→7F3, allowed by the selection rules for J 
(∆J≤6). Some confirmation of this is provided by the 
intensity ratio of the Stark sublevels of transitions 5D1→7F3 
and 5D0→7F1 in the La2O3:Eu3+ matrix [27]. 

The wide band that is asymmetric toward shorter 
wavelengths and has a peak intensity at 703 nm and a 
feature at 693 nm is attributed to the induced electric dipole 
transition 5D0→7F4, allowed by the selection rules for J 
(∆J=2, 4, 6). In terms of intensity, it is comparable to the 
previously discussed band caused by transitions 5D0→7F1 
and 5D1→7F3 and is approximately four times less intense 
than the most intense band corresponding to induced 
electric dipole transitions 5D0→7F2 and 5D1→7F4. The 
significant width and asymmetry of this band are related to 
the splitting of the 7F4 level into Stark sublevels and their 
broadening at room temperature. In addition, all observed 
fluorescence bands exhibit additional broadening due to 
the irregular distribution of Eu3+ ions in the glassy Li2B4O7 
matrix. 

It should be noted that upon irradiation of the glassy 
TBL samples with laser radiation at a wavelength of 260 
nm, additionally to the 5D0 and 5D1 levels, higher-lying 
levels were also excited, including 5D2 and 5D3. Part of the 
possible radiation transitions from these levels to the 
ground term 7F falls within the investigated range of 300-
750 nm. As mentioned earlier, no visible luminescence 
was detected in the spectral range <550 nm. This indicates 
the absence or very low efficiency of radiation transitions 
5D2,3→7F in this spectral region. Therefore, in our opinion, 
the contribution of such transitions to the observed 
structure of the luminescence spectrum in the range of 
550–750 nm is also insignificant. 

Overall, the luminescence spectra of glassy Li2B4O7:Eu 
investigated in this study are in good agreement with the 
luminescence spectra obtained by other authors [22-24], as 
well as with the X-ray luminescence spectra investigated 
by us earlier [20]. 
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Conclusions 
The concentration dependence of the luminescence 
spectrum of glassy LTB doped by europium oxide in the 
spectral range of 300-750 nm has been studied. Intense 
luminescence was observed in the wavelength range of 
550-750 nm, while no noticeable emission was detected in
the <550 nm spectral range. As the activator concentration
increased from 0.001 wt.% to 1.0 wt.%, the luminescence
intensity increased by approximately 20 times, while the
spectral structure remained almost unchanged.

The identified features observed in the luminescence 
spectrum of Eu-activated LTB glass are attributed to 
transitions 5D0→7F0–4 and 5D1→7F3,4 in the Eu3+ ion 
spectrum. The significant width of the observed bands is 
associated with the splitting of levels 5D1 and 7F0–4 into 
Stark sublevels due to the matrix field effect and their 
broadening due to the irregular distribution of Eu3+ ions in 
the glassy LTB matrix. 

The most intense feature in the luminescence spectrum 
is the band at 614 nm, attributed to the so-called 
“hypersensitive” induced electric dipole transition 

5D0→7F2. Its dominance suggests the absence of an 
inversion center around the Eu3+ ion in the Li2B4O7 glass 
matrix. The least intense bands are those resulting from 
transitions 5D0→7F0 (579 nm) and 5D0→7F3 (654 nm), 
which are forbidden by the selection rules for J (∆J=2, 4, 
6). The presence of these transitions in the luminescence 
spectra is a result of J-mixing, where the wave functions 
of states 7F0 and 7F3 contain admixtures of states with J=2, 
4, 6. 

The luminescence spectra obtained at low 
concentrations of Eu3+ ions indicate a sufficiently high 
luminescence yield. A decrease in impurity concentration 
by a factor of 103 leads to a reduction in the luminescence 
intensity of the most intense band (614 nm) by only 20 
times. 
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Люмінесцентні властивості іонів Eu3+ у склоподібній матриці тетрабората літію 
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Анотація 

Актуальність. Люмінесцентні властивості матеріалів, легованих рідкісноземельними іонами, викликають 
значний інтерес завдяки їхньому застосуванню в різних галузях, зокрема в оптоелектроніці та фотоніці. 
Склоподібний тетраборат літію є перспективною матрицею для розміщення таких іонів, що дає змогу регулювати 
властивості люмінесценції. 

Мета. Метою цієї роботи було дослідити концентраційну залежність спектра люмінесценції склоподібного 
тетраборату літію, легованого оксидом європію, в спектральному діапазоні 300-750 нм. 

Методологія. Склоподібні зразки тетраборату літію, активовані оксидом європію, були синтезовані за 
допомогою високотемпературного процесу і охарактеризовані за допомогою фотолюмінесцентної спектроскопії. 
Спектри фотолюмінесцентної спектроскопії реєстрували в заданому спектральному діапазоні при збудженні 
титан-сапфіровим лазером. Експериментальна установка дозволила дослідити поведінку люмінесценції зразків 
при різних концентраціях іонів Eu3+. 

Результати. Досліджено концентраційну залежність спектрів фотолюмінесценції склоподібного тетраборату 
літію Li2B4O7, активованого оксидом європію Eu2O3, у спектральному діапазоні 300-750 нм. Інтенсивне 
випромінювання, що спостерігається в області довжин хвиль 570-720 нм, пов'язане з 
внутрішньоконфігураційними електронними f-f переходами між збудженими мультиплетними рівнями 5D і 
основним мультиплетом 7F іона Eu3+. 

Висновки. Спостережувані переходи, заборонені правилами відбору, вказують на ефекти J-змішування. 
Дослідження підкреслює потенціал Eu-активованого скла тетраборату літію для оптоелектронних застосувань і 
дає уявлення про механізми люмінесценції, що лежать в основі цього явища. 

Ключові слова: рідкісноземельне легування; фотолюмінесцентна спектроскопія; іони європію; емісійні спектри; 
склоподібні матеріали. 
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