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A B S T R A C T

Eu3+-activated LaMgB5O10 (LMBO:Eu3+) phosphors were synthesized and systematically investigated to eluci
date the role of alkali co-doping (Li+, K+) on their structural and luminescence properties. XRD, Raman, and FTIR 
analyses confirmed the phase purity and revealed subtle lattice distortions upon alkali incorporation, while SEM/ 
EDS verified homogeneous dopant distribution. Photoluminescence spectra are dominated by the characteristic 
5D0→7FJ transitions of Eu3+, with alkali ions inducing pronounced modifications in band distribution and 
emission intensity. Li+ co-doping yields a moderate enhancement and redistributes oscillator strength toward the 
5D0→7F4 transition, whereas K+ co-doping produces nearly an order of magnitude increase in far-red emission. 
Judd–Ofelt analysis provided intensity parameters (Ω2, Ω4, Ω6), radiative lifetimes, and quantum efficiencies, 
highlighting the impact of alkali-induced site symmetry perturbations. Temperature-dependent PL measurements 
revealed distinct quenching and anti-thermal quenching (ATQ) behaviors: undoped Eu3+ exhibited conventional 
quenching with an activation energy of 0.404 eV, K+ co-doping reduced the barrier to 0.205 eV and triggered 
moderate ATQ above 470 K, while Li+ co-doping produced strong ATQ with emission intensity increasing nearly 
fourfold at 550 K. These findings demonstrate that alkali co-doping not only enhances far-red emission at room 
temperature but also stabilizes or even amplifies luminescence at elevated temperatures, making LMBO:Eu3+,M+

phosphors promising candidates for high-power pc-WLEDs and plant-growth lighting.

1. Introduction

Rare-earth activated phosphors have long been studied as efficient 
luminescent materials because of their sharp f–f transitions, high color 
purity, and long lifetimes, making them suitable for applications in 
solid-state lighting, lasers, and display technologies (Blasse and Grab
maier, 1994; Jüstel et al., 1998). In addition to their well-established 
roles in solid-state lighting and display technologies, borate-based 

phosphors have been investigated for advanced applications — 
including plasma display panels, high-intensity discharge lamps, opti
cally pumped solid-state lasers, radiation detection, and scintillation 
systems — further underscoring their versatile technological importance 
(Jambhale et al., 2025; Tawalare, 2022). In particular, RBO3, 
RAl3(BO3)4, and RMgB5O10 (R = Y, La–Lu) compounds have emerged as 
promising candidates for UV-excited high-power emitters in the visible 
region. Within this context, white LED illumination represents one of the 
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most significant application fields, typically realized via three ap
proaches: a blue semiconductor chip combined with a yellow phosphor; 
a blue, green, and red tri-emitter combination; or a UV semiconductor 
source coupled with blue, green, and red phosphors (Dubey et al., 2014; 
Hölsä and Leskelä, 1985; Lokeswara Reddy et al., 2013; Mitina et al., 
2023). Among the wide range of host lattices, borate-based compounds 
are particularly attractive due to their large band gaps, high chemical 
and thermal stability, low preparation temperature, and structural di
versity that enables the accommodation of various activator ions 
(Tawalare, 2022; Tiwari and Dhoble, 2025). The coexistence of BO3 and 
BO4 units in borates provides flexible frameworks that suppress 
non-radiative processes and facilitate efficient luminescence (El Jouhari 
et al., 1996).

Within this family, lanthanide magnesium pentaborates with the 
general formula LnMgB5O10 (Ln = La, Gd, Y, etc.) have drawn consid
erable attention. LaMgB5O10 (LMBO), first synthesized and structurally 
described by Saubat et al. (1981) and Fouassier et al. (1981), crystallizes 
in the monoclinic space group P21/c. Its structure consists of [B5O10]5- 

layers linked by La3+ and Mg2+ cations, forming one-dimensional chains 
of lanthanide ions well separated by polyborate groups. This topology 
reduces cross-relaxation and concentration quenching, making LMBO an 
excellent candidate for rare-earth doping (Sakirzanovas et al., 2011; 
Volkova et al., 2023). Early investigations already explored its lumi
nescence when doped with Eu3+ and Tb3+ (Hölsä and Leskelä, 1985; 
Saubat et al., 1981), establishing the foundation for later optical studies.

Over the past decades, LMBO has been explored with different rare- 
earth activators, yielding a wide range of emission colors. Dy3+ doping 
produces strong blue (~482 nm, 4F9/2 → 6H15/2) and yellow (~578 nm, 
4F9/2 → 6H13/2) emissions, enabling single-phase white-light generation 
(Hakami et al., 2025). Sm3+ incorporation gives rise to intense 
orange-red emission bands (4G5/2 → 6HJ), accompanied by 
well-resolved Stark splitting that reflects strong crystal-field interactions 
(Sakirzanovas et al., 2011). Tb3+-activated LMBO exhibits efficient 
green emission (5D4 → 7F5, ~543 nm) with external quantum effi
ciencies exceeding 75 %, making it competitive with commercial lamp 
phosphors (Mitina et al., 2023; Tawalare, 2022). More recently, Tm3+

doping was reported to yield intense blue emission (1D2 → 3F4), 
extending the emission palette of LMBO to the short-wavelength region 
(Volkova et al., 2023). Furthermore, co-doped systems such as 
Ce3+–Tb3+–Mn2+ in LMBO have demonstrated efficient energy transfer 
and even white-light generation under UV excitation, both in crystalline 
and glassy phases (El Jouhari et al., 1996). Beyond bulk and glass 
samples, thin film forms of LMBO and related phases have also been 
realized; for example, Ce3+/Tb3+ co-doped (La,Gd)MgB5O10 nano
crystalline thin films prepared by sol-gel methods exhibit efficient en
ergy transfer and green emission (Lin et al., 2006).

Despite these advances, investigations of Eu3+ in LMBO remain 
relatively limited. Eu3+ is one of the most important activators in 
phosphor research due to its sharp red emission lines (5D0 → 7F2, ~612 
nm) with high color purity. Beyond its technological importance for 
warm white light-emitting diodes (WLEDs), Eu3+ is also a valuable 
spectroscopic probe: the relative intensity ratio of the 5D0 → 7F2 and 5D0 
→ 7F1 transitions is highly sensitive to site symmetry and crystal-field 
strength (Judd, 1962; Ofelt, 1962). Although early optical studies pro
vided valuable insight into Eu3+ site symmetry in LMBO (Hölsä and 
Leskelä, 1985), these pioneering works were limited in scope. In 
contrast, modern investigations have remained comparatively scarce, 
especially regarding advanced analyses such as Judd–Ofelt modelling 
and low-temperature spectroscopy. Such limitations underline the need 
for renewed investigation, since Eu3+ is uniquely suitable for probing 
host–dopant interactions in LMBO (Mitina et al., 2023; Tawalare, 2022). 
Moreover, the structural characteristics of LMBO suppress concentration 
quenching even at elevated dopant concentrations, suggesting that 
Eu3+-doped LMBO could combine high emission intensity with stable 
chromaticity (Sakirzanovas et al., 2011; Saubat et al., 1981).

In our previous work, Dy3+-doped LMBO was systematically 

investigated through X-ray diffraction (XRD), Fourier-transform 
infrared spectroscopy (FTIR), Raman scattering, scanning electron mi
croscopy (SEM), photoluminescence (PL), CIE chromaticity analysis, 
and thermal quenching behavior (Hakami et al., 2025). Building on this 
foundation, the present study extends the investigation to Eu3+ doping 
in LMBO. In addition to applying the same characterization methods, 
Judd–Ofelt (J–O) analysis, high-temperature PL measurements, and 
luminescence lifetime studies are performed to provide a deeper un
derstanding of the radiative properties and site environments of Eu3+

ions. Through this comprehensive approach, we aim to evaluate 
LaMgB5O10:Eu3+ as an efficient red-emitting phosphor while also 
establishing it as a model system for probing structure–property re
lationships in borate-based hosts, thereby contributing both to funda
mental understanding and to the development of next-generation 
phosphor materials.

2. Materials and methods

2.1. Synthesis

LaMgB5O10:Eu3+ phosphors were synthesized via a microwave- 
assisted sol–gel combustion method, following a protocol adapted 
from our previous work on Dy3+-doped LMBO (Hakami et al., 2025). 
High-purity La2O3 (99.99 %), Mg(NO3)2⋅9H2O (≥99.0 %), and H3BO3 
were used as host precursors, while Eu(NO3)3 (99.9 %) served as the 
dopant source. The nitrates were dissolved in dilute nitric acid to obtain 
homogeneous solutions, which were subsequently mixed and stirred 
until complete dissolution. Stoichiometric amounts of Eu3+ were intro
duced to achieve doping concentrations of 0.5–7 wt%. After gel for
mation through gradual heating, the precursor was subjected to 
microwave irradiation, promoting combustion and initiating crystalli
zation. The resulting powders were annealed at 960 ◦C for 72 h to 
enhance crystallinity and ensure uniform dopant incorporation. 
Compared to conventional solid-state synthesis, the microwave-assisted 
sol–gel route offers reduced processing time, improved homogeneity, 
and lower energy consumption.

2.2. Characterization

Structural and morphological properties were examined by X-ray 
diffraction (XRD, Panalytical Empyrean, Cu Kα radiation, 10–80◦ 2θ 
range) with Rietveld refinement, Fourier-transform infrared spectros
copy (FTIR, Thermo Scientific Nicolet iS50), and Raman scattering 
(Renishaw inVia, 532 nm excitation). Surface morphology and particle 
distribution were studied using scanning electron microscopy (SEM, 
JEOL JSM-6610LV) equipped with energy-dispersive X-ray spectroscopy 
(EDS).

Optical characterization was performed using an Edinburgh In
struments FS5 spectrofluorometer equipped with a 150 W xenon lamp 
for excitation–emission measurements. Luminescence lifetimes were 
measured by time-correlated single-photon counting (TCSPC). To obtain 
radiative transition probabilities and oscillator strengths, Judd–Ofelt 
(J–O) analysis was conducted based on room- andhigh-temperature 
emission spectra.

This comprehensive methodology, paralleling our earlier Dy3+ study 
while tailored for Eu3+ doping, enables a direct comparison of 
host–dopant interactions and provides deeper insight into the red- 
emitting properties of LaMgB5O10:Eu3+.

3. Results and discussions

3.1. XRD and rietveld refinement

To assess the phase purity and structural evolution of Eu3+-doped 
LaMgB5O10 (LMBO) phosphors, powder X-ray diffraction (XRD) was 
conducted for all compositions within the 2θ range of 10–80◦. As 
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depicted in Fig. 1a, all diffraction peaks for undoped, Eu3+-doped, and 
co-doped (K+, Li+) LMBO samples can be unambiguously indexed to the 
monoclinic phase of LaMgB5O10 (space group P21/c), in accordance with 
the reference card JCPDS #98-002-3386. Moreover, these patterns are 
in close agreement with previous reports on LMBO doped with other 
rare-earth ions, including Ce3+ and Sm3+, which exhibit similar peak 
positions and intensities, further substantiating the phase stability across 
various RE3+ substitutions (Hakami et al., 2025; Sakirzanovas et al., 
2011). No impurity phases or amorphous backgrounds were detected, 
confirming high phase purity and the successful incorporation of dop
ants into the host matrix.

Subtle yet systematic shifts in peak positions were observed upon 
Eu3+ doping—particularly near reflections such as (100), (121), and 
(222)—which are indicative of lattice distortion caused by ionic sub
stitution. A noticeable deviation in the (121) reflection is evident be
tween the undoped and Eu3+-doped LMBO samples, as well as with 
respect to the standard PDF card. This deviation can be ascribed to local 
lattice distortions and strain introduced by the substitution of La3+ with 
slightly smaller Eu3+ ions, which preferentially affect certain crystallo
graphic planes. In addition, minor discrepancies with the reference PDF 
card may also arise from instrumental factors (e.g., calibration and 
sample displacement) and microstructural effects such as crystallite size 
and local defects, thus confirming that the deviation is not associated 
with secondary or impurity phases. These changes are consistent with 
the replacement of La3+ ions (1.216 Å, CN = 9) with slightly smaller 
Eu3+ ions (1.12 Å, CN = 9), resulting in a marginal contraction of the 
unit cell. In contrast, no significant shifts were observed around peaks 
sensitive to Mg2+ coordination, suggesting that Eu3+ does not substitute 
at the Mg site. This observation aligns well with previous findings in 
Dy3+-doped LMBO, where similar rightward peak shifts (especially near 
2θ ≈ 23.5◦) were reported due to substitution of La3+ (1.216 Å) by 
smaller Dy3+ ions (1.027 Å), as confirmed through XRD and Rietveld 
refinement (Hakami et al., 2025). Such consistency reinforces the 
structural robustness of the LMBO host in accommodating various 

trivalent rare-earth dopants without phase disruption.
To further validate these structural changes, Rietveld refinement was 

performed on all samples using HighScore Plus software. The refinement 
profiles shown in Fig. 1b exhibit excellent agreement between observed 
and calculated patterns, as evidenced by low Rwp and χ2 values across all 
compositions (Table 1). For the undoped sample, Rwp and χ2 were 0.090 
and 2.369, respectively; these values remained within acceptable limits 
for all doped variants. The goodness-of-fit indicators confirmed that the 
monoclinic crystal symmetry was preserved upon doping, with no 
structural degradation.

These changes are consistent with the replacement of La3+ ions 
(1.216 Å, CN = 9) with slightly smaller Eu3+ ions (1.12 Å, CN = 9), 
resulting in a marginal contraction of the unit cell.

Rietveld refinement of the Eu3+-doped LMBO samples yielded 
excellent fits, as reflected by low Rwp and Rexp values (see Fig. 1b and c 
and Table 1). The undoped sample exhibited lattice parameters of a =
8.78505 Å, b = 7.61017 Å, c = 12.64004 Å, and β = 13.5318◦, consistent 
with the monoclinic P21/c space group. Upon 5 wt% Eu3+ substitution, 
the unit cell parameters showed a slight expansion to a = 8.79676 Å and 
c = 12.67141 Å, with a marginal increase in unit cell volume from 
632.6011 Å3 to 634.3254 Å3. This behavior is attributed to the 
replacement of La3+ (1.216 Å, CN = 9) with slightly smaller Eu3+ ions 
(1.12 Å, CN = 9), inducing minimal structural distortion. Unlike Dy3+- 
doped LMBO, where the substitution by smaller Dy3+ (1.027 Å) led to a 
minor contraction of the unit cell (Hakami et al., 2025), the Eu3+-doped 
system exhibits a subtle volumetric expansion, indicating a more 
size-compatible incorporation. These findings suggest that Eu3+ can be 
effectively accommodated in the LMBO lattice while preserving its 
monoclinic symmetry and phase purity. Such consistency between the 
present Eu3+-doped system and previously reported Dy3+-doped LMBO 
(Hakami et al., 2025) reinforces the structural resilience of the LMBO 
lattice toward accommodating trivalent rare-earth dopants without 
inducing phase transformation or severe distortion.

The subtle expansion of the unit cell upon Eu3+ substitution, despite 
its slightly smaller ionic radius compared to La3+, may be attributed to 
local lattice distortions, strain relaxation effects, or the presence of 
charge-compensation mechanisms introduced during doping. Such 
structural relaxation phenomena are common in rare-earth-doped bo
rates and can lead to slight deviations from the purely ionic-radius-based 
expectations.

The refined lattice parameters revealed a gradual and composition- 
dependent variation. Specifically, the unit cell volume increased 
slightly from 632.6011 Å3 (undoped) to 634.3254 Å3 for the 0.05Eu3+- 
doped sample. Such expansion, although modest, is consistent with the 
expected lattice strain induced by the substitution of Eu3+ into La3+

sites. In co-doped samples, the volume changes were more complex and 

Fig. 1. (a) Powder X-ray diffraction patterns of undoped, Eu3+-doped, and alkali co-doped LaMgB5O10 (LMBO:xEu3+, yA+; A = K+, Li+) samples recorded in the 2θ 
range of 10–80◦. All reflections match well with the standard monoclinic LMBO phase (JCPDS #98-002-3386), indicating high crystallinity and phase purity with no 
secondary phases detected. (b) Rietveld refinement profiles for representative compositions. (c) Polyhedral representations of La (left) and Mg (right) coordination 
environments in the LMBO crystal structure, showing LaO9 and MgO6 units.

Table 1 
Refined lattice parameters (a, b, c, β), unit cell volumes, and Rietveld reliability factors (χ2, Rp, Rwp, Rexp) for undoped, Eu3+-doped, and co-doped LaMgB5O10 samples.

LMBO

Unit Cell Undoped 0.01Eu3+ 0.03Eu3+ 0.05Eu3+ 0.03Eu3+,0.05K+ 0.03Eu3+,0.05Li+

a [Å] 8.78505 8.78821 8.79359 8.79676 8.78938 8.79310
b [Å] 7.61017 7.60793 7.61118 7.61005 7.60823 7.60855
c [Å] 12.64004 12.65061 12.65783 12.67141 12.64991 12.66522
beta [◦] 13.5318 131.5637 131.6254 131.6011 131.6219 131.5757
Vol. [Å3] 632.6011 632.8595 633.2728 634.3254 632.3628 633.8768
χ2 2.369 5.861 6.061 4.960 6.271 5.509
Rp 0.064 0.135 0.155 0.126 0.155 0.139
Rwp 0.090 0.208 0.233 0.184 0.234 0.201
Rexp 0.038 0.035 0.038 0.037 0.037 0.036

Table 2 
Ionic radii (Rm and Rd) and calculated ionic radius mismatch percentages (Dr) 
for Eu3+ substitution at Mg2+ and La3+ sites in LMBO, assuming equivalent 
coordination numbers (CN).

Mg Eu

Dr Rm CN Rm CN
31.52 0.72 6 0.947 6

La Eu

Dr Rm CN Rm CN
7.89 1.216 9 1.12 9
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varied with the ionic radius of the co-dopant, suggesting a combined 
effect of aliovalent substitution and charge compensation.

To elucidate the dopant incorporation mechanism, the ionic radius 
mismatch percentage (Dr) was calculated using the following formula, 
according to Shannon (1976): 

Dr =

⃒
⃒
⃒
⃒
Rm(CN) − Rd(CN)

Rm(CN)

⃒
⃒
⃒
⃒ (1) 

where Rm and Rd represent the ionic radii of the host and dopant ions, 
respectively, for the same coordination number (CN). As summarized in 
Table 2, the Dr value for Eu3+→La3+ substitution is 7.89 %, which is 
significantly below the 30 % threshold commonly considered acceptable 
for substitutional doping (Ling-Hu et al., 2024). In contrast, the Dr for 
Eu3+→Mg2+ substitution reaches 31.52 %, exceeding the permissible 
limit, thus making this substitution site energetically unfavorable. These 
results confirm that Eu3+ preferentially occupies La3+ sites.

The coordination environments of La and Mg cations, visualized via 
polyhedral representations in Fig. 1c, further support this conclusion. 
La3+ is coordinated by nine oxygen atoms in a distorted tricapped 
trigonal prismatic geometry, while Mg2+ adopts a regular octahedral 
(CN = 6) coordination. The larger coordination number and spatial 
accommodation around La3+ sites are more favorable for incorporating 
Eu3+ ions without significant local distortion, whereas Mg2+ sites are 
sterically restrictive and electrostatically incompatible with Eu3+.

Collectively, these results from Rietveld refinement, lattice param
eter analysis, ionic radius mismatch evaluation, and local coordination 
geometry confirm that Eu3+ ions are effectively incorporated into the 
LMBO lattice via substitution at the La3+ site. The structural robustness 
of the host framework is maintained across all doped and co-doped 
samples, providing a reliable platform for subsequent optical 
investigations.

3.1.1. Crystallite size and strain analysis
Following the phase identification and lattice parameter refinement 

discussed in Section 3.1, crystallite size and microstrain analyses were 
conducted to further understand the structural impact of Eu3+ doping 
and alkali co-doping on the LMBO matrix. Four models were employed: 
the Halder–Wagner method (Hepp and Baerlocher, 1988), which uses a 
Voigt function to separate size and strain effects with enhanced sensi
tivity to low and intermediate diffraction angles; the Williamson–Hall 
method (Williamson and Hall, 1953), which assumes uniform strain and 
plots βcosθ versus 4sinθ to extract crystallite size and strain; the Mon
shi–Scherrer approach (Monshi et al., 2012), which linearizes the 
traditional Scherrer formula using lnβ versus ln(1/cosθ), allowing better 
data fitting and quality control via slope analysis; and the Size–Strain 
Plot (SSP) method (Diputra et al., 2025), which reduces error propa
gation by treating size and strain contributions independently in a 
weighted plot. The corresponding linear fittings are shown in Fig. 2a–d, 
respectively. Each method provides unique assumptions about the dis
tribution of strain and crystallite orientation. For example, the Wil
liamson–Hall model assumes uniform strain distribution, while the 
Halder–Wagner approach accounts for strain broadening and is 
considered more accurate for anisotropic systems. The Monshi–Scherrer 
method adapts the classical Scherrer equation into a log–log format to 
improve linearity, and the SSP method minimizes error propagation by 
plotting strain and size effects separately. Across all methods, a general 
trend of decreasing crystallite size was observed with increasing Eu3+

concentration, attributed to lattice distortion induced by the ionic radius 
mismatch between La3+ (1.216 Å, CN = 9) and Eu3+ (1.12 Å, CN = 9). 
Notably, the introduction of alkali co-dopants (K+ and Li+) resulted in 
further size reduction, likely due to additional charge compensation and 
lattice strain effects. The comparative crystallite sizes obtained from 
each model are summarized in Fig. 2e, revealing consistency in trends 
despite numerical variation across methods. Among them, the Hal
der–Wagner model consistently yielded the largest grain sizes, while the 
Monshi–Scherrer method produced slightly lower values due to its 
inherent assumptions. A consolidated comparison of crystallite size and 
strain values for all doped and co-doped compositions is provided in 
Table 3, illustrating the effectiveness of each method in capturing 
microstructural variations.

These results confirm that rare-earth doping and aliovalent co- 
doping lead to a measurable impact on crystallite size and strain, of
fering important insights into tailoring the structural properties of LMBO 
phosphors for enhanced optical behavior. These microstructural 

Fig. 2. (a) Halder-Wagner, (b) Williamson-Hall, (c) Monshi-Scherrer, and (d) 
Size–Strain plots for LMBO:Undoped, LMBO:0.01Eu3+, LMBO:0.03Eu3+, 
LMBO:0.05Eu3+, LMBO:0.03Eu3+,0.05K+, and LMBO:0.03Eu3+,0.05Li+ sam
ples. Each plot represents the linear fitting used to estimate crystallite size and 
strain based on different theoretical models. (e) Comparison of crystallite sizes 
calculated by five different methods—Debye-Scherrer, Monshi-Scherrer, Wil
liamson-Hall, Halder-Wagner, and Size–Strain—for LMBO:Undoped, 
LMBO:0.01Eu3+, LMBO:0.03Eu3+, LMBO:0.05Eu3+, LMBO:0.03Eu3+,0.05K+, 
and LMBO:0.03Eu3+,0.05Li+ samples.
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modifications are anticipated to influence not only the phase purity but 
also the optical and functional properties of the LMBO materials, as will 
be discussed in subsequent sections.

3.1.2. Vibrational analysis (FTIR and Raman spectroscopy)
To complement the structural analysis from XRD, vibrational spec

troscopy techniques—FTIR and Raman—were employed to investigate 
the local bonding environments and short-range order within the LMBO 
lattice. These techniques are particularly effective in detecting the 
characteristic modes of borate units, which are sensitive to structural 
distortion induced by dopant incorporation.

The FTIR spectra of undoped and Eu3+/alkali-doped LMBO samples 
are shown in Fig. 3a. All spectra exhibit well-defined vibrational bands 
typically associated with borate groups. The prominent absorption 
bands in the region of 1300–800 cm− 1 are attributed to the asymmetric 
and symmetric stretching vibrations of the BO3 and BO4 units, in 
accordance with previous literature reports (Boda et al., 2016; Hakami 
et al., 2025; Sakirzanovas et al., 2011; Xiang et al., 2022). The broad 
band around 3450 cm− 1 is assigned to O–H stretching, indicative of 
surface-adsorbed moisture or residual hydroxyl groups, while the cor
responding bending vibration appears near 1630 cm− 1. Importantly, a 
slight shift in the B–O stretching bands is observed with increasing Eu3+

concentration, suggesting local lattice distortion due to ionic substitu
tion and charge compensation effects. Co-doping with K+ or Li+ induces 
further shifts and noticeable peak broadening, a behavior consistent 
with earlier studies on alkali-modified borate glasses, where the intro
duction of alkali ions was shown to modify the borate network through 
the creation of non-bridging oxygens and changes in BO3/BO4 connec
tivity (Balachander et al., 2013).

The Raman spectra of undoped and Eu3+/alkali-doped LMBO sam
ples are shown in Fig. 3b. All samples exhibit the characteristic vibra
tional features of borate lattices, with prominent peaks corresponding to 
B–O stretching and bending modes. The bands in the 1300–800 cm− 1 

region are attributed to the asymmetric and symmetric vibrations of BO3 
and BO4 groups, consistent with earlier reports on borate frameworks 
(Sakirzanovas et al., 2011; Somaily et al., 2025). Lower-frequency 
modes near 460 cm− 1 and 360 cm− 1 are assigned to bending vibra
tions and external lattice modes, as commonly observed in borate-type 
materials (Gharavi-Naeini et al., 2018). Compared to the undoped 
LMBO, both Eu3+-doped and co-doped samples show minor shifts and 
intensity variations in these Raman peaks, which are indicative of subtle 
structural rearrangements at the local level. Such peak broadening and 
frequency shifts have also been reported in alkali-modified borate sys
tems, where the introduction of K+ or Li+ ions perturbs the borate 
network by altering BO3/BO4 connectivity and generating non-bridging 
oxygens (Balachander et al., 2013). Overall, the combined FTIR and 
Raman analyses confirm the coexistence of BO3 and BO4 groups in the 
LMBO framework and demonstrate that rare-earth and alkali doping 
induce measurable modifications in the vibrational behavior of the host 
lattice. These findings support the structural observations obtained from 

XRD and suggest that dopant-induced distortions are accommodated 
without disrupting the overall borate framework.

3.1.3. Morphological and compositional analysis (SEM–EDS)
The elemental composition and morphology of undoped and Eu3+- 

doped LMBO samples were investigated using SEM–EDS, and the results 
are presented in Fig. 4. For the undoped LMBO sample, the EDS spec
trum shows the expected elemental peaks of La, Mg, B, and O, in good 
agreement with the nominal composition. Upon Eu3+ incorporation (3 
wt%), additional peaks corresponding to Eu were clearly observed, 
confirming the successful substitution of Eu3+ ions into the LMBO lat
tice. The measured Eu content was ~3.2 wt%, which is in close agree
ment with the nominal loading. Such consistency indicates a relatively 
homogeneous distribution of Eu3+ within the sampling region, although 
minor deviations may still occur due to the semi-quantitative nature of 
EDS and localized probe volume effects.

Morphological examination further reveals that the undoped LMBO 
sample exhibits irregularly shaped, plate-like grains with relatively 
smooth surfaces. In contrast, the Eu3+-doped LMBO shows a more 
porous and agglomerated microstructure, with particles displaying 
rougher surfaces and partial grain coalescence. Such modifications are 
frequently observed upon rare-earth doping and are attributed to the 
ionic radius mismatch between La3+ (1.16 Å, CN = 8) and Eu3+ (1.066 
Å, CN = 8), which introduces localized strain and alters grain growth 
dynamics during solid-state synthesis. Similar morphological changes 
have been reported for Eu3+-doped borates and aluminates, where 
dopant incorporation affects nucleation and densification behavior 
(Boda et al., 2016; Gharavi-Naeini et al., 2018). Overall, the combined 
EDS and SEM results provide direct evidence of Eu incorporation into 
the LMBO lattice and highlight the impact of Eu3+ substitution on both 
the chemical composition and microstructural evolution of the host 
material.

3.2. Photoluminescence studies

3.2.1. Photoluminescence excitation (PLE) and emission behavior
The excitation spectrum of LMBO:Eu3+ monitored at 609 nm 

(Fig. 5a) exhibits two characteristic features: a broad absorption band in 
the UV region (220–300 nm) and several sharp, well-resolved lines in 
the visible range. The broad band is attributed to O2− →Eu3+ charge- 
transfer transitions (CTBs), arising from ligand-to-metal charge trans
fer between O 2p orbitals and the empty 4f states of Eu3+ (Hong et al., 
2022). Such CTBs are a common fingerprint of Eu3+ in oxide and borate 
hosts, and their position is known to vary with the covalency and co
ordination geometry of the host lattice. In addition, sharp lines corre
sponding to intra-configurational 4f–4f transitions are observed; 
although parity is forbidden in free Eu3+ ions, they become partially 
allowed in solids through crystal-field and odd-parity phonon mixing. 
These narrow f–f features serve as sensitive probes of the local symmetry 
and crystal-field strength at Eu3+ sites, complementing the information 

Table 3 
Crystallite size (D) and microstrain (ε) values of LMBO:Undoped, Eu3+-doped, and Eu3+/alkali co-doped samples calculated using different models: Debye-Scherrer, 
Monshi-Scherrer, Williamson-Hall, Halder-Wagner, and Size–Strain methods.

LMBO

Concentration ​ Undoped 0.01Eu3+ 0.03Eu3+ 0.05Eu3+ 0.05Eu3+,0.01K+ 0.05Eu3+,0.01Li+

Debye-Scherer D (nm) 82.407 84.111 81.607 71.866 70.994 64.890
δ × 10− 3 (nm− 2) 0.1472 0.1413 0.1501 0.1396 0.1984 0.2374

Monshi-Scherrer D (nm) 86.584 88.421 79.838 77.689 65.254 62.802
δ × 10− 3 (nm− 2) 0.1333 0.1279 0.1569 0.1656 0.2348 0.2535

Williamson-Hall D (nm) 82.752 91.079 81.357 75.034 73.885 65.527
ε × 10− 3 1.76 2.09 1.55 1.93 2.20 2.69

Halder-Wagner D (nm) 88.495 94.339 86.956 75.519 74.626 68.027
ε × 10− 3 8.88 9.95 10.29 10.76 9.41 14.46

Size-Strain D (nm) 80.903 83.227 77.030 72.772 70.299 64.940
ε × 10− 3 1.51 1.80 1.27 1.64 1.67 1.73
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provided by the CTB. The most intense resonance corresponds to the 
7F0→5L6 transition (~392 nm), accompanied by well-defined peaks at 
~463 nm (7F0→5D2) and weaker features at ~412 nm (7F0→5D3) and 
~523–531 nm (7F0→5D1/5D0). These assignments are in good agree
ment with previous spectroscopic studies of Eu3+-doped borates and 
related oxide hosts (George et al., 2025; Somaily et al., 2025).

Upon excitation at 393 nm, the emission spectrum of LMBO:Eu3+

(Fig. 5b) is dominated by the characteristic red band at ~609 nm, cor
responding to the forced electric dipole transition 5D0 → 7F2. The 
prominence of this hypersensitive transition confirms that Eu3+ ions 
occupy sites of low inversion symmetry within the LMBO lattice. In 
addition to the dominant red line, the magnetic dipole transition 5D0 → 
7F1 appears at ~591 nm, together with weaker features at 649 nm (5D0 

→ 7F3) and in the far-red region near 690–700 nm (5D0 → 7F4) (Altowyan 
et al., 2024; Jabali et al., 2024; Somaily et al., 2025).

The asymmetry ratio (R = I(5D0 → 7F2)/I(5D0 → 7F1)) was evaluated 
as a function of Eu3+ concentration in LMBO (Fig. 5c). The R values 
ranged between ~3.55 and 4.34, with the maximum (R ≈ 4.34) ob
tained at 0.02 wt% Eu3+, suggesting that at this concentration the Eu3+

ions experience the strongest local asymmetry. At higher concentrations 
(e.g., 0.03 wt%), although the overall emission intensity was maxi
mized, the asymmetry ratio decreased slightly (~3.65), indicating a 
partial relaxation of site distortion. Such decoupling between the inte
grated PL intensity and the R value is common in Eu3+-doped oxides and 
borates, since the emission strength is jointly determined by absorber 
population and non-radiative processes, whereas the R parameter is 
primarily sensitive to the local coordination geometry (Blasse and 
Grabmaier, 1994; Boda et al., 2016; Sakirzanovas et al., 2011). These 
results highlight that LMBO provides a strongly asymmetric environ
ment for Eu3+, and subtle variations in local site symmetry occur with 
increasing dopant concentration.

A particularly notable feature of our spectra is the relatively intense 
far-red emission band (~700 nm, 5D0 → 7F4). While this transition is 
typically weak in highly symmetric lattices, its enhancement in LMBO 
indicates the presence of local structural distortions that lower the site 
symmetry of Eu3+ (Altowyan et al., 2025a). Similar anomalous intensity 
has also been reported in Eu3+-doped Na2ZnSiO4, where a strong 702 
nm emission was attributed to distorted local coordination and site 
asymmetry (Liu et al., 2019). This parallel suggests that LMBO provides 
a comparable environment favoring enhanced far-red emission, thereby 
broadening its potential for optoelectronic applications requiring 
extended red or far-red output. Since Eu3+ ions substitute isovalently for 
La3+ without requiring charge compensation, the observed effect is 
more plausibly associated with subtle lattice mismatches arising from 
the smaller ionic radius of Eu3+ compared to La3+, as well as variations 
in the local Eu–O coordination geometry. These distortions modify the 
crystal field around Eu3+ and promote stronger electric dipole activity in 
the far-red region.

To further explore the excitation-dependent behavior of Eu3+ in 
LMBO, emission spectra were recorded under multiple excitation 
wavelengths (316, 360, 375, 392, and 463 nm), as shown in Fig. 5b. In 
all cases, the emission profiles are dominated by the characteristic 
5D0→7F_J transitions (J = 0–6), with the most intense band centered at 
~609 nm (5D0→7F2). The overall spectral shape remains nearly un
changed, confirming that the Eu3+ ions occupy similar crystallographic 
sites regardless of the excitation pathway. However, clear variations in 
emission intensity are observed depending on the excitation wave
length. In particular, the strongest luminescence arises under 392 nm 
excitation, which corresponds to the 7F0→5L6 transition of Eu3+. This 
agrees well with previous reports identifying 5L6 as the most efficient 
absorption channel in Eu3+-activated borates and oxides (Blasse and 
Grabmaier, 1994; Mitina et al., 2023). By contrast, excitations at 316 
and 360 nm (7F0→5H6, 7F0→5D4) yield comparatively weaker emissions, 
reflecting the lower oscillator strength of these transitions. The 463 nm 
excitation, corresponding to the 7F0→5D2 absorption, also produces 
visible red emission but with reduced intensity, consistent with its 
narrower absorption cross-section. Such excitation-dependent emission 
behavior highlights the importance of selecting appropriate excitation 
channels for optimizing emission efficiency in photonic applications 
(Jayakiruba et al., 2017; Mitina et al., 2023).

3.2.2. Concentration quenching and the evolution of the far-red 5D0→7F4 
band

Under 392 nm excitation, the integral PL intensity of LMBO:xEu3+

increases with Eu3+ content up to x = 3 wt% and then decreases for x ≥
5 wt%, evidencing concentration quenching (Fig. 6). In Eu3+-activated 
hosts, the quenching is commonly attributed to non-radiative energy 
migration among neighboring Eu3+ ions followed by trapping at defects 
or killer centers, with the transfer mediated predominantly by 

Fig. 3. (a) FTIR spectra of undoped, Eu3+-doped, and Eu3+/alkali (K+, Li+) co- 
doped LMBO samples (b) Raman spectra of the same samples, highlighting 
BO3/BO4 stretching and low-frequency lattice modes (~460 and 360 cm− 1).
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multipolar interactions (dipole–dipole/dipole–quadrupole. To ratio
nalize the quenching threshold, we estimated the critical transfer dis
tance using Blasse’s relation (Blasse, 1968): 

Rc =2
[

3V
4πxcN

]1/3

(2) 

where V is the unit-cell volume, xc is the critical Eu3+ site fraction, and N 
is the number of Eu-substitutable cation sites per unit cell. From Rietveld 
refinement at 3 wt% Eu3+, the refined unit-cell volume was found to be 
V = 633.27 Å3. Since Eu3+ ions substitute for La3+ in LMBO, the number 
of available La3+ sites per unit cell is taken as N = 4. With an optimum 
concentration of xc ≈ 0.03, the calculated critical distance was Rc ≈ 12.3 
Å. This value is significantly larger than the 5 Å empirical limit for short- 
range exchange interactions (Dexter, 1953), confirming that the con
centration quenching in LMBO:Eu3+ is predominantly governed by 
quadrupole-quadrupole, in line with recent analyses of Eu3+-activated 
borates and oxides (K. et al., 2025; Kaynar et al., 2024; Sekrafi et al., 
2025; Shablinskii et al., 2023).

The evolution of emission intensity with Eu3+ concentration in 
LMBO was analyzed to clarify the quenching mechanism. The photo
luminescence intensity initially increases with Eu3+ loading, reaching a 
maximum at 3 wt%, before decreasing for higher concentrations (≥5 wt 
%), consistent with concentration quenching behavior (Fig. 6b). To 
probe the dominant interaction type, the Dexter–Inokuti framework was 
employed: 

log
(

I
x

)

= −
θ
3

log(x) + c (3) 

where the interaction parameter θ distinguishes between dipole–dipole 
(θ = 6), dipole–quadrupole (θ = 8), and quadrupole–quadrupole (θ =
10) coupling. Fitting the quenching region yielded a slope of − 3.45, 
corresponding to θ ≈ 10, which identifies quadrupole–quadrupole in
teractions as the dominant non-radiative pathway. This is consistent 
with the large Rc (~12.3 Å) which rules out short-range exchange 
coupling.

Quadrupole–quadrupole dominated quenching has also been re
ported in other Eu3+-doped borates and related oxide hosts. For 
example, Gaikwad et al. (2025) recently demonstrated θ ≈ 10 in a 
borate-based Eu3+ phosphor, confirming the prevalence of quad
rupole–quadrupole coupling in systems where rare-earth sites are 
widely separated by polyborate units. Such parallels reinforce that in 
LMBO, long-range multipolar interactions, rather than short-range ex
change, govern the quenching behavior at higher Eu3+ loadings. 
Quadrupole–quadrupole dominated quenching has also been reported in 
other Eu3+-doped borates and related oxide hosts. For example, Gaik
wad et al. (2025) recently demonstrated θ ≈ 10 in a borate-based Eu3+

phosphor, confirming the prevalence of quadrupole–quadrupole 
coupling in systems where rare-earth sites are widely separated by 
polyborate units. Such parallels reinforce that in LMBO, long-range 
multipolar interactions, rather than short-range exchange, govern the 
quenching behavior at higher Eu3+ loadings.

A more detailed, dynamics-focused view assigns the decrease in PL to 
the increase of inter-ion energy transfer (ET) rates, which arises from 
Dexter-type electronic coupling or long-range Coulombic coupling, 
which outcompetes radiative decay as the Eu3+–Eu3+ separation 
shrinks. Kinetic modeling and time-resolved experiments corroborating 
this picture have been reported recently for lanthanide emitters 
(Spelthann et al., 2023; Tanner et al., 2022).

Far-red 5D0→7F4 band (≈700 nm). A notable spectral feature in 
LMBO:xEu3+ is the relative enhancement of the 5D0→7F4 line with 
increasing Eu3+ content (Fig. 6a), even when the total PL starts to 
quench. This behavior does not contradict the intensity drop of the 
whole spectrum; rather, it indicates a redistribution of oscillator 
strength among 5D0→7FJ channels driven by local-symmetry changes 
and J-mixing as the Eu–O coordination becomes more distorted at 
higher dopant loadings. Recent reports have shown anomalously strong 
5D0→7F4 emission in several Eu3+ hosts when Eu3+ occupies low- 
symmetry (e.g., distorted square-antiprismatic or D2d-symmetry) sites, 
or when charge-compensation/defect chemistry modifies the crystal 
field; in such cases, the 5D0→7F4 transition gains intensity relative to 
5D0→7F2 (Chi et al., 2018; Ling-Hu et al., 2024; Souadi et al., 2023).

Fig. 4. SEM micrographs and EDS spectra of (a) undoped LMBO and (b) Eu3+-doped LMBO (3 wt%).
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In our LMBO matrix, Eu3+ substitutes isovalently for La3+; thus, the 
far-red enhancement is most plausibly linked to subtle lattice- 
strain–induced distortions and energy migration toward more distorted 
Eu3+ sites as x increases. This spectral-weight shift toward 5D0→7F4 can 
therefore coexist with (and even be accentuated by) global concentra
tion quenching of the total emission—a trend that has also been high
lighted in recent Eu3+ systems where the maximum PL output and the 
maximum site asymmetry (R) occur at different dopant levels (Morebodi 
et al., 2024).

3.2.3. Influence of alkali co-doping (K+/Li+) on PL behavior
The co-doping of Eu3+-activated LMBO with alkali ions (Li+, K+) 

reveals clear differences in the evolution of the emission spectra. While 
the overall PL profiles remain dominated by the 5D0→7FJ transitions, 
both the integrated intensity and the relative band distribution are 
strongly modified depending on the nature and concentration of the co- 
dopant.

In the case of Li+ incorporation, the overall enhancement is moder
ate but evident (Fig. 7a). For example, the peak area of the hypersen
sitive 5D0→7F2 transition increases from 3.10 × 106 (Eu3+) to 4.61 × 107 

(Li+), while the far-red 5D0→7F4 transition rises from 1.69 × 106 to 4.02 
× 107. This selective redistribution of oscillator strength indicates that 
Li + co-doping perturbs the Eu–O coordination environment, reducing 
the asymmetry that favors 5D0→7F2 while simultaneously strengthening 
5D0→7F4. Similar behavior was reported by Souadi et al. (2023) and Chi 
et al. (2018), where distortions of Eu–O polyhedra suppressed 5D0→7F2 
but promoted anomalously strong 5D0→7F4 emission.

By contrast, K+ co-doping produces a markedly stronger enhance
ment compared to Li+ (Fig. 7b). The 5D0→7F2 band increases from 3.10 
× 106 (Eu3+) to 1.16 × 107 (K+), while the 5D0→7F4 band grows from 
1.69 × 106 to 8.56 × 107, corresponding to more than a fivefold in
crease. This strong amplification is comparable to the ~8–10 × rise 
reported in garnet-type hosts (Chi et al., 2018) and aligns with the 
findings of Souadi et al. (2023) on Eu3+-activated ZnGa2O4, where local 
distortion similarly promoted the 5D0→7F4 transition.

The microscopic origin of this effect can be rationalized by consid
ering more than just ionic radius mismatch. While smaller Li+ (0.76 Å, 
CN = 6) and larger K+ (1.52 Å, CN = 8) both introduce charge imbal
ance, the lattice strain, local phonon coupling, and site occupancy 
preference differ significantly. K+ is more likely to expand the Eu–O 
polyhedra by lengthening Eu–O bonds, creating a coordination closer to 
distorted square antiprismatic (D2d-like) symmetry, which strongly fa
vors 5D0→7F4 activation. Li+, on the other hand, tends to induce stronger 
local strain but less efficient stabilization of expanded coordination, 
leading to weaker far-red enhancement.

The pronounced far-red anomaly in K+ co-doped LMBO originates 
from extended Eu–O coordination, which optimizes bond lengths, re
duces 4f–phonon overlap, and lowers site symmetry. Consequently, the 
parity-forbidden 5D0→7F4 transition gains oscillator strength at the 
expense of 5D0→7F2. Similar reasoning was invoked by Souadi et al. 
(2023), Ling-Hu et al. (2024), and Chi et al. (2018) to explain anoma
lously strong far-red emission in Eu3+-activated hosts with distorted 
coordination geometries.

Collectively, these observations confirm that the alkali co-doping 
effect in LMBO cannot be reduced to a simple ionic size argument. 
Instead, it arises from a synergy of lattice strain, local phonon coupling, 
and coordination expansion, which together modulate the relative 

(caption on next column)

Fig. 5. (a) Photoluminescence excitation (PLE) spectrum of LMBO:Eu3+

monitored at 609 nm, showing the O2− →Eu3+ charge-transfer band and char
acteristic 4f–4f transitions. (b) Emission spectra of LMBO:Eu3+ under different 
excitation wavelengths (316, 360, 375, 392, and 463 nm), dominated by the 
5D0→7FJ transitions with the strongest red emission at ~609 nm. (c) Concen
tration dependence of the asymmetry ratio (R = I(5D0→7F2)/I(5D0→7F1)) for 
LMBO:Eu3+ phosphors. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.)
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strengths of Eu3+ emission channels. Among the alkali ions investigated, 
K+ proves uniquely effective in amplifying the far-red 5D0→7F4 transi
tion, establishing LMBO:Eu3+,K+ as a promising phosphor for applica
tions requiring extended red and far-red emission, such as pc-wLEDs and 
plant growth lighting.

Although direct structural determination of alkali positions is not 
available from the present data, qualitative considerations can be made. 
Owing to its small ionic radius, Li+ is likely to occupy interstitial sites or 
partially substitute Mg2+, thereby perturbing the Eu–O coordination and 
lowering the CTB energy, which promotes ATQ. In contrast, the larger 

K+ cation is more likely to reside in interstitial channels of the borate 
lattice. Its incorporation modifies the crystal-field asymmetry around 
Eu3+, enhancing the oscillator strength of the far-red 5D0→7F4 transi
tion. Thus, the distinct roles of Li+ and K+ arise from their different 
lattice accommodation and local perturbations of Eu3+ coordination.

3.2.4. Decay lifetime analysis of Eu3+ emission
To further investigate the radiative processes, the decay curves of the 

5D0 level of Eu3+ ions were measured under 392 nm excitation and 
monitored at the 5D0→7F2 transition (~612 nm). The decay profiles for 
different Eu3+ concentrations as well as for selected alkali co-doped 
samples are presented in Fig. 8. All curves deviate from a single- 
exponential behavior, indicating the presence of multiple decay chan
nels associated with energy transfer, cross-relaxation, and structural 
inhomogeneity in the LMBO host lattice.

The experimental decay data were well fitted by a tri-exponential 
function 

I(t)=A1 exp
(

−
t

τ1

)

+A2 exp
(

−
t

τ2

)

+ A3 exp
(

−
t

τ2

)

(4) 

where Ai are the amplitude fractions and τi are the decay components. 
The average lifetime was obtained using: 

τavg =

∑
iAiτ2

i∑
iAiτi

(5) 

The fitting parameters are summarized in Table 4. The average 
lifetime decreases slightly with increasing Eu3+ content, consistent with 
concentration quenching via enhanced multipolar interactions (e.g., 
τavg = 1.38 ms at 0.03Eu3+, reduced to 1.31 ms at 0.05Eu3+).

For alkali co-doped samples, distinct behaviors are observed. Li+

incorporation generally leads to shorter lifetimes (τavg ≈ 0.87–1.36 ms), 
which can be attributed to stronger local distortion and the introduction 
of additional non-radiative channels. By contrast, K+ co-doping yields 
intermediate values (τavg ≈ 0.94–1.13 ms), indicating that the strong 
enhancement of far-red emission arises primarily from oscillator 
strength redistribution rather than prolonged radiative decay.

Overall, the decay analysis confirms that alkali incorporation 
significantly perturbs the Eu3+ local environment. The non-single 
exponential nature of the decay curves reflects heterogeneous Eu3+

environments in LMBO, which are further modulated by the type and 
concentration of the alkali co-dopant.

3.2.5. Judd–Ofelt analysis of Eu3+ in LMBO
To further elucidate the radiative processes of Eu3+ in LMBO, 

Judd–Ofelt (J–O) theory was applied (Judd, 1962; Ofelt, 1962). This 
formalism connects the intensities of the electric-dipole (ED) transitions 
with three phenomenological parameters, Ω2, Ω4, and Ω6, which provide 
information about the asymmetry, covalency, and rigidity of the Eu–O 
coordination environment (Blasse and Grabmaier, 1994; Reisfeld, 
1973).

The spontaneous emission probability for an electric–dipole transi
tion 5D0→7F_J is given by: 

A0J =
64π3e2ν3

3h(2J + 1)
⋅
n(n2 + 2)2

9
⋅Ωλ〈5D0

⃒
⃒
⃒
⃒U(λ)

⃒
⃒
⃒
⃒7FJ〉 (6) 

where n is the refractive index of the host, ν is the transition frequency, 
and 〈5D0

⃒
⃒
⃒
⃒U(λ)

⃒
⃒
⃒
⃒7FJ〉 are the doubly reduced matrix elements (Carnall 

et al., 1968). In the present calculations, a refractive index of 1.67 was 
adopted, which is in good agreement with reported values for borate 
hosts. The 5D0→7F1 magnetic-dipole transition, which is insensitive to Ω 
parameters, was used as an internal reference.

The total radiative probability is obtained by summing over all 
transitions: 

Fig. 6. (a) PL emission spectra of LMBO:xEu3+ (x = 0.005–0.07) under 392 nm 
excitation, showing maximum intensity at 3 wt% and concentration quenching 
at higher doping. (b) Dexter–Inokuti analysis of the quenching region, with a 
slope of − 3.45 (θ ≈ 10).
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Arad =
∑

J
AOJ (7) 

The branching ratio for a specific transition is defined as: 

β0J =
A0J

Arad
(8) 

The radiative lifetime is then calculated as: 

τrad =
1

Arad
(9) 

Finally, the quantum efficiency (η) can be estimated by comparing 
the experimental and calculated lifetimes: 

η= τexp

τrad
(10) 

The derived J–O parameters, radiative transition probabilities, 
branching ratios, and lifetimes are summarized in Table 5. The results 
indicate a pronounced decrease of Ω2 from 5.19 (Eu3+ only) to 2.15 (K+) 
and 2.22 (Li+), reflecting a reduction in local asymmetry and covalency. 
Likewise, Ω4 decreases from 5.74 to 3.21 (K+) and 3.92 (Li+), while Ω6 
becomes nearly negligible (≤0.3). These variations imply that alkali 
incorporation leads to a more symmetric and less distorted Eu–O coor
dination environment. It is also worth noting that the Ω2/Ω4 ratio de
creases from ~0.90 (Eu3+) to ~0.67 (K+) and ~0.57 (Li+), highlighting 
a stronger suppression of hypersensitive asymmetry relative to lattice 
rigidity. Such changes provide an additional fingerprint of alkali- 
induced structural relaxation.

The branching ratios extracted from J–O analysis are in good 
agreement with experimental emission spectra. For LMBO:0.03Eu3+, 
β02 = 55.9 % and β04 = 29.5 %. Upon alkali co-doping, β02 decreases to 
50.4 % (K+) and 49.4 % (Li+), while β04 increases to 30.3 % (K+) and 
34.2 % (Li+). This trend is consistent with the observed spectral redis
tribution: the hypersensitive 5D0→7F2 band weakens, while the far-red 
5D0→7F4 transition gains relative intensity.

Radiative lifetimes derived from J–O analysis (2.30 ms for Eu3+, 4.21 
ms for K+ and 3.90 ms for Li+)are longer than experimental values, 
indicating the presence of additional non-radiative channels introduced 
by lattice distortions. At first sight, this might seem inconsistent with the 
enhanced far-red emission observed in absolute PL spectra. This 
apparent inconsistency can be reconciled by noting that Judd–Ofelt 
parameters represent average local symmetry over all Eu3+ sites, 
whereas the 5D0→7F4 transition intensity is strongly affected by specific 
local environments and crystal-field interactions. Alkali co-doping in
duces charge-compensation effects and strain relaxation, which can 
redistribute Eu3+ ions into energetically favorable sites. These sites may 
exhibit reduced average asymmetry (lower Ω2 and Ω4), yet provide 

Fig. 7. (a) Photoluminescence emission spectra of LMBO:0.03Eu3+, yLi+ (y = 0–0.07) under 392 nm excitation, showing a modest enhancement with maximum 
intensity at y = 0.05. (b) Corresponding spectra of LMBO:0.03Eu3+, yK+, where co-doping produces a much stronger effect, with the overall PL intensity rising by 
nearly an order of magnitude at y = 0.05.

Fig. 8. Decay curves of Eu3+ 5D0 emission in LMBO with different Eu3+ con
centrations and selected Li+/K+ co-doped samples under 392 nm excitation, 
monitored at ~612 nm.

Table 4 
Fitted decay parameters (τ1, τ2, τ3 in ms), relative contributions, average life
time (τavg), and fit quality (χ2) for LMBO:Eu3+ with and without alkali co- 
doping.

Time(ms) Rel.% τavg(ms) χ2

LMBO:0.01Eu3+ τ1 0.0115 45.82 0.827 1.373
τ2 0.896 54.18

LMBO:0.03Eu3þ τ1 0.0105 34.25 1.382 1.214
τ2 0.436 30.33
τ3 2.325 35.42

LMBO: 0.05Eu3þ τ1 0.0107 37.25 1.313 1.361
τ2 0.453 29.00
τ3 2.196 33.75

LMBO:0.03Eu3þ,0.03Kþ τ1 0.0141 48.64 0.937 1.624
τ2 1.025 51.36

LMBO:0.03Eu3þ,0.05Kþ τ1 0.0110 32.34 1.135 1.179
τ2 0.423 27.71
τ3 1.720 39.95

LMBO:0.03Eu3þ,0.03Liþ τ1 0.0085 29.19 0.875 1.864
τ2 0.798 40.26
τ2 1.185 30.55

LMBO:0.03Eu3þ,0.05Liþ τ1 0.0144 24.19 1.358 1.240
τ2 0.487 28.02
τ3 1.938 47.79
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enhanced crystal-field coupling along particular axes, thereby selec
tively strengthening the 5D0→7F4 transition. Thus, the far-red 
enhancement is driven not solely by Ω-parameter magnitudes but also 
by local site distortions and field-induced transition probabilities.

The requirement of a three-exponential fit for the decay curves 
further supports the presence of heterogeneous Eu3+ environments and/ 
or energy transfer pathways. The shortest lifetime component can be 
attributed to Eu3+ ions located near defects or charge-compensating 
alkali ions, which favor non-radiative relaxation. The intermediate 
component likely corresponds to Eu3+ in moderately perturbed lattice 
sites, while the longest lifetime represents Eu3+ in more symmetric sites 
with predominantly radiative decay. The variation of these components 
with alkali co-doping confirms that Li+ and K+ differently perturb the 
Eu–O coordination. While low-temperature or spectrally resolved life
time measurements would be required for unambiguous assignments, 
the present results are consistent with site heterogeneity and redistri
bution of Eu3+ emission pathways. However, it should be emphasized 
that J–O parameters are derived from relative line strengths and 
therefore reflect redistribution among transitions rather than the total 
photon yield. The anomalous reinforcement of the 5D0→7F4 transition in 

LMBO:Eu3+,K+ is thus not caused by an increase of Ω4, but arises from 
oscillator strength redistribution, local-field effects, and modified exci
tation–emission pathways. Similar phenomena have been observed in 
Eu3+ systems where non-centrosymmetric site occupation leads to 
narrow-band red emission with high color purity (Dang et al., 2021; 
Souadi et al., 2023). Overall, the J–O analysis demonstrates that alkali 
co-doping substantially modifies the Eu3+ site environment in LMBO. K+

doping, in particular, suppresses the hypersensitive 5D0→7F2 band while 
enhancing the far-red 5D0→7F4 emission, despite lowering Ω2, Ω4, and η. 
This distinctive combination of high absolute far-red intensity with 
tunable spectral weight underscores the promise of LMBO:Eu3+,K+ as a 
far-red phosphor for pc-wLEDs and plant growth applications.

3.2.6. Thermal stability and activation energy analysis
The thermal evolution of the PL emission spectra of LMBO:Eu3+ and 

its alkali co-doped derivatives is shown in Fig. 9. All spectra are domi
nated by the characteristic Eu3+ 5D0→7FJ transitions, yet their relative 
intensities strongly depend on temperature and the presence of alkali 
ions. The 609 nm 5D0→7F2 band was chosen as a probe for quantitative 
analysis, and its integrated intensity was monitored between 300 and 

Table 5 
Judd–Ofelt intensity parameters (Ω2, Ω4, Ω6, in 10− 20 cm2), radiative transition probabilities (Arad), branching ratios (β, exp. %), radiative lifetimes (τrad, ms), and 
quantum efficiencies (η) of Eu3+ in LMBO with and without alkali co-doping.

Sample Ω2 Ω4 Ω6 β02 β04 τrad τexp

LMBO:0.03Eu3+ 5.19 5.74 2.70 55.9 29.5 2.30 1.38
LMBO:0.03Eu3+,0.05K+ 2.15 3.21 0.29 50.4 30.3 4.21 1.13
LMBO:0.03Eu3+,0.05Li+ 2.22 3.92 0.27 49.4 34.2 3.90 0.87

Fig. 9. Temperature-dependent PL emission spectra of LMBO:0.03Eu3+ and alkali co-doped samples under 392 nm excitation: (a) LMBO:0.03Eu3+, (b) 
LMBO:0.03Eu3+,0.05K+, and (c) LMBO:0.03Eu3+,0.05Li+. The inset plots show the integrated intensity of the 609 nm emission as a function of temperature, 
highlighting distinct quenching and anti-thermal quenching (ATQ) behaviors.
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550 K.
In the undoped LMBO:0.03Eu3+ sample (Fig. 9a), the emission in

tensity decreases rapidly up to ~390 K, indicating conventional thermal 
quenching (TQ). A partial recovery occurs above 430 K, suggesting that 
thermally assisted repopulation compensates part of the non-radiative 
loss. By comparison, K+ co-doping (Fig. 9b) leads to a weaker quench
ing regime up to ~390 K, followed by moderate anti-thermal quenching 
(ATQ) above 470 K, where the emission exceeds the room-temperature 
value. The most pronounced effect is observed for Li+ (Fig. 9c), where 
the emission intensity increases almost monotonically with tempera
ture, reaching nearly four times its 300 K value at 550 K. This robust 
ATQ demonstrates the strong influence of alkali co-doping on high- 
temperature stability.

To evaluate the thermal activation energies of the non-radiative 
channels, the integrated PL intensities were analyzed using the Arrhe
nius relation (Blasse and Grabmaier, 1994): 

I(T)=
I0

1 + Cexp
(

− Ea
kBT

) (11) 

where I(T) is the emission intensity at temperature T, I0 is the initial 
intensity at 300 K, C is a fitting constant, kB is Boltzmann’s constant, and 
Ea is the activation energy for non-radiative processes. Linearization 
gives 

ln
(

I0

I(T)
− 1

)

= lnC −
Ea

kB

1
T

(12) 

Thus, a plot of ln[(I0 /I) − 1] versus 1/T yields a straight line in the 
quenching-dominated region, with slope equal to − Ea/kB. The corre
sponding Arrhenius plots are shown in Fig. 10a–c.

From linear fits, the activation energies were extracted as 0.404 eV 

for LMBO:0.03Eu3+, 0.205 eV for LMBO:0.03Eu3+,0.05K+, and 0.220 eV 
for LMBO:0.03Eu3+,0.05Li+. The higher barrier in the undoped host 
explains its conventional quenching, while alkali incorporation lowers 
this barrier and simultaneously enables thermally assisted processes. K+

facilitates moderate ATQ above 470 K, whereas Li+ creates shallow traps 
that yield strong ATQ with nearly fourfold intensity reinforcement at 
550 K.

At first glance, a lower activation energy is usually associated with 
stronger quenching rather than ATQ. In the present case, however, the 
reduced barrier does not solely promote non-radiative relaxation but 
also facilitates thermally assisted feeding into Eu3+ excited states, either 
from shallow trap levels or through host-to-Eu3+/CTB transfer channels 
introduced by alkali co-doping. Consequently, the lower Ea values 
observed here reflect a balance between enhanced non-radiative access 
and the simultaneous activation of radiative feeding pathways, which 
ultimately leads to anti-thermal quenching rather than conventional 
quenching.

These results confirm that alkali co-doping not only modifies the 
local Eu3+ environment at room temperature but also redefines the 
balance between radiative and non-radiative channels at elevated tem
peratures. The coexistence of lower activation barriers with enhanced 
ATQ highlights the synergy between lattice distortion, phonon coupling, 
and thermally assisted population feeding. Comparable behaviors have 
been reported in other Eu3+-activated oxide hosts (Dang et al., 2021; 
Souadi et al., 2023).

In the present LMBO system, no evidence of negative thermal 
expansion was detected in the XRD analysis, making this mechanism 
unlikely. Instead, the presence of BO4

3− groups suggests that thermally 
assisted host-to-Eu3+ energy transfer may be the dominant contributor, 
while alkali co-doping modifies the Eu–O coordination and the CTB 
energy level, enabling additional feeding into Eu3+ excited states. 
Therefore, the ATQ behavior observed in LMBO:Eu3+,M+ phosphors is 

Fig. 10. Arrhenius plots of the 609 nm emission for LMBO:Eu3+ and alkali co-doped samples: (a) Eu3+ (Ea = 0.404 eV), (b) Eu3+,0.05K+ (Ea = 0.205 eV, moderate 
ATQ above 470 K), and (c) Eu3+,0.05Li+ (Ea = 0.220 eV, strong ATQ up to 550 K).
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most consistently explained by a combination of host-to-Eu3+ transfer 
and CTB-related processes rather than by lattice contraction effects.

3.2.7. CIE chromaticity coordinates and correlated color temperature 
(CCT) analysis

The CIE chromaticity diagrams of LMBO:xEu3+, LMBO:0.03Eu3+, 
yK+, and LMBO:0.03Eu3+,yLi+ phosphors are presented in Fig. 11a–c. 
All emission points are located in the reddish region, consistent with the 
characteristic 5D0 → 7F2 transition of Eu3+. Minor shifts in the co
ordinates are observed with increasing Eu3+ concentration and alkali co- 
doping, reflecting subtle modifications in the Eu–O local environment.

The corresponding correlated color temperature (CCT) values 
confirm this reddish character. For Eu3+ single-doped LMBO, CCT values 

remain in the warm range, between ~1627 K (x = 0.02) and ~1815 K (x 
= 0.03). K+ co-doping extends the variation, giving values from ~1702 
K up to ~3091 K: low K+ contents result in slightly cooler tones, whereas 
higher contents reduce the CCT below 2000 K, reinforcing red emission. 
In contrast, Li+ co-doping maintains lower CCT values between ~1621 
and 2420 K, consistently favoring warm-red emission.

The CCT values were calculated from the CIE chromaticity co
ordinates using McCamy’s empirical formula (McCamy, 1992): 

CCT = − 449n3 + 3525n2 − 6823.3n + 5520.33, where n = (x −
0.3320)/(y − 0.1858)                                                                         

These results demonstrate that while Eu3+ doping alone ensures 
strong reddish emission, alkali co-doping allows further modulation. Li+

Fig. 11. CIE chromaticity diagrams of LMBO phosphors: (a) LMBO:xEu3+ with varying Eu3+ concentrations, (b) LMBO:0.03Eu3+,yK+ with different K+ co-doping 
levels, and (c) LMBO:0.03Eu3+,yLi+ with different Li+ co-doping levels.
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incorporation stabilizes the red component, whereas K+ provides wider 
tunability from moderately cool to warm-red regions, making LMBO: 
Eu3+ phosphors versatile candidates for solid-state lighting applications.

To contextualize the luminescence performance of the LMBO:Eu3+, 
M+ phosphors, it is instructive to compare them with the widely used 
benchmark Y2O3:Eu3+ phosphor. Y2O3:Eu3+ is recognized for its strong 
red emission (5D0 → 7F2 at ~609–612 nm) and high color purity, which 
makes it one of the most common red phosphors for display and lighting 
applications (Dutta et al., 2025; Muresan et al., 2009). However, despite 
its excellent room-temperature brightness, Y2O3:Eu3+ typically suffers 
from thermal quenching above ~420–450 K, leading to a rapid decrease 
in emission intensity. In contrast, the LMBO:Eu3+,M+ system reported 
here demonstrates unusual anti-thermal quenching behavior: Li+

co-doping enhances the emission intensity nearly fourfold at 550 K, 
while K+ co-doping stabilizes the emission above 470 K. Such 
high-temperature stability provides a distinct advantage over conven
tional Y2O3:Eu3+, which generally requires additional structural modi
fications (e.g., surface coating or composite hosts) to mitigate thermal 
degradation. Thus, while the room-temperature emission intensity of 
LMBO:Eu3+ is comparable to that of Y2O3:Eu3+, its superior thermal 
stability positions it as a promising red phosphor for high-power 
pc-WLEDs and plant-growth lighting where devices operate at 
elevated temperatures.

In addition, several recent studies have also reported Eu3+ anti- 
thermal quenching and alkali co-doping effects in different hosts. For 
instance, Eu3+,Li+ co-doped SmCa4O(BO3)3 exhibited negative thermal 
quenching and enhanced emission stability (Altowyan et al., 2025b). 
Eu3+ single-doped phosphors with multicolor-tunable ATQ behavior 
have also been reported (Shi et al., 2023), while a novel Eu3+-activated 
red phosphor based on In0.5Sc1.5(MoO4)3 showed anti-thermal 
quenching due to negative thermal expansion (Tian et al., 2024). 
These reports emphasize that alkali co-doping and host lattice dynamics 
are critical factors for stabilizing Eu3+ luminescence at elevated tem
peratures, which strongly supports the unusual ATQ behavior observed 
in LMBO:Eu3+,M+ phosphors.

4. Conclusions

Eu3+-activated LMBO phosphors co-doped with alkali ions show 
remarkable modifications in both emission intensity and thermal sta
bility. Structural analyses demonstrated that Li+ and K+ incorporation 
perturbs the Eu–O coordination environment, leading to redistribution 
of oscillator strength among the 5D0→7FJ transitions. Photo
luminescence studies revealed that K+ co-doping strongly enhances the 
far-red 5D0→7F4 emission, while Li+ produces a more moderate redis
tribution effect. Judd–Ofelt analysis confirmed that alkali-induced 
symmetry changes influence radiative parameters and quantum effi
ciencies, highlighting the sensitivity of Eu3+ emission to local lattice 
distortions.

Temperature-dependent PL measurements further established a clear 
difference in high-temperature behavior: undoped LMBO:Eu3+ exhibi
ted conventional quenching with an activation barrier of 0.404 eV, K+

reduced the barrier to 0.205 eV and induced moderate anti-thermal 
quenching, while Li+ produced strong anti-thermal quenching, 
yielding nearly a fourfold intensity increase at 550 K. These results 
demonstrate that alkali co-doping simultaneously lowers the quenching 
barrier and enables thermally assisted population feeding, ultimately 
stabilizing or enhancing Eu3+ emission at elevated temperatures.

Such dual functionality establishes LMBO:Eu3+,M+ phosphors as 
promising candidates for high-power pc-wLEDs, plant-growth illumi
nation, and other optoelectronic applications requiring robust perfor
mance under thermal stress.
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