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ABSTRACT 

We report a detailed spectroscopic investigation of Dy3+-doped fluoroindate (InF3-based) glass, aimed at assessing its 
suitability for visible laser applications. The f–f transition intensities were evaluated using a modified Judd–Ofelt theory 
incorporating configuration interaction effects: the radiative lifetime of the 4F9/2 manifold is 1.32 ms and the luminescence 
branching ratio for the 4F9/2 → 6H13/2 transition amounts to 50.2%. The corresponding stimulated-emission cross section is 
1.68 × 10-21 cm2 at 574 nm (yellow emission). For a doping concentration of 0.5 mol% DyF3, the luminescence lifetime is 
1.23 ms, yielding a near-unity luminescence quantum efficiency. The resonant excited state absorption from the long-
living terminal laser level is accounted by calculating the gain cross-section profiles indicating a gain bandwidth of ~10 nm. 
These results identify Dy3+:InF3 glass as a highly promising active medium for compact yellow fiber lasers and amplifiers. 
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1. INTRODUCTION 

In ongoing research for novel laser sources emitting in the visible and mid-infrared spectral ranges, fluoride glasses have 
emerged as promising host materials due to their low phonon energies and wide transparency windows. Although ZrF4-
based (ZBLAN) glasses currently dominate this field, fluoroindate (InF3-based) glasses offer several potential advantages, 
including lower phonon energy, improved rare-earth solubility, reduced concentration quenching, and extended infrared 
transparency [1–4]. Rare-earth-doped fluoroindate glasses are particularly suitable for efficient radiative transitions 
because the reduced multiphonon relaxation enhances the luminescence quantum yields. Dysprosium ions (Dy3+) 
(electronic configuration [Xe]4f 9) are of special interest due to their strong yellow emission near 575 nm, corresponding 
to the 4F9/2 → 6H13/2 electronic transition, which enables compact solid-state and fiber laser sources in a spectral region 
where efficient emitters remain limited. Achieving laser emission in Dy3+-doped materials, however, is challenging [5]. 
The weak absorption in the blue region, mainly associated with partially spin-forbidden transitions, limits pump efficiency, 
while cross-relaxation processes and reabsorption from the 6H13/2 lower laser level reduce population inversion. Recently, 
fiber laser geometries have demonstrated significant progress for yellow Dy3+ lasers pumped by GaN laser diodes, as the 
long interaction lengths and low dopant concentrations help mitigate these limitations [6]. Despite the favourable properties 
of InF3-based glasses, detailed spectroscopic investigations of Dy3+ in the visible spectral range remain relatively limited, 
particularly regarding absorption cross sections, gain characteristics, and the influence of reabsorption processes [7]. 
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In the present work, we report a comprehensive spectroscopic study of a fluoroindate glass doped with 0.5 mol% DyF3. 
Absorption and emission properties are analysed, and the radiative parameters and gain cross sections relevant to visible 
laser operation are evaluated. 

2. RAMAN SPECTROSCOPY 

Fluoroindate glass doped with 0.5 mol% Dy3+ ions was fabricated by Le Verre Fluoré. The glass were prepared by the 
melting-quenching technique using high-purity fluoride starting materials which were melted in platinum crucibles at T > 
800 °C under dry atmosphere. To prevent crystallization, the homogeneous melt was rapidly cooled by casting onto a 
metallic mold. The glass was annealed near the glass transition temperature to remove mechanical stress. 

The Raman spectrum of the studied Dy3+:InF3 glass is given in Fig. 1 and is compared to its ZrF4 counterpart. It has been 
measured using a Renishaw Qontor confocal laser microscope equipped with a ×50 Leica objective and a 2400 gr/mm 
diffraction grating, using an Ar+ ion laser (457 nm) as excitation source. The spectrum reveals two broad bands, indicating 
a disordered network with mixed bridging and non-bridging fluorine ions. The lower energy band at 150–350 cm-1 is 
assigned to the bending vibrations of the fluoroindate group while the most intense one spanning 350 to 600 cm-1 
corresponds to the In–F stretching vibrations of InF6 octahedra [8]. The asymmetry of the higher energy band possibly 
indicates to network modifier-fluorine bonds that fill the mid-frequency bands between 250 and 500 cm-1. No sharp peaks 
are visible in the spectrum, attesting that the glass is fully amorphous and ruling out crystallization upon rare-earth doping. 
The maximum phonon frequency is 508 cm-1, being lower as compared to ZBLAN glass (579 cm-1). 
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Figure 1. Raman spectra of Dy3+-doped InF3 and ZrF4 based glasses, numbers – phonon energies in cm-1, λexc = 457 nm. 

3. ABSORPTION SPECTROSCOPY AND JUDD-OFELT THEORY 

The absorption properties of Dy3+ ions in the InF3-based glass were measured using a spectrophotometer (Cary 5000, 
Agilent), with a spectral bandwidth of 0.4 nm in the visible and 1.5 nm in the near-infrared. The absorption cross-sections, 
were obtained from the formula σabs = αabs / NDy, where αabs is the absorption coefficient in cm-1, and NDy is the doping 
concentration of Dy3+ ions (NDy = 9.12×1019 atoms/cm3). The σabs spectra are depicted in Fig. 2. 
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Figure 2. Absorption cross-sections, σabs, of Dy3+ ions in the InF3-based glass in the (a) UV-blue and; (b) near-infrared 
spectral ranges. 



 
 

 

 

In the UV-blue spectral range, the observed absorption bands arise from transitions from the ground state 6H15/2 to the 4FJ, 
4IJ, 4GJ, 4DJ, 6PJ, 4HJ, and 2HJ excited manifolds, see Fig. 2(a). Among them, transitions terminating at the 6PJ levels (J = 
3/2, 5/2, and 7/2) are the most intense ones, due to their spin-allowed character (ΔS = 0). The maximum absorption cross-
section value is found for the 6H15/2 → 6P7/2 transition, σabs = 5.85×10-21 cm2 at 348.8 nm. In the blue, the 6H15/2 → 4I15/2 
transition exhibiting σabs of 0.86×10-21 cm2 at 452.2 nm (absorption bandwidth: 5.0 nm) is suitable for pumping with GaN 
laser diodes emitting at 450 nm. In the near-infrared spectral range, absorption bands are associated to transitions from the 
ground-state to the higher-lying 6FJ (J = 3/2, 5/2, 7/2, 9/2, and 11/2) and 6HJ’ (J’ = 7/2, 9/2, 11/2, and 13/2) energy levels. 

Based on the measured absorption spectra, f–f transition intensities of Dy3+ ions were analyzed in the framework of the 
Judd-Ofelt (J-O) theory. To improve the fitting of the experimental absorption oscillator strengths (fexp), a parametrization 
scheme accounting for intermediate configuration interaction (ICI) was implemented [9,10]. The experimental and 
calculated (fΣ

calc, Σ stands for ED + MD, ED – electric dipole, MD – magnetic dipole) absorption oscillator strengths 
obtained through both the standard theory and the ICI approximation are listed in Table 1. Here, <E> is the energy of the 
“center of gravity” of the absorption band, and Г is the integrated absorption coefficient. The use of the former model 
provides lower root mean square (r.m.s) deviation between the fexp and fΣ

calc values. 

Table 1. Intensities of transitions in absorption of Dy3+ ions in the InF3-based glass 
6H15/2→ <E>, 

cm-1 
Γ,  
cm-1.nm 

fΣ, 10-6 
fexp fΣ

calc (J-O) fΣ
calc (ICI) 

6H13/2 3461.2 108.55 1.499 
1.028ED+ 
0.336MD 

0.824ED+ 
0.336MD 

6H11/2 5897.3 28.041 1.080 0.958 1.126 
6H9/2 + 6F11/2 7802.6 43.720 2.952 3.021 2.983 
6F9/2 + 6H7/2  9146.7 24.0801 2.294 3.021 2.983 
6H5/2 + 6F7/2 11070 16.600 2.249 2.371 2.382 
6F5/2 12461 8.420 1.451 1.035 1.250 
6F3/2 + 6F1/2 13270 2.911 0.543 0.197 0.239 
4F9/2 21126 0.594 0.294 0.179 0.216 

4I15/2 22204 0.784 0.427 
0.356ED+ 
0.089MD 

0.498ED+ 
0.089MD 

4G11/2 23459 0.255 0.155 0.114 0.091 
4F7/2 + 4I13/2 + 4M21/2 + 
4K17/2 

25828 2.762 2.031 
2.204ED+ 
0.007MD 

2.690ED+ 
0.007MD 

4P5/2 + 4I11/2 + 4P7/2 + 4M15/2 
+ 4D5/2 + 4I9/2 

28618 7.168 6.347 
6.011ED+ 
0.011MD 

6.281ED+ 
0.011MD 

4G9/2 + 4P3/2 + 4M17/2 30809 1.758 2.62 0.950 1.386 
4K13/2 + 4F3/2 + 4K13/2 + 4D7/2 
+ 4H11/2 + 4H9/2 + 4F5/2 

33751 1.136 1.447 
1.017ED+ 
0.015MD 

1.264ED 

+0.015MD 
r.m.s. deviation    0.539 0.415 

 
The sets of intensity parameters for the two models applied are Ω2 = 0.139, Ω4 = 3.669, and Ω6 = 2.612 [10-20 cm2] for the 
standard parametrization scheme and Ω2 = 2.309, Ω4 = 3.241, Ω6 = 3.625 [10-20 cm2], R2 = –0.215, R4 = 0.228 and R6 = 
0.049 [10-4 cm] for the ICI one. 

The probabilities of spontaneous radiative transitions from the 4F9/2 metastable state, AΣ
calc(JJ’), were further calculated 

using the intensity parameters obtained within the ICI approximation. By using the total probability of radiative spontaneous 
transitions Atot = ΣJ’ AΣ

calc(JJ’), the radiative lifetime τrad = 1/ Atot as well as the luminescence branching ratios βJJ’ = 
AΣ

calc(JJ’) / Atot were computed. The results of the spontaneous radiative transition probabilities of Dy3+ ions are given in 
Table 2. Here, <λem> is the mean wavelength of the emission band predicted based o the energy barycenters of transitions 
in absorption. The analysis yielded a radiative lifetime of 1.32 ms for the 4F9/2 manifold. The luminescence branching 
ratios βJJ' are 50.2% and 30.3 % for the 4F9/2 → 6H13/2 and 4F9/2 → 6H15/2 transitions, respectively, indicates a strong yellow 
emission and a balanced yellow-to-blue ratio, Y/B = 1.66, which is favorable to achieve near-white light emission and 
carries potential for high efficiency white light emitting phosphors [11]. 
 



 
 

 

 

Table 2. Calculated probabilities of spontaneous radiative transitions of Dy3+ ions in the Dy:InF3 glass 
4F9/2→ <λem>, nm AΣ

calc(JJ’), s-1 βJJ’, % τrad, ms 
6F1/2 + 6F3/2 1272.9 0.22ED 0.03 1.23 
6F5/2 1154.1 1.55ED 0.2  
6H5/2 + 6F7/2 994.4 10.37ED +4.29MD 1.93  
6H7/2 + 6F9/2 834.8 28.38ED +6.96MD 4.66  
6H9/2 + 6F11/2 750.6 24.56ED +42.02MD 8.78  
6H11/2 656.6 20.60ED +9.63MD 3.99  
6H13/2 566.1 380.26ED 50.16  
6H15/2 473.4 229.30ED 30.25  

4. VISIBLE EMISSION SPECTROSCOPY 

The luminescence spectrum of Dy3+ ions in the visible spectral range was measured using the confocal laser microscope. 
It exhibits four bands related to transitions from the 4F9/2 metastable state to the lower-lying 6HJ levels, (J = 15/2, 13/2, 
11/2, 9/2) leading to cyan, yellow, red and deep-red emissions, respectively. The yellow emission centered at 573 nm is 
the most intense one. The corresponding emission bandwidth (FWHM) is 13 nm, being slightly broader than that for the 
ZrF4 glass (12 nm). This can be explained by a broader distribution of local crystal fields around the dopant ions in InF3 
based glass, as well as more polarizable host lattice, contributing to enhanced inhomogeneous spectral line broadening. 

The stimulated-emission (SE) cross-sections, σSE, of Dy3+ ions in the InF3-based glass were calculated via the Füchtbauer–
Ladenburg equation [12]:  

𝜎ௌா
௃௃ᇱ(𝜆) =

ఒఱ

଼గ௖ழ௡வమఛೝೌ೏
×

ఉ(௃௃ᇲ)ௐ಻಻ (ఒ൯

∫ ௐ಻಻ (ఒ)ௗఒ
,     (1) 

where λ is the light wavelength, c is the speed of light, <n> ~ 1.49 is the refractive index of the glass [1], τrad is the radiative 
lifetime of the emitting state, β(JJ') is the luminescence branching ratio for the considered J → J' transition, and Wi(λ) is 
the spectral profile of the considered emission band. The radiative transition probabilities obtained through the ICI theory 
were used in this calculation. The SE cross-section spectrum is depicted in Fig. 3(a). 
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Figure 3. (a) Stimulated-emission cross-sections, σSE, of Dy3+ ions in the fluoroindate glass for transitions from the 4F9/2 
manifold to the 6H15/2 (cyan), 6H13/2 (yellow), 6H11/2 (red), and 6H9/2 (deep-red) ones; (b) excited-state absorption cross-sections, 
σESA, for the 6H13/2 → 4F9/2 transition calculated using the reciprocity method. 

The maximum σSE reaches 1.68×10-21 cm2 at 573.8 nm for the 4F9/2 → 6H13/2 transition in the yellow, corresponding to an 
emission bandwidth of 13 nm, and for other colors, σSE = 0.43×10-21 cm2 at 480.5 nm (4F9/2 → 6H15/2), σSE = 0.19×10-21 cm2 
at 661.0 nm (4F9/2 → 6H11/2), and σSE = 0.82×10-21 cm2 at 750.2 nm (4F9/2 → 6H9/2). The relatively high stimulated-emission 
cross-section indicates the suitability of the fluoroindate glass for efficient visible laser applications. The broad emission 
bandwidth is favorable for applications in tunable lasers, as well as amplifiers. 

The 6H13/2 level in the low-phonon-energy fluoroindate glass has a non-negligible lifetime (measured to be 0.65 ms for 0.5 
mol% Dy3+ doping, by monitoring the 3 µm emission). It acts as the terminal laser level for the yellow transition, so that 
reabsorption via the resonant excited-state absorption (ESA) can significantly affect the net gain. The reciprocity method 
(McCumber formula) was used to estimate the σESA spectral profile: 
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where h is the Planck constant, υ is the light frequency, and kT is the product of the Boltzmann constant k and the absolute 
temperature (T = 25 °C) [13]. The resulting σESA spectrum in the yellow is presented in Fig. 3(b). It yields an estimation of 
the reabsorption cross section at the yellow emission wavelength of 1.42×10-21 cm2 at 573.8 nm. The gain cross-section 
spectra for the yellow 4F9/2 → 6H13/2 transition with different population inversion ratios β are presented in Fig. 4, with σgain 
= βσSE – (1 – β) × σESA. The resonant ESA is expected to slightly red shift the laser wavelength. 
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Figure 4. Gain cross-sections, σgain, for the 4F9/2 → 6H13/2 transition of Dy3+ ions in InF3 based glass for different population 
inversions β. 

The luminescence decay curve from the 4F9/2 metastable manifold of Dy3+ ions is presented in Fig. 5. Its shape is indicative 
of energy transfer processes between Dy3+ ions, namely 4F9/2 + 6H15/2 → 6F1/2 + 6H9/2 or 6F11/2 ; 4F9/2 + 6H15/2 → 6F5/2 + 6H5/2 
and 4F9/2 + 6H15/2 → 6H9/2 or 6F11/2 + 6F3/2. The mean luminescence lifetime amounts to 1.21 ms, corresponding to a 
luminescence quantum efficiency ηq = τlum / τrad of 91.7%. 
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Figure 5. Luminescence decay curve from the 4F9/2 metastable state of Dy3+ ions in the fluoroindate glass, points – 
experimental data, curve – their fit obtained by the Inokuti-Hirayama model. 

A fit of the luminescence decay curve was provided using the Inokuti-Hirayama model [14] for multipolar interactions: 
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where I is the luminescence intensity, t is time, τ0 is the intrinsic luminescence lifetime (without interactions between Dy3+ 
ions), R0 is the critical radius at which the probability of radiative and cross-relaxation processes become equal, N is the 
ion density, Γ is the gamma function, and s is a parameter indicating the character of interactions between the active ions. 
The best fit is obtained for a value of s = 6 which accounts for dipole-dipole interactions and yields a value for τ0 of 
1.38 ms. 

5. CONCLUSIONS 

To conclude, Dy3+ ions in fluoroindate glass combine broad absorption in the blue, around 450 nm, intense and wide 
emission in the yellow (σSE = 1.68×10-21 cm2 at 573.8 nm, luminescence branching ratio: 50.2%), as well as a high 
luminescence quantum efficiency of >91% and a long luminescence lifetime of 1.21 ms. These features make it attractive 



 
 

 

 

for the development of visible fiber lasers and amplifiers directly pumped by blue GaN diode lasers. The fiber geometry 
in this case will resolve the problem of relatively weak absorption in the blue originating from the spin forbidden nature 
of the corresponding optical transitions. From the material point of view, optimization of Dy3+ content may help to find a 
compromise between excessive self-quenching of luminescence via cross-relaxation and enhanced pump absorption. 
Codoping of the glass with Tb3+ ions may be considered as a way to quench the 6H13/2 manifold in order to improve yellow 
laser efficiency and avoid self-pulsing common for Dy visible lasers. 
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