
Results in Materials 21 (2024) 100517

Available online 25 December 2023
2590-048X/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Effect of mixed alkali ions on the structural and spectroscopic properties of 
Nd3+ doped silicate glasses 

Israel Montoya Matos a,*, Naira M. Balzaretti b,** 

a Universidad de Lima, Av. Javier Prado Este 4600, Lima, 15023, Peru 
b Institute of Physics, Universidade Federal do Rio Grande do Sul, Porto Alegre (RS), 91501-970, Brazil   

A R T I C L E  I N F O   

Keywords: 
Vis-NIR spectroscopy 
Luminescence 
Judd-Ofelt theory 
Nd3+

Alkali silicates 

A B S T R A C T   

In the present work the effect of alkali ions (Li, Na, K) and the combination of them on structural and spec-
troscopic properties of Nd3+ doped silicate glasses were systematically investigated. Results from infrared and 
Raman spectroscopy, as well as density and refractive index, were used to investigate the effect on the structural 
properties of the silicate glasses. Absorption and emission spectra of the glass samples were measured in the UV- 
VIS and NIR ranges. Relatively large, stimulated emission cross-section at 1.06 μm was obtained for samples 
containing a combination of alkali ions, especially with potassium. Moreover, the splitting induced by the Stark 
effect on the hypersensitive transition of Nd3+,4I9/2 → 4G5/2, 2G7/2 was larger for the samples containing po-
tassium, probably due to its larger ionic size. Judd-Ofelt theory was applied to evaluate the phenomenological 
intensity parameters Ω2, Ω4, Ω6, transition probabilities, radiative lifetimes and branching ratios related to Nd3+

ions, calculated from optical absorption and luminescence spectra and the results were compared to the values 
obtained for different Nd-doped glasses reported in the literature.   

1. Introduction 

Trivalent rare-earth (RE) ions have a wide range of applications 
related to their sharp and intense electronic transitions in the visible and 
NIR regions, standing out their use as active media for laser and optical 
amplifiers [1–6]. From the scientific point of view, the energy, profile 
and intensity of the absorption and emission bands depend on the dis-
tribution of charges in the first coordination shell of RE ions and, 
therefore, their optical spectra can be used as structural probes for 
estimating local field parameters within a given host glass [7]. Ratna-
karam et al. [8–12], studied the optical properties of Nd3+ ions in mixed 
alkali borate, fluoroborate and chloroborate glasses. De La Rosa-Cruz 
et al. [13] investigated the spectroscopic characterization of Nd3+ ions 
in barium fluorophosphates glasses. 

Silica may be an ideal host matrix for Nd3+ ions for using as amplifier 
for long distance optical communications due to its high thermal sta-
bility, transparency from UV to NIR, low thermal expansion coefficient 
and low refractive index [14,15]. However, a fully polymerized silica 
glass would not have non-bridging oxygen atoms required to fulfill the 
charge balance of the RE ions, resulting in low solubility of high-field 

strength RE ions. In fact, clustering and microscale phase separation 
have been observed even for very small amounts of RE ions on silicate 
glasses [16]. This segregation may induce fluorescence quenching due to 
the non-radiative energy transfer between the RE ions within each 
cluster, decreasing the amplification efficiency of the glass fibers. 
However, results obtained from EXAFS analysis showed that the addi-
tion of Al, P or alkali ions in silica was able to open the silicate network, 
creating non-bridging oxygen atoms that allow a homogeneous disper-
sion of RE ions, avoiding segregation [16]. 

In the present work the spectroscopic properties of Nd3+ ions were 
used to investigate the local structure of alkali (Li, Na, K) and mixed 
alkali (LiNa, NaK, KLi) oxides in silica. It is known for a long time that 
the gradual replacement of one alkali oxide by another induces 
nonlinear changes in certain physical properties of glasses [17,18] and 
the explanation for this effect in terms of the atomic structure is not 
simple due to the amorphous nature of the glass. In 1987, LaCourse [19] 
proposed a model for the effect of the mixed alkali oxides considering 
that during cooling, the alkali ions tend to form their own environment 
of "balance" surrounded by non-bridged oxygen atoms. This effect de-
pends on the difference between the radii of the two ions as well as on 

* Corresponding author. 
** Corresponding author. 

E-mail addresses: imontoya@ulima.edu.pe (I. Montoya Matos), naira@if.ufrgs.br (N.M. Balzaretti).  

Contents lists available at ScienceDirect 

Results in Materials 

journal homepage: www.sciencedirect.com/journal/results-in-materials 

https://doi.org/10.1016/j.rinma.2023.100517 
Received 10 October 2023; Received in revised form 11 December 2023; Accepted 21 December 2023   

mailto:imontoya@ulima.edu.pe
mailto:naira@if.ufrgs.br
www.sciencedirect.com/science/journal/2590048X
https://www.sciencedirect.com/journal/results-in-materials
https://doi.org/10.1016/j.rinma.2023.100517
https://doi.org/10.1016/j.rinma.2023.100517
https://doi.org/10.1016/j.rinma.2023.100517
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rinma.2023.100517&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Results in Materials 21 (2024) 100517

2

their electronic polarizabilities. 

2. Materials and methods 

2.1. Sample preparation 

Analytical reactants Li2CO3, Na2CO3, K2CO3, SiO2 and Nd2O3 (99.99 
% purity grade from Sigma-Aldrich) and melt quenching technique were 
used for sample preparation. Table 1 shows the glass compositions 
investigated in this work. 

Since carbonates and silica are highly hygroscopic, they were 
initially dried at 200 ◦C during 1–2 h. The reactants were, then, mixed in 
a high-energy planetary mill for 2 h at 150 rpm. The mixture was placed 
in a platinum crucible, heated at 700–800 ◦C to eliminate CO2 [20] and 
then, melted at 1550 ◦C for 2h in air. The melted was quickly poured into 
a preheated stainless-steel mold and annealed at 350 ◦C for 4h. After 
that, it was cooled down slowly to room temperature. 

2.2. Analytical techniques 

Density of the samples was measured using the Archimedes method 
(analytical balance Shimadzu AUW220D 0.1mg/0.01 mg) with distilled 
water as the immersion liquid. The refractive index was measured using 
a SOPRA GES-5E ellipsometer. The amorphous nature of the sample was 
confirmed by X-ray powder diffraction using a diffractometer Siemens 
model D500. The FTIR transmittance spectra were measured using a 
Bomem MB100 spectrometer using KBr pellets. Raman spectra were 
measured using HeNe laser as excitation source. The absorption spec-
trum of the polished glasses was measured using a Shimadzu UV-2450 
UV–Vis spectrometer in the 300–1000 nm range and the results were 
used to calculate the absorption cross section using the Beer- Lambert 
law. Photoluminescence (PL) data were measured using CryLas GmbH 
488 nm CW laser as pumping source. The PL signal was dispersed by an 
Acton SP2300 monochromator and detected by a Pixis 256E CCD. The 
detected signal was feed to a SR430 multichannel analyzer and trans-
ferred to a computer running acquisition software. 

2.3. Optical properties 

The intensity of the absorption bands of RE ions in a host glass can be 
expressed as oscillator strengths, successfully estimated by the Judd- 
Ofelt (JO) theory [21,22] which defines a set of three parameters (Ω2, 
Ω4, Ω6) susceptible to the environment of the RE ion. The parameter Ω2 
is related to the covalence of the metal ligand bond while Ω4 and Ω6 is 
related to the rigidity of the host matrix. The radiative transition prob-
abilities, radiative lifetime and branching ratios can be calculated from 
the JO parameters. Glass composition has influence on the stimulated 
cross section, bandwidth and refractive index and, therefore, on the JO 
parameters. Due to the characteristic lack of long-range order in glasses, 
the local environment of the RE ions should be slightly different from 
one site to another, resulting in broad absorption bands. The 
crystal-field splitting is also responsible for broadening of these bands 
[7]. 

It has been assumed that in oxide glasses, the RE ion has 8 neigh-
boring oxygen atoms shared with the corners of the glass forming 

tetrahedra. In the case of Nd3+, its 4f3 electrons are shielded by the 
5s25p6 electrons, being weakly perturbed by the surrounding atoms. 
Changes in the energies of the 2S+1LJ multiplets of Nd3+ when it is 
embedded in a glass host arise from its charge transfer with the ligand, 
called nephelauxetic effect, which induces a contraction of the energy 
level structure of the ion in the glass [7]. For lanthanide ions there are 
certain f-f transitions which are exceptionally sensitive to the local 
environment, known as hypersensitive transitions (ΔJ ≤ 2, ΔL ≤ 2 and 
ΔS = 0). For Nd3+, they correspond to the 4I9/2 → 4G5/2 and 2G7/2 
transitions, which are in the visible range. The addition of alkali ions as 
network modifiers in oxide glasses induces the formation of 
non-bridging oxygen atoms, changing the forming cation coordination 
number. This effect induces changes in the lanthanide-oxygen distances 
and, therefore, should affect the optical properties of the RE ion [7]. 

3. Results and discussions 

The X-ray diffraction pattern of the samples glass shown in Fig. 1 
confirmed its amorphous structure. 

Table 1 
Chemical composition of the glass samples.  

Sample notation Glass compositions (mol%) 

LS-Nd 33.0 Li2O + 66.0 SiO2 + 1.0 Nd2O3 

NS-Nd 33.0 Na2O + 66.0 SiO2 + 1.0 Nd2O3 

KS-Nd 33.0K2O + 66.0 SiO2 + 1.0 Nd2O3 

LNS-Nd 16.5 Li2O + 16.5 Na2O + 66.0 SiO2 + 1.0 Nd2O3 

NKS-Nd 16.5 Na2O + 16.5 K2O + 66.0 SiO2 + 1.0 Nd2O3 

LKS-Nd 16.5 Li2O + 16.5 K2O + 66.0 SiO2 + 1.0 Nd2O3  

Fig. 1. X-ray diffraction pattern, (a) alkali silicate glasses, (b) alkali mixed 
silicate glasses. 
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Fig. 2. FTIR spectra of the alkali (a) and mixed alkali (b) silicate glasses. (the 
narrow band close to 2300 cm-1 is due to CO2 from the ambient). Fig. 3. Raman spectra of the alkali (a) and mixed alkali (b) metal silicate 

glasses doped with Nd3+. 
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Fig. 2 shows the FTIR spectra of the alkali and mixed alkali silicate 
glasses. Amorphous silica can be considered as a random network of 
Si–O tetrahedra whose infrared vibrations would be at ~1100 cm− 1 and 
between 400 and 600 cm− 1. The band at ~1100 cm− 1 is due to the Si–O 
stretching within the tetrahedra and the band at ~950 cm− 1 is due to the 
stretching of the non-bridged terminal Si–O. The band at ~790 cm− 1 is 
due to the stretching of the bridged Si–O–Si between tetrahedra and the 
band at ~460 cm− 1 is due to bending modes involving Si–O–Si and 
O–Si–O. According to Muralidharan et al. [23] the Si–O–Si and Si–OH 
bending modes are sharpened with the introduction of Nd3+ ion since 
the introduction of rare earth ions alters the environment of the defect 
centers in silica. Also, the addition of alkali ions would decrease the local 
symmetry due to the formation of non-bridging oxygen bonds, giving 
rise to a stretching mode at ~950 cm− 1 [24]. The band close to ~3500 
cm− 1 is related to OH group. Comparing the spectra shown in Fig. 2a, all 
of them present a shoulder at ~950 cm− 1, more pronounced for LS and 
NS samples, indicating the formation of non-bridged terminal Si–O. 
Also, the relative intensities of the peaks corresponding to the Si–O 
stretching from the tetrahedra and from the non-bridged Si–O are 
practically the same for LS and NS samples, but, for KS sample, the band 
at ~1100 cm− 1 is narrower, suggesting that K is not so effective in 
creating non-bridged oxygen atoms in silica as Li and Na alkali ions. The 
intensity of the band related to OH group is also more pronounced for KS 
sample, which is highly hygroscopic. Fig. 2b shows the spectra for the 
mixed alkali samples which are very similar in all the spectral range 
investigated, even for samples containing K. 

Fig. 3 shows the Raman spectra of the samples. For pure silica, the 
Raman spectrum contains a large and asymmetric band at ~440 cm− 1 

related to bonded oxygen and silicon from the glassy network and a 
sharp band at ~492 cm− 1 related to the SiO4 tetrahedra. A broad band at 
~800 cm− 1 is related to the network of the SiO2 glass, a band at ~600 
cm− 1 is related to defects, bands at 1060 and 1190 cm− 1 are related to 
Si–O–Si vibrations and a band at ~950 cm− 1 is related to chains of SiO4 
tetrahedra [25]. According to Matson et al. [24], the introduction of 
alkali ions in the silica network induces changes in the Raman spectrum 
depending on the ion type and concentration. The stretching of 
non-bonding oxygen on SiO4 tetrahedra due to the alkali ion appears at 
~1100 cm− 1. If the band at ~440 cm− 1, related to the silica network, 
remains in the alkali silicate glass, it indicates that the distribution of the 
ions is not homogeneous. The intensity of this band would be related to 
the trend of ion cluster formation, detected for the smaller ions, Li and 
Na, but not for the larger ones, K, Rb and Cs, that would be randomly 
distributed in the silica glass surrounded by non-bonding oxygen atoms 
[24,25]. Fig. 3a shows that, in fact, a large band at ~440 cm− 1 still exists 
for the LS sample, suggesting formation of Li clusters, but it was not 
clearly observed for the other samples, indicating homogeneous distri-
bution of the alkali ions in the silica glass except for LS sample. An 
intense band is observed for all samples close to 600 cm− 1, related to 
defects in the silica network, probably induced by the alkali ions (cre-
ation of non-bonding oxygen atoms). Consistently, the bands close to 

~1100 cm− 1 and ~950 cm− 1 are also observed for all samples while the 
band at ~800 cm− 1, related to the silica network, was not observed. The 
Raman spectra of mixed alkali glasses are shown in Fig. 3b, where the 
low intensity of the band around 440 cm− 1 indicate little formation of 
alkali clusters. The most intense band occurs around 600 cm− 1 with 
small shifts to the right due to the creation of non-binding oxygen due to 
the presence of the alkali ion mixture. 

Table 2 
Physical properties of Nd+3 doped alkali and mixed alkali metal ion silicate samples.  

Sample LS-Nd NS-Nd KS-Nd LNS-Nd NKS-Nd LKS-Nd 

Density, ρ (gm/cm3) (±0.0005) 2.4951 2.4809 2.4694 2.4704 2.4935 2.5556 
Refractive index (n) (585 nm) 1.6110 1.5860 1.4450 1.4880 1.4320 1.4810 
Concentration of Nd3+, N 

(x1020 ions/cm3) 
2.23 1.92 1.68 2.05 1.80 1.97 

Molar Volume (Vm) (cm3/mol) 27.0135 31.4376 35.8893 29.4275 33.4106 30.5265 
Polaron radius, rp (Å) 6.6447 6.9893 7.3048 6.8370 7.1326 6.9211 
Interionic distance, ri (nm) 1.6492 1.7347 1.8130 1.6970 1.7703 1.7178 
Field strength, F (x1016cm− 2) 6.7946 6.1412 5.6222 6.4178 5.8970 6.2628 
Reflection losses (RL) (x10− 2) 5.4760 5.1349 3.3125 3.8471 3.1552 3.7586 
Molar refraction (Rm) (cm3/mol) 9.3780 10.5506 9.5519 8.4784 8.6658 8.6873 
Optical dielectric constant 1.5953 1.5153 1.0880 1.2141 1.0506 1.1933 
Dielectric constant (ε) 2.5953 2.5153 2.0880 2.2141 2.0506 1.1933 
Molar polarizability (αm) x 10− 22cm3 3.7279 4.1828 3.7868 3.3612 3.4355 3.4440  

Fig. 4. Room temperature optical absorption spectra of the alkali (a) and mixed 
alkali (b) metal silicate glasses doped with Nd3+. 
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Table 2 shows some physical properties of the samples, calculated 
from the experimental results for density (ρ) and refractive index. The 
density values are like the results found in the literature for alkali sili-
cates [25]. These properties, including the concentration of Nd3+ ions, 
depend on the specific alkali ion, as should be expected. The value of the 
Nd3+ ion concentration decreases as the size of the alkali ion increases 
and, for the mixed alkali silicates, it is in-between the values for the 
individual alkali silicates. The larger the volume of the alkali ion, the 
lower the values of the field strength, refractive index and density. 
Consistently, the polaron radius and interionic distance, on the other 
hand, are larger for the larger alkali ions. 

Fig. 4 shows the optical absorption spectra measured for Nd3+ doped 
alkali and mixed alkali silicate samples, containing the identification of 
the correspondent electronic transitions from the ground state 4I9/2. It is 
possible to see that the relative intensities of the absorption bands are 
different for each sample due to the distinct local fields surrounding the 
Nd3+ ions in these host glasses. Considering the hypersensitive transi-
tion of Nd3+,4I9/2 → 4G5/2, 2G7/2, the splitting induced by the Stark effect 
is clearly seen, been more pronounced for the samples containing K, 
which has the larger ionic radius of the alkali ions investigated in this 
work. The relative intensities of the Nd3+ bands and the extent to which 
the fine structure of these bands can be observed is related to the Nd–O 
interaction and polarization of oxygen ions in the presence of the 
network former ions. For alkali modifiers with the same charge, the 
smallest ion, Li+, should introduce the largest polarization and lead to 
the strongest ligand field. Conversely, the weakest ligand field should be 
for the largest ion, K+. According to Giri et al. [26], glassy alkali silicates 
containing Li and Na tend to be covalently packed while K tends to 
induce ionic packing due to its larger volume and coordination number. 
According to the results for polaron ratios and field strengths presented 
in Table 2, the same correlation was observed for the mixed alkali 
silicates. 

The nephelauxetic parameter, β, of an absorption transition is related 

to the covalence between the RE ion and the surrounding ligands and it 
is given by β = υ/υf , where uf and u are the wavenumbers of the ab-
sorption bands of the free ion (in solution) and the probe ion in a given 
host matrix, respectively [27]. The bonding parameter is given by δ =

[(1 − β)) /β] ∗ 100, where β is the average nephelauxetic parameter 
considering all the absorption bands. Table 3 shows the values for these 
parameters calculated for the alkali and mixed alkali silicates. The 
wavenumbers corresponding to the free Nd3+ ion is shown in the last 
column [28]. The value of δ may be positive or negative, depending on 
the interaction between the RE ion and the ligands, indicating covalent 
or ionic bonding, respectively [28–30]. The positive values shown in 
Table 4 indicate a covalent interaction between Nd3+ and the ligand ion 
in the alkali silicates investigated. This was not the case observed by 
Kumar et al. [31] for Nd3+ ion in alkali lead zinc borate glasses, where 
the bonding parameter had negative values. 

The oscillator strengths of the absorption transitions were calculated 
using the JO theory [21,22] to determine the parameters Ωλ (λ = 2, 4 
and 6) following the least squares fitting approximation method. The 
results are shown in Tables 4 and 5. The relatively small rms deviations 
between experimental and calculated spectral intensities demonstrate 
the validity of the JO theory for these samples. The spectral intensities 
are smaller for the alkali and mixed alkali silicates containing potassium 
compared to lithium and sodium. The opposite effect was observed for 
alkali and mixed alkali lead zinc borate glasses doped with Nd3+ [32]. 

Table 5 shows the Judd-Ofelt intensity parameters Ωλ (λ = 2, 4 and 6) 
for the alkali and mixed alkali silicate samples investigated in this work, 
compared to the values found in the literature for different glass hosts. 
The spectroscopic quality factor X = Ω4/Ω6 is used to predict the stim-
ulated emission in a laser active medium [32,36,37]. 

Considering Li and Na, the value of Ω2 is very similar for silicate, 
phosphate and lead zinc borate glasses and it is larger for borate glass, 
suggesting that the RE site shows higher asymmetry for this glass 
composition. Glasses containing K show larger values of Ω2 for silicate 

Table 3 
Nephelauxetic parameters, β, and bonding parameter, δ, calculated from the average value of β. The last column presents the wavenumbers corresponding to the 
absorption bands of the free Nd3+ ions.  

Transition from 
4I9/2 → 

LS-Nd NS-Nd KS-Nd LNS-Nd NKS-Nd LKS-Nd ν cm− 1 [28] 

4F3/2 0.993805 0.991536 0.990401 0.993805 0.991536 0.99267 11460 
4F5/2, 2H9/2 0.990985 0.988512 0.986039 0.988512 0.986039 0.987316 12535 
4F7/2, 4S3/2 0.99963 1.002296 1.003704 0.990222 0.992889 0.991556 13500 
4F9/2 0.99449 0.993061 0.991633 0.995986 0.993061 0.99449 14700 
4G5/2, 2G7/2 0.985213 0.983544 0.981818 0.983544 0.980322 0.981818 17380 
2K13/2, 4G7/2, 4G9/2 0.978507 0.976647 0.96931 0.978507 0.96931 0.974787 19355 
2K15/2, 2G9/2,

2 D3/2, 4G11/2 0.996042 0.993969 0.991849 0.996042 0.991849 0.993969 21225 
2P1/2 0.997892 0.995613 0.99329 0.997892 0.995613 0.997892 23250 
4D3/2, 4D1/2, 4D5/2 0.981121 0.975657 0.972925 0.995061 0.992224 0.997898 28550 
β 0.990854 0.988982 0.986774 0.991064 0.988094 0.990266  
Δ 0.9231 1.1141 1.3403 0.9017 1.205 0.9829   

Table 4 
Experimental and calculated oscillator strengths (x10− 6) of Nd3+ in alkali and mixed alkali silicate glasses.  

Transitions from 
4I9/2 → 

LS-Nd NS-Nd KS-Nd LNS-Nd NKS-Nd LKS-Nd  

fexp fcal fexp fcal fexp fcal fexp fcal fexp fcal fexp fcal 

4F3/2 1.47 1.67 1.16 1.49 0.84 1.18 1.38 1.69 1.39 2.54 1.01 1.42 
4F5/2, 2H9/2 5.27 5.20 4.05 4.16 2.69 2.91 4.91 5.12 5.37 5.71 3.70 3.83 
4F7/2, 4S3/2 5.01 5.30 3.92 4.03 2.60 2.54 4.94 5.20 4.96 4.75 3.56 3.62 
4F9/2 0.36 0.42 0.29 0.33 0.13 0.22 0.33 0.41 0.32 0.42 0.26 0.29 
4G5/2, 2G7/2 14.2 14.3 15.0 15.1 17.3 17.3 15.0 15.2 23.2 23.3 14.2 14.2 
2K13/2, 4G7/2, 4G9/2 4.50 3.51 3.99 3.15 3.22 2.71 4.46 3.56 5.13 4.69 3.63 2.95 
2K15/2, 2G9/2,

2 D3/2, 4G11/2 1.13 0.92 0.89 0.78 0.61 0.58 0.93 0.92 0.90 1.18 0.79 0.72 
2P1/2 0.38 0.43 0.37 0.40 0.33 0.32 0.39 0.44 0.37 0.73 0.31 0.38 
4D3/2, 4D1/2, 4D5/2 7.81 7.94 7.36 7.40 6.03 6.00 8.18 8.23 13.4 13.1 7.09 7.10 
I?rms x 10− 7 4.44 3.79 2.70 4.22 5.75 3.32  
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and lead zinc borate glasses. As can be seen, the larger the alkali ion, the 
larger is the Ω2 value, independent of the glass composition. For the 
mixed alkali glasses, large values of Ω2 have been obtained for borate 
glasses containing Li and Na, and Na and K. The values obtained in this 
work are similar to the values obtained for lead zinc borate glasses. Very 
low values of Ω4 and Ω6 were obtained for KS sample, suggesting lower 
rigidity compared to the other compositions investigated and to other 
glass hosts. The values of Ω6 for alkali silicates are consistently lower 
than the values for borates, phosphates and lead zinc borate glasses. The 
values for the spectroscopic quality factor are larger than 1 for NS, KS, 
NKS and LKS samples, while the values found in the literature for borate, 
phosphate and lead zinc borate glasses containing alkali ions are smaller 
than 1, as shown in Table 5. 

The luminescence spectra of the samples in the NIR region, obtained 
under excitation at 488 nm, are shown in Fig. 5, containing the char-
acteristic Nd3+ bands at 890 nm, 1054 nm and 1330 nm, assigned to the 
transitions 4F3/2 → 4I9/2, 4F3/2 → 4I11/2 and 4F3/2 → 4I13/2, respectively. 
The intensity of the 4F3/2 → 4I11/2 laser transition is dependent on the so- 
called spectroscopic quality parameter, c = Ω4/Ω6 [35,38,39]. The χ 
values found in this work is in-between 0.88–1.82, which are well within 
the range of 0.51–1.40 found in Nd3+-doped crystals. In this range both 
4F3/2 → 4I9/2 and 4F3/2 → 4I11/2 laser channels possess equal probability 
for laser action [40–42]. The splitting of these bands, related to the Stark 
effect, and the peak intensities are more pronounced in the presence of 
K, compared to Li and Na. The same behavior was observed for the 
mixed alkali silicates, where the presence of K increases the splitting and 
the intensity of the luminescence bands. The size of the alkali ion (or the 
combination of them) affects the ligand field at the RE site and, there-
fore, the transition probabilities. The JO intensity parameters were used 
to calculate the radiative transition probabilities (Arad), branching ratios 
(βR) and radiative lifetimes (τR), shown in Table 6. The radiative lifetime 

Table 5 
Judd Ofelt parameters (x 10− 20 cm2) and spectroscopic quality factor for Nd3+

doped alkali and mixed alkali metal silicate glasses compared to the values 
found in the literature.  

Glass composition Ω2 Ω4 Ω6 c =
Ω4/Ω6 

LS (33.0 Li2O + 66.0 SiO2 + 1.0 Nd2O3) this 
work 

3.71 3.68 4.14 0.88 

30 Li2O+70B2O3 [33] 4.20 3.89 4.74 0.82 
30 Li2O+60P2O5+10Al2O3 [33] 3.71 4.70 5.15 0.91 
20 Li2O + 53 B2O3 + 15 PbO + 10 ZnO + 2 

Nd2O3 [31] 
3.51 4.61 4.83 0.95 

NS (33.0 Na2O + 66.0 SiO2 + 1.0 Nd2O3) this 
work 

3.84 3.06 2.72 1.11 

30 Na2O+70B2O3 [33] 4.91 3.28 4.51 0.72 
30 Na2O+60P2O5+10Al2O3 [33] 3.82 4.74 5.53 0.86 
20 Na2O + 53 B2O3 + 15 PbO + 10 ZnO + 2 

Nd2O3 [31] 
3.84 4.59 4.99 0.92 

KS (33.0K2O + 66.0 SiO2 + 1.0 Nd2O3) this 
work 

5.46 2.81 1.85 1.51 

30 K2O+70B2O3 [33] 4.94 3.10 3.42 0.91 
30 K2O+60P2O5+10Al2O3 [33] 3.94 4.79 5.61 0.85 
20 K2O + 53 B2O3 + 15 PbO + 10 ZnO + 2 

Nd2O3 [31] 
6.07 3.88 5.68 0.68 

LNS (16.5 Li2O + 16.5 Na2O + 66.0 SiO2 + 1.0 
Nd2O3) this work 

3.84 3.62 3.82 0.95 

16 Li2O+16 Na2O+67B2O3 [9] 8.39 6.51 10.01 0.65 
10 Li2O + 10 Na2O + 53 B2O3 + 15 PbO + 10 

ZnO + 2 Nd2O3 [31] 
3.63 5.15 5.19 0.99 

NKS (16.5 Na2O + 16.5 K2O + 66.0 SiO2 + 1.0 
Nd2O3) this work 

5.89 6.29 3.45 1.82 

15 Na2O+15 K2O+70B2O3 [34] 10.73 7.31 7.47 0.98 
15 Na2O+15 K2O+69P2O5 [35] 6.94 6.85 9.61 0.71 
10 Na2O + 10 K2O + 53 B2O3 + 15 PbO + 10 

ZnO + 2 Nd2O3 [31] 
4.49 5.64 5.62 1 

LKS (16.5 K2O + 16.5 Li2O + 66.0 SiO2 + 1.0 
Nd2O3) this work 

3.88 3.21 2.63 1.22 

10 Li2O + 10 K2O + 53 B2O3 + 15 PbO + 10 
ZnO + 2 Nd2O3 [31] 

3.89 5.41 5.52 0.98  

Fig. 5. NIR luminescence spectra of the alkali (a) and mixed alkali (b) metal 
silicate glasses doped with Nd3+. 

Table 6 
Radiative transition probabilities Arad (s− 1), branching ratio βR and radiative 
lifetime τrad (ms) for Nd3+ doped alkali and mixed alkali silicate glasses.  

Transition from 4F3/2 to ΔE (cm-1)  

Arad (s− 1) βR τrad (ms) 

LS-Nd 4I9/2 11064 130.85 0.318 2.434 
4I11/2 9372 236.25 0.575 
4I13/2 7491 43.65 0.106 

NS-Nd 4I9/2 11248 154.13 0.372 2.414 
4I11/2 9407 220.44 0.532 
4I13/2 7518 39.59 0.095 

KS-Nd 4I9/2 11273 105.25 0.433 4.120 
4I11/2 9497 117.30 0.483 
4I13/2 7605 20.154 0.083 

LNS-Nd 4I9/2 11243 149.79 0.339 2.268 
4I11/2 9392 245.9 0.557 
4I13/2 7504 45.07 0.102 

NKS-Nd 4I9/2 11274 229.05 0.470 2.053 
4I11/2 9414 221.12 0.454 
4I13/2 7518 36.79 0.075 

LKS-Nd 4I9/2 11243 131.18 0.387 2.958 
4I11/2 9401 175.66 0.512 
4I13/2 7511 31.211 0.091  
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of the KS sample is relatively high compared to the other samples. The 
branching ratios are larger for 4F3/2 to 4I11/2 and decreases from Li, 
Na to K silicates. 

Table 7 presents the results obtained for the stimulated emission 
cross-section σ(λp), where λp is the emission peak wavelength and Δλeff is 
the effective line width. The values for the combination of alkali ions are 
slightly larger. These results are like values reported in the literature for 
Nd3+ doped glasses [42–44]. 

4. Conclusions 

FTIR and Raman spectra indicated some subtle changes in the silica 
network dependent on the alkali ion or mixture of them. The intensity of 
the emission bands in the NIR region of the samples containing K is 
relatively high compared to the samples containing Li and Na. The larger 
the volume of the alkali ion, the lower the values of the field strength, 
refractive index and density. The splitting induced by the Stark effect on 
the hypersensitive transition of Nd3+,4I9/2 → 4G5/2, 2G7/2 is clearly seen, 
been more pronounced for the samples containing K. The spectroscopic 
quality factor is larger than 1 for sodium, potassium, sodium-potassium 
and lithium-potassium silicate glasses. The branching ratio is larger for 
4F3/2 to 4I11/2 transition and decreases from Li, Na to K silicates. The 
stimulated emission cross-section obtained was similar to the values 
reported in the literature for Nd3+ in different glasses. 
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