
HAL Id: tel-03227516
https://theses.hal.science/tel-03227516

Submitted on 17 May 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Eu3+ ion environment modification by Electron and
femtosecond laser irradiation in metaphosphate and

polyphosphate glasses
Mohamed Mahfoudhi

To cite this version:
Mohamed Mahfoudhi. Eu3+ ion environment modification by Electron and femtosecond laser ir-
radiation in metaphosphate and polyphosphate glasses. Physics [physics]. Université Paris Saclay
(COmUE), 2019. English. �NNT : 2019SACLX066�. �tel-03227516�

https://theses.hal.science/tel-03227516
https://hal.archives-ouvertes.fr


                                                                                                                                                      
 

Eu3+ ion environment modification by 

Electron and femtosecond laser 

irradiation in metaphosphate and 

polyphosphate glasses 
 
 

Thèse de doctorat de l'Université Paris-Saclay 
préparée à Ecole Polytechnique 

 
 

École doctorale n°573 : interfaces : approches interdisciplinaires, 
fondements, applications et innovations (Interfaces)  

Spécialité de doctorat: Physique 
 

 
Thèse présentée et soutenue à Palaiseau, le 30 septembre 2019, par 

 

 

Mohamed Mahfoudhi  
 
 
 
 
Composition du Jury : 
                                                                  
Gacoin Thierry 
Professor, École Polytechnique (UMR 7643)                Président  
Grégorit Tricot 
Doctor, Université de Lille (UMR 8516)    Rapporteur 
Mohamed Bouazaoui 
Professor, Université de Lille (UMR 8523)                              Rapporteur 
Yannick Petit 
Doctor, ICMCB Bordeaux (UMR 5026)    Examinateur 
Gavin Mountjoy 
Doctor, University of Kent (UK)                    Examinateur 
Ollier Nadège 
Doctor, Ecole Polytechnique (UMR 7642)                     Directeur de thèse 
Matthieu Lancry 
Doctor, Université Paris-Sud (UMR 8182)                                       Invité

N
N

T
 :
 2

0
1

9
S

A
C

L
X

0
6
6
 



   

2 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

3 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

4 
 

Résumé :  

Les verres phosphates dopés terres rares (TR) sont des matériaux attractifs en optique en 

raison de leur basse température de transition vitreuse et de leur grande capacité à dissoudre 

les ions de terres rares par rapport aux verres silicates. Dans ce travail, nous sommes 

intéressés à comprendre les mécanismes conduisant aux modifications structurelles des 

verres polyphosphates de zinc et métaphosphates sous différents types d'irradiations afin 

d'étudier et de contrôler l'environnement des ions dopants RE (ions Eu3+ en particulier) et les 

propriétés de luminescence qui en résultent. Des électrons de 700 KeV et 2.5 MeV 

(Accélérateur SIRIUS, Laboratoire des Solides Irradiés LSI) ont été utilisés ainsi que des 

impulsions laser femto seconde (Institut de Chimie Moléculaire et des Matériaux d'Orsay 

ICCMO) (1030 nm, 250fs, 0.1-5 µJ/ impulsion, focalisation 0.6 NA) à faible taux de répétition 

(10 KHz ) et un taux de répétition élevé (500 KHz) conduisant à une accumulation de chaleur 

dans le dernier cas. Les compositions de verres concernent le mélange de différents ions 

alcalins et alcalino-terreux (Na, Li, K et Mg), teneurs en Zn ainsi que différents degrés de 

polymérisation des verres de phosphate. 

Après des irradiations électroniques de 2.5 MeV et 700 keV, les spectres Raman ne traduisent 

aucune évolution significative du réseau vitreux des verres metaphosphates de Na quel que 

soit la dose alors qu’il existe une légère variation du réseau vitreux dans les verres  

metaphophates de Na-Li, Na-Mg et Zn.  Cependant, les verres polyphosphates subissent une 

variation significative de la structure après l’irradiation et la rupture de liaison se produit à 

forte dose (à partir de 108 Gy) avec la création massive des unités du terminal Q1. De plus et 

sous irradiation de 700 keV, la structure semble être modifiés dans un volume plus grand que 

la profondeur de pénétration des électrons.  

En examinant l'environnement local des ions Eu3+, nous avons montré une augmentation 

importante du rapport d'asymétrie (As) indiquant une diminution significative de la symétrie 

du site de l'Eu3+ où une covalence Eu-O plus élevée. Cet effet est fort dans les verres  

métaphosphates alcalins alors que la variation du rapport d'asymétrie est moins prononcée 

dans les verres de phosphate contenant du ZnO, ce qui signifie que la variation locale de la 

symétrie Eu3+ est décorrélée de la variation du réseau vitreux sous irradiation électronique.  

La spectroscopie EPR et PL montre la présence de deux types de sites pour les ions divalents 

Eu2+ formés dans des verres métaphosphate et polyphosphates quelles que soient la dose et 

l'énergie 
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électronique. Nous avons mis en évidence que la présence de Zn favorise la formation du site 

de haute symétrie avec une augmentation quasi-linéaire des deux sites avec des doses 

croissantes. En revanche, une énergie de 700 keV est beaucoup plus efficace pour réduire les 

ions Eu3+ qu’une énergie de 2.5 MeV et la génération d'ions Eu2+ est plus importante dans les 

verres polyphosphates que dans les compositions de métaphosphates. 

Concernant les modifications structurelles sous irradiation laser femtoseconde avec un faible 

taux de répétition de 10 kHz, des signes de cristallisation au centre des traces transversales 

du laser dans des verres métaphosphate de Na et Zn ont été observés quelle que soit l'énergie 

d'impulsion dans la gamme 1µJ-4µJ. A noter que le dopage Eu est nécessaire pour la 

cristallisation du verre. En revanche, les verres polyphosphates de zinc présentent une 

évolution structurelle similaire à celle observée sous irradiation électronique. 

La variation de la symétrie du site de l'Eu3+ après l'écriture laser fs dans  les verres se comporte 

différemment de celles rapportées sous irradiation électronique. Ainsi, la diminution de la 

valeur du rapport d’asymétrie As au centre de la trace laser transversale dans Meta-Na-Eu est 

en accord avec la tendance de ce verre à cristalliser. Cependant, pour le verre Poly-Zn-Na-Eu, 

le rapport As souffre d'une légère augmentation identique aux effets d'irradiation 

électronique. Contrairement à l'irradiation électronique, il n'y a pas de formation d'europium 

divalent dans les différents verres de phosphate sous écriture par laser fs. 

À partir de ces travaux, nous pouvons dire qu'il est possible de gérer l'environnement de 

l'europium dans des verres de phosphate sous irradiation électronique et laser femtoseconde 

en jouant sur la composition du verre ainsi que sur les conditions d'irradiation comme 

l'énergie, la dose, la vitesse de balayage et le taux de répétition. En plus, des calculs de 

dynamique moléculaire sont faites dans ce projet pour mieux comprendre l’évolution de 

l’environnement local des TR dans les verres phosphates sous irradiation.  
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Introduction 

Phosphate glasses are known as suitable matrix to incorporate large amounts of Rare Earth 

(RE) and limiting clustering effect contrary to silica. In addition, when compared to silicate 

glasses, vitreous phosphate materials exhibit relatively high refractive index as well as low 

glass transition temperature (lower than 450°C). As well, subsequent interest in alkali 

phosphate glasses stemmed from their high transparency for ultraviolet (UV) light. As a 

consequence, phosphate glasses are developed for a variety of special applications in the 

domain of optics, data storage, biomedicine and energy [1–8].  

In optics, the RE-doped glasses are potential hosts for amplifiers and laser systems and the 

spectroscopic properties of the RE ions are strongly affected by their local environment [9,10]. 

Accurately, the RE properties are defined by the nature and arrangements of the ligands 

around the rare earth ions which determine the field strength and symmetry. The 

understanding of the relationship between the structure of host glass and properties of the 

doping ion is detrimental for the design of materials for definite applications [10].  

One way to control the RE environment could be the use of irradiation. In particular, the 

exposition of RE doped glasses [11–17] to high energy radiation (X-rays, gamma, electron, 

neutrons and femtosecond laser…) produce various interesting change in their properties 

which include magnetic, electrical, chemical as well as optical properties. However, they are 

really dependent on the type of glass matrix and irradiation conditions. In addition, studying 

the RE environment modification under irradiation in phosphate glasses can be attractive in 

different fields like nuclear industry (immobilization of high level radioactive waste) where the 

glass is submitted to internal radiation or in optics or for board space crafts and satellites 

(containing optical fibers) [11]. 

In the case of europium ions, many recent works [18–21] show the interest of Eu- doped 

glasses (aluminosilicate, fluoro-aluminoborate, tellurite, lead phosphate) for phosphors and 

luminophore applications. 

Eu2+ is one of the REE used in phosphor materials by emitting light in a broad blue range due 

to 4f5d transitions, while Eu3+ ions exhibit lines narrower in the red range. From the 

applicative point of view, it can be very attractive to adjust the emission spectra of Eu-doped 
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phosphors by modifying Eu2+/Eu3+ relative concentration and site symmetry of each valence 

state. Different solutions exist to reach this goal: the first one is to produce glasses under 

reduced atmosphere that mostly affects the Eu2+/Eu3+ ratio. The second one resides on the 

use of irradiation [11–13,22]. 

In addition, the luminescent properties of the Eu3+ ions (4f6) used as structural probe have 

been investigated extensively in many glass systems. Especially, It is possible to obtain 

information on the local environment via FLN measurements to determine the number of Eu3+ 

sites and via the asymmetry ratio (As) parameter defined as the integrated emission intensity 

of 5D0
7F2 to 5D0

7F1. It is a sensitive parameter to characterize the deviation or distortion 

from centrosymmetric geometry of Eu3+ [11-13].  

In my thesis work, the central aim is understanding the mechanisms leading to the structural 

modification of Zn polyphosphate and metaphosphate glasses under electron and 

femtosecond laser irradiation and to investigate how to control the environment of Eu3+ 

doping ions using irradiation. To reach this goal, we synthetized many glass compositions 

dealing with different mixing alkaline and alkali-earth ions (Na, Li, K and Mg), different 

polymerization degree and doped with europium (Eu) and we vary the irradiation conditions 

(electron energy, laser repetition rate and pulse energy). The glass structure and the RE 

environment were studied by different experimental techniques: Raman, photoluminescence 

(PL) and electron paramagnetic resonance (EPR) spectroscopy. In addition, molecular 

dynamics calculations in unirradiated glasses have been carried out.  

The manuscript is divided in to 5 chapters with in addition an introduction, some conclusions 

and perspectives. 

In the first chapter, experimental details including PL, Raman and EPR spectroscopy can be 

found.  

The second part reports the synthesis and chemical compositions of the samples as well as 

the glass transition temperature and density properties of those glasses. The structure of the 

different metaphosphate and polyphosphate glasses before irradiation using Raman and NMR 

spectroscopy are also discussed. 

The third chapter concerns the dynamic molecular simulations results. We used two models 

of 2500 and 25000 atoms to investigate the Eu3+ environment and to obtain information about 
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the interatomic distances, nature of surrounding atoms, coordination numbers and short 

range structural disorder in the phosphate samples.  

The fourth chapter is the main one and concerns the study of the Eu3+ environment 

modification under 2.5 MeV and 700 keV electron irradiation at various doses from 105 to over 

109 Gy. Thus, a first part of this chapter discussed the structural changes of the glass network 

after irradiation. Then, the main part analyzed the local environment of the Eu3+ ion as well as 

the reduction of Eu3+ to Eu2+ in phosphate glasses when exposed to high energy electron 

irradiation.  

In chapter five, we analyzed in the first step, the structural modifications in phosphate glasses 

under femtosecond laser (10 KHz and 500 kHz). Secondly, we discussed respectively the 

refractive index change and the RE environment modification in metaphosphate and zinc 

polyphosphate glasses under femtosecond laser writing at a repetition rate of 10 kHz that is a 

non-cumulative heating regime.  
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1 Photoluminescence spectroscopy 

Photoluminescence (PL) corresponds to the emission of light from matter under a photonic 
excitation (lamp and most of the time laser). A discernible advantage of PL analysis is that it is 
a simple, non-destructive and versatile technique [1].  Therefore, this technique has been used 
in our work to investigate the europium environment modification in phosphate glasses under 
electron and femtosecond laser irradiation. 

1.1 Eu3+ ion spectroscopy 

The electronic configuration of Eu3+ ion can be written as [Xe] 4f6 where 54 electrons are in 
the same closed shell as the xenon atoms and 6 electrons in the 4f shell. The degeneracy of 
the 4f6 configuration is partly or totally lifted by several perturbation acting on the Eu3+ ion: 
electron repulsion, spin-orbit coupling, the crystal field perturbation and the Zeeman effect 
(as seen in figure 1) [2].  

 
Figure 1 Partial energy diagram of Eu3+ (4f6) showing the relative magnitude of the interelectronic 

repulsion (TERMS), spin-orbit coupling (LEVELS) and crystal-field effects (SUBLEVELS). The downward 
arrows indicate the excited states 5D0 and 5D1 from which luminescence occurs [2]. 

One part of luminescence spectrum of the Eu3+ ion is characterized by the transitions 5D0  
7Fj (j = 0 to 6) from the 5D0 exited state to the J levels of the ground state term 7Fj. In particular, 

the most intense emission peak is around 610 nm (electrical dipole transition 5D0
7F2) that 

ensuring a red luminescence. The magnetic dipole transition 5D0
7F1 (590 nm) is independent 

of the symmetry of the local environment. The selection rules of the different transitions of 

Eu3+ ion are shown in table 1.  
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Table 1 Overview of the transitions observed in luminescence spectra of europium(III) compounds [2]. 

 

1.2 Experimental set up of PL in LSI 

Time-resolved photoluminescence spectroscopy (TRPL) is a variant to normal spectroscopy 

in which a pulse laser is used for the excitation, and a fast detector is used to measure the 

emission of a material as a function of time after the laser excitation (time delay).  

The schematic diagram of the experimental setup for PL measurement is shown in figure 1 

using a Shamrock SR-303i spectrometer (Lot Oriel) related to an ANDOR Intensified Charge 

Coupled Device (ICCD) camera. 355 and 532 nm laser excitations (third and second harmonic 

lines) provided by a pulse Nd:YAG INDI laser (spectra Physics) were used. The energy/pulse of 

the 532 nm laser on the sample was around 1.5 mJ. Thus, the power of the laser was optimized 

to detect the signal with the best signal/noise ratio without inducing any photobleaching or 

defect creation. The 90° luminescence collection is done via an optical fiber.  

The 532 nm line has been used to investigate the emission of Eu3+ ions under electron 

irradiation. The emission of Eu2+ ions was measured under 355 nm laser excitation with a 200 

ns delay and a short gate width of 30 μs were applied in order to enhance the emission of Eu2+ 

towards Eu3+ ions having a longer decay time.  

    

Figure 2 Experimental setup for the photoluminescence measurements (𝜆𝑒𝑥𝑡 = 266, 355 and 532 nm 
(LSI). 
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We also used another experimental set up displayed in Figure 3 for continuous micro-

photoluminescence. This set up uses a 488 nm-Externally Doubled Diode Lasers (Spectra-

Physics Excelsior-488 nm laser) and the detection is performed by a Shamrock LOT Oriel 

spectrometer coupled to an iDus CCD Andor Camera (figure 3). This set up was used to 

investigate the Eu3+ photoluminescence in the transverse side of the sample irradiated with 

700 keV electron. 

Note that same set up can be used to measure Raman spectra thanks to the Renishaw inVia 

Micro-Raman head. The 488 nm laser is injected into the optic fiber and connected to the 

remote Superhead placed on a very stable motorized stage with XYZ micrometric 

displacements. We used it to measure the Raman spectra of pristine phosphate samples just 

after the synthesis to check their amorphous character. 

 

Figure 3 Micro-photoluminescence experiments with 488 nm laser excitation (LSI). 

2 Raman spectroscopy 

When light travels through any type of medium, there is a fraction of the incident light beam 

that gives rise to scattered light propagating along all other directions. This scattered light is 

the result of an induced dipole moment in the molecules by the oscillating electric field of the 

incident light. In this connection, the Raman effect is one type of light scattering like Rayleigh 

(elastic scattering), Compton and Brillouin effect. It corresponds to inelastic scattering of 

monochromatic light usually from a laser discovered by CV Raman and KS Krishnan et al. [3]. 

This effect had been predicted theoretically by Smekal in 1923 [4].  

The inelastic Raman scattering effect can be explained by the quantum mechanical theory 

based on the consideration of energy level diagrams or by the classical theory where the light-

matter interaction is viewed as a perturbation of the molecule’s electric field.  
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2.1 Quantum theory 

When light interacts with molecules, most of the photons are scattered without any change 

of their energy. This process occurs when the electrons in a molecule oscillate in resonance 

with the applied electric field of the incident light, and it is called Rayleigh or elastic scattering. 

However, a small number of photons (1 over 107) are inelastically scattered and undergoes a 

change in energy. The relationships between frequency, energy, wave number and the 

wavelength can be written as follows: 

 E = hv = hcν̃ (h is Planck’s constant, v is frequency, c is the speed of light, and ν̃ is 

wavenumber)  

 ν̃  = 1/λ (λ is wavelenght) 

 

The difference between the incident photons energy and inelastically scattered photons 

energy is called “Raman shift”. A plot of the intensity of the inelastically scattered light as a 

function of the energy change is called Raman spectrum [5]. It is quite common to plot the 

Raman intensity as a function of the wavenumber (cm-1) expressed as Raman shift. 

Figure 3 shows a schematic of the Raman and Rayleigh scattering processes. First case, 

incident photons lose energy to the molecule, causing it to go to an excited, vibrational state 

(m → n). Therefore, scattered photons will have less energy (Stokes) compared to the incident 

photon. In the second event, the molecules lose energy by going from a higher to lower 

vibrational state (m → n). As a result, the incident photons gain energy from the molecule. In 

this situation, the Raman scattered photon will have higher than the incident photons (anti-

Stokes). At room temperature, most molecules are in the vibrational ground state (m), so 

there is a greater probability that incident photons will lose energy to the molecules during 

the interaction. Therefore, Raman spectroscopy refers generally to Stokes Raman. Thus, 

Raman scattering is observed at lower energy or longer wavelength compared to that of the 

incident laser line [6]. 
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Figure 4 Diagram of Rayleigh and Raman scattering processes. 

2.2 Classical theory 

According to the classical theory of electromagnetic radiation, the Raman effect is based on 

molecule’s polarizability 𝛼 variation. The laser excitation can be considered as an oscillating 

electromagnetic wave with electrical vector E. When a sample is excited by the laser with 

frequency 𝜈 , it induces electric dipole moment P which deforms molecules [7].  

Thus,  

P = αE 

With E = E0 sin(2πνt) 

E0 is the strength of the applied field.  

Because of periodical deformation, molecules start vibrating and such oscillating dipoles emit 

light at three different frequencies: the elastic Rayleigh scattering, the Stokes and the Anti- 

Stokes.  

2.3 Experimental set up 

We used two Raman spectrometers:  

 Micro-Raman installed in our laboratory (LSI) using 488 nm-Externally Doubled Diode 

Lasers (Spectra-Physics Excelsior-488 nm laser). The system is described previously. 

We analyzed with it the structure of the different phosphate glasses irradiated by 

electron irradiation due to the large irradiated volume and homogeneous samples. 

However, the home made micro-Raman in LSI is not adapted to measure Raman 

diffusion when a good spatial resolution is required with a confocal mode (for instance 

the sample irradiated with the fs laser). Moreover, the 488 nm line was not adapted in 

some cases because of the emission of Er3+ for example. Therefore, we used a specific 
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micro-Raman (described below) in collaboration with Ludovic Bellot-Gurlet in 

MONARIS, Sorbonne university (described below) allowing a cartography mode. 

 The Micro-Raman is a HR800 LabRam spectrometer (Horiba Jobin-Yvon) coupled to BX 

Olympus microscope with different long and short working distance objectives and 

equipped with Ar+ ion laser (458 nm laser excitation line used in our case) and Peltier 

Effect Cooled CCD detector (figure). In this work, a small laser spot obtained with ×100 

objective (about 1x1x4 µm3) in a confocal mode and a 1800l/mm grating were used in 

order to obtain the best spatial resolution for the different modified region by 

femtosecond laser writing and the best Raman spectral resolution also. The power of 

illumination at the sample ranges between 5 and 6 mW. 

  

 

Figure 5 Labram HR Raman spectrometer installed in MONARIS Laboratory 

 

3 EPR spectroscopy 

The electron paramagnetic resonance (EPR) is a powerful experimental technique for the 

analysis of paramagnetic centers (unpaired electron). Paramagnetic ions can be a free radical 

in liquid, solid and gaseous state, point defect in materials or transition and rare earth ions. 

In1921, the experiment of Stern and Gerlach  [8,9] displayed that a beam of silver atoms splits 

into lines when it is subjected to a magnetic field. Then, Uhlenbeck and Gousmit et al. [10] 

introduced the spin as an intrinsic property of the electron. In 1944, Zavoisky realized the first 

experiment of EPR spectroscopy [11]. 

3.1 Zeeman effect 

An electron is a negative charged particle that spins. It has a magnetic moment given by the 

following equation:  

μ =  −gβS 
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Where g is the Landé factor, β is the Bohr magnetic moment, and S the spin angular 

momentum. 

When a molecule containing a paramagnetic particle is placed in an external magnetic field, 

the magnetic moment of the unpaired electron interacts with it inducing the Zeeman effect: 

Hzeeman =  −μB = −gβSB 

The energy levels with 2S+1 degenerated levels are given by:  

Ems
= gmsΒb 

We present a simple case of a two level system for a paramagnetic center with an electron 

spin S = ½. (Figure 6). 

 

Figure 6 Energy level splitting of an unpaired electron exposed to a magnetic field with corresponding 
resonance frequencies. From [12]. 

The application of an external magnetic field B results in a splitting of the two energy level. 

The quantization of the energy level is due to the quantum mechanical nature of the electron 

spin. The splitting between the two energy states is called electron Zeeman interaction 

characterized by the spin quantum numbers 𝑚𝑠= ± ½ (Figure 6). The energy difference 

between the two Zeeman states is given by:  

∆E = E(ms = + ½ ) −  E(ms = − ½ ) =  gβB 

In a complex system as a glass, g must be replaced by a tensor ĝ  in order to take into account 

its interaction with the surroundings. For an unpaired electron localized on a single atom, the 

spin-orbit must be considered and the Hamiltonian becomes:   

Hzeeman = −ĝβSB         With         ĝ = [

gxx gxy gxz

gyx gyy gyz

gzx gzy gzz

] 

In certain cases, the unpaired electron is principally localized around a nucleus whose nuclear 

spin is different from zero. In this instance, the magnetic dipolar interaction between the 

nuclear and electron spin called hyperfine interaction should be taken into account.  
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If the hyperfine interaction is weaker than the Zeeman interaction, the following equation 

must be added to the Hamiltonian to evaluate the spin state energy:  

Hhf = −S. Â. I 

Where Â is the hyperfine tensor and I the nuclear spin operator. The hyperfine interaction 

gives a further splitting to the energy levels as given by the following equation (see figure 7):  

Emsml
= gmsβB + A msml 

Where ms and ml the projections of the electron spin and nuclear spin on the z-axis.  

 

Figure 7 EPR derivative spectrum showing the three lines characteristic of the hyperfine [13] 

3.2 Experimental set up 

In this work, EPR measurements have been carried out at room temperature using a Bruker 

X-band EMX spectrometer in LSI (figure). The frequency was 9.8 GHz. The modulation 

frequency is normally set to 100 kHz. The recorded common EPR signal corresponds to the 

absorption’s derivatives and was normalized by sample’s mass and attenuator’s gain. The glass 

samples used in this work are in solids form and not powders. The intensity of the signal 

obtained is proportional to the paramagnetic species concentrations. In our work, the EPR 

measurements are important to quantify the formation of divalent europium (paramagnetic 

ion 4f7) under irradiation as well as to identify the different paramagnetic point defects under 

electron and femtosecond laser irradiation relative to P atoms in phosphate glasses.  
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Figure 7 X-Band EPR spectrometer (LSI) 
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1 Glass samples  
1.1 Glass composition 

Phosphate glasses studied in this work are metaphosphate and polyphosphate glasses. The 

glass compositions deal with mixing different alkaline and alkali-earth ions (Na, Li, K and Mg) 

and different polymerization degree.  One metaphosphate glass contains zinc oxide whereas 

all polyphosphate are Zn polyphosphate. As well, three glasses contain two mixed alkali or 

alkali earth ions (Meta-Na-Li, Meta-Na-Mg and Poly-Zn-Na-K). Some glasses are undoped or 

doped with 1.2 mol% of Eu2O3 or Er2O3. Nominal compositions of glasses are given in table 1. 

Table 1 Nominal composition of metaphosphate and polyphosphate glasses 

Sample label Mol.%  
P2O5 Na2O Li2O K2O ZnO MgO Eu2O3 Er2O3 

Metaphosphate glasses 

Meta-Na  50.00 50.00             

Meta-Na-Eu 49.40 49.40         1.20   

Meta-Na-Er 49.40 49.40           1.20 

Meta-Na-Li 50.00 25.00 25.00           

Meta-Na-Li-Eu 49.40 24.70 24.70       1.20   

Meta-Na-Li-Er 49.40 24.70 24.70         1.20 

Meta-Na-Mg  50.00 33.30       16.70     

Meta-Na-Mg-Eu 49.40 32.90       16.50 1.20   

Meta-Na-Mg-Er 49.40 32.90       16.50   1.20 

Meta-Zn 50.00    50.00    

Meta-Zn-Eu 49.40    49.40  1.20  

Polyphosphate glasses 

Poly-Zn-Na 33.40 20.00     46.60       

Poly-Zn-Na-Eu 33.00 19.80     46.00   1.20   

Poly-Zn-Na-Er 33.00 19.80     46.00     1.20 

Poly-Zn-K 33.40     20.00 46.60       

Poly-Zn-K-Eu 33.00     19.80 46.00   1.20   

Poly-Zn-K-Er 33.00     19.80 46.00     1.20 

Poly-Zn-K-Na 33.40 10.00   10.00 46.60       

Poly-Zn-K-Na-Eu 33.00 9.90   9.90 46.00   1.20   

Poly-Zn-K-Na-Er 33.00 9.90   9.90 46.00     1.20 

Poly-Q1/ Q2:50/50 40.00 40.00   20.00    

Poly-Q1/ Q2:50/50-Eu 39.52 38.52   19.76  1.20  

Poly-Q1/ Q2:50/50-Er 39.52 38.52   19.76   1.20 
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1.2 Glass synthesis 

Phosphate glasses were prepared in our laboratory (Laboratoire des Solides Irradiés) by the 

standard melt-quenching method. Appropriate mixture of powders of Sodium carbonate 

Na2CO3, Potassium carbonate K2CO3, Lithium carbonate Na2CO3, Zinc oxide ZnO, magnesium 

oxide MgO, Ammonium Dihydrogen Phosphate NH4H2PO4 and Rare earth oxide Eu2O3 and 

Er2O3 have been thoroughly mixed according to the nominal glass composition of each glass 

(see Table 1). They were placed first in a silica crucible to avoid the interaction between P2O5 

formation and Pt crucible at high temperature but quenched into a Pt-Au crucible.  

For metaphosphate glasses, a 5 h step at 800°C (reached with a slow heating rate of 1°C/min) 

has been scheduled as a decarbonatation step to remove CO2, H2O and NH3. The temperature 

cycle for polyphosphate glasses is slightly different with a step at 850°C. The final melting 

phase has been executed during 30 mn to 1h at 900-1100°C depending on the composition. 

After typically a total cycle of 10 to 12 hours, the melt was quenched into a Pt-Au crucible 

placed on a hot plate at 300°C. Then the glasses were annealed at 230 to 320°C depend on 

the glass composition in an air furnace three hours. Note that Meta-Li could not be stabilized 

under an amorphous phase because it crystallized. The most hygroscopic glass samples are 

conserved in desiccator.  

2 Glass structure bibliography 

The structure of phosphate glass is based on a cross-linked phosphorus tetrahedra. Knowing 

that the phosphorus atoms characterized by the electron configuration [Ne] 3s2 3p3 forming 

the sp3 hybrid orbital outer electrons (3s2 3p3), each P-tetrahedron have three bonded 

oxygens and one doubly bonded oxygen because of the +5 valence of phosphorus. PO4 

tetrahedra are interconnected through “bridging oxygen” (P-O-P) and oxygen atoms that do 

not bond with other atoms are called “non-bridging oxygen” (NBO). Within this framework, 

the tetrahedra are classified using Qn terminology where n presents the number of bridging 

oxygen per tetrahedra (figure 1).  

 

Figure 1 Qn species that can be found in phosphate glasses 

The vitreous P2O5 is composed of only Q3 tetrahedra possessing three covalent bridging 

oxygen bonds to neighboring tetrahedra and one terminal oxygen (P-TO). The addition of a 
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modifier oxide like alkali, alkali earth or rare earth ion to v- P2O5 results in the creation of the 

non-bridging oxygen NBO. In particular, the addition of alkali oxide R2O caused the 

depolymerization of phosphate network and can be described by the pseudo-reaction:  

2Qn + R2O → 2Qn-1 

In this context, the concentration of Qn tetrahedra in the xR2O-(1-x)P2O5 glasses can be 

predicted based on the Van Waser’s reorganization theory [1] which describes the reaction of 

various Qn tetrahedra with cations to form new structural units with decreasing bridging 

oxygen atoms.  

In the case of ultraphosphate glasses (0 ≤ x ≤ 0.5), the fraction of Q2 and Q3 is given by the 

relations:  

f(Q3) =  
(1−2x)

(1−x)
    ;   f(Q2) =  

x

(1−x)
 

Note that in metaphosphate glasses (x = 0.5), all the phosphate groups are Q2 units. 

Polyphosphate network (0.5 ≤ x ≤ 0.67) consists of chains of Q2 tetrahedra terminated on 

both side by Q1 tetrahedra. Their fractions are given by the relations:  

f(Q2) =  
(2−3x)

(1−x)
    ;   f(Q1) =  

(2x−1)

(1−x)
 

When the value of x is between 0.67 (pyrophosphate) and 0.75 (orthophosphate), the 

fractions of the Q1 and Q0 units are given by the following relations: 

f(Q1) =  
(3−4x)

(1−x)
    ;   f(Q0) =  

(3x−2)

(1−x)
 

Many techniques have been used to study the phosphate glass structure including Raman 

spectroscopy, Infrared spectroscopy, Nuclear Magnetic Resonance (NMR), X-ray diffraction 

(XRD), Neutron diffraction (ND), X-ray photoelectron spectroscopy (XPS) and extended X-ray 

absorption fine structure (EXAFS). 

2.1 Mixed Alkali effect in phosphate glasses  

Mixed-alkali glass systems demonstrated non-linearity in electrical conductivity, thermal 

properties, viscosity and chemical durability [4]–[6]. This phenomenon is known as the 

“mixed-alkali effect” MAE and this effect seems more efficient when the difference in size 

between the two alkalis is pronounced. The two types of alkali ions are randomly mixed and 

have distinctly different conduction pathways of low dimensionality. This implies that A ions 

tend to block the pathways for the B ions and vice versa, and this is the main reason for the 

MAE [7]. Thereby, the MAE may be explained as a natural consequence of random ion mixing 

because ion transport is favored between well-matched energy sites and is impeded due to the 

structural mismatch between neighboring sites for dissimilar ions [8]. In this framework, many 

studies used structural method to understand the mixed alkali effect MAE in phosphate 

glasses like  31P and 23Na MAS-NMR spectra in sodium lithium metaphosphate glasses by Sato 
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et al. [8]. The 31P chemical shifts become less shielded with increasing [Na]/[Na + Li] ratio. This 

issue is interpreted by the lower electronegativity of the sodium compared to lithium. The 

substitution of Na by Li results in more covalent P-O bonds and consequently a larger 

deshielding effect on the 31P chemical shifts. The 31P peak have greater full-width at half 

maximum (FWHM) for the intermediate mixed Na-Li glass compared with the single Li or Na 

metaphosphate glasses reflecting higher distribution of Na and P sites due to the presence of 

both Na and Li. Furthermore, the glass transition temperature reached a minimum at 

[Na]/[Na+ Li] Ratio = 0.6, thus showing a mixed alkali effect explained by the mixed alkali pairs 

Li-NBO-Na detected by NMR spectroscopy.  

In addition, the infrared and Raman spectra of several series of mixed alkali metaphosphate 

glasses have been analyzed by Rouse et al.’s works [9]. The band frequencies due to the cation 

motion in the infrared spectra, which correlated to cation sites vibrations, do not shift with 

increasing the alkali substitution ratio, indicating that the significant geometry and oscillating 

forces associated with a particular cation are not affected by the introduction of a second 

alkali ion. In the other hand, Raman spectra present a different frequency attributed to 

vibration network band for each single alkali glasses in contrast to the mixed alkali glass that 

one band occurs and it varies linearly with increasing substitution ratio. This examination 

indicates that the cations are homogeneously distributed in mixed alkali glasses and the 

phosphate chains are associated with averaged cation environment whose effect on the chain 

modes. In summary, a simple vibrational model is presented which shows that the cation 

dependent shifts are due to small changes in network bond angles and variation of the cation 

sites forces and there is no MAE on the glass structure in those glasses.  

In zinc alkali polyphosphate glasses (46.6 ZnO-20M2O-33.4P2O5 where M= Na, Li and K), the 

mixed alkali ion was tested in order to reduce the Tg and improve the stability [10]. It 

demonstrated that MAE can lead to a lower Tg however there is no improvement of the 

chemical stability in these samples. 

2.2 Zinc containing glasses 

The addition of zinc oxide in glasses affects the structure, physical, chemical, thermal as well 

as elastic properties. Zn2+ ions can enter the glass network, both as network modifier and 

network former [11]. As well, Zn atoms have  a small coordination number about four differing 

to the modifier atoms in agreement with Zacharias’s model [25]. The influence of the amount 

of zinc oxide on the structure was studied in many previous works. As an example, the lithium-

iron-metaphosphate glasses were analyzed in [12]. Thus, the FTIR spectra showed significant 

spectral differences when the molar fraction of ZnO is increased.  With the initial substitution 

of Li2O with ZnO (about 2 mol. %), the P-O- terminal group are connected due to the formation 

of P-O-Zn linkages. When the ZnO content is increased, the P=O bonds are broken down 

accompanied by the formation of (ZnO4) tetrahedra. Thereby, ZnO acted as a glass network 

former, integrating the phosphate glass network. Moreover, the glass transition temperature 

decreased with increasing ZnO content whereas the density and the chemical stability 

increased. 
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Using X-ray and neutron diffraction techniques in zinc polyphosphate glasses, Hoppe et al. [13] 

reported that the change from ZnO6 octahedra to ZnO4 tetrahedra with raising the 

[ZnO]/[P2O5] ratio from 0.5 to 1, causes decreasing packing density where most terminal 

oxygen atoms are in Zn-O-P linkages. In the range of higher ZnO content, an increasing fraction 

of terminal oxygen is coordinated by two or more Zn sites which results in a strong 

densification of the glass structure.  

X-ray absorption spectroscopy (XAS) has been used by Moss et al.[14] to inspect the local 

environment of Zn within the calcium-sodium metaphosphate glasses. The X-ray absorption 

near edge spectroscopy (XANES) suggests that Zn atoms occupy mixed (4 and 6 fold) sites 

within the glass matrix.  By EXAFS, they proved that the radial distance obtained for the Zn-O 

correlations are coherent with the Zn occupying a tetrahedral environment. The large error 

allows the Zn-O coordination number to be 4.9, which support the mixing sites.   

Hoppe et al [24] displayed a structural model that is based on the coordination environment 

of the modifier cations in alkali, alkali earth, and zinc phosphate glasses and proposed that the 

structure of phosphate glasses would be dependent on the number of non-bridging oxygen 

available to coordinate the modifier ions (Ma+, where a is the valence). For glass with 

stoichiometry x(M2/aO)(1-x)P2O5, the number of non-bridging oxygens per modifying ion is 

NNBO = a(1/x). Thus, the value NNBO < CNM in the case of metaphosphate glasses and there is 

not enough individual non-bridging oxygen to satisfy the coordination environment of every 

Ma+ ions and so these ions must share the available NBOs. As a result, Ma+
 coordination 

polyhedra share corners and edges and acts as bridges between neighboring Q2 polyhedra. 

Consider first the single valent ions, MD simulations used in this thesis indicate that the 

coordination number of Na+ is about 5. However, for the divalent ions Zn2+, the CN turned to 

be about 4.  

As we have mentioned before, we investigated here metaphosphate glasses (x = 0.5) 

constituted only by Q2 units as well as polyphosphate glasses with a mixture of Q1 and Q2 

species and we tried to illustrate the different glass schematically in figure 2.  

    

Figure 2 Schematic representation of zinc and sodium metaphosphate glasses (left) and zinc sodium 
polyphosphate glasses (right)  
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3 Glass structure by NMR and Raman spectroscopy 

3.1 Non-doped metaphosphate glasses 

3.1.1 Raman spectroscopy  

Raman spectroscopy has been employed to study the short range structure of phosphate 

glasses. To begin, we are interested to study the structural properties of non-doped sodium 

metaphosphate glass (Figure 3).  
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Figure 3 Raman spectra of non-doped sodium metaphosphate glass (Meta-Na) 

Bands in the 600-850 cm-1 range are due to the symmetric and asymmetric stretching modes 

of bridging oxygen (BO) whereas the 900-1400 cm-1 range is due to symmetric and asymmetric 

stretching modes of P-non-bridging (NBO) or (terminal) O  [15]. The detailed assignation of the 

Raman bands is given in table 2, based on literature. 

Table 2 Vibrational frequencies (cm-1) in metaphosphate glasses 

Peak position (cm-1) Assignement Entity Reference 

290-450 δ(P − O)  [16], [17] 

300-500 δ(PO2 )  [18], [19]  

630-690 νs(P − O − P)  [16]–[22]  

777-807 νas(P − O − P)  [17] 

1080-1120 P-O stretch Terminal Q1 [15], [17], [23] 

1150-1160 νs(PO2) Q2 [16]–[18], [20]–[22]  

1260-1270 νas(PO2) Q2 [18], [20]–[22] 

1290-1330 ν(P = O) Q3 [16]  

 

The broad bands in 250-500 cm-1 range are assigned to the bending vibration𝑠 

δ(P − O) [17], [23]. The band at 695 cm-1 corresponds to the symmetric stretching mode of 

bridging oxygen between two tetrahedra (P-O-P)sym in metaphosphate chains νs(P − O − P).  

The main band at ~ 1162 cm-1 corresponds to the symmetric stretching modes of the two non-

bridging oxygen NBOs atoms bonded to phosphorus atoms  νs(PO2) in a Q2 unit.  
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Furthermore, the shoulder at ~ 1270 cm-1 can be attributed to the asymmetric stretching 

modes νas(PO2) of Q2 units confirming with the two intense peak at ~ 1162 and 695 cm-1 that 

the Q2 units are the main species as expected from the stoichiometry. The weak band at 1320 

cm-1 due to the ν(P = O)  of Q3 units. Even more, the remaining bands at ~ 1120 cm-1 can be 

assigned to the P-O stretch of Q1 chain terminator [15].  

Cation effect 

Figure 4a and 4b exhibit respectively the real and normalized Raman spectra collected from 

the series of metaphosphate and compares the vibrational modes in Meta-Na, Meta-Na-Li, 

Meta-Na-Mg and Meta-Zn.  
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Figure 4 Comparison of Raman spectra of non-doped metaphosphate glasses: real (a) and normalized 
(b) spectra. 

Certain bands at 350 cm-1 and 550 cm-1 were attributed to the bend mode of phosphate 

polyhedra with zinc modifier [25]. We see indeed that in presence of Zn they are more intense. 
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A significant shift is observed (Fig.4a and 4b) of the νs(PO2) band from ~ 1162 cm-1 in Meta-

Na to 1170 cm-1 in Meta-Na-Mg and ~ 1205 cm-1 in Meta-Zn. More precisely, the peak 

frequency of  νs(P − O − P) and νs(PO2) bands are cation dependent and shifts to higher 

wavenumber in the order Na+< Na++Li+ < Na++Mg2+ < Zn2+ as the field strength of the modifying 

cations increases [15].  In this respect, Nelson et al. [26] reported the same effect in the series 

of alkali metaphosphate glasses. It is explained by the fact that O-P-O bond angle is larger for 

the larger cation and the increase of the bond angle causes a decrease in the frequency of PO2 

vibration.   

In the same context, Rouse et al. [9] calculated the dependence of the shift of νs(PO2) band 

on two parameters: the bond force constant for the M-O bond (FM-O)  determined from the 

cation motion bands in the far IR and the O-P-O bond angle (𝜑), both of which are governed 

primarily by metal cation size.  As the FM-O increases in a series of metaphosphate (From 1 to 

5.5 x 104 dyn/cm in Meta-Li to Meta-Cs respectively) and the bond angle  𝜑 decreases (From 

118 to 112°), the PO2 frequency increases by about 20 cm-1. These key results are sufficient to 

accounts for the Raman features observed.  

Of particular interest is the presence of separate band at ~ 1270 and 1350 cm-1 in zinc 

metaphosphate attributed to νas(PO2) and νsym(P = O) modes of respectively Q2 and Q3 

units while these two bands are indistinguishable for single and mixed alkali and alkali earth 

metaphosphate glasses with the lowest intensity.  

The FWHM of the νs(PO2) as well as νs(P − O − P) also increase with increasing cation field 

strength indicating an increase in the degree of disorder that may be due to changes in 

distributions of the Q2 P-O bond length and bond angles [27]. 

3.1.2 NMR spectroscopy 

In addition to vibrational spectra, solid state 31P nuclear magnetic resonance (NMR) 

spectroscopy was performed in collaboration with S. Maron, LPCM Laboratory from Ecole 

polytechnique. This technique is particularly useful to determine quantitatively the Qn units, 

so we mainly analyzed polyphosphate glasses, metaphosphate glasses supposed to be fully 

constituted of Q2 units. Only one metaphosphate was analysed by NMR (meta Na). 31P MAS-

NMR (Magic Angle Spinning) spectrum of sodium metaphosphate glasses is presented in figure 

5.  
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Figure 5  31P NMR spectrum deconvolution of sodium metaphosphate glasses 

Peaks at 0.5 ppm and -7.2 ppm are attributed to Q0 and Q1 phosphate units respectively [28] 
indicating a slight amount of these two species with a relative proportion of 1.3% and 4.4% 
respectively as reported in table 3.  The predominance of the peak at -19.4 ppm corresponds 
to the Q2 units with relative proportion of about 94% in agreement with previous NMR studies 
of Montagne et al.[29] and Pickup et al.[30]. It confirms that the main Qn unit present in 
metaphosphate glass is Q2 in coherence with the prediction of Zachariasen ‘s model [2]. 
 

 

Table 3 Chemical shifts, Area and relative proportions (%) extracted from the simulation of the 31P 
NMR spectra. 

 Q0 
𝜹(ppm) 

Area 
Rel.prop. % 

Q1 

𝜹(ppm) 
Area 

Rel.prop. % 

Q2 

𝜹(ppm) 
Area 

Rel.prop. % 
Meta-Na 0.46 

11.16 
1.29 

-7.17 
39.69 

4.6 

-19.4 
812 

94.11 

3.2 Non-doped polyphosphate glasses 

3.2.1 Raman spectroscopy 

Figure 6 compared the Raman spectra of sodium metaphosphate and sodium zinc 

polyphosphate glasses in the region of 250-1400 cm-1. The drastic change in the structure with 

increasing cations contents is attested by an occurrence of new bands corresponding to Q1 

and Q0 units. Their empirical assignment is listed in table 3.  
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Figure 6 Raman spectra of sodium zinc polyphosphate glass compared to sodium metaphosphate 
glass, normalization by maximum. 

 

Table 4 Vibrational frequencies (cm-1) of the polyphosphate glasses 

Peak position 
(cm-1) 

Assignment Entity Reference 

355 δ(P − O − P)  [31] 

360-600 δ(PO2 )  [32] 

614-538-454 δ(PO3 )  [31] 

690-760 νs(P − O − P)  [25], [28], [31]–[34]  

925-980 νas(P − O − P) Q1 [32], [34], [35]  

940-970 νs(PO4)3− Q0 [33],[34] 

980-1020 νas(PO4)3− Q0 [34] 

999 νas(P − O − P) Q2 [35] 

1010  P-O stretch Terminal Q1 [23], [33] 

1037-1045 νas(PO3)  [32] 

1020-1080 νs(PO3
2−) Q1 [35],[33],[31],[34],[23] 

1080-1120 P-O stretch Terminal Q1 [23], [28], [32]  

1200-1210 νs(PO2
−) Q2 [33],[23],[35],[34] 

 

Concerning the Poly-Zn-Na structure, three Raman bands at 732, 1056 and 1111 cm-1 

dominate the spectra. The 732 cm-1 band is due to the symmetric stretching of bridging oxygen 

νs(P − O − P) in Q1 tetrahedra. The 1056 cm-1 band is attributed to (PO3)sym  modes of Q1 

species. The shoulder at ~ 1200 cm-1 is assigned to the νs(PO2) of Q2. A shoulder with weak 

intensity at ~ 950 cm-1 corresponds to the symmetric stretching mode of non-bridging oxygen 
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atom (PO4) in Q0 tetrahedra (νs(PO4)3−). Even more, bands at ~ 1022 and 1111 cm-1 

correspond to the P-O stretch of Q1 chain terminator [23]. 

3.2.2 NMR spectroscopy 

The zinc alkali polyphosphate glasses Poly-Zn-Na and Poly-Zn-Na-K are also investigated using 

the 1D 31P MAS-NMR experiments. In particular, we studied the effect of Zn2+/M1+ substitution 

(where M= Na and Na+K) on the local and medium range order of the phosphate network. 

Figure 8 compared the 1D 31P MAS-NMR spectra of the different polyphosphate glasses. 
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Figure 7  31P NMR spectra of single Na and Na-K mixed alkali polyphosphate glasses. 

Thus, the spectra present one main band at -5.5 ppm accompanied by two additional 

resonance of lower intensity centered at around 5.8 and -20.4 ppm. These three peaks are 

characteristic of Q1, Q0 and Q2 species successively. These results are in accordance with 

Raman analysis that confirm the Q1 tetrahedra domination for the polyphosphate 

composition.  

To better determine the Qn repartition and local environment of phosphorus atoms, the 1D 
31P MAS-NMR spectra are fitted with Gaussian as shown in figure 8 supported by parameters 

from 2D-NMR experiments in Rajbhandari’s work [36]. It allows the distinction between 

‘dimeric’ and ‘chain-end’ Q1 leading to the assignment of Q1 into Q1,1 and Q1,2 species. Thus, 

Q1,1 sites are characteristic of Q1 sites correlated to Q1 sites forming P2O7
4− dimmers. 
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Figure 8 31P NMR spectrum deconvolution of Poly-Na and Poly-Na-K 

The chemical shifts, full width at half maximum and relative proportions extracted from the 

1D 31P MAS-NMR spectra deconvolution for alkali zinc glasses are reported in table 5 in 

comparison with previous NMR studies of sodium and zinc polyphosphate composition.  

Comparing the NMR results of this work with those extracted from Rajbhandari’s work [36] 

for the similar zinc sodium polyphosphate samples, we observe a coherence in the chemical 

shift value whereas there is a disaccord in the relative proportion of the Q2 units (5.8% in this 

work against 11.3% for Rajbhandari’s glass). 

A difference in the final chemical composition could explain such a difference with probably 

more Na content in our case.  
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Table 5 Chemical shifts, FWHM and relative proportions (%) extracted from the simulation of the 31P 
NMR spectra. 

 Q0 
𝜹(ppm) 
FWHM 

Rel.prop. % 

Q1,1 

𝜹(ppm) 
FWHM 

Rel.prop. % 

Q1,2 

𝜹(ppm) 
FWHM 

Rel.prop. % 

Q2 

𝜹(ppm) 
FWHM 

Rel.prop. % 

 

Poly-Zn-Na 5.8 
8.4 
8.7 

-5.5 
8.68 

76.72 

-11.2 
8.63 
8.69 

-20.4 
10 

5.81 

This work  

Poly-Zn-Na-K 5.3 
9.04 

16.89 

-5.3 
8.69 

69.77 

-11.2 
11.18 
9.98 

-21.4 
8.52 
3.37 

This work  

Poly-Zn-Na  7.6 
8 
6 

-4.6 
7.9 

62.4 

-8.5 
8.3 

20.3 

-19.5 
13 

11.3 

[36] 

66.6-ZnO-
33.4P2O5 

3.7 
9.6 
7 

-10.6 
11.4 
52.9 

-15.6 
11.0 
19.1 

-28.4 
13.5 
21.0 

[36] 

 Q0 

𝜹(ppm) 
Rel.prop. % 

Q1 

𝜹(ppm) 
Rel.prop. % 

Q2 

𝜹(ppm) 
Rel.prop. % 

 

66.1ZnO-
33.9P2O5 

3.6 
12 

-12 
66 

-29.1 
22 

[28] 

 

 

The NMR spectrum of zinc polyphosphate (66.6 ZnO-33.4 P2O5) glass as reported in Table 5 

presents a dominant peak at -10.6 ppm correspond to Q1,1 unit ensuing with peaks at near -

15.6, -28.4 and 3.7 connected with Q1,2, Q2 and Q0 species respectively [35]. The relative 

proportions of these species are about 53, 19.3, 21 and 7% successively. 

Substituting a quantity of ZnO by Na2O3 as in this work (~ 20% of Na2O3), we clearly observe 

a different chemical shift for example from around -10.6 ppm in zinc polyphosphate to near -

5.5 ppm for the Q1,1 tetrahedra in presence of Na (in Poly-Zn-Na).  

This evolution can be explained by the change induced by Zn2+/Na+ substitution in the 

chemical environment of the phosphate units. Rajbhandari et al. [36] explained this evolution 

by a higher electrostatic field strength for zinc atom (Z/a2(Zn) = 0.44x1020 m-2) compared to 

sodium  (Z/a2(Na) = 0.1x1020 m-2).  

As well, the proportion of the Q1,1 unit increases from 52.9 to 76.72% with the addition of 

Na2O content indicating an increase in the dimeric entities and confirming a limited disorder 

in zinc sodium composition. The decrease of the Q2 units is also visible when Zn2+ is replaced 

by 2Na+. 

Let’s now evaluating the mixed alkali ions in the glass network, NMR results (Table 5) show 

that Q0 units represent 16 % for Na/K against 8 % for Na glasses. Therefore, a mixed alkali 

effect may occur with a lower polymerization degree of the Na/K phosphate glass.  
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3.3 Eu-doped metaphosphate glasses 

The addition of rare earth elements (1.2 mol. % of Eu2O3) slightly modify the structure of the 

host glass as seen in the Raman spectra of non-doped and Eu-doped metaphosphate glasses 

(figure 9). 
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Figure 9 Raman spectra of non-doped and Eu doped sodium metaphosphate glasses, normalization by 
maximum 

In the region of 250-1500 cm-1, the most notable change is the occurrence of shoulder at about 

1020 cm-1 and an additional contribution near 1110 cm-1 both attributed to the P-O stretch of 

the Q1 chain terminator. It confirms the depolymerization of the glass network with europium 

doping, proving the role of RE ions as network modifier. Similarly, in the zinc metaphosphate 

glasses, the increase of the intensity of the bands in the range 900 to 1100 cm-1 (as seen in 

figure 10) approve that adding Eu3+ ions tend to depolymerize the glass network.  
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Figure 10 Raman spectra of non-doped and Eu doped zinc metaphosphate glasses, normalization by 
maximum. 

 

3.4 Eu-doped polyphosphate glasses  

The addition of europium ion to Na polyphosphate glass impacts the structure as expected. 

As seen in figure 11.a, Raman spectra of Eu doped sodium zinc polyphosphate glasses 

displayed stronger bands at 930 cm-1 and 1022 cm-1 attributed to the intermediate Q1 and Q0 

units respectively compared to non-doped sample. As well, the band at near 1110 cm-1 due to 

the P-O stretch of Q1 chain terminator undergoes an important increase in the intensity 

suggesting that RE ions contribute to the  glass depolymerization  [37]. On the other hand, 

Raman spectra of the mixed sodium-potassium zinc phosphate glass (figure 11.b) showed a 

stability of the network when introducing the lanthanide ions.   
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Figure 11 Comparison between Raman spectrum of non-doped and Europium doped polyphosphate 
glasses normalized by maximum 
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This is better illustrated by the figure 12 comparing the Raman spectra of the single Na, K and 

NaK mixed alkali polyphosphate glasses doped with europium ions. We observe a higher 

contribution of the bands at 1010 and 1110 cm-1 in the single alkali glasses. This can be 

explained by a mixed alkali effect observed on the Eu-doped glass polymerization with a 

lowest network polymerization for the Na/K composition in agreement with NMR results (for 

non-doped glasses). 
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Figure 12 Raman spectrum of Europium doped polyphosphate glasses normalized maximum 

 

Non-doped and Eu doped Poly-Zn-Na-(50/50:Q1/Q2) glass with composition (20 ZnO-40 Na2O-

40 P2O5) is also prepared in order to obtain half Q1 units and half Q2 units. As well, it will be 

used to study the zinc effect in glasses under irradiation.  31P NMR (figure 13) as well as Raman 

spectra (not shown) confirm the 50/50 expected distribution of Q1 and Q2 species.  
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Figure 13 31P NMR spectra of non-doped and Eu doped Poly-Zn-Na-(50/50:Q1/Q2) glass. 

The chemical shifts, full width at half maximum and relative proportions extracted from the 

1D 31P MAS-NMR spectra deconvolution for non-doped and Eu doped Poly-(50/50:Q1/Q2) are 

reported in table 6. For non-doped sample, the Q1 species is slightly predominant with a 

relative proportion of 56% and 44% for Q2. When doping with europium ion, the proportion 

of Q1 increase up to 64% which confirms the network depolymerization.  

Table 6 Chemical shifts, FWHM and relative proportions (%) extracted from the simulation of the 31P 
NMR spectra of non-doped and Eu doped Poly-Zn-Na-(50/50:Q1/Q2) 

 Q1 

𝜹(ppm) 

FWHM 

Rel.prop. % 

Q2 

𝜹(ppm) 

FWHM 

Rel.prop. % 

 

Poly-Zn-Na (50/50 :Q1/Q2) -3.3 

8.57 

55.58 

-18.5 

9.8 

44.42 

This work 

Poly-Zn-Na-Eu (50/50 :Q1/Q2) -3.3 

10.4 

64.04 

-18.4 

10.7 

35.96 

This work 
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4 Glass transition temperature 

Principally, a glass has two distinct reference temperatures. One is the melting point of the 

crystalline form Tm and the other is the glass transition temperature Tg corresponding to a 

viscosity 𝜂 (or relaxation time 𝜏) of 1013 poise. 

Figure 14 shows the well-known graph of the volume-temperature relationship for a glass.  

If the crystalline form of the material is heated it expands with increasing temperature and at 

a certain temperature Tm it melts to a liquid. Here the crystalline form is in thermodynamic 

equilibrium with the liquid. The glassy form of the same material expands first as a solid. The 

constituent ions, atoms, or molecules begin to make translational motion, however, at Tg. In 

other words, glass becomes more or less fluid. Above Tg the material is in the state of 

supercooled liquid and expands at a higher rate [38]. 

 

 

Figure 14 Volume-temperature relationship for a glass forming substance 

As we said before, phosphate glasses are symbolized by their low glass transition temperature 

(Tg is in the range of 250-450°C) [10],[39],[40] compared to silicate glasses (about 900°C) [41].  

Differential thermal analysis technique DTA was performed in PMC laboratory of Ecole 

Polytechnique to measure the glass transition temperature of our samples.  

4.1 Differential thermal analysis technique DTA 

DTA is a technique in which the difference in temperature between the powder sample and 

a reference is monitored against time or temperature while the temperature of the sample, 

in a specified atmosphere, is programmed.  

The sample and the reference are placed symmetrically in the furnace controlled by a 

temperature program. During this process, a differential thermocouple allows to detect the 

temperature difference between the sample and the reference as well as the sample 

temperature (figure 15.a).  

When the furnace heating begins, the reference and the sample begin heating with a slight 

delay depending on their respective capacity, and eventually heat up according to the furnace 

temperature. When the temperature increases and melting occurs in the samples, for 
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example, the temperature rise stops  as shown in figure 15.b and the ∆T signal referred to 

DTA signal increases (endothermic phase). The temperature difference due to the sample 

endothermic change is shown as a negative direction. When the melting finishes, the 

temperature curve rapidly reverts to the baseline. Then, the ∆T signal reaches the peak, as 

shown in figure 15.b (exothermic phase) with a positive direction. From this, we can detect 

the glass transition temperature and the reaction temperature from the ∆T signal.  

 

   

Figure 15 (a) Block diagram of DTA (right), Temperature change of the furnace, (b) the reference, the 
sample and the change in temperature difference (∆𝑇) against time detected with the differential 

thermocouple. 

4.2 Results and discussion 

Figure 16 shows the DTA curves of RE doped and non-doped polyphosphates glasses that 

exhibited clear exothermic phase. The Tg is measured by the intersection of two tangents 

around the peak. The glass transition temperature Tg of the different samples synthetized in 

this project are reported in table 7 and compared to literature.  
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Figure 16 DTA curves of RE doped and non-doped sodium polyphosphate glasses 
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Table 7 Glass transition temperatures  

Sample Name Experimental Tg (°C) 

(DTA) 

Tg (°C) From literature 

  Tg Method Ref 

Metaphosphate glasses 

Meta-Na 251 280 

 

 

 

 

 

DSC [42],[43],[44]  
  258/270 DTA [45],[46]  
Meta-Na-Eu 293    
Meta-Na-Er 301    
Meta-Na -Li 282    
Meta-Na-Li-Eu 289    
Meta-Na-Li-Er 311     
Meta-Na-Mg 367 380 DTA [46] 
Meta-Na-Mg-Eu 374    
Meta-Zn 446 460 DSC [25] 
  445 DTA [33] 

 
Meta-Zn-Eu 460    

Polyphosphate glasses 
Poly-Na 314 339 DSC [10] 
Poly-Na-Eu 345    
Poly-Na-Er 357    
Poly-K 361 376 DSC [10] 
Poly-K-Eu 400    
Poly-Na-K 331 312 DSC [10] 
Poly-Na-K-Eu 347    
Poly-50/50 274    
Poly-50/50-Eu 291    
Poly-50/50-Er 304    

 

4.2.1 Na vs Mg-Na in metaphosphate glass  

For metaphosphate glasses, Tg increases from 251°C in Meta-Na to 367°C in Meta-Na-Mg in 

agreement with literature (table 7). This behavior corresponds to some changes in the nature 

of bonding in the structural network. Tg value is strictly related to the bond strength of the 

glass network which linked to the cation field strength (ratio of the charge to radius). Thus, if 

the monovalent cation Na+
 is replaced by the divalent cation Mg2+, the cation cross-linking 

increased and the structure strengthened inducing a crucial increase of the glass transition 

temperature [43], [44], [47],[44],[47].  

Likewise, the Tg rises substantially to 446°C in Meta-Zn. The P-O-Zn2+ bonds are formed 

replacing P-O-Na+ bonds while keeping the same fraction of P-O-P. The Meta-Na sample is 

entirely constituted by Q2 tetrahedra that forms chains linked by more ionic bonds between 

sodium cations and the non-bridging oxygen NBO. By replacing Na2O with ZnO, the higher 

electronegativity of the zinc (1.63) with respect to the sodium cation (0.93) one predicts the 

zinc-oxygen bond to be more covalent than the sodium-oxygen bond. This promoted a 

stronger cross-link between phosphate chains which increased drastically the Tg.  
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Moreover, the slower mobility of larger ionic radius Zn2+ compared to Na+ increased the 

viscosity and therefore contribute to the increase of the Tg [46],[48].  

In addition, the larger Tg value of the mixed sodium lithium metaphosphate glass compared 

to sodium glass could be explained by the larger ionic radius of Na+ (rLi += 76 pm < rNa+ =102 

pm) that increases the ionic field strength of Li+ relative to Na+ [42]. 

Concerning the polyphosphate composition and comparing to results from literature, the DTA 

measurement showed an important decrease of the glass transition temperature from 433°C 

in 66.6ZnO+ 33.4P2O5 glass [10] to 314°C in Poly-Na with composition: 46.6ZnO+20Na2O+ 

33.4P2O5 (show table 7). As explained before, these evolutions can be correlated by the 

replacement of Zn-O-P bond by more ionic and weaker Na+-O-P linkages. This weakening is 

strongly related to the decrease of Tg [10].  

4.2.2 Rare earth effect 

Inserting rare earth ions in the glass composition whatever the type of glass showed an 

increase in the glass transition temperature (Table 7). Taking the sodium polyphosphate glass 

as an example, the Tg = 314°C in Poly-Na and 345°C and 357°C in Poly-Na-Eu and Poly-Na-Er 

respectively. Therefore, in addition to its role of network modifier that depolymerize the glass 

network, the RE ions have another functionality that strengthen the network [49],[50].  

5 Density 

Density was measured for glass samples at room temperature using toluene as the immersion 

liquid. Density is measured by the fluid displacement method depending on Archimedes 

principle. According the Archimedes Law, the buoyancy equal the weight of displaced fluid. 

The density was obtained by employing the relation:  

ρ =
Wa ρt

(Wa − Wt)
 

Where Wa is the weight of the glass sample in air, Wt is the weight of the glass sample in 

toluene, (Wa-Wt) is the buoyancy and ρt is the density of the buoyant liquid. All measurements 

were made using a digital balance adapted for this in IPGP in collaboration with D. Neuville 

and presented in table 8 and are in good agreement with literature.  



   

52 
 

Table 8 Density values of the different metaphosphate and polyphosphate glasses  

Sample Name Density (g/cm3) Density from literature             Ref 

Metaphosphate  

Meta-Na 2.480 2.37 [51], 2.47 [30] , 2.50 [52], 2.52 [15]  
Meta-Na-Eu 2.576  
Meta-Na-Er 2.565  
Meta-Na -Li   

Meta-Na-Li-Eu 2.572  
Meta-Na-Mg 2.553  

Meta-Na-Mg-Eu 2.589  
Meta-Zn 2.869 2.84 [53], 2.81 [54], 2.82 [55] 

Meta-Zn-Eu 2.892  
Polyphosphate  

Poly-Zn-Na 3.186 3.20 [10] 
Poly-Zn-Na-Eu 3.263  
Poly-Zn-Na-Er 3.319  

Poly-Zn-K 3.057  
Poly- Zn-K-Eu 3.137  
Poly- Zn-Na-K 3.200  

Poly- Zn-Na-K-Eu 3.221  
Poly-50/50 2.811  

Poly-50/50-Eu 2.853  
40P2O5-60ZnO  3.28 [56] 
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1 Rare earth environment in phosphate glasses 

Many techniques are used to study the rare earth (RE) environment in RE doped phosphate 

glasses. Previous work in the literature used Extended X-Ray Absorption Fine Structure 

(EXAFS), Neutron Diffraction (ND) and Molecular Dynamic simulation (MD) to obtain 

information about the interatomic distances, types of surrounding atoms, coordination 

numbers and short range structural disorder.  

The europium doped phosphate glasses have been presented in many papers and reviews and 

in this part I will focus on the results obtained under methods cited before.  

Let’s start with EXAFS and XRD techniques. The origin of EXAFS started with Kronig (1930) [1]. 

As a technique, it has advantages over x-ray diffraction in that it provides pair distribution 

functions containing only atomic correlations involving the atom whose absorption spectra is 

being probed. X-ray diffraction (XRD) leads to a composite radial distribution function in which 

all atom pairs in the material are represented, weighted by the product of their respective 

atomic numbers. The x-ray-diffraction results provide information on the general phosphate 

glass network, while the EXAFS is a direct probe of the local atomic environment of the RE 

atoms [2]. 

Meda et al. [3] studied the local environment of Eu3+ ions in zinc metaphosphate glasses (0.9 

Zn(PO3)2-0.1Eu(PO3)3) using XRD and the results indicate that the rare earth ions are 

surrounded on average by a polyhedron of about 7.4(2) oxygens at 2.36 Å and about 1.6(2) 

oxygens at 2.68 Å. Contrary to P-O distance and coordination number that do not change, 

there was a difference of coordination of the zinc ion in the doped and non-doped glasses (4.6 

against 4.2 respectively) that could be explained by the substitution of an appreciable amount 

of Zn2+ by Eu3+ ions [3]. 

Bowron et al. [2] used a combination of XRD and EXAFS methods to determine the local 

environment of different rare earth ions in metaphosphate glasses R(PO3)3 (Pr, Nd, Eu, Gd, Tb 

and Ho) containing high concentrations of rare earth R3+ ions. The x-ray-diffraction results 

provide information on the general phosphate glass network thus it was established that the 

network is constructed from PO4 tetrahedra. The P-O correlation was observed at 1.57 Å in 

agreement with Musinu’s work [4]. The O-O distance has been determined to be 2.5 Å in non-

doped glass [4] but the similarity of the distance of O-O and R-O cannot let to determine this 

distance [2].  

On the other hand, the EXAFS is a direct probe of the local atomic environment of the RE 

atoms. The coordination number of the RE ions with oxygen is between 6 and 8 and the 

distances R-O  decrease from 2.38 to 2.20 Å  with increasing atomic number establishing a 

contraction of the RE ionic radii. However, the second R-O correlation proved to be more 

consistent between samples with an associated distance of between 3.8 and 4.1 Å, although 

the variation in coordination number is still large between 1 and 5 oxygens.  In the case of 

europium doped glass, the coordination number NEu-O= 7.6 and the REu-O = 2.28 Å [5],[6],[2],[7]. 

In the work of Anderson et al.[8], EXAFS technique has been used to study the lanthanide 

environment in RE doped metaphosphate glasses R(PO3)3 (R = La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, 
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Dy, Ho, and Er) under variable temperature. The results indicate a decrease of the R-O distance 

implying a contraction of lanthanide ion in the glass matrix with increasing atomic number. 

This results are in accord with Bowron’s work [5],[6]. The coordination number NRO is 

intermediate between 6 and 7 and there is no significant change in R-O distance or NRO with 

varying temperature between 79 and 293 K. There is no evidence of R-R correlation up to 4 Å 

whereas the R-P and the second R-O correlation are observed respectively at 3.3-3.6 Å and 

approximately 4 Å [8].  

Moreover, Shikerkar et al.[9] examined the structure of RE doped glasses in presence of 

aluminium ((La2O3)10(R2O3)10 (Al2O3)5 (P2O5)75) with R representing the different lanthanide) 

using XRD and neutron diffraction and indicating that the basic PO4 tetrahedral unit remains 

stable with an average P-O distance of 1.54 Å and a coordination number NPO = 4. He also 

obtained a similar result with previous papers [5],[6],[8] concerning the lanthanide 

contraction and an average of NRO between 6 and 8 [9].  

Furthermore, Wada et al. (2004) used EXAFS to study the local environment and the 

polarization of Eu3+ ions in borate, silicate and phosphate glasses. The Eu-O distance decrease 

with increasing the alkali and alkali earth content in silicate and borate glasses contrary to 

phosphate glasses that the distance tended to be constant but the second Eu-O distance 

decreased [10].  

2 Molecular Dynamics method 

2.1 Molecular Dynamics simulation details 

We studied in this chapter the molecular dynamic simulation of europium doped and non-

doped metaphosphate glasses with comparison to zinc polyphosphate glasses (table 1).  

Table 1 Glass composition 

   

P2O5 K2O Na2O ZnO Eu2O3 

Meta-Na 50  50   

Meta-Na-Eu 49.4  49.4  1.2 

Meta-Zn 50   50  

Meta-Zn-Eu 49.4   49.4 1.2 

Poly-Zn-Na 33.4  20 46.6  

Poly-Zn-Na-Eu 32.99  19.76 46.04 1.2 

Poly-Zn-K 33.4 20  46.6  

Poly-Zn-K-Eu 32.99 19.76  46.04 1.2 
 

In the literature, there are several interatomic potentials to simulate the structure of rare 

earth doped phosphate glasses and to choose the best potential, we tested three known 

potentials:  Buckingham with three body potential (TBP) [11], Born Mayer Huggins with TBP 

[12] and Morse potential (no TBP) [13]. The choice of a good potential depends on several 

criteria:  
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- The coordination number defects of P-O and O-O correlations. 

- The static X-ray and neutron diffraction structure factor S(Q) with comparison to the 

experimental structure factor if it is available in the literature.  

- The simulated pressure (from output file after room temperature simulation) 

- The atomic distribution in the box (using MS Modeling or Oleox2) 

After many tests of molecular dynamic simulation of europium doped and non-doped 

metaphosphate glasses with small (500 atoms) and medium size model (2500 atoms), it was 

found that the Buckingham potential (with TBP) is the best interatomic potential for our 

glasses. The functional form of the Buckingham potential used in this work is:  

U(r) = A exp(r
ρ⁄ ) − C

r6⁄                       Equation 1 

With A, 𝜌 and C are the potential parameters.  

We have used 60% of the formal charge: -1.2e for oxygen O, 3e for phosphorus P, 0.6e for 

sodium Na, 1.2e for zinc Zn and 1.8e for europium. 

The potential parameters for the different atomic pairs were taken from previous work in the 

literature cited in the table 2:  

Table 2 Buckingham interatomic potential parameters for different pair correlations. 

Pair A 𝝆 C Ref 

P-O 27722.00 0.1819 86.860 [11] 

Na-O 4383.76 0.2438 30.700 [1] 

Eu-O 5950.52 0.2536 27.818 [14] 

Zn-O 34131.1 0.1717 9.77 [15] 

O-O 1844.00 0.3436 192.58 [11] 

In the other hand, the three body potential of O-P-O and P-O-P bonds have the form: 

Viji(Ɵ) = 
1

2
 kiji (Ɵ − Ɵiji)     Equation 2 

With j is the element type of the center atoms and kiji and Ɵiji the potentials parameters of the 

TBP presented in the table 3 and was used for non-doped and Eu doped metaphosphate and 

polyphosphate glasses.  

 

Table 3 Interatomic potential parameters of three body potentials TBP 

 kiji (ev) Ɵiji (℃) Ref 

P-O-P 3.0 135.58 [11] 

O-P-O 3.5 109.47 [11] 

To start the molecular dynamic simulation using DLPOLY software, we need to prepare three 

file:  
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- FIELD file: We should enter the number of atoms, the atomic mass and the charge of 

every species as well as the potential parameters.  

- CONFIG file: In the MD simulation, the total number of atoms should be placed in a 

cubic box and we need to put the number of atoms, the cubic box size and the density 

of the glass. The densities of glasses were measured (in Institut de Physique de Globe 

de Paris IPGP) and compared with literature and all the information about the box size 

and the numbers of atoms was calculated and presented in table 4. The initial 

configuration has random positions for atoms which are moved apart to avoid overlap. 

Table 4 Density, Box size and number of atoms used in MD simulation models for Eu doped and non-
doped metaphosphate glasses. 

 Density 
(g/cm3) 

Box size 

(Å) 

 Number of atoms  

O P Na K Zn Eu Tot Number 

Meta-Na 2.48 32.43 1500 500 500    2500 

Meta-Na-Eu 2.58 32.34 1500 494 494   12 2500 

Meta-Zn 2.87 31.85 1500 500   250  2250 

Meta-Zn-Eu 2.89 32.79 1500 494   247 12 2253 

Poly-Zn-Na 3.18 31.63 1454 416 249  290  2409 

Poly-Zn-Na-Eu 3.26 31.75 1464 412 247  288 15 2426 

Poly-Zn-K 3.06 32.76 1454 416  249 288  2409 

Poly-Zn-K-Eu 3.16 32.75 1464 412  247 288 15 2426 

 

- CONTROL file: In this part, we are interested in the temperature and duration of the 

MD modelling. In the first step of the MD simulation known as stage 0, the MD 

calculations were run at a low temperature of 1 K. For the duration we used 40000 

time steps of 1 fs. In the second part and using the previous results from stage 0 

“REVCON file” as a CONFIG file for stage 1, the system was cooled gradually from 3300 

K to 300 K during 190000 time steps equilibration and then we collected the system 

statistics during 40000 time steps at 300 K from 190000 to 230000 time steps (See 

table 1 in annex). 

2.2 Analysis techniques 

2.2.1 Partial Pair Distribution Functions 

The radial distribution function g(r) is used for the material atomic distribution. It illustrates 

the probability to find an atom in a spherical shell of thickness dr at a distance r from a 

reference atom (fig 1). It is used to identify the average separation distance between two 

atoms in a pair correlation.  

From dn(r) that present the number of atoms at a distances between r and dr around a 

reference atom, we can evaluate the radial distribution function g(r): 

dn(r) =
N

V
 g(r) × 4πr2 dr                  Equation 3 



   

63 
 

g(r) =
dn(r)

ρ4πr2dr
                           Equation 4 

Where V and N present the volume and the total number of atoms respectively, and ρ is 

number density.  

In a multicomponent system containing more than one element type such as binary system 

which contains atoms of species i and j, the radial distribution function gij(r) is defined given 

the probability to find nearest neighbor atom of type j at a distance r from atom of type i in 

the spherical shell dr. This function is presented as the following equation:  

gij(r) =
dnij(r)

ρj4πr2dr
    with  ρj =

Nj

V
=

NCj

V
                Equation 5 

Where ρj the number density of atoms j and cj is the concentration of atoms species j. 

 

Figure 1 A shell of radius r and thickness Δr around a reference atom 

 

The radial distribution function gives information about the local structure around different 

atoms species present in the system of interest. In that respect, the interatomic distance 

between two atoms is defined as the position of the first peak of the radial correlation 

distribution function.  

Even more, the coordination number (CN) is calculated from the cut-off distance that is 

determined by the first minimum of the radial distribution function and is defined as the 

distance beyond which two atoms are not bonded.  

2.2.2 Accumulated coordination numbers 

The coordination number CN is defined as the average number of atoms j surrounding an atom 

of type i at up to distance r0 = cut-off and can be obtained from the integration of the pair 

distribution function. 

We calculate the cumulative radial distribution function nij(r) which is the integration from 0 

to r of the number dnij in a thickness dr’ and volume 4πr′2dr′ as presented in the following 

equation: 
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nij(r) = ∫ 4πρjgij(r′)r′2dr′
r

0
                            Equation 6 

Thereafter, we can compute the coordination number of j around i also known as CN (Nij) from 

the integrating at a distance r0 correspond to the cut-off distance:  

 CN = nij(r0) = 4π∫ ρjgij(r′)r′2dr
r0

0
′                     Equation 7 

2.2.3 Partial and total structure factors 

Structure factor can be obtained from scattering experiments using x-ray and neutron 

diffraction techniques to provide a direct measure of bond lengths and coordination numbers.  

These two methods are adopted as a probe to investigate the structure of glasses, thus X-rays 

scatter from electrons and neutrons scatter from the nucleus. On the other hand, the X-rays 

and neutron diffraction structure factors can be computed from the theory as used in MD 

simulation and compared to those from experimental techniques.  

2.2.3.1 Neutron structure factors: 

The neutron partial structure factor Sij(Q) are calculated by Fourier transformation of the pair 

distribution function gij(r) using the following equation: 

Sij(Q) = 1 + ∫ 4πr2(gij(r) − 1)
sin (Qr)

Qr

Rmax

0
 dr            Equation 8 

Where Q is the scattering vector and ρ0 is the number density and Rmax is range over which 

gij(r) is integrated. The total neutron structure factor SN(Q) can then evaluated from the partial 

structure factor: 

SN(Q) = (∑ cicjbibj
n
i,j=1 )−1 ∑ cicjbibjSij(Q)n

i,j=1         Equation 9 

Where ci, cj are the fraction of atoms type i and j respectively and bi and bj are the neutron 

scattering length for species i and j  

2.2.3.2 X-ray structure factors 

Similar to neutron diffraction, the x-ray structure factor can be computed as a sum partial 

structure factors using the same equation as neutron diffraction with replacing the bi values 

with the atomic scattering factor fi(Q). 

3 Molecular dynamic modeling of metaphosphate glasses with medium 
model (~ 2500 atoms) 

3.1 Molecular dynamic modeling of non-doped metaphosphate glasses  

The main emphasis of this part of work was to describe the short range order of sodium and 

zinc metaphosphate glasses using molecular dynamic simulation method.  
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3.1.1 Image of models: Meta-Na vs Meta-Zn 

To start, we used the MS MODELING software to make the image representing the atoms 

distribution in sodium and zinc metaphosphate glasses after the MD simulations (Figure 2). As 

expected, the polyhedra are PO4  tetrahedra network formers and the red spheres are oxygens 

atoms.  The orange spheres (Left, fig.2) are sodium atoms that are modifiers and the grey 

spheres (Right, fig.2) are zinc that are modifiers and formers. Thus, the network modifier as 

Na forms weak bonds to oxygen (< 60 kcal) in contrast to the intermediate oxide as ZnO that 

have a higher bond strength in the range of 60-80 kcal that can intervene as network formers 

[16].  

 

   

Figure 2 Image of MD models of Meta-Na (left) and Meta-Zn (right): red spheres are oxygen O, 
tetrahedra are PO4, orange spheres are sodium Na, grey spheres are zinc Zn. 

3.1.2 Diffraction structure factor  

In addition, we have determined the X-ray and neutron diffraction structure factors S(Q) from 

the MD models using the Interactive Structure Analysis of Amorphous and Crystalline Systems 

(I.S.A.A.C.S) program. Comparing  between the glass models in this work and neutron and X-

rays diffraction experiments from literature[17]–[19] , the structure factors SN(Q) and SX(Q) for 

sodium metaphosphate Meta-Na and zinc metaphosphate Meta-Zn are shown in figure 3 and 

4 respectively. The S(Q) for models are in fair agreement with experiments even if there is a 

dissimilarity in peak signals and positions. There is less good agreement with S(Q) from X-ray 

diffraction (fig 3.b and 4.b) because the SX(Q) is more impacted by the medium range order 

correlated with the distribution of cations [11]. On the other hand, SN(Q) is more impacted by 

short range order associated with the distribution of oxygen. Another reason for the 

difference between the simulation models and experiments that the simulated glass structure 

has not annealed as well as the experimental structure maybe due to the very rapid quench 

that is imposed by the simulation model [20]. 
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Figure 3 Neutron (a) and X-ray (b) diffraction structure factors S(Q) from MD simulation (red lines) 
and experiments (green [7]and broken lines [8]) for non-doped sodium metaphosphate glass. 
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Figure 4 Neutron (a) and X-ray (b) diffraction structure factors S(Q) from MD simulation (red lines) 
and experiments (broken lines [6]) for non-doped zinc metaphosphate glass. 
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Figure 5 Neutron (a) and X-ray (b) diffraction structure factors S(Q) from MD simulation for non-
doped zinc and sodium metaphosphate glasses 
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3.1.3 Pair distribution function and coordination number 

Generally, for amorphous material, g(r) displays short-range order of major peak close to the 

average interatomic distance of neighbour atoms and less pronounced oscillating peaks at 

larger distances. Above all, to determine the partial pair distribution function gij(r) between 

different correlations where i and j present the elements types of atoms, we used the XANAL 

program (fig. 6 and 7). The cumulative distribution functions CNij(r) are displayed in figure 8. 

Moreover, the nearest neighbour distances Rij and coordination numbers Nij are reported in 

tables 5,6 and 7 for P-O, P-P, O-O, M-O, M-P and M-P pairs (where M = Zn, Na).  
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Figure 6 Partial pair distribution function gij(r) for MD simulation of zinc metaphosphate glass (Top) 
and sodium metaphosphate glass (Bottom). (P-O, P-P and O-O pair distribution functions (left); M-O, 

M-P and M-M distribution functions (right)) (Medium model MM) 
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Figure 7 Comparison of M-M pair distribution function gMM(r) for MD simulation of zinc and sodium 
metaphosphate glass  
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Figure 8 Cumulative distribution functions CNij(r) for different atomic correlations present in Meta-Zn 
and Meta-Na (medium models MM) 
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Table 5 Nearest neighbor distances Rij, and coordination number Nij of P-O, P-P and O-O correlations 
from MD simulations compared to experiments and previous MD models in metaphosphate glasses 
Meta-Na and Meta-Zn. (Medium Model MM) 

 P-O P-P O-O Method Ref 

   Cutoff = 2.65 Å   

Glass RPO(Å) NPO RPP(Å) NPP ROO (Å) NOO   

Meta-Na 1.50 4.03 2.97 2.06 2.45 4.07 MD This work 

 1.54 3.95 2.93 2.08 2.52 3.96 XRD-ND [17],[18] 

 1.5 4.00 2.99 2 2.53 4.00 MD [11] 

Meta-Zn 1.51 4.01 2.97 2.04 2.45 4.04 MD This work 

 1.53 4.19 2.98 1.87 2.48 4.53 XRD [21] 

 1.49    2.47  MD [22] 

 

Table 6 Nearest neighbor distances Rij, and coordination number Nij of Na-O, Na-P and Na-Na 
correlations from MD simulations compared to experiments and previous MD models in sodium 
metaphosphate glasses (Meta-Na).(Medium Model MM). 

 Na-O Na-P Na-Na Method Ref 

 Cut-off 3.05 Cut-off 4.20 Cut-off 4.80   

 RNaO(Å) NNaO RNaP(Å) NNaP RNaNa (Å) NNaNa   

Meta-Na 2.42 5.O7 3.59 5.13 3.09 6.27 MD This work 

 2.39 5.08     XRD-ND [17]  

 2.38 4.96 3.56 4.7  7.00 MD [11] 

  5.10  5.9  4.80 RMC [23] 

 

Table 7 Nearest neighbor distances Rij, and coordination number Nij of Zn-O, Zn-P and Zn-Zn correlations 
from MD simulations compared to experiments and previous MD models in sodium metaphosphate 
glasses (Meta-Zn).(Medium Model MM). 

 Zn-O Zn-P Zn-Zn Method Ref 

 Cut-off 2.50 Cut-off 3.70 Cut-off 4.00   

 RZnO(Å) NZnO RZnP(Å) NZnP RZnZn (Å) NZnZn   

Meta-Zn 1.95 3.98 3.33 4.03 3.25 1.07 MD This work 

 1.96 4.87 3.25 4.09 3.25 1.36 XRD [21] 

 1.95 4.00     XRD [23] 

 1.95 6 (50%) 

4(50%) 

    XRD [4] 

 1.99 3.7     MD [22] 

 

3.1.3.1 The phosphorus-oxygen correlation 

The P-O pair distribution function are shown in the bottom and the top of figure 6 for sodium 

and zinc metaphosphate glass respectively. The two partial pair distribution functions (PDFs) 

exhibit a sharp and well defined first peak followed by a decrease to null value demonstrating 

a clear separation between the first and second coordination shells.  
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The P-O nearest neighbours distance determined from the first peak, was found to be 1.50 

and 1.51 Å (Table 5) for Meta-Na and Meta-Zn with cutoff at 2Å.  

The P-O distance for this model are in good agreement with experimental results found in 

literature. Thus, Hoppe el al.[17] has reported a P-O nearest neighbor distance as 1.54 Å for 

sodium metaphosphate glass using X-ray (XRD) and Neutron diffraction (ND). The P-O distance 

for zinc metaphosphate glass was found to be 1.53 Å as determined by Matsuraba et al. [21] 

using XRD experiment (Table 5). Similar results were obtained by Al Hasni [11] et al. and 

Tischendorf et al. [22] using MD method.  

Moreover, the split first peak of gPO(r) shows a two well separated peaks located at 

approximately 1.47 and 1.53 Å which are attributed to bonds of phosphorus atoms to non-

bridging oxygen P-NBO and bridging oxygen P-BO successively and similarly to as expected 

from neutron diffraction [17]. In this way, the percentage of bridging and non-bridging oxygen 

in metaphosphate glasses are reported in Table 9 and are in agreement with theory.    

Even more, the full width at half maximum FWHM of the first peak are also extracted to be 

0.1 Å for both glasses. This distribution combined with the clear separation between the first 

and second peak coordination shells indicate a presence of high degree of short range order 

in the phosphate network.  

The average coordination number NPO for both sodium and zinc glasses were calculated from 

the cumulative coordination number NPO(r) using the cutoff radius of 2 Å which correspond to 

the first minimum of the distribution function of the first peak and were found to be 4.03 and 

4.01 as expected by ND and X-rays studies [17], [21]. In this way and as shown in table 9, over 

96.5% of phosphorus ions are four coordinated which consists of PO4 tetrahedra units linked 

together in chains to form the basic phosphate network units in phosphate glasses. In theory, 

a metaphosphate has 100% PO4 tetrahedra. So the average NPO of about 4.03 instead of 4 

indicate a slight defect in the molecular dynamic model.  

3.1.3.2 The phosphorus-phosphorus and oxygen-oxygen correlations 

P-P correlations 

The first peak in gPP (r) at ~ 2.97 Å (cutoff = 3.3 Å) for sodium and zinc glasses represents the 

P-P nearest neighbors in phosphate network.  

The average P-P coordination of 2 for Meta-Na and Meta-Zn indicates that there are two 

phosphorus atoms surrounding each phosphorus atoms within a cutoff radius of 3.3 Å. This 

value of 2 is expected due to metaphosphate having Q2 units and has been confirmed by 

diffraction method [17], [21]. The similarity of the P-P distances and coordination number for 

the Na and Zn metaphosphate glasses indicates that the basic phosphate network is 

unaffected by the type of cation present in glasses.  

O-O correlations 

The O-O interionic bond distance were found to be 2.45 Å (cutoff = 2.65 Å ) due to O-P-O 

configurations and the partial pair distribution function for both glasses exhibited in figure 6 
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show that the first peak does not return to a null values indicating some overlap between the 

first and the second coordination shells. The model values of ROO are in the range of [0.03 - 

0.1 Å] shorter than the diffraction results of 2.55 and 2.48 Å for Meta-Na and Meta-Zn 

successively (see table 5) and this can be due to the potential parameters used in this models. 

The cumulative distribution functions nOO(r) for O-O pair (fig. 8) show a different behavior in 

large radius that can indicate the small effect of the type of cation modifier in the second 

nearest environment of the basic phosphate network whereas the average coordination 

number is found to be about four for the two glasses. These results are in excellent agreement 

with experimental results for Meta-Na [17] however the number nOO(r) of 4.5 for Zn 

metaphosphate glass using XRD method was reported by Matsuraba et al. [21] and is clearly 

different compared to this work. This value of 4.5 is probably unreliable. 

3.1.3.3 Coordination environment of the network modifier (Zn and Na) 

This part will discuss the short range of the modifier ions and the effect of the network 

modifying cations on the structure of the two metaphosphate glasses. 

The different modifiers atoms present in the two glasses will result in different local 

environment around the modifier ions such as the nearest neighbours distance and 

coordination number.  

In typical cases, the cutoff for the first coordination shell is indicated by the null value in the 

partial pair distribution function between the first and second coordination peaks. Whereas 

in the case of modifiers cations, peaks of M-O, M-P and M-M PDFs don’t return to the null 

values indicating some overlap between the first and second coordination shells. Thus the 

cutoff distances were chosen at the minimums in the PDF between the first and second peaks, 

and will change for each cation.  

3.1.4 M-O correlations 

The metal-oxygen (M-O) pair and cumulative distribution functions were investigated and 

presented in figure 6 and 8 establishing the effect of the cation modifiers on the 

metaphosphate glass structure. The nearest neighbours distance were determined to be 2.42 

Å for Na-O and 1.95 Å for Zn-O. This shift to shorter distance for Meta-Zn is due to the smaller 

ionic radius of zinc ions (rZn ~ 0.88 Å) compared to sodium ions (rNa ~ 1.16 Å) as well as to 

higher electronegativity and bond strengths of zinc [11],[20].  

Stanworth et al [24] reported that the electronegativity of the cations which are intermediates 

(network forming and modifying in the same time) as zinc is in the range of 2 compared to 

glass network modifier  (near 1). Sun el al. [16] reported in his model that network modifier 

as Na forms weak bonds to oxygen (< 60 kcal) in contrast to the intermediate oxide as ZnO 

that have a higher bond strength in the range of 60-80kcal. Moreover, the divalent cations 

make stronger cross-links between the phosphate chains compared to monovalent cation that 

tends to bonds more to one chains.  



   

72 
 

The M-O average coordination number from the MD simulation as shown in table 6 and 7 was 

found to be 5.1 using cutoff of 3.07 Å for Meta-Na. The NZnO was determined to be 3.9 for 

Meta-Zn using cutoff of 2.7 Å.  

The M-O coordination number NMO play a critical role. However, this number is not well 

defined in the literature. Thus, Masturaba et al [21] found this number at about 4.8 for zinc 

metaphosphate glass using XRD experiment. Hoppe el al. [23] found this number at 4.0 for the 

same glass. For sodium metaphosphate glass, there is a good accord between this model and 

experimental results of Hoppe et al. [17] who reported this number NNaO as 5 using XRD and 

ND methods. This larger coordination number satisfied the Zachariasen‘s criteria [25]. Thus Na 

atoms used as network modifier to break the linkages between PO4 tetrahedra and increase 

the number of non-bridging oxygen NBO.   

According to Sun’s criteria (1947), Zn acts as an intermediate cation that can intervene as a 

network former. Hoppe et al.[23] explains this contribution in his model by the formation of 

ZnO4 tetrahedra corner-linked with PO4 terahedra in zinc metaphophate glass. According to 

requirement of charge compensation, the NBO are favored for M-O coordination. The NBO 

atoms can occupy sites in Zn-NBO-P bridges leading to the fill of the space less efficiently, even 

less than in sodium metaphosphate glass. Thus, Zn atoms tends to have small coordination 

number about four differing to the modifier atoms in agreement with Zacharias’s model 

[25].  

M-P correlations 

The nearest neighbor distance RMP and the coordination number NMP are presented in tables 

6 and 7 and confirms previous conclusion for M-P stated in this work.  

M-M correlations 

The metal-metal (M-M) distribution function in these models are displayed in figure 6. There 

is a maxima of the first peak in gMM(r) around 3.09 Å for Meta-Na and 3.25 Å for Meta-Zn. 

Furthermore, the MD simulation shows that the environment of the Zn-Zn correlation differs 

significantly from that of Na-Na correlation (fig. 7). 

In order to study the M-M coordination number the nMM(r) are further analyzed in figure 8 

and tables 6 and 7. There is a clearly difference in the cumulative distribution function and the 

NMM was found to be 6.27 (cutoff = 4.8 Å) for Na-Na correlations. This is in coherence with the 

value of 7 determined by Al Hasni [11] using MD simulations. In the other hand, the NZnZn have 

a value of 1.07 conform to results from XRD experiment [21].  

As reported et al. [23] in his model, the first peak of gNaNa(r) is due to the MOn polyhedral 

sharing common bridging oxygen neighbours. In case of sodium metaphosphate glass the 

NNaNa coordination number strongly increased due to the growing deficiencies of bridging 

oxygens BOs.  

As discussed before, the zinc metaphosphate structure is formed of corner linked PO4 and 

ZnO4 terahedra and this can explains the low coordination number of Zn-Zn correlations. 
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Even more, we note that Meta-Na has 2×Na compared to Zn in Meta-Zn so naively we would 

expect NNaNa to be 2× value of NZnZn. For Na with ionic charge +1, each Na-O-P neighbours is 

involving another Na to balance ionic charge of -2 on oxygen. So we expect NNaNa to be similar 

to NNaO.  

Instead for Zn with ionic charge +2, each Zn-O-P neighbor usually does not involve another Zn. 

So we expect NNaNa to be closer to zero.  
 

Table 8 Qn distributions from MD simulations models and 31P NMR experiment. 

MD Method 

Sample/ Rel.prop./% Q0 Q1 Q2 Q3 Q4 Q5    

Meta-Na 1.80 22.76 48.64 22.76 1.64 2.40 

Meta-Zn 1.80 22.76 48.64 22.76 1.64 2.40 

NMR Method 

Meta-Na 1.29 4.60 94.11 0.00 0.00 
 

  

 

Table 9 Coordination-number distribution for phosphorus and oxygen atoms in metaphosphate glasses 
(Medium Model MM) 

 Coordination-Number (%)  

Phosphorus  

 CN = 4 CN = 5 Average CN 

Meta-Na 96.560 3.440 4.03 

Meta-Zn 98.422 1.578 4.01 

Oxygen 

 CN = 1 CN = 2  

Meta-Na 65.520 34.480  

Meta-Zn 65.741 34.059  

 

3.2 Europium doped metaphosphate glasses 

In this part of chapter, we are interested to interpret the results obtained from molecular 

dynamics simulations for europium doped zinc and sodium metaphosphate glasses. In 

particular, we compared the nearest neighbours distance and coordination number of 

different atomic correlations P-O, P-P, O-O, M-O, M-P and M-M between non-doped and 

europium doped glasses and more precisely the RE doping effect in the structure and the local 

environment around modifier ions.  

The molecular dynamic simulation used in this section used a medium model with 2500 atoms. 

This model is unreliable to determine precisely the local environment around lanthanide ions 

by reason of the few number of europium atoms (15 atoms) (Table 4). In this regard, we 

delayed the interpretation of the local environment around the europium ions until the last 

section of this chapter using big models with about 25000 atoms.  

Figure 9 and 10 exhibit the images of the MD models of non-doped and europium doped 

sodium and zinc metaphosphate glasses successively. The images were created using MS 

MODELING software and present the distribution of the different atoms presented in glasses.  
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Figure 11 and 12 compared the neutron and X-ray diffraction factors S(Q) respectively 

extracted from the MD simulation for non-doped and Eu doped glasses that we observe a 

small effect due to small amount of Eu2O3. 

The radial pair distribution function gij(r) for the different atomic correlations P-O, P-P, O-O, 

M-O, M-P and M-M are presented in figure 13. 

Afterward, the cumulative distribution functions nij(r) are shown in figure 14. In that regard 

the nearest neihghbours distance Rij and the coordination number Nij are outlined in table 

10,11 and 12.  

3.2.1 Image of models: Non-doped and Eu doped glass 

     

Figure 9 Image of MD models of Meta-Na (left) and Meta-Na-Eu (right): red spheres are oxygen O, 
tetrahedra are PO4, orange spheres are sodium Na and sky blue spheres are europium Eu. 

   

Figure 10 Image of MD models of Meta-Zn (left) and Meta-Zn-Eu (right): red spheres are oxygen O, 
tetrahedra are PO4, grey spheres are zinc Zn and sky blue spheres are europium Eu. 
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3.2.2 Structure factors 
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Figure 11 Neutron diffraction structure factors S(Q) from MD simulation for non-doped and europium 

doped sodium (a) and zinc (b) metaphosphate glasses. 
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Figure 12 X-ray diffraction structure factors S(Q) from MD simulation for non-doped and europium 
doped sodium (a) and zinc (b) metaphosphate glasses.  
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3.2.3 Pair Distribution Functions and coordination number  
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Figure 13 Partial pair distribution function gij(r) for MD simulation of Meta-Zn-Eu (above) and Meta-
Na-Eu (below).  
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Figure 14 Cumulative coordination number CNij(r) for MD simulation of Meta-Zn-Eu, Meta-Na-Eu, 

Meta-Zn and Meta-Na (Medium Model MM) 

 

P-O, P-P and O-O correlations 

As reported in figure 13 the P-O, P-P and O-O pair distribution functions showed no significant 

change in the nearest neighbor distance when doping with europium. However the 

cumulative distribution function CNij(r) display a smaller decrease of NPP and NOO in the range 

of ~ 0.1 for Eu doped glasses (fig. 14 and table 10). This is because adding a small amount of 

Eu2O3 is increasing modifier and non-bridging oxygens.  

M-O, M-P and M-M correlations 

We studied in this part the doping europium effect in the local environment around cations 

modifier (Zn, Na) in zinc and sodium metaphosphate glasses.  

Starting with the sodium environment, the PDFs (fig. 13) showed no change in the nearest 

neighbours distance for Na-O, Na-P and Na-Na pairs and the Rij value are reported in table 11 

and 12. In contrast, there is a small increase of coordination number NNaO and NNaP following 

by a decrease of NNaNa as clearly obvious in the cumulative coordination function nij(r) seen in 

figure 14.  

For europium doped zinc metaphosphate glass, the results extracted from the MD model 

indicates no significant change in the distance of Zn-O and Zn-P pairs compared to non-doped 

glass.  The nearest distance for Zn-Zn correlation slightly decreases from 3.25 Å in non-doped 

glass to about 3.16 Å when doping europium. 



   

78 
 

Instead the cumulative coordination number functions nij(r) showed a change in coordination 

environment when doping europium. Thus, the nZnO value undergoes a slight decrease from 

3.98 to 3.87 in non-doped and RE doped glass respectively. The same behavior is proved for 

Zn-P and Zn-Zn pairs. This results is contradictory with Medda et al.’s work [3]  that studied 

the local environment of Eu3+ ions in zinc metaphosphate glasses (0.9 Zn(PO3)2 0.1 Eu(PO3)3) 

using X-ray diffraction XRD. The results indicate that the rare earth ions surrounded an average 

by a polyhedron of about 7.4(2) oxygens at 2.36 Å and about 1.6(2) oxygens at 2.68 Å. Contrary 

to P-O distance and coordination number that come out very close, there was a difference of 

coordination of the zinc ion in the non-doped and Eu glasses (4.2 against 4.6) that could be 

explained by the substitution of an appreciable amount of Zn2+ by Eu3+ ions. 

 

Table 10 Nearest neighbor distances Rij, and coordination number Nij of P-O, P-P and O-O correlations 
from MD simulations in non-doped and Eu doped metaphosphate glasses: Meta-Na, Meta-Zn, Meta-
Na-Eu and Meta-Zn-Eu (Medium Model MM) 

 P-O P-P O-O 

   Cut-off = 2.65 Å 
Glass RPO(Å) NPO RPP(Å) NPP ROO (Å) NOO 

Meta-Na 1.50 4.034 2.97 2.06 2.45 4.07 

Meta-Zn 1.51 4.017 2.97 2.04 2.45 4.04 

Meta-Na-Eu 1.50 4.015 2.97 1.96 2.45 3.99 

Meta-Zn-Eu 1.51 4.012 2.97 1.96 2.45 3.99 

 

Table 11 Nearest neighbor distances Rij, and coordination number Nij of Na-O, Na-P and Na-Na 
correlations from MD simulations in non-doped and Eu doped sodium metaphosphate glasses: Meta-
Na and Meta-Na-Eu (Medium Model MM). 

 Na-O Na-P Na-Na 

 Cut-off 3.05 Å Cut-off 4.20 Å Cut-off 4.80 Å 
 RNaO(Å) NNaO RNaP(Å) NNaP RNaNa (Å) NNaNa 

Meta-Na 2.42 5.07 3.59 5.13 3.09 6.27 

Meta-Na-Eu 2.43 5.22 3.57 5.23 3.11 6.21 

 

Table 12 Nearest neighbor distances Rij, and coordination number Nij of Zn-O, Zn-P and Zn-Zn 
correlations from MD simulations in non-doped and Eu doped zinc metaphosphate glasses: Meta-Na 
and Meta-Na-Eu (Medium Model MM). 

 Zn-O Zn-P Zn-Zn 

 Cut-off 2.50 Å Cut-off 3.70 Å Cut-off 4 Å 
 RZnO(Å) NZnO RZnP(Å) NZnP RZnZn (Å) NZnZn 

Meta-Zn 1.95 3.98 3.33 4.03 3.25 1.07 

Meta-Zn-Eu 1.95 3.87 3.35 3.87 3.16 0.82 
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Table 13 Qn distribution for phosphorus atoms in non-doped and Eu doped metaphosphate glass from 
MD simulations models (MM) 

MD simulation (MM) 

Sample/Rel.
prop.% 

Q0 Q1 Q2 Q3 Q4 Q5 

Meta-Na 1.80 22.76 48.64 22.76 1.64 2.40 

Meta-Na-Eu 0.81 25.10 54.65 16.40 2.42 0.60 

Meta-Zn 1.80 22.76 48.64 22.76 1.64 2.40 

Meta-Zn-Eu 1.21 25.91 51.41 19.17 1.87 0.40 

 

 

Figure 15 Qn distributions from MD simulations models 

 

Table 14 Coordination-number distribution for Phosphorus atoms in metaphosphate glasses (Medium 
Model MM) 

 Coordination-Number (%)  

 4 5 Average CN 

Meta-Na 96.560 3.440 4.03 

Meta-Na-Eu 98.180 1.820 4.01 

Meta-Zn 98.422 1.578 4.01 

Meta-Zn-Eu 98.860 1.140 4.01 

 

 There is a small increase of coordination number NNaO and NNaP following 

by a decrease of NNaNa in sodium metaphosphate glass when it doped 

with europium.  

 The nZnO, nZnP, nZnZn value undergoes a slight decrease in RE doped zinc 

metaphosphate glass. 
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4 Polyphosphate glasses with medium model (~ 2500 atoms) 

Short and medium range order has been investigated in non-doped and europium doped 

polyphosphate glasses with composition 20M2O-46.6ZnO-33.4P2O5 and 19.7M2O-46ZnO-

33P2O5-1.2Eu2O3 respectively (M=Zn,Na). MD models with medium number of atoms (~2500 

atoms) have been used to study the cation environment and the effect of doping europium in 

the glass network as well as  the local environment around zinc and alkali ions present in these 

glasses. The nearest neighbour distances and coordination number of different atomic 

correlations are compared with results obtained for zinc and sodium metaphosphate glasses 

to better understand the role of modifier and intermediate ions in the structure and local 

environment around cations. 

4.1 Images of models  

        

Figure 16 Image of MD models of Poly-Na-Eu (left) and Poly-K-Eu (right): red spheres are oxygen O, 
violet spheres are phosphorus P, grey spheres are zinc Zn , orange spheres are sodium Na, green 

sphere are K and blue sky spheres are europium Eu. 
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4.2 Diffraction structure factors 
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Figure 17 X-ray (Left) and Neutron (Right) diffraction structure factors S(Q) from MD simulation for 
non-doped and Eu doped sodium and potassium polyphosphate glass. 

4.3 Pair Distribution Functions and coordination number  

Figure 18 displayed the partial pair distribution function gij(r) for the different correlation 

present in Poly-Zn-Na and Poly-Zn-Na-Eu (in the top) Poly-K and Poly-K-Eu (in the bottom). The 

cumulative distribution functions nij(r) are displayed in figure 19. 
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Figure 18 Partial pair distribution function gij(r) of non-doped and Eu doped sodium zinc 
polyphosphate glasses (Top) and potassium zinc polyphosphate glasses (Bottom).(Medium model 

MM) 
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Figure 19 Cumulative coordination number CNij(r) of Poly-Na-Zn, Poly-Na-Zn-Eu, Poly-K-Zn-Eu and 
Poly-K-Zn-Eu (Medium Model MM)  

 

P-O, P-P and O-O correlations  

The P-O, P-P and O-O nearest neighbours distances determined by the maxima of the first 

peak are reported in table 15. In this framework and comparing to metaphosphate glasses, 

these results showed no variation in the bond length in PO4 tetrahedra which are the basic of 

building block of phosphate glasses.  

The P-O coordination number turned out to be ~ 4 for both sodium zinc and potassium zinc 

polyphosphate glasses confirming the PO4 tetrahedra units present to form the basic 

phosphate network. However, the coordination number NPP changes from ~ 2 in 

metaphosphate glasses to around 1 in polyphosphate composition. Even more, the NOO 

change from ~ 4 to 3.4 (table 15). This change is due to the depolymerized polyphosphate 

glass (Density increase from 2.48 g/cm3 in meta to 3.18 g/cm3 in Poly).  

Thus, the addition of metal oxides up to polyphosphate composition give rise to the 

depolymerization of the network and the formation of small units. Poly-Na and Poly-K have 

O:P ratio of 7:2 which correspond to average Q1. For the average Q1, we expect NOO = 3.42. 

This evidence are proved by NMR and Raman spectroscopy used in this work that exhibited a 

majority of Q1 units with presence of Q2 groups for the present polyphosphate glasses and 

confirmed the Van Wazer’s model [26]. This explain the value of 3.4 attributed to NOO.  
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Europium effect 

As for metaphosphate glass, there is a small change in the coordination number of P-P and O-

O pairs in europium doped glasses. In this way, the cumulative distribution function nij(r) show 

a small decrease ~ 0.2 for P-P pairs and ~ 0.05 for O-O correlations as reported in table 15. 

Therefore, europium atoms play a role of modifier network in glass.  

Coordination environment of the network modifier Na, K and Zn: 

As reported in Tables 16 and 17, the nearest neighbour distances were found to be 2.43 Å for 

Na-O and 2.79 Å for K-O pairs in Poly-Na and Poly-K. This difference is due to the larger ionic 

radius for potassium (~ 1.52 Å) compared to sodium (~1.16 Å). Even more, the Zn-O 

correlations have a shorter distance with a value of 1.95 Å in both polyphosphate glasses 

(Table 18) and there is no discrepancy compared to metaphosphate sample. This increase in 

the nearest neighbours distances in the order Zn2+ < Na+ < K+ could be explained by the field 

strength cations thus defined by the ion valence divided by square of ion-oxygen bond 

distance (z/a2) and increase in the order K+ < Na+< Zn2+ [27]. Remarkably, the increase of 

modifier field strength causes the formation of strongest P-O-P bonds with shorter distances 

as explained Hoppe el al.[23].  

In this respect, the M-P and M-M pair distribution function extracted from the MD simulations 

revealed a decrease in the nearest neighbours distances as the average strength field increase 

with a reduction of the basicity of glasses.  

In contrast, the results extracted from the MD models of sodium and zinc metaphosphate 

glasses show a noticeable variation in the nearest neighbours distance around cation atoms.  

Na vs K 

Even more, the nature of the modifier network appears to have an effect on the cation 

coordination environment. Thus NKO has a higher value of 6.63 (cutoff = 3.4) compared to NNaO 

with a value of 5.5 (cutoff = 3.05) (Table 3) resulting in a mixture of 5,6 and 7 coordinated 

cation sites [28].  This is due to the asymmetric M-O peak of the radial distribution function in 

K and Na polyphosphate glasses. Hoppe et al. [29] explained the increase of coordination 

number in metaphosphate glasses by the increasing M-O distance that changes the mutual 

order of the M atoms with the tendency of clustering of M sites due to MOn polyhedra sharing 

oxygen atoms. It was also found that the M-O coordination number does not significantly 

change across the polyphosphate composition. Thus around metaphosphate composition, all 

non-bridging oxygen atoms can form bridges which leads to lowest coordination number with 

presence of isolated MOn polyhedra. However, for polyphosphate composition an increase of 

NBO lead to a small variation of coordination number. Instead, the high fraction of oxygen is 

coordinated by two or more cations sites which results in a strong densification of the glass 

structure [30]. 

The Zn-O coordination number NZnO is around 4 [4.06-4.16] and is invariant across the entire 

ZnO concentration. Musini et al [31] investigated the cationic environment in 0.3ZnO-
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0.35Na2O3-0.35P2O5 glass composition using X-Ray diffraction experiment and he reported the 

average NZnO of 4.5 suggesting the prevalence of tetrahedral geometry.  

Walter et al. [30] and Tischendorf et al. [22] have studied the binary zinc phosphate glasses 

from ultraphosphate to polyphosphate composition using diffraction and MD methods and 

they found no change in zinc-oxygen coordination number with increasing ZnO molar fraction. 

In addition, Suzaya et al. [32] does not show a significant variation in NMgO and the total 

coordination number is approximately 6 in the range from 40% to 64% mol MgO. 

Furthemore, many studies found the coordination number at near five for zinc phosphate 

glass [33],[34]. For example, Suzuya et al.[33] used X-rays and ND to study zinc polyphosphate 

glasses (50-70% ZnO) and he revealed that the Zn-O average number is around five [4.5-4.9]. 

In this regards, it should be noted that coordination number NZnO have a mixture of 3,4 and 5 

coordinated Zn sites.  

These results could be explained that Zn cation play a typical role as a network modifier when 

the fraction of non-bridging-oxygen (NBO) increase as predicted by the Van Wazer’s model 

[26]. On the other hand, the Zn ions in ZnO4 tetrahedra acts as network former by creating 

creating the more open structure of zinc phosphate glass and forming the linkage of ZnO4 

and PO4 tetrahedra which explains the small coordination number around zinc compared to 

the modifier atoms [33].    

Table 15 Nearest neighbor distances Rij and coordination number Nij of P-O, P-P and O-O correlations 
from MD simulations in non-doped and Eu doped polyphosphate compared to metaphosphate glasses 
(Medium Model MM). 

 P-O P-P O-O 

   Cut-off = 2.65 Å 
Glass RPO(Å) NPO RPP(Å) NPP ROO (Å) NPO 

Meta-Na 1.50 4.034 2.97 2.06 2.45 4.07 

Meta-Zn 1.51 4.017 2.97 2.04 2.45 4.04 

Meta-Na-Eu 1.50 4.015 2.97 1.96 2.45 3.99 

Meta-Zn-Eu 1.51 4.012 2.97 1.96 2.45 3.99 

       
Poly-Na 1.49 4.005 2.97 1.07 2.45 3.46 

Poly-Na-Eu 1.49 4.005 2.97 0.98 2.45 3.39 

Poly-K 1.49 4.005 2.97 1.08 2.45 3.45 

Poly-K-Eu 1.49 4.000 2.97 0.99 2.45 3.39 
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Table 16 Nearest neighbor distances Rij and coordination number Nij of Na-O, Na-P, Na-Na and Na-Zn 
correlations from MD simulations in non-doped and Eu doped polyphosphate compared to 
metaphosphate glasses (Medium Model MM) 

 Na-O Na-P Na-Na Na-Zn 

 Cut-off = 3.05 Å Cut-off = 4.20 Å Cut-off = 4.80 Å Cut-off = 4.20 Å 
 RNaO(Å) NNaO RNaP(Å) NNaP RNaNa 

(Å) 

NNaNa RNaZn 

(Å) 

NNaZn 

Meta-Na 2.42 5.07 3.59 5.13 3.09 6.27   

Meta-Na-Eu 2.43 5.22 3.57 5.23 3.11 6.21   

Poly-Na 2.43 5.51 3.45 5.01 3.29 3.28 3.13 2.87 

Poly-Na-Eu 2.43 5.60 3.49 5.01 3.34 3.17 3.23 2.80 

 

Table 17 Nearest neighbor distances Rij and coordination number Nij of K-O, K-P, K-K and K-Zn 
correlations from MD simulations in non-doped and Eu doped potassium polyphosphate (Medium 
Model MM) 

 K-O K-P K-K K-Zn 

 Cut-off = 3.40 Å Cut-offs = 4.75 Å Cut-off  =  5.20 Å Cut-off = 4.50 Å 
 RKO(Å) NKO RKP(Å) NKP RKK (Å) NKK RKZn (Å) NKZn 

Poly-K 2.79 6.63 3.71 5.80 3.59 3.95 3.39 3.00 

Poly-K-Eu 2.79 6.75 3.63 5.82 3.53 3.79 3.47 3.07 

 

Table 18 Nearest neighbor distances Rij and coordination number Nij of Zn-O, Zn-P and Zn-Zn 
correlations from MD simulations in non-doped and Eu doped polyphosphate compared to 
metaphosphate glasses (Medium Model MM) 

 Zn-O Zn-P Zn-Zn 

 Cut-off = 2.50 Å Cut-off = 3.70 Å Cut-off = 4 Å 

 RZnO(Å) NZnO RZnP(Å) NZnP RZnZn (Å)   NZnZn 

Meta-Zn 1.95 3.98 3.33 4.03 3.25 1.07 

Meta-Zn-Eu 1.95 3.87 3.35 3.87 2.81 0.82 

Poly-Na 1.95 4.16 3.33 4.17 3.05 1.23 

Poly-Na-Eu 1.95 4.13 3.31 4.06 3.01 1.42 

Poly-K 1.95 4.07 3.33 4.01 2.87 1.15 

Poly-K-Eu 1.93 4.06 3.31 3.92 3.05 1.23 
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Table 19 Qn distributions from MD simulations models and 31P NMR experiment. 

MD Method 

Sample/ Rel.prop./% Q0 Q1 Q2 Q3 Q4 Q5  

Poly-Zn-Na 24.76 46.63  26.20 1.92 0.48  0.00 

Poly-Zn-Na-Eu 26.46 52.91 18.20 1.94 - 0.49 

Poly-Zn-K 22.11 51.20 23.07 3.12 0.48 0.00 

Poly-Zn-K-Eu 27.67 47.33 22.81 2.18 0.00 0.00 

NMR Method 

Sample/ Rel.prop./% Q0 Q1,1 Q1,2 Q2 Q3 Q4 

Poly-Zn-Na 8.72 76.72 8.69 5.81 0.00 0.00 

 

Table 20 Coordination number distribution for phosphorus and oxygen atoms in polyphosphate glasses  

 Coordination-Number (%) 

Phosphorus 

 CN = 4 CN = 5 

Poly-Zn-Na 99.52 0.48 

Poly-Zn-Na-Eu 99.51 0.48 

Poly-Zn-K 99.52 0.48 

Poly-Zn-K-Eu  100.00 0.00 

Oxygen 

 CN = 1 CN = 2 

Poly-Zn-Na 84.04 15.27 

Poly-Zn-Na-Eu 85.25 13.73 

Poly-Zn-K 83.49 15.54 

Poly-Zn-K-Eu  84.56 14.00 
 

 The coordination number NPP changes from ~ 2 in metaphosphate 

glasses to around 1 in polyphosphate composition. Even more, the NOO 

change from ~ 4 to 3.4. This change is due to the depolymerized 

polyphosphate glass. 

 As for metaphosphate glass, there is a small change in the coordination 

number of P-P and O-O pairs in europium doped polyphosphate glasses. 

This increase in the nearest neighbours distances in the order Zn2+ < Na+ 

< K+ could be explained by the field strength cations thus increase in the 

order K+ < Na+< Zn2+. 

 The nature of the modifier network appears to have an effect on the 

cation coordination environment. Thus, NKO has a higher value of 6.63 

compared to NNaO with a value of 5.5. The NZnO is around 4 and is 

invariant across the entire ZnO concentration. 
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5 Phosphate glasses with big model (~ 25000 atoms) 

The medium models using about 2500 atoms is limited to predict the local environment 

around lanthanide ions due to the few number of ions present in this model (~ 15 and 12 in 

metaphosphate and polyphosphate respectively). That’s why we multiplied the number of 

atoms by 10 (~ 25000 atoms) to compensate the low concentration of europium and reduce 

the edge effect of simulation box [11].  

Figure 20 and 21 exhibit the images of the MD models (big models) of europium doped sodium 

metaphosphate and zinc sodium polyphosphate glasses respectively.  

Figure 11 and 12 compared the big and medium models of respectively neutron and X-ray 

diffraction factors S(Q) for Eu doped glasses that we observe no effect between the two 

model. 

The radial pair distribution function gij(r) for the different atomic correlations P-O, P-P, O-O, 

M-O, M-P, M-M, Eu-O, Eu-P, Eu-Eu and Eu-M are exhibited in figures 23, 24, 25, 26, 27 and 28. 

Moreover, the cumulative distribution functions nij(r) are shown in figure 29, 30 and 31.  

As well, the nearest neihghbours distance Rij and the coordination number Nij are outlined in 

table 21-28.  

In this part, we interested to study the local environment of europium ions using the big 

models.   
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5.1 Images of models  

   

Figure 20 Image of MD models of Meta-Na-Eu:  red spheres are oxygen O, violet spheres are 
phosphorus P, Orange spheres are sodium Na and Blue sky spheres are europium Eu (with big model: 

About 25000 atoms) 
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Figure 21 Image of MD models of Poly-Zn-Na-Eu: red spheres are oxygen O, violet spheres are 
phosphorus P, Grey spheres are zinc Zn , Orange spheres are sodium Na and Blue sky spheres are 

europium Eu (with big model: About 25000 atoms) 
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5.2 Structure factors  
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Figure 22 Neutron(Left) and X-ray (Right) diffraction structure factors S(Q) comparison between big 
BM and medium model MM for Eu doped sodium metaphosphate and sodium zinc polyphosphate 

glasses  
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5.3 Pair distribution function and coordination number  
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Figure 23 Partial pair distribution function gij(r) of Meta-Na-Eu (a), Meta-Zn-Eu (b), Poly-Zn-Na-Eu (c) 
Poly-Zn-K-Eu (d),  (Big model BM) 
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Europium environment 

Eu-O correlation 

The europium-oxygen pair distribution functions for europium doped metaphosphate and 

polyphosphate glasses extracted from the big models (BM) are shown in figures 23 and 24. 

The first peak in gEuO(r) at 2.33 Å as reported in table 25 represent the Eu-O nearest neighbours 

distances for both metaphosphate and polyphosphate glasses.  

Few studies investigated the coordination environment around lanthanides ions in RE doped 

metal and metal alkali phosphate glasses. For Eu doped aluminum lithium ultraphosphate 

glass, EXAFS studies found Eu-O bond length of around 2.35 Å [10]. Martin et al [11] reported 

the Dy-O bond length as 2.3 Å in aluminophosphate glass with DyAl0.3P3.05O9.62 composition 

using MD simulations. Du el al. [35] also showed a first peak of gCe-O at 2.28 Å for 76P2O5-

19Al2O3-5CeO2 glass composition. In the case of Eu doped metaphosphate glasses Eu(PO3)3, 

REuO turned out to be ~2.3 Å [6], [36]–[38].  

In all four glass investigated in this work, the Eu-O pair distribution have much higher intensity 

in the first peak then Eu-P or Eu-Eu because cation (+) must be coordinated to oxygen (-) and 

therefore a coordination of europium by oxygen [35]. Furthermore, the first peak in gEuO(r) 

showed a slight asymmetric indicating a slightly distorted coordination environment.    

For Meta-Na-Eu glass, the majority of Eu has six-fold (82.47%) with the remaining europium 

(20.89%) having five-fold and (14.37%) having seven-fold coordination giving an average 

NEuO=6.15 (Table 28) and the coordination number was calculated using cutoff distance of 3 Å. 

There is no previous work that studied the RE ions coordination environment for RE doped 

sodium metaphosphate glass. However, many results for Eu(PO3)3 glass reported the Eu-O 

coordination number in the range from 6 to 7 using EXAFS and XRD experiments [6],[36]–[39].  

In the case of Meta-Zn-Eu, the total Eu-O coordination of 5.52 (Table 25) obtained from the 

BM model is significantly smaller than the coordination of Meta-Na-Eu. Even more and 

contradictory to sodium metaphosphate glass, the majority of Eu has five-fold (42.17%) and 

six-fold (47.74%) with a few number of three, four, seven and eight-fold. 

The cumulative distribution function nEuO(r) as displayed in figure 25 and 26 showed that the 

europium coordination environment for polyphosphate composition is in the intermediate 

range between the one for sodium and zinc metaphosphate glass. Thus, the NEuO value 

increase in the order Meta-Zn-Eu < Poly-K-Zn-Eu < Poly-Na-Zn-Eu < Meta-Na-Eu as reported in 

table 25. The same order is shown using medium model MM with a lower value of NEuO of 5.18 

for Meta-Zn-Eu compared to results 5.52 extracted from BM . 

For Poly-Zn-Na-Eu using BM simulation, the Eu-O coordination has a value of 5.94 and the 

coordination number distribution for europium ions has 65.4% of six-fold, 21.9% five-fold and 

11.8% of seven-fold coordination. Moreover, there is a limited number of four and eight-fold 

with 0.2% and 0.7% respectively (Table 28). The same behaviors is also seen in potassium 

polyphosphate glass with higher coordination number of six-fold (64.7%).  

This is similar to Martin’s work that detailed an average coordination of 5.8 for Dy-O 

correlation in Dy alumino-polyphosphate glass using MD simulation. The majority of Dy has 
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five-fold and six-fold with all Dy is bonded to non-bridging oxygen [40]. However, the total Dy-

O values of NDyO = 6.7 using neutron diffraction for the same glass is significantly larger than 

results obtained for MD simulation [40]. For cerium alumino-polyphosphate glass, the NCeO is 

determined to be 6.8 usind MD method [35]. For aluminum lithium ultraphosphate glass, it 

was noted the value of 6 for the Eu-O coordination number [10]. In this context, Martin et al 

related the O-O distribution function that has a broad peak from 2.8 and 3.5 Å with the Dy-O 

and Al-O coordination environment [40].  
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Figure 24 Eu-O (Left) and Eu-P (Right) pair distribution function gij(r) of europium doped 
metaphosphate and polyphosphate glasses (Big Model BM). 
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Figure 25 Cumulative coordination number nij(r) comparison between BM and MM 
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Figure 26 Eu-O, Eu-Eu and Eu-P coordination number CNij(r) for medium MM (Left) and big model BM 

(Right). 

Eu-P correlations 

In order to investigate the distribution of network-forming cations around europium ions, the 

Eu-P pair distribution function were calculated using BM. The first peak in gEuP(r) at ~ 3.7 Å 

represent the Eu-P present in this work and there is no significant variation between BM and 

MM. These results are coherent with experimental results for RE doped phosphate glasses. In 

this way, the REuP has a value in the range from 3.6 to 3.8 Å using EXAFS experiments for Eu 

doped metaphosphate glass (Eu(PO3)3) [38],[6]. Martin et al.[40] reported the Dy-P bond 

length value of 3.7 Å in aluminium phosphate glass using MD models.  

The Eu-P distribution function as exhibited in figure 24 showed a broad second peak from 4.3 

to 6.8 Å with different peak position and with different feature between metaphosphate and 

polyphosphate glasses indicating a variation in the second coordination shell. Further, the 

FWHM of the first peak (Inset fig. 24) increases in the order Zn2+< K+/Zn2+< Na+/Zn2+< Na+ 

suggesting a wide distribution of europium ions in sodium metaphosphate glass compared to 

other glasses. 

The coordination number NEuP turned out to be 6.11, 5.44, 5.60 and 5.40 for Meta-Na-Eu, 

Meta-Zn-Eu, Poly-Zn-Na-Eu and Poly-Zn-K-Eu respectively. The same behavior of Eu-P and Eu-

O coordination number is detected for metaphosphate glasses that we observe a significant 

decrease in the coordination number when replacing Na+ by Zn2+ ions. On the other hand, the 

NEuP significantly decreased from 6.11 in Meta-Na-Eu to 5.60 and 5.40 in Poly-Zn-Na-Eu and 
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Poly-Zn-K-Eu respectively while the NEuO undergoes a slight change from 6.15 to around 5.94 

and 5.80.  

There is a discrepancy of the coordination number value with medium model MM due to the 

fewer number of europium ion present in this models. For this reason, we take into account 

the results extracted from the big model BM.  

Eu-Eu correlation 

Figure 27 compared the Eu-Eu pair distribution function between the two models and confirm 

the limited medium model to investigate the local environment around europium ions.  Figure 

28 exhibited a lower intensity of the first peak in gEuEu(r) for sodium metaphosphate glass 

compared to zinc glasses. This means a more Eu-Eu pairs in presence of zinc oxide. A slight 

increase of the coordination number of Eu-Eu pairs in polyphosphate glasses compared to 

metaphosphate glasses is showed in figure 26. This could be explained by the higher number 

of europium Atom/ Å3 in polyphosphate samples compared to metaphosphate.   

Moreover, we observe a lower NEuEu in sodium metaphosphate glass compared to zinc glasses 

at shorter distance until 6.2 Å (Figure 26) that the sodium ions stopped the shorter distance 

between europium compared to zinc ions.  

At longer distance, the amplitude in the cumulative coordination number nEuEu(r) of Meta-Zn-

Eu is lower. It can be explained by the lower number of Eu Atom/Å3 in Meta-Zn-Eu (3.40x10-4 

Eu Atom/Å3)  compared to Meta-Na-Eu (3.55x10-4 Eu Atom/Å3).  

For polyphosphate composition, the coordination environment at longer distance is similar in 

both Poly-Zn-Na-Eu and Poly-Zn-K-Eu. 
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Figure 27 Eu-Eu pair distribution function gij(r): comparison between BM and MM of Meta-Na-Eu 
(Left) and Poly-Zn-Na-Eu (Right) 
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Figure 28 Eu-Eu pair distribution function gij(r) of metaphosphate and polyphosphate glasses (Big 
Model BM) 

Eu-M (Zn/Na/K) correlations  

Figure 29 and 30 displayed the Eu-M pair distribution function gij(r) (M=Na, K and Zn) in the 

different metaphosphate and polyphosphate compositions. The cumulative distribution 

functions nij(r) are displayed in figure 31. 
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The ratio of Na in Meta-Na-Eu to Zn in Meta-Zn-Eu is 2:1. However, looking at number of Eu-

Na pairs in Meta-Na-Eu compared to Eu-Zn in Meta-Zn-Eu, the ratio is 2.61: 0.72 (see figure 

31 and table 26). From this results, we can suggest that sodium is more likely to coordinate to 

europium compared to zinc ions.  

In polyphosphate composition, the number of zinc atoms (= 288 atoms) is higher than the 

number of sodium (=247 atoms). In this way, the NEuZn is expected to be higher because of 

higher number of zinc atoms. Whereas, the NEuZn is lower than the NEuNa (1.38 vs 1.89 

respectively) in Poly-Zn-Na-Eu (see figure 31 and table 26). Again, the sodium coordination to 

sodium is higher then due to composition alone.  

For Poly-Zn-K-Eu, the coordination number of Eu-K and Eu-Zn pairs are similar (~1.40 vs 1.39). 
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Figure 29 Eu-M pair distribution function gij(r) (M=Na, K and Zn): comparison between BM and MM of 
metaphosphate (Left) and polyphosphate glasses (Right). 
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Figure 30 Eu-Zn (a), Eu-Na (b) and Eu-Na and Eu-K (c) pair distribution function gij(r) of 
metaphosphate and polyphosphate glasses. (Big models) 
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Figure 31 Eu-M coordination number CNij(r) (M=Zn, Na and K): comparison between MM and BM of 
metaphosphate and polyphosphate glasses.  

Eu-O-Eu  

Table 27 displayed the results of Xhst analysis of europium clustering in metaphosphate and 

polyphosphate composition presenting the distribution of europium ions in clusters based on 

the direct Eu-O-Eu bonding criterion. In Meta-Na glass, the majority of europium ions (~ 

98.3%) are isolated, 1.65% form pairs and 0.02% are in clusters of three.  

However, glasses containing zinc oxide have a smaller percentage of isolated europium ions. 

Thus, in Meta-Zn-Eu around 89.7% of RE ions are isolated while 4.5%, 5.6% and 0.13% are in 

pairs, clusters of three and four successively. For Poly-Na-Eu, 87.9% of europium are isolated, 

around 8% are clustered in pair, 2.7% are clusters of three and the rest are in clusters of four.  

The obvious difference in isolated europium ions for zinc glasses compared to sodium 

metaphosphate glass suggest that the presence of zinc oxide in glass increases the clustering 

tendency of europium ions.  
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Table 21 Nearest neighbor distances Rij and coordination number Nij of P-O, P-P and O-O correlations 
from MD simulations in Eu doped glasses: Comparison between Medium MM and Big Model BM 

 P-O P-P O-O 

   Cut-offs 2.65 Å 
Glass  RPO(Å) NPO RPP(Å) NPP ROO (Å) NPO 

Meta-Na-Eu-MM 1.50 4.01 2.97 1.96 2.45 3.99 

Meta-Zn-Eu-MM 1.51 4.01 2.97 1.96 2.45 3.99 

Poly-Zn-Na-Eu-MM 1.49 4.01 2.97 0.97 2.45 3.39 

Poly-Zn-K-Eu-MM 1.49 4.00 2.97 0.99 2.45 3.39 

       
Meta-Na-Eu-BM 1.50 4.03 2.97 1.98 2.45 4.00 

Meta-Zn-Eu-BM 1.51 4.01 2.97 1.96 2.45 3.99 

Poly-Zn-Na-Eu-BM 1.49 4.00 2.97 0.99 2.45 3.40 

Poly-Zn-K-Eu-BM 1.49 4.00 2.97 1.02 2.45 3.40 

 

Table 22 Nearest neighbor distances Rij and coordination number Nij of Na-O, Na-P, Na-Na and Na-Zn 
correlations from MD simulations in Eu doped glasses: Comparison between Medium MM and Big 
Model BM 

 Na-O Na-P Na-Na Na-Zn 

 Cut-off = 3.05 Å Cut-off = 4.20 Å Cut-off = 4.80 Å Cut-off = 4.20 Å 
 RNaO(Å) NNaO RNaP(Å) NNaP RNaNa 

(Å) 

NNaNa RNaZn 

(Å) 

NNaZn 

Meta-Na-Eu-MM 2.43 5.22 3.57 5.23 3.11 6.21   

Poly-Zn-Na-Eu-MM 2.43 5.60 3.49 5.01 3.34 3.17 3.23 2.80 

         
Meta-Na-Eu-BM 2.33 5.17 3.61 5.23 3.01 6.35   

Poly-Zn-Na-Eu-BM 2.35 5.54 3.53 4.94 3.29 3.30 3.15 2.76 

 

Table 23 Nearest neighbor distances Rij and coordination number Nij of K-O, K-P,K-K and K-Zn 
correlations from MD simulations in Eu doped glasses: Comparison between Medium MM and Big 
Model BM 

 K-O K-P K-K K-Zn 

 Cut-off 3.4 Å Cut-off 4.75 Å Cut-off 5.20 Å Cut-off 4.50 Å 
 RKO(Å) NKO RKP(Å) NKP RKK (Å) NKK RKZn (Å) NKZn 

Poly-Zn-K-Eu-MM 2.79 6.75 3.63 5.82 3.53 3.79 3.47 3.07 

 
Poly-Zn-K-Eu-BM 2.81 6.75 3.79 5.77 3.71 3.98 3.45 2.94 
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Table 24 Nearest neighbor distances Rij and coordination number Nij of Zn-O, Zn-P and Zn-Zn 
correlations from MD simulations in Eu doped glasses: Comparison between Medium MM and Big 
Model BM 

 Zn-O Zn-P Zn-Zn 

 Cut-off 3.5 Å Cut-off 3.7 Å Cut-off 4 Å 
 RZnO(Å) NZnO RZnP(Å) NZnP RZnZn (Å) NZnZn 

Meta-Zn-Eu-MM 1.95 3.86 3.35 3.86 3.16 0.82 

Meta-Zn-Eu-BM 1.95 3.94 3.33 3.98 3.21 0.99 

 
Poly-Zn-Na-Eu-MM 1.95 4.13 3.31 4.06 3.01 1.42 

Poly-Zn-K-Eu-MM 1.93 4.06 3.31 3.92 3.05 1.23 

Poly-Zn-Na-Eu-BM 1.95 4.16 3.31 4.06 3.03 1.45 

Poly-Zn-K-Eu-BM 1.95 4.09 3.33 3.93 3.15 1.44 

 

Table 25 Nearest neighbor distances Rij and coordination number Nij of Eu-O, Eu-P and Eu-Eu 
correlations from MD simulations in Eu doped glasses: Comparison between Medium MM and Big 
Model BM 

 Eu-O Eu-P Eu-Eu 

 Cut-off 3.00 Å Cut-off 4.15 Å  

Glass  REuO(Å) NEuO REuP(Å) NEuP REuEu (Å) NEuEu 

Meta-Na-Eu-MM 2.33 6.06 3.69 6.16 6.67  

Poly-Zn-Na-Eu-MM 2.39 6.02 3.71 5.93 3.35  

Poly-Zn-K-Eu-MM 2.31 5.87 3.69 5.40 4.77  

Meta-Zn-Eu-MM 2.35 5.18 3.73 5.14 6.21  

 
Meta-Na-Eu-BM 2.33 6.15 3.69 6.11 3.89  

Poly-Zn-Na-Eu-BM 2.33 5.94 3.69 5.60 3.63  

Poly-Zn-K-Eu-BM 2.33 5.80 3.71 5.40 3.69  

Meta-Zn-Eu-BM 2.33 5.52 3.71 5.44 3.61  

 

Table 26 Nearest neighbor distances Rij and coordination number Nij of Eu-O, Eu-P and Eu-Eu 
correlations from MD simulations in Eu doped glasses: Comparison between Medium MM and Big 
Model BM. 

 Eu-Na Eu-K Eu-Zn 

 Cut-off 5.00 Å Cut-off 5.4 Å Cut-off 4.2 Å 
Glass  REuNa(Å) NEuNa REuK(Å) NEuK REuZn (Å) NEuZn 

Meta-Na-Eu-MM 3.65 2.22     

Meta-Zn-Eu-MM     3.35 0.49 

Poly-Na-Eu-MM 3.65 1.89   3.61 0.97 

Poly-K-Eu-MM   3.87 1.02 3.09 1.55 

 
Meta-Na-Eu-BM 3.51 2.61     

Meta-Zn-Eu-BM     3.47 0.72 

Poly-Na-Eu-BM 3.51 1.89   3.55 1.38 

Poly-K-Eu-BM   3.81 1.40 3.49 1.39 
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Table 27  Qn distributions of Eu from MD simulations models: Comparison between Medium MM and 
Big Model BM 

Eu3+ 

Sample/ Rel.prop./% Isolated 1 2 3 

Meta-Na-Eu-MM 100.00 0.00 0.00 0.00 

Poly-Zn-K-Eu-MM 99.34 0.66 0.00 0.00 

Meta-Zn-Eu-MM 83.99 4.46 11.55 0.00 

Poly-Zn-Na-Eu-MM 75.97 10.56 0.13 13.33 

 
Meta-Na-Eu-BM 98.33 1.65 0.02 0.00 

Poly-Zn-K-Eu-BM 92.07 5.06 2.87 0.00 

Meta-Zn-Eu-BM 89.74 4.52 5.61 0.13 

Poly-Zn-Na-Eu-BM 87.96 8.08 2.72 1.24 

 

Table 28 Coordination-number distribution for europium atoms in metaphosphate glasses (Big Model 
BM) 

 Coordination-Number (%)  

 3 4 5 6 7 8 Average 
CN 

Meta-Na-Eu-BM 0.00 0.02 2.89 82.47 14.37 0.26 6.15 

Poly-Zn-Na-Eu-BM 0.00 0.21 21.91 65.40 11.78 0.71 5.94 

Poly-Zn-K-Eu-BM  0.00 0.20 29.03 64.75 5.62 0.40 5.80 

Meta-Zn-Eu-BM 0.08 6.40 42.17 47.74 3.29 0.31 5.52 

 

 The NEuO showed that the europium coordination environment for 

polyphosphate composition is in the intermediate range between the 

one for sodium and zinc metaphosphate glass. Thus, the NEuO value 

increase in the order Meta-Zn-Eu (5.52) < Poly-K-Zn-Eu (5.82) < Poly-Na-

Zn-Eu (5.94) < Meta-Na-Eu (6.15). 

 The same behavior of Eu-P and Eu-O coordination number is detected 

for metaphosphate glasses that we observe a significant decrease in the 

coordination number when replacing Na+ by Zn2+ ions. As well, the NEuP 

significantly decreased from 6.11 in Meta-Na-Eu to 5.60 and 5.40 in Poly-

Zn-Na-Eu and Poly-Zn-K-Eu respectively. 

 A more Eu-Eu pairs in presence of zinc oxide and a slight increase of the 

coordination number of Eu-Eu pairs in polyphosphate glasses compared 

to metaphosphate glasses. 

 The obvious difference in isolated europium ions for zinc glasses 

compared to sodium metaphosphate glass suggest that the presence of 

zinc oxide in glass increases the clustering tendency of europium ions. 
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1 Electron irradiation conditions (SIRIUS Accelerator) 

The glass samples were irradiated by using SIRIUS electron accelerator fabricated by National 

Electronics Corporation (NEC) and installed in our laboratory “Laboratoire des Solides Irradiés 

(LSI), Palaiseau, France” (Figure 1). This Pelletron type electron accelerator is characterized by 

high electron energy that can be modified in the range of 150 keV-2.5 MeV with a current in 

a 150 nA-50 µA range. The accelerator is composed of 4 main parts.  

- Electron production  

- Two stage acceleration of electrons 

- Steering of electrons 

- Scattering chambers 

 

Figure 1 SIRIUS accelerator in LSI (a) close view of inside – Pelletron charging system, (b) accelerator 
chamber, and (c) irradiation beam lines. 

The concept of this accelerator is the generation of electrostatic charge by mechanical 

transportation system made of a chain of pellets (short conductive tubes connected by links 

made of insulating material) used to build up high voltage terminals. The system is confined 

by a pressure vessel filled with insulating sulfur hexafluoride gas SF6. It equipped with an 

evacuated beamline and the acceleration of electron is done between the high voltage 

terminals and the ground. The accelerated electrons come out from the scattering chambers 

(figure 1b) and their trajectories is controlled by a magnetic field (steering of ions) up to the 

end of beamline. 



   

113 
 

As well, the accelerator is equipped with in-situ analysis methods such as photoluminescence 

and cathodoluminescence, helpful in our case to control the rare earth environment evolution 

in a real time under irradiation.  

Irradiation conditions 

In this work, we used two different energies for electrons: 2.5 MeV electron beam with 

integrated doses from 105 Gray (Gy) to 4.15x109 Gy and 700 keV electrons at 108 and 109 Gy 

(see table 1). The non-doped glasses are irradiated with dose from 105 to 108 Gy. 

 

Table 1 Electron irradiation conditions 

Beam energy Dose, Gy 

 

 

2.5 MeV 

105 

106 

107 

108 

5x108 

1.5x109 

4.15x109 

700 keV 
108 

109 

 

In case of 2.5 MeV, all the sample volume (4x4x0.8mm) was homogeneously irradiated 

contrary to 700 keV energy where electron beam is stopped in the glass at a depth of 900 and 

765 µm in respectively metaphosphate and polyphosphate glasses depending on the density 

(sample thickness ~ 1.4 mm).  The sample holder in cupper was maintained around 30°C with 

a water cooling system. The current was measured 5-7 µA at the sample. After irradiation, the 

samples undergo a change of color towards the transparent brown as displayed in figure 2. 

The irradiated sample were conserved in desiccator.  

 

Figure 2 Color change of Meta-Na-Eu glass after 2.5 MeV electron irradiation 
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2 Phosphate glass structure under electron irradiation 

2.1 Bibliography part (Glass network evolution under irradiation) 

2.1.1 Generality on glass evolution under irradiation 

The radiation effect on the glass properties and structure were investigated in a large number 

of works in literature including silica, silicate, borate, aluminoborosilicate, borotellurite and 

phosphate glasses etc. 

Among the properties affected one can cite the optical (light transmission, refractive index, 

polarizability…) and mechanical properties (density, hardness, Young Modulus and fracture 

toughness). Most of them are correlated with point defects creation leading to the Radiation 

Induced Attenuation or Radiation Induced Emission in optical fibers for instance.  

From a structural point of view, silica glass under irradiation (gamma, X rays, electron and 

neutron) has been largely studied. 

Devine et al.[1] reported a decrease of the Si-O-Si angle and an increase of Si-O-Si angle 

distribution in silica glasses under neutron irradiation. The rings statics is also modified with a 

larger distribution in the irradiated glass with an increase of 3 and 4 membered rings. As well, 

the compaction of the glass was reported with a maximum of densification of about 3%. This 

saturation value is observed to be the same under all types of irradiations (ions, electron, 

neutron or UV photon). Howitt et al. [2] investigated the Na silicate glasses under gamma 

irradiation at energies of 1.17, 1.33 and 0.66 MeV and at dose of the order of MGy. Using TEM 

technique, they observed the formation of bubbles attributed to oxygen. However no bubbles 

were detected in the same glass irradiated by gamma rays at higher doses [3]. Ollier et al. [4] 

also mentioned that oxygen bubbles could be observed in Li borosilicate glasses depending on 

the electron irradiation conditions: fluxes and temperature.  

Moreover, the most studied glass is nevertheless probably the aluminoborosilicate glass being 

the storage matrix for French High Level nuclear waste. 

The effect of alpha, 1/3.5/7 MeV multi-energy gold ions and 74 MeV Krypton ions irradiations 

on the structure of aluminoborosilicate glasses were studied by Mendoza et al. [5] using 

Raman spectroscopy. The results suggest similar effects on the glass properties induced by the 

different kinds of irradiation that are used to study both the effect of electronic and nuclear 

(ballistic) interaction on the borosilicate glass, revealing a depolymerization of silicate network 

and a decrease of the boron coordination number from 4 to 3 (ballistic origin). 

Boizot et al.[6]  studied the structural evolution of aluminoborosilicate glasses under 2.5 MeV 

β-irradiation up to doses of 109 Gy order. Raman spectroscopy showed at dose higher than 

109 Gy: (i) production of dissolved molecular oxygen, (ii) An increase of glass polymerization 

and (iii) a decrease of the network formers rings average sizes correlated to glass densification 

process. As well, these structural evolutions are correlated to the migration of alkaline ions 

during irradiations. In this connection, Ollier et al. studied the structure and boron 

environment in a series of mixed Na/K and Na/Li aluminoborosilicate glasses under 1.8 MeV 

electrons irradiations at dose close to 109 Gy. They showed an increase of BO3 species, 

implying a conversion of BO4 into BO3 species under irradiation. This increase is a little more 
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efficient for Li then Na then K. Another interesting point to be underlined is that the mixed 

alkali ions affects the structural modification under irradiation. Thus, in mixed Na/Li 

aluminoborosilicate glass, polymerization is stable whereas BO4 is converted into BO3 species. 

An opposite trend is observed in mixed Na/K glass where polymerization increase and boron 

conversion is absent.  

This result was used and justified the present part of this PhD studying a potential mixed alkali 

effect (Na/Li and Na/K) on the meta and polyphosphate glass structure evolution and to check 

its impact on the Eu environment evolution under irradiation. 

2.1.2 Phosphate glasses  

It is important to study the interaction of irradiation with a phosphate glass system as it may 

be lead to various changes in the structural, optical and electrical properties of the glasses.  

For these reasons, the structure of an irradiated glass is a key parameter that determines its 

properties and performance. 

Information on the structure and properties in these types of glasses under irradiation is 

rather limited in literature. In this subject, it has been shown that phosphate glasses suffer a 

structural variation under gamma or alpha irradiation [7]–[9] but the integrated dose does not 

exceed 108 Gy. The structural changes can be related to bond breaking as well as 

rearrangement of bonds taking place during irradiation which appears to be dependent on 

the dose irradiation and glass composition. Moreover, the relaxation process release some of 

the excess energy stored in the structure resulting in change in the bond angle [9]. In this 

respect, Exahros et al. [7] reported a shift of the symmetric stretching mode νs(PO2) towards 

lower wavenumber  in binary metaphosphate glasses Y(PO)3 and NaPO3 when irradiated by 

5.5 MeV gamma at dose = 1.3x108 Gy indicating an increase of the bond angle and therefore, 

suggesting an expansion of the chain and contraction of the terminal ionic sites.  

Further, the growth of the intensity ratio I(POP)/I(PO2) under irradiation is explained by the 

electronic excitation at ionic sites in the glass [7]. Thus, excitation from bonding phosphorus, 

NBO orbitals would decrease the covalence of this interaction by decreasing the bond 

polarizability. The decrease in the Raman intensity for the out of chain PO2 will result.  

A slight change in the vitreous network of lithium ultraphosphate glasses after gamma 

irradiation at low dose of 6x104 Gy was detected where there was a possible change in bond 

angles and/or band length between the structural buildings units or the depolymerization of 

the phosphate network [8].  

As well, it has been established that phosphate glasses produce many kinds of defect and 

colors centers formed as a result of capturing of electrons and holes pairs when irradiated by 

high energy particles or radiation such as UV, gamma rays and neutrons [8], [10]–[13]. The 

induced defect effectively break the connectivity of the network while accumulation of such 

broken linkages results in local structural collapse or randomly rebinding [14]. Ebeling et al. 

[12] reported the presence of phosphorus and oxygen related X-ray radiation induced defects 

in phosphate glass such as phosphorus oxygen hole center (POHC) absorbing in visible spectral 

region at 540, 430 and 325 nm. Pukhkaya et al. [10] announced a strong impact of the glass 
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network type on the defect nature in Yb doped phosphate glasses after 2.5 MeV electron 

irradiation at various doses that the formation of POHC defect is found to be strongly 

correlated to Q2 tetrahedra. A competitive formation between POHC and P-related peroxy 

radicals (tow banded oxygen are linked to phosphorus) has been detected at high dose from 

107 Gy. Ultraphosphate glasses contain the larger defect type: Peroxy-radicals, PO3
2- (P1), PO4

4- 

(P2) and PO4
2- (P4) whose formation are related to the presence of Q3 tetrahedra. In 

metaphosphate glasses, a combination of P1 and P3 defect was detected (The structure of P3 

has been not understood yet) and in polyphosphate sample, only P3 defect were found.  

The aim of this part of work is to better understand the structural evolution in metaphosphate 

and polyphosphate glasses under electron irradiation in a dose regime (105-109) Gy not fully 

explored in literature and by using Raman spectroscopy that is a sensitive technique to study 

the radiation induced structural change.  

2.2 Metaphosphate glass structure under 2.5 MeV irradiation 

2.2.1 Alkali and mixed-alkali metaphosphate glasses  

We studied in this part the glass structural change occurring under irradiation using Raman 

spectroscopy. Figure 3 compares the Raman spectrum of Eu-doped sodium metaphosphate 

glass in the 250-1400 cm-1 region before and after 2.5 MeV irradiation at various doses from 

105 to 4.15×109 Gy. On this matter, the figure displays no obvious variation of the Raman 

curves implying no significant network evolution whatever the dose in Meta-Na-Eu.  
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Figure 3 Raman spectra of Meta-Na-Eu irradiated by electron of 2.5 MeV at various dose compared to 

pristine glass, normalization by maximum     

For irradiated Meta-Na-Mg-Eu (Figure 4), we observe a small increase of the band at 1020 cm-

1 attributed to P-O stretch of Q1 chain terminator. It indicates at doses from 108 Gy a slight 

decrease in the network polymerization of the sodium magnesium metaphosphate glass. But 

the main modification concerns the band at 1168 cm-1 due to the  νs(PO2) stretching motion 
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of NBO in Q2 species that is shifted towards lower wavenumber (1161 cm-1) at highest dose of 

4.15x109 Gy. It suggests an increase of the O-P-O bond angle. This variation is in agreement 

with the literature that Exahros et al. [7] reported the same shift towards lower wavenumber 

in binary metaphosphate glasses Y(PO)3 and NaPO3 under 5.5 MeV gamma irradiation at dose 

= 1.3x108 Gy. Moreover, the bands at ~ 1168 and 680 cm-1 suffers a slight broadening under 

irradiation suggesting a decrease of disorder that may be due to change in the distribution of 

the Q2 P-O bond length and bond angles [15].  

Similarly, the vitreous network of mixed Na/Li metaphosphate glasses (not shown) exhibits 

same modifications than Na/Mg glass.  
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Figure 8 Raman spectra of Meta-Na-Mg-Eu irradiated by electron of 2.5 MeV, normalization by 
maximum. 

2.2.2 Zinc metaphosphate glasses under irradiation 

Replacing Na oxide by zinc oxide in the metaphosphate composition, we note that the glass 

becomes less stable under irradiation (Figure 5).  
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Figure 5 Raman spectra of Meta-Zn-Eu irradiated by electron of 2.5 MeV at various dose compared to 

pristine glass, normalization by maximum. 

We observe an increase of the band intensity in the region 200-650 cm-1 corresponding to the 

bending mode of phosphate tetrahedra with Zn modifier. Even more, the band at 700 cm-1 

due to symmetric stretching mode of bridging oxygen 𝜈𝑠(𝑃𝑂𝑃) in Q2 species and 758 cm-1 in 

Q1 species undergoes a broadening as well as an increase of the peak intensity under 

irradiation that are reported as a function of dose logarithm in Figure 6. We can distinguish 

from figure 6 that there is no broadening of the 706 cm-1 band until 107 Gy, after the FWHM 

starts to increase from 61 cm-1 in non-irradiated sample to 69 cm-1. We interpret this 

broadening as an increase of inhomogeneity in the P-O-P environment under electron 

irradiation at high dose from 108 Gy. On the other hand, the variation of the area of this band 

(Fig. 6) is a result from both the broadening and the increase of the peak intensities 

representing a relative stronger contribution of the symmetric stretching mode of bridging 

oxygen in (P-O-P)sym after irradiation compared to (PO2) due probably to a modification of ionic 

site porizability in agreement with [7]. 
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Figure 6 The full width at half maximum FWHM (left) and the Area (right) of the band at 706 cm-1 due 
to 𝜈𝑠(𝑃𝑂𝑃)  as a function of dose logarithm in Meta-Zn-Eu under electron irradiation.  
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Regarding to the  900-1400 cm-1 region, radiation induces an increase of the different 

contributions in  the 900-1100 cm-1 region attributed to P-O stretch of Q1 chain terminator 

around 1000 cm-1 and the symmetric stretching mode of NBO νs(PO3
2−) of Q1 units  around 

1050 cm-1 meaning more Q1 species with the potential reduction of chain length by bond 

breaking under irradiation. 

In addition, the band at ~1203 cm-1 corresponding to νs(PO2) in Q2 tetrahedra suffers a 

broadening under irradiation. In this respect, the FWHM increases from 37 cm-1 in pristine 

glass to 45 cm-1 at sample irradiated at 1.5x109 Gy (Figure 7). This broadening with those at 

706 cm-1 denote a larger distribution of bond angles and chain lengths of Q2 groups under 

irradiation [16]. Brow et al. [15] explain the increase of the FWHM of the νs(PO2) and 

νs(POP) with increasing cation field strength by the increase of disorder that may be due to 

change in the distribution of the Q2 P-O bond length and bond angles. This broadening of the 

band due to νs(PO2) is accompanied by a shift towards lower wavenumbers as exhibited in 

the inset of figure 5. The peak maximum shifts from 1208 cm-1 in pristine glass to ~ 1200 cm-

1 in irradiated sample at high dose suggesting the increase in the O-P-O bond angle or to 

variation in the local cationic environment. Thus, Rouse et al. [17] noted that the νs(PO2) 

band decreases in the frequency as the phosphate chain length is longer, indicative of the 

increase in the average PO2 angle.  

On the other hand, Swenson et al. [18] reported a shift of this band to lower frequencies when 

replacing Li by Rb in metaphosphate glasses and concluded a variation in the local cationic 

environment of each PO2 unit. The νs(PO2) band can be regarded as a sensitive local probe 

of its cationic environment [18]. From these results, we note that Mg2+ and Zn2+ environments 

are less stable than Na+ in metaphosphate glasses under irradiation.  
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Figure 7 The full width at half maximum FWHM of the band at 1201 cm-1 due to 𝜈𝑠(𝑃𝑂2)  as a 
function of dose logarithm in Meta-Zn-Eu under electron irradiation. 

2.3 Polyphosphate glass structure under 2.5 MeV irradiation 

In this part, we analyzed the structure evolution of the polyphosphate composition under 

irradiation. Figure 8 displays the Raman spectra of Na zinc polyphosphate glass irradiated by 
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2.5 MeV electron irradiation at various dose and compared to pristine glass. Figure 9 is relative 

to K and Na/K glasses.  
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Figure 8 Raman spectra of Poly-Zn-Na-Eu irradiated by electron of 2.5 MeV at various dose compared 
to pristine glass, normalization by maximum 
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Figure 9 Raman spectra of Poly-Zn-K-Eu (left) and Poly-Zn-Na-K-Eu (right) irradiated by electron of 2.5 
MeV at various dose compared to pristine glass, normalization by maximum 

 

Like zinc metaphosphate glass, the zinc polyphosphate glasses undergo significant variations 

of their vitreous network from integrated doses of 5x108 Gy (Fig. 8 and 9).  

We note a development of the shoulder at 700 cm-1 due to the symmetric stretching of 

bridging oxygen νs(P-O-P) in Q2 units and a strong modification of the 900-1300 cm-1 region.  

In this connection, we observe a significant increase in the intensity of the bands at near 1020 

and 1120 cm-1 from 108 Gy dose. Both bands corresponds to the P-O stretch of Q1 chain 

terminators [19]. These results demonstrate that irradiation shortens the chains by creating 
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more Q1 terminators. Even more, a small shoulder develops at 980 cm-1 corresponding to NBO 

stretch in Q0 species and confirm the formation of broken bonds under irradiation. 

The intensity of the Raman bands at 1020 and 1120 cm-1 due to the P-O stretch of Q1 terminal, 

are plotted as a function of dose logarithm (figure 10). We observed first the normal 

correlation between both band variations. 

This figure precise that the bond breaking occurs from 108 Gy dose with the massive creation 

of terminal bond in polyphosphate glasses.  
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Figure 10 intensity of the bands at 1020 and 1120 cm-1 due to P-O stretch of Q1 terminal as a function 
of dose logarithm in Poly-Zn-Na-Eu under 2.5 MeV electron irradiation. 

2.4 Glass structure evolution under 700 keV electron irradiation 

Figure 11 and 12 present the Raman spectra respectively of sodium zinc polyphosphate 

irradiated by 700 keV electron irradiation at dose of 109Gy and zinc metaphosphate glasses 

irradiated at dose  2.5×108 Gy. The Raman spectra were acquired along the glass edge with a 

step of 200 µm beginning from the irradiated surface up to 1.4 µm depth (The sample 

thickness about 1.5 mm). The evolution of the Raman spectra described above for 2.5 MeV 

irradiation are very close to the modifications exhibited in Figures 11 and 12 for a same dose. 

However, it is interesting to notice that in polyphosphate glasses mostly the change of the 

glass structure appears in a larger zone than the penetration depth of electrons.  
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Figure 11 Raman spectrum of Poly-Zn-Na-Eu under 700 keV electron irradiation at dose 109Gy in the 
larger volume of the sample  
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Figure 12 Raman spectrum of Meta-Zn-Eu under 700 keV electron irradiation at dose 2.5x108Gy in the 
larger volume of the sample 
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 No significant network evolution in Na metaphosphate glass whatever 

the dose under 2.5 MeV electron and the glass remain stable. 

 An increase of the O-P-O bond angle and/or variation in the local cationic 

environment were detected in mixed Na/Li, Na/Mg and Zn 

metaphosphate glasses at high dose from 108 Gy. As well, a growth of 

the disorder that may be due to change in the distribution of the Q2 P-O 

bond length and bond angles. We note that these changes are more 

efficient in zinc metaphosphate glass.  

 In polyphosphate glasses, there is a significant variation of the structure 

under 2.5 MeV irradiation and the bond breaking occurs at high dose 

from 108 Gy dose with the massive creation of Q1 terminators. 

 The same behavior of the structure evolution is revealed under 700 keV 

for Zn metaphosphate and polyphosphate. As well, the structure 

appears to be changed in a larger volume than the penetration depth of 

electron.  
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4 Bibliographic part (RE environment evolution under irradiation) 

Rare earth ions doped in glasses are widely found in many domains that can be concerned by 

radiative environment such as optics (laser, phosphor…) and nuclear industry (RE being most 

of Fission products in nuclear glass). RE ions spectroscopic properties are strongly dependent 

on the local environment (It is defined by the nature and arrangement of the ligands around 

the rare earth ions) determined by the crystal field strength and symmetry around the rare 

earth sites [1]. Therefore, irradiation can affect the environment of RE and thus the glass 

structure and properties including chemical, electrical, mechanical, magnetic and optical 

properties. This is why radiation can also be used to produce specific properties in glass. 

A larger number of studies using various types of irradiation (gamma  [20], [21], [22] , electron 

[20][23], ions [24], X-ray [25] or femtosecond laser  [26], [27], [28], [29]) search to evaluate 

the radiation impact on the local environment of several RE ions ( Eu, Yb, Dy, Tb, Ce, Er, Sm…) 

in glasses. As well, different glass family in  silicate [30] such aluminoborosilicate [20], [29], 

borosilicate [22], aluminosilicate [26], or phosphate [21], fluorozirconate, fluoroaluminate 

[27] and oxyfluoride glasses [31] were studied. The main irradiation effect is the valence state 

change of the rare earth that will discussed in 3.1.1 part. Another effect is the modification of 

the local environment of the rare earth ions Thus, Ollier et al. [20] reported in 

aluminoborosilicate glasses a change in the Yb3+ EPR spectrum at dose higher than 108 Gy  

which are attributed to a  variation into Yb3+ proportion between different sites as well as a 

Yb3+ site symmetry change. In this regards, other works reported a decrease of the site 

symmetry of Eu3+ in glasses after gamma [1], and electron irradiation [2].  

RE ions valence state modification 

The reduction of RE3+ to RE2+ was observed for Sm3+, Eu3+, Dy3+, Yb3+ in several glass matrix 

under X-ray, gamma, electron and fs laser irradiation. 

For exemple, Malchukova et al. [32] exhibited the formation of at least two Eu2+ sites in 

alumonoborosilicate glass upon beta irradiation using (EPR and Luminescence).  

Under 2.5 MeV electron irradiation, Ollier et al. [23] used the in-situ cathodoluminescence 

and time-resolved photoluminescence to study the reduction of Sm3+ to Sm2+ ions during 

irradiation into aluminoborosilicate glasses. They showed that the Sm2+ emission lines appear 

in the first step of irradiation and that reduction of Sm3+ ions is a complex phenomenon with 

transient species.  

The photo-reduction of RE3+ to RE2+ under femtosecond laser pulses was evidenced by Qiu et 

al. [28] in Eu doped fluozirconate glass or by Nogami in [29] in aluminoborosilicate glasses. 

More surprisingly, some trivalent RE like Nd and Er which are not known as stable under a 

divalent state were also reduced under irradiation. Rai et al. [11] reported an increase in 

absorption peak at 530 nm in Nd doped phosphate glasses which was attributed to Nd2+  

trapping an electron  under gamma irradiation irradiation at low doses (5-500 kGy). In the 

same way, Rai et al. [33] reported possible conversion of Er3+ to Er2+ under neutron diffraction. 

Babu el al. [34] also noted a possible reduction of erbium valence from Er3+ to Er2+ in silica 
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glass under gamma irradiation when the samples are co-doped with Al. They associated this 

reduction with the formation of the aluminum oxygen hole centers. 

On the other hand, the oxidation of RE3+ to RE4+ for particular RE ions like terbium (Tb) and 

cerium (Ce) was also reported. In this framework, Baccaro et al. [35] reported the gamma 

radiation effect in the Ce doped silicate glasses and observed that the presence of Ce3+ 

suppressed the dominant peak around 540 nm in the absorption spectra after irradiation 

presumably due to the change state between Ce3+ and Ce4+. Even more, Ebendorff et al. [36] 

examined the effect of Tb3+ ion on X-ray induced defect formation in phosphate sample.. 

Therefore, (Tb3+)+ represents a hole centers due to the missing electron compared to Tb4+ 

leading to the suppression of the formation of intrinsic phosphate related hole centers, 

absorbing in the visible region. 

3 Eu3+ ion environment evolution under electron irradiation  

We are studying here the possibility to control the Eu3+ local environment in different 

phosphate glasses via the used of two electron beam energy (2.5 MeV and 700 keV). We will 

analyse with EPR and PL (emission spectra and 5D0 lifetime).  
Eu3+ can be used as a structural probe, especially in glasses where the fluorescence line 

narrowing (FLN) technique can bring information on the local structure around rare earth ions 

[10]. It is moreover possible to obtain information on the site symmetry via the asymmetry 

ratio (As) defined as the integrated emission intensity of 5D0
7F2 to 5D0

7F1. It is a sensitive 

parameter to characterize the deviation or distortion from centrosymmetric geometry of Eu3+ 

ions [11-13]. Concerning Eu3+, an increase of  As under electron, gamma and gold ion 

irradiation was shown in Eu-doped glasses indicating a decrease of the site symmetry [24], 

[31], [37]. This is generally associated to a broadening of the 5D0
7F0 band under gamma [37] 

and ion irradiation [24] indicating a larger site distribution of the Eu3+ ions. 

3.1  Asymmetry Ratio in pristine glasses 

5D0
7F2 transition is a forced electric dipole transition and it is hypersensitive in nature, i.e. 

sensitive to the Eu3+ second neighbors. The emission intensity of this transition is strongly 

affected by the crystal field. More precisely, this transition intensity increase with the ligands 

valence or with decreasing site symmetry. However, the magnetic dipole transition 5D0
7F1  

is less sensitive to Eu3+ crystal field and is chosen as a reference.  

For the present work, the asymmetry ratio has been measured under 532 nm laser excitation 

in non-irradiated glasses and compared to previous works as announced in table 2.  As values 

in literature varied between 2.3 and 4.4 in glasses. A higher value of As indicates a higher Eu-

O covalency or a lower symmetry of Eu3+ ions [38].  

In non-irradiated phosphate glasses, the As measured value is homogeneous in the whole 

glass volume. It is slightly higher in Meta-Zn-Eu (As = 3.6) compared to Meta-Na-Mg-Eu 

(As=3.2) and Na or Na-Li metaphosphate glasses where As = 3.1. This is due to the lower CN 

of Eu in Meta-Zn-Eu (NEuO= 5.52) compared to Meta-Na-Eu (NEuO= 6.15) as reported in Chapter 

3 using MD calculations. Moreover, MD simulation show that Meta-Zn-Eu glass gets a 
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significant proportion of 5 coordinated Eu3+ (42 %) compared to Meta-Na-Eu glasses where 

Eu3+ ions are mainly 6-coordinated; this confirm the increase of As in Meta-Zn glasses (average 

lower site symmetry). In literature, Oomen et al. [39] reported values ranging between 3.4 and 

4.1 in metaphosphate glasses doped with 2% of Eu2O3 (49 P205- 49MO- 2Eu203 where M= Mg, 

Ca, Sr and Ba). Further, they noted that the asymmetry ratio has a tendency to decrease for 

larger modifier ions as well it depends on the thermal history of the glasses. As in 

polyphosphate glasses are between 3.2 and 3.5 in agreement with Rao et al. [40] (As = 3.7) or 

Saad et al. [41] (As = 2.9).  

 

Table 2 Asymmetry ratio of Eu3+ ions in unirradiated phosphate glasses. 

Glass  composition As Ref 

Meta-Na-Eu 3.1 Present work 

Meta-Na-Li-Eu 3.1 Present work 

Meta-Na-Mg-Eu 3.3 Present work 

Meta-Zn-Eu 3.6 Present work 

Poly-Zn-Na-Eu 3.2 Present work 

Poly-Zn-K-Eu 3.5 Present work 

Poly-Zn-Na-K-Eu 3.4 Present work 

Poly-Q1/Q2:50/50-Eu 3.2 Present work 

66P205-32MgO-2Eu203 4.3 [39] 

66P205-32CaO-2Eu203 4.1 [39] 

66P205-32BaO-2Eu203 3.2 [39] 

49P205-49MgO-2Eu203 4.1 [39] 

49P205-49CaO-2Eu203 3.8 [39] 

49P205-49BaO-2Eu203 3.4 [39] 

44.5P2O5-44.5Na2O-10ZnO-1Eu2O3 2.9 [41] 

44P2O5-17K2O-9Al2O3-29CaF2-1Eu2O3 2.5 [42] 

44P2O5-17K2O-9Al2O3-23PbF2-6Na2O-1Eu2O3 2.3 [43] 

39ZnO-35P2O5-20MgO-5TiO2-1Eu2O3 2.4 [38] 

55.5P2O5-14K2O-6KF-14.5MgO-9Al2O3-1Eu2O3 3.0 [44] 

55.5P2O5-14K2O-6KF-14.5SrO-9Al2O3-1Eu2O3 2.8 [44] 

41P2O5-21K2O-20MgO-7Na2O-10CaO-1Eu2O3 3.7 [40] 

31P2O5-11K2O-20MgO-7Na2O-30CaO-1Eu2O3 2.9 [40] 

60.5P2O5-14K2O-13.5SrO-11Al2O3-1Eu2O3 4.4 [45] 

 

3.2 Asymmetry ratio evolution under 2.5 MeV irradiation 

Figure 13 compares the luminescence spectra of Eu3+ in irradiated and non-irradiated 

metaphosphate glasses. The emission spectra of Eu3+ have been normalized to the 5D0
7F2   

and recorded under 532 nm excitation. The emission lines corresponding to 5D0
7FJ (J = 

0,1,2…) transitions are assigned to 5D0
7F0 at 575 nm, 5D0

7F1 at 591 nm, 5D0
7F2 at 613 
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nm, 5D0
7F3 at 652 nm and 5D0

7F4 at 701 nm. Comparing the pristine and irradiated glasses 

by 2.5 MeV electron at dose 1.5x109 Gy, we clearly see the increase of the emission intensity 

ratio between 5D0
7F2 and 5D0

7F1 after irradiation (fig.13). As well, figure 14 displayed a 

strong decrease of the emission band of Eu3+ following by an occurrence of broad band in the 

400-500 nm region due to the reduction of Eu3+ to Eu2+ ions. The formation of divalent 

europium will be discussed in the part 4 of this chapter.  
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Figure 13 Luminescence spectra of Eu3+ doped metaphosphate glass Meta-Na-Eu before and after 

electron irradiation ( 𝜆𝑒𝑥𝑡 = 532 ) 

400 450 500 550 600 650

0.0

5.0x10
6

1.0x10
7

1.5x10
7

2.0x10
7

2.5x10
7

3.0x10
7

 

 NI Glass

 4.15*109 Gy

in
te

n
ti

ty
 ,

a
.u

 

wavelength (nm)

Meta-Na-Eu ( 2.5 MeV )

d = 200ns

w= 30 µs

Eu
3+

4f
6
5d

1
 -->4f

7
 of Eu

2+

 

Figure 14 The PL emission spectra of Eu-doped metaphosphate glass Meta-Na-Eu 
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Fig. 15 presents the variation of the asymmetry ratio (As) of different Eu-doped 

metaphosphate glass compositions: Meta-Na-Eu, Meta-Na-Li-Eu, Meta-Na-Mg-Eu and Meta-

Zn-Eu as a function of the dose logarithm for 2.5 MeV electrons.  

Obviously, As is seriously increased under irradiation even for low doses. The values exceed 5 

at 105 Gy dose (As = 5.3) up to 6.0 at high dose (1.5x109 Gy) in Meta-Na-Eu.  This increase is 

less important in presence of zinc: As = 4.2 at 1.5x109 Gy. In the 105- 108 Gy dose range, As 

reaches a constant value whatever the glass composition. It must be underlined that for dose 

= 1.5x109 Gy, a maximum value can be obtained for all compositions except Meta-Zn-Eu, 

followed by a slight decrease of As at 4.15x109 Gy.  
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Figure 15 Variation of the asymmetry ratio As of Eu3+ ions after 2.5 MeV electron irradiation as a 

function of the logarithmic dose in (a) metaphosphate glasses: Meta-Na-Eu, Meta-Na-Li-Eu, Meta-
Na-Mg-Eu and Meta-Zn-Eu. ( 𝜆𝑒𝑥𝑡=532 )  

The comparison between the As variation of europium doped metaphosphate (Meta-Na-Eu) 

and polyphosphate glasses (Poly-Zn-Na-Eu) for 2.5 MeV electron irradiation is displayed in 

Figure 16. It emphasizes a less important increase in polyphosphate glasses compared to Na 

metaphosphate glass:  As variation operates between 3.2 in non-irradiated glass and 3.9 in 

Poly-Zn-Na-Eu irradiated at dose = 4.15x109 Gy. For all polyphosphate compositions, the As 

evolution undergoes two trends: a constant increase in the 105- 108 Gy dose regime and a 

progressive enhancement with increasing dose from high dose of 1.5x109 Gy. 

In agreement, a general As increase was noticed and reported in literature for different glass 

matrix and different radiation types. Rahimian et al. [31] show an increase of this ratio from 

2.5 to 4.4 in oxyfluoride glass with composition 64.5 P2O5- 35 CaF2-0.1 Eu2O3 after 10 MeV 

electron irradiation at dose 10 kGy. Bonfils et al. [24]  demonstrated that the asymmetry ratio  

raised from 5.72 in pristine glass to 6.92 in irradiated borosilicate glass with gold ions at ion 

fluence of 3.2x1014 cm-2. A slight growth of As was observed from 2.95 to 3.05 in Eu doped 



   

129 
 

borosilicate glass under Gamma irradiation with dose of 900 kGy [37]. Under femtosecond 

laser irradiation, Nogami et al. [30] provided an increase from 3.45 to 4.15 of the As ratio in 

zinc silicate glasses before and after irradiation respectively.  
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Figure 16 Variation of the  asymmetry ratio As of Eu3+ ions after 2.5 MeV electron irradiation as a 

function of the logarithmic dose in  polyphosphate glasses  (Poly-Zn-Na-Eu, Poly-Zn-K-Eu and Poly-Zn-

Na-K-Eu) compared to metaphosphate glass Meta-Na-Eu. ( 𝜆𝑒𝑥𝑡=532 ) 

We demonstrated here different trends in the As variation under irradiation according to the 

glass composition and the dose deposited by the electrons. Thus, we note a strong increase 

of this ratio in Eu doped single and mixed alkali metaphosphate glasses. We also remark that 

the As values are constant until 108Gy, reach a maximum at dose 1.5x109Gy, then undergoes 

a slight decrease at high dose 4.15x109Gy.  

This increase almost twice from about 3.1-3.3 to 5.6-6 indicate a significant decrease of the 

site symmetry of the Eu3+ as well as/or a higher Eu-O covalency in alkali phosphate glasses 

after electron irradiation.  

However, in zinc phosphate glasses like Meta-Zn-Eu and Poly-Zn-M-Eu (where M= Na, K and 

Na+K), this effect is attenuated. From these results, we note that the presence of zinc oxide 

limits the As variation and induce therefore a lower reduction of the site symmetry of the RE3+ 

in glasses after electron irradiation. We note also that Mg has a similar effect to Zn, as in the Meta-

Na-Mg.  Instead Li and K have a similar effect to Na. 

As well, the evolution of As at 4 GGy is different in polyphosphate compared to 

metaphosphate  where we observe an increase of As for the 2 highest doses  from 1.5×109 

Gy. Consequently, the Eu3+ ions irradiated at high dose tends to localize in lower symmetry 

sites. This may be due to an increase of the NBO number as shown by Raman spectra 

(depolymerization increase at doses > 1GGy) that could modify the coordination number of 

Eu3+ ions decreasing the site symmetry. 

To better understand the role of zinc in the RE environment, we have used the dynamic 

molecular simulations to determine the local environment of Eu3+ ions according to the 
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phosphate glass composition in terms of nearest neighbour distances and coordination 

number as reported in the chapter 3.  

We note a higher average NNaO coordination number (5.2) in Meta-Na-Eu while the NZnO was 

determined to be around four [4.03-4.16] for Eu doped zinc phosphate glasses. This can be 

interpreted by the fact that Na atoms used as network modifier whereas ZnO acts as an 

intermediated oxide that can behave as network former. Hoppe et al. [46] explains that Zn2+ 

ions act as network former by forming a linkage between ZnO4 and PO4 tetrahedra in zinc 

phosphate glasses which explains the small coordination numbers around zinc compared to 

the modifier atoms.   

3.2.1 Energy and dose effect (700 keV vs 2.5 MeV) 

The Eu3+ emission spectra were obtained under 488 nm excitation and we calculated As along 

the glass edge with a step of 200 µm beginning from the irradiated surface up to 2 mm depth. 

As values under 700 keV electrons at doses 108 and 109 Gy are plotted respectively in figure. 

17.a and 17.b for metaphosphate glasses and in Fig. 18.a and 18.b for polyphosphate glasses. 

For comparison, As values obtained with 2.5 MeV electron under 488 nm are also reported in 

the figure as well as the value of pristine glass. We note that the value of As ratio obtained 

under 532 or 488 nm are different. For example, the As in Meta-Na-Eu is found to be 3.8 under 

488 nm exc. (2.5 MeV at dose of 1.5x109 Gy), against 6 under 532 nm excitation. This 

difference can be due to a difference in the absorption at 488 nm and 532 nm due to 

irradiation induced - point defect absorption bands. In particular, POHC point defect display 2 

absorption bands at 410 and 540 nm [47]. 
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Figure 17 Variation of the asymmetry ratio As of the Eu3+ ions as a function of the thickness in Eu-
doped metaphosphate glasses irradiated by electron of 700 keV and compared to 2.5 MeV irradiation 

(a) at dose = 108 Gy and (b) at dose = 109 Gy. The emission spectra were measured under 488 nm 
excitation and saved at every 200 µm in all the thickness of the sample. 
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Figure 18 Variation of the asymmetry ratio As of the Eu3+ ions as a function of the thickness in Eu-
doped polyphosphate glasses irradiated by electron of 700 keV and compared to 2.5 MeV irradiation 

(a) at dose = 108 Gy and (b) at dose = 109 Gy. The emission spectra were measured under 488 nm 
excitation and saved at every 200 µm in all the thickness of the sample  

Figures 17 and 18 show a gradual increase of the As in the irradiated zone for both 

metaphosphate and polyphosphate glasses suggesting a reduction of the Eu3+ site symmetry 

and/or a higher Eu-O covalency. Moreover, it is interesting to underline that the modification 

of Eu3+ site symmetry occurs in a larger zone than the penetration depth of the 700 keV 

electron especially in polyphosphate glasses (765 µm) with some fluctuations of As values in 

the 0-1 mm interval.  

Thus, this is obvious for polyphosphate samples that the As ratio at 108 Gy dose undergoes a 

significant evolution up to the thickness of 800 µm whereas for 109 Gy dose, the As evolution 

occurs in a largest zone up to 1.2 mm. This is probably linked to a more efficient migration of 

alkaline ions in this case in the whole glass volume. This assumption is corroborated by the 

Raman results showing a glass structure evolution up to 1.2 mm. 

Furthermore, we observe (as seen in figures 17 and 18) an impact of the energy (2.5 MeV vs 

700 keV) in the asymmetry ratio evolutions. At 108 Gy dose, the As undergoes a lower variation 

under 2.5 MeV electron compared to 700 keV irradiation in both metaphosphate and 
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polyphosphate. For a dose of 109 Gy, the site symmetry modification is similar under both 

energies irradiation in all kinds of phosphate glasses.  

3.2.2 Influence of the alkaline ion type 

Under 700 keV and 2.5 MeV irradiation at 108 Gy dose, the As variation is similar in both Meta-

Na-Eu and Meta-Na-Li-Eu (Fig. 17.a). Whereas at 109Gy dose, the As undergoes a larger 

increase in Na/Li metaphosphate glass compared to sodium and NaMg metaphosphate glass 

(Fig. 17.b). The same behavior is also seen for zinc polyphosphate compositions. Thus, at dose 

108 Gy, we observe a similar change of the asymmetry ratio in Poly-Zn-Na-Eu and Poly-Zn-Na-

K-Eu. However, at higher dose of 109 Gy, the As suffers a higher increase in the mixed Na/K 

polyphosphate sample (fig 17a and 18a). This could mean that the mixed alkali ions in glasses 

((Na+Li) in metaphosphate and (Na+K) in polyphosphate) supports a larger reduction of the 

Eu3+ site symmetry under 700 keV irradiation at higher dose of 109 Gy.  

On the other hand, the nature of the modifier cation seems to play a crucial role in the 

distortion of the local environment of the RE ions under irradiation implying a potential 

alkaline ion migration in the process of Eu3+ site distorsion. Thus, we note a higher increase of 

the As ratio in presence of potassium compared to sodium and the Na/K glass behaves like Na 

or K polyphosphate glass depending on the dose.  

 

 

 



   

133 
 

 As variation from 3.1-3.3 in pristine glasses to 5.6-6 at high dose (1.5x109 

Gy) indicates a significant decrease of the site symmetry of the Eu3+ as 

well as/or a higher Eu-O covalency in alkali metaphosphate glasses after 

irradiation.  

 In phosphate glasses containing ZnO, the variation of the asymmetry 

ratio is less pronounced.  

 Under 700 keV, the As increased in a larger volume than the penetration 

depth of electrons especially in polyphosphate glasses (penetration 

depth of 765 µm) with some fluctuation of As values in the 0-1 mm 

interval.  

 At 108 Gy dose, the As undergoes a lower variation under 2.5 MeV 

electron compared to 700 keV irradiation in both metaphosphate and 

polyphosphate. For a dose of 109 Gy, the site symmetry modification is 

similar under both energies irradiation in all kinds of phosphate glasses. 

 At higher dose of 109 Gy under 700 keV irradiation, the mixed alkali ions 

in glasses ((Na+Li) in metaphosphate and (Na+K) in polyphosphate) 

supports a larger reduction of the Eu3+ site symmetry suggesting the role 

migration of alkaline ion in lowering the site symmetry of Eu3+ ions. 
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3.3 5D0
7F0 transition under 2.5 MeV irradiation: 

Figures 19.a and 19.b display the 5D0
7F0 emission spectrum respectively in Meta-Na-Eu and 

Poly-Zn-Na-Eu irradiated at different doses with 2.5 MeV electrons under 488 nm excitation.  
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Figure 19 Zoom of the normalized emission band attributed to the 𝐷5
0 → 𝐹7

0  transition of the Eu3+ 
ions in (a) metaphosphate glass Meta-Na-Eu and (b) polyphosphate glass Poly-Zn-Na-Eu irradiated by 

electron of 2.5 MeV at various doses. 

 



   

135 
 

3.3.1 Energy shift 

We notice a shift of the maximum of the emission band of the 5D0
7F0 transition towards 

lower wavelength (blue-shift) in all phosphate glasses. The maximum shift value is  of 0.23 nm 

order  but considering the use of a grating of 1200 l/mm, the spectral resolution is 0.28 nm so 

it means that we will not consider such a shift even if it seems to depend on the dose. .  

3.3.2  Broadening of the 5D0
7F0  emission band 

Before irradiation, we observe that 2 groups according to the FWHM (figure 20): one 

concerning the polyphosphate glasses with a FWHM around 50 cm-1 and another around 37 

cm-1 for metaphosphate compositions. One exception concerns the Meta-Zn-Eu belonging to 

the group of polyphosphate. Once again the presence of ZnO impacts the Eu3+ environment 

and the site dispersion is higher when Zn is in the glass structure. 

From MD simulations, these values can be understood considering the fact that two different 

average coordination numbers for Eu3+ ions seem to occur in Meta-Na (6.15) whereas Meta-

Zn and Zn polyphosphate glasses with value of respectively 5.52 and 5.94 leading logically to 

a larger 5D0
7F0 emission. 
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Figure 20 Variation of the full width at half maximum FWHM after 2.5 MeV electron irradiation as a 

function of the logarithmic dose in (a) metaphosphate glasses: Meta-Na-Eu, Meta-Na-Li-Eu and 

Meta-Na-Mg-Eu and (b) in polyphosphate glass Poly-Zn-Na-Eu, Poly-Zn-K-Eu and Poly-Zn-Na-K-Eu 

 (𝜆𝑒𝑥𝑡=488 nm) 

 

Under irradiation, we evidenced a broadening of the 5D0
7F0 emission band with increasing 

dose (see Figure 19). Both energy levels  5D0 and 7F0 being not splitted by the crystal field and 
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5D0 →7F0 being a spin forbidden transition, the shape evolution is directly informative of the 

Eu3+ site number. For example, a pronounced shoulder or a clear splitting of the band, as well 

as a strong broadening of the band can indicate the presence of a second Eu3+ site in the glass.  

Here the broadening is not huge (10 cm-1) and rather indicates a larger dispersion of Eu3+ sites 

in the irradiated glasses than a creation of a second Eu3+ site under irradiation. From figure 

20, we see that the FWHM increase concerns mainly Zn glasses and Meta-Na-Mg-Eu while for 

alkali metaphosphate glasses, the FWHM increases with around 3 cm-1 after 2.5 MeV 

irradiation at high dose  

This broadening of the band depends on the glass composition but also on the radiation dose. 

For glasses without any ZnO, until 107 Gy, there is no broadening in the 5D0
7F0 emission 

band. Then, from 108 Gy, the Eu3+ sites dispersion overcomes whatever the dose.  

In the other hand and in presence of zinc oxide in phosphate glasses, we remark a similar 

behavior between 105 and 107 Gy. Whereas at higher doses, the FWHM follows a quasi linear 

growth with increasing dose.  

Compared to earlier research, our measured FWHM variations are lower than in other glass 

compositions. Bonflis et al. [24] showed an increase of the FWHM of the 5D0
7F0 emission 

band from 93 to 133 cm-1 under gold ion irradiation in Eu-doped borosilicate glasses. Even 

more, Mohapatra et al. [37] reported an increase of FWHM from 120 to 168 cm-1 in Eu-doped 

barium borosilicate glasses after gamma irradiation at dose 900 kGy.  We can underline that 

both glasses were borosilicate glasses with the attested presence of two types of Eu3+ sites 

(one is related to silicate environment and the other is related to borate environment) in the 

glass explaining a higher initial FWHM and maybe a much more important increase than in 

phosphate glasses. 

3.3.3 Electron energy Effect (700 keV vs 2.5 MeV) 

Figures 21.a and 21.b show the 5D0
7F0 emission band respectively in Meta-Na-Eu and Poly-

Zn-Na-Eu respectively, under 700 keV electron irradiation at dose 108 Gy.  
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Figure 21 Zoom of the normalized emission band attributed to the 𝐷5
0 → 𝐹7

0  transition of the Eu3+ 
ions in (a) Meta-Na-Eu and (b) Poly-Zn-Na-Eu after 700 keV electron irradiation at dose = 108Gy. The 

emission spectra were measured under 488 nm excitation and saved at every 200 µm in all the 
thickness of the sample. 

 

We observe a different behavior in presence of zinc. Thus, the energy shift and the broadening 

band are homogeneous in the volume sample of Meta-Na-Eu (Fig. 21.a) contrary to zinc 

phosphate glasses where they change gradually along the thickness from depth = 600/700 µm 
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to non-irradiated surface (Fig. 21.b). However, the maximum shift value is 0.12 nm it is lower 

compared to the spectral resolution.  

Figure 22 compares the variation of the FWHM as a function of the position under irradiation 

by electron of 700 keV at dose = 108 Gy in Meta-Na-Eu, Meta-Zn-Eu, Poly-Zn-Na-Eu and Poly-

Eu-(Q1/Q2=50/50).  
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Figure 22 Variation of the full width at half maximum FWHM as a function of the thickness under 
irradiation by electron of 700 keV at dose = 108 Gy in Meta-Na-Eu, Meta-Zn-Eu, Poly-Zn-Na-Eu and 
Poly-Eu-50-50. (The emission spectrum were measured under 488 nm excitation and saved at every 

200 µm in all the thickness of the sample) 

 

These results confirm the different comportments in the 5D0
7F0 emission band evolution 

after irradiation between glasses containing and excluding zinc. The FWHM decreases 

gradually in the slice until reaching the initial value of pristine glass in zinc phosphate glasses 

contrary to glass without zinc (Meta-Na-Eu) where the change operates in the same whole 

volume. Even more, the maximum FWHM change ∆FWHM is strictly more important in Meta-

Zn-Eu (∆FWHM = 11 cm-1) compared to other glasses: Meta-Na-Eu (∆FWHM = 3.2 cm-1) and Poly-

Zn-Na-Eu (∆FWHM = 3.0 cm-1). 

There is no energy effect on these broadenings in metaphosphate compositions whereas it 

decrease from 10 cm-1 under 2.5 MeV to 3 cm-1 under 700 keV in polyphosphate glass (Poly-

Zn-Na-Eu).  
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 The broadening of the 5D0
7F0 emission band after 2.5 MeV electron 

irradiation indicating a larger dispersion of the Eu3+ sites.  

 This broadening depends on the glass composition and the radiation 

dose. For glasses without any ZnO, until 107 Gy, there is no expansion in 

the 5D0
7F0 emission band. Then, from 108 Gy, the Eu3+ sites dispersion 

suffer the same slight increase whatever the dose.  

On the other hand and in presence of zinc oxide in glasses, a similar 

comportment between 105 and 108 Gy as in alkali glasses. Whereas 

higher doses, the FWHM follows a linear growth with increasing dose.  

 Under 700 keV, the FWHM decrease gradually in the slice until reaching 

the initial value of pristine glass in zinc phosphate glasses contrary to 

glass without zinc (Meta-Na-Eu) where the change operates in the same 

whole volume.  

 

3.4 5D0 Energy level lifetime  

The Eu3+ 5D0 energy level lifetime evolution 𝜏 under 2.5 MeV electron irradiation for various 

doses in metaphosphate and polyphosphate glasses are presented in table 3. They were 

measured under 266 nm excitation and extracted from a single exponential decay curve.  

Table 3 The Eu3+ 5D0 energy level lifetime evolution 𝜏 under 2.5 MeV electron irradiation for various 
dose in metaphosphate and polyphosphate glasses.   

Glass / Dose 5D0 Lifetime (ms) 

 NI 105 Gy 5×108 Gy 1.5×109 Gy 4.15×109 Gy 

Meta-Na-Eu 2.68 2.38 2.38 - 2.34 

Meta-Zn-Eu 2.23 2.20 1.99 1.94 1.86 

Poly-Zn-Na-Eu 2.41 2.38 2.11 2.18 2.02 

Poly-Eu-50-50 2.66 2.52 2.25 2.34 2.18 

 

For non-irradiated glasses, the 5D0 energy level lifetime ranges between 2.23 and 2.68 ms. It 

isof the same order than in literature [48]–[51]. As an example, Meza-Rocha et al. [51] 

reported a value of 2.26 ms in Eu doped zinc polyphosphate glass.   

Moreover, we clearly observed a decrease of the lifetime under electron irradiation for all 

glasses and doses (table 3). However, the lifetime decrease seems to be independent of the 

dose for metaphosphate glasses contrary to polyphosphate. In terms of variation, in Meta-Na-
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Eu, the decrease is about 13% from pristine glass to 4.15x109 Gy irradiated one. Zinc 

phosphate glasses undergoes a higher decrease of 17, 16 and 18 % in respectively Meta-Zn-

Eu, Poly-Zn-Na-Eu and Poly-Eu-50-50 samples.  

Compared to literature, we found that  2F5/2 lifetime of Yb3+ ions is decreased from 1.4 ms in 

pristine glass to 0.9 ms at dose 109 Gy (decrease of 36%)  in polyphosphate glass [52] and 

Ladaci et al. [53] showed a decrease of Er3+ 4I13/2 lifetime from 9 to 6 ms (33% decrease)  at 

dose 107 Gy in phosphosilicate optical fibers. It seems that that the 5D0 energy lifetime of Eu3+ 

is less affected by irradiation compared to Er3+ an Yb3+. It must be underlined that both ions 

Yb3+ and Er3+ emit in the IR part of the spectrum. 

This difference could be related to the creation of P1 defect in phosphate glasses under 

irradiation that absorb in the infrared region [54].   

 

 

 A slight decrease (max 18 %) of the Eu3+ 5D0 energy level lifetime occurs 

after irradiation compared to other RE in literature such as Er3+ and Yb3+. 

It depends on the dose for polyphosphate glasses but not for 

metaphosphate. 
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4 Eu3+ ion reduction into Eu2+ under electron irradiation 

In this part, we studied the formation of divalent europium under irradiation. The results were  

published in Mahfoudhi and Ollier [55] (see appendix).  More precisely, we discussed how it is 

possible to impact both the site symmetry and the amount of produced Eu2+ by optimizing the 

electron energy (700 keV vs 2.5 MeV) and the integrated dose from 105 to 4x109 Gy. The site 

dependence versus the nature of the glass (metaphosphate and polyphosphate) additionally 

will be also analyzed.  

4.1 PL spectroscopy analysis  

A zoom of the time-resolved photoluminescence emission spectra under 355 nm excitation in 

the 400-525 nm range is exhibited in Figures 23a and 23b. They correspond respectively to 

metaphosphate glass (Meta-Na-Eu) and polyphosphate glass (Poly-Zn-Na-Eu) irradiated by 

electrons of 2.5 MeV at various doses from 105 Gy to 4.15x109 Gy (delay = 200 ns and gate 

width = 30 µs). It seems that the large emission band at 460 nm increases with dose in 

metaphosphate glasses (Fig 23a) while the emission spectra in polyphosphate glasses show a 

new narrow band between 400 and 450 nm. The intensity of this band tends to decrease with 

dose as shown in Fig. 23b. Nevertheless, a large band centered at 490 nm is visible on those 

spectra.  

The broad emission band around 460 nm occurring under irradiation can be attributed to the 

4f 65d1 → 4f 7 transition of Eu2+ ions. Indeed, the lifetime of the blue emission band centered 

at 450 nm in different glasses displays a short lifetime from 150 ns (metaphosphate) to 2.76 

µs (polyphosphate). These values are in agreement with literature examples reporting 

lifetimes of Eu2+ ions in glasses between 0.2 and 1.3 µs in fluoride phosphate glasses Ehrt et 

al. [16,17].  
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Figure 23 The PL emission spectra of (a) Eu-doped metaphosphate glass Meta-Na-Eu and (b) Eu-
doped polyphosphate glass Poly-Zn-Na-Eu after 2.5 MeV electron irradiation at various doses from 

105 to over 109 Gy. ( 𝜆𝑒𝑥𝑡=355 nm) 

 

Fig 24a and 24b compare the emission spectra of Meta-Na-Eu and Poly-Zn-Na-Eu irradiated 

by electrons of 700 keV and 2.5 MeV respectively at similar doses 108 and 109 Gy.  
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Figure 24 The PL emission spectra of (a) Eu-doped metaphosphate glass (Meta-Na-Eu) and (b) Eu-
doped polyphosphate glass (Poly-Zn-Na-Eu) after 700 keV and 2.5 MeV electron irradiation at 108 and 

109 Gy doses. (𝜆𝑒𝑥𝑡=355 nm) 

Fig 24a shows that the intensity of the emission band centered at 450 nm and attributed to 

Eu2+ ion is strongly increased after 700 keV electron irradiation compared to 2.5 MeV energy. 

Moreover, a red shift of the broad emission band occurs when the dose increases from 108 to 

109 Gy  for 700 keV electrons in Na metaphosphate glass. This emission shape variation could 

be explained by the existence of two different Eu2+ sites and the ratio between both sites 

depending on the dose. A careful fit of each emission spectra was performed, the results 

obtained for metaphosphate and polyphosphate at 700 keV and 109 Gy are shown in Figure 
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25. We observed 2 components at 450 and 500 nm in both glasses attesting the presence of 

2 sites for Eu2+ ions. 

The shift of the 5d4f emission band of Eu2+ to higher wavelengths in literature was 

attributed to an increase of crystal field or to a higher covalency [57]. Nevertherless, there is 

no clear evidence from our spectroscopic measurements that (Eu3+)- ions occurred from a 

direct trapping on two original Eu3+ sites already existing in the pristine glasses.  

Fig 24b displays as well a strong increase of the 500 nm band intensity after 700 keV electron 

irradiation compared to 2.5 MeV in polyphosphate glass.  
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Figure 25 A fit of the emission spectra of the Eu2+ ions in (a) Eu-doped metaphosphate glass (Meta-
Na-Eu) and (b) Eu-doped polyphosphate glass (Poly-Zn-Na-Eu) after 700 keV electron irradiation at 
109 Gy dose. Two components at near 450 and 500 nm in both glasses attesting the presence of 2 

sites for Eu2+ ions. 

4.2 EPR spectroscopy analysis 

Electronic paramagnetic resonance (EPR) spectroscopy is a powerful tool to obtain 

complementary quantitative data on Eu2+ formation under irradiation (indeed Eu2+ is a 4f7 

paramagnetic ion). Fig. 26 displays the EPR spectra of Poly-Zn-Na-Eu glasses before and after 

2.5 MeV irradiation for various doses. After irradiation, new signals at 1095 G (g = 6.3), 2466 

G (g=2.8) and 3500 G (g=2.0) can be observed. These components are known as the “U” EPR 

signal and can be attributed to Eu2+ ions associated to a low-symmetry site whereas the signal 

at 1492 Gauss (g = 4.7) corresponds to a high-symmetry site of divalent europium [12]. 

Actually, Eu2+ ions were detected in all irradiated phosphate glasses whatever the dose. The 

presence of two types of sites for divalent Eu2+ ions has already been mentioned in 

aluminoborosilicate [9,10], aluminosilicate  [59], phosphate and fluoride-phosphate glasses 

[11,12]. These studies associate generally the high symmetry site (g=4.7) to a strong crystal 

field that could correspond to 6-coordinated Eu3+ ions. We therefore assign the high symmetry 

site to the emission at 500 nm and the low-symmetry one to the emission at 450 nm. 

The low-symmetry site (g=6.3) with a lower crystal field would rather deal with Eu2+ ions with 

a higher coordination number into a modifier position. As well, we can observe at g = 2 a sharp 

saturated line that corresponds to the P-related point defects such as POHC (Phosphorus 
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Oxygen Hole Centers). The detailed nature of point defects associated to P will not be 

described here. Furthermore, we can notice that all the signals associated to Eu2+ directly 

correlated to the Eu2+ amount increases with the irradiation dose.  
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Figure 26 EPR spectra normalized by mass and gain of Poly-Zn-Na-Eu glass irradiated by electron of 
2.5 MeV at various doses. 

 

At first, it can be seen that the glass composition and the glass polymerization impact the 

nature of the Eu2+ sites. The ratio between both sites from one composition to another one 

can be extracted from EPR measurements. Table 4 reports the ratio between low-symmetry 

site (g=6.3) and high-symmetry site (g=4.7) for 4 glass compositions (700 keV, 109 Gy). It seems 

that the presence of Zn favors the formation of the high-symmetry site.  

Table 4 Ratio between low-symmetry site (g=6.3) and high-symmetry site (g=4.7) for different 
phosphate glasses irradiated by 700 keV at 109 Gy dose. 

700 keV-𝟏𝟎𝟗Gy 

 Low-symmetry site High-symmetry site  Symmetry Ratio ZnO (mol. %)  

Meta-Na-Eu 0.16 ± 0.02 0.04 ± 0.01 3.92 - 

Meta-Na-Mg-Eu 0.14 ± 0.02 0.05 ± 0.01 2.88 - 

Poly-Zn-Na-Eu 0.51 ± 0.08 0.23 ± 0.03 2.20 46.00 

Meta-Zn-Eu 0.08 ± 0.01 0.08 ± 0.01 1.06 49.40 

 

Figure 27 exhibit the PL emission spectra of Eu-doped meta and polyphosphate glasses after 

700 keV irradiation at dose 109 Gy and confirms the predominance of site 2 (500 nm) in 
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polyphosphate by the red shift of the emission band. This result is supported by the table 4 

where we can notice the huge intensity of the high symmetry site in polyphosphate compared 

to metaphosphate glasses (factor 7). This result is moreover in agreement with [57] based on 

the fact that polyphosphate contain more NBO than metaphosphate glasses. 

However, a direct comparison of the ratio between high and low symmetry sites obtained 

from EPR and PL is delicate. Indeed, PL method cannot deliver absolute quantitative ratio due 

to two main effects: first, the photobleaching occurring under the 355 nm laser excitation 

inducing a decrease of the Eu2+ emission intensity and secondly, a dismatching between PL 

and EPR measurements could be due to the interaction between Eu2+ and other luminescent 

species occurring under irradiation. Additional emission bands in the 400-600 nm region were 

detected like the emission of diamagnetic P-defects at 410 nm [61]. This band was observed 

in NaMg metaphosphate glasses [54] and Na metaphosphate. The P-defect emission band in 

presence of Zn is not visible anymore but a new band at 435 nm (see Fig 24b) appears after 

irradiation. To the best of our knowledge, such an emission band was never reported yet in 

irradiated phosphate glasses but we deduced that it is directly correlated to the presence of 

Zn. Therefore, it could be attributed to unusual Zn oxidation state like Zn+ or to (Zn2+)-EC. A g 

= 1.99 EPR component in Zn metaphosphate glass was tentatively attributed to (Zn2+)-EC in 

[62].  

Zn doping gets a strong positive effect on the reduction efficiency of Eu3+ as it can be seen in 

Figure 26.  
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Figure 27 The PL emission spectra of Eu-doped meta and polyphosphate glasses (Meta-Na-Eu, Meta-
Na-Mg-Eu, Meta-Zn-Eu and Poly-Zn-Na-Eu) after 700 keV at dose 109 Gy. ( 𝜆𝑒𝑥𝑡=355) 

Fig 28a and 28b report the intensity of the EPR signals at g = 6.3 and g = 4.7 of Meta-Na-Eu, 

Meta-Zn-Eu, Poly-Zn-Na-Eu and Poly-Zn-Na-Eu(Q1/Q2:50/50) corresponding to low and high 
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symmetry sites of Eu2+ respectively as a function of the dose logarithm under 2.5 MeV 

irradiation.   
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Figure 28 Variation of the EPR signal intensity (a) Ig=6.3  and (b) Ig=4.7  attributed respectively to low and 
high site symmetry of Eu2+ ion in Meta-Na-Eu, Meta-Zn-Eu, Poly-Zn-Na-Eu and Poly-Zn-Na-Eu-

(Q1/Q2:50/50) glasses irradiated by 2.5 MeV at various doses: from 105 Gy to over 109 Gy. 

 

We observe in fig 28a and 28b that both signals are weak and constant regardless of the dose 

in Meta-Na-Eu glass. In contrast, in presence of zinc oxide in the glasses, a quasi-linear increase 
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of both lines at g= 6.3 and g = 4.7 occurs with the dose logarithm. The formation of Eu2+ is 

more efficient in Poly-Zn-Na-Eu (Q1/Q2:50/50) than in Poly-Zn-Na-Eu, while meta-Zn-Eu and 

Poly-Zn-Na-Eu exhibits quite similar efficiency of Eu3+ reduction under irradiation. Moreover, 

it can be notice that a lowest amount of Eu2+ is formed under the high-symmetry site. The 

comparison between the Eu2+ amount produced in metaZn and metaNa (up to a factor 9) 

supports the results that Zn doping gets a strong positive effect on the reduction efficiency of 

Eu3+. Indeed, the proportion of high symmetry site is increased by increasing the amount of 

Zn as attested by the table 4.  

At 2.5 MeV, it seems that there is no dose effect on the ratio between site 1 and site 2. The 

existence of a “plateau” displayed in Figure 29 supports this result as well as the stable shape 

of the photoluminescence spectra in 106-108 Gy range shown in figure 23. When dose 

becomes higher than 109 Gy, we can observe an increase of the ratio between both sites 

indicating a clear predominance of modifier sites on network modifier sites. We know from 

[6] that some alkali motion are involved in 2.5 MeV electron irradiated glasses when dose is 

higher >109 Gy. In phosphate glasses, Raman spectra of polyphosphate glasses showed some 

depolymerization effects for doses >109 Gy [54]. This network modification could induce a 

higher production of low-symmetry sites for Eu2+ ions. This hypothesis is supported by the 

nature of the low-symmetry site expected as “a modifier” site. The increase of the number of 

NBO under irradiation is in agreement with this scenario. The deviation from a linear behavior 

visible in Fig 26 was furthermore already observed for similar doses (>109 Gy) in 

aluminoborosilicate glass [58]. 
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Figure 29 The ratio between Eu2+ low-symmetry site and high-symmetry site for Poly-Zn-Na-Eu glass 
under 2.5 MeV irradiations as a function of dose logarithm. 
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4.3 Energy effect: 2.5 MeV vs 700 keV 

In Figure 30, the intensity of Ig=6.3 signal corresponding to the low-symmetry Eu2+ site (Fig. 32a) 

and Ig=4.7 to the high-symmetry site (Fig. 30b) are reported for all glasses. It allows to compare 

the Eu3+ reduction efficiency between 2.5 MeV (empty symbols) and 700 keV (full symbols) at 

108 Gy and 109 Gy doses.  
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Figure 30 Comparison between 2.5 MeV and 700 keV electron irradiation of the EPR signal intensity 
(a) Ig=6.3  and (b) Ig=4.7 attributed respectively to low and high symmetry site of Eu2+ ion in meta and 

polyphosphate glasses for 108 and 109 Gy doses. 
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We observe a huge increase of the signal intensity under 700 keV irradiation compared to 2.5 

MeV and the generation of Eu2+ ions is more important in polyphosphate than in 

metaphosphate compositions. More accurately and by comparing same integrated dose, it is 

obvious to notice that 700 keV energy is much more efficient to reduce Eu3+ ions than 2.5 

MeV. Thus, Ig=6.3 (corresponding to the low symmetry site) is increased from 1 (2.5 MeV at 109 

Gy) to 16 (700 keV, 109 Gy) in Meta-Na-Eu while the intensity of high symmetry sites in the 

same conditions is multiplied by 20. In polyphosphate glasses, a larger amount of Eu2+ ions is 

produced under 700 keV compared to metaphosphate but the increase of Eu2+ reduced ions 

(expressed in percent) under both site symmetry shifting from 2.5 MeV to 700 keV energy is 

lower in Polyphosphate compared to Metaphosphate glasses. Thus, Ig=6.3 is multiplied by 8 

from 700 keV to 2.5 MeV (at 109 Gy) (against 16 in Meta) and 11 for the signal at g = 4.7 

(against 20 in Meta).  

In addition, it is worth to notice that a mixed alkali effect occurs in Na/K polyphosphate glass 

for both energies 2.5 MeV and 700 keV, especially for the high symmetry site but also for the 

low symmetry site within 700 keV/109 Gy conditions.  

Actually, a non-linear variation (with either a maximum or a minimum) of Eu2+ amount can be 

observed in Figures 30a and 30b.  

Therefore, the mixed NaK zinc polyphosphate glass for the high-symmetry site exhibits the 

highest increase of Eu2+ amount from 2.5 MeV to 700 keV. It means that the reduction of Eu3+ 

ions (especially for the high symmetry site) is probably associated to a rearrangement of the 

Eu3+ initial site including the alkaline ions and O migration in the glass network. This result let 

us suspect that a direct reduction process for 2 Eu3+ preexisting sites is probably not the right 

scenario but one type of Eu2+ ions could be generated after modification of the Eu3+ 

environment.  

We know that transport of alkaline ions is the dominant mechanism in low energy electron 

(typ. 50 keV) irradiated glasses with the creation of channels [63]. At 700 keV due to the 

thickness of the sample (larger than the penetration depth of the electrons), we expect also 

that migration of alkaline ions under the electrical field generated is effective. This difference 

with 2.5 MeV could explain the larger efficiency to reduce Eu3+ with low energy electrons and 

the ability of polyphosphate with a more depolymerized network compared to 

metaphosphate compositions to incorporate Eu2+ ions. 

 

 

 

 

 



   

151 
 

 The EPR and PL spectroscopy show the presence of two types of sites for 

divalent Eu2+ ions formed after irradiation in metaphosphate and 

polyphosphate glasses whatever the dose and electron energy.  

 These studies associate generally the high symmetry site (g=4.7) to a 

strong crystal field that could correspond to 6-coordinated Eu3+ ions. The 

low-symmetry site (g=6.3) with a lower crystal field would rather deal 

with Eu2+ ions with a higher coordination number into a modifier 

position. 

 It seems that the presence of Zn favors the formation of the high-

symmetry site with a quasi-linear increase of both sites with increasing 

doses.  

 When dose becomes higher than 109 Gy, we evidenced a predominance 

of modifier sites on network modifier sites linked to the migration of 

alkaline ions. 

 700 keV energy is much more efficient to reduce Eu3+ ions than 2.5 MeV 

and the generation of Eu2+ ions is more important in polyphosphate than 

in metaphosphate compositions. 
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From the results obtained in this chapter, it appears that the modifications of both the glassy 

network and the Eu3+ ions environment are dependent on the glass composition (e.g. insertion 

of Zn) and the irradiation parameters: particularly the integrated dose and the electron energy 

acting mostly on the reduction of Eu3+ ions. 

In this section, we will try to present some assumptions for mechanisms leading to both local 

and medium range order variations under irradiation as well as establishing some 

connections. 

In regards to glass composition, Table 2 shows the seven glass matrices which were studied.  

It is useful to remember some different ways that these can be classified.  Firstly, 

metaphosphates are predominately Q2 whereas polyphosphates are predominately Q1.  

Secondly, the glass matrices vary from highest alkali content in Meta-Na and Meta-Na-Li 

(noting that Li and Na have the highest mobility of the alkalis), to lowest alkali content in Meta-

Zn.  Another distinction concerns the modifier cationic field strength which decreases in the 

sequence Mg2+ > Li1+ > Na1+ > K1+ (where Mg2+ and Zn2+ both have significantly higher cationic 

field strength than alkalis).  In addition, two glass matrices have mixed alkalis, Meta-Na-Li and 

Poly-Zn-Na-K, and this might reduce the mobility of alkalis due to the mixed alkali effects.   

In polyphosphate glasses under 2.5 MeV electron irradiation, the formation of POHC defect is 

detected by EPR spectroscopy at low doses until 107 Gy then a disappearance of this point 

defects following by the creation of peroxy point defects from dose 108Gy corresponding to a 

trapped hole on oxygen atoms at the end of a short chain (P-O-O°). These peroxy defects are 

very weakly formed in metaphosphate compositions. In parallel, we observed by Raman a 

massive increase of terminal P-O stretch motions of Q1 in irradiated polyphosphate glasses 

from dose 108 Gy. It seems unreasonable that the peroxy radicals can be formed from 

preexisting P-O-O-P linkages in polyphosphates. We thus assume that peroxy defects could 

form from the recombination of an oxygen with terminal P-O bonds. The migration of a NBO 

could be associated with one alkaline ion migration. However, no polymerization increase 

occurs in polyphosphates glasses, we rather observe a small increase of Q2 and Q0 units that 

could be the result of a conversion of Q1 units into Q2+Q0 species but the origin of migrating 

oxygen atom is not clear.  

Concerning the network evolution, in Na metaphosphate glasses, it may be that irradiation 

effects primarily occurs with Na-NBO bonds which are plentiful and weak.  Breaking and 

remaking these bonds will have an effect on the chains of Q2, causing them to ‘twist’ or ‘bend’.  

But flexibility of Na makes it easier for Q2 chains to rearrange, and this releases stress on Q2 

chains.   

In Zn metaphosphate, irradiation effects could mainly occur with Zn-NBO bonds, which again 

causes some ‘twists’ or ‘bends’ in Q2 chains.  However, the Zn is less flexible, and the ‘cross 

linking’ role of Zn makes it harder for Q2 chains to rearrange, so there is more stress on Q2 

chains compared to Na metaphosphate and a stronger disorder in the chains is represented 

by the observed variation in the Raman spectra.  
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We can suspect however that some coordination change around Eu3+ ions under irradiation 

may occur liberating some NBO and alkaline ions during reduction of Eu3+ to Eu2+. This 

mechanism could explain the larger Eu3+ site dispersion after irradiation represented by the 

broadening of the 5D0
7F0 emission band, considerable in zinc phosphate glass and weaker 

in alkali metaphosphate samples. Molecular dynamics simulation showed moreover that the 

presence of zinc increases the portion of Eu3+ ions under fivefold coordination explaining why 

this mixture of coordination number can be less sensitive to a Eu3+ site distortion represented 

by the slight increase of As in polyphosphates rather than in Na metaphosphate where 6 

coordinated Eu3+ dominated (82 %) with a strong increase of As under irradiation.  

The interstitial Na in alkali metaphosphate provides flexibility and this means that in the 

pristine glass the Eu are better able to take sites with dominant CN=6. According to the 

previous proposal, the flexibility provided by Na enables the phosphate chains to rearrange in 

response to irradiation effects on NBOs.  However, these rearrangements of the phosphate 

chains will cause ‘distortion’ on Eu sites, hence a notable increase in As ratio. In addition, the 

MD model shows that it is common for Eu to have some NBO which are shared with Na (i.e. 

Eu-NBO-Na).  This means that irradiation effects on Na-NBO bonds might cause the Na to 

move around, and this will also cause distortion of remaining Eu-NBO bonds. 

Further, if we compare Zn metaphosphate and Na metaphosphate, it is obvious that Zn 

insertion favors effectively the reduction of Eu3+ to Eu2+ ions under irradiation. It is more 

difficult to evaluate the role of Zn in polyphosphate where the initial Eu3+ environment is 

different than in sodium metaphosphate glass with moreover a more depolymerized network. 

The lower initial average coordination number of Eu3+ as well as the charge equilibirum being 

modified by Zn2+ insertion could favor a greater production of divalent Eu under irradiation. 

As well, the reduction is more efficient under 700 keV compared to 2.5 MeV. We can suspect 

a more efficient alkali migration driven by the electrical field leading to a network 

reorganization more efficient to host Eu2+ ions with a larger NBO numbers. 
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1 Experimental methods  

To study phosphates glasses and rare earth (RE) environment evolution in phosphate glasses 

under irradiation, we used in this thesis chapter a femtosecond fiber laser writing system in 

collaboration with MAP (Advanced Material for Photonics) group at ICMMO (Institut de 

Chimie Moléculaire et des Matériaux d'Orsay) from Orsay University. A photo of the dedicated 

FLAG platform is shown in figure 1.  

 

 

Figure 1 FLAG laser platform  

The femtosecond fiber laser system used for the modifications of our bulk phosphate glasses 

consists of a directly diode-pumped Ytterbium fiber laser (Satsuma HP from Amplitude 

Systemes, France), with a central wavelength of 1030 nm. The typical pulse duration is 250 fs 

and the repetition rate can be adjusted from single pulse up to 2MHz. In this work single lines 

or set of lines have been inscribed at 300 µm below the surface glass for various pulse energies 

ranging in 0.01-5 µJ as explained in figure 2.  In this view, the sample was moved or scanned 

along a chosen direction, let’s say y-axis, at a constant speed to imprint some lines. In this 

study the laser polarization was linear and oriented parallel to the written lines. 

Then we analyzed the RE environment modifications and the structural modifications by 

focusing the Raman and PL laser approximatively in the center of the lines inscribed at 300 µm 

below the surface (as seen in fig. 2). However, we observed no significant variation compared 

to unmodified glass. We suggested that this method (even in confocal mode) was not accurate 

enough with a potential integration of the pristine glass part also averaging the observed 

modification of the Raman and PL spectra. Therefore, we repeated, in a second step, the work 

in the cross-section configuration (index b fig. 2). In this regards, we analyzed the structure 

and the RE environment variation in different region of the laser tracks cross-sections.   
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Figure 2 Explanation of the geometry used for "laser lines" writing in the optical materials. In this 
example the glass was Li2O-Nb2O5-SiO2. 

Two different repetition rates were used in this work:  

 a low repetition rate of 10 kHz, which allows to investigate a repetitive regime since 

the heat generated by the laser pulse has enough time to diffuse out (typ. It needs a 

few microseconds) before the next pulse resulting in no heat accumulation from pulse 

to pulse. This regime allows to generate micro-quenching like melting for a few 

microseconds followed but a quite high quenching rate (typ. up to 109 °C/s in oxide 

glasses) 

 a high repletion rate of 500 kHz that leads to a pulse to pulse heat accumulation 

process. This allows reaching the melting temperature or crystallization for a 

significant time up to 100’ms depending on the scanning speed and to cool down 

“slowly” the sample. The key characteristics of laser parameters used in this thesis are 

summarized in table. 
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Table 1 Typical data for writing lines by irradiation with the energy of each line. 

  Low repetition rate = 10 kHz High repetition rate = 500 kHz 

Scanning speed (mm/s) 0.01 0.1 

Numerical aperture 0.6 

Pulse duration (fs) 250 

Wavelength  (nm) 1030 

Depth of focus (µm) 300 

  
Pulse energy (µJ) 0.05-4.5 0.01-1 

Line number   

1 4.5 1 

2 4 0.8 

3 3 0.6 

4 2 0.5 

5 1 0.4 

6 0.5 0.3 

7 0.4 0.2 

8 0.3 0.1 

9 0.2 0.05 

10 0.1 0.01 

11 4.5 - 

 

2 Glass modifications induced by fs-laser (bibliographic part) 

2.1 Interaction of femtosecond laser pulses with glass materials 

In order to introduce the interest of femtosecond lasers for the laser-matter interaction, the 

mechanisms leading to permanent modifications induced by ultrashort irradiation are 

schematically illustrated on the timescales chart in fig 3. First, we will present the mechanisms 

of photoionization, responsible for the creation of a plasma of free electrons, then we will see 

the different relaxation processes contributing to the local modification of the refractive 

index. 
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Figure 3 Timescales of the physical phenomena associated with the interaction 

of a femtosecond laser with glass materials [1] 

2.1.1 Photoionization processes 

It is well-known that the interaction between the material and visible and near infrared light 

takes places via the electronic subsystem. In dielectrics electrons are strongly coupled to the 

ions, resulting in a wide gap appearing between the valence and conduction bands. Since the 

photon energy is small compared to the material band gap, no linear absorption takes place. 

This defines the transparency of dielectrics in the considered spectral range. However, the use 

of focused femtosecond pulses allows reaching laser intensities sufficiently high (around 10 

TW/cm2). This condition allows the creation of nonlinear optical absorption (leading to 

photoionization processes), leading to generation of free electrons in the conduction band. 

Thus, the exponential increase of this density causes the creation of an ionized gas: plasma, 

which can be described according to the assumptions of the Drude model. This model makes 

it possible to estimate the contribution of this plasma on the dielectric function ε and by 

extension on the changes in optical properties of the material subjected to a pulsed laser. 

2.1.2 Energy relaxation processes 

The ionization mechanisms are conditioned by the presence of the electric field of the laser 

and occur accordingly on a time scale comparable to the pulse duration. In this section, we 

give an overview of the relaxation phenomena (during which the energy of the plasma is 

transferred to the matrix, after the passage of the pulse) which plays an important role in 

describing the mechanisms of modification of the material. Note that the different processes 

involved do not occur sequentially but overlap in time, as shown in figure 3, thus forming a 

chain of more or less complex events spread over a wide range of time ranging from 

femtosecond to microsecond for dielectrics. 

In general, a solid can be seen as a network of ions surrounded by electrons more or less linked 

thus defining the insulating or conductive nature of the material. The energy absorbed by the 
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electrons during the ionization step is transferred to the ion network after the passage of the 

pulse.  During the relaxation process, the free electrons composing the plasma transfer their 

energy to the matrix ions by non-radiative recombination (emission of phonons which 

correspond to a quantum of vibration energy). From a more general point of view, the 

relaxation process can be obtained from the two temperatures model valid for both dielectrics 

and metals describing the temporal evolution of the temperature of the electronic gas Te on 

the one hand and the ionic temperature Ti on the other hand. In the context of an interaction 

with a femtosecond laser, an electronic heating phase takes place during the passage of the 

pulse while the network of ions is only slightly disturbed leaving the material in a situation of 

very strong imbalance (Te >> Ti). Once the pulse is complete, a process of thermalisation 

between electrons and ions occurs for which Ti increases until reaching the thermal 

equilibrium Te = Ti. Energy relaxation and electron-matrix coupling therefore imply local 

structural changes that can modify the refractive index [2]. 

2.2 Generality on silica:  

Since 1970’s, many investigation of the effects of femtosecond laser radiation in various bulk 

glasses have been completed with the objective of producing new optical devices used in 

telecommunication, optical sensing and optical signal processing domains [3]. Thus, indeed 

the fs laser can act in a wide variety of properties including refractive index, absorption 

properties, non-linear optical susceptibility, structure, morphology with the possibility to 

write 3D optical circuits in bulk glasses.  

In silica, three structural modification regimes are observed (as seen in figure 4): a positive 

refractive index change (usually denoted as type I), a self-arranged nanoscale layered 

structures resulting in form of birefringence (type II) and micro-explosion leading to voids 

(type III) [4]. These structural modifications depend on the regime of laser interaction, 

particularly on the energetic dose, pulse duration, laser repetition rate and focusing 

conditions as well as to the properties of materials like viscosity, density, electronic 

polarizability, absorption coefficient, reflectivity, and thermal conductivity, etc.   
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Figure 4 Three structural modification regimes created by femtosecond laser writing in silica  

The characteristics of these different regimes and modifications are detailed below. 

 Isotropic index changes based modifications (Type I) 

The first observation of a threshold that we can report under a sufficiently intense irradiation 

is the reduction of the optical transmission. It is observed over a wide range of wavelengths 

from infrared to blue [5], [6]. This indicates that the glass is modified in its structure. The 

corresponding threshold energy is defined by the relation [7] : 

𝐸𝑡ℎ =
𝐼𝑡ℎΔ𝑡𝜆2

𝜋(𝑁𝐴)2 + 𝐼𝑡ℎ
𝜆2

𝑃𝑐𝑟

 

Where 𝐼𝑡ℎ is the intensity; Δ𝑡 is the pulse duration; 𝜆 is the wavelength; NA is the numerical 

aperture of the focusing lens and 𝑃𝑐𝑟 is the critical power.  

At low energy, an increase (from 10-4 up to 3-6.10-3) of the refractive index is observed in the 

silica. It is attributed to a permanent densification due to a rapid cooling of the initially very 

hot focal volume [8], [9]. In addition, the focusing of the femtosecond laser pulses gives rise 

to a constraint that plays a role in this densification under certain conditions [10]. Defects 

centers (also called color centers) induced by femtosecond laser irradiation may be 

responsible for a portion of the refractive index change through the Kramers-Kronig 

relationship (a change in absorption leads to a refractive index change since these two 

quantities are conjugate complexes of the dielectric constant) [11]. Although color centers 

induced in femtosecond laser irradiated glasses have been observed [8], [12], there has been 

no experimental evidence so far of a strong link between their formation and induced index 

change. Waveguides formed in silica with an infrared femtosecond laser [13] showed photo-

induced absorption peaks at 213 nm and 260 nm corresponding to the respective center 

defects E 'and NBOHC. However, the two defects were completely erased after annealing at 

400°C, although it retained its guiding properties up to 900°C. As a result, color centers are 

unlikely to have played a strong role in the refractive index change [13]. Other results lead to 

the conclusion that the thermal stability of the colour centers produced in borosilicate and 
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silica glasses is not compatible with that of the change in refractive index [12]. It has recently 

been shown, in pure silica glasses for the realization of waveguides, that colour centers 

contribute to the refractive index changes for only 20% [2] whereas the major part has been 

attributed to defects-assisted densification by the authors. 

In an extremely simplistic view of the free electron plasma relaxation created by laser 

irradiation, it can be said that the transfer of energy from free electrons to the glass network 

leads to very high local temperature. The temperature can reach several thousand degrees 

[14] at the focal point limited by thermal conduction [15] (and high pressures), up to the local 

melting of the glass, inducing densification (or expansion as a function of the relationship 

between the density and the fictive temperature for example) after the rapid cooling of the 

glass [16]. This results, for example, in a lower average Si-O-Si angle and thus some changes 

in some infrared bands (for example, the antisymmetric elongation vibration centered at 1120 

cm-1) and a change in the D1 and D2 bands observed in Raman spectroscopy [16], [17], D1 and 

D2 being respectively associated with the vibrations of cycles with 4 and 3 tetrahedra. In silica, 

these structural modifications are correlated with an increase in the refractive index, of the 

order of a few 10-3 in writing conditions close to ours. The hypothesis of local densification of 

glass as a contribution to the increase of the refractive index was already advanced during the 

first publications on this subject  [3], [11], [12], [15], [18] following atomic force microscopic 

observation of the depression of the surface by a few tens of nanometers at the level of the 

irradiated zone. 

 Anisotropic refractive index changes based modifications (Type II) 

For higher energy pulses, a second threshold is observed which is based on the appearance of 

nanostructures (Fig. 4) caused for example by the interference between the laser field and the 

electron plasma wave according to the first model that was proposed in 2003 [19]. 

Y. Shimotsuma and P. Kazansky made this discovery in 2003. It remained to determine the 

nature of these nanoplanes. Some saw fractures, others oxygen depletions [19]. In 2011 

Lancry et al [15]revealed that nanogratings are formed by a decomposition of silica 

(nanoporous silica formation). This decomposition of silica into porous nanolayers can be 

done, contrary to the fictive temperature modification, only by a pulse-to-pulse accumulation. 

As the material cooled down completely between pulses, we initially proposed an 

accumulation of point defects. We then explain the variations with doping by production of 

defects that vary greatly. This production is favored by the addition of germanium or 

conversely, it can be inhibited to observe only isotropic index change by adding fluorine in 

silica, which provide interesting results depending on the type of application envisaged. 

 Voids (Type III) 

For even higher energy pulses giving rise to peak intensities greater than 1014 W/cm2, holes in 

volume (so-called voids) are achievable by femtosecond laser irradiation. They are at the 

origin of a mechanism called the Coulomb micro-explosion. A first model was proposed by 

Fleischer's team [20] and also reported later by Schaffer [21]. The mechanism at the base of 

void formation was briefly the following: when the density of excitations at a point in the 

material is very large, the Coulombian force between ions can overcome their binding energy. 

In this case, ions are also moved to interstitial positions around the starting point. This results 
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in cavity formation surrounded by a high-density shell. The mechanism was then revisited as 

follows: the energy is absorbed in a small volume producing a pressure which subsequently 

drives a shock wave and stress exceeding the Young modulus of the material. The strong 

spherical shock wave starts to propagate outside the center of symmetry of the absorbed 

energy region compressing the material. At the same time, a rarefaction wave propagates to 

the center of symmetry decreasing the density in the area of the energy deposition. The shock 

wave stops when the pressure behind the shock front becomes comparable with the Young 

modulus. Such voids can be exploited for 3D storage of information[22]. 

3 Phosphate glass structure under fs laser irradiation at low repetition rate 
(10 kHz) 

We studied in this part the structural modifications in phosphate glasses under femtosecond 

laser writing with low repetition rate of 10 kHz that is a non-cumulative heating regime. Thus, 

we analyzed the structure variation in different region of the laser trace cross-section.  

3.1 Alkali Metaphosphate glasses 

3.1.1 Eu-doped Na metaphosphate glass 

Figure 5a exhibits the white light optical microscope images of the lines written by fs laser 

with different pulse energy ranging from 0.05 µJ to 5 µJ. The laser parameters were fixed as 

follow: 1030 nm, 250 fs, 10 kHz, 10 µm/s, linear polarization. The parallel lines are inscribed 

at 300 µm below the surface of Eu doped sodium metaphosphate glass using a 0.6 NA aspheric 

lens. The written lines present different optical contrast in transmission and width linked to 

the increasing pulse energy. We note that permanent modifications appear from pulse energy 

of 0.5 µJ as observed in figure 5a. 

Figure 5b displayed the cross-section of the irradiated lines. Thus, as noted before, when we 

look at the cross-section of the laser lines, we should see that the modified area has the shape 

of a kind of drop mostly due to the focusing conditions. The drop is better confirmed at low 

pulse energy (E = 0.5 µJ) and its length (the laser trace along z-direction) expanded with 

increasing pulse energy from 20 µm at E = 0.5 µJ to around 100 µm at energy of 4.5 µJ (Figure 

6). Even more, white trace is observed at low pulse energy (E = 0.5, 1 µJ) then voids and 

bubbles appear along the “waveguide” cross-section at higher energy from 2 µJ. We also note 

that the width (typ. 1-5 microns) of the laser trace in the cross-section are in the same order 

than the laser spot confirming the non-cumulative heating regime.   

As displayed in figure 5c, the drop of the laser trace can be divided in 3 different zones:  

- The tip 

- The spot center with dark zone ( negative refractive index variation) 

- The tail with white zone (with a positive refractive index variation) 
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Figure 5 (a) White light microscopic image of lines written by femtosecond laser with repetition rate 
of 10 kHz and different pulse energies inside Meta-Na-Eu glass at 300 µm below the surface through 
a 10× objective, (b) Microscopic image of a series of lines along the z axis (cross-section of the laser 
spot) inscribed by pulse energy ranging in 5-0.5 µJ through 20× objective (c) Zoom of the profile of 

the line inscribe by 4 µJ pulse energy along the z axis. 
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Figure 6 The longitudinal laser spot elongation (in the laser propagation direction) as a function of 
pulse energy in Meta-Na-Eu glass.  
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3.1.1.1 Center and tip of the transversal laser trace 

Figure 7a presents the microscopic image of the transversal laser line irradiated with 4 µJ pulse 

energy in Meta-Na-Eu glass through a 100× objective. In this connection, figure 7b displays 

the Raman cartography of the different positions in the center and the tip of the laser trace 

cross-section as indicated by the red dots in the microscopic image.  

The dots circled in green (fig 8a) undergo a drastic variation in the Raman spectra. Therefore, 

we note that the center of the laser trace suffers an important modification of the Na 

metaphosphate glass structure compared to unmodified region as described below: 

 Thus, Raman spectra exhibited an increase of the intensity in the region 300-500 cm-1 

correspond to the bending vibration δ(P-O). Further, we note two new peaks at 725 

and 740 cm-1 that are likely due to a beginning of crystallization.  

 As well, a new band occurs at around 890 cm-1 due to the asymmetric stretching mode 

νas(POP) of Q2 units [23], [24]. 

 Regarding to the region 900-1400 cm-1, fs laser irradiation affects an important 

increase in the intensity of the band at 1016 cm-1 attributed to the P-O stretch of Q1 

chain terminator [25].  

 Further, an additional contribution of the band at around 1106 cm-1 due to the 

asymmetric stretching mode νas(PO3
2-) of the Q1 units. This drastic change in the green 

circle regions suggests an important decrease in the network polymerization of the 

laser spot center in europium doped sodium metaphosphate glass whereas, there is 

no clear change of the structure in the tip and the contrast of the laser trace.  

 Even more, the huge band at 1166 cm-1 due to the symmetric stretching modes of NBO 

νs(PO2) in Q2 units [23], [24], [26], [27] displays a shift of about 6 cm-1 towards lower 

wavenumber in the center of laser trace cross-section suggesting an increase of the O-

P-O angle and/or variation in the local cationic environment. Rouse et al. [28] indicated 

that as the νs(PO2) decrease in the frequency as phosphate chains length is longer, 

indicative of the increase in the average PO2 bond angle. 
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Figure 9 (a) Microscopic image of the center and the tip of the laser line cross-section irradiated at 4 
µJ pulse energy in Meta-Na-Eu glass through a 100× objective. The red dots positions associated to 
the Raman cartography. (b) The Raman cartography of the different red dots positions in the center 

and the tip of the transversal laser trace. 

3.1.1.2 Black region in the center of the transversal laser trace 

To better understand the structure variation, we have recorded the Raman spectrum 

cartography in a series of points in the transversal center line characterized by a black region 

as indicated by the microscopic image (Figure 8a). The Raman spectra (figure 8b) confirmed 

the previous results that the glass suffers a drastic variation in the structure after fs laser 

irradiation in the center spot laser.  
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Figure 8 (a) Microscopic image of the center of the cross-section laser line irradiated at 4 µJ pulse 
energy in Meta-Na-Eu glass through a 100× objective which the red dots positions associated to the 
Raman cartography. (b) The Raman cartography of the black region in the center of the transversal 

laser trace as shown by the red dots in the microscopic image.  

3.1.1.3 Tail of the transversal laser trace 

Now, let’s look at the structure change in the tail region. The Raman cartography displayed in 

figure 9 illustrates the structure of the different red dots positions in the tail of the laser line 

cross section inscribed by 4 µJ pulse energy in Meta-Na-Eu glass. Thus, we observe a lower 

change in the structure in the white region of the tail as seen in the microscopic image (fig 

10a). 
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Figure 9 (a) Microscopic image of the tail of the cross-section laser line irradiated at 4 µJ pulse energy 
in Meta-Na-Eu glass through a 100× objective which the red dots positions associated to the Raman 
cartography. (b) The Raman cartography of the red dots positions in the tail of the transversal laser 

trace compared to unmodified region. 

 

3.1.1.4 Pulse energy effect 

Figures 10a and 10b exhibit the Raman spectra of the center of the transversal laser spot in 

Meta-Na-Eu glass irradiated at respectively 3 µJ and 1 µJ compared to pristine glass. We 

observe the same behavior as under 4µJ pulse and this result confirm the drastic change of 
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the structure in the center of the transversal laser spot whatever the pulse energy in the 1µJ-

4µJ range. On the other hand, for low pulse energy, 0.5 µJ (not shown), we did not observe 

any change in the Raman spectra compared to pristine glass whereas we can observe some 

refractive index changes by optical microscopy.  
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Figure 10 Raman spectra of the center of the cross-section laser line in Meta-Na-Eu inscribed by pulse 
energy of (a) 3 µJ and (b) 1 µJ compared to pristine glass  

 

3.1.2 Non-doped and Er doped Na metaphosphate glasses: 

We performed the same analysis for non-doped and Er doped metaphosphate glasses (fig. 11 

and 12). Raman spectra showed no significant structure change in the Meta-Na under fs laser 

with pulse energy of 4µJ (fig. 11b). On the contrary, we observed a slight change of the Raman 

spectra in Er doped metaphosphate under pulse energy of 3 µJ (fig. 12b). The choice of 3 µJ is 

due to the fact that the laser trace cross-section with pulse energy of 4µJ presented a crack 

and white zone in the center. We observe the formation of a small shoulder at 740 cm-1. 

Further, a more contribution of the bands at 1016 cm-1 and 1106 cm-1 are observed attributed 

respectively to the symmetric and asymmetric νs(PO3
2-) and νas(PO3

2-) of the end group of Q1 

unit measuring more Q1 species.  

These results suggest no significant change of the structure in Meta-Na glass, a tendency for 

a slight decrease in the network polymerization in Meta-Na-Er and a drastic variation in the 

vitreous network of Meta-Na-Eu glass. As a first suggestions, the rare earth (RE) ions play a 

central role in the change of the structure under fs laser irradiation in metaphosphate glass 

and in particular the Eu-doped metaphosphate glass undergoes the important decrease in 

network polymerization compared to Er-doped glasses. We have to underline that Meta-Na-

Eu glass remains stable under electron irradiation and there is no significant change in the 

vitreous network whatever the dose (chapter 4) identically to meta Na glass.   
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Figure 11 (a) Microscopic image of the cross-section laser line irradiated at 4 µJ pulse energy in Meta-
Na glass through a 100× objective. The red dots positions associated to the Raman cartography. (b) 
The Raman cartography of all-region of the transversal laser trace as shown by the red dots in the 

microscopic image compared to unmodified region.  
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Figure 12 (a) Microscopic image of the cross-section laser line irradiated at 3 µJ pulse energy in Meta-
Na-Er glass through a 100× objective. The red dots positions associated to the Raman cartography. 

(b) The Raman cartography of all-region of the transversal laser trace as shown by the red dots in the 
microscopic image compared to the unmodified region. 

 

3.2 Eu doped zinc metaphophate glasses  

Figure 13 displays the microscopic image of the transversal laser lines inscribed with various 

pulse energies in Meta-Zn-Eu glass which presents a much wider traces compared to as shown 

in Na metaphosphate glasses. Thus, the Raman cartography (associated to red points of Fig. 

14a) presented in figure 14b showed that the center under fs laser irradiation with pulse 

energy of 4 µJ undergoes a radical structural change. The occurrence of different thin peaks 

in the 300-1400 cm-1 range suggests a crystallization in the center of the irradiated region. On 

the other side, the red dots circled in green provided no change in the Raman spectra 

compared to the unmodified zone. It confirmed that the structural changes appear in the 

center of the line only.  In this regards, we remind that a remarkable change of the Raman 
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spectra was observed in Meta-Zn-Eu glass under electron irradiation from integrated dose of 

108 Gy demonstrating an increase of the P-O-P bond angla, variation in the cationic 

environment as well a growth of the disorder. However, we did not detect any crystallization 

and this variation remain lower compared to what is observed under fs laser writing.  

 

 

Figure 13 Microscopic image of a series of lines along the z axis (cross-section of the laser spot) 

inscribed at various pulse energy ranging through 50× objective in Meta-Zn-Eu glass. 
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Figure 14 (a) Microscopic image of the cross-section laser line irradiated at 4 µJ pulse energy in Meta-
Zn-Eu glass through a 100× objective. The red dots positions associated to the Raman cartography. 

(b) The Raman cartography of the center of the transversal laser trace as shown by the red dots in the 
microscopic image compared to the unmodified region. 

Figure 15 displays the microscopic image and the Raman cartography of the tail in the laser 

line cross-section irradiated at 4 µJ pulse energy in Meta-Zn-Eu glass. As for Meta-Na-Eu 

sample, the tail sustains a lower structural variation compared to as shown in the center. 

 



   

179 
 

200 400 600 800 1000 1200 1400 1600 1800

0.0

0.2

0.4

0.6

0.8

1.0

 carto-0

 carto-1

 carto-2

 carto-3

 carto-4

 carto-5

 carto-6

 carto-7

 carto-8

 NIZ

 

 

In
te

n
ti
ty

, 
a
.u

n
o

rm
a
liz

e
d
 b

y
 m

a
x
im

u
m

Wavenumber (cm
-1
)

Meta-Zn-Eu-Raman-LC-Tail-carto-4 µJ

 

Figure 15 (a) Microscopic image of the cross-section laser line irradiated at 4 µJ pulse energy in Meta-
Zn-Eu glass through a 100× objective. The red dots positions associated to the Raman cartography. 
(b) The Raman cartography of the tail of the transversal laser trace as shown by the red dots in the 

microscopic image compared to the unmodified region. 

 

 

These results demonstrate an important decrease of the network polymerization in the center 

of laser line cross section with beginning of crystallization and more precisely in the black 

region of the center in Meta-Na-Eu glass for laser E pulse >=1µJ. Whereas, there is no 

significant change of the Raman spectra in the tip, the tail and the contrast and the structure 

remain stable in these zones. A strong crystallization of the Zn-Eu metaphosphate glass is 

obtained for E > 0.5 µJ. On the contrary, non doped metaphosphate glasses or Er doped 

Nametaphosphate glass show a stability of their glassy network 

3.3 Polyphosphate glasses 

3.3.1 Eu-doped Zinc sodium polyphosphate glass (Poly-Na-Eu-4µJ) 

Figure (16a) displays the microscopic image of the laser lines cross section inscribed with 10 

kHz repetition rate at 300 µm under the surface of Poly-Zn-Na-Eu glass. The lines are produced 

by different energy pulse (4.5 to 0.05 µJ) and are distant of 40 µm from each other as described 

before. Figure (16b) exhibit the zoom of the laser lines cross section inscribed at 2 µJ that the 

laser spot behaves very well like a drop and we clearly distinguished three zones: 

- The tip with white zone 

- The spot center characterized by a black region. This zone suffer a negative refractive 

index change.    

- The tail with white zone, which likely refers to a positive refractive index change. 

As observed for metaphosphate composition, the laser spot elongation increase with 

increasing pulse energy from 20 µm at 1µJ energy to around 65 µm at 4 µJ pulse energy (Fig. 

17).  
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Figure 16 (a) Microscopic image of the laser lines cross section written with repetition rate of 10 kHz 
and different pulse energies at 300 µm below the surface of Poly-Zn-Na-Eu glass through a 10× 

objective (b) A zoom of the microscopic image of the laser trace cross section inscribed at 2 µJ pulse 
energy in Poly-Zn-Na-Eu. 
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Figure 17 The longitudinal laser spot elongation (along the laser propagation direction) as a function 
of pulse energy in Poly-Zn-Na-Eu glass.  

3.3.1.1 Center of the transversal laser trace 

Figure 18 displayed the microscopic image as well as the associated Raman cartography in the 

center (red dots) of the laser traces cross sections produced at pulse energy of 4 µJ in Poly-Zn-

Na-Eu glass. Therefore, when we examined the Raman spectra in the center compared to 

unmodified region, a slight structure variation is detected with a similar behavior as observed 

under electron irradiation. The shoulder at 708 cm-1 is attributed to the symmetric stretching 

of bridging oxygen νs(P-O-P) in Q2 units. Further, in the 900-1400 cm-1 range we observe 

additional contributions at around 915 cm-1 and 1009 cm-1. The bond at 915 cm-1 due to 

symmetric stretching modes νs(PO4) of Q0 species [25].  

As well, Brow et al. [25] assigned the band at near 1008 cm-1 to the P-O stretch of Q1 chain 

terminator. As well, the increase in the intensity at 1125 cm-1 attributed to the P-O stretching 

of Q1 chain terminator. These results suggested  bond  breaking with the creation of Q1 
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terminators in Poly-Zn-Na-Eu glass under fs laser irradiation at low repetition rate. We note a 

similar structural change in polyphosphate samples as under electron irradiation but with a 

lower efficiency of fs laser compared to electrons. As well, we mention no structural change 

at low pulse energy until 1 µJ whereas a similar comportment in the Raman spectra evolution 

are observed for higher pulse energy from 2 µJ.  
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Figure 18 (a) Microscopic image of the center and the tip of the cross-section laser line irradiated at 4 
µJ pulse energy in Poly-Zn-Na-Eu glass through a 100× objective. The red dots positions associated to 

the Raman cartography. (b) The Raman cartography of the center in the transversal laser trace as 
shown by the red dots in the microscopic image compared to the unmodified region. 

 

3.3.1.2 Tail of the transversal laser trace 

On the other hand, we examined the structure evolution in the tail region. The Raman 

cartography associated to the red points positions in the microscopic image (fig 19) showed a 

slight structure evolution in the red points circled in green, which belong the intermediate 

zone between the tail and the center whereas it remains stable in the other region of the tail. 

These results confirmed the previous results obtained for metaphosphate composition that 

there is no measurable change of the vibrational structure in the tail characterized by a white 
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light zone and may be a positive refractive index change. So, it is interesting to associate the 

structural change with the negative refractive index change.    

 

 

200 400 600 800 1000 1200 1400

0.0

0.2

0.4

0.6

0.8

1.0  carto-0

 carto-1

 carto-2

 carto-3

 carto-4

 carto-5

 carto-6

 carto-7

 NIZ

 

 

In
te

n
tit

y,
 a

.u

Wavenumber (cm
-1
)

Poly-Zn-Na-Eu-LC-carto-Tail-4 µJ

 

Figure 19 (a) Microscopic image of the tail of the cross-section laser line irradiated at 4 µJ pulse 
energy in Poly-Zn-Na-Eu glass through a 100× objective. The red dots positions associated to the 

Raman cartography. (b) The Raman cartography of the tail of the transversal laser trace as shown by 
the red dots in the microscopic image compared to the unmodified region. 

 

3.3.2 Non-doped and Er-doped zinc sodium polyphosphate glasses:  

Figure 20 and 21 present the microscopic image and the Raman cartography along the laser 

trace cross section in successively Poly-Zn-Na and Poly-Zn-Na-Er glasses irradiated by fs laser 

with 4 µJ pulse energy. We observe the same behavior in the Raman spectra evolution as for 

Eu-doped polyphosphate glasses for both glasses. It means that there is no obviously rare 

earth ions doping effect on the structure evolution under fs laser irradiation contrary to what 

was found for metaphosphate samples. This result can be explained by the fact that the 

incorporation of Eu ion in polyphosphate network which is depolymerized may affect less the 

glass structure than in metaphosphate. 
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Figure 20 (a) Microscopic image of the cross-section laser line irradiated at 4 µJ pulse energy in Poly-
Zn-Na glass through a 100× objective. The red dots positions associated to the Raman cartography. 

(b) The Raman cartography of all-region of the transversal laser trace as shown by the red dots in the 
microscopic image compared to unmodified region. 
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Figure 21 (a) Microscopic image of the cross-section laser line irradiated at 4 µJ pulse energy in Poly-
Zn-Na-Er glass through a 100× objective. The red dots positions associated to the Raman 

cartography. (b) The Raman cartography of all-region of the transversal laser trace as shown by the 
red dots in the microscopic image compared to unmodified region.  

4 Phosphate glass structure under fs laser irradiation at high repetition rate 
(500 kHz) 

Unfortunately, the lines written at high repetition rate (500 kHz) were not visible enough in 

metaphosphate so the results given in this part concern only polyphoshate glasses. Only traces 

in polyphosphate glasses at energies of 1, 0.8 and 0.6 μJ could be analyzed by Raman 

spectroscopy. 

An example of the microscopic image as well as the associated Raman cartography in the 

transversal laser trace produced under high repetition rate of 500 kHz and pulse energy of 0.8 

µJ in Poly-Zn-Na glass was displayed in figure 22.  
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Figure 22 (a) Microscopic image of the cross-section laser trace irradiated at high repetition rate (500 
kHz) and 0.8 µJ pulse energy in Poly-Zn-Na glass through a 100× objective. The red dots positions 
associated to the Raman cartography. (b) The Raman cartography of the different position of the 

transversal laser trace in the tip, the spot center and the tail. 

 

We derive from these analyzes that in heat accumulation regime, the effects are comparable 

and of the same order of magnitude with those obtained at low repetition rate (10 kHz) for 

Poly-Zn-Na and Poly-Zn-Na-Eu glasses, ie an increase in the number of Q1 terminals. On the 

other hand, Poly-Zn-Na-K-Eu glass is more stable at 500 kHz than at 10 kHz. A migration of the 

glass elements in this regime is expected. It was shown in particular that single valent ions like 

(Na+, K+…) could migrate in the opposition direction than multivalent element such as Zn2+. It 

is thus a bit surprising to observe similar modifications of the Raman spectra with 500 kHz and 

10 KHz.  
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5 Refractive index changes and optical birefringence at low repetition rate  

5.1 Birefringence: 

We used in this part the polarized microscopy to determine qualitatively the birefringence of 

the transversal section of irradiated lines. As example, figure 23 displayed the image of 

irradiated lines cross sectionin Poly-Zn-Na-Eu glass taken in the diagonal position between two 

crossed polarizers. As a result, we report a slight birefringence in some parts of the trace, 

presumably due to constraints in RE doped and non-doped alkali metaphosphate glasses (Na 

and NaLi). In contrast, zinc phosphate glasses undergoes a significant laser-induced 

birefringence and a strong scattering watyps obtained mostly in the tip of the transversal laser 

traces at high pulse energy from 2 µJ (as seen in figure 23b). Note that the non-irradiated area 

is isotropic i.e. totally dark between crossed polarizers. 

This strong birefringence is the signature of a strong change in the specific volume of the glass 

(for example expansion): a permanent tension which is accompanied by an elastic response in 

and of the laser tracks leading to the formation of a stress field and thus stress-induced 

birefringence. 

 

   

Figure 23 Image of the cross section irradiated lines in Poly-Zn-Na-Eu taken (a) without and (b) with 
polarizers (diagonal position with respect to the polarizers). Distance between each line is 40 µm, 

pulse energy ranging in 4.5-0.5 µJ. 

 

5.2 Refractive index changes 

In this part, we studied the refractive index changes after fs laser irradiation with low 

repetition rate of 10 kHz and various pulse energy. The investigated samples are both RE 

doped and non-doped (for sake of comparison) phosphates glasses, which can be subdivided 

in two categories, namely meta and polyphosphate glasses. We note that the measurement 

are made directly in the lines (xy plan) inscribed by the fs laser below the surface in contrast 

to the Raman and luminescence studies where we did the experiments in the laser line cross 
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section (xz plan) so unfortunately we cannot directly compare the results obtained on the 

refractive index with those by Raman spectroscopy.  

 

5.2.1 Generality:  

The quantitative phase measurement (QPM) in ICMMO was used to determine the phase-

shift Δϕ expressed in radians. There is relation of proportionality between the phase shift 

Δϕ and the refractive index change Δn, which is explained in the following relation:  

Δn =  
Δϕ × λ

2πd
 

With 𝜆 is the wavelength used for the measurement (546 nm) and d is the transversal laser spot 

elongation or more accurately the thickness of the written laser track. So if Δϕ > 0 then the 

average Δn > 0. In this framework, we can thus investigate the Δn behavior with the sign and 

the amplitude of Δϕ according the pulse energy and the glass chemical composition. This 

experiment contains a dedicated transmission optical microscope that has sensitivity on the 

phase-shift measurement thanks to a piezo-controlled microscope objective. The principle is 

to adjust the focal plane on the written structures of the glass, locate the mark indicating the 

location of the lines then adjust the “wheel of the z-axis” (depth of the focus) to see appear 

the photo-inscribed lines in the depth. We must then focus on the lines that we want to 

measure. Then the QPM software is recording 3 images at different focus (typically with a 3 

microns step) and computes the images to get a quantitative phase image. 

When a zone is white, it corresponds to a positive phase-shift. For a dark zone, we obtain a 

negative peak due to a negative phase shift. The zero of the image corresponds to the 

unmodified region. In this connection, here is an example to illustrate the complexity of the 

measured profiles but low energy cases reveal more simple profiles (Fig. 24).  

 
Figure 24 Illustrations of the profiles of the averaged phase difference between the glass matrix and 

irradiated lines along the scanning direction.   

Figure 25 exhibited an example of a QPM image of the irradiated lines in Meta-Na-Li-Eu that 

we used to analyze data. So we can extract the profiles of the averaged phase variation along 

a line as well as the profiles of the averaged phase difference between the unmodified region 
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and irradiated lines along the scanning direction at different pulse energy (4.5, 4, 3.5, 3 and 

2.5 µJ). 

 

 
Figure 25 The microscopic image of the irradiated lines in Meta-Na-Li-Eu used to analyze data 
and extract the profiles of the averaged phase variation (above).The profiles of the averaged 

phase difference between the unmodified region and irradiated lines along the scanning 
direction at different pulse energy (4.5, 4, 3.5, 3 and 2.5µJ) (below) 

  
Let’s choose the lines behavior inscribed by high energy pulse (3.5 µJ) in Meta-Na-Li-Eu to highlight 

more precisely the typical features of such a profile. So we can observe two behaviors as shown 

in figure 25 for the region surrounded by a green and red circle: 

- A negative phase variation is mainly observed in the center of the irradiated zone (zone 

circled with red) with presence of spatial fluctuations of the phase amplitude. 

- On both side of the central irradiated region, we can mention the presence of two 

symmetric and positive shoulders (zone circled in green) whose amplitude decrease 

exponentially when getting away from irradiated zone.  

 

Central zone: 

The central zone presents a negative refractive index change. It can be explained by the fact 

that there is a local expansion of the glass in this irradiated zone. This expansion is linked by 

the local melting of the glass in this central zone following by a very fast quenching inducing a 

permanent modification in the volume. This can be described through the fictive temperature 

approach where a higher quenching rate leads to a higher fictive temperature. In most glasses 

(apart silica) this higher quenching rate leads to an increase of the glass specific volume. 

The presence of fluctuation in the center of irradiated zone is detected only under high pulse 

energy from 1µJ and we notice more fluctuations in the center zone with increasing pulse 

energy. These fluctuations are more important under high pulse energy, which correlate with 

longer elongation and stronger index changes. These fluctuations are likely due to the fact 

that the irradiated zone is inhomogeneous along the z-axis (i.e. the light propagation 

direction).  
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As we can see in the laser line cross-section along the z-axis in Meta-Na-Eu, the laser trace has 

a shape of a drop as explained in the previous part. The tail zone of the drop present a behavior 

with Δn > 0. In contrast, the tip and the center zone of the drop present a dark region with Δn 

< 0. This observation confirms the inhomogeneity along the z-axis and explain the occurrence 

of strong fluctuations in the center zone of the line.  

Contrast zone 

For the positive shoulder that appear around the line center named as “the contrast zone”, it 

can be explained by an elastic response of the material to the expansion in the irradiated zone 

and these surroundings.  

From these results we found that the shape of the refractive index change profile is complex 

and exhibit a negative peak with strong fluctuation in the line center surrounded by a positive 

index change in the contrast zone. Therefore, we also need in the future to measure the 

average phase variation ∆φ in the cross section to get a global idea in the refractive index 

change in the laser writing region.  

5.2.2 Study of refractive index kinetics in Metaphosphate glasses 

Figure 26 compares the average phase difference ∆φ in the central irradiated zone as a 

function of the pulse energy ranging in 0.05-5µJ in non-doped, Eu and Er doped sodium 

metaphosphate glasses. These measurements confirm that a strong negative refractive index 

change occurs in the center of the irradiated lines. As well, we note a non-monotonous trend 

according to the pulse energy. Thus, for the three glasses, the ∆φ reaches the strongest 

negative changes for 1.5-2 µJ/pulse and then the phase shift amplitude decreases for higher 

pulse energies to reach around 0.1 rad at 5J. 

In this connection, we calculated roughly the refractive index change ∆n at 2 µJ energy for 

Meta-Na-Eu and Meta-Na-Er glasses with respectively a value of -0.9x10-3 and -1.8x10-3. The 

Meta-Na undergoes a maximum change at 1.5 µJ pulse energy with a value of -0.7x10-3(The 

transversal laser spot elongation are around 65 µm for these pulse energy) 

From these results, we revealed a decrease of the ∆n in the order Meta-Na-Er > Meta-Na-Eu 

> Meta-Na, which indicate the contribution of the RE ions in the refractive index change under 

fs laser irradiation. However, we can notice that no link can be surprisingly be made between 

the tendency of the glass to crystallize shown by Raman spectroscopy and the amplitude of 

the refractive index variation. 

Many phosphate glasses in literature typically exhibit or favor negative index changes inside 

the fs-laser irradiated region. As an example, Fletcher et al. [29]–[31] reported a negative 

changes in the index of refraction inside the fs-laser irradiated region at 1 kHz repetition rate 

in a series of phosphate glasses resulting in a poor guiding characteristics with the exception 

of 60ZnO-40P2O5 polyphosphate sample where a positive change in the refractive index was 

obtained. In [32], The strong value of refractive index is due to the migration of ion during the 

heat accumulation regime, leading to a high local concentration of lanthanum La in phosphate 

glasses after the action of the writing laser pulses at 500 kHz repetition rate which exhibited 

a positive and negative change ∆n in the range [-1.6x10-3, 1.6x10-3]. Ehrt et al. [33] reported a 
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positive or negative refractive index in fluoride phosphate glasses depending on the glass 

composition and laser writing condition with a maximum change of -1x10-3 under 1 kHz 

repetition rate and varying energy of 1-10 µJ. Other glasses as silicate or borosilicate reported 

a negative refractive index change in the order of 10-4-10-3  [34],[35].  
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Figure 26 The average phase difference ∆𝜑 between the unmodified region and irradiated center lines 

as a function of the pulse energy ranging in 5 µJ - 0.05 µJ in Meta-Na, Meta-Na-Eu and Meta-Na-Er 
glasses.  

5.2.3 Study of refractive index kinetics in Zinc Polyphosphate glasses:  

Figure 27a compared the phase variation ∆φ in the line center as a function of the pulse 

energy in non-doped and Eu doped zinc sodium polyphosphate glasses (Poly-Zn-Na, Poly-Zn-

Na-Eu). In the same manner, Figure 27b displayed the ∆φ in the zinc mixed sodium potassium 

polyphosphate glasses (Poly-Zn-Na-K, Poly-Zn-Na-K-Eu). This experiment confirms the 

previous results in metaphosphate glasses that the RE ions insertion in the network increases 

the refractive index change. While the energy corresponding to the maximum (negative 

amplitude) index change is between 1.5 and 2 µJ for metaphosphate, it is higher 3.5-4 µJ for 

polyphosphate glasses. Accordingly, Raman spectra reported a remarkable structural variation 

at high pulse energy from 2 µJ that could explain the strong ∆φ in the 3.5-4 µJ pulse range.   

Even more, these measurements confirm the previous results in metaphosphate composition 

that the presence of RE ions in the glass lead to the raise of the index change. We notice a 

stronger effect of the europium ions doping in poly compared to metaphosphate glasses 

where the maximum refractive index change goes from -3.7x10-3 to -1.7x10-3 in Poly-Zn-Na 

whereas the maximum change increases from -0.7x10-3 to -0.9x10-3 in successively Meta-Na 

and Meta-Na-Eu. Here again, this is difficult to correlate the results with the Raman trends 

where the effect of RE doping even if it initially depolymerizes the glass network does not 

seem to impact much the structural evolution driven by fs laser interaction.  
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Figure 27 The average phase difference ∆φ between the unmodified region and irradiated center lines 
as a function of the pulse energy ranging in 5 µJ - 0.05 µJ in (a) non-doped and Eu doped zinc sodium 
polyphosphate (Poly-Zn-Na and Poly-Zn-Na-Eu) and  (b) non-doped and Eu doped zinc mixed sodium 

potassium polyphosphate glasses (Poly-Zn-Na-K and Poly-Zn-Na-K-Eu).  
 

Alkali effect 

Figure 28 exhibited the phase-shift variation ∆φ as a function of the pulse energy in 

respectively non-doped (fig 28a) and Eu-doped metaphosphate glasses (fig 28b). In the same 

context, figure 29 displayed the ∆φ in non-doped (fig 29a) and Eu-doped polyphosphate 

glasses (fig 29b). For metaphosphate glasses, both non-doped and Eu-doped mixed lithium 

sodium suffers an important decrease of the phase changes compared to the single sodium 

metaphosphate glasses. As well, it showed the maximum phase change in the order K > Na+K 

> Na in both Eu-doped and non-doped polyphosphate glasses. These results suggest the effect 

of the nature of alkali ion in the refractive index change under fs writing.  

0 1 2 3 4 5

-1.4

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0



 

 

 

 Meta-Na

 Meta-Na-Li

Energy (µJ)

0 1 2 3 4 5

-1.4

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

Energy (µJ)



 
 

 

 Meta-Na-Eu

 Meta-Na-Li-Eu

 

Figure 28 The average phase difference ∆𝜑 between the unmodified region and irradiated center lines 
as a function of the pulse energy ranging in 5 µJ - 0.05 µJ in (a) non-doped (Meta-Na and Meta-Na-Li) 

and  (b) Eu doped metaphosphate glasses (Meta-Na-Eu and Meta-Na-Li-Eu). 
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Figure 29 The average phase difference ∆φ between the unmodified region and irradiated center lines 
as a function of the pulse energy ranging in 5 µJ - 0.05 µJ in (a) non-doped zinc polyphosphate (Poly-
Zn-Na, Poly-Zn-K and Poly-Zn-Na-K) and  (b) Eu doped zinc polyphosphate (Poly-Zn-Na-Eu, Poly-Zn-K-

Eu and Poly-Zn-Na-K-Eu) 
 

5.2.4 Correlation between defect centers and refractive index changes 

In order to try to interpret the refractive index variation, we identified and quantify the point 

defects by PL and EPR. First, we have measured the fluorescence spectra of fs laser modified 

Na metaphosphate glasses at various pulse energy (figure 30). A broad noticeable 

photoluminescence band centered at 590 nm was observed. This emission band has been 

attributed to Phosphorus Oxygen Hole Center (POHC) defect in analogy with NBOHC in silica 

glass even if there is no demonstration of such attribution [29]. In this defect, phosphorus 

atom is linked to 2 non-bridging oxygen NBO and one hole is delocalized on both of them. 

Fletcher et al. [29] correlated the greater fluorescence intensities of this defect to the higher 

shifts in the νs(PO2) modes Raman peak frequency. It indicates that the mechanism of glass 

network expansion caused by the absorption of fs-laser pulses results in broken P-O bonds 

and a lower glass density. This suggestion is not consistent with our results where Raman 

spectra displaying no significant shift of the band at 1167 cm-1 due to νs(PO2) modes in 

irradiated lines of non-doped Meta-Na glass, whereas we observe a higher intensity of the 

POHC emission band. The maximum change in intensity of the POHC fluorescence as a 

function of the pulse energy in Meta-Na glass is presented in figure 31a. The intensity of this 

defect reaches a maximum at pulse energy of 2 µJ. This results correlates with the average 

phase difference ∆φ which reaches a maximum change at the same pulse energy (Fig 31a and 

31b). As a first suggestions, the POHC defect formation is correlated to the refractive index 

changes under fs laser writing in alkali metaphosphate glasses.  
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Figure 30 The photoluminescence spectra of modified and unmodified Meta-Na glass for various fs 
laser pulse energy ranging in 1-5 µJ (𝜆𝑒𝑥𝑡=458 nm).      
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Figure 31  The maximum intensity of the POHC emission band (a) and the average phase difference 
∆𝜑  between the unmodified region and irradiated center lines (b) as a function of the pulse energy 

ranging in 5 µJ - 0.05 µJ in non-doped alkali (Na and NaLi) metaphosphate glasses. 

For increasing the number of point defects to be able to be detected by EPR spectroscopy, 200 

lines of 3 mm long and 10 µm distant from each other were written in each samples at the 

energy corresponding to max ∆φ. In this framework, figure 32 exhibits the EPR spectrum of 

POHC defects created under several writing lines at pulse energy of 2 µJ in non-doped and Eu 

doped Na metaphosphate. These results are in agreement with the PL measurements and 

reported a dominant strong signal under a doublet form in the range 3475-3515 Gauss 

attributed to the POHC defect in alkali metaphosphate glasses.  
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Figure 32 EPR spectrum of POHC defects created under 200 lines of 3 mm long written at 300 µm 
below the surface  using fs laser at 10 kHz repetition rate and pulse energy of 2 µJ in non-doped and 

Eu doped Na metaphosphate glasses. 

The EPR signal of non-doped and especially of Eu doped Poly-Zn-Na glasses under fs laser 

writing at pulse energy of 3.5 µJ (Figure 33) are more complex implying the occurrence of a 

new signal. This signal is similar to the Peroxy defect in silica and is due to one hole trapped 

on a peroxy linkage P-O-O ( two bonded oxygen to a phosphorus atom) [36]. These results are 

in agreement with electron irradiation where Peroxy defect strongly dominated the EPR 

spectra in zinc polyphosphate glasses afterthe extinction of the POHC signal at high dose from 

107 Gy dose. To quantify the points defects formation, table 3 reported the type and the peak 

to peak intensity of the EPR signal comparing with the ∆φ  in different Eu doped and non-

doped metaphosphate and polyphosphate glasses under several writing lines.  
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Figure 33 EPR spectrum of POHC and Peroxy defects created under 200 lines of 3 mm long written at 
300 µm below the surface  using fs laser at 10 kHz repetition rate and pulse energy of 3.5 µJ in non-

doped and Eu doped Na zinc polyphosphate glasses. 
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Table 2 Type of defect, average phase difference and intensity peak to peak of the EPR signal of POHC 
and Peroxy defects created in metaphosphate and polyphosphate glasses under fs writing.  

 Pulse energy Type of defect  ∆φ Intensity of the 
EPR Signal  

Meta-Na 2 µJ POHC -0.45 35218 

Meta-Na-Eu 2 µJ POHC -0.55 24808 

Poly-Na 3.5 µJ POHC-Peroxy -0.9 17310 

Poly-Na-Eu 3.5 µJ Peroxy -1.8 13900 

Poly-Na-K 3.5 µJ Peroxy -1.4 5134 

Poly-Na-K-Eu 3.5 µJ -  - - 

 

We can see in table 2 that contrary to refractive index variation, the Eu doping leads to a 

decrease of the point defect amount in agreement with what was observed with electrons in 

general for several types of RE [37] From these results, there is no apparent correlation 

between the refractive index change and the EPR signal of POHC and Peroxy defects. This 

indicates that the contribution of these points defects to the refractive index changes remain 

quite limited. So there is at least one other mechanism leading to the observed changes, which 

is a likely permanent volume change accompanied by the formation of a stress field. It is 

interesting to underline that in part we emphasized that the negative refractive index 

variation (visible in the center of the laser spot), can be connected to structural changes 
 

6 Rare earth environment under fs laser irradiation at low repetition rate 

6.1 Rare earth environment under fs laser irradiation (Bibliographic part) 

Let us remember, the objective of this thesis is comparing and controlling the rare earth 

environment modification under fs laser and electron irradiation in phosphate glasses. In 

previous research, fs laser has been used as a powerful tool to generate microscopic 

modification in transparent material. In comparison with other irradiation source, fs laser has 

many advantages such as high electric field intensity which is sufficient for inducing non-linear 

optical effects in materials [38], ultrashort interaction times as well as the capability of 

modifying the internal structure without destroying the integrity of the glass and to be able to 

localize the modification spatially on a microscopic scale [39]. Therefore, few work in literature 

reported the rare earth environment modification under femtosecond writing in glasses that 

are attractive material in optic such as optical waveguides, waveguides amplifiers and 3D 

optical memory [40].  

Reduction of RE3+ to RE2+: 

As known, some RE3+ ions such as Sm3+ and Eu3+ [38], [40]–[42] exist under a stable divalent 

form. Thus, reduced rare earth ions doped glasses exhibit a larger Faraday effect long lasting 

phosphorescence, photo-stimulated luminescence, photochemical spectral hole burning 

memory and other important properties [41]. In this framework, Qiu et al. [43] reported a 

permanent photo-reduction of Sm3+ to Sm2+ inside a Sm doped sodium aluminoborate glass 

after 800 nm focused fs laser irradiation with repetition rate of 200 kHz, pulse time of 120 fs 

and average power of 400 mW. In another work and using similar laser parameter, Qiu et al. 
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[38] confirmed the phororeduction of Eu3+ to Eu2+ ions in Eu doped fluorozirconate glasses 

under fs laser irradiation using the difference absorption and electron paramagnetic 

resonance spectroscopy. It is suggested that Eu3+ act as electron trapping center whereas 

active sites in the glass matrix act as hole trapping centers leading to the formation of Eu2+ 

ions. 

Likewise, You and Nogami et al. [40] proved the valence change of Eu3+ ion in 

aluminoborosilicate glasses under 800 nm fs laser pulses with repetition rate of 1kHz, pulse 

duration of 130 fs and average power of 600 mW. They explained the photoreduction as a 

redistribution of electron and holes thrownra out the conduction and valence bands via 

multiphoton excitation which lead to the formation of Eu2+ ions in glass. Moreover, Lim et al. 

[42] declared the photoreduction of Eu3+ to Eu2+ in sodium borate glasses using 800 nm fs laser 

with 1kHz repetition rate and 100 fs pulse duration. So we observed in conclusion that 

reduction of Eu3+ is mainly observed at low cadency. 

Other modification in the RE environment under fs laser irradiation in glasses were reported 

in literature. Yu and Nogami et al. [24],[29] reported an increase of the relative intensity of 
5D0-7F0 transition as well as a rise in the asymmetry ratio (5D0-7F2 /5D0-7F1) because of the 

change of the local structure around Eu3+ ions in silicate glasses.  

Ferrer and Troy et al. [45], [46] studied the local Er and Yb environment in Er-Yb codoped 

phosphate glass under 1030 fs laser irradiation with high repetition rate of 1MHz and energy 

ranging in 315-630 nJ. They found an increase in the 555 nm Er3+ fluorescence in the fs laser 

modified region, which was attributed to the reduced energy transfer from Er3+ to Yb3+ due to 

the expansion of the network. 

6.2 Photo-Emission micro-spectroscopy: 

6.2.1 Metaphosphate glasses (Meta-Na-Eu and Meta-Zn-Eu) 

Figure 34 exhibits the microscopic image as well as the associated emission cartography of the 

Eu3+ ions in the laser trace cross-section in Meta-Na-Eu glass compared to unmodified regions. 

The laser writing parameters are 1030 nm, 250 fs, 10 kHz, 10 µm/s, linear polarization. As 

shown in the microscopic image (figure 34a), the emission cartography was recorded in the 

red boxed zone each 4µm along the y-axis and each 10 µm along the y-axis.  We note that the 

boxed area contain both the tail and the center of the transversal laser line.   

The emission spectra were recorded under the 458 nm line excitation of an Ar laser and it 

displays the emission bands corresponding to 5D0-7Fj (j=0,1 and 2) transition. We notice a 

crucial variation of the emission intensity in the irradiated zone. As well, we note that the spot 

center undergoes a decrease in the emission intensity contrary to the tail region that suffer 

an increase in the emission intensity. The formation of POHC point defect with 2 absorption 

bands at 410 and 540 nm [47] could explain the decrease of the Eu3+ emission. Same results 

are showed for Meta-Zn-Eu glass.  
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Figure 34 (a) Microscopic image of the laser line cross-section irradiated at 4 µJ pulse energy in Meta-
Na-Eu glass through a 100× objective. (b) The corresponding emission cartography of the Eu3+ ions in 

the red boxed area as displayed in the microscopic image. The PL spectra were recorded in the red 
boxed region each 4 µm along the x axis and each 10 µm along the y axis.  

6.2.2 Polyphosphate glasses (Poly-Zn-Na-Eu) 

Further, we studied the luminescence properties of the Eu3+ ions under fs laser irradiation in 

polyphosphate compositions. Figure 35 exhibited the luminescence cartography of the Eu3+ 

ions in the transversal laser line inscribed with 10 kHz repetition rate and 4 µJ pulse energy. 

Compared to unmodified region, we observe no variation of the emission intensity contrary 

to as shown in metaphosphate composition. As noted before, EPR spectra (Fig 33) showed no 

formation of POHC defect in Poly-Zn-Na-Eu under fs laser irradiation but some peroxy radicals 

point defects P-O-O°. So, this very weak change confirms the suggestion that the emission 

intensity decrease is related to the formation of POHC defects. 
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Figure 35 (a) Microscopic image of the laser line cross-section irradiated at 10 kHz repetition rate and 
4 µJ pulse energy in Poly-Zn-Na-Eu glass through a 100× objective. (b) The corresponding emission 

cartography of the Eu3+ ions in the red boxed area as displayed in the microscopic image. The PL 
spectra were recorded in the red boxed region each 1.5 µm along the x axis and each 7.5 µm along 

the y axis.  

6.3 Asymmetry ratio between 5D0-7F2 and 5D0-7F1 

Using the emission cartography (Fig. 34 and 35) of the Eu3+ ions in the laser trace, we 
calculated the integrated emission band ratio between 5D0-7F2 and 5D0-7F1 known as the 
asymmetry ratio (as explained in the chapter 4). Figures 36a and 36b exhibited the asymmetry 
ratio variation under fs laser irradiation in the tail and the center of the drop in respectively 
Meta-Na-Eu and Poly-Zn-Na-Eu.  
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Figure 36 The asymmetry ratio (As) variation (5D0-7F2 /5D0-7F1) correspond to the emission cartography 
of the Eu3+ ions in the laser line cross-section irradiated at 10 kHz repetition rate  and 4 µJ pulse 

energy in (a) Meta-Na-Eu and (b) Poly-Zn-Na-Eu glasses  compared to unmodified region and pristine 
glasses. 

This measure indicates insignificant change of the asymmetry ratio (noted As) in the tip and 

the tail of the drop compared to the unmodified region in both Meta-Na-Eu and Poly-Zn-Na-

Eu glasses. Whereas, there is a meaningful change in the center of the laser trace. Thus, we 

observe a decrease of the As value from around 3.15 in pristine glass to near 2.75 in the center 

of the transversal laser trace in Meta-Na-Eu whereas for Poly-Zn-Na-Eu glass, the As ratio 

suffer an increase from 3.3 in unmodified region to 3.63 in the trace center irradiated at 4 µJ 

pulse energy. In this connection and in previous work in literature, Yu and Nogami et al.  [29] 

reported an increase of this ratio from 3.41 to 4.15 in irradiated zinc silicate glass by fs laser. 

The increase of the As ratio is also seen under different irradiation as gold ions, gamma and 

electron irradiation [35]–[37]. We also reported an important increase of this ratio especially 

in metaphosphate glasses under electron irradiation as reported in the previous chapter of 

this work. This increase is explained by a reduction of the site symmetry of the Eu3+ ions.  

Therefore, differently to as reported under electron irradiation that As strongly increased in 

metaphosphate composition, the As ratio suffer a decrease under fs laser writing in Meta-Na-

Eu after fs laser writing. This decrease may be related to an increase of the site symmetry of 

the Eu3+ ions in agreement with the tendency of those glasses to crystallized evidenced by 

Raman spectroscopy in the center of the laser trace  

6.4 5D0-7F0 transition: 

Another information about the europium environment evolution under fs laser pulse can be 

extracted from the 5D0-7F0 emission band. In this framework, figure 37a and 37b displayed the 
5D0-7F0 emission for different points of the mapping in the tail and the center of the laser trace 

cross section in respectively Meta-Na-Eu and Poly-Zn-Na-Eu glasses.  

We notice a small shift of the maximum of the emission band of the 5D0-7F0 transition towards 

higher wavenumber in the laser spot center of Meta-Na-Eu glass whereas it suffer a shift 

towards lower wavenumber compared to unmodified region in Poly-Zn-Na-Eu glass.  
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Moreover, we notice a sharpening of the emission band of the 5D0-7F0 transition in Meta-Na-

Eu sample. On the contrary, we observed a broadening of this band in the transversal laser 

trace of Poly-Zn-Na-Eu glass.  
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Figure 37 Zoom of the emission cartography of the Eu3+ ions attributed to the 5D0-7F0 transition in the 
laser line cross-section irradiated at 10 kHz repetition rate and 4 µJ pulse energy in (a) Meta-Na-Eu 

and (b) Poly-Zn-Na-Eu glasses. (Zoom of the PL cartography correspond to fig 34 and 35) 

To quantify this compression and broadening in respectively Meta-Na-Eu and Poly-Zn-Na-Eu, 

we determined the full width at half maximum (FWHM) of the  5D0-7F0  emission bands . Figure 

38a and 38b exhibited the FWHM of the 5D0-7F0 emission bond in the tail and the center of the 

longitudinal laser trace compared to unmodified region in successively Meta-Na-Eu and Poly-

Zn-Na-Eu glasses.  We notice a decrease of the FWHM from around 38 cm-1 in unmodified 

region to near 34 cm-1 in the center trace with a reduction of about 4 cm-1 in Meta-Na-Eu. In 

contrast, the FWHM increase from 49 cm-1 to around 54 cm-1 with a broadening of 5 cm-1 in 

Poly-Zn-Na-Eu indicating a larger sites dispersion of Eu3+ ions under irradiation at 4 µJ pulse 
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energy. The reduction of the site distribution and the 5D0
7F0 energy in meta can be 

associated to a beginning of crystallization of the glass.  
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Figure 38 The full width at half maximum (FWHM) of the 5D0-7F0 emission bond in the tail and the 
center of the transversal laser trace inscribed at 4 µJ pulse energy compared to unmodified region in 

(a) Meta-Na-Eu and (b) Poly-Zn-Na-Eu glasses. 

 

6.5 Divalent europium:  

No signal corresponding to Eu2+ ions  are visible on the EPR spectra displayed in figure 39after 

200 lines writing in different meta and poly phosphate glasses as. The absence of divalent 

formation under fs laser contrasts with electron irradiation experiments (N 4) in which we 

detected a strong reduction from Eu3+ to Eu2+ ions whatever the dose under 2.5 MeV and 700 

keV. As well, these results are contradictory to as reported in literature. Thus, Qiu et al. [38] 

reported the photo-reduction of Eu3+ to Eu2+ ions in Eu doped fluorozirconate glasses under fs 

laser irradiation (800 nm 150 fs, 200 kHz and focused laser of 1 and 10s) using the difference 

of optical absorption and electron paramagnetic resonance spectroscopy. Likewise, You and 

Nogami et al. [40] proved the valence change of Eu3+ ion in aluminoborosilicate glasses under 

800 nm fs laser pulses with repetition rate of 1 kHz, pulse duration of 130 fs,  average power 

of 600 mW and speed of 1 mm/s. In [42], they reported a photo-reduction of Eu3+ to Eu2+ in 

sodium borate glasses using 800 nm fs laser with 1 kHz repetition rate and 100 fs pulse 

duration. We can notice that the glass matrix were different and the scanning speed was very 

weak in our work (0.01 mm/s). A more detailed study should be carried out by the laser 

parameters to evidence the condition leading to Eu2+ formation in those glass matrix.  
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Figure 39 EPR spectra normalized by gain of Eu doped meta and polyphosphate glasses inscribed by 
femtosecond laser with 200 lines of 3 mm long written at 300 µm below the surface at repetition rate 

of 10 kHz.  

Adding europium leads to the crystallization of metaphosphate glasses after femtosecond 

laser writing at low repetition rate of 10 kHz. Crystallization may be related to thermal effect 

introduced by the fs laser because it does not appear under electron irradiation. Thus, Eu 

doped glasses have a higher glass transition temperature Tg compared to non-doped glass (for 

example Tg = 251 and 291°C in respectively non-doped and Eu doped sodium metaphosphate 

glasses).  

Therefore, crystallization explains the slight decrease of the asymmetry ratio in the center of 

the transversal laser trace in Eu doped metaphosphate glasses that increase the order and 

causes the growth of Eu3+ site symmetry.  

Although electron irradiation does not cause crystallization in metaphosphate glasses, it is 

observed that electron irradiation has a bigger effect on the phosphate network in Zn 

metaphosphate glass compared to Na.  It appears similar that femtosecond laser irradiation 

produces more pronounced crystallization in Eu-doped Zn metaphosphate glass compared to 

Na. 

In Zn-Na-Eu polyphosphate glass there is no crystallization under femtosecond laser 

irradiation, and the changes to the phosphate network in Raman cartography are quite similar 

to those seen under electron irradiation. 

Under femtosecond laser there is no formation of divalent europium in alkali and zinc 

phosphate glasses in contrast to as reported in literature [2–5].  This stability of the Eu3+ ions 

can be related to the laser parameters especially to the scanning speed or to the insufficient 

number of lines inscribed below the surface.  

It is interesting that in metaphosphate glasses femtosecond laser irradiation is capable of 

producing crystallization but not Eu2+, whereas electron irradiation is capable of producing 

Eu2+ but not crystallization.  This might highlight the different features of the irradiation 
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events, for example the different length scale, expected to be of order Angstrom for electron 

collisions, and of the order 100 nm for laser heating.  

It is interesting to notice a refractive index change with a structural evolution occurring only 

in the center of the drop (evidenced by Raman). However, no real link between the amplitude 

of the Δn variation and the structural evolution can be established. We show moreover a 

strong effect of the glass composition (alkali nature, RE doping) on the Δn value. This could be 

due to a migration of those elements but at these low repetition rate 10 KHz, no such effect 

was evidenced, and they appear when it is higher than 200 KHz [6].  

As well, the contribution of the point defects to the refractive index change is quite limited. 

So no clear origin of the  Δn variation can be proposed after our study. Moreover, a global Δn 

averaged on the whole drop will be important to be measured (as we evidenced opposite 

signs) to compare to the literature values and to better understand the role of the glass 

composition on the refractive index variation. 
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Conclusions and Perspectives 

In this thesis, we were interested in understanding the mechanisms leading to the 

structural modifications of Zn polyphosphate and metaphosphate glasses under various 

radiation types: electrons and photons (femtosecond laser) in order to study and control the 

RE doping ions environment via almost the resulting luminescence properties.  

The study has been carried out by looking for the impact of some factors such as glass 

chemical composition and irradiation conditions. The glasses were thus synthetized with 

different alkaline and alkali-earth ions (Na, Li, K and Mg) and different polymerization degree 

and the influence of electron energy, and integrated dose, pulse laser energy and repetition 

rate) was examined. 

In addition to experimental measurements (photoluminescence, Raman and EPR), 

molecular dynamics simulations on the unirradiated phosphate glass systems have been 

realized in order to determine in particular the coordination number of the Eu3+ ions and the 

distance of the nearest neighbors, and to interpret the results obtained after irradiation, in 

particular the role of ZnO. 

We evidenced in this PhD that the glass composition and the irradiation conditions 

impact strongly the Eu3+ local environment evolution as well as the glass network changes In 

particular, we highlighted that the site symmetry of Eu3+ is strongly affected in alkali 

metaphosphate whatever the dose. Eu2+ is more efficiently produced under 700 keV 

irradiation and it is striking to notice that we can control the ratio between them by changing 

dose and energy. We also proved that some crystallization occurs in metaphosphate glasses 

under 10 KHz fs-laser.  

More precisely, the main results of this thesis were obtained by using electron 

irradiation with electron energy of 700 keV and 2.5 MeV. Studying the structure evolution 

under 2.5 MeV electron irradiation, we demonstrate no significant network evolution of the 

Na metaphosphate glass whatever the integrated dose whereas there is a slight variation of 

the vitreous network in mixed Na/Li,Na/Mg and Zn metaphosphate glasses at high dose from 

108 Gy traduced by an increase of the O-P-O band angle, a variation in the local cationic 

environment  and a growth of the disorder that may be due to change in the distribution of 

the Q2 P-O bond length and bond angles.. In polyphosphate glasses, there is a significant 
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variation of the structure under 2.5 MeV irradiation and the bond breaking occurs at high dose 

from 108 Gy dose with the massive creation of Q1 terminators. The same behavior of the 

structure evolution is observed under 700 keV for Zn metaphosphate and polyphosphate. As 

well, the structure appears to be changed in a larger volume than the penetration depth of 

electron especially in polyphosphate glass.  

Examining the local environment of the Eu3+ ions, we have shown an important 

increase of the asymmetry ratio (As) from 3.1-3.3 in pristine glasses to 5.6-6 at high dose 

(1.5x109 Gy) indicating a significant decrease of the site symmetry of the Eu3+ as well as/or a 

higher Eu-O covalency. This effect is strong in alkali metaphosphate glasses whereas the 

variation of the asymmetry ratio is less pronounced in phosphate glasses containing ZnO, 

meaning that the local variation of the Eu3+ symmetry is decorrelated from the network 

variation. We explained those results by considering the MD calculations based on the fact 

that the Na metaphosphate glasses exhibit an average coordination number for Eu3+ ions close 

to 6 contrary to Zn glasses where it is lower. 

Concerning the impact of the energy and dose For a 109 Gy dose, we observe a similar 

modification of the site symmetry under both energies irradiation in all kinds of phosphate 

glasses. Even more, at 109 Gy under 700 keV irradiation, the mixed alkali Na/Li metaphosphate 

and Na/K polyphosphate glasses support a larger reduction of the Eu3+ site symmetry. All these 

results demonstrate that the alkali ion migration operating under 700 keV and 2.5 MeV 

(doses>109 Gy) are involved in the local Eu3+ environment variation showing a larger site 

dispersion after irradiation whatever the conditions 

The EPR and PL spectroscopy show the presence of two types of sites for divalent Eu2+ 

ions formed in metaphosphate and polyphosphate glasses whatever the dose and electron 

energy. Based on molecular dynamics calculation and literature, we tentatively associated the 

high symmetry site (g=4.7) to a strong crystal field that could correspond to 6-coordinated 

Eu3+ ions. The low-symmetry site (g=6.3) with a lower crystal field would rather deal with Eu2+ 

ions under a higher coordination number into a modifier position. We evidenced that the 

presence of Zn favors the formation of the high-symmetry site with a quasi-linear increase of 

both sites with increasing doses. When dose becomes higher than 109 Gy, we observed a 

predominance of modifier sites onto network former sites linked to the migration of alkaline 

ions. In the other hand, 700 keV energy is much more efficient to reduce Eu3+ ions than 2.5 
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MeV and the generation of Eu2+ ions is more important in polyphosphate than in 

metaphosphate compositions. 

Concerning the structural modifications under femtosecond laser writing with low 

repetition rate of 10 kHz, some evidence of crystallization in the center of the transversal laser 

traces of the Eu- doped Na and Zn metaphosphate were observed whatever the pulse energy 

in the 1µJ-4µJ range. Note that the Eu doping is needed for the crystallization of the glass. In 

contrast, zinc polyphosphate glasses display similar structural evolution as observed under 

electron irradiation when pulse energies are higher than 1 µJ.  

The refractive index measurement in irradiated alkali and alkali earth metaphosphate 

glasses (Na, Na+Li and Na+Mg) showed two behaviors:  a strong negative refractive index 

change (max = -3.7x10-3 ) occur in the center of the fs laser irradiated lines and a positive 

change on both sides of the central irradiated region. Concerning the center of irradiated lines, 

we note a non-monotonous trend according to the pulse energy with a strongest negative 

changes for 1.5-2 µJ/pulse  

Moreover, we have shown an increase of  ∆n variation in the order Meta-Na-Er > Meta-Na-Eu 

> Meta-Na, which reveals the positive contribution of the RE ions in the refractive index 

change value under fs laser irradiation.  

For zinc polyphosphate glasses, the maximum (negative amplitude) index change is obtained 

for higher energy (3.5-4 µJ). As well, these measurements confirm that the presence of RE ions 

in the glass lead to the raise of the index change.  

Regarding the RE environment evolution, we measured a crucial decrease of the 

emission intensity of the Eu3+ ions in the transversal laser trace of Na and Zn metaphosphate 

glasses in the center and increase in the tail region. However, we observed no variation of the 

emission intensity for zinc polyphosphate composition where no formation of POHC defect 

was evidenced suggesting  the impact of POHC defects which present 2 absorption bands at 

410 and 540 nm [3]. 

The asymmetry ratio variation after fs laser writing in Eu doped glasses behaves 

differently to those reported under electron irradiation. Thus, the decrease of As value to 2.75 

in the center of the transversal laser trace in Meta-Na-Eu is in agreement with the tendency 

of this glass to crystallize, Eu3+ ion belonging to crystallized phases. This effect in inferred by 
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sharpening of the emission band of the 5D0-7F0. However, for Poly-Zn-Na-Eu glass, the As ratio 

suffers a slight increase from 3.3 in unmodified region to 3.63 in the center of the transversal 

laser trace irradiated at 4 µJ pulse energy as well as a broadening of the 5D0
7F0  emission 

band, identically to electron irradiation effects. In contrast to electron irradiation, there is no 

formation of divalent europium in the different phosphate glasses under fs laser writing at low 

repetition rate.  

From this work, we can say that it is possible to manage the europium environment in 

phosphate glasses under irradiation by electron and femtosecond laser by playing on the glass 

composition as well as irradiation condition like energy, dose, scanning speed and repetition 

rate.  

However this study should be followed by some other because there are still other 

questions to solve.   

The results concerning the Eu environment modification under electron irradiation are 

not interpreted clearly due to the limitations of PL and EPR spectroscopy.  The use of XAS 

(XANES and EXAFS) definer acronym experiments in non-irradiated and irradiated glasses to 

study the Eu3+ environment variation in term of coordination number and Eu-O distances 

would help to better characterize the site distribution and symmetry evolutions of the Eu3+ 

sites as well as understand the mechanisms leading to the reduction of Eu3+ to Eu2+ ions after 

irradiation (what about the exact Eu2+ environment).  

The part dedicated to fs-laser study was limited in this work, many complementary 

measurements could be done. It will be interesting to purchase the analysis at high repetition 

rate of 500 kHz in a cumulative-heating regime on all samples including the Er-doped 

phosphate glasses to understand better the role of RE ions in the refractive index change and 

the glass structure evolution. Moreover, in this regime we know that ion migration occurs and 

it will help to cartography those elements by SEM and to compare the structural evolutions 

and chemical elements repartitions under both repetition rates. The mapping of point defects 

in the laser trace as well as potential divalent Eu2+ could also be performed by EPR 

spectroscopy.  
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Résumé : Les verres phosphates dopés terres 

rares (TR) sont des matériaux attractifs en 

optique en raison de leur basse température de 
transition vitreuse et de leur grande capacité à 

dissoudre les ions de terres rares par rapport aux 

verres silicates. Dans ce travail, nous sommes 
intéressés à comprendre les mécanismes 

conduisant à la modification structurale des 

verres polyphosphates de zinc et métaphosphates 
sous irradiation avec pour finalité de contrôler 

l'environnement des ions terres rares (ions Eu3+ 

en particulier) par l’irradiation. Nous avons 

comparé les effets obtenus sous irradiations aux 
électrons et par laser fs en faisant varier la dose 

et l’énergie des électrons (700 keV et 2.5 MeV), 

le taux de répétition du laser ainsi que les 
compositions de verre qui comportent différents  

 

ions alcalins et alcalino-terreux (Na, Li, K et Mg) 

et teneurs en Zn. Nous avons mis en évidence la 

diminution de la symétrie du site Eu3+, 
l’augmentation de la dispersion des sites ainsi 

qu’une réduction efficace des ions Eu3+ en Eu2+ 

sous irradiation électronique.  
La présence de Zn atténue la variation de l’ordre 

local autour de la terre rare, alors que le réseau 

vitreux est moins stable sous irradiation. La 
formation d’ion Eu2+ (sous deux types 

d’environnement de haute et basse symétries est 

par ailleurs accrue en présence de Zn et en 

utilisant des électrons de 700 keV.  Le laser 
femtoseconde à 10 KHz engendre une 

cristallisation des verres metaphosphates sans 

réduction des ions Eu3+. 
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Abstract: Rare Earth (RE) doped phosphate 

glasses are attractive materials in optic due to 

their low glass transition temperature and their 

high ability to dissolve rare earth ions compared 

to silicate glasses. In this work, we are interested 

in understanding the mechanisms leading to the 

structural modification of zinc polyphosphate 

and metaphosphate glasses under irradiation 

with the aim of controlling the environment of 

rare earth ions (in particular Eu3+ ions) by 

irradiation. We compared the effects obtained 

under electron and femtosecond laser irradiation 

by varying the dose and electron energy (700 

keV and 2.5 MeV), the laser repetition rate as 

well as the glass compositions that contain  

 

different alkaline and alkaline earth ions (Na, Li, 

K and Mg) and Zn contents. We have 

demonstrated the decrease of the Eu3+ site 

symmetry, the increase of the sites dispersion as 

well as an effective reduction of Eu3+ to Eu2+ 

under electron irradiation.The presence of Zn 

attenuates the variation of the local order around 

the rare earth, while the vitreous network is less 

stable under irradiation. The formation of Eu2+ 

ions (under two types of high and low symmetry 

environments) is further enhanced in the 

presence of Zn and using 700 keV electrons. The 

femtosecond laser at 10 KHz gives causes 

crystallization of metaphosphate glasses without 

reduction of Eu3+ ions. 

 
 

 


