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Abstract

Simplified inactive rare-earths doped nuclear waste glasses have been obtained by molecular dynamics (MD) simulation in order to
investigate the local structure around the rare-earth by luminescence studies. MD calculations were performed with modified Born—
Mayer—Huggins potentials and three body angular terms representing Coulomb and covalent interactions. Atomic positions within
the glasses are then determined. Simulations of luminescence spectra were then obtained by calculation of the ligand field parameters
affecting each luminescent ion. Considering the C,, symmetry, it is possible to calculate the radiative transition probabilities between
the emitter level, *Dy, and the splitted receptor levels, 'F, (J = 0-3) for each Eu*" ion. The simulated emission spectra are obtained
by convolution of all the Eu®" ions contributions. A comparison with the experimental data issue from fluorescence line narrowing
and microluminescence spectroscopies allowed us not only to validate the simulation of luminescence spectra from simulated environ-
ments, but also to confirm the presence and the identification of two major Eu®" sites distribution in the nuclear glasses thanks to spec-

tra-structure correlations.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Rare-earth (RE) doped glasses are well known candi-
dates for many applications as optical fibre amplification,
upconversion laser and many other applications [1-4].
Eu®" ions are more particularly used as luminescent probe
in nuclear waste glasses [5-8] since Eu’" ion acts as an
analogue of minor actinides [9] and are found also as fis-
sion products in nuclear waste glasses. In the recent years
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the use of the molecular dynamics (MD) technique has
become very common in glasses studies, especially in the
determination of local structure around rare-earth [10].
Changes in the local environment of the Eu’’ ions in
glasses are known to lead to strong modifications in opti-
cal properties. Luminescence spectroscopy allows us to
follow the structural modification of the local environ-
ment around the rare-earth but does not offer the knowl-
edge of the structure as MD technique does. The goal of
this work is thus to investigate the Eu®" local structure
evolution for different inactive simplified nuclear glasses
by MD simulations coupled to emission spectra
calculations.
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2. Methods and techniques
2.1. Generation of simulated emission spectra

The following procedure was used to calculate emission
spectra of Eu*" ions in the simulated borosilicate glasses.
The point-charge model is used to describe the crystal field
where the atoms of the lattice are represented only by point
charges. This model is simple and provides results with
quite good accuracy though it neglects some interactions
between luminescent ions and the glassy matrix. These
interactions will be discussed later.

Each luminescent ion is considered as a punctual charge
positioned at the origin of a coordinate system. The elec-
trostatic potential due to the surrounding ions considered
as punctual charges can be developed and decomposed in
series of A,,, parameters as follows:

A = =3 (1)) (R)), (1)
J

n+1
Rj

where the sum is realized on all the nearby ions (limited with-
in a cut-off radius), R ; are the position vectors (given by MD
calculations) and g; the effective charges of the atoms. Effec-
tive charges are adjusted following the works of Mo etal. [11]
for ga1, go, Zhao et al. [12]for gz., g0, Wemple et al. [13] for
dca, 9o and Sen et al. [14] for gs;, 9o, ¢ and gna. C(j’;l are the
irreductible spherical tensors. Crystal field parameters are
calculated from the A4,,, values with respect of Eq. (2). p, is

a constant determined by the nature of the rare-earth.
Bnm = pnAnm (2)

B,,, even terms coupled to a Hamiltonian perturbation
term are used for the degeneracy lift of the energy levels.
Odd terms lead to the calculation of the transition proba-
bilities of dipolar electric transitions. Thus, we obtained
all Stark sublevels energies for the ’F, to °Fj levels for each
luminescent ion.

Transitions probabilities are given for a luminescent ion
k by

4 e 32133, n(n® +2)°
YT dmdey 3R 9
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where a and b are the emitter and receptor levels, S°F and
SPM are dipolar electric and dipolar magnetic strength lines
of the radiative transitions. Intensities /; ,, are given by

Tiapy = F j.Bk,abAk,ab (4)

where F; is a scale factor and f ,, is the branch ratio.

Convolution of all the calculated intensities for all Eu**
ions by Lorentzian functions is realized to obtain the spec-
tral shape of the simulated luminescence spectra.

2.2. Molecular dynamics simulations

Considered glasses were obtained by molecular dynam-
ics simulations. The glasses compositions are summarized

Table 1
Simulation parameters for the CJx:Eu®" glasses (x =1, 3, 7)
CJ1:Eu" CI3:Eu’" CI7T:Eu®"

Number of Si ions 1809 1621 1653
Number of O ions 5463 5421 5462
Number of B ions 927 864 880
Number of Na ions 747 681 695
Number of Al ions - 206 210
Number of Ca ions - 154 -
Number of Zr ions - - 47
Number of Eu ions 54 53 53
Length of box side (A) 48.335 47.945 48.600
Density (g/cm?) 2.554 2.669 2.566
Table 2
Chemical composition (% molar oxide) of the glasses

S102 B203 A1203 NaZO CaO ZrOz EUQO3
CILEu*"  67.09 1783 - 14.08 - - 1.00
CI3:Eu*" 60.55 16.13  3.85 1272 575 - 1.00
CITEu*"  63.13 1681 4.01 1326 - 1.79  1.00

in Table 1 with respect to the experimental ones mentioned
inTable 2. The simulated cubic cell contains a total amount
of 9000 atoms. Interactions in glasses are mainly repre-
sented by an association of Born—-Mayer—Huggins poten-
tials (Eq. (5)) and a three body angular term (Eq. (6)).
These two terms represent, respectively Coulomb interac-
tions and covalent interactions [15-17]

Tij q;9; c D
B(ry) = A -exp (— ;’) + T,j -erfe(ory) — s + 5 (5)

7 v 2
qb(r,«j,r,-k, f)j,-k) =1 €Xp (r,’j .y +m> . (COS Hjik — COS 60) s
(6)

where r;; and ry, are the interatomic distances, ¢; and ¢g; the
charges, o a constant and 0,; the angle formed by an atom
triplet j—i—k; adjustable parameters are 4, D, C, p, /. and vy
which depend on the nature of atoms involved. C, D are all
equal to zero except for Na—O, Ca-O and Eu-O interac-
tions (Table 3). Non-zero values for these interactions al-
lowed us to obtain better fit of the potentials with
experimental data by introducing —1/r° and 1/® terms.
Complete Ewald sum is performed to take into account
the long range component of the Coulomb interactions.
Modelized glasses were prepared by quenching a liquid
equilibrated at high temperature between 4000 and
6000 K. After stabilization of the liquid at high tempera-

Table 3
Simulation parameters used for the potential function in the case of Eu—-O
interactions

A4(eV) C@VA®) D@EVAY) pA) « GEn 96
CJL:Eu*"
CI3:Eu®" 52,360 1553 7141 0.1899 0.2627 +3e —2e
CJT:Eu*"
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ture (15,000 time steps among a total of 87,000 time steps, a
time step is equal to 107 '°s), we proceeded to constant
quenching (10" K s~!) until the system reached room tem-
perature. Finally, a relaxation is performed during 15,000
time steps at ambient temperature. The volume is kept con-
stant during the preparation of the glasses and adjusted to
anneal the final pressure.

3. Results and discussion
3.1. Emission spectra simulation

The C,, symmetry group is retained for our work
because it is the highest symmetry in which the full splitting
of the 'F, , levels is observed [2,18]. Fig. 1 shows a compar-
ison of the experimental and simulated emission spectra of
the °Dy — 'F, (J = 0-3) transitions for the three glasses.
Dy — 7F4,5,6 transitions have been also calculated
although they are not shown on the figure for reasons of
clarity. MD data (atomic positions) used for these simula-
tions are those calculated at a quenching rate of 10'* K s~ .

Simulated spectra present a good overall agreement with
experimental ones. The dissymmetric shape of the
Dy — 'F, transition is extremely well reproduced, and
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all transitions are well positioned. One can note that the
D, — 'F, transition should be positioned inside range of
the Dy — 'F, transition in solids-state components.
According to Layne et al. [19] such transition is not possi-
ble due to very efficient multiphonon processes which
induce non-radiative °D; — °D, transitions. Some discrep-
ancies are also observable on Fig. 1 and more particularly
in the Dy — 'F, transition. These differences have proba-
bly two origins. First, the point charge model takes into
account only ionic interactions and not covalent ones. Sec-
ond, according to Cormier et al. [20], the considered elec-
trostatic field is an average field which assumes that all
dynamics events, like vibronic coupling or energy transfer,
are not include in the simulation of spectra. That is the rea-
son why some Stark sublevels intensities calculations failed
especially for the Dy — 'F, transition. However, good
agreement is observed between the Dy — 'F; simulated
and experimental transitions except in the small difference
in the width.

The comparison between full width at half maximum
(FWHM) of the Dy — 'F, transition between simulated
and experimental glasses is shown on Fig. 2. One can
observe a good agreement of the calculation with the expe-
rience (X =95%) within the error bars. Thus, we can
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Fig. 1. Comparison between experimental (dotted lines) and simulated (solid lines) emission spectra of Eu®" in CJ glasses (I. CJ1:Eu®", II. CJ3:Eu’",

III. CJ7:Eu’") at room temperature.
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Fig. 2. Comparison between calculated and experimental full widths at
half maximum of the Eu*" °Dy — ’F, transition for the three studied
glasses. Dotted line shows the points corresponding to the linear function
y=x(”=095).

assume that our MD results are correct and our C, sym-
metry group assumption was right. FWHM variations
between glasses can be explained in terms of chemical com-
position effects. Indeed, assuming that Ca®* only creates
non-bridging oxygens due to its large field strength [21]
and that the RE acts preferentially as a charge compensa-
tor for AI*" [22-24] (the six-coordinated Zr*" is compen-
sated by Na™), we deduce that our glasses are classified
in terms of increasing depolymerisation as follows:
CI1:Eu*" - CJ7:Eu®t - CJ3:Eu’". In glasses, depolymer-
isation should be seen as bond breaking between polyhe-
drons of the glassy network by modifiers oxides which
transform bridging oxygens (i.e. oxygens linked to two for-
mer elements) into non-bridging oxygens (i.e. oxygens
linked to only one former element). Intuiting that more
the glass is depolymerised, more Eu*" define its environ-
ment, therefore Eu®' local structures are more similar
when depolymerisation increases. The °Dy, —» 'F, FWHM
is then lower for increasing depolymerised glasses.

3.2. Molecular dynamics simulations

Thanks to the validation of our MD model by the gen-
eration of luminescence spectra, we can now analyse the
MD data. MD calculations were realized at a quenching
rate of 10" K s™! for all the three simulated samples
according to the parameters mentioned in Table 1. Fig. 3
shows the evolution of the Si/B atomic ratio as a function
of the Eu®" local environment. This ratio indicates whether
the Eu*" ions are mainly surrounded by Si second neigh-
bours (high Si/B ratios) or by B second neighbours (low
Si/B ratios). A first site population can be extract from high
ratio values (Si/B > 5) which corresponds to Si rich envi-
ronment (about 15% of the Eu®" ions). This category is
present in all the 3 studied glasses. The second site popula-
tion corresponds to low Si/B ratio values and indicates in

25
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Fig. 3. Determination of the Eu®" local environment obtained by
simulation. Black, white and hatched bars are, respectively related to
CJ1:Ev’", CJ3:Eu** and CJ7:Eu*".

studied samples the presence of a mixed Si—B environment.
Moreover, one can note that no Eu®" is in pure borate
environment. Considering CJ3-7:Eu’*, Al second neigh-
bour atoms are in a few amounts around the RE (less than
8% of Eu®" have two or more Al atoms in their neighbour-
hood) and do not seem to prefer one to the other environ-
ment. Accordingly, comparing our data with a previous
work [5], we are able to clarify the nature of the two major
environment in those glasses. Indeed, in the previous work
we supposed that we had a mixed Al-B environment, in
fact, we notice the presence of Al but the environment is
clearly a mixed Si-B one. The Si rich environment found
by experience is confirmed by MD calculations. The
amount of Eu®" ions in a silicate rich environment
increases when the glass is more complex (CJ7:Eu*t >
CJ3:Eu’" > CJ1:Eu*"): starting from 5.6% of the Eu®" in
CJ1:Eu®*" to 11.3% in the case of CJ7:Eu®". Moreover,
one can note that a larger amount of modifiers oxides leads
to a better separation of the Si/B ratios and thus to a better
separation of the two major environments. Finally, more
than 80% of the Eu®" ions are present in a Si-B environ-
ment with the ratio lower than 3. This result indicates that
most of Eu®" ions tend to be either in a region located on
the border line between the silicate rich and the borate rich
domains, either in a mixed Si-B region. Finally, no euro-
pium clustering has been observed in our simulated
samples.

4. Conclusion

The molecular dynamic technique allowed us to simu-
late different Eu®" doped borosilicate glasses. Using a
point-charge model, we were able to calculate the electronic
energy levels as well as transition probabilities of the simu-
lated Eu®" in glasses resulting in simulation of emission
spectra. Comparisons between experimental and simulated
spectra and more precisely between calculated and experi-
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mental FWHM of the D, — 'F, transition allowed us to
validate the MD model and its results for our glasses.

We found, in the three simplified nuclear glasses, two
different distributions of Eu®* environment. The two major
environments were clearly identified as a silicate rich one
and a mixed silicate-borate one. More than 80% of Eu®*
ions are located in the mixed environment. Concerning
CJ3:Eu®" and CJ7:Eu®", the presence of Al atoms is
observed in both two environments in very low amounts
closed to the RE.
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