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Dynamique moléculaire

• Résolution des équations de
Newton à chaque pas de temps:

mi~̈r i =
∑
j 6=i

~F j→i = −∂V

∂~r i

V est le potentiel d’interaction

• Trajectoire des particles

• Structure, thermodynamique,
transport

Loading movie
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Potentiel d’interaction – approche “ab initio”

V obtenu par un calcul de structure électronique

• Méthode: DFT

• Approximation de Born-Oppenheimer

• Couplage avec la dynamique moléculaire:
Car & Parrinello

114507-2 Tazi et al. J. Chem. Phys. 136, 114507 (2012)

For the calculation of the direct Coulomb interaction between
two atoms I and J,

Vcharge =
∑

I,J>I

qI qJ

rIJ
(2)

formal charges (here −1, +1, or +2) are used. The dispersion
potential includes the dipole-dipole and dipole-quadrupole
terms,

Vdisp = −
∑

I,J>I

[
f IJ

6 (rIJ)
CIJ

6

r6
IJ

+ f IJ
8 (rIJ)

CIJ
8

r8
IJ

]
, (3)

and the short-range corrections are described using the Tang-
Toennies functions f IJ

n , which are of the form40

f IJ
n = 1 − e−bIJ

DrIJ

n∑

k=0

(bIJ
DrIJ)k

k!
. (4)

While the repulsion potential is modelled using a decaying
exponential,

Vrep =
∑

I,J>I

AIJe−BIJrIJ . (5)

Finally, many-body electrostatic effects are described by the
induced dipoles µI, which are treated as additional degrees
of freedom and obtained at each MD step by minimizing the
polarization energy,

Vpol =
∑

I

1
2αI

|µI |

+
∑

I,J

[(
qIµJ

αgIJ(rIJ)−qJ µI
αgJI (rIJ)

)
T α

IJ−µI
αµJ

βT
αβ

IJ

]

(6)

with αI the ion polarizability and where the Einstein summa-
tion convention is assumed. T are the multipole interaction
tensors. A short-range correction to the multipolar expansion
of the Tang-Toennies-type is used,

gIJ(rIJ) = 1 − cIJe−bIJrIJ

4∑

k=0

(bIJrIJ)k

k!
. (7)

This so-called polarizable ion model (PIM) has proven ex-
tremely successful for the description of oxides, chlorides,
and fluorides-based materials, both in the solid and liquid
states.11, 12, 34 Water is described by a model compatible with
this form, developed by Dang and Chang.29 The only differ-
ences with the PIM are the description of the repulsion and
dispersion terms Vrep + Vdisp for the water-water interactions,
represented by a Lennard-Jones potential, and the absence
of short-range damping of the charge-dipole interaction. The
Dang-Chang (DC) water is a rigid 4-site model, with an addi-
tional virtual site M along the symmetry axis of the molecule,
which bears a negative partial charge, as well as the induced
dipole, while the Lennard-Jones interaction acts on the oxy-
gen atom only. The parameters of the DC model are summa-
rized in Table I.

The purpose of the present work is to derive all the pa-
rameters of the PIM for water-ion and ion-ion interactions,
thereby providing a force field for the simulation of ions
which is transferable from infinite dilution to concentrated so-
lutions, up to the ionic crystals, for alkaline (Li+, Na+, K+,

TABLE I. Parameters of the Dang-Chang water model.

dOH dOM angle ϵO σO αM

(Å) (Å) (◦) (kcal/mol) (Å) qH (Å)

0.9752 0.215 104.52 0.1825 3.2340 0.5190 1.444

Rb+, and Cs+) and alkaline earth (Mg2 +, Ca2 +, and Sr2 +)
cations and the chloride (Cl−) anion. Overall, this requires
specifying 241 parameters. The procedure to determine all of
them from ab initio calculations aims at minimizing the risk
of compensation of errors among the different terms by (1) di-
rectly computing as many parameters as possible, (2) adjust-
ing the remaining ones on different quantities (dipoles and
forces), and (3) resorting to simplifying assumptions when
necessary. We now describe these three aspects.

B. Calculating parameters

First-principle calculations based on DFT describe the
electronic density using the Kohn-Sham orbitals, whose de-
localized nature renders the assignment of atomic or molecu-
lar properties difficult. The concept of the MLWF provides a
convenient framework to analyze atomic and molecular prop-
erties in the condensed phase.41 The Wannier functions are
defined through a unitary transformation of the Kohn-Sham
eigenvectors. MLWFs are constructed by choosing the phase
so that it minimizes the spread of the Wannier function.41 It
was shown recently that MLWFs could be used to systemati-
cally derive both the polarizabilities αI and dispersion param-
eters CIJ

6 and CIJ
8 of a PIM.37, 39 Figure 1 illustrates the elec-

tronic density around a Ca2 + cation and two water molecules
in bulk water, reconstructed from their respective Wannier or-
bitals.

FIG. 1. Localized electronic density around a Ca2 + cation and two water
molecules in bulk water, reconstructed from their respective Wannier orbitals.
The dark and light isodensity surfaces include 90% and 95% of the corre-
sponding densities, respectively.

Downloaded 16 Mar 2012 to 134.157.169.114. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions
Une centaine d’atomes, trajectoires de 10 à 100 ps (10−12 s)
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Potentiel d’interaction – approche “classique”

V ne dépend que des positions des atomes

• électrostatique

• répulsion courte portée

• van der Waals

• polarisation

X

M

X

M

induced dipole

Plusieurs milliers d’atomes, trajectoire de 1 à 100 ns (10−9 s)
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De l’ab initio au prix du classique?
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• ab initio – Modèle des ions polarisables ajusté

• Ajustement réalisé sur plusieurs configurations représentatives

• Obtention de paramètres compatibles pour toute une famille de
composés (fluorures, oxydes...)
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Quels systèmes peut-on simuler?

Ab initio: a priori, tout!

Classique (avec notre modèle):

• Fluorures: LiF, NaF, KF, RbF, CsF, BeF2, MgF2, CaF2, SrF2, BaF2,
AlF3, YF3, LaF3, ZrF4, ThF4

• Chlorures: LiCl, NaCl, KCl, RbCl, CsCl, AlCl3, LnCl3, UCl3

• Oxydes: SiO2, GeO2, MgO, Li2O, B2O3, Na2O, Al2O3, ZrO2, Sc2O3,
Y2O3, CeO2, Ln2O3 (extension aux argiles en cours)

• Liquides ioniques: 1-ethyl-3-methylimidazolium chloride (EMICl)

• Ions - eau: Cl−, Li+, Na+, K+, Rb+, Cs+, Mg2+, Ca2+, Sr2+
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Validation des potentiels (fluorures/chlorures)
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La3+ [27] and structural properties of U in molten salts are ana-
logue to that of La [9]. As mentioned above, LaCl3!n

n complex with
n = 6 becomes stable and predominant in the melts with smaller P,
i.e., larger solvent alkali cations. A neutron diffraction study carried
out for UCl3–ACl (A = Li, Na, K, and Cs) system observed consider-
able changes on the arrangement of Cl! around U3+ by adding
ACl to UCl3 and the changes were more significant for larger A
[43]. The octahedral UCl3!6 complex has been reported for pure LiCl
and LiCl–BeCl2 mixture [44,45]. It is, thus, inferred that n of U is 6
for LiCl–KCl mixtures used in this study, where DG"0

3=0 of U(III) com-
plex would be controlled by the same manner of the octahedral
symmetry as heavier Ln(III) complexes.

The dependence of DG"0
3=0 on P is, however, less sensitive than

that of Ln(III) complexes. DG"0
3=0s of U show a slope with smaller

gradient compared with that of Lns in Fig. 2b. This may be ex-
plained by the covalent characteristic of 5f elements. Simply, less
ionic interaction among U3+ and surrounding ions can make the
change in ionic environment of alkali cations around the complex
less significant to its stability. Or generally, the covalent bonding is
structurally more rigid than the ionic bonding. The octahedral
structure of hexachloro U(III) complex may be more rigid than that
of Ln(III) complexes, and the symmetry of the U(III) complex can be
less distorted by the increase of P. As a consequence, the stability of
U(III) complex is less sensitive on the melt composition, and the
potential difference between U(III) and Ln(III) complexes would
be wider in the melts with lower P, e.g., NaCl–2CsCl, where efficient
electrochemical separation of U and Lns can be conceivable
practically.

3.5. The activity coefficient of Ln(III) and U(III) ions in molten LiCl–KCl
eutectic system

The activity coefficient of MCl3 (M = Ln and U) in the studied
melts, cMCl3 , could be calculated by the following equation [8]:

log cMCl3 ¼
DG"0

3=0 ! DG$
SCliq

2:3RT
ð5Þ

The hypothetical supercooled liquid state (suffix of SCliq) was
chosen as the reference state here. The DG$

SCliq value corresponds
to the energy change of the following reaction at 923 K:

MðsÞ þ 3=2Cl2ðgÞ¢MCl3ðSCliqÞ ð6Þ

DG$
SCliq was derived [46] from the values of the enthalpy of forma-

tion of MCl3, the enthalpy of transition and fusion, and the heat
capacity of the solid and liquid phases of M metals [47], LnCl3
[48], UCl3 [21] and Cl2 gas [49]. The calculated values of DG$

SCliq of
MCl3 are shown in Table 2 with DG"0

3=0 and log cMCl3 of M(III) com-
plexes in the LiCl–KCl eutectic melt (vK = 0.41) at 923 K. The error
range of log cMCl3 is ±0.08. The values of log cMCl3 in the table are
plotted vs. ionic radius of each M(III) ions as shown in Fig. 6a. A gen-
eral correlation is observed that log cMCl3 increases systematically
with ionic radius. This suggests that the stabilization effect on Ln
and An trichlorides in molten alkali chlorides is controlled by the io-
nic radius of the central ion through the electrostatic interactions as
mentioned in Section 3.3.

The covalent characteristic of 5f electron of U is not pronounced
in log cMCl3 compared with La since the effect could be present in
both DG$

SCliq and DG"0
3=0 and be offset.

In Fig. 6b, ratio of cMCl3 standardized by cLaCl3 is shown and com-
pared with those evaluated from molecular dynamic (MD) simula-
tion [50]. The ratio for La which is not shown in the figure is zero.
Logarithm of cMCl3=cLaCl3 by MD decreases with the ionic radius,
which agrees with the trend of that obtained from our study. MD
is a potential tool to acquire the information about the coordina-
tion structure around Ln and An ions in molten salts. Collaborative
work of empirical and computational studies will be of interest to
cultivate our understandings of the coordination chemistry of the
elements.

4. Conclusion

The DG"0
3=0 values of smaller Ln(III) complexes like Tb and Er lin-

early increased with P due to the distortion of octahedral symme-
try of LnCl3!6 . The linearity was not kept for larger Ln(III) complexes
such as La and Ce in the mixtures with higher P where the number
of Cl! around Ln3+ would be more than six. The thermodynamic
stability of U(III) complex was less sensitive on the melt composi-
tion than that of Ln(III) complexes, which implies the difference
between the bonding characteristics of 4f and 5f orbitals with Cl!s
surrounding Ln3+ and U3+, respectively. The values of logc in-
creased systematically with ionic radius of a solute Ln(III) or

Table 2
The evaluated values of DG$

SCliq, DG
"0
3=0, and log cMCl3 of Ln(III) and U(III) complexes in

LiCl–KCl eutectic melt at 923 K.

DG$
SCliq (kJ mol!1) DG"0

3=0 (kJ mol!1) logc

La !837.0 !881.0 !2.49
Ce !828.5 !867.2 !2.19
Pr !826.3 !865.1 !2.20
Nd !811.3 !861.8 !2.86
Tb !794.9 !862.2 !3.81
Er !783.5 !858.5 !4.25
U !660.4 !700.4 !2.27
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Fig. 6. Activity coefficients of Ln3+ and U3+ in LiCl–KCl eutectic melt at 923 K. (a) The correlation between log cMCl3 (M = Ce, Pr, Nd, Tb, Er, and U) and ionic radius of Ln3+ and
U3+. (b) The correlation between ln(cMCl3 =cLaCl3 ) and ionic radius of Ln3+ and U3+.

K. Fukasawa et al. / Journal of Nuclear Materials 424 (2012) 17–22 21
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Validation des potentiels (oxydes)
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Structure de B2O3: anneaux boroxols

ANITA ZEIDLER et al. PHYSICAL REVIEW B 90, 024206 (2014)
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FIG. 5. (Color online) The pressure dependence of the partial
pair-distribution functions for B2O3 glass as obtained from the AIM
MD simulations: (a) gBO(r), (b) gBB(r), and (c) gOO(r). In (a) the
vertical arrows point to small peaks in gBO(r) at r3 ≃ 2.75 Å and
r4 ≃ 3.61 Å for the ambient pressure data set (see the text).

compression of the boroxol-rich glass model, and is consistent
with a progressive dissolution of boroxol rings as shown in
Fig. 8. Thus, experiment and simulation both provide a broadly
self-consistent picture, although the dissolution mechanism
is probably exaggerated in the simulations since the peak
at r3 ≃ 2.75 Å disappears at a lower pressure than found in
experiment.

In Fig. 9(a), the SN(Q) function measured for the 11B2O3
sample recovered from a pressure of 8.2 GPa is compared to

rBO

r2

r3

r4

FIG. 6. Schematic of a planar B3O6 boroxol group showing
several of the characteristic interatomic distances. The B and O atoms
are indicated by the small shaded and large open circles, respectively.

the SN(Q) function measured for the uncompressed sample.
The corresponding GN(r) functions are shown in Fig. 9(b) and
several of the parameters describing these functions are listed
in Table II. The rBO values for the recovered and uncompressed
samples are the same, but the FSDP for the recovered sample
is reduced in height and is shifted to a higher Q value,
which indicate a change to the intermediate range order. Use
in the data analysis of recovered sample densities that are
6% and 21% greater than the uncompressed sample density
(Sec. III A) led to n̄O

B values of 2.8(1) and 3.0(1), respectively.
This suggests that the higher density is more accurate, i.e.,
on decompression the glass was given sufficient time for BO3
units to reform but insufficient time for the structure to fully
relax.

For comparison with experiment, the AIM MD config-
uration obtained for 8.86 GPa (corresponding to a mass
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FIG. 7. (Color online) Zoom-in of the B-O partial pair-
distribution function for an r range in which there is a signature
of boroxol rings (see the text). (a) shows a comparison between the
gBO(r) functions obtained from AIM MD simulations of boroxol-poor
(f = 0.22) and boroxol-rich (f = 0.75) models at ambient density,
and (b) shows the pressure dependence of gBO(r) from AIM MD
simulations of the boroxol-rich model.

024206-8
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Structure de B2O3: transition B3/B4

formation in the B2O3 glass consists of two broad over-
lapping transitions occurring at P> 1 GPa and P>
5 GPa. It is evident that the 1st transformation corresponds
to the structural changes in the distant coordination
spheres, while the 2nd one at P> 5 GPa conforms to the
coordination transformation in glass. The initial value of
the calculated bulk modulus during the onset of decom-
pression at maximum pressures B! 110 GPa [Fig. 3(b)] is
bound to be equal to the unrelaxed values from [9].

The densification after decompression is virtually the
same (!!=!! 6%) for both runs [see Fig. 3(a)]. There-
fore, the densification is related to the changes in distant
coordination spheres. The coordination transition in the 1st
sphere is fully reversible. The distinction in the behavior of
the relaxed modulus for the two experimental runs during
decompression [Fig. 3(b)] is related with the reverse coor-
dination change in glass after 9 GPa treatment. It can be
inferred that the decrease of the coordination of the boron
atoms from 4 to 3 begins at P! 4:5 GPa and ends at P!
1 GPa. The reverse transformation is absolutely smooth in
hydrostatic conditions. Therefore, the conclusion made in
Ref. [9] about the first-order character of this reverse
transition is incompatible with our findings. The volumet-
ric study conducted in the present work involved purely
hydrostatic high-pressure conditions. The abrupt changes
of sound velocities, observed in Ref. [9], are likely to be an
artifact associated with strongly nonhydrostatic conditions
near the sample. A similar artifact, related to nonhydro-
static stresses, is the jumplike change of the structure
during decompression around 1.5 GPa, which we observed
in our structural study.

Figure 4 presents the comparison of the experimental
and calculated density and coordination changes with
pressure. A reasonable agreement between the experiment
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formation in the B2O3 glass consists of two broad over-
lapping transitions occurring at P> 1 GPa and P>
5 GPa. It is evident that the 1st transformation corresponds
to the structural changes in the distant coordination
spheres, while the 2nd one at P> 5 GPa conforms to the
coordination transformation in glass. The initial value of
the calculated bulk modulus during the onset of decom-
pression at maximum pressures B! 110 GPa [Fig. 3(b)] is
bound to be equal to the unrelaxed values from [9].

The densification after decompression is virtually the
same (!!=!! 6%) for both runs [see Fig. 3(a)]. There-
fore, the densification is related to the changes in distant
coordination spheres. The coordination transition in the 1st
sphere is fully reversible. The distinction in the behavior of
the relaxed modulus for the two experimental runs during
decompression [Fig. 3(b)] is related with the reverse coor-
dination change in glass after 9 GPa treatment. It can be
inferred that the decrease of the coordination of the boron
atoms from 4 to 3 begins at P! 4:5 GPa and ends at P!
1 GPa. The reverse transformation is absolutely smooth in
hydrostatic conditions. Therefore, the conclusion made in
Ref. [9] about the first-order character of this reverse
transition is incompatible with our findings. The volumet-
ric study conducted in the present work involved purely
hydrostatic high-pressure conditions. The abrupt changes
of sound velocities, observed in Ref. [9], are likely to be an
artifact associated with strongly nonhydrostatic conditions
near the sample. A similar artifact, related to nonhydro-
static stresses, is the jumplike change of the structure
during decompression around 1.5 GPa, which we observed
in our structural study.

Figure 4 presents the comparison of the experimental
and calculated density and coordination changes with
pressure. A reasonable agreement between the experiment
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during decompression around 1.5 GPa, which we observed
in our structural study.

Figure 4 presents the comparison of the experimental
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Figure 2. The pressure dependence of the total structure factor F (Q) for B2O3

glass as measured using the D4c or PEARL diffractometer. Vertical bars give the

statistical errors on the measured data points, and solid (red) curves give spline fits to

the data sets. In the case of the PEARL experiments, the region Q ≤ 1.55 Å−1 was

not accessible and the solid (red) curves for this region correspond to fitted Lorentzian

functions (see the text). The high-pressure data sets have been shifted vertically for

clarity of presentation.
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values as the B-O coordination number increases (figure 6). For example, the first peak
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positions in G(r) are the same at both 6.3 and 7.1 GPa but the high-r shoulder for the

higher pressure data set leads to n̄O
B > 3. At the highest pressure of 17.5 GPa, the first

peak position in G(r) is shifted to 1.42(2) Å and the asymmetrically broadened peak

gives n̄O
B = 3.8(1). In comparison, the high-pressure crystalline phase of B2O3 forms a

network of distorted corner-sharing BO4 tetrahedra in which there are three long bonds

at an average distance rBO = 1.508 Å and one short bond at rBO = 1.373 Å [50]. As

discussed in section 3.2, there is some ambiguity in the number density for the highest

pressure points of 13.0 and 17.5 GPa (figure 1). A reanalysis of the data using density

values taken from the Birch-Murnaghan equation of state fit led to n̄O
B values of 3.7(1)

and 4.0(1), respectively, while a reanalysis using the density values taken from the

polynomial fit led to n̄O
B values of 3.6(1) and 3.6(1), respectively. Since the polynomial

fit shows a small reduction of the density when the pressure increases beyond 18 GPa

(figure 1), it is likely to underestimate the high-pressure density of B2O3 glass leading

to an underestimate of n̄O
B at 17.5 GPa.

Under ambient conditions, the second peak in G(r) at r2 = 2.37(2) Å can be

attributed to the O-O distances within BO3 motifs and to the B-B distances between

these motifs. In the case of planar boroxol rings formed from regular equilateral BO3

Exp: P. Salmon (University of Bath)
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FIG. 5. (Color online) The pressure dependence of the partial
pair-distribution functions for B2O3 glass as obtained from the AIM
MD simulations: (a) gBO(r), (b) gBB(r), and (c) gOO(r). In (a) the
vertical arrows point to small peaks in gBO(r) at r3 ≃ 2.75 Å and
r4 ≃ 3.61 Å for the ambient pressure data set (see the text).

compression of the boroxol-rich glass model, and is consistent
with a progressive dissolution of boroxol rings as shown in
Fig. 8. Thus, experiment and simulation both provide a broadly
self-consistent picture, although the dissolution mechanism
is probably exaggerated in the simulations since the peak
at r3 ≃ 2.75 Å disappears at a lower pressure than found in
experiment.

In Fig. 9(a), the SN(Q) function measured for the 11B2O3
sample recovered from a pressure of 8.2 GPa is compared to

rBO
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r3

r4

FIG. 6. Schematic of a planar B3O6 boroxol group showing
several of the characteristic interatomic distances. The B and O atoms
are indicated by the small shaded and large open circles, respectively.

the SN(Q) function measured for the uncompressed sample.
The corresponding GN(r) functions are shown in Fig. 9(b) and
several of the parameters describing these functions are listed
in Table II. The rBO values for the recovered and uncompressed
samples are the same, but the FSDP for the recovered sample
is reduced in height and is shifted to a higher Q value,
which indicate a change to the intermediate range order. Use
in the data analysis of recovered sample densities that are
6% and 21% greater than the uncompressed sample density
(Sec. III A) led to n̄O

B values of 2.8(1) and 3.0(1), respectively.
This suggests that the higher density is more accurate, i.e.,
on decompression the glass was given sufficient time for BO3
units to reform but insufficient time for the structure to fully
relax.

For comparison with experiment, the AIM MD config-
uration obtained for 8.86 GPa (corresponding to a mass
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FIG. 7. (Color online) Zoom-in of the B-O partial pair-
distribution function for an r range in which there is a signature
of boroxol rings (see the text). (a) shows a comparison between the
gBO(r) functions obtained from AIM MD simulations of boroxol-poor
(f = 0.22) and boroxol-rich (f = 0.75) models at ambient density,
and (b) shows the pressure dependence of gBO(r) from AIM MD
simulations of the boroxol-rich model.
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vertical arrows point to small peaks in gBO(r) at r3 ≃ 2.75 Å and
r4 ≃ 3.61 Å for the ambient pressure data set (see the text).

compression of the boroxol-rich glass model, and is consistent
with a progressive dissolution of boroxol rings as shown in
Fig. 8. Thus, experiment and simulation both provide a broadly
self-consistent picture, although the dissolution mechanism
is probably exaggerated in the simulations since the peak
at r3 ≃ 2.75 Å disappears at a lower pressure than found in
experiment.

In Fig. 9(a), the SN(Q) function measured for the 11B2O3
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the SN(Q) function measured for the uncompressed sample.
The corresponding GN(r) functions are shown in Fig. 9(b) and
several of the parameters describing these functions are listed
in Table II. The rBO values for the recovered and uncompressed
samples are the same, but the FSDP for the recovered sample
is reduced in height and is shifted to a higher Q value,
which indicate a change to the intermediate range order. Use
in the data analysis of recovered sample densities that are
6% and 21% greater than the uncompressed sample density
(Sec. III A) led to n̄O

B values of 2.8(1) and 3.0(1), respectively.
This suggests that the higher density is more accurate, i.e.,
on decompression the glass was given sufficient time for BO3
units to reform but insufficient time for the structure to fully
relax.

For comparison with experiment, the AIM MD config-
uration obtained for 8.86 GPa (corresponding to a mass
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FIG. 2. (Color online) The pressure dependence of the neutron
total structure factor SN(Q) for B2O3 glass as measured using the D4c
[ambient pressure to 8.2(5) GPa] or PEARL [8.5(5)–17.5(5) GPa]
diffractometer. Vertical bars give the statistical errors on the measured
data points, and solid (black) curves give spline fits to the data sets.
In the case of the PEARL experiments, the region Q ! 1.55 Å−1 was
not accessible and the solid (black) curves for this region correspond
to fitted Lorentzian functions (see the text). The results are compared
to those obtained from the AIM MD simulations at pressures of 0.16,
1.43, 3.34, 4.74, 6.45, 8.86, 13.93, and 17.46 GPa [light solid (green)
curves]. The high-pressure data sets have been shifted vertically for
clarity of presentation.

V. RESULTS

The neutron total structure factors SN(Q) for B2O3 glass
measured in the pressure range from ambient to 17.5 GPa
are shown in Fig. 2 together with the AIM MD results. The
neutron diffraction results show a reduction in height of the
FSDP and an almost linear increase of its position QFSDP as
the pressure is increased from ambient to ∼8.5 GPa (Fig. 3).
At higher pressures it becomes difficult to discern the FSDP
from the principal peak which appears as a small feature at
≃3 Å−1 under ambient conditions [80]. These observations are
reproduced by the MD simulations as shown in Figs. 2 and 3.
The x-ray diffraction results of Brazhkin et al. [39] also show
an almost linear increase of QFSDP with pressure, but there
are differences in the position and gradient which may arise
from the different weighting factors for the partial structure
factors that contribute towards the FSDP in neutron versus
x-ray diffraction experiments on B2O3 glass. This conjecture
is supported by the fact that the MD results reproduce the
trends shown by both neutron and x-ray diffraction (Fig. 3).

The pressure dependence of the measured and simulated
GN(r) functions is shown in Fig. 4. The MD results account for
all of the main features in the measured data sets although the
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FIG. 3. (Color online) The pressure dependence of the FSDP
position QFSDP as measured in the present neutron diffraction work
using the D4c [(red) "] or PEARL [(black) △] diffractometer. The
results are compared to those obtained from the x-ray diffraction work
of Brazhkin et al. [39] [(blue) ⋄] and from the AIM MD simulations
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corresponding SN(Q) functions given in Fig. 2 following the same
procedure used for the measured data sets.
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r4 ≃ 3.61 Å for the ambient pressure data set (see the text).

compression of the boroxol-rich glass model, and is consistent
with a progressive dissolution of boroxol rings as shown in
Fig. 8. Thus, experiment and simulation both provide a broadly
self-consistent picture, although the dissolution mechanism
is probably exaggerated in the simulations since the peak
at r3 ≃ 2.75 Å disappears at a lower pressure than found in
experiment.

In Fig. 9(a), the SN(Q) function measured for the 11B2O3
sample recovered from a pressure of 8.2 GPa is compared to
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several of the characteristic interatomic distances. The B and O atoms
are indicated by the small shaded and large open circles, respectively.

the SN(Q) function measured for the uncompressed sample.
The corresponding GN(r) functions are shown in Fig. 9(b) and
several of the parameters describing these functions are listed
in Table II. The rBO values for the recovered and uncompressed
samples are the same, but the FSDP for the recovered sample
is reduced in height and is shifted to a higher Q value,
which indicate a change to the intermediate range order. Use
in the data analysis of recovered sample densities that are
6% and 21% greater than the uncompressed sample density
(Sec. III A) led to n̄O

B values of 2.8(1) and 3.0(1), respectively.
This suggests that the higher density is more accurate, i.e.,
on decompression the glass was given sufficient time for BO3
units to reform but insufficient time for the structure to fully
relax.

For comparison with experiment, the AIM MD config-
uration obtained for 8.86 GPa (corresponding to a mass
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FIG. 7. (Color online) Zoom-in of the B-O partial pair-
distribution function for an r range in which there is a signature
of boroxol rings (see the text). (a) shows a comparison between the
gBO(r) functions obtained from AIM MD simulations of boroxol-poor
(f = 0.22) and boroxol-rich (f = 0.75) models at ambient density,
and (b) shows the pressure dependence of gBO(r) from AIM MD
simulations of the boroxol-rich model.

024206-8

ANITA ZEIDLER et al. PHYSICAL REVIEW B 90, 024206 (2014)

1 2 3 4 5
Distance r (Å)

0

25

50

75

100

125

150

175

Pa
rti

al
 p

ai
r-d

ist
rib

ut
io

n 
fu

nc
tio

n 
g BO

(r
)

ambient

1.43 GPa

3.34 GPa

4.74 GPa

6.45 GPa

8.86 GPa

13.93 GPa

17.46 GPa(a)

r3 r4

1 2 3 4 5
Distance r (Å)

0

4

8

12

16

20

24

28

32

Pa
rti

al
 p

ai
r-d

ist
rib

ut
io

n 
fu

nc
tio

n 
g BB

(r
)

ambient

1.43 GPa

3.34 GPa

4.74 GPa

6.45 GPa

8.86 GPa

13.93 GPa

17.46 GPa(b)

1 2 3 4 5
Distance r (Å)

0

5

10

15

20

25

30

35

40

Pa
rti

al
 p

ai
r-d

ist
rib

ut
io

n 
fu

nc
tio

n 
g O

O
(r

)

ambient

1.43 GPa

3.34 GPa

4.74 GPa

6.45 GPa

8.86 GPa

13.93 GPa

17.46 GPa(c)

FIG. 5. (Color online) The pressure dependence of the partial
pair-distribution functions for B2O3 glass as obtained from the AIM
MD simulations: (a) gBO(r), (b) gBB(r), and (c) gOO(r). In (a) the
vertical arrows point to small peaks in gBO(r) at r3 ≃ 2.75 Å and
r4 ≃ 3.61 Å for the ambient pressure data set (see the text).

compression of the boroxol-rich glass model, and is consistent
with a progressive dissolution of boroxol rings as shown in
Fig. 8. Thus, experiment and simulation both provide a broadly
self-consistent picture, although the dissolution mechanism
is probably exaggerated in the simulations since the peak
at r3 ≃ 2.75 Å disappears at a lower pressure than found in
experiment.

In Fig. 9(a), the SN(Q) function measured for the 11B2O3
sample recovered from a pressure of 8.2 GPa is compared to

rBO

r2

r3

r4

FIG. 6. Schematic of a planar B3O6 boroxol group showing
several of the characteristic interatomic distances. The B and O atoms
are indicated by the small shaded and large open circles, respectively.

the SN(Q) function measured for the uncompressed sample.
The corresponding GN(r) functions are shown in Fig. 9(b) and
several of the parameters describing these functions are listed
in Table II. The rBO values for the recovered and uncompressed
samples are the same, but the FSDP for the recovered sample
is reduced in height and is shifted to a higher Q value,
which indicate a change to the intermediate range order. Use
in the data analysis of recovered sample densities that are
6% and 21% greater than the uncompressed sample density
(Sec. III A) led to n̄O

B values of 2.8(1) and 3.0(1), respectively.
This suggests that the higher density is more accurate, i.e.,
on decompression the glass was given sufficient time for BO3
units to reform but insufficient time for the structure to fully
relax.

For comparison with experiment, the AIM MD config-
uration obtained for 8.86 GPa (corresponding to a mass
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FIG. 7. (Color online) Zoom-in of the B-O partial pair-
distribution function for an r range in which there is a signature
of boroxol rings (see the text). (a) shows a comparison between the
gBO(r) functions obtained from AIM MD simulations of boroxol-poor
(f = 0.22) and boroxol-rich (f = 0.75) models at ambient density,
and (b) shows the pressure dependence of gBO(r) from AIM MD
simulations of the boroxol-rich model.
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MD simulations: (a) gBO(r), (b) gBB(r), and (c) gOO(r). In (a) the
vertical arrows point to small peaks in gBO(r) at r3 ≃ 2.75 Å and
r4 ≃ 3.61 Å for the ambient pressure data set (see the text).

compression of the boroxol-rich glass model, and is consistent
with a progressive dissolution of boroxol rings as shown in
Fig. 8. Thus, experiment and simulation both provide a broadly
self-consistent picture, although the dissolution mechanism
is probably exaggerated in the simulations since the peak
at r3 ≃ 2.75 Å disappears at a lower pressure than found in
experiment.

In Fig. 9(a), the SN(Q) function measured for the 11B2O3
sample recovered from a pressure of 8.2 GPa is compared to
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several of the characteristic interatomic distances. The B and O atoms
are indicated by the small shaded and large open circles, respectively.

the SN(Q) function measured for the uncompressed sample.
The corresponding GN(r) functions are shown in Fig. 9(b) and
several of the parameters describing these functions are listed
in Table II. The rBO values for the recovered and uncompressed
samples are the same, but the FSDP for the recovered sample
is reduced in height and is shifted to a higher Q value,
which indicate a change to the intermediate range order. Use
in the data analysis of recovered sample densities that are
6% and 21% greater than the uncompressed sample density
(Sec. III A) led to n̄O

B values of 2.8(1) and 3.0(1), respectively.
This suggests that the higher density is more accurate, i.e.,
on decompression the glass was given sufficient time for BO3
units to reform but insufficient time for the structure to fully
relax.

For comparison with experiment, the AIM MD config-
uration obtained for 8.86 GPa (corresponding to a mass
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FIG. 7. (Color online) Zoom-in of the B-O partial pair-
distribution function for an r range in which there is a signature
of boroxol rings (see the text). (a) shows a comparison between the
gBO(r) functions obtained from AIM MD simulations of boroxol-poor
(f = 0.22) and boroxol-rich (f = 0.75) models at ambient density,
and (b) shows the pressure dependence of gBO(r) from AIM MD
simulations of the boroxol-rich model.
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of boron atoms within boroxol rings as obtained from the AIM MD
simulations of a boroxol-rich (f = 0.75) model at ambient pressure.
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FIG. 9. (Color online) (a) The total neutron structure factor
SN(Q) and (b) total neutron pair-distribution function GN(r) for B2O3

glass as measured before compression [solid (black) curves] or on
recovery to ambient from a pressure of 8.2 GPa [light solid (red)
curves]. The recovered data were analyzed using ρ = 0.0944 Å−3

(see the text). In (a) the vertical bars give the statistical errors on
the measured data points, and the solid curves give spline fits. In
(b) the GN(r) functions were obtained by Fourier transforming the
spline fitted SN(Q) functions given in (a). The chained curves show
the Fourier transform artifacts at r values smaller than the distance
of closest approach between two atoms, and oscillate about the
calculated GN(r → 0) = 0 limiting values as shown by the solid
curves in the small-r region. The broken (green) curves in (a) and
(b) show the AIM MD results for the glass recovered to ambient
conditions from a pressure of 8.86 GPa.
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FIG. 10. (Color online) The pressure dependence at room tem-
perature of the B-O (a) bond distance rBO and (b) coordination
number n̄O

B as measured in (i) the present neutron diffraction work
by using the D4c [(red) !] or PEARL [(black) △] diffractometer,
(ii) the x-ray diffraction work of Brazhkin et al. [39] [(green)
"], or (iii) the x-ray inelastic scattering work of Lee et al. [31]
[(green) ⋄]. In (a) rBO is taken from the position of the first peak
in the measured total pair-distribution functions, and the results
are compared to those obtained for the weighted mean position
⟨rBO⟩ =

∫
dr r gBO(r)/

∫
dr gBO(r) from the AIM MD simulations

[(black) ◦]. In (b) the measured n̄O
B values are compared to those

found from the AIM MD simulations [(black) ◦], the first-principles
MD simulations of Brazhkin et al. [39] [broken (green) curve], and
the empirical potential MD simulations of both Takada [30] [solid
(blue) curve] and Huang et al. [38] [chained (magenta) curve].

density ρmass = 2.7 g cm−3) was decompressed to ambient
pressure (ρmass = 1.84 g cm−3) via nine successive steps. In
each step, the density was decreased by ρmass ≃ 0.1 g cm−3

within the NPT ensemble to provide a new cell size and
starting configuration for an NV T simulation of 1 ns duration.
In contrast to experiment, the simulations show much less
difference between the uncompressed and recovered samples.
In the decompression process, the MD simulations show a
recovery of boroxol rings from f = 0 at 8.86 GPa to f = 0.42
at ambient pressure.

VI. DISCUSSION

As shown in Fig. 10, the neutron diffraction results for B2O3
glass under cold compression give a pressure dependence for
rBO and n̄O

B that is in good overall accord with the x-ray
diffraction results of Brazhkin et al. [39] and the inelastic
x-ray scattering results of Lee et al. [31]. They show that there
is no significant change to n̄O

B until a pressure of 6.3 GPa is
attained, but there is a steady increase at higher pressures to
n̄O

B = 3.8(1) at 17.5 GPa. This increase, which is consistent
with a transformation from triangular BO3 to tetrahedral
BO4 units, initially manifests itself by the appearance of a
high-r shoulder on the first peak in GN(r). The role played
by oxygen packing in the structural transformations of the
network-forming motifs in B2O3 and other oxide glasses is
discussed elsewhere [82].
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Origine physique des anneaux boroxols

“Expériences numériques” où la polarisabilité de O varie
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FIG. 2. (Color online) The pressure dependence of the neutron
total structure factor SN(Q) for B2O3 glass as measured using the D4c
[ambient pressure to 8.2(5) GPa] or PEARL [8.5(5)–17.5(5) GPa]
diffractometer. Vertical bars give the statistical errors on the measured
data points, and solid (black) curves give spline fits to the data sets.
In the case of the PEARL experiments, the region Q ! 1.55 Å−1 was
not accessible and the solid (black) curves for this region correspond
to fitted Lorentzian functions (see the text). The results are compared
to those obtained from the AIM MD simulations at pressures of 0.16,
1.43, 3.34, 4.74, 6.45, 8.86, 13.93, and 17.46 GPa [light solid (green)
curves]. The high-pressure data sets have been shifted vertically for
clarity of presentation.

V. RESULTS

The neutron total structure factors SN(Q) for B2O3 glass
measured in the pressure range from ambient to 17.5 GPa
are shown in Fig. 2 together with the AIM MD results. The
neutron diffraction results show a reduction in height of the
FSDP and an almost linear increase of its position QFSDP as
the pressure is increased from ambient to ∼8.5 GPa (Fig. 3).
At higher pressures it becomes difficult to discern the FSDP
from the principal peak which appears as a small feature at
≃3 Å−1 under ambient conditions [80]. These observations are
reproduced by the MD simulations as shown in Figs. 2 and 3.
The x-ray diffraction results of Brazhkin et al. [39] also show
an almost linear increase of QFSDP with pressure, but there
are differences in the position and gradient which may arise
from the different weighting factors for the partial structure
factors that contribute towards the FSDP in neutron versus
x-ray diffraction experiments on B2O3 glass. This conjecture
is supported by the fact that the MD results reproduce the
trends shown by both neutron and x-ray diffraction (Fig. 3).

The pressure dependence of the measured and simulated
GN(r) functions is shown in Fig. 4. The MD results account for
all of the main features in the measured data sets although the
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using the D4c [(red) "] or PEARL [(black) △] diffractometer. The
results are compared to those obtained from the x-ray diffraction work
of Brazhkin et al. [39] [(blue) ⋄] and from the AIM MD simulations
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straight-line fits to the measured neutron or x-ray diffraction results.
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FIG. 4. (Color online) The solid (black) curves show the mea-
sured GN(r) functions obtained by Fourier transforming the SN(Q)
functions given by the solid (black) curves in Fig. 2. The chained (red)
curves show the Fourier transform artifacts at r values smaller than the
distance of closest approach between two atoms, and oscillate about
the calculated GN(r → 0) = 0 limiting values as shown by the solid
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show the AIM GN(r) functions obtained by Fourier transforming the
corresponding SN(Q) functions given in Fig. 2 following the same
procedure used for the measured data sets.
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FIG. 9. (Color online) (a) The total neutron structure factor
SN(Q) and (b) total neutron pair-distribution function GN(r) for B2O3

glass as measured before compression [solid (black) curves] or on
recovery to ambient from a pressure of 8.2 GPa [light solid (red)
curves]. The recovered data were analyzed using ρ = 0.0944 Å−3

(see the text). In (a) the vertical bars give the statistical errors on
the measured data points, and the solid curves give spline fits. In
(b) the GN(r) functions were obtained by Fourier transforming the
spline fitted SN(Q) functions given in (a). The chained curves show
the Fourier transform artifacts at r values smaller than the distance
of closest approach between two atoms, and oscillate about the
calculated GN(r → 0) = 0 limiting values as shown by the solid
curves in the small-r region. The broken (green) curves in (a) and
(b) show the AIM MD results for the glass recovered to ambient
conditions from a pressure of 8.86 GPa.
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B as measured in (i) the present neutron diffraction work
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(ii) the x-ray diffraction work of Brazhkin et al. [39] [(green)
"], or (iii) the x-ray inelastic scattering work of Lee et al. [31]
[(green) ⋄]. In (a) rBO is taken from the position of the first peak
in the measured total pair-distribution functions, and the results
are compared to those obtained for the weighted mean position
⟨rBO⟩ =

∫
dr r gBO(r)/

∫
dr gBO(r) from the AIM MD simulations

[(black) ◦]. In (b) the measured n̄O
B values are compared to those

found from the AIM MD simulations [(black) ◦], the first-principles
MD simulations of Brazhkin et al. [39] [broken (green) curve], and
the empirical potential MD simulations of both Takada [30] [solid
(blue) curve] and Huang et al. [38] [chained (magenta) curve].

density ρmass = 2.7 g cm−3) was decompressed to ambient
pressure (ρmass = 1.84 g cm−3) via nine successive steps. In
each step, the density was decreased by ρmass ≃ 0.1 g cm−3

within the NPT ensemble to provide a new cell size and
starting configuration for an NV T simulation of 1 ns duration.
In contrast to experiment, the simulations show much less
difference between the uncompressed and recovered samples.
In the decompression process, the MD simulations show a
recovery of boroxol rings from f = 0 at 8.86 GPa to f = 0.42
at ambient pressure.

VI. DISCUSSION

As shown in Fig. 10, the neutron diffraction results for B2O3
glass under cold compression give a pressure dependence for
rBO and n̄O

B that is in good overall accord with the x-ray
diffraction results of Brazhkin et al. [39] and the inelastic
x-ray scattering results of Lee et al. [31]. They show that there
is no significant change to n̄O

B until a pressure of 6.3 GPa is
attained, but there is a steady increase at higher pressures to
n̄O

B = 3.8(1) at 17.5 GPa. This increase, which is consistent
with a transformation from triangular BO3 to tetrahedral
BO4 units, initially manifests itself by the appearance of a
high-r shoulder on the first peak in GN(r). The role played
by oxygen packing in the structural transformations of the
network-forming motifs in B2O3 and other oxide glasses is
discussed elsewhere [82].
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“Anomalie” de diffusion

Diffusion de B2O3 augmente avec la pression (comme SiO2, GeO2, H2O...)

in [16,17] are difficult to compare with the experimental
data because the temperature values used in simulation
were significantly higher than the melting temperature.

Thus, B2O3 melt is now the first simple oxide liquid
whose structure and viscosity have been simultaneously
subject to in situ studies in a wide pressure range. A
considerable modification of the medium- and short-range
order in B2O3 melts causes a complex nonmonotonic
viscosity behavior. The boroxol groups in B2O3 melt
quickly disappear under pressure. A noticeable fraction
of the fourfold coordinated boron atoms appears under
pressure P> 4:5 GPa. The melt is altered at compression
from an ultraviscous to a nonviscous one: at P> 5:5 GPa
the viscosity of B2O3 melt near the melting temperature is
close to the viscosity of olive oil. Obviously, ‘‘strong’’
B2O3 liquid becomes much more ‘‘fragile’’ under com-
pression. If the crystallization of B2O3 melt at room pres-
sure is virtually impossible even on slow cooling, then at
higher pressures, by contrast, it cannot practically be pre-
vented even on rapid cooling.
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FIG. 3 (color online). Experimental phase diagram of B2O3

with the approximated color mapping of the melt viscosity
(in Pa s units) (a) and pressure dependence of viscosity along
the melting curve (b). The experimental pressure-temperature
points, where viscosity was measured, are marked in (a) by the
measured values of viscosity.
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M. Salanne (UPMC) Simulations moléculaires des verres 17 Oct. 2014 18 / 30



Verres SBN

Mélanges SiO2-B2O3-Na2O de compositions variées (ici SBN 55)

Ratio B3/B4 en accord avec les expériences
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Spéciation de Y dans les aluminosilicates

Coordination numbers and average bond lengths were obtained
from the simulations in the following way: for a given pair of elements
i– j, we calculated the radial pair distribution function g(rij) by organiz-
ing the various i–j distances occurring during the simulation into bins
and suitably normalizing the resulting distribution (see, e.g., Fig. 1).
We then fixed the cut-off radius rcut for this element pair at the distance
where g(rij) adopts itsfirstminimum, i.e. rcut represents the radial extent
of the first coordination shell. The coordination of element i by element j
is determined by averaging, over all i-atoms and over the duration of the
simulation, the number of j-atoms closer to a given i-atom than rcut. Sim-
ilarly, the average i-j bond length is obtained as the average distance rijof
atom pairs with a distance less than rcut. Note that in general, rcut for a
given element pair varieswithmelt composition,which reflects changes
in the shape of the first coordination shell.

As a first step towards understanding the atomistic mechanisms lead-
ing to trace element partitioning betweenmelts, we investigated how the
local environment of Y changes as a function of melt composition. Fig. 2
shows that the coordination of Y by O drops from 7.7 in Al2SiO5 (which
has NBO/(Si+Al)=0.0) to 6.2 in CaSiO3 (NBO/(Si+Al)=1.9). Concur-
rently, the average distance between Y and its nearest-neighbor oxygen
decreases from 2.56 Å to 2.46 Å, as can be seen from Fig. 3. Coordination
numbers and average Y―O distances are also listed in Table 2. In Fig. 4,
the radial distributionof oxygen atoms aroundY is plotted for the four dif-
ferentmelt compositions.We observe thatwith increasing NBO/(Si+Al),
the distribution becomes narrower, or in other words, oxygen disorder
around Y decreases. The peak position does not exhibit systematic
changes, except for the case of Al2SiO5, where it is shifted to larger Y―O
distances. For the other three compositions, the height of the peak in-
creaseswith increasingNBO/(Si+Al). These data imply that the observed
decrease of coordination number and Y―O bond length with decreasing
polymerization is largely due to the reduction of the tail of thedistribution
at large Y―O distances.

In order to gain further insight into structural differences resulting
from changes in composition, we also investigated the chemical com-
position of the second coordination shell around Y. In Fig. 5, we plot
the average number of cations bonded to one oxygen atom if the lat-
ter is itself bonded to Y. Oxygen-cation bonding statistics were again
based on cut-off radii obtained from the simulations. As expected
from the bulk melt composition, the amount of Ca in the second
shell increases at the expense of Si and Al, when going to the more
depolymerized, i.e. more Ca-rich compositions. The essential result,
however, is that for all Ca-bearing melts, the ratio Ca/(Si+Al) in the
second coordination shell is larger than the bulk ratio, i.e. Y tends to
be associated with the network modifier Ca rather than with Si or Al.

In the light of these structural findings, we put forward a qualita-
tive explanation of the observed partitioning of Y in terms of its bond-
ing requirement. Whereas Si and Al form very strong bonds with

oxygen, the Ca―O bonds have a looser character, since Ca is less
charged and has a greater ionic radius than Si and Al. When trying
to satisfy its bonding requirements, Y competes for oxygen bonds
with other cations. In a polymerized melt, many strong competitors
(Si and Al) are present, and Y has to take what is left, forming many
weak (elongated) bonds. On the other hand, in the presence of
weak competitors like Ca, Y can shape its bonding environment
according to its needs and forms less, but stronger (shorter) bonds.
The enhanced ability of Y to shape its environment is reflected by
the reduced oxygen disorder around Y, which is indicated by the
narrower Y―O distribution shown in Fig. 4, as discussed above. This
picture explains the trends in coordination number and average
Y―O distance seen in the simulations. The fact that Y prefers to be
associated with Ca instead of Si and Al in the second coordination
shell indicates that it is energetically more favorable for Y to be
surrounded by weak competitors. This should lead to the observed
partitioning into the more depolymerized melts. In Section 3.3, we
will take a more quantitative approach to the energetics of trace
element partitioning.

3.2. Comparison to EXAFS experiments

To corroborate our structural findings obtained from MD simula-
tions, we compared them to results from extended x-ray absorption
fine structure (EXAFS) spectroscopy at the Y K-edge on four glasses
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Table 2
Structural parameters for Y in silicate melts (glasses): coordination number CN, cut-off
radius rcut for CN in Å and average Y―O distance d in Å, with standard deviations in pa-
rentheses. Simulations performed at 3000 K, EXAFS spectra taken on glasses at 300 K.
*CN fixed at simulation values, see text for explanation.

Simulation Experiment

Al2SiO5

CN 7.7 –

rcut 3.24
d 2.56 –

CaAl2Si2O8

CN 6.9 6.9*
rcut 3.24
d 2.52 2.34 (0.01)

Ca3Al2(SiO4)3
CN 6.6 6.6*
rcut 3.25
d 2.49 2.31 (0.01)

CaSiO3

CN 6.2 6.2*
rcut 3.22
d 2.46 2.28 (0.01)
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Coordination numbers and average bond lengths were obtained
from the simulations in the following way: for a given pair of elements
i– j, we calculated the radial pair distribution function g(rij) by organiz-
ing the various i–j distances occurring during the simulation into bins
and suitably normalizing the resulting distribution (see, e.g., Fig. 1).
We then fixed the cut-off radius rcut for this element pair at the distance
where g(rij) adopts itsfirstminimum, i.e. rcut represents the radial extent
of the first coordination shell. The coordination of element i by element j
is determined by averaging, over all i-atoms and over the duration of the
simulation, the number of j-atoms closer to a given i-atom than rcut. Sim-
ilarly, the average i-j bond length is obtained as the average distance rijof
atom pairs with a distance less than rcut. Note that in general, rcut for a
given element pair varieswithmelt composition,which reflects changes
in the shape of the first coordination shell.

As a first step towards understanding the atomistic mechanisms lead-
ing to trace element partitioning betweenmelts, we investigated how the
local environment of Y changes as a function of melt composition. Fig. 2
shows that the coordination of Y by O drops from 7.7 in Al2SiO5 (which
has NBO/(Si+Al)=0.0) to 6.2 in CaSiO3 (NBO/(Si+Al)=1.9). Concur-
rently, the average distance between Y and its nearest-neighbor oxygen
decreases from 2.56 Å to 2.46 Å, as can be seen from Fig. 3. Coordination
numbers and average Y―O distances are also listed in Table 2. In Fig. 4,
the radial distributionof oxygen atoms aroundY is plotted for the four dif-
ferentmelt compositions.We observe thatwith increasing NBO/(Si+Al),
the distribution becomes narrower, or in other words, oxygen disorder
around Y decreases. The peak position does not exhibit systematic
changes, except for the case of Al2SiO5, where it is shifted to larger Y―O
distances. For the other three compositions, the height of the peak in-
creaseswith increasingNBO/(Si+Al). These data imply that the observed
decrease of coordination number and Y―O bond length with decreasing
polymerization is largely due to the reduction of the tail of thedistribution
at large Y―O distances.

In order to gain further insight into structural differences resulting
from changes in composition, we also investigated the chemical com-
position of the second coordination shell around Y. In Fig. 5, we plot
the average number of cations bonded to one oxygen atom if the lat-
ter is itself bonded to Y. Oxygen-cation bonding statistics were again
based on cut-off radii obtained from the simulations. As expected
from the bulk melt composition, the amount of Ca in the second
shell increases at the expense of Si and Al, when going to the more
depolymerized, i.e. more Ca-rich compositions. The essential result,
however, is that for all Ca-bearing melts, the ratio Ca/(Si+Al) in the
second coordination shell is larger than the bulk ratio, i.e. Y tends to
be associated with the network modifier Ca rather than with Si or Al.

In the light of these structural findings, we put forward a qualita-
tive explanation of the observed partitioning of Y in terms of its bond-
ing requirement. Whereas Si and Al form very strong bonds with

oxygen, the Ca―O bonds have a looser character, since Ca is less
charged and has a greater ionic radius than Si and Al. When trying
to satisfy its bonding requirements, Y competes for oxygen bonds
with other cations. In a polymerized melt, many strong competitors
(Si and Al) are present, and Y has to take what is left, forming many
weak (elongated) bonds. On the other hand, in the presence of
weak competitors like Ca, Y can shape its bonding environment
according to its needs and forms less, but stronger (shorter) bonds.
The enhanced ability of Y to shape its environment is reflected by
the reduced oxygen disorder around Y, which is indicated by the
narrower Y―O distribution shown in Fig. 4, as discussed above. This
picture explains the trends in coordination number and average
Y―O distance seen in the simulations. The fact that Y prefers to be
associated with Ca instead of Si and Al in the second coordination
shell indicates that it is energetically more favorable for Y to be
surrounded by weak competitors. This should lead to the observed
partitioning into the more depolymerized melts. In Section 3.3, we
will take a more quantitative approach to the energetics of trace
element partitioning.

3.2. Comparison to EXAFS experiments

To corroborate our structural findings obtained from MD simula-
tions, we compared them to results from extended x-ray absorption
fine structure (EXAFS) spectroscopy at the Y K-edge on four glasses
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Table 2
Structural parameters for Y in silicate melts (glasses): coordination number CN, cut-off
radius rcut for CN in Å and average Y―O distance d in Å, with standard deviations in pa-
rentheses. Simulations performed at 3000 K, EXAFS spectra taken on glasses at 300 K.
*CN fixed at simulation values, see text for explanation.

Simulation Experiment

Al2SiO5

CN 7.7 –

rcut 3.24
d 2.56 –

CaAl2Si2O8

CN 6.9 6.9*
rcut 3.24
d 2.52 2.34 (0.01)

Ca3Al2(SiO4)3
CN 6.6 6.6*
rcut 3.25
d 2.49 2.31 (0.01)

CaSiO3

CN 6.2 6.2*
rcut 3.22
d 2.46 2.28 (0.01)
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Partition de Y dans les aluminosilicates

On considère la réaction:

Y (Al2SiO5) + Al (CaAl2Si2O8) → Al (Al2SiO5) + Y (CaAl2Si2O8)

→ Coefficient de partition K =
a1
Ala

2
Y

a1
Y a2

Al

Transformations “alchimiques”:

Al → Y dans Al2SiO5 (1)

Al → Y dans CaAl2Si2O8 (2)

RT ln K = ∆G1 −∆G2

Ici K ≈ 200

corroborates the adequacy of our interaction potential in predicting
glass and melt structures.

3.3. Y partitioning between silicate melts

In Section 3.1, we suggested a qualitative explanation for the pref-
erence of Y for less polymerized melts in terms of competition for
bonding. Now we turn to a more quantitative description of element
partitioning and consider the free energy balance which accompanies
the process. For trace element incorporation in crystals, the lattice
strain model (Blundy and Wood, 1994) provides a link between the
structural changes induced by the incorporation (strain) and the
associated energy costs, and these determine the influence of the
crystal on partitioning. However, in melts, there is no such obvious
link, due to the lack of well-defined lattice sites. We therefore chose
a more general approach and applied the method of thermodynamic
integration, by which we calculated the change in Gibbs free energy
upon replacing a major element cation in the melt (Al) by a trace
element (Y), and like in crystals, this change in Gibbs free energy gov-
erns partitioning. More precisely, we modeled the exchange reaction
of Y3+ and Al3+ between Al2SiO5 melt and CaAl2Si2O8 melt, as de-
scribed in Section 2.3:

Y3þ in Al2SiO5 þ Al3þ in CaAl2Si2O8
⇌Al3þ in Al2SiO5 þ Y3þ in CaAl2Si2O8

ð14Þ

By choosing this melt pair, we by no means want to suggest that
these melts coexist as immiscible phases in nature or experiment.
Rather they serve as a simplified model system on which the mecha-
nism and the energetics of trace element distribution can be studied.
Moreover, even hypothetical partitioning between two melts pro-
vides information about partitioning between mineral and melt: if
one is interested in the relative change of trace element distribution
between a mineral (with constant chemistry) and melts of varying
compositions (see, e.g., Prowatke and Klemme (2005)), the problem
can be reduced to partitioning between the different melts, because
the contribution of the mineral cancels out. The equilibrium constant
of reaction (14) is well-defined thermodynamically and reflects the frac-
tionation tendency of Y and Al between the two melts. We suggest to
view Al2SiO5 as highly polymerized in the sense that the ratio NBO/
(Si+Al) is 0, whereas for CaAl2Si2O8, we found NBO/(Si+Al)=0.14 in
the simulation and thus consider it less polymerized (although nominally
fully polymerized). The presence of a significant amount ofNBO in glasses
of this composition has also been comfirmed by NMR experiments
(Stebbins and Xu, 1997).

The thermodynamic integration was carried out numerically, in-
terpolating the five data points, corresponding to five values of λ,
for each system with a 4th order polynomial (Fig. 7). The change in
free energy for the transmutation Y3+→Al3+ is given by the integral
in Eq. (13), i.e. the area between a curve and the x axis, and is found to
be negative in both Al2SiO5 and CaAl2Si2O8 (areas below the x axis are
counted as negative). This indicates that incorporation of Y is energet-
ically less favorable in both cases than incorporation of Al. However,
in Al2SiO5, it is unfavorable to a higher degree, and thus the overall
minimization of the Gibbs free energy dictates partitioning of Y into
CaAl2Si2O8.

Quantitatively, we obtained a total ΔG=(−66±2) kJ/mol for the
reaction (14). The negative sign indicates that the equilibrium is
shifted to the right side, with Al enriched in the highly polymerized
Al2SiO5 melt and Y incorporated preferentially into the less polymer-
ized, Ca-bearing CaAl2Si2O8. For T=2500 K, the resulting equilibrium
constant is K=24±2. According to Eq. (10), it approximates the ratio
of molar partition coefficients DY∗

m2/m1/DAl∗
m2/m1 with m1 and m2

representing Al2SiO5 and CaAl2Si2O8, respectively. If one assumes
that ΔG does not vary a lot with temperature, the equilibrium

constant will be K=(200±30) at 1500 K, a temperature in the
range usually covered in experiments.

Since the equilibrium constant of the exchange reaction (14) is
related to a ratio of partition coefficients, we are cautious with mak-
ing statements about DY∗

m2/m1 itself. However, Veksler et al. (2006)
found that the partition coefficients of Al between two immiscible sil-
icate melts are not too far from 1 (and much closer to unity than the
partition coefficients of REE). If we assume that this also holds for our
system, then our result indicates DY∗

m2/m1>1. This finding is in agree-
ment with the observed preference of Y (and other REE) for more
depolymerized melts. It is also in line with our interpretation of the
structural data in Section 3.1, where we argued that the presence of
Ca (a “weak competitor”) facilitates the incorporation of Y into the
melt.

4. Conclusions

We combined MD simulations and EXAFS spectroscopy to investi-
gate the structural environment of Y as a trace element in silicate
melts of varying composition. For the MD, a new interaction potential
including polarization was constructed for the system Y―Ca―
Al―Si―O, which proved to be accurate, transferable and computa-
tionally efficient. The simulations revealed two structural trends:
First, the average coordination number of Y decreases when the
melt polymerization decreases (i.e. when the Ca content increases).
This change is accompanied by a decrease of the average Y―O dis-
tance by about 4%, and at the same time, oxygen disorder around Y
is reduced. A very similar variation is also seen in EXAFS experiments
on glasses, which corroborates the reliability of the simulation results.

Second, the MD simulations for the three Ca-bearing melts indi-
cate that the second (cationic) coordination shell around Y exhibits
a larger Ca/(Si+Al) ratio than the bulk composition. In other words,
Y tends to form clusters with the network modifier Ca, which implies
that for a given melt, it is energetically more favorable for Y to share
oxygen with Ca than with the network formers Si and Al. This, in turn,
suggests that, given two melts of different composition, Y should par-
tition preferentially into the one with larger Ca/(Si+Al) ratio, i.e. into
the less polymerized melt. Indeed, modeling the exchange reaction of
Y and Al between a Ca-free and a Ca-bearing melt by means of ther-
modynamic integration, we confirmed that minimization of Gibbs
free energy drives Y into the Ca-bearing melt.

Fig. 7. Thermodynamic integration for the exchange reaction of Y and Al between
Al2SiO5 and CaAl2Si2O8 melt (Eq. (13)). The data points represent the average potential
energy difference 〈VAl−VY〉λ for the two compositions as a function of the transmuta-
tion parameter λ. The curves are 4th order polynomial interpolations to the data. Either
of the curves represents one of the transmutations or partial reactions in Eq. (11). The
area between the two curves corresponds to the total change in Gibbs free energy, ΔG,
for the complete exchange reaction.
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Origine structurale

Coordination numbers and average bond lengths were obtained
from the simulations in the following way: for a given pair of elements
i– j, we calculated the radial pair distribution function g(rij) by organiz-
ing the various i–j distances occurring during the simulation into bins
and suitably normalizing the resulting distribution (see, e.g., Fig. 1).
We then fixed the cut-off radius rcut for this element pair at the distance
where g(rij) adopts itsfirstminimum, i.e. rcut represents the radial extent
of the first coordination shell. The coordination of element i by element j
is determined by averaging, over all i-atoms and over the duration of the
simulation, the number of j-atoms closer to a given i-atom than rcut. Sim-
ilarly, the average i-j bond length is obtained as the average distance rijof
atom pairs with a distance less than rcut. Note that in general, rcut for a
given element pair varieswithmelt composition,which reflects changes
in the shape of the first coordination shell.

As a first step towards understanding the atomistic mechanisms lead-
ing to trace element partitioning betweenmelts, we investigated how the
local environment of Y changes as a function of melt composition. Fig. 2
shows that the coordination of Y by O drops from 7.7 in Al2SiO5 (which
has NBO/(Si+Al)=0.0) to 6.2 in CaSiO3 (NBO/(Si+Al)=1.9). Concur-
rently, the average distance between Y and its nearest-neighbor oxygen
decreases from 2.56 Å to 2.46 Å, as can be seen from Fig. 3. Coordination
numbers and average Y―O distances are also listed in Table 2. In Fig. 4,
the radial distributionof oxygen atoms aroundY is plotted for the four dif-
ferentmelt compositions.We observe thatwith increasing NBO/(Si+Al),
the distribution becomes narrower, or in other words, oxygen disorder
around Y decreases. The peak position does not exhibit systematic
changes, except for the case of Al2SiO5, where it is shifted to larger Y―O
distances. For the other three compositions, the height of the peak in-
creaseswith increasingNBO/(Si+Al). These data imply that the observed
decrease of coordination number and Y―O bond length with decreasing
polymerization is largely due to the reduction of the tail of thedistribution
at large Y―O distances.

In order to gain further insight into structural differences resulting
from changes in composition, we also investigated the chemical com-
position of the second coordination shell around Y. In Fig. 5, we plot
the average number of cations bonded to one oxygen atom if the lat-
ter is itself bonded to Y. Oxygen-cation bonding statistics were again
based on cut-off radii obtained from the simulations. As expected
from the bulk melt composition, the amount of Ca in the second
shell increases at the expense of Si and Al, when going to the more
depolymerized, i.e. more Ca-rich compositions. The essential result,
however, is that for all Ca-bearing melts, the ratio Ca/(Si+Al) in the
second coordination shell is larger than the bulk ratio, i.e. Y tends to
be associated with the network modifier Ca rather than with Si or Al.

In the light of these structural findings, we put forward a qualita-
tive explanation of the observed partitioning of Y in terms of its bond-
ing requirement. Whereas Si and Al form very strong bonds with

oxygen, the Ca―O bonds have a looser character, since Ca is less
charged and has a greater ionic radius than Si and Al. When trying
to satisfy its bonding requirements, Y competes for oxygen bonds
with other cations. In a polymerized melt, many strong competitors
(Si and Al) are present, and Y has to take what is left, forming many
weak (elongated) bonds. On the other hand, in the presence of
weak competitors like Ca, Y can shape its bonding environment
according to its needs and forms less, but stronger (shorter) bonds.
The enhanced ability of Y to shape its environment is reflected by
the reduced oxygen disorder around Y, which is indicated by the
narrower Y―O distribution shown in Fig. 4, as discussed above. This
picture explains the trends in coordination number and average
Y―O distance seen in the simulations. The fact that Y prefers to be
associated with Ca instead of Si and Al in the second coordination
shell indicates that it is energetically more favorable for Y to be
surrounded by weak competitors. This should lead to the observed
partitioning into the more depolymerized melts. In Section 3.3, we
will take a more quantitative approach to the energetics of trace
element partitioning.

3.2. Comparison to EXAFS experiments

To corroborate our structural findings obtained from MD simula-
tions, we compared them to results from extended x-ray absorption
fine structure (EXAFS) spectroscopy at the Y K-edge on four glasses
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Fig. 3. Average nearest-neighbor (NN) Y―O bond length as a function of melt compo-
sition, NBO/(Si+Al) from simulation. Lines are a guide to the eye.

Table 2
Structural parameters for Y in silicate melts (glasses): coordination number CN, cut-off
radius rcut for CN in Å and average Y―O distance d in Å, with standard deviations in pa-
rentheses. Simulations performed at 3000 K, EXAFS spectra taken on glasses at 300 K.
*CN fixed at simulation values, see text for explanation.

Simulation Experiment

Al2SiO5

CN 7.7 –

rcut 3.24
d 2.56 –

CaAl2Si2O8

CN 6.9 6.9*
rcut 3.24
d 2.52 2.34 (0.01)

Ca3Al2(SiO4)3
CN 6.6 6.6*
rcut 3.25
d 2.49 2.31 (0.01)

CaSiO3

CN 6.2 6.2*
rcut 3.22
d 2.46 2.28 (0.01)
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of the same major-element composition as the four simulated silicate
melts, doped with 5000 ppm of Y. EXAFS probes the local environ-
ment around a selected element and hence provides information
about the first coordination shell of O around Y, in particular about
the average Y―O distance. Since the spectra taken on Al2SiO5 glass
could not be interpreted satisfactorily, this composition was excluded
from further analysis. The details of synthesis, sample preparation,
data acquisition and analysis are described by Simon et al.

A difficulty arises from the fact that the experiments were
performed on glasses at room temperature whereas the simulations
describe melts at 3000 K. Apart from one case (see below), we did not
perform extensive simulations of glasses at room temperature (which
could be compared directly to the EXAFS data) because MD averages
are physically meaningful only to the extent that the simulated system
samples all of the energetically relevant phase space. For a single Y atom
in glassy silicates, this criterion is not fulfilled at low temperatures and
with tractable simulation box sizes and simulation lengths. On the other
hand, in situ EXAFS measurements on melts are experimentally very
challenging (Pauvert et al., 2010). We anticipate that absolute
interatomic distances will be larger in the high-temperature melt than
in the glass, due to thermal expansion, but expect changes between
different compositions to be similar for melts and glasses.

The Y―O distance resulting from the analysis of the EXAFS data
are compared to the results from the simulations in Table 2. For the
analysis of the EXAFS data, the coordination of Y was taken to be
the one found in the MD simulations (see Simon et al. in 2013-this
issue for a discussion). As expected, we find Y―O bonds systematical-
ly elongated by about 8% in the high-temperature simulation with
respect to the data extracted from EXAFS. But remarkably, the Y―O
bond length decreases consistently by 0.06 Å in both simulation and
experiment, when going from the more polymerized CaAl2Si2O8 to
the more depolymerized CaSiO3. For the distribution of O around Y,
the experimental data reveal the same trend as the MD simulations:
with increasing NBO/(Si+Al), the peak becomes narrower and
higher, reflecting increasing oxygen order around Y (Fig. 6). As
expected, these distributions, measured on glasses, are significantly
narrower and more pronounced than the ones obtained from the
simulation of high-temperature melts (Fig. 4). Note, however, that
they sum up to the same coordination numbers. The agreement in
change of Y―O bond length between simulation and experiment as
well as the congruent changes in the shape of the distribution suggest
that our interactionmodel for MD correctly captures the link between
melt composition and local environment around Y.

In order to confirm that the observed differences between simula-
tion and experiment are largely due to differences between melts and
glasses, and not to deficiencies of our interaction potential, we also
simulated Ca3Al2(SiO4)3 glass, containing a single Y atom, at 300 K.
We circumvented the problem of insufficient sampling of the phase
space by running a simulation at 3000 K, picking 100 configurations
from this simulation and quenching them separately to 300 K. With
this procedure, different Y environments (sampled in the high-
temperature run) are “frozen” into the glass structures, and the aver-
age over the 100 resulting glass structures should yield a representa-
tive description of Y in Ca3Al2(SiO4)3 glass. Note however, that due
to the limited simulation time, the quench rate in the simulation was
−2.5×1011 K/s, much larger than in the experiments. This means
that the simulated glass formed at a higher fictive temperature and
therefore probably still has a slightly different structure than the
glass analyzed by EXAFS spectroscopy.We found an average Y―O dis-
tance of 2.38 Å in the simulated glass, to be compared with 2.31 Å
obtained from experiment (and 2.49 Å in the simulated melt at
3000 K). The coordination number of Ywas found to be 6.1 (compared
to 6.6 in the melt). The satisfying agreement with experiment further

Fig. 4. Distribution of O around Y in four silicate melts as obtained fromMD simulation.
The area under a curve up to a certain distance rY−O gives the number NO of oxygen
atoms within a sphere of radius rY−O around Y. Lines are a guide to the eye.

Fig. 5. Chemical composition of the second (cationic) coordination shell around Y as a
function of melt composition: number of cations per first-shell O. Lines are a guide to
the eye.

Fig. 6.Distribution of O around Y in three silicatemelts as obtained fromEXAFS spectroscopy
(for details see Simon et al. in 2013–this issue). The area under a curve up to a certain dis-
tance rY−O gives the number NO of oxygen atoms within a sphere of radius rY−O around Y.
Note the changeof scale of theordinate axiswith respect to Fig. 4. Lines are a guide to the eye.
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Structure des mélanges LiF-BeF2

Dépolymérisation de BeF2 par ajout de LiF:
CHAPTER 1. INTRODUCTION 4

Figure 1.1: The network structure of BeF2. The Be2+ ions are shown in black with the

F− ions as light grey. Bonds are drawn between cations and anions whose separation

is smaller than the position of the first minimum in the anion-cation partial radial

distribution function. Both panels show the same snapshot, which was taken from a

simulation of BeF2 at 1300 K. In the right-hand panel, BeF4 tetrahedra are drawn in

red.

using a simpler, two-term potential. More recently, Hemmati et al. have shown10 that

BeF2 displays a range of interesting thermodynamic properties. These include a pre-

dicted strong to fragile transition at temperatures just above the limits of experimental

measurement, which can be related to the presence of a density maximum at 2000 K,

and a predicted density minimum, such as that displayed by water, at 1250 K. These

transitions occur at much lower temperatures than for SiO2, a structural analogue of

the BeF2 system, giving the prospect of detailed diffraction studies in the regime of

the transitions. In chapter 3, we construct a new set of interaction models for the pure

BeF2 system, which are used in chapter 7 to study the structure and dynamics of the

liquid. Chapter 4 considers the modeling of the LiF and LiF-BeF2 systems.

What we have been looking to develop in this work is a systematic approach to

the modeling of ionic materials in a quantitative and predictive manner. Traditionally,

BeF2 pur
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Structure des mélanges LiF-BeF2

Dépolymérisation de BeF2 par ajout de LiF:
CHAPTER 4. LIF AND LIF-BEF2 MIXTURES 76

Figure 4.11: Snapshots of the simulation box for LiF-BeF2 (50-50) at 873 K (top panels)

and LiF-BeF2 (75-25) at 1073 K (lower panels), indicating the persisting Be-F network.

Black: Be atoms; white: Li atoms; gray: F atoms. Bonds are drawn for Be-F pairs

separated by less than 2.3 Å.

with Baes’ polymer model of LiF-BeF2 mixtures,73 the main difference being that Baes

considered that edge-sharing was not neglible. The speciation of the system is shown

in figure 4.12 for the various compositions studied. Further studies of these LiF-BeF2

mixtures using the interaction potentials developed in this work include a simulation of

the liquid-vapor interface, and studies of the relationship between conductivity, viscosity

LiBeF3
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Structure des mélanges LiF-BeF2

Dépolymérisation de BeF2 par ajout de LiF:

CHAPTER 4. LIF AND LIF-BEF2 MIXTURES 76

Figure 4.11: Snapshots of the simulation box for LiF-BeF2 (50-50) at 873 K (top panels)

and LiF-BeF2 (75-25) at 1073 K (lower panels), indicating the persisting Be-F network.

Black: Be atoms; white: Li atoms; gray: F atoms. Bonds are drawn for Be-F pairs

separated by less than 2.3 Å.

with Baes’ polymer model of LiF-BeF2 mixtures,73 the main difference being that Baes

considered that edge-sharing was not neglible. The speciation of the system is shown

in figure 4.12 for the various compositions studied. Further studies of these LiF-BeF2

mixtures using the interaction potentials developed in this work include a simulation of

the liquid-vapor interface, and studies of the relationship between conductivity, viscosity

Li3BeF5
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Spéciation dans les mélanges LiF-BeF2
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Viscosité
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• La viscosité augmente rapidement avec la concentration en BeF2

• Lien direct avec le degré de polymérisation

• Pas de signature sur la conductivité électrique
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Coefficients de diffusion
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Chemins préférentiels de diffusion du Li+

• Concentration hétérogène en Li+

• Déplacements coopératifs → conductivité élevée
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Conclusion

Possible de simuler de nombreux oxydes et fluorures (chalcogénures,
sulfures: ab initio!)

Interprétation expériences (diffraction, spectroscopie)

Lien structure/thermodynamique/dynamique

Perspectives ouvertes par le HPC?

M. Salanne (UPMC) Simulations moléculaires des verres 17 Oct. 2014 29 / 30



Remerciements

Labex MATISSE (thèse A. Baroni)
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Objectif de ů͛ĂƚĞůŝĞƌ 
 
La caractérisation expérimentale des états désordonnés de la matière en phase condensée constitue toujours un défi du fait de la difficulté pour les 
techniques spectroscopiques actuelles Ě͛ĂĐĐĠĚĞƌ aux échelles nanométriques en ů͛ĂďƐĞŶĐĞ Ě͛ƵŶ réseau ordonné. Dans ce contexte, la modélisation 
constitue une méthode Ě͛ĠƚƵĚĞ complémentaire très précieuse pour affiner la connaissance de ces milieux. 
Initié il y a quelques années par C. Bichara, C. Massobrio et A. Pasturel, l'atelier SiMaDes a pour but de permettre à la communauté scientifique des 
modélisateurs de la matière désordonnée d'échanger autour de leurs approches respectives. La 6ème édition de cet atelier sera organisée conjointement 
par le CEA Marcoule et ů͛/�^D (DEN/DTCD) sur une journée et demie les 20 et 21 Novembre 2014. Au travers de présentations orales consacrées à la 
modélisation des systèmes désordonnés, l'atelier permettra de proposer un panorama des divers types de systèmes et interfaces étudiés (verres, liquides 
et solutions complexes, milieux interfaciaux, etc.). La complémentarité des différentes approches mises en ƈƵǀƌĞ sera particulièrement mise en avant, 
les échelles de description variées (de l'échelle atomique au génie chimique) se complétant les unes par rapport aux autres. Un des intérêts de l'atelier 
est de favoriser les échanges entre les participants afin d'initier l'émergence de projets communs.  
 
Organisation des journées (Amphithéâtre de ů͛/�^DͿ 
 
Jeudi 20 Novembre 2014 
 
13H30 : Accueil des participants 
13H45 : Introduction des journées 
14H ʹ 18H : Présentations orales (15͛ à 20͛ par présentation) + Pause Café 
 
20H30 : Dîner de gala 
 
Vendredi 21 Novembre 2014 
 
8H30 - 12H30 : Présentations orales (15͛ à 20͛ par présentation) + Pause Café 
12H30 ʹ 14H : Buffet 
14H ʹ 16H30 : Présentations orales (15͛ à 20͛ par présentation) 
Fin de ů͛ĂƚĞůŝĞƌ SiMaDes 
 
Des transports aller - retour par navette entre Avignon et le CEA Marcoule seront organisés les Jeudi et Vendredi. 
 
Informations Pratiques 
 
>͛ŚĠďĞƌŐĞŵĞŶƚ du jeudi soir, le dîner de gala, le buffet du vendredi midi et les pauses cafés seront pris en charge par ů͛ŽƌŐĂŶŝƐĂƚŝŽŶ. 
Le transport des participants pourra également faire ů͛ŽďũĞƚ Ě͛ƵŶ remboursement (en faire la demande au préalable) sur la base des tarifs SNCF 2nd classe. 
Cet atelier bénéficie du soutien financier du CfCAM-GSO et du Département Ě͛ĠƚƵĚĞƐ du Traitement et Conditionnement des Déchets (CEA/DTCD). 
Contact : jean-marc.delaye@cea.fr; olivier.bouty@cea.fr; jean-françois.dufreche@icsm.fr  
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