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ABSTRACT
Different noble gases (He, Ne, and Ar) containing densified silica liquids and glasses are investigated from molecular dynamics simulations
at different system densities using a dedicated force field. The results for pure silica are first compared to reference potentials prior to an
investigation of the thermodynamic diagram, the diffusivity, and the structure under different (T, P) conditions. It is found that the equation
of state and the diffusivity are weakly sensitive to the nature of the incorporated noble gas, leading to a similar trend with density for all
systems. The network structure is weakly altered by the presence of the gas, and pressure induced structural changes are those usually found
for amorphous and liquid silica, i.e., Si coordination increase, tetrahedral to octahedral conversion of the base geometry, and collapse of
large rings under pressure. Ne- and Ar-based systems display an increased structuration, however, as preferential distances appear in gas–gas
correlations at large densities in both the liquid and amorphous states. Finally, we focus on the conditions of heterogeneity that are driven by
the formation of noble gas bubbles, and these appear for a threshold density ρc that is observed for all systems.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0056362

I. INTRODUCTION

The question of the solubility of noble gases in silicate liquids
with pressure and with melt composition has not only consider-
able geophysical implications1 but also technological ones since inert
gases are used in, e.g., glass fiber drawing2 or heat transfer reduction
of window glasses,3 because the structural properties can be sub-
stantially altered.4 In geochemical studies, while melt composition
dependence of noble gas solubility is well-documented at low pres-
sures,5–10 higher pressure data are more limited,11–13 but these show
that the noble gas solubility increases almost linearly with pressure
up to 3 GPa before stabilizing for larger pressures.

For the special case of silica, one expects to have gas solu-
bilities becoming small at elevated pressures because of the com-
paction of voids inside the structure. However, x-ray and Raman
scattering measurements seem to suggest14,15 that SiO2 is much less
compressible when compressed in helium, as also independently
suggested from Brillouin scattering.16 It is suggested that voids do
not fully contract under pressure because of the presence of stuffed

helium, albeit obvious structural changes of the host silica matrix are
observed. Strong effects on the intermediate-range structural order
are obtained, which manifest by a nearly constant behavior of the
first sharp diffraction peak position with pressure,15 at variance with
ordinary SiO2.17 This means that the incorporation of noble gases
is not simply an adsorption phenomenon in a porous media but
must involve some modification of the network structure. Similarly,
it has been noted that argon solubility drops abruptly for P ≥ 5 GPa12

and is weakly dependent on temperature as sets of data with dif-
ferent experimental temperatures18,19 (1500–3000 K) appear to map
onto a single curve, i.e., suggesting negligible temperature depen-
dence of Ar solubility as also observed for more complex silicate melt
compositions at high pressures.20

Computer simulations appear to be helpful in this context in
order to clarify the observed phenomena, and they also provide a
detailed atomic scale picture of the effect of noble gas incorporation.
A dedicated force field is needed in order to model correctly the sil-
ica network and the weakly interacting noble gas, usually modeled
by a hard sphere or Lennard-Jones interaction. The limitations of
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such potentials are now rather well established. For instance, it has
been found that hard sphere models lead to a quasilinear Henry-
like behavior increase in the noble gas solubility with pressure,21,22

in contrast with the current observation. Still, an increased under-
standing has been obtained. For instance, using molecular dynamics
simulations, Guillot and Guissani23 have evaluated the free energy
of the insertion of noble gases in fused silica and have found that the
insertion of noble gases into the melt is ruled by the entropy of cav-
ity formation, rather than the solvation energy of the solute atom.
This suggests that smaller atoms (e.g., He and Ne) are preferentially
solvated with respect to larger ones. Using an ab initio potential for
liquid silica with argon, Zhang et al.24 established the distribution of
interstitial voids in the structure by taking oxygen and silicon atoms
as exclusion spheres. The calculated pressure dependence of Ar sol-
ubility using this method was found to be in qualitative agreement
with the experimental data.12,19 More recently, Guillot and Sator
have established a more accurate force field25 able to reproduce a
certain number of physico-chemical properties of natural silicate
melts under various (T, P) conditions.26,27 These force fields build on
three types of components: SiO2, silica–gas interaction, and gas–gas
interaction.28

These potentials appear clearly helpful to decode the mecha-
nisms of incorporation of noble gases into silicate melts under pres-
sure. However, a general investigation for all types of noble gases
is lacking, and this would permit us to understand the combined
effect of pressure, nature of the noble gas, and temperature. The
effect of such incorporation of He, Ne, or Ar has often been consid-
ered independently for specific systems. The purpose of the present
contribution is to perform such systematic studies, i.e., we investi-
gate the structural, thermodynamic, and dynamic properties of He,
Ne, and Ar containing liquid silica in the 300 ≤ T ≤ 4000 K and 1.2
< ρ ≤ 4.2 g cm−3 range by focusing on the effect of the incorporated
element. The results indicate that the diffusivity of rare gas contain-
ing silica behaves similar to one of the densified liquid silica with
(i) anomalies found that manifest by a minimum and a maximum
in oxygen diffusivity, (ii) a ring statistics following closely the one
determined for SiO2, and (iii) an equation of state that does not
display a very different trend once represented in a P(ρ) diagram.
Finally, we determine the density at which noble gas bubbles start to
nucleate, and these are found to form below a threshold density ρc
that depends on the nature of the noble gas particle. On the other
hand, the noble gas diffusivity for He and Ne appears to be weakly
dependent on T at low density but changing rather dramatically in
Ar-bearing liquids.

This paper is organized as follows: Sec. II presents the sim-
ulation methods and validates the potential used in this study.
Section III presents the results obtained on thermal and struc-
tural properties followed by those found for the dynamic properties
(Sec. IV). Finally, Sec. V summarizes our findings and draws some
conclusions.

II. SIMULATION METHODS
A. System and densification strategies

The simulated liquids and glasses were made of 3000 + NX
atoms (X = He, Ne, and Ar) with always a ratio X:Si of 1:10 for
the number of species leading to systems of the form SiO2–0.1X

(X = He, Ne, and Ar) and NX = 100. In order to probe the effect
of composition, we have also studied SiO2–0.2He (NHe = 200). Each
system has been first maintained for about 1 ns at 4000 K and 5 GPa
in the NPT ensemble. The use of a non-zero pressure is needed in
order to avoid the onset of a strongly inhomogeneous liquid driven
by noble gas bubble formation (see below). Those liquids were then
quenched under this pressure by steps of 500 K down to 300 K with
equilibration times of about 300 ps each. Such obtained low tem-
perature systems were used as starting configurations for the other
investigated densities by appropriately rescaling the cell length. Den-
sities were changed from 1.3 g cm−3 up to 4.2 g cm−3, by increments
of 0.1 g cm−3, each new densified system being obtained from its
closest counterpart. By using such incremental density steps, the
relative variation of bond distances was less than 3%.

Each system has been maintained at a given thermodynamic
condition for 100 ps, prior to production runs for 300 ps. It is clear
that under certain conditions, certain systems will not fully reach
thermodynamic equilibrium, and this turns out to be the case at
low temperature (300 K) or at large densities. For the specific Ar-
containing silica systems, we have performed longer runs (1 ns) in
order to obtain more reliable diffusivity results. Preliminary runs
over 300 ps led, indeed, to rather scattered results once represented
as a function of system density.

B. Interatomic potential
The gas–gas interactions build on a pair-wise potential of

the form

V(r) = A1e−r/ρ1 −
C1

r6 , (1)

where the parameters (A1, ρ1, C1) are fitted in order to reproduce
potential energy curves obtained from ab initio calculations and the
Tang–Toennies van der Waals potentials29 for rare gas fluids. They
are also able to reproduce the equation of state in the (P, V , T) in
the thermodynamic diagram for He, Ne, Ar, and Xe at T = 300 K,
and agreement with experimental data is very good for, e.g., Ar up
to 1 GPa.30

The interaction potential for silica builds on the
Beest–Kramer–Van Santen (BKS) form,31 and an additional Si–Si
interaction is used from the Tsuneyuki–Tsukuda–Aoki–Matsui32

(TTAM) form. This has been realized previously in order to
reproduce the broad Si–O–Si bond angle distribution in amorphous
silica and the reduction of its width with the addition of sodium
dioxide.33 An additional highly repulsive term is added at a short
distance in order to avoid a spurious collapse of the system at high
temperature and elevated pressures.34

Finally, we used the fitted parameters of Guillot and Sator25

to model the noble gas–silica interactions. These authors have
acknowledged the lack of theoretical data35–37 able to realistically
reproduce the presence of noble gases in complex magmas and
developed, therefore, a potential of the form

Vij(r) = 4εij[(
σij

r
)

6
− (

σij

r
)

12
], (2)

where i is a noble gas of species i (i = He, Ne, and Ar), j is an ion of
species j (j = O and Si), r is their separation distance, and εij and σij
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FIG. 1. Calculated pair correlation function G(r) of amorphous SiO2 at 300 K
(green), compared to experimental data from neutron scattering17 and to results
from the Tangney–Scandolo potential.38

are the parameters associated with the pair (i, j). These parameters
and their physical basis can be found in Ref. 25.

C. Preliminary verification
We have first generated sets of silica liquids under various (ρ, T)

conditions and have checked the ability of the potential to properly
describe the structure of the base network.

FIG. 2. Calculated oxygen diffusivity DO in densified silica for different isotherms,
compared to previous results.39

Figure 1 compares the real-space structure of the obtained
silica with experimental data from neutron scattering17

together with the results obtained from an alternative poten-
tial (Tangney–Scandolo38). It is seen that characteristic peaks (Si–O
distances at 1.65 Å, O–O at 2.70 Å) are well reproduced by the
potential. Similarly, we check for the self-diffusion Dα (α = Si, O) for
liquid silica, using the definition of the mean-square displacement,

⟨r2
α(t)⟩ =

1
Nα
⟨

Nα

∑
i=1
∣riα(t) − riα(0)∣2⟩, (3)

and the long-time limit of ⟨r2
α(t)⟩ that permits us to obtain the dif-

fusion constant Dα = ⟨r2
α(t)⟩/6t for all species. Figure 2 represents

such diffusivity results as a function of density for various isotherms,
and these are found to be compatible with previous results.39 Specif-
ically, it is found that the usual water-like anomalies40 observed
in tetrahedral liquids are recovered,41,42 i.e., we find a maximum
Dmax in diffusivity at about 2.9 g cm−3, consistently with previous
studies,39 and a minimum Dmin at 1.8 g cm−3.

Taken together, both Figs. 1 and 2 provide some confidence that
the base system is realistically described and is able to reproduce the
salient structural and dynamic features of SiO2.

III. RESULTS
We now turn to the main results of this contribution, that is, the

calculation of thermodynamic, structural, and dynamic properties of
densified liquid silica containing noble gases.

A. Equation of state
Figures 3(a) and 3(b) represent the calculated pressure as a

function of density for various isotherms for the selection of systems.
For a given system, we first note that the equation of state (EOS)

follows a nearly identical trend for densities larger than 2.4 g cm−3

at nearly all temperatures (Fig. 3 and inset) but with a progressive
deviation to higher pressures at the largest temperature [4000 K,
Fig. 3(a)]. This trend is also nearly the same for all systems,
although the addition of noble gases leads to an increase in P for
ρ > 2.0 g cm−3. The pressure is negative for almost all temperatures
when ρ < 2.7 c cm−3, and this indicates that one has a stretched melt
for such conditions [Fig. 3(a)]. Finally, for densities smaller than a
certain ρ1 [e.g., ρ1 < 2.3 g cm−3 at 2500 K in silica, Fig. 3(a)], typical
Maxwell thermodynamic instabilities onset, resulting in a positive
second derivative for the free energy and a negative compressibility
(χT < 0).

In pure silica [Fig. 3(c)], one, furthermore, finds a probable iso-
baric density maximum in the region close to ≃3.2 g cm−3, i.e., a
minimum in P(T) for selected isochores defining the locus of a tem-
perature of maximum density (TMD)39,40 that is barely notable for
the He-containing liquid and evidenced once different isochores are
represented [Fig. 3(d)]. In both systems, the temperature at which P
is minimum seems to evolve from 2500 K at 3.1 g cm−3 to 3500 K at
3.3 g cm−3, albeit not observable for 3.2 g cm−3 in the He-containing
system. Since this is not the main purpose of this contribution and
because our temperature steps are probably too large, it seems dif-
ficult to comment more on this. In addition, such TMDs are some-
times found close to the glass transition region (low T, large ρ) so
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FIG. 3. Calculated equation of state of densified silica containing noble gases. (a)
Pure silica at different isotherms ranging from 2000 to 4000 K. The inset shows
the equation of state (EOS) of SiO2–0.1He. (b) EOS of the different systems at
3000 K. (c) P(T) curves in liquid silica for different isochores. (d) P(T) curves in
SiO2–0.1He for different isochores.

that the phase space is not fully explored and improved statistics
or independent simulations such as Monte Carlo simulations are
needed.39

It has also to be remarked that for a certain threshold den-
sity typically ρc = 2.0 g cm−3, pressure stops to decrease upon
further decompaction and converges to P ≃ 0 at low density, this
feature being obtained for all noble gas sizes and temperatures
(marginally impacted at high temperatures and eventually moving
from 2.0 to 2.2 g cm−3 for 4000 K). Conversely, for low temperatures
(not shown), the same tendencies are obtained, the minimum in
P(ρ) becoming more pronounced as also obtained for other typical
tetrahedral liquids.23

When all systems are being compared, the effect of noble gas
concentration appears to dominate with respect to the nature of the
noble gas atom [Fig. 3(b)]. For instance, one finds, indeed, 2.83 GPa
in silica at T = 3000 K, ρ = 3.0 g cm−3 and for all SiO2–0.1X sys-
tems similar pressures (4.43, 4.10, and 4.74 GPa for X = He, Ne,
and Ar, respectively), i.e., somewhat lower than the pressure attained

FIG. 4. Equation of state V/V0 as a function of pressure in liquid silica containing
noble gases at 3000 K (symbols). Here, V0 is the volume at which zero pressure is
obtained for each system. Broken lines correspond to the P < 0 domain. The solid
line represents a Birch–Murnhagan (BH) fit to the P > 0 data of the Ne system.
The inset shows the isothermal compressibility χT as a function of pressure P for
the 3000 K isotherm. The colored curves refer to the colored symbols of the main
panel.

in SiO2–0.2He (6.15 GPa). In Fig. 4, using these numerical data, we
now represent results for the liquid compressibility. We first repre-
sent an alternative view of the data of Fig. 3 by plotting the equation
of state V/V0(P) for P > 0 (Fig. 4). A Birch–Murnhagan (BH) fit is
performed to these data using

P =
3
2

K0[(
V
V0
)
−7/3
− (

V
V0
)
−5/3
]

× [1 +
3
4
(K′0 − 4)((

V
V0
)
−2/3
− 1)], (4)

where K0 is the bulk modulus and K′0 is its derivative. Once applied
to the data fulfilling P > 0, it leads to a bulk modulus at zero pres-
sure which is of about ≃11–20 GPa (Table I) for nearly all sys-
tems in the liquid phase. The functional forms of Eq. (4) then per-
mit one to derive the behavior of the isothermal compressibility
χT = ρ−1

(∂ρ/∂P)T as a function of system density (inset of Fig. 4),
which qualitatively indicates an increased compressibility in silica
at elevated pressures and an opposite behavior for P < 5 GPa with
respect to the liquids containing noble gases.

As expected, the behavior of the EOS in the amorphous phase
leads to values for the compressibility that are substantially smaller,
e.g., for amorphous silica, it is found that K−1

0 = χT = 0.03(5) GPa−1,
i.e., somewhat larger than the experimental value determined at zero
pressure (0.026 GPa−143). Note that the value of the compressibil-
ity depends on the chosen interatomic potential so that χT can be
found in the range 0.04–0.06 GPa for typical force fields.44 With
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TABLE I. Fitted Birch–Murnhagan (BH) coefficients in 3000 and 300 K silica containing noble gases. Bulk modulus K0 and
first derivative K′0.

3000 (K) 300 (K)

System K0 (GPa) K′0 (GPa) K0 (GPa) K′0 (GPa)

SiO2 11.5(0) 8.7(9) 28.5(7) 21.2(7)
SiO2–0.1He 10.8(3) 8.3(7) 27.6(2) 21.0(4)
SiO2–0.2He 11.5(8) 7.4(0) 29.3(7) 19.3(8)
SiO2–0.1Ne 18.7(0) 4.2(2) 31.2(4) 15.2(1)
SiO2–0.1Ar 11.3(0) 7.4(5) 30.3(4) 19.5(1)

the addition of He, the bulk modulus remains at nearly the same
level (27.6 GPa for SiO2–0.1He) and appears to slightly increase
with He content, as in the liquid state. These values appear sub-
stantially smaller than the ones reported from x-ray diffraction and
Raman scattering measurements (K0 = 110 GPa14) but seem com-
patible with the results from Brillouin scattering (36.5 GPa16). Here,
two comments have to be made. First, one has to keep in mind
that the experiments are performed in a He atmosphere so that the
exact atomic concentration of He inside the silica matrix is unknown
and can hardly be linked to a fraction investigated in a numeri-
cal study (Si:He = 100 and 200). In addition, it has been shown14

that the nature of the pressure medium was displaying a crucial role
as the volume change of silica in a He medium was found to be
much smaller than the one in a methanol–ethanol medium. Second,
the numbers presented in Table I depend, of course, on the cho-
sen MD model, and previous investigations44 on the effect of pair
potentials on the compressibility of silica have already emphasized
the large variability of results. Overall, the present results from the
EOS simply indicate (i) an obvious reduction in χT with decreasing
temperature and (ii) only a moderate increase in K0 with the addi-
tion of noble gases. The investigation of such behaviors with a larger
amount of He is currently being considered.

B. Structure
1. Correlations and coordinations

Because of the small fraction of the noble gas inside the struc-
ture, we first note that the contribution of corresponding partial
structural correlations is very small so that the calculated total pair
correlation function g(r) of the different SiO2–0.1X systems will
barely differ from the one represented in Fig. 1. More insightful is
the correlation between noble gas atoms. Figure 5 represents such
partial correlations gXX (X =He, Ne, and Ar) in amorphous (300 K)
and liquid (3000 K) systems.

The correlation between gas atoms displays roughly three typi-
cal behaviors as a function of density and temperature. At low den-
sity (ρ < 2.0 g cm−3), the function gXX indicates the absence of any
structural correlations so that no typical interatomic distance can
be defined and a homogeneous distribution (gXX → 1) is already
found at a short distance (2.5 Å). This feature is typical of a free
evolving gas. In this situation, the stretched network with a negative
pressure (Fig. 3) leaves sufficient voids to permit an unconstrained
motion for the gas particles. These features are also linked with the
aspects of inhomogeneities as discussed below. A second regime is

acknowledged for intermediate densities at 300 K (roughly from 2.0
to 2.8 g cm−3) that extends to higher densities in the 3000 K liquid
(2.4 ≤ ρ ≤ 3.8 g cm−3). Here, a preferential distance emerges at, e.g.,
≃2.8 Å in Ne containing silica but with a homogeneous distribution
beyond this first-shell correlation, this feature being observed for all

FIG. 5. Calculated pair correlations gXX (X = He, Ne, and Ar) in noble gas contain-
ing silica of the form SiO2–0.1X under ambient (300 K, black) and liquid conditions
(3000 K, red) for different system densities (1.4 ≤ ρ ≤ 4.2 g cm−3).
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FIG. 6. Calculated Si coordination population in densified amorphous silica (col-
ored curves). The light gray curves correspond to gas (He, Ne, and Ar) containing
silica. The inset represents the corresponding calculation for liquid silica at 3000 K.

the investigated systems except for the SiO2–0.1Ar system, which
promotes a secondary preferential distance at ≃5 Å in the liquid.
The structure appears to become largely system dependent as He-
and Ne-based systems continue to have a nearly homogeneous dis-
tribution beyond the first correlating distance, whereas Ar- and the
He-rich system (SiO2–0.2He) now display marked second neighbor
correlations, indicative of a structured fluid. This signals obvious size
and composition effects.

2. Silicon coordination
The Si coordination number nSi calculated by integrating

the pair correlation function gSiO(r) up to its first minimum at
rm = 2.6 Å (not shown) shows very weak dependence on noble gases.
As previously found for pure silica,34 but also for a certain num-
ber of silicates,45,46 the trend exhibits a progressive Si coordination
change due to an increased number in oxygen neighbors with grow-
ing pressure/density, which also induces the conversion from tetra-
hedral to Si octahedral local geometries that are typical of the high
pressure stishovite polymorph.47 Specifically, we find that nSi ≃ 4
over a wide density range (1.3 ≤ ρ < 2.8 g cm−3) but with a slight
decrease in stretched glasses and liquids (ρ ≤ 1.8 g cm−3). The evolu-
tion of such coordination numbers appears to be weakly influenced
by temperature changes (Fig. 6, inset).

FIG. 7. Calculated ring population at ambient [300 K, panels (a) and (b)] and elevated temperatures [3000 K, (c) and (d)] in densified silica (○), SiO2–0.1He (△), SiO2–0.2He
(▽), SiO2–0.1Ne (◇), and SiO2–0.1Ar (◻). (a) and (c) represent the small-ring statistics (n = 2–5), and (b) and (d) represent the larger ring statistics (n = 5–8).
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The detail of such coordination numbers (Fig. 6) reveals the
usual emergence of fivefold Si (SiV ) with starting densification
that grows up to nearly 50% of all Si present and maximizes for
≃3.6 g cm−3 as currently observed in densified silica48,49 and sili-
cates.50 Upon further densification, a sixfold Si (SiVI) emerges and
represents the local coordination of very high pressure. The fraction
of SiVI is found to be somewhat lower under ambient conditions
(≃50%) as compared to the liquid state (≃70% at 3000 K, inset of
Fig. 6). Here, the role of the noble gas atoms in this coordination
change with density appears to be negligible as the different Si coor-
dinations are weakly affected by their presence, the fraction of Sik

(k = IV, V, VI) remaining basically the same (gray curves in Fig. 6).

3. Rings
A study of topological intermediate-range order is realized by

performing a ring analysis for the different systems and thermody-
namic conditions. We use a ring statistics algorithm mostly based on
the King–Franzblau51,52 shortest-path search to find rings contain-
ing a maximum of eight silicon atoms. This sort of analysis permits
us to have a neat characterization of glassy networks.53–55

Figure 7 represents such statistics for silica and noble gas con-
taining silica at ambient [300 K, Figs. 7(a) and 7(b)] and liquid tem-
peratures [3000 K, Figs. 7(c) and 7(d)] as a function of density ρ. For
clarity, we have split each ring population and represented small-
ring [Figs. 7(a) and 7(c)] and large-ring population [Figs. 7(b) and
7(d)]. Here, it should be noted that by an n-ring, we mean the num-
ber of silicon atoms part of the ring. Note that the 5-ring population
has been duplicated in order to be used as a reference in all panels.

For pure silica, the general trend with density is in line with
previous studies focusing on the effect of pressure on ring popula-
tion using either experimental or theoretical methods.17,56–59 Usu-
ally, the preliminary stages of compression induce a nearly elastic
response and do not alter the ring population.56 This ambient regime
corresponds to the near plateau behavior at intermediate densities
[Figs. 7(a) and 7(b)] with 2.0 ≤ ρ ≤ 2.6 g cm−3. Possible plastic
events at the nanoscale upon further compression (ρ > 2.6 g cm−3)
involve the transformation of tetrahedral silicon into fivefold Q5

species45,60 (see also Fig. 6) and a modification of the ring structure,
as acknowledged from Fig. 6. Here, the 3- and 4-ring population
starts to grow to become the dominant motif of the structure at the
expense of 5-rings, and a minority fraction of 2-ring (edge-sharing
tetrahedra) typical of chalcogenides61 is also present at the largest
system density (4.2 g cm−3). For the latter, such small 2-, 3-, and
4-rings then represent about 85% of all closed structures, whereas
they are only of about ≃20% at 1.2 g cm−3. With increasing pressure
(ρ > 3.0 g cm−3), larger rings (5–8) tend to collapse due to volume
reduction and to the increased connectivity of the network with the
growing population of fivefold and sixfold silicon, which represents
the dominant local structure for ρ > 3.5 g cm−3 (Fig. 6). This leads,
indeed, to an increase in smaller ring structures as also previously
acknowledged in chalcogenides55,61 but also in silica under pressure
where the emergence of such smaller rings could be analyzed from a
ring zipper mechanism involving a pairing of fivefold and/or sixfold
coordinated Si sites.17 It should finally be noted that the population
of fivefold rings has a specific trend with density. In the low den-
sified regime (2.8 < ρ < 3.3 g cm−3) with pressures close to 0 GPa
(Fig. 3), fivefold rings appear to be promoted because of two oppo-
site tendencies: (i) the increase in silicon and oxygen coordination

numbers, which lead to an increase in the network connectivity and
promote small rings, and (ii) the reduction in the molar volume that
reduces the possibility to have large rings. Ultimately, the fraction of
fivefold rings is about 15% for the highest density.

When the different noble gas containing systems are investi-
gated along the same scheme, it turns out that all behave very similar
to pure silica in the liquid state [3000 K, Figs. 7(c) and 7(d)]. For the
amorphous systems, we do find that noble gases, in general, tend
to increase the fraction of 6-rings to reduce the fraction of seven-
fold rings for ρ > 2.0 g cm−3, the fraction of very small rings (2–4)
remaining nearly unchanged for all systems over the entire density
range.

IV. DIFFUSION AND DYNAMICS
At large temperatures (T > 2500 K), atomic motion is impor-

tant enough and dynamic properties can be safely computed.
Figure 8 now represents the oxygen diffusion coefficient DO for
the different systems as a function of density at different fixed
temperatures.

A. Diffusivity anomalies
An inspection of Fig. 8 clearly signals that the well-documented

diffusivity anomalies39 obtained in densified silica (Fig. 2) are main-
tained with the addition of noble gases. At, e.g., 3000 K, we find
for the SiO2–0.1Ne, indeed, that DO displays a minimum Dmin and
a maximum Dmax at 2.0 and 3.4 g cm−3, respectively. The loci of
Dmin and Dmax for the stuffed systems appear to be rather close
to those of pure silica, which are usually found at around 2.1–2.3

FIG. 8. Calculated oxygen diffusivity DO in liquid silica and noble gas containing
silica as a function of system density for selected isotherms. Note that the sili-
con diffusivity is about the same as DO and has not been represented in order
to maintain a readable figure. The diffusivities of the SiO2–0.1Ne have not been
represented as they closely follow SiO2–0.1He.
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and 3.2–3.3 g cm−3, respectively, and as for silica, they appear to be
coupled with the thermodynamic anomalies noted before (Fig. 3).
The minor difference with the reference silica underscores a simi-
lar structural change upon densification for the SiO2–0.1X systems
that has been noted before for both the short-range (Fig. 6) and the
intermediate-range order (Fig. 7).

When the nature of the noble gas is considered, we note that
the presence of argon tends to reduce on the overall the network dif-
fusivity, and at the lowest temperature (2500 K), Dmax is decreased
by nearly a factor of 2 with respect to the helium and neon coun-
terparts. An inspection of Fig. 8 indicates that with decreasing T,
differences in network dynamics do emerge and are linked with a
progressive distinct structural change for each noble gas, this state-
ment being particularly valid for Ar. For the lightest element, it is,
furthermore, seen that the concentration does not play a role at all in
the global network dynamics because diffusivities of SiO2–0.1He and
SiO2–0.2He remain nearly the same. With increasing temperature,
these effects tend to vanish, and at the highest considered tempera-
ture (4000 K), all investigated systems fall onto the same diffusivity
curve.

B. Noble gas diffusivities
Figure 9 now represents the gas diffusivities for the same

thermodynamic conditions. Different behaviors are acknowledged
between the small and large density regimes and also between the
different species stuffing the base silica liquid. For ρ < 2.3 g cm−3,

diffusion is weakly influenced by temperature conditions, and DX
remains nearly the same as the atomic motion occurs within a
stretched silica melt with a large number of voids [Fig. 7(d)]. This
feature appears to be generic to all investigated systems [black lines
in Figs. 9(a)–9(d)]. As one usually models the diffusivity using
a thermally activated process with a functional Arrhenius form
D = D0 exp[−EA/kBT], the present behavior simply signals that the
approximate limit of 2.3 g cm−3 separates two typical behaviors for
the gas particles: a diffusivity process dominated by activation bar-
riers for large system densities and diffusion with EA ≃ 0 at low
density.

Once the different systems are being compared, it appears
that the concentration does not affect the diffusivity of He-stuffed
silica as DHe almost behaves very similarly for SiO2–0.1He and
SiO2–0.2He, and for the lowest considered temperature (2500 K),
DHe(ρ) is identical. With respect to the latter values, a decrease of
about a factor 3 and 20 is obtained for Ne and Ar diffusivities over
the entire density interval, respectively.

C. Bubble growth
An additional insight into the dynamics is provided by exam-

ining density fluctuations. We separate the simulation box into bins
and count the number of atoms inside each bin for a given ther-
modynamic condition (T, ρ) and average over the entire simula-
tion trajectory. The outcome is a density distribution f (ρ) that

FIG. 9. Calculated gas diffusivities DX in SiO2–0.1He (a), SiO2–0.2He (b), SiO2–0.1Ne (c), and SiO2–0.1Ar (d) as a function of system density for selected isotherms. The
lines represented in the low density regime serve as a guide.
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characterizes the degree of homogeneity of the system and is able
to detect the possible occurrence of noble gas bubbles.

To check this method, Fig. 10(a) represents the results for pure
silica (3500 K) where the oxygen atom distribution is represented
as a function of the nominal (normalized) density ρ0 for different
system densities. As expected, at high density, f (ρ) displays a sharp
distribution centered at ρ = ρ0, which is indicative of a homogeneous
melt. The situation holds as long as ρ < 2.2–2.5 g cm−3, i.e., as long
as one has a positive pressure [Fig. 3(a)]. For smaller densities, the
distribution obviously broadens, which is indicative of a stretched
melt and also the signature of the creation of voids, which induce
strong density fluctuations. For our lowest density (1.3 g cm−3),
the peak structure of f (ρ) has vanished and one has broad density
distribution across the simulation box.

A useful means to characterize these distributions is the cal-
culation of the second moment σ f of f (ρ), which permits us to
follow the broadening of mass distribution inside the simulation box
under thermodynamic conditions. Figure 10(b) represents such a
second moment as a function of ρ, which permits us to highlight
two obvious behaviors. A first one is obtained for densities larger
than a threshold density ρ > ρc = 2.0 g cm−3 and exhibits a small
value and variation of σ f , which is the signature of a weak hetero-
geneity of the structure, albeit the decrease of σ f between 2.0 and
4.2 g cm−3 suggests a continuous refinement of the system

FIG. 10. (a) Mass density distribution f(ρ) across the simulation box as a function
of reduced density (ρ/ρ0) in liquid silica at 3000 K. (b) Evolution of the second
moment σ f of f(σ) with system density. The arrow indicates the limit between
two obvious low- and high-density regimes. The inset represents a snapshot of
the bubble formation in SiO2–0.1He at 4000 K and 2.1 g cm−3.

homogeneity under pressure. The second regime onsets for ρ <
ρc and signals that the system has become heterogeneous as σ f
increases and rapidly evolves with decreasing ρ. It is interesting to
note that the threshold pressure of ρc = 2.0 g cm−3 coincides with the
region of thermodynamic instabilities [Fig. 3(a)] that lead to strong
system fluctuations and a diverging isothermal compressibility that
promotes bubble formation.

1. Low density
We now consider such heterogeneities in the SiO2–0.1X sys-

tems. The regime under consideration corresponds to densities lead-
ing to negative pressures for the system (Fig. 3) and to diffusivities
of network forming species that are minimum (Fig. 8).

At elevated temperatures, a typical snapshot indicates the for-
mation of noble gas bubbles that will give rise to a certain number
of typical behaviors encoded in our previously calculated proper-
ties [inset of Fig. 10(b)]. For densities lower than the one displayed
(2.1 g cm−3), the system will become increasingly inhomogeneous
as manifested by an increase in σ f (Fig. 11) and by the change in
diffusivity (Fig. 9). The formation of these bubbles permits us to
understand the salient features displayed in the previously calcu-
lated pair correlation functions at low densities. In this regime, as
the noble gas atoms are part of a bubble, they behave, indeed, as
a free gas and do not exhibit any structuration in pair correlation
functions. Here, the first maximum in the pair correlation functions
gXX vanish (X = He, Ne, and Ar) and gXX → 1 already at low short
distances (≃2 Å, Fig. 5).

2. High density
From Fig. 11, it is, furthermore, noted that noble gas particles

induce larger density fluctuations at high density with respect to the
reference silica, i.e., for ρ > 2.4 g cm−3. The trend is systematic with

FIG. 11. Evolution of the second moment σ f of f(σ) for different noble gas con-
taining liquid silica at 3000 K. The inset shows the same quantity in the glassy
state (300 K).
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growing particle size (i.e., from Ne to Ar) and remains for the amor-
phous system where Ar-based silica appears to display the largest
inhomogeneities (inset).

An additional feature emerges in the liquid as a minimal het-
erogeneity is obtained for the Ar-based and the SiO2–0.2He liquids
between 2.80 and 3.2 g cm−3, and this effect appears to be linked
with increased second neighbor correlations between gas particles.
All investigated liquids display at large ρ a preferential distance,
which manifests by a principal peak in the calculated pair correla-
tion functions gXX at 2–3 Å (Fig. 5). For the two liquids displaying a
minima in σ f , however, the larger density fluctuations occurring at
high density (ρ > 3.2 g cm−3) appear to be linked with the presence
of a secondary peak at 3.3 and 5.2 Å for SiO2–0.2He and SiO2–0.1Ar,
respectively (Fig. 5). These anomalies indicate a possible limit in
solubility at elevated pressure.

3. Van Hove correlation functions
Additional insight into the real-space dynamics of the stuffed

liquids is provided by the Van Hove correlation function,62,63 which
is a density–time correlation of particles. Given that a particle
i defines the origin of space coordinates at time t = 0, the Van Hove
correlation is given as

G(r, t) =
1
N
⟨

N

∑
i=1

δ(r + ri(0) − rj(t))⟩, (5)

where ⟨⋅ ⋅ ⋅⟩ is the ensemble average over a Dirac delta function δ(⋅).
The Van Hove correlation function can be divided into a self- and

a distinct part for the cases i = j and i ≠ j, respectively. The for-
mer gives indication about an average motion, whereas the latter is
directly related to unlike particle correlations that reduce to the static
pair correlation function g(r) at t = 0.62 For the self-part, the prob-
ability of finding a particle of species α at the position r at time t is
given by

4πr2Gα
s (r, t) =

1
Nα
⟨

Nα

∑
i=1

δ(r + ri(0) − ri(t))⟩, (6)

and 4πr2 results from the spherical integration of isotropic media.
Figure 12 shows the self-part of the van Hove correlation function
Gα

s (r, t) for the noble gas particles at t = 200 ps for the differ-
ent liquids at 3000 K. As opposed to the sharper peaks at earlier
times which behave as the Dirac δ(r) for t = 0 [Eq. (6)], with the
increase in time, the atoms have larger displacements and broader
distributions, and eventually extend up to ≃35 Å.

A certain number of comments should be made. First, one
acknowledges a global modification of the dynamics of the moving
gas particles with increasing density, which evolves from a uniform
distribution Gs(r, t) = constant at low density typical of a gas-like
behavior64 to a motion with preferential jump distances (e.g., 20 Å at
ρ = 2.5 g cm−3 in SiO2–0.1Ne, Fig. 12) that are clearly influenced by
the host silica network structure. Second, as the density is increased,
one acknowledges a global reduction in the typical jump distances,
which is a salient feature observed before in densified silicates.65 For
instance, for the same Ne-based silica liquid, the dominant jump dis-
tance [maximum of Gs(r, t)] reduces from 19.4 Å for 2.3 g cm−3 to

FIG. 12. Self-part of the Van Hove correlation function Gs(r , t) for the different systems as a function of distance, evaluated for t = 200 ps at 3000 K and different system
densities. Note that the small peak at a very short distance arises from a single particle contribution.
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12.5 Å for 2.9 g cm−3. Third, the typical jump distance decreases with
the size of the noble gas particle and appears independent of the con-
centration given the same Gs(r, t) profile obtained for SiO2–0.1He
and SiO2–0.2He.

V. SUMMARY AND CONCLUSION
Here, we have performed an extended study of three noble gas

containing liquids and glasses using molecular simulations under
various (T, ρ) conditions. The results indicate that the equation of
state for the liquid and the overall network dynamics (O or Si diffu-
sivity) are weakly sensitive to the addition of noble gases. Conversely,
noble gas diffusivities display increased changes as one changes from
He to Ne and Ar. The pressure induced structural changes are sim-
ilar to those obtained for amorphous and liquid silica and lead to
a silicon coordination increase and the emergence of octahedral
ordering, whereas an increased structuration appears in Ar- and He-
rich based silica liquids, which manifests by a more complex profile
in Ar–Ar and He–He correlations at elevated densities. The study
of the evolution of the intermediate range indicates the collapse of
large rings with voids, and this collapse is nearly similar for all inves-
tigated systems. Finally, we have focused on the conditions of bubble
formation, and these form at densities smaller than a certain thresh-
old density ρc, and the results for Ar- and He-rich systems suggest
that there are three ways to form such bubbles: (i) either by increas-
ing the size of the noble gas atoms (from He to Ar), consistently
with the established reduction in solubility with atom size,23 (ii) by
increasing the noble gas concentration or, finally, (iii) by compress-
ing the liquids in order to reduce interstitial voids that act as hosts at
lower pressure and maintain a homogeneous distribution of noble
gas atoms in the structure. This latter option becomes particularly
obvious as the mass density distribution of the Ar-based system is
considered (Fig. 11).
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