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Abstract This paper shows recent progresses in the field of
computer simulations of inorganic glasses. Molecular
dynamics simulations and energy minimization methods have
been applied to calculate the elastic and transport proper-
ties of alkali silicate glasses of compositions xM2O · (100 −
x)SiO2 (with x = 0, 10, 15, 20, 25, 30 % mol for M = Li,
Na and K) and of a soda-lime glass with composition 15Na2O·
10CaO · 75SiO2, which has been employed to ascertain the
effect of the replacement of CaO for Na2O. The excellent
agreement of the computed results with the experimental
data highlights the important predictive and interpretative
role reached by computer simulations techniques.

1 Introduction

Alkali silicate and soda-lime glasses are the prototype of a
variety of multicomponent industrial and natural glasses.

The complexity of silicate glasses is well known.
Advanced techniques such as X-ray absorption fine structure
(XAFS), [1,2], magic angle spinning NMR (MAS-NMR)
[3–9] and neutron diffraction [10–14] together with molec-
ular dynamics simulation techniques [4,15–23] have been
crucial in the elucidation of the detailed short and medium
range order structure.
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From such techniques, a model known as the modified
random network (MRN) has emerged. This successfully
accounts for the structural properties of silicate glasses [24].
According to the MRN model, the continuous random net-
work of bridged SiO4 units in pure silica is significantly
altered by the modifying cations (e.g. Li, Na, K, etc.), which,
through the process of micro-segregation, cluster in proximity
of the bridged SiO4 units to which they are linked predomi-
nantly via the non-bridging oxygens atoms. At high concen-
trations, the modifiers percolate through the bulk of the glass
and form primary pathways, or channels, which play a key
role in the elastic and transport properties of glasses.

Since mechanical strength, chemical durability and
conductivity [25] often dictate whether a specific need or
application can be met, the prediction of these properties
according to glass composition is becoming increasingly
indispensable to develop materials with a greater focus on
end-user application requirements, reduction of development
costs and decreasing time to market.

This paper shows that computational simulations are
invaluable tools for obtaining both correct numerical estima-
tions of the mechanical and transport properties of interest
and atomistic three-dimensional models for the interpretation
of the variation of the observed properties.

2 Computational methods

2.1 Simulation procedure

The structures of alkali-silicate glasses of composition xM2O·
(100 − x)SiO2 (with x = 0, 10, 15, 20, 25, 30 mol % for
M = Li, Na and K) and a soda-lime glass of composition
15Na2O · 10CaO · 75SiO2 have been modelled by means
of NVT molecular dynamics (MD) simulations. For each
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Table 1 Molar composition,
number of atoms, densities and
cell sizes of the
xM2O − (100 − x)SiO2
simulated glasses (M= Li, Na,
K) and soda-lime glass

The total number of atoms in
each box is 1,536 for alkali
silicate glasses and 1,450 for the
soda-lime glass

Formulation xM2O (mol %) Density (g/cm3) Cell size (Å)

SiO2 0 2.200 28.5290

LS10 10 2.246 27.8519

LS15 15 2.269 27.5066

LS20 20 2.292 27.1694

LS25 25 2.314 26.8245

LS30 30 2.334 26.4848

NS10 10 2.294 28.1633

NS15 15 2.340 27.9924

NS20 20 2.385 27.8294

NS25 25 2.428 27.6788

NS30 30 2.469 27.5393

KS10 10 2.305 28.6087

KS15 15 2.347 28.6935

KS20 20 2.390 28.7611

KS25 25 2.429 28.8512

KS30 30 2.466 28.9454

N15C10S 15Na2O · 10CaO · 75SiO2 2.466 28.9454

composition, 1,536 atoms were placed randomly in a cubic
box; three simulations were carried out with different starting
configurations. Atomic compositions and size length of the
simulation boxes are reported in Table 1, together with the
glass densities at room temperature calculated according to
Appen’s empirical method [26].

The DL_POLY [27] package has been employed for MD
simulations. Integration of the equation of motion has been
performed using the Verlet Leap-Frog algorithm with a time
step of 2 fs. Coulombic interactions have been calculated by
the Ewald summation method [28] with a cut-off of 12 Å and
an accuracy of 10−4. The short range interaction cut-off was
set to 5.5 Å.

A pair-wise potential recently developed by us has been
employed. [29]. This is based on a rigid ionic model, with
partial charges to handle the partial covalency of silicate sys-
tems. The potential is given by the sum of three terms: (1) the
long-range Coulombic potential; (2) the short-range forces,
which are represented by a Morse function; (3) an additional
repulsive term C/r12, which has been added to model the
repulsive contribution at high-temperature and pressure. The
expression for the model potential is:

U (r) = zi z j e2

r
+ Di j

×
[{

1 − exp
[−ai j (r − r̄i j )

]}2 − 1
]

+ Ci j

r12 (1)

where zi , z j , Di j , ai j , r̄i j and Ci j are parameters and the
indices i and j refer to the different atomic species. The

atomic charge for an alkali ion is assumed to be q = +0.6 e,
and the values of zi for the other atoms are taken accord-
ingly. The values of the other parameters in Eq. 1 are listed
in Table 2. They were derived by fitting both structural and
mechanical properties of inorganic oxides according to the
procedure implemented in the GULP code [30].

As in previous works which employed a rigid ionic model
with partial charges, [29,31,32] the systems have been cooled
down uniformly from 5,000 to 300 K, by decreasing the tem-
perature in steps of 500 K. The total cooling time is 470 ps
with 235 × 103 time steps and a nominal cooling rate of
1 × 1013 K/s. At each temperature a 20,000 time steps relax-
ation has been allowed. During the first set of 6,000 time
steps, the velocity is scaled every time step. During the sec-
ond set of 6,000 time steps, velocity scaling every 40 time
steps has been performed, and finally, during the last 8,000
time steps, no velocity scaling was applied. Data collection
has been performed every 50 time steps during the last 15,000
of 35,000 time steps using the micro-canonical ensemble
NVE.

2.2 Elastic properties

The elastic properties of the glasses have been computed by
means of the static method. In this method the structures are
optimized via energy minimization and the elastic properties
are calculated from the curvature of the energy surface at the
minimum [33].
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Table 2 Potential parameters
for Eq. (1) Di j (eV) ai j (Å−1) r̄i j (Å) Ci j (eV·Å12)

Li0.6 – O−1.2 0.001080 3.429361 2.680018 1.0

Na0.6 – O−1.2 0.023363 1.763867 3.006315 5.0

K0.6 – O−1.2 0.011612 2.062605 3.305308 5.0

Si2.4 – O−1.2 0.340554 2.006700 2.100000 1.0

O−1.2 – O−1.2 0.042395 1.379316 3.618701 100.0

The stiffness matrix elements for a crystalline system are
defined as the second derivative of the energy (U )with respect
to the strains (ε):

Ci j = 1

V

(
∂U

∂εi∂ε j

)
(2)

Once the stiffness matrix C is obtained, the Young’s mod-
ulus values along three principal directions can be obtained
by:

E−1
k = Skk (k = 1, 3). (3)

where Skk are the elements of the compliance matrix, which
is the inverse of the stiffness matrix, S=C−1. For isotropic
materials the three principal values must be equal.

The elastic properties have been computed for the glasses
obtained from the MD simulation runs by means of the GULP
code [30]. A Newton–Raphson [34] energy minimization
has been performed at constant pressure (1 atm). The cou-
lomb term has been evaluated by means of the Ewald method
in which the real cut-off has been determined according to
an accuracy of 10−8 [35]. The minimum image convention
has been turned off and the short-range potentials cut-off has
been set to 10 Å. The approach of Fletcher and Powell [36]
has been used to update the Hessian matrix. To handle the
amorphous character of the glass a cubic cell with no sym-
metry (space group P1) has been used as MD simulation
cell.

2.3 Dynamical properties

The dynamical properties of the glasses studied have been
determined in the range 1,000–2,600 K. For each system the
configuration obtained by MD simulation at 300 K has been
reheated using the Beredsen barostat [37] with frictional con-
stants set to 0.4 ps. At each temperature the systems have
been relaxed for 40 ps followed by 2 ns of data production.
Configurations were saved at intervals of 0.1 ps and used sub-
sequently to calculate dynamical properties.

The mean square displacement σ j (t) measures the aver-
age distance an atom of the j th species travels in the time t

and it is defined according to the following equation:

σ j (t) = 1

N j

N j∑
i=1

〈
�ri (t)

2
〉
= 1

N j

N j∑
i=1

〈
(ri (t) − ri (0))2

〉
(4)

where ri (t)− ri (0) is the (vector) distance travelled by atom
iover some time intervals of length t , and the squared magni-
tude of this vector is averaged over many such time intervals
and over all atoms of the j th species in the system.

The limiting slope of σ j (t), considered for time intervals
sufficiently long for it to be in the linear regime, is related to
the self-diffusion constant D j by the Einstein relation:

D j = 1

6
lim

t→∞
d

dt
σ j (t) (5)

3 Results and discussion

3.1 Structure

Structural features representing short and medium range
order have been deeply discussed in a previous work in which
good agreement between the results of computer simula-
tions and neutron diffraction was found [33]. Therefore, we
summarize here only the main features concerning short and
medium range order that affect the elastic properties.

Different short range order has been found for lithium,
sodium and potassium ions. Lithium shows an average
coordination number of 3.0 and a distance of 1.968 Å for
Li–NBO (NBO: non-bridging oxygen) and an average
Li–BO (BO: bridging oxygen, which are bonded by two sil-
icons) coordination number of 0.9 associated to a distance
of 2.090 Å. The Na–O bond lengths range from 2.300 to
2.332 Å, which compare well with EXAFS and neutron dif-
fraction data of 2.30 – 2.36 Å [2,38,39]. The coordination
number of the sodium ions increases from 4.8 to 5.3 for
the NS10 and NS30 glasses. Similarly, EXAFS studies by
Greaves et al. [39] show a coordination number of 5 ±0.5
for the Na ions in sodium di-silicate glasses. The K–O bond
length values range between 2.687 and 2.724 Å with a coor-
dination number of 7.6 for all the compositions studied.

The different short range order around the three alkaline
ions studied leads to the different medium range order of the
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Fig. 1 Structural changes in the glass network encountered by addi-
tion of Li (light yellow), Na (light green) and K (light magenta) ions.
Silicon and oxygen are represented as blue and red sticks, respectively.
a LS25 glass network (Li is fourfold coordinated and seems to act as
a network former increasing the polymerization and packing of the
structure. Because of its small size and high field strength Li shows an

high degree of ions clustering and forms small rings), b NS25 glass
network (the Na ion is fivefold coordinated and acts as a modifier dis-
rupting the silica network), c KS25 glass network (the K ion is 7–8-fold
coordinated, its big size causes the formation of large rings and wide
percolation channels are found)
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Fig. 2 Ring size distribution for lithium silicate glasses calculated by
considering Li as pseudo-network former. Adding Li2O the maximum
shifts to smaller rings leading to a greater overall cross-linking of the
network

glasses studied. A visual inspection of the MD-derived glass
structures presented in Fig. 1 shows that Li addition to sil-
ica glass leads to an increasing cross-linking and cohesion of
the network. In this context, lithium seems to act as a
‘pseudo-network former’ with fourfold coordination and high
force constant. On this basis an accurate evaluation of the
network polymerization can be obtained by the ring size dis-
tribution for lithium silicate glasses reported in Fig. 2; in this
analysis Li has been considered as network former. A signif-
icant shift of the maximum in the ring size curve to smaller
rings as a function of Li concentration is observed.

Because of their higher coordination numbers, longer
distances and lower force constants Na and K act as purely
modifier cations. They create bigger percolation channels

depending on the modifier sizes, the potassium silicate glasses
having the more depolymerized network structure and largest
channels.

The analysis of the soda-lime glass shows that Ca ion is six
fold coordinated by 4.5 NBO, and 1.5 BO, respectively, form-
ing a reasonably regular octahedron. Therefore, Ca seems to
play a similar, modifying, role as sodium in the structure
as shown in Fig. 3 and recently discussed by Cormack and
Du [40].

3.2 Elastic properties

The data values of the elastic properties are obtained as the
average over three simulation runs. Slightly different values
of the Young’s modulus E in three orthogonal spatial direc-
tions result from the simulations because of clustering of
specific ions at the atomic scale. This phenomenon has been
outlined previously both from computer simulations studies
[4,15,41] and experimental measurements [24]. However,
since the E values calculated along the three directions dif-
fer by less than 10%, the Young’s modulus is calculated as
their average.

Table 3 lists the computed Young’s modulus of the alkali
silicate glass compositions, together with the experimen-
tal data available from literature [42]. It is worth noticing
that for lithium silicate systems with small lithium content
NMR experiments show that clustering of Li-rich regions
is observed [4]. This clustering is reproduced in the present
work, however, the dimensions of the box used do not allow
a detailed analysis as was done previously [41]. This cluster-
ing seems to increase the differences of the Young’s modu-
lus among the three directions, in fact the greatest difference
of 15% was found in the case of LS10 glass. At low alkali
content the degree of isotropy follows the trend K-glasses
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Fig. 3 a Snapshot of channels
created by Na ions (light green)
of the NS25 glass and
b channels created by Ca (light
cyan) and Na (light green) of the
N15C10S glass

Table 3 Young’s modulus for lithium, sodium and potassium silicate glasses and soda lime glass computed with Pedone’s Force Field from Ref. [29]
(FF), Priven 2000 empirical method [43] and experimentally measured [54]

xM2O (mol %) Experimental data FF Priven 2000

Li Na K Li Na K Li Na K

E (GPa)
0 72.50 72.50 72.50 72.05 (−0.6) 72.05 (−0.6) 72.05 (−0.6) 68.00 (−6) 68.00 (−6) 68.00 (−6)

10 74.26 65.29 – 75.46 (2) 64.20 (−2) 56.00 70.80 (−5) 59.30 (−9) 59.30

15 76.42 62.90 52.67 73.30 (−4) 61.07 (−3) 53.62 (2) 72.20 (−6) 62.45 (−0.7) 54.95 (4)

20 76.99 61.08 49.04 76.16 (−1) 58.53 (−4) 49.42 (0.8) 73.60 (−4) 60.60 (−0.8) 50.60 (3)

25 78.44 59.77 46.45 78.52 (0.1) 58.13 (−3) 46.59 (0.3) 75.00 (−4) 58.75 (−2) 46.25 (−0.4)

30 78.81 59.33 – 78.74 (−0.1) 56.64 (−4) 42.56 76.40 (−3) 56.90 (−4) 41.90

N15C10S 68.4 67.2 (−1.8) 69.7 (1.9)

The percent errors with respect to experimental data are reported in brackets. Elastic constants for SiO2 glass (x = 0) and the N15C10S glass have
been taken from Refs. [55,56]

> Na-glasses > Li-glasses with the greater differences of
7.5, 13.0 and 13.0% for the KS15, NS15 and LS15 glasses,
respectively. With the addition of modifiers the degree of
isotropy increases in the case of lithium and sodium sili-
cate glasses, the greater differences along the three directions
being 8 and 10% in both cases.

Comparison with the results obtained by means of several
empirical models available in the SciGlass package [26] has
also been performed. Table 3 lists the results obtained with
the Priven 2000 method [43] which furnishes the best exper-
imental data predictions. This is an incremental model where
chemical equilibrium factors are derived from the properties
of binary and ternary glasses and various property equations
are applied, depending on the glass composition and temper-
ature.

Overall good agreement with the experimental data is
obtained. No experimental errors are associated with the
data values taken from literature, however, being obtained
by ultrasonic wave propagation they are assumed to be quite
accurate. The computed Young’s modulus values are
reproduced with maximum differences with respect to the

experimental value of 4, 4 and 2% for lithium, sodium and
potassium silicate glasses, respectively. Almost all the elastic
properties values predicted with the Priven 2000 empirical
method are underestimated and maxima differences below 5,
9 and 4% have been found for lithium, sodium and potassium
silicate glasses, respectively.

Despite the great advantage of obtaining a rough estimate
of the mechanical properties with a very low computational
effort with respect to atomistic simulation techniques, the Pri-
ven method does not provide insight into the atomistic struc-
tural and dynamical features responsible for the variation of
the observed properties. This interpretative aspect is, on the
contrary, the main advantage of the atomistic simulations.

It is usually believed that, because of their modifier nature,
the addition of alkali oxides to silica glass results in a decreas-
ing of the glass Young’s modulus values. In fact, the addition
of one network modifier unit M2O causes one BO bridg-
ing between two connected tetrahedra to be replaced by two
NBO’s, one on each tetrahedron. The presence of NBO
determines a break in the linkage within the structure and,
therefore, favours the displacements of the atoms. On this
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Fig. 4 Projection of VDOS for each different modifier of the glasses
LS15 (black line), NS15 (red line) and KS15 (green line) and Ca ions
in N15C10S (blue line). The plots have been shifted vertically for the
sake of clarity

basis, one should expect E to be directly proportional to the
total number of Si–O–Si bridges. However, the results show
that this is not the case. In fact, the average percentage of
Si–O–Si bridges is not influenced by the chemical nature of
the alkali ions.

Vallis et al. [44] claimed that the variation in the values
of the elastic moduli of alkali silicate glasses might be the
result of two opposite effects: (a) the depolymerization of
the SiO2 network by the modifiers addition would decrease
the cohesion of the SiO2 chains and consequently would lead
to a decrease of the elastic constants; (b) the establishment
of new NBO–M–NBO or NBO–M–BO interactions (with M
= cation modifier) would promote the cohesion of the glass
leading to an increase in the elastic constants as a function
of the concentration of the modifiers.

It is therefore necessary to understand which of these
effects dominates in the systems studied. The strength of
the cation modifier oxygen bond is not easily determined in a
glass; however, a semi-quantitative estimate of the strength of
chemical bonds between cations and the surrounding oxygen
atoms in the simulated glasses is obtained by the evaluation
of force constants via vibrational frequencies.

Figure 4 shows the projection of the vibrational density of
states (VDOS) for Li, Na and K ions. The projection of VDOS
for Na and K has a log-normal shape, the K one being nar-
rower and shifted to lower frequencies. The K–O frequencies
range from 30 to 170 cm−1 with a maximum peak at 97 cm−1,
the Na–O frequencies range from 50 to 250 cm−1with a max-
imum at 130 cm−1. Li VDOS is spread out over a larger
frequency interval which ranges from 100 to 700 cm−1, with
two peaks at around 240 and 500 cm−1 .

These results agree well with far infrared spectra which
exhibit a band, named “cation mode”, characteristic of the
interaction between alkali atoms and the NBO atoms in the
glass network. The frequency of this band is weakly dependent
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Fig. 5 Arrhenius plots of the diffusion coefficients for the three
different 15M2O · 85SiO2 glasses

on the nature of the network forming ion (Si, V, B, P, and
Ge) but it is strongly dependent on the nature of the mod-
ifier cations [45]. The experimental values are: νLi–O =
347 cm−1νNa–O = 180 cm−1 νK–O = 113 cm−1 [46]. The
simulation provides a weaker Na–O bond which explains
the negative differences associated with the prediction of the
Young’s modulus for sodium silicate glasses. However, both
the simulation and experimental data show that the force con-
stant of the cation mode frequencies increases in the order
K < Na < Li, in agreement with the ranking of the elastic
constants at a fixed alkali concentration.

Figure 1 shows that Li addition to silica glass leads to
an increasing of cross-linking and cohesion of the network.
Therefore, the experimentally determined increasing of the
elastic constant values with respect to the silica glass is eas-
ily explained as a direct consequence of Li induced network
polymerization and cohesion.

Because of their higher coordination numbers, longer dis-
tances and lower force constants, both Na and K act as purely
modifier cations. Their effect on network depolymerization
dictates the Young’s modulus macroscopic behaviour, with
E decreasing more sharply for K, which forms larger rings,
as shown in Fig. 1c.

The comparison between NS25 and N15C10S glass shows
that the Young’s modulus increases when sodium ions are
substituted by calcium one. This is a consequence of the
stronger Ca–O bond as is shown by the projection of VDOS
for Ca reported in Fig. 4. Therefore, Ca ions lead to a more
packed structure and increases the cohesion energy of the
glass.

3.3 Mechanism of the alkali diffusion process

Figure 5 shows the temperature dependence of the computed
diffusion coefficients of alkaline ions in the LS15, NS15 and
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KS15 glasses. All the linear fits show a regression factor
very close to 1 and the activation energies (AE) increase with
increasing cation size and coordination number. The AE val-
ues are 58.2±1.3, 65.2±0.3 and 69.7±1.9 kJ/mol for Li, Na
and K ions, respectively.

Experimental data obtained by tracer diffusivity yielded
similar values. In fact, Beier and Frischat [47] reported for Li
in the 18Li2O · 82SiO2 glass AE = 65.6 kJ/mol in the range
580–720 K. Frischat [48] reported for Na in the 14.8Na2O ·
85.2SiO2 glass AE = 77 kJ/mol in the range 518–678 K and
Evstrop’ev and Pavloskii [49] reported for K in the 15K2O ·
85SiO2 glass AE = 80.5 kJ/mol in the range 600–800 K. The
results obtained from simulations in this paper underesti-
mate the activation energy of about 10–15%. Conversely,
the results obtained by Horbach et al. [50] using constant
volume simulations in the range 4,000–2,100 K with the box
size fixed at a volume corresponding to the density at room
temperature, overestimated the activation energy of soda-
silicate glasses of about 20–30%.

Accordingly with previous findings [51,52], the alkali
ions jump mechanism seems to be vacancy-like, rather than
interstitial-like. The process involves the correlated jump of
two cations, M1 and M2. At the start of the process, M1 jumps
out of its original site into a site that is originally empty;
this is a transition site that M1 occupies only momentar-
ily. Almost simultaneously, M2 begins its jump into the site
vacated by M1. At the time that M2 begins its jump into
site1, M1 moves out of its temporary home into a third site.
This site was occupied at the start of the jump sequence by
another M ion, although by the time that M1 is ready to move
into that site, it has been vacated. Alkaline ions move inside
the percolation channels created by NBOs which are linked
to network former ions and waggle to accompany the alka-
line jump. When more modifiers are present in the glass, the
mixed alkali effect occurs [53]. In glasses containing two
different alkali species, a deeper minimum in the mobility
of the ions with respect to one of the binary alkaline-
silica glass is observed. Even small concentrations of a sec-
ond alkali species effectively slow down the total ion dynam-
ics. Observations suggested a description of dynamics in
terms of stable sites mostly specific to one ionic species.
Therefore, the rate slow down was related to the limited
accessibility of foreign sites [23].

The temperature dependence of diffusion coefficients of
Na ions in the NS25 and N15C10S glasses is reported in
Fig. 6. It is clear that the AE of the Na ions increases by
increasing the ratio CaO/Na2O. In fact, the activation energy
of Na diffusion increases from 54.5±1.3 kJ/mol for the NS25
glass to 71.4±0.8 kJ/mol for N15C10S glass. This effect can
be explained by looking at the graphic visualization of the
glass structures in Fig. 3. The Ca ions lie in the percola-
tions channel created by ions modifier (Na and Ca). This
agrees with the findings reported by Cormack and Du [40]
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Fig. 6 Arrhenius plots of the diffusion coefficients of Na in NS25 and
N15C10S glasses

who studied how the replacement of sodium with calcium
changes the structure of soda lime glasses. Calcium was seen
to play a similar, modifying, role as sodium in the structure.
On substitution, Ca replaces sodium, entering the modifier-
rich regions in the glass. Having diffusivities several order of
magnitude smaller, Ca ions obstruct the channels and hamper
Na diffusion.

4 Conclusions

The combined molecular dynamics simulations and energy
minimization study carried out in this work has allowed the
correct quantitative evaluation of the Young’s modulus of
several silicate glasses. The excellent agreement between
the simulation results and the experimental data testifies to
a prediction performance superior to those of the empirical
methods commonly used in the glass scientific community.
More importantly, the main advantage of atomistic simula-
tions over empirical methods rests in their ability to deepen
the interpretative levels obtained from the experiments by
providing atomic pictures of the glass structures and detailed
insight into composition–atomic structure relationships. In
particular, the balance of two concurrent factors with differing
consequences on the glass network seems to be responsi-
ble of the compositional dependence of the Young’s modu-
lus observed experimentally in the series of glasses studied.
These factors are: (1) depolymerization of the silica network
that leads to a decrease of the elastic constants; (2) increase
of the overall glass cohesion caused by the establishment of
alkali–NBO bonds that lead to an increase in the elastic con-
stants as a function of the chemical nature and concentration
of the modifiers.
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The vacancy-like diffusion mechanisms is found to be
similar for the three alkaline ions with the activation energy
governed by the ionic dimensions and masses of the alkaline
atoms. In soda-lime glasses, the Ca ions act as modifiers con-
tributing to the formation of the percolation channels together
with the Na ions. However, because of the differences in
valency and strength of bond with oxygens with respect to
the Na ions, the Ca ions are less mobile in the structure and
tend to hinder the Na walk with consequent increase of the
activation energy of Na diffusion.
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