
ORIGINAL RESEARCH
published: 31 May 2019

doi: 10.3389/fmats.2019.00121

Frontiers in Materials | www.frontiersin.org 1 May 2019 | Volume 6 | Article 121

Edited by:

Lothar Wondraczek,

Friedrich Schiller University

Jena, Germany

Reviewed by:

Alfonso Pedone,

University of Modena and Reggio

Emilia, Italy

Donghui Zhao,

Unifrax LLC, Tonawanda,

United States

*Correspondence:

Caio Barca Bragatto

cbragatto@coe.edu

Specialty section:

This article was submitted to

Glass Science,

a section of the journal

Frontiers in Materials

Received: 02 January 2019

Accepted: 10 May 2019

Published: 31 May 2019

Citation:

Welch RS, Wilkinson CJ, Mauro JC

and Bragatto CB (2019) Charge

Carrier Mobility of Alkali Silicate

Glasses Calculated by Molecular

Dynamics. Front. Mater. 6:121.

doi: 10.3389/fmats.2019.00121

Charge Carrier Mobility of Alkali
Silicate Glasses Calculated by
Molecular Dynamics
Rebecca S. Welch 1, Collin James Wilkinson 2, John Christopher Mauro 2 and

Caio Barca Bragatto 1*

1Department of Physics, Coe College, Cedar Rapids, IA, United States, 2Department of Materials Science and Engineering,

The Pennsylvania State University, University Park, PA, United States

Ionic conductivity is a property of rapidly increasing interest. Various models attempting
to explain ionic conductivity of glass systems have shown limited agreement with
experimental results; however, none have been comprehensive. By using molecular
dynamics simulations, the diffusion of ion species through a network can be directly
observed, providing insights into the mechanisms and their relation to ionic conductivity
models. In this report, a method of utilizing molecular dynamics simulations is proposed
for the study of the ionic mobility of Na, Li, and K ions in binary silicate glasses. Values
found for glasses with x = 0.1, x = 0.2, and x = 0.3 alkali content are between 10−5 and
10−4 cm2·s−1·V−1 and did not change significantly with composition or temperature.
This is in agreement with the interstitial pair and weak-electrolyte models used to explain
ionic conductivity in glasses.
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INTRODUCTION

In non-crystalline alkali silicate materials, alkalis are the most mobiles species; self-diffusion of
alkali ions is generally understood as an exchange of cationic pairs between sites (Kahnt, 1991). If
enough energy is applied to an ion to overcome a transition barrier to a new configuration, such
as from an applied electric field, or thermal fluctuations, the atom can “hop” or “jump” to the next
available site (Varshneya andMauro, 2019). Since alkali ions are loosely associated and not strongly
confined (when compared with the mostly rigid glass network), they can more easily jump between
sites (Greaves et al., 1991). Certain glass compositions have been studied in literature due to their
remarkably high ionic conductivity when compared to crystals (Minami et al., 1977), particularly
phosphates doped with silver (Rodrigues et al., 2011), and lithium (Robert et al., 1981). In addition,
increasing the conductivity of phosphate glasses by adding various modifiers has been of interest
due to their already promising conductivity values (Martin and Angell, 1986; Martin, 1991).

In general, the electric conductivity, σ , can be defined as

σ = Zeµn, (1)

Where Z is the valence number of the charge carrier, e is the charge of an electron, µ is the mobility
of the charge carriers, and n is the concentration of the charge carriers. Further,µ can be understood
from the random walk properties of mobile species and calculated using the Nernst-Einstein
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equation (Murch, 1983) which relates the mobility of charge
carriers to the diffusion coefficient:

µkT = ZeD, (2)

Where k is the Boltzmann constant and T is the absolute
temperature. D is the diffusion coefficient, which can be
expressed using Boltzmann statistics dependent on the jump
distance (dj) of the mobile species, the geometrical factor (α)
in which the diffusion hopping takes place, and the vibrational
frequency (v0) of ions within the potential energy well of depth
Em (Tuller et al., 1980):

D = αd2j v0exp

(

−
Em

kT

)

. (3)

The diffusion of ions can also be regarded more generally from
the mean squared displacement (r2) which is more commonly
used in molecular dynamics (MD) simulations. First derived by
Einstein (1906), the expression relates the diffusion coefficient to
the mean squared displacement within a specified observational
time according to

r2 =
〈

1
−→x (t)2

〉

=
1

N

∑N

i=1
(−→x i (t) −

−→x i (0))
2, (4)

where N is the number of averaged particles, −→x i(0) is an initial
reference position, −→x i is the position with respect to time, and
the related diffusion coefficient D is given by

D =
r2

2nd1t
, (5)

where 1t is the change in time over which diffusion is calculated,
and nd is the dimensionality in which the process occurs.

Such diffusion mechanisms in glasses have been widely
studied with various models being developed in literature
(Ingram, 1989; Martin, 1991; Bunde et al., 1994). However,
there remains little consensus on which model is sufficient to
explain the entirety of ionic conductivity in amorphous solids.
Since the mobile species in an alkali silicate glass system are
only monovalent ions, Z and e from equation (1) are constant,
therefore making the conductivity proportional to only the
mobility and concentration of charge carriers. The difficulty
of accurately measuring µ and n separately with experimental
techniques has led to a lack of agreement between various models
(Dyre et al., 2009). Glasses are generally considered as either
strong or weak electrolytes, with the notion that either all charge
carriers are able to dissociate and move rapidly (as in strong
electrolytes), or only a fraction of ions over a given time interval
(weak electrolytes).

The strong electrolyte view comes from the model developed
by Anderson and Stuart (Anderson and Stuart, 1954), which
borrows principles from the Frenkel defect theory for crystalline
materials (Frenkel, 1947). They theorize that ions must overcome
two energy barriers: the amount of energy needed to break an
ionic bond (electrostatic binding energy), and the energy needed
to create a vacancy defect in the glass network for an occupying

ion (strain energy). The main conclusion from this model is that
all charge carriers instantaneously move through the network
given enough supplied energy, and that the concentration of
charge carriers is constant with temperature (McElfresh and
Howitt, 1986), making the ionic mobility the limiting factor
for conductivity.

In contrast, the Interstitial Pair model (Charles, 1961) and
the Weak-Electrolyte (W-E) model (Ravaine and Souquet, 1976,
1977), suggest that the charge carrier concentration n from
equation (1) is what limits the conductivity. By assuming that
µ is constant for a specific time interval, the concentration
of moving ions will therefore be the only determining factor.
Since only a fraction of ions can move, the concentration of
mobile species is low but with a higher constant mobility.
Glasses are considered to behave as weak electrolytes due to the
smaller fraction of available ions when compared to the overall
concentration (Souquet et al., 2010).

Molecular dynamics simulations have been previously used
in literature to study diffusion mechanisms in glassy systems
(Soules and Busbey, 1981; Soules, 1982; Li and Garofalini, 2004)
including some electronic properties (Tilocca and de Leeuw,
2006), and can be used as a tool for visualizing ion transport
pathways (Cormack et al., 2002; Müller et al., 2007). Due to
the availability of accurate potentials and the ability to have
large enough systems that can capture the statistical nature of
glass, MD enables observation of behaviors which are difficult
to examine experimentally. In this report, a method for utilizing
MD simulations to study the mobility of binary lithium, sodium,
and potassium silicates is proposed. By applying an electric field
to the simulated glasses, we can gain further insights on the
mechanisms of ion transport and how they relate to the ionic
conductivity models that currently exist.

METHODS

For an MD simulation, potentials define the inter-atomic
interactions within the system and must be empirically fitted
and optimized for a specific material property. In addition
to potentials, the densities for each glass composition are
also needed to specify the volume used in the canonical
ensemble of the simulations presented. In our report, Large-
scale Atomic/MolecularMassively Parallel Simulator (LAMMPS)
molecular dynamics package was used to conduct all simulations.
Lithium, sodium, and potassium oxide silicate glasses of the form
x M2O (1-x) SiO2 were simulated for x = 0.1, x = 0.2, and x =

0.3. Pairwise potentials developed by Pedone et al. were used to
describe the interactions between the species with the expression
being (Pedone et al., 2006):

U (r) =
ZiZje

2

r
+ Dij[{1− e−aij(r−r0)}2 − 1]+

Cij

r12
, (6)

where Dij is the bond dissociation energy, aij is a function of the
slope of the potential energy well, and r0 is the equilibrium bond
distance. The fitted parameters inTable 1were derived by Pedone
et al. from binary oxide crystals. These potentials were chosen due
to their widely reported accuracy for silicates and their known
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TABLE 1 | Interatomic potential parameters used in binary silicates from Pedone
et al., 2006.

Dij (eV) aij (Å
−2) r0 (Å) Cij (eV·Å12)

Li0.6-O−1.2 0.001114 3.429506 2.681360 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 22.0

TABLE 2 | Densities (in g/cm3) for corresponding x-values (converted from J
values) used for simulations collected from Tischendorf et al., 1998.

x J Na K Li

0.1 0.0909 2.23 2.28 2.29

0.2 0.1667 2.25 2.32 2.34

0.3 0.2308 2.27 2.37 2.37

ability to reproduce mechanical properties (Prasada Rao et al.,
2010; Xiang et al., 2013; Deng et al., 2015). Densities used were
those collected by Tischendorf et al. and can be found in Table 2

(Tischendorf et al., 1998).
For each composition, a timestep of 1 femtosecond (fs) was

used and melting was simulated at 3,000K. The system was
then quenched and held for 1 ns at 2,000K, 1,000K, and 300K
in the NVT ensemble. For each sample, an electric field of
5·105 V/m across the x dimension (∼2 nm) was applied after
the quenching process was complete. The voltage of the electric
field was chosen based on experimental values used for typical
Electrical Impedance Spectroscopy measurements in which a
5–10mV electric field is applied to a 1–3 cm thickness sample
(Park and Yoo, 2003). The system was heated from 300K
to 800K with the electric field being applied simultaneously.
During this process, the mean squared displacement (MSD) was
calculated by equation (4) and was recorded every 100 timesteps
(approximately every 5K). The mobility was then calculated
from the MSD values as a function of the temperature by first
using equation (5) to calculate the diffusion co-efficient and then
equation (2) to find the mobility. For each alkali the simulation
and calculation were performed independently with 3000 atoms.

RESULTS AND DISCUSSION

In Figure 1, the pathway for one single sodium ion is shown
from the simulation of the x = 0.1 sodium silicate glass. It can be
seen that the ion sits on specific sites before jumping to the next,
where it vibrates until it can jump once more. Similar behavior
has been observed in MD previously by Jund et al. (2001), where
simulated sodium ions, not exposed to an electric field, showed
a propensity to jump to new sites rather than returning to the
previous one (Funke and Hoppe, 1990). This motion is predicted
by both strong and weak electrolytemodels. The specific behavior
observed in Figure 1 may be further explained as a Markovian
chain process, suggesting that the motion of an ion depends

FIGURE 1 | Pathway for one single sodium ion during the simulation of the 0.3
Na2O · 0.7 SiO2 glass. It is possible to see how the ion has preferred sites and
eventually jumps from one to the next.

FIGURE 2 | Probability density function of the jump distance for the alkali ions.
The jump distances can be estimated from the difference between two points
in which the ions spent more time during the simulation.

only on its current environment, with no memory of its previous
location (Landau and Binder, 2015).

Figure 2 shows the probability density function for the
movement of alkali ions with varying alkali content. As shown
in Figure 2, the jump distance appears to be ion-dependent, with
shorter jump distances for Li, then Na, and lastly K. The average
values for the jump distances are reported in Table 3. This can
be attributed to the size of the ion, since a smaller ion will have a
higher probability of finding a compatible site for it to move into.

Figure 3 shows the diffusion coefficient calculated using
equation (5) as a function of 1000/T (in 1,000·K−1). The
diffusion follows an Arrhenius behavior for the process, as
expected when comparing to experimental results (Varshneya
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TABLE 3 | Average jump distance (in Å) for each composition obtained by peak
fitting of the probability density function from Figure 2.

x Average jump distance (Å)

x Li2O (1-x) SiO2 0.1 0.49

0.2 0.50

0.3 0.50

x Na2O (1-x) SiO2 0.1 0.60

0.2 0.59

0.3 0.50

x K2O (1-x) SiO2 0.1 0.62

0.2 0.59

0.3 0.59

FIGURE 3 | Diffusion coefficient of the alkali ions calculated from equation (5)
as a function of 1/T. The Arrhenius behavior is well-known for these glasses,
being self-diffusion, or diffusion due to an external electric potential.

and Mauro, 2019). The ionic mobility, as well as the diffusion
coefficient, was calculated using the MSD of the alkali
ions that moved along the axis of the applied field with
distances above the threshold of 3 Å. This threshold was
chosen as a minimum jump distance from the probability
density function of Figure 2. Figure 4 show the temperature
dependence of the ionic mobility of the simulated glasses at
given temperatures. The diffusion and ionic mobility were fitted
with an Arrhenius equation. The slopes, which correspond to
the activation energy, and the intercept values can be seen
in Table 4.

From Figure 4 it is easy to see that the ionic mobility
does not change significantly with either chemical composition
or temperature, varying from 5·10−5 to 5·10−4 cm2·s−1·V−1.
Thus, the diffusion process has a lower activation energy when
compared to the activation energy needed for charge carrier
formation or the energy required for the ionic conductivity
process. This result is very close to the values found for
AgPO3-AgI conducted by Clément et al. from Hall effect

FIGURE 4 | Calculated alkali ion mobilities from equation (6) vs. temperature
for three different compositions. The mobility does not change significantly
with temperature or chemical composition, which is in agreement with the
interstitial pair and weak-electrolyte models.

TABLE 4 | Intercept (log D0, D0 in cm2·s−1 and log µ0, µ0 in cm2·s−1·V) and
activation energy (ED and Eµ, both in eV) for the diffusion process and the ionic
mobility, respectively, calculated using the Arrhenius equation and the data from
Figure 2.

x log D0
(D0 in cm2

·s−1)
ED
(eV)

log µ0
(µ0 in cm2

·s−1
·V)

Eµ

(eV)

x Li2O (1-x)
SiO2

0.1 −8.71 0.057 −3.84 0.009

0.2 −8.69 0.061 −3.82 0.012

0.3 −8.60 0.060 −3.73 0.010

x Na2O (1-x)
SiO2

0.1 −8.65 0.047 −3.75 0.002

0.2 −8.53 0.057 −3.65 0.011

0.3 −8.42 0.059 −3.53 0.013

x K2O (1-x)
SiO2

0.1 −8.58 0.054 −3.67 0.010

0.2 −8.61 0.051 −3.71 0.006

0.3 −8.38 0.061 −3.50 0.014

measurements (Clément et al., 1988) and by Rodrigues who
measured the enthalpy change for the glasses at temperatures
above and below the glass transition temperature (Rodrigues
et al., 2011). Diffusion of different alkali ions in water, both by
physical experiments and by MD simulations, agree in order of
magnitude (Lee and Rasaiah, 1994). This is in agreement with the
weak-electrolyte model where the mobility is relatively constant
(within one order of magnitude) and the number of effective
charge carriers is largely responsible for whether a glass is more
or less ionically conductive.

The ionic conductivity of these glasses may vary by orders of
magnitude with temperature according to experimental results
(Varshneya and Mauro, 2019). The results presented here which
show a constant mobility with respect to temperature and
composition, suggest that a change in the number of effective
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charge carriers is what causes the increase in ionic conductivity
in these alkali silicate glasses. Due to the non-crystalline nature
of the glassy state and its complex energy landscape, the energy
barriers for moving ions have a distribution. Thus, during a
single ion’s diffusion, it may either end up being “trapped” in
a high-energy barrier site or stay for a comparably short time
in a low-energy barrier one. Given enough time, however, all
mobile ions should move and contribute equally to the ionic
conductivity at non-zero temperatures, assuming that during
this process each ion will jump through enough sites for an
average energy to be observed. The problem resides in defining a
sufficient time interval to wait before proceeding to calculations.
This complicates the definitions of a charge carrier and its
corresponding mobility, previously defined in equation (1), since
the number of charge carriers can change depending on the time
interval used (Dyre et al., 2009).

Physical experimental results in which the so-called DC ionic
conductivity (Barsoukov and Macdonald, 2005) is observed, the
data is normally obtained by AC impedance spectroscopy with
frequencies varying from 104 to 102 Hz, i.e., the measurement
takes from 108 to 1010 ps. This does not affect the mobility
of the ions, but it does affect the number of effective charge
carriers. With the simulated glasses, diffusion was observed
for 5,000 ps at each temperature. Due to the difference in
observation times, it is difficult to compare calculated ionic
conductivity values obtained from these simulations with their
physical counterparts. The only experimental data which exists
was obtained by Clément using Hall Effect Measurement
in silver phosphate glasses, and by indirect measurements
by Rodrigues, also in silver phosphate glasses. The process
of obtaining the ionic conductivity with these glasses in
literature is by Electrical Impedance Spectroscopy measurements
which are done in frequencies from 106 to 1Hz, which is
also not comparable to the nanosecond scales of molecular
dynamics simulations.

It is also known that the ionic conductivity shows a
dependence with the thermal history of the glass (Bragatto
et al., 2016). Even though this dependency is small for physical
experiments when compared to effects of temperature and
chemical composition, the extreme cooling rates used inMDmay
have a larger impact on the results.

CONCLUSIONS

Lithium, sodium, and potassium silicates glasses were simulated
using the LAMMPS molecular dynamics package with potential
parameters from Pedone et al. while under an electric field. The
mean squared displacement of the ions was used to calculate the
jump distance between sites, the ionic diffusion, and the ionic
mobility of the alkalis. In literature, models for ionic conductivity
in glasses can be divided into two groups: one proposing that the
ionic conductivity depends mainly on the ionic mobility of the
glasses and one proposing that it depends on the dissociation
equilibrium of the dopant salts in the glass. From our results,
we conclude that the second is most likely to be true for alkali
silicate glasses. The ionic mobility was found to be constant with
temperature and independent of chemical composition. This is
in agreement with predictions from the interstitial pair and the
weak-electrolyte models, i.e., the ionic conductivity of glasses
depends more strongly on the number of effective charge carriers
than themobility of the ions. The ionic conductivity itself was not
accurately calculated due the short observational time intrinsic
to MD experiments. MD has been shown to be a strong tool for
observing many phenomena which would be impossible, costly,
or labor-intensive, as in the present case for ionic diffusion due
to electric fields in oxide glasses. The main objective of this study
was to gain insight on the dependency of the ionic mobility with
glass composition with the new technique of applying an electric
field to simulated samples.
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