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The respective contributions of the charge carrier concentration and mobility to the ionic
conductivity in glasses remain an open question. In the present work we calculate these two
parameters from conductivity data as a function of temperature below and above the glass transition
temperature, Tg. The basic hypothesis assumes that ionic displacement results from the migration of
cationic pairs formed by a partial dissociation, which is a temperature-activated process. Below Tg
their migration would follow a temperature-activated mechanism, while a free volume mechanism
prevails above this temperature, leading to a deviation from the Arrhenius behavior. Expressions are
formulated for the variation in ionic conductivity as a function of temperature in the supercooled and
glassy states. Fitting the experimental data with the proposed expressions allows for the
determination of characteristic parameters such as the charge carrier formation and migration
enthalpies. Based on these values, it is then possible to calculate the charge carrier concentration and
mobility in the entire temperature range. At room temperature, the mobility of effective charge
carriers is estimated close to 10−4 cm2 s−1 V−1 for alkali disilicates glasses under study, while the
ratio between the number of effective charge carriers and the total number of alkali cations is
estimated to be from 10−8 to 10−10, comparable to the concentration of intrinsic defects in an ionic
crystal or dissociated species from a weak electrolyte solution. © 2010 American Institute of
Physics. 关doi:10.1063/1.3271154兴
I. INTRODUCTION

In a material whose electrical conduction results from
the migration of a unique charge carrier species, i.e., either
electron or ion, the electrical conductivity, , is expressed as
 = nee, where ne is the effective charge carrier concentration, e is the charge for the single charge species, and  is its
electrical mobility.
In the case of ion conductive glasses, the absence of
experimental data on ne or  leads to different interpretations, assuming that either all the ions move simultaneously
with a low mobility, or only a small fraction of them move
with a higher mobility at any given time. In other words,
glasses are considered as either strong1 or weak electrolytes.2
The individual determination of charge carrier concentration
and mobility is thus of crucial importance for a better understanding of conductivity mechanisms.
The charge carrier concentration and mobility of most
electronic conductors such as semiconductors can be determined separately by measuring both Hall’s coefficient and
the conductivity.3 However, in ionic conductors, the mobility
a兲
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of ions is lower than that of electrons in a semiconductor by
about five orders of magnitude, and the ionic Hall voltage is
expected to be in the microvolt to nanovolt range. Its detection is considerably hindered by the existence of a comparatively huge offset voltage between the Hall electrodes. The
so-called “continuous” methods using dc currents and uniform magnetic fields are no longer operative. More sophisticated ac techniques have thus been employed to determine
ionic mobility in highly silver conductive crystals4,5 and
glasses.6
Another technique, which derives from the characterization of MOS 共metal-oxide-silicon兲 devices and is known as
C-V 共capacitance-voltage兲 measurement, has been proposed
to determine the charge carrier concentration in silica glasses
with low alkali content 共10−2 – 10 ppm兲.7,8 At higher sodium
contents, the charge carrier concentration has been deduced
from space charge capacitance measurements as a function
of the bias voltage applied between two blocking electrodes.9
In this paper, we propose a method to separate the contribution of charge carrier concentration from that of mobility, based on conductivity data above and below the glass
transition temperature, Tg. Basically, we assume that charge
carriers are formed by a thermally activated dissociation process. Their migration is assumed to also follow an activated
mechanism below Tg, but a free volume mechanism prevails
above this temperature. As previously shown,10 fitting the
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experimental data with this model enables one to determine
characteristic parameters such as the charge carrier formation
and migration enthalpies, which then allows the charge carrier concentration and mobility to be calculated. We applied
this procedure to lithium, sodium, and potassium disilicate
glasses 共M2O · 2SiO2, M = Li, Na, K兲, for which electrical
conductivity data are available below and above Tg.

II. IONIC CONDUCTIVITY IN MOLTEN AND GLASSY
ALKALI DISILICATES
A. Dependence of ion transport on temperature,
a microscopic approach
1. Below the glass transition temperature

Ionic conductivity, , in molten or glassy silicates results
from alkali migration in the silicate network. Conductivity
data are available in a large range of temperatures below and
above the glass transition temperature. Below Tg, , or T
follows a temperature-activated mechanism and is well represented by an Arrhenius law,

T = A exp共− EA/kBT兲,

共1兲

where EA is the activation energy, A is the pre-exponential
term, while T and kB have their usual meaning.
This Arrhenius behavior can be justified by a classical
approach initially developed for ionic crystals and then extended to ionic conductive glasses.11 From a microscopic
point of view, it has been proposed that alkali transport occurs by interstitial cationic pairs, formed by two alkali cations sharing the same negatively charged nonbridging
oxygen,12,13 which is an entity equivalent to a Frenkel defect
if we refer to an ionic crystal, or to a dissociated cation if we
refer to electrolytic solutions. Since the relative dielectric
constant, , of inorganic alkali disilicate glasses is low
共5 ⬍  ⬍ 9兲, ionic species must be strongly associated. For
instance, most monovalent cations will each be associated
with a nonbridging oxygen atom. Such an associated cation
may be regarded as being in a normal position, hence defining a regular cationic site. On the other hand, the formation
of interstitial cationic pairs would result from the dissociation of an alkali cation from its normal site, allowing it to
jump to a neighboring cationic site that is already occupied,
as shown in Fig. 1共a兲. Since the required energy to escape
from a normal position is expected to be much higher than
the mean thermal energy, kBT, the concentration of such
positively charged defects, n+, is very low compared to the
total concentration of alkali cations, n. In other words,
glasses can be considered weak electrolytes.
In that case, the chemical equilibrium between alkali cations in regular sites and in interstitial positions leads to the
following relationship:

冉

冊

⌬G f
,
n+ = n exp −
2kBT

共2兲

where ⌬G f = ⌬H f − T⌬S f is the free energy associated with
the simultaneous formation of an interstitial pair and a cationic “vacancy.” ⌬H f and ⌬S f are their formation enthalpy
and entropy, respectively.

FIG. 1. Schematic representation of conduction mechanisms below and
above Tg 共after Ref. 17兲. 共a兲 Below and above Tg: representation of the
formation of an interstitial pair, 共⌬G f 兲. 共b兲 Below Tg: interstitial pair migration following an activated mechanism, 共⌬Gm兲. 共c兲 Above Tg: interstitial pair
migration by a free volume mechanism involving cooperative chain
movement.

This positively charged interstitial cationic pair could
then migrate from one interstitial position to another when an
electric field is applied 关Fig. 1共b兲兴. A Haven ratio between
0.3 and 0.6, which is usually found for oxide glasses,14 suggests that ionic transport is expected to occur by the migration of such a cationic pair from one nonbridging oxygen to
another rather than by a simple vacancy mechanism. This
displacement is characterized by a mobility +. Using the
Nernst–Einstein relation, this mobility can be expressed as a
function of the diffusion coefficient D of the charge carriers
and then as a function of their characteristic attempt frequency  and jump distance, ,

+ =

eD e2
=
⍀,
kBT 6kBT

共3兲

where ⍀ is the probability of a successful jump. In case of a
thermally activated mechanism, ⍀ = ⍀1 is a function of the
required free energy for migration ⌬Gm,

冉

⍀ = ⍀1 = exp −

冊

⌬Gm
.
k BT

共4兲

Finally, the following expression for the cationic conductivity can be then proposed:

 = en++ = n

冉

冊

⌬G f /2 + ⌬Gm
e 2 2
exp −
,
6kBT
k BT

共5兲

or, after separation of the enthalpic and entropic terms,

=n

冉

冊 冉

冊

⌬H f /2 + ⌬Hm
⌬S f /2 + ⌬Sm
e 2 2
exp
exp −
.
6kBT
kB
k BT
共6兲

Formally, the pre-exponential term in Eq. 共6兲 is temperature
dependent, justifying the representation of experimental data
by log10 T as a function of reciprocal temperature. This
relationship reduces to the experimentally observed Arrhen-

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp

034704-3

J. Chem. Phys. 132, 034704 共2010兲

Charge carrier concentration and mobility

ius law 关Eq. 共1兲兴 by identification of the experimental value
of EA as
EA = ⌬H f /2 + ⌬Hm ,

共7兲

and the pre-exponential term A as
A=n

冉

冊

⌬S f /2 + ⌬Sm
e 2 2
exp
.
6kB
kB

共8兲

Experimental values for EA and A can be deduced easily
from the linear curves obtained in an Arrhenius plot of T.
For silicates, typical experimental values for A are between
104 and 105 K·S / cm and for EA between 0.5 and 1 eV. The
pre-exponential term ne22 / 6kB can be assessed numerically using n = 1022 ions/ cm3,  = 冑3 1 / n, and  = 1013 Hz,
yielding A ⬇ 105 K·S / cm, which is close to typical experimental values. The implication of this result is that the entropic terms in the exponential 关Eq. 共8兲兴 are very low compared to kB, and consequently, the free energies ⌬G f and
⌬Gm reduce to the enthalpies ⌬H f and ⌬Hm. Equation 共2兲
may thus be rewritten as

冉

冊

⌬H f
.
n+ = n exp −
2kBT

共9兲

2. Above the glass transition temperature

Above the glass transition temperature, Tg, the experimental ionic conductivity in the supercooled liquid increases
over values extrapolated from the Arrhenius behavior below
Tg. This increase is interpreted as resulting from the occurrence of a different migration mechanism in addition to the
activated migration mechanism previously described. This
high temperature process, schematically represented in Fig.
1共c兲, is associated with a free volume mechanism15 involving
the local movement of the silicate chains.
This free volume mechanism, which has been theoretically justified by Cohen and Turnbull16 for cooperative molecular transport that controls viscous flow in liquids and
glasses, assumes that a moving species can escape from a
cage formed by its nearest neighbors when the random density fluctuations produce an adjoining cage large enough to
allow for a jump from one cage to another. These fluctuations can be described by an exchange of the so-called “free”
volume, i.e., without enthalpic cost, between the two neighboring cages. Thus, the corresponding displacement probability, ⍀2, may be written as an exponential function of the
ratio between the smallest free volume Vⴱf required for a
jump and the available mean volume V̄ f .
⍀2 = exp共− Vⴱf /V̄ f 兲

共10兲

The value of the mean available free volume is usually approximated by
V̄ f = V0共␣l − ␣g兲共T − T0兲,

共11兲

where ␣l and ␣g are the thermal expansion coefficients of the
liquid and the corresponding glass, and V0 is the volume of
the moving species extrapolated at T0, the ideal glass transition temperature at which the free volume disappears. In the
liquid state, in addition to the anharmonic thermal vibrations,

an increasing number of voids contribute to the thermal expansion. In this approach, the difference ␣l − ␣g thus represents the volume expansion due to this increase in the number of voids in the liquid. At T0 the free volume tends
towards zero, since the structural relaxation time tends towards infinity. Thus, below this temperature, the silicate
chains no longer cooperate with the migration process. This
ideal glass transition temperature lies below the experimental
glass transition temperature, Tg, which may be determined,
for instance, by DSC or dilatometry. A semiempirical rule,17
T0 = 共3 / 4兲Tg, allows one to estimate the ideal glass temperature when Tg is known.
In this case, and according to the present model, the
moving species is an interstitial pair transferred from one
nonbridging oxygen site to another, allowing charge transfer
along a silicate chain. Above T0, the charge transfer may
occur by either an activated jump 共⍀1兲 or a free volume
mechanism 共⍀2兲, and the total jump probability ⍀ is given
by
⍀ = ⍀1 + ⍀2共1 − ⍀1兲,

共12兲

which suggests that the second 共free volume兲 process, ⍀2,
only applies to the unsuccessful first 共activated兲 process, ⍀1.
Under such conditions and according to Eq. 共9兲, the cationic
conductivity becomes

T = n

冉

冊

⌬G f /2
e 2 2
exp −
关⍀1 + ⍀2共1 − ⍀1兲兴.
6kB
k BT

共13兲

At temperatures above Tg, ⍀2 is expected to prevail over ⍀1
共Ref. 10兲 and Eq. 共13兲 becomes

T = n

冉

冊 冉 冊

Vⴱ
⌬G f /2
e 2 2
exp −
exp − f .
6kB
k BT
V̄ f

共14兲

Expressing the Vⴱf / V̄ f ratio as a function of V0 and the ideal
glass transition temperature T0 关according to Eq. 共11兲兴, one
has

冉 冊 冋

T = A exp −

册

EAⴱ
B
exp −
,
k BT
kB共T − T0兲

共15兲

with EAⴱ = ⌬H f / 2 being the activation enthalpy and B / kB
= Vⴱf / V0共␣l − ␣g兲.
Equation 共15兲 is formally the same equation proposed by
Dienes18 and later by Macedo and Litovitz19 to describe the
variation of viscosity with temperature. For this reason, we
will call it the DML equation. This equation has previously
been found to accurately describe conductivity data of molten silicates and salt-polymer complexes in the supercooled
liquid state.10,20–22 From Eqs. 共15兲 and 共7兲 it can be seen that
the activation energy EAⴱ = ⌬H f / 2 in the DML equation is
different from the activation energy EA = ⌬H f / 2 + ⌬Hm below
Tg. Accordingly, the determination of EA and EAⴱ from experimental data below and above Tg allows us to calculate both
⌬H f and ⌬Hm.
Note that the free volume model chosen to describe the
charge carrier migration implies a cooperative displacement
of neighboring atoms or chain segments as represented in
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Fig. 1共c兲. This cooperative displacement could also be described by an entropic model as proposed by Adam and
Gibbs.23
Following this model, this cooperative rearrangement
depends on the supercooled liquid configurational entropy,
Sc. According to Kauzmann24 this configurational entropy
decreases with temperature and disappears at a temperature
TK at which the entropy of the overcooled liquid would be
the same than that of the crystal from the same composition.
Applying this model to express the probability of a cooperative displacement 共⍀2兲 to take place leads to ⍀2
= exp共−C / TSc兲, where C is a constant, proportional to a critical configurational entropy, sⴱc , and to the free energy barrier,
⌬, which hinders the cooperative rearrangement per chain
segment. The supercooled liquid configurational entropy is
Sc = 兰TTK共⌬C p / T兲DT, where ⌬C p is the difference between the
heat capacity of the liquid and the crystal. Since ⌬C p can be
approximated by ⌬C p ⬇ D / T 共D is a constant兲,25 thus,
Sc as a function of temperature T may be written as Sc
= D共T − TK兲 / TTK. This approach leads finally to a formally
analogous expression as Eq. 共15兲, but with different interpretation for the parameters B and T0. In this entropic model,
B = sⴱc · ⌬TK / D and the ideal glass transition temperature T0
at which the free volume, as defined by Cohen and Turnbull,
disappears is identified to the Kauzmann temperature TK.
III. EXPERIMENTAL CONDUCTIVITY DATA AND
DETERMINATION OF CHARGE CARRIER FORMATION
AND MIGRATION ENTHALPIES

In order to cover a broad range of temperatures and
minimize discrepancies, electrical conductivity data were
taken from various authors.26–47 The design of conductivity
cells is obviously different below and above the glass transition temperature. Below Tg, glass samples are generally discs
of 1–3 cm diameter and 1–5 mm thickness. Depending on
the authors, platinum, gold, or silver electrodes are deposited
by sputtering, vacuum evaporation, or painted onto the two
circular faces. Electrical measurements are taken using dc
techniques or impedance spectroscopy in the case of more
recent data. For conductivity values lower than 10−3 S / cm
and an applied voltage below 200 mV, the electrode polarization is low and no significant differences can be detected
between the two techniques. At higher temperatures, over Tg,
the molten silicates are contained in platinum crucibles and
two platinum electrodes are immersed in the melt. The cell is
precalibrated at room temperature with a KCl solution. To
prevent electrode polarization, the melt resistance is determined in a frequency range in which the resistance is not
frequency dependent, generally around 10 kHz.
For the purpose of this work a total of 124 experimental
conductivity data from Refs. 26–47 have been collected.
However, for clarity, only selected conductivity data for
lithium, sodium, and potassium disilicates are presented in
Arrhenius coordinates in Fig. 2. The corresponding number
N of data collected for each composition in the glassy or
supercooled liquid range is specified on Tables I and II.
Conductivity data above Tg were fitted using the DML
Eq. 共15兲, which a priori contains four adjustable parameters,
A, B, T0, and EAⴱ . In general, when fitting experimental data

FIG. 2. T as a function of temperature in Arrhenius coordinates. For clarity, only selected data are represented for lithium 共⽧兲, sodium 共쎲兲, and
potassium 共䊏兲 disilicate glasses. For lithium disilicate data of Bockris 共Ref.
26兲 over Tg, and from Dale et al. 共Ref. 27兲, Hahnert et al. 共Ref. 28兲, Higby
and Shelby 共Ref. 29兲, Kone et al. 共Ref. 30兲, Leko 共Ref. 32兲, Mazurin and
Borisovskii 共Ref. 33兲, Mazurin and Tsekhomskii 共Ref. 34兲, Souquet et al.
共Ref. 36兲, and Yoshiyagawa and Tomozawa 共Ref. 38兲, below Tg. All data for
sodium and potassium disilicates are from Caillot et al. 共Ref. 10兲. Full lines
represent the best fit of our model with all data from Refs. 26–47.

with such a number of adjustable parameters, it is always
possible to obtain a good fit. This is especially valid in the
case of Eq. 共15兲, which contains the product of two
temperature-dependent exponentials and successive fits may
lead to different sets of adjustable parameters. We then restricted the number of adjustable parameters by fixing the
ideal glass transition temperature T0 and the pre-exponential
term A, and determined the two remaining ones, B and EAⴱ .
Parameter A was extrapolated from the Arrhenius plots of
conductivity data below Tg, while T0 was estimated from Tg
by T0 = 共3 / 4兲Tg.17 Fixed and calculated parameters are reported in Table I. As can be seen, the resulting values of A
remain very close to 105 K · S / cm, as estimated previously.
Note that the dispersion of experimental data leads to a
mathematical error in A, which is negligible on a log scale.
All the calculations were performed using Levenberg–
Marquardt nonlinear fitting and ORIGIN™ software. To improve the accuracy of the numerical calculation for each
composition, we used a number of experimental values N
between 14 and 27, which were below and above the glass
transition temperature. The number of experimental data
points N and respective 2 results for each composition are
listed in Table I.
Below Tg, the activation energy EA is calculated from the
Arrhenius representation of experimental data. Since EA
= ⌬H f / 2 + ⌬Hm and EAⴱ = ⌬H f / 2, the migration enthalpy is
simply ⌬Hm = EA − EAⴱ . Table II lists the corresponding values.
IV. DISCUSSION
A. Critical free volume for ionic transport
above the glass transition temperature

The B parameter for conductivity in all the systems is
conventionally expressed in eV, as shown in Table I, despite
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TABLE I. Numerical values for EⴱA and B 共in eV兲 determined by the best fit of experimental data over the glass
transition temperature with the DML Eq. 共15兲. The corresponding number of experimental data points N and 2
values are also indicated. The mathematical accuracy is ⫾10−2 and 3 ⫻ 10−3 eV for EⴱA and B, respectively.
Values of the pre-exponential term, A, and T0 共T0 = 3 / 4Tm兲 are also reported.
A
共K S / cm兲
Li2O · 2SiO2
Na2O · 2SiO2
K2O · 2SiO2

共1.1⫾ 1.4兲 ⫻ 10
共2.1⫾ 2.3兲 ⫻ 105
共1.7⫾ 1.5兲 ⫻ 105
5

T0
共K兲

EⴱA
共eV兲

B
共eV兲

N

2
共%兲

545
551
568

0.48
0.51
0.55

0.042
0.033
0.038

22
27
14

0.4
0.5
0.04

the fact that the aforementioned microscopic model of Cohen
and Turnbull16 implies that no energy is involved in the free
volume mechanism. According to the free volume model, the
B parameter depends on the ratio of the critical free volume
Vⴱf and V0, the extrapolated volume at T0 of the moving
species in the supercooled liquid. B and the Vⴱf / V0 ratio are
related according to the equation B / kB = Vⴱf / V0共␣l − ␣g兲,
where ␣l and ␣g are the volumetric thermal expansion of the
liquid and corresponding glass.
Table III lists the values for ␣l and ␣g collected for the
three alkali disilicates under study and their calculated ratios
Vⴱf / V0 = B共␣l − ␣g兲 / kB. The Vⴱf / V0 ratios are around 10−2.
These values come from the low values of the B parameters
⬃3 ⫻ 10−2 eV 共Table I兲, and are in agreement. Such low
values, between 10−2 and 10−1 eV, are also found for ionic
transport in salt-polymer complexes17 when conductivity
data are fitted by a Vogel–Fulcher–Tammann–Hesse equation.
The low values of Vⴱf / V0 ratio and B may be interpreted
qualitatively by the fact that the charge transfer along the
macromolecular chains requires a relatively low amount of
free volume, lower than that for a cationic pair associated to
a nonbridging oxygen. As suggested in Fig. 1, if the charge
transfer occurs by an interstitial pair mechanism, the alkali
cations need only a limited displacement between two neighboring nonbridging oxygens to transfer a positive charge.
B. An estimation of charge carrier concentration and
mobility in alkali silicates below the glass transition
temperature

Table II compares the enthalpies for charge carrier formation and migration deduced from the experimental values
of activation energies EA and EAⴱ . The values for the charge
carrier migration do not vary significantly with the type of
alkali cation. In the three compositions investigated, the
charge carrier formation requires an enthalpy of about 1 eV,
and their migration enthalpy a value close to 0.15 eV.

Using these calculated values, it is then possible to estimate the relative concentration n+ / n of charge carriers in the
glassy state using the Eq. 共9兲, taking n from density
data as 2.8⫻ 1022 at. cm−3 for Li2O · 2SiO2 共LS2兲,
for
Na2O · 2SiO2
共NS2兲,
and
2.5⫻ 1022 at. cm−3
22
−3
2.1⫻ 10 at. cm for K2O · 2SiO2 共KS2兲. The mobility +
is then calculated from the relationship + =  / en+. The calculated temperature dependence of the relative concentration
in charge carriers and their mobility are represented in Figs.
3 and 4.
As Fig. 4 indicates, mobility values at room temperature
are between 10−3 and 10−4 cm2 s−1 V−1. It is interesting to
note that similar mobility values, measured by Hall effect,
are found for silver in crystalline4,5,50 or glassy6 silverconducting electrolytes. The restrictive choice of silver solid
electrolytes investigated via Hall effect measurements is due
to the fact that these materials are the highest conductive
solid electrolytes at room temperature, allowing for high Hall
voltages. From Fig. 4 higher mobility for the larger cations
may be observed. This result comes from a slow decrease in
the values of ⌬Hm with increasing ionic radius 共Table II兲.
Note that these differences are in the limit of the mathematical accuracy mentioned on the Table II caption. Nevertheless, should this result be confirmed for other comparable
alkali content, it could be interpreted by the fact that the
interstitial pairs formed with the larger cations would be, for
steric reasons, less deeply trapped in the nonbridging oxygen
Coulombic wall.
In C5H6NAg5I6 at 20 ° C, Newman et al.50 obtained a
+
Ag ion mobility of 3.7 cm2 s−1 V−1 by extracting Hall voltages from 10 to 100 nV with an applied magnetic field of
0.1–1 T. Using ac Hall techniques on xAgI· 共1 − x兲AgPO3
glasses 共0 ⬍ x ⬍ 0.5兲, Clement et al.6 found a Ag+ mobility
value of 共6 ⫾ 2兲 ⫻ 10−4 cm2 s−1 V−1 at 25 ° C independent of
x. Also measuring at room temperature, Funke and

TABLE II. Characteristic parameters, EA, ⌬H f , and ⌬Hm, for ionic conductivity below the glass transition
temperature. The mathematical accuracy does not exceed 2 ⫻ 10−2 eV at these values. The number of experimental data points N and respective 2 values are also reported.

Li2O · 2SiO2
Na2O · 2SiO2
K2O · 2SiO2

EA
共eV兲

⌬H f
共eV兲

⌬Hm
共eV兲

N

2
共%兲

0.65
0.68
0.70

0.96
1.02
1.10

0.17
0.17
0.15

25
21
15

1.5
13
0.7
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TABLE III. Calculated volume ratios Vⴱf / V0 required for the migration process above the glass transition temperature, and experimental values of volumetric thermal expansion coefficient in the liquid 共␣l兲 and glassy 共␣g兲 states.

Li2O · 2SiO2
Na2O · 2SiO2
K2O · 2SiO2

␣l 共⫻10−7 / K兲

␣g 共⫻10−7 / K兲

Reference

Vⴱf / V0

373
1395
1455a

360
495
558

48
49
49

0.036
0.033
0.039

␣l of potassium disilicate is calculated from density data.

a

Hackenberg4 found a Ag+ mobility close to
10−4 cm2 s−1 V−1 for ␣-AgI and Stuhrmann et al.5 found the
same mobility for ␣-RbAg4I5.
From these data and the values calculated in the present
work, it is interesting to observe that, regardless of the solid
electrolyte and the nature of the charge carrier, the room
temperature ionic mobility values are of the same order of
magnitude close to 10−4 cm2 s−1 V−1. Obviously, these values are seven orders of magnitude lower than the mobility of
electrons or holes in a semiconductor,3 but, interestingly,
they are of the same order of magnitude as that of the ionic
mobility extrapolated to infinite dilution in aqueous
solutions.51
A consequence of these results is that the differences in
conductivity values result mainly from the number of effective charge carriers. In fact, considering experimental electrical conductivity and mobility in crystalline fast ionic conductors ␣-AgI 共Ref. 4兲 and ␣-RbAg4I5,6 it can be seen that
all silver ions are effective charge carriers. In C5H6NAg5I6,
5 ⫻ 10−2 Ag+ cations would be simultaneously mobile,50
while in the silver phosphate glasses AgPO3, the fraction of
mobile silver cations is only 3 ⫻ 10−7.5 The latter value is
comparable to the concentration of intrinsic defects in a crystalline structure,52 or to that of dissociated species in a weak
electrolyte.51
In the present study on alkali disilicates, the calculated
concentration of effective charge carriers at room temperature would be lower, i.e., only a fraction of 10−8 to 10−10 of
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FIG. 3. Charge carrier ratios n+ / n for Li2O · 2SiO2 共LS2兲, Na2O · 2SiO2
共NS2兲, and K2O · 2SiO2 共KS2兲, calculated from Eq. 共9兲. ⌬H f is taken from
Table II. The marked increase of this ratio with temperature is the consequence of the activated charge carrier formation process ⌬H f , close to 1 eV.

FIG. 4. Mobility + calculated from the relation + =  / en+; n+ values are
taken text and results presented at Tables I and II, and  is taken from
experimental conductivity data given from Refs. 26–47.

the total concentration of the alkali cations. This fraction
increases with temperature until it reaches 10−5 – 10−6 at 500
K, as presented in Fig. 3. At the same temperature, and for a
glass composition 共Na2O-0.4Al2O3-2.2SiO2兲 close to those
we investigated here, Pitarch et al.9 also estimated a fraction
of 10−6 of effective charge carriers from capacitance-voltage
characteristics.
Finally, all these results deduced from different techniques converge towards the idea that only a very small fraction of the silver or alkali cations in glasses participate instantaneously in ionic transport. Nevertheless, the values of
these fractions are only average quantities. The mobile cations at a given instant can become stationary cations at the
next instant and replaced by other cations that were previously stationary. On average, the number of mobile cations
remains constant. In the model we propose here, mobile cations or effective charge carriers are identified as interstitial
cationic pairs that appear and disappear continuously in the
glass structure. On a time scale much longer than the lifetime
 of an interstitial pair, all the cations participate in the transport process, but not all do so simultaneously. This lifetime is
a function of the attempt frequency, , and the migration
enthalpy, ⌬Hm, according to
1
⌬Hm
.
 = exp

k BT

共16兲

Taking  = 1013 Hz and ⌬Hm = 0.15 eV, as previously calculated in Table II, an estimated value for  at room temperature is 10−10 s. With a relative concentration n+ / n of about
10−8 at the same temperature, all the cations are expected to
have moved over a distance over the mean distance between
two regular sites within a time interval ⌬t = 10−2 s. This time
dependence of the number of effective moving cations has
also been recently noticed by Dyre et al.53
V. CONCLUSIONS

The results deduced from the model presented in this
work are based on a microscopic description of ionic trans-
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port below and above the glass transition temperature. According to the proposed model, charge carrier formation follows a temperature-activated mechanism in the entire
temperature range. Mobility is also temperature-activated below the glass transition temperature but is governed by a free
volume mechanism above this temperature. Fitting experimental data with the proposed expressions gives access to
three fundamental parameters, i.e., ⌬H f , the enthalpy of
charge carrier formation, ⌬Hm, the migration enthalpy below
the glass transition temperature, and the Vⴱf / V0 ratio representative of the critical free volume above the glass transition
temperature.
These parameters were determined for lithium, sodium,
and potassium disilicates. According to these results, charge
carrier formation below Tg requires a higher energy than migration. Above Tg, charge carrier displacement requires a
small free volume. For the three silicates under study, the
n+ / n ratio of the number of charge carriers n+ with the total
number of alkali cations n is estimated to be 10−7 – 10−9 at
room temperature, and increases up to about 10−2 at
1000 ° C. These values are coherent with the description of
glassy electrolytes as weak electrolytes. The calculated mobility at room temperature is about 10−4 cm2 s−1 V−1, which
is in the same order of magnitude as that measured by Hall
effect in silver conducting glasses or fast ionic conductors.
These values allow us to infer that the conductivity of glassy
electrolytes is limited by the number of effective charge carriers rather than by their mobility.
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