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In this paper, we report a non-Arrhenius behavior in the temperature-dependent dc conductivity of alkali ion
conducting borate glasses below their glass transition. This behavior is strongly influenced by the alkali oxide
content and by the type of the alkali ions, and is most pronounced in glasses with low alkali oxide content and
with large alkali ions. In contrast to many fast ion conducting glasses, the curvature in the Arrhenius plot is
positive. Furthermore, we show that annealing of the glass samples leads to a partial recovery of the Arrhenius
behavior. Our experimental results are interpreted in terms of local structural changes in the borate network
with temperature, which have been detected by means of solid state NMR spectroscopy.
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Alkali ion diffusion in glasses is an issue of central inter-
est because of its important role in different technological
applications, in addition to its fundamental relation to prop-
erties such as electrical conductivity, chemical durability, and
ion exchange kinetics.1–4 An adequate understanding of the
temperature and composition dependence of ion transport re-
quires microscopic information on both structure and dynam-
ics. Structural changes occurring during supercooling of a
glass-forming liquid contribute an additional source of con-
figurational entropy, which ultimately influences the struc-
tural relaxation and transport properties. Therefore the influ-
ence of temperature on liquid structure reveals a link
between configurational entropy and glass formation and
provides important clues to the mechanism of diffusion and
viscous flow. Structural defects present in the liquid state
may be preserved after quenching and may play an important
role for the ion transport in the glassy state.

The ion transport properties of a variety of glass-forming
network structures have been studied in numerous investiga-
tions; among these systems boron oxide �B2O3� is unique in
its ability to transform between two local environments.
These two local structures are defined by three- and fourfold
coordinated boron ��3�B and �4�B� atoms. A transition from
one of these coordinations to the other can be achieved by
varying the alkali oxide concentration, temperature or
pressure.5–7 Recently, there has been considerable interest in
pressure-induced changes in boron coordination.7 The ma-
nipulation of boron coordination provides considerable op-
portunity to tailor the physical properties of B2O3 containing
glasses to match a host of technological needs. The incorpo-
ration of alkali oxide to borate is known to cause progressive
changes in the boron coordination number from �3�B to �4�B
as well as the formation of various cyclic units. The relative
concentrations of these structural units depend strongly on
the concentration and type of the alkali oxide. Statistical
thermodynamic modeling as well as shear relaxation studies
on borate glasses have suggested the importance of changes
in borate speciation with temperature.8,9

These speciation changes can be grouped into two major
classes: �i� disintegration of six-membered boroxol rings

�B3O6� into nonring BO3 units, and �ii� dissociation of BO4
species into symmetric BO3S units �with three B-O-B link-
ages� and nonbridging oxygen �NBO�.8,9 As shown by solid-
state NMR spectroscopy, the speciation depends also on ther-
mal history, i.e., on the quenching rate.6,10,11 Glasses
subjected to a higher quenching rate exhibit a higher fictive
temperature and contain fewer BO4 units than do slowly
cooled or annealed glass samples. Thus an annealing process
leads to a strong modification of the local environment of
mobile cations. Such structural modifications are absent in
alkali silicate and germanate glasses, where the network
structure does not depend strongly on temperature and fictive
temperature, respectively.12 Hence borate glasses are inter-
esting model materials for studying the influence of glass
structure on ion transport.

Recently, Mehrer and co-workers carried out electrical
conductivity and tracer diffusion measurements on sodium
and rubidium borate glasses. From their results they calcu-
lated the Haven ratio which is a measure for correlations
between movements of different alkali ions.13 While the Ha-
ven ratio for sodium borate glasses is, within the experimen-
tal error, independent of temperature, the Haven ratio of ru-
bidium borate glasses increases with temperature. This
suggests a stronger temperature dependence of the network
structure of rubidium borate glasses which influences the ru-
bidium ion transport mechanism.

In this paper, we provide information about the influence
of the borate network structure on alkali ion transport in
more detail by taking frequency- and temperature-dependent
conductivity of borate glasses with different compositions
and different thermal histories. We find deviations from
Arrhenius behavior in their dc conductivity which are influ-
enced by both composition and thermal history, and we show
that these deviations can be related to structural peculiarities
of the glasses.

Glasses of composition x Na2O· �1−x� B2O3 with
0.10�x�0.30 and of composition 0.20 M2O·0.80 B2O3
with M =Li, Na, K, Rb, and Cs were prepared by melting dry
mixtures of high purity B2O3 and the respective alkali car-
bonate in a platinum crucible under an atmosphere of air.
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The melts were held at 1273 K for 3 h in order to get homo-
geneous liquids and then poured into a stainless steel mold.
To diminish internal stresses, as-prepared glass samples were
annealed 30 K below their respective glass transition
temperatures for 5 h and then cooled to room temperature
with a rate of 1 K/min �these samples are referred to as
“normal glasses”�. Additionally, we have prepared glasses by
adopting different quenching and annealing procedures.
For this purpose, we used 0.10 Na2O·0.90 B2O3 and
0.30 Na2O·0.70 B2O3 glass samples to test the effect of ther-
mal history on the electrical conductivity. After annealing,
the glass samples were ground to their requisite sizes, the
surfaces were polished, and metal electrodes consisting of
silver and platinum layers were sputtered onto each surface.
Conductivity measurements were carried out by using a No-
vocontrol �-S high-resolution dielectric analyzer in a fre-
quency range from 1 mHz to 3 MHz and in a temperature
range from room temperature to about 40 K below the glass
transition temperature.

The frequency-dependent conductivity spectra are charac-
terized by well-defined low-frequency plateaux, where the
conductivity is identical to the ionic dc conductivity. These
plateaux allow the determination of the dc conductivity with
an error of less than 2%. In Fig. 1 we present Arrhenius plots
of the dc conductivity for normal glasses of composition of
x Na2O· �1−x�B2O3 with 0.10�x�0.30, measured over a
wide range of temperatures. At low temperatures, the mea-
sured dc conductivities follow the simple Arrhenius form,
i.e.,

�dcT = �0 exp�− Ea
dc/kBT� . �1�

In contrast, at higher temperatures, the dc conductivities de-
viate from the Arrhenius law and exhibit a positive curva-
ture. With increasing alkali oxide content, the onset of non-
Arrhenius behavior shifts to higher temperatures and the
deviations from Arrhenius behavior become weaker. In order
to analyze this behavior in more detail, we have calculated
apparent activation energies by taking the running slope be-
tween adjacent temperature and conductivity points, see Fig.
2. With decreasing alkali oxide content, the temperature de-

pendence of the apparent activation energy becomes stron-
ger.

These results are complemented by measurements on
0.20 M2O·0.80 B2O3 glasses with M =Li, Na, K, Rb, and
Cs, where the most pronounced deviation from the Arrhenius
behavior is found in cesium borate glass as shown in Fig. 3.
We note that these results are in good agreement with earlier
investigations by Jain and his co-workers on single alkali and
mixed alkali borate glasses.14 These authors reported that the
dc conductivity follows, in a first approximation, an Arrhen-
ius law in the narrow range of temperatures. However, by
analyzing the data in more detail with least square fitting
analysis, they were able to find non-Arrhenius behavior in
both single alkali and mixed alkali borate glasses.

Figure 4 shows the temperature-dependent dc conductiv-
ity of a 0.10 Na2O·0.90 B2O3 glass sample with different
thermal histories. Both, the as-prepared glass sample �virgin�
and the normal glass sample show Arrhenius behavior at low
temperatures �narrow range� and deviations from Arrhenius
behavior at high temperatures. Here, it is important to note

FIG. 1. Arrhenius plot of the dc conductivity �multiplied by the
temperature� of x Na2O· �1−x�B2O3 glasses with 0.10�x�0.30.
The symbols represent experimental data points, while the solid
lines are fits to an Arrhenius law.

FIG. 2. The variation of the “apparent activation energy” with
temperature in x Na2O· �1−x�B2O3 glasses with 0.10�x�0.30.

FIG. 3. Arrhenius plot of the dc conductivity �multiplied by the
temperature� of 0.2 M2O·0.8 B2O3 glasses with M =Li, Na, K, Rb,
and Cs. The symbols represent experimental data points, while the
solid lines are fits to an Arrhenius law. The inset shows clearly that
deviations from Arrhenius behavior are more pronounced in cesium
borate glasses as compared to lithium borate glasses �for a given
alkali oxide content�.
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that in the present investigation we did not apply very
high quenching rates �like those used for the NMR
measurements,6,11 since a high quenching rate leads to crack-
ing of the sample�. On the other hand, the glass sample an-
nealed 30 K below its glass transition temperature
�Tg=658 K� for 48 h shows Arrhenius behavior up to 550 K,
which is slightly higher than for the other two samples. Thus
the recovery of Arrhenius behavior is enhanced with increas-
ing annealing temperature and time. The same qualitative
behavior was observed for a 0.30 Na2O·0.70 B2O3 glass, see
Fig. 5. The as-prepared glass shows slight deviations from
Arrhenius behavior at higher temperatures, while the glass
annealed for 48 h shows Arrhenius behavior over the entire
temperature range.

In the following, we discuss the origin of the observed
non-Arrhenius behavior and its close correlation to glass
structure. In many fast ion conducting glasses, a non-
Arrhenius behavior with a negative curvature is found.15 Re-
cently, such a negative curvature has been reported for po-
tassium silicate glasses, and it has been shown that recovery
of Arrhenius behavior is facilitated by annealing processes

leading to a densification of the glasses.16 In contrast, it
seems that the positive curvature found in this study is a
special feature of borate glasses, which is related to their
structural peculiarities.

In situ high-temperature NMR and Raman investigations
on alkali borate and borosilicate glasses indicate that both
raising the temperature and increasing the alkali oxide con-
centration have a similar effect on the structure, namely the
transformation of BO4 to BO3+NBO is favored.6,11,17 For
instance, in a borate glass with 10 mol % Na2O, the ratio of
BO3/BO4 is about 7.3% at room temperature and increases
to about 14% near Tg. Just above Tg, the ratio becomes
nearly 95%. In contrast, in a glass with 30 mol % Na2O, no
such variation of the BO3/BO4 ratio with temperature has
been found.6 Furthermore, it has been shown that the activa-
tion enthalpy for this transformation increases with increas-
ing alkali oxide content.18 Thus at low alkali oxide contents,
the temperature-dependent equilibrium between the different
boron coordinations can be easily established at different
temperatures, while at high alkali oxide contents, the slow
transformation rate leads to a more or less temperature-
independent boron coordination.

In what way do these structural pecularities influence the
ion transport? Recently, several theoretical groups have in-
vestigated ion transport mechanisms in glasses by means of
molecular dynamics simulations and have found that only
few empty sites for the ions exist.19 This bears an analogy to
the existence of a small number of vacancies in crystalline
materials. Therefore a “vacancylike transport mechanism” in
glass has been postulated.19 One of the present authors has
used this concept to explain the non-Arrhenius behavior in
fast ion conducting glasses.20 In this case, the observed nega-
tive curvature was attributed to a temperature-dependent
number of empty ionic sites. At low temperatures, the num-
ber of empty sites increases with temperature, while at higher
temperatures, the number becomes constant. This assumption
was supported by deviations from Summerfield scaling in the
frequency-dependent conductivity spectra.20

In contrast to fast ion conducting systems, alkali borate
glasses exhibit a positive curvature. In the framework of the
vacancylike transport concept, this implies a temperature-
independent number of empty sites at low temperatures and
an increase of the number of empty sites at higher tempera-
tures. The reason for this creation of additional sites at high
temperatures could be the structural conversion of BO4 to
BO3 leading to an increasing number of NBO. An increasing
number of NBO implies a depolymerization of the borate
network and a more open network structure. Thus it seems
plausible that this type of structural conversion leads to more
ionic sites in the glass network.

We note that this assumption can also explain an increase
of the Haven ratio with temperature as found for rubidium
borate glasses.13 A small number of empty sites at low tem-
peratures leads to highly correlated movements of the ions
and thus to a low Haven ratio. When at higher temperatures
more empty sites are created, the correlations between the
movements of different ions become weaker and the Haven
ratio increases.

In summary, we have shown that the dc ionic conductivity
of alkali borate glasses deviates from Arrhenius behavior

FIG. 4. Arrhenius plot of the dc conductivity �multiplied by the
temperature� of a 0.1 Na2O·0.9 B2O3 glass sample with different
thermal histories. The symbols represent experimental data points,
while the solid lines are fits to an Arrhenius law.

FIG. 5. Arrhenius plot of the dc conductivity �multiplied by the
temperature� of a 0.3 Na2O·0.7 B2O3 glass sample with different
thermal histories. The symbols represent experimental data points,
while the solid lines are fits to an Arrhenius law.
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with a positive curvature of the data in an Arrhenius plot.
The pronounciation of the non-Arrhenius behavior depends
on the alkali oxide content, thermal history, and type of alkali
ion. By postulating a temperature-dependent number of
empty ionic sites and a vacancylike transport mechanism, we
provide an explanation for the non-Arrhenius behavior as
well as for a temperature-dependent Haven ratio. For draw-
ing a quantitative comparison between structural peculiari-

ties and ion transport properties, more thermodynamic and
kinetic data on BO3/BO4 conversions at different alkali ox-
ide contents would be desirable.
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