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Abstract
To study the ion dynamics of several inorganic glasses, including single-
and mixed-cation glasses, we have determined conductivity spectra over wide
ranges in frequency. In the case of the single-cation glasses, these spectra extend
from a few hertz up to the terahertz regime. The spectra show a transition
from their dc values to a dispersive regime where the conductivity increases
continuously with frequency, tending towards a linear frequency dependence
at sufficiently low temperatures. At high frequencies the dynamic conductivity
is governed by vibrational contributions, whereas ionic hopping sequences
determine the low-frequency part of the spectra. In an intermediate-frequency
regime, both hopping and vibrational contributions contribute to the dynamic
conductivity. The shape of the high-frequency conductivity spectra is discussed
for various glasses. The low-frequency spectra are discussed in the framework
of the concept of mismatch and relaxation.

For the mixed-cation glasses where spectra have been taken by impedance
spectroscopy, we report on a new kind of mixed-alkali effect. In contrast to
conductivity spectra of single-cation glasses which follow the time–temperature
superposition principle, featuring a temperature-invariant shape, the shapes of
the conductivity spectra of the mixed-alkali glasses studied here are found to
change with temperature. To explain this effect,we suggest differently activated
mobilities of the two different ionic species.

1. Introduction

The dynamics of mobile ions in ion-conducting glasses constitute one of the major unsolved
problems in the field of solid-state ionics. In contrast to structurally disordered crystalline
electrolytes, glassy materials do not provide easy access to their structural properties.
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Therefore, little is known even about possible sites for the mobile ions within the glassy
network. This lack of structural knowledge substantially complicates the study of the
elementary steps of ion transport.

In the last few years, endeavors to obtain a better understanding of the ion dynamics
in glass have been made along two different lines of experimental investigation. One of
them is concerned with the identification of ionic sites on the basis of infrared and Raman
spectra [1–4], or by nuclear magnetic resonance techniques [5, 6]. The other relies on extracting
information about the hopping dynamics from frequency-dependent conductivities which are
normally measured by impedance spectroscopy [7, 8]. However, one of the major drawbacks
of impedance spectroscopy is its limitation to frequencies below the megahertz regime. As
a consequence, this technique provides a view on the ion dynamics at comparatively long
times only, without reflecting the development of correlations in the movements of ions that
occur on shorter timescales. In order to bridge the gap between the traditional impedance
frequency regime and the far infrared, and thus to probe the short-time hopping dynamics,
we have performed additional measurements of the ionic conductivity at radio, microwave,
millimetre and sub-millimetre wave frequencies. In the following, we will first discuss the
conductivity spectra of one lithium-ion-conducting glass, namely B2O3·0.56Li2O·0.45LiBr,
and of two silver-ion-conducting glasses, 0.5AgI·0.5AgPO3 and 0.48(AgI)2·0.52Ag2SeO4.
These conductivity spectra extend from infrared frequencies down to a few hertz and thus
probe the transition from elementary steps to macroscopic transport. The latter part of this
paper discusses mixed-cation glasses with mobile alkali ions of two kinds where spectra have
been taken by impedance spectroscopy. Here, we report on a new kind of mixed-alkali effect
occurring in the shapes of the conductivity spectra which are found to change with temperature.

2. Single-cation glasses: results

Figure 1 shows conductivity isotherms of glassy B2O3·0.56Li2O·0.45LiBr in a log–log
representation of σ(ν)T versus the experimental frequency ν at four temperatures T . The
results presented here confirm the following basic facts that are well known from impedance
spectroscopy.

(1) The temperature dependence of the dc conductivity,σdc, is well described by the Arrhenius
law, reflecting the activated nature of ionic hopping processes.

(2) Ion-conducting glasses display an increase of their ionic conductivity as a function of
frequency. At sufficiently low frequencies ν, σ(ν) roughly follows the Jonscher power
law [9],

σ(ν) ≈ σdc(1 + (ν/ν0)
p). (1)

Here, ν0 marks the onset of the conductivity dispersion on the frequency scale. Reported
values of the exponent p typically range from 0.5 to 0.7.

(3) With increasing normalized conductivity, σ(ν)/σdc, equation (1) becomes more and
more inappropriate. In fact, the apparent exponent is found to vary with the ratio
σ(ν)/σdc, increasing gradually and tending towards unity for large values of σ(ν)/σdc,
then corresponding to a nearly frequency-independent dielectric loss [10, 11].

(4) Glassy electrolytes are usually found to obey the so-called time–temperature superposition
principle [12–14]. This means that their low-frequency ionic conductivities collapse onto a
single ‘master curve’, if the conductivity and the frequency axes are scaled in an appropriate
way, e.g. if log(σ (ν)/σdc) is plotted versus log(ν/(σdcT )). This is illustrated in figure 2 for
impedance spectra of glassy B2O3·0.56Li2O·0.45LiBr which we have measured recently;
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Figure 1. Complete experimental conductivity spectra of glassy B2O3·0.56Li2O·0.45LiBr at
various temperatures.

see also [15]. It should be noted that the 148 K isotherm still shows the transition into the
dc plateau, the conductivity, therefore, still being caused by activated hopping processes.
Figure 2(b) shows the master curve constructed from the data of figure 2(a) by means of
the Summerfield scaling procedure [16, 17]. For reasons of clarity only three isotherms
are included in the scaled representation, although all other isotherms also fall on the
master curve. The scaling procedure applied in figure 2 was first reported for amorphous
semiconductors by Summerfield et al [16, 17], but seems to be valid also for many
ion-conducting glasses [12, 18, 19]. The validity of the Summerfield scaling formalism
implies that macroscopic diffusion, which is proportional to σdcT because of the
Nernst–Einstein relation, increases with temperature at the same rate as the characteristic
frequency ν0 does. As the shape of the dispersion does not vary with temperature, we may
conclude that the mechanism of the underlying ion dynamics is preserved.

While it is clear that the increase of the ionic conductivity with frequency reflects the frequent
occurrence of correlated back-and-forth hopping processes of the mobile ions in the glass,
the master curve signature of their hopping dynamics does not determine the experimental
conductivity spectra at higher frequencies, say, in the microwave regime. In [20] we have
discussed in detail such high-frequency spectra for glassy 0.5Ag2S·0.5GeS2, where the
complete experimental spectra could be well described by a superposition of two distinct
contributions. The first one is the low-frequency part where the Summerfield scaling is
valid, the conductivity being due to ionic hopping processes. The second contribution is a
vibrational component where the low-frequency flank of the broad peak shows a ν2-dependence
on frequency at all temperatures.

Turning back to the complete conductivity spectra of glassy B2O3·0.56Li2O·0.45LiBr
presented in figure 1, we also see that at frequencies higher than roughly 0.5 THz,
all conductivity spectra show a broad peak with a small temperature dependence and a
ν2-dependence on frequency on the low-frequency flank. Such features clearly indicate their
vibrational origin and have also been reported for other amorphous materials [21, 22]. In the
following, we will focus on frequencies located between the ‘low-frequency regime’ probing
ionic hopping motion and the high-frequency vibrational regime. In order to investigate
whether or not the data in the gigahertz regime still follow the time–temperature superposition
principle valid at lower frequencies, we compare the shape of the master curve displayed in
figure 2 with the shape of the total experimental spectra. Figure 3 shows such a comparison
between the experimental data (circles) and the master curve (black line). Note that the master
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Figure 2. Conductivity spectra of glassy B2O3·0.56Li2O·0.45LiBr: (a) experimental spectra at
various temperatures; (b) the master curve representation.

curve is rescaled into the log(σ (ν)) versus log(ν) representation for reasons of clarity. We
directly see from figure 3 that above approximately 1 GHz the experimental data deviate from
the master curve. Even below the frequency regime where the vibrational component with a
ν2-dependence on frequency determines the conductivity, the experimental spectrum is steeper
than the master curve. We can now subtract at each frequency the master curve contribution
from the total spectra. The resulting ‘reduced spectrum’ (represented by crosses) is shown
in figure 3, the frequency regime between log(ν/Hz) = 9.5 and 13.5 being highlighted in
the inset. The reduced spectrum at 223 K as well as reduced spectra determined at other
temperatures, show the following features:

• On the low-frequency flank of the broad vibrational peak we see a ν2-dependence on
frequency at frequencies between 0.5 and 3 THz. However, we also observe a crossover
into a ν1.3-dependence on frequency at frequencies below 0.5 THz. This is in contrast to
the behaviour reported for glassy 0.5Ag2S·0.5GeS2 where we observe no change of the
ν2-dependence on frequency into another one [20].

• In the gigahertz regime, the reduced spectra appear to be the extensions of the FIR data
(between 0.17 and 0.5 THz) and feature the same ν1.3-dependence on frequency.

• In the entire frequency range between 1 GHz and 3 THz, the temperature dependence
of the reduced spectra is very small and does not differ when the frequency dependence
changes from ν1.3 to ν2. Therefore, we think that this complete spectral part is likely to
be caused by vibrational-like motion.

We now turn to two other single-cation glasses, namely 0.48(AgI)2·0.52Ag2SeO4 and
0.5AgI·0.5AgPO3, where we have analysed complete conductivity spectra following
the same procedure as described above. Complete conductivity spectra of glassy
0.48(AgI)2·0.52Ag2SeO4 have been published earlier; see also [20, 23]. Reduced spectra
of this glass are compared with new results on 0.5AgI·0.5AgPO3 glasses. For glassy
0.48(AgI)2·0.52Ag2SeO4, of which one isotherm is shown in figure 4(a), we find that between
10 and 110 GHz the reduced 296 K spectrum coincides with a straight line extrapolated from
the far-infrared conductivities. Taking into account other isotherms we obtain the following
results:

• At all temperatures, the gigahertz regime of the reduced spectra can be regarded as the
extension of the low-frequency flank of the vibrational part as probed at FIR frequencies
(between 0.3 and 1 THz).
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Figure 3. The experimental conductivity spectrum of glassy B2O3·0.56Li2O·0.45LiBr at 223 K
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Figure 4. Reduced conductivity spectra of (a) glassy 0.48(AgI)2·0.52Ag2SeO4 and (b) glassy
0.5AgI·0.5AgPO3.

• The frequency dependence on the low-frequency flank is described by νq . The value
of q is found to increase with decreasing temperature approaching two at our lowest
temperatures, namely 93 and 113 K.

The reduced spectra of the third glass, 0.5AgI·0.5AgPO3, one of them being presented in
figure 4(b), strongly resemble those of glassy 0.48(AgI)2·0.52Ag2SeO4. Again we find that
the low-frequency flank of the vibrational part is well described by νq . Like for the selenate
glass, the value of q increases with decreasing temperature. The temperature dependence is,
however, slightly smaller for the phosphate glass. This can be seen in figure 5 which shows the
exponents governing the conductivity spectra in the gigahertz and terahertz regimes at different
temperatures for both silver-ion-conducting glasses discussed above.

3. Single-cation glasses: discussion of the results

First we can state that the three different glasses discussed above show the same kind of
low-frequency behaviour. Below the gigahertz regime the data follow the time–temperature
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glassy 0.48(AgI)2·0.52Ag2SeO4 and 0.5AgI·0.5AgPO3.

superposition principle and can be scaled onto a master curve. In the high-frequency regime,
the spectra of all single-cation glasses exhibit frequency dependences on the low-frequency
flanks of the vibrational peaks which are weaker than ν2. Whereas a ‘classical’ ν2-dependence
on frequency in the vibrational regime can be interpreted by rattling motions of ions in harmonic
potential landscapes, conductivity components with a weaker frequency dependence might be
caused by anharmonic vibrations. According to Jain and co-workers [24], a νq-dependence
on frequency can also be caused by jellyfish-type local fluctuations of the glass network and
the ions included therein.

The differences in the reduced spectra between the various glasses are linked to their
structures. Whereas the B2O3·0.56Li2O·0.45LiBr glass is a so-called network glass with a
condensed network of BO3 and BO4 units, the 0.48(AgI)2·0.52Ag2SeO4 glass only consists
of discrete selenate, iodide and silver ions which can move apart from each other easily when
the temperature is enhanced. This is most probably why the shape of the vibrational peak
changes with temperature in the latter glass, whereas the respective shape does not change with
temperature in the network glass. For the 0.5AgI·0.5AgPO3 glass, where the network consists
of chains of condensed PO4 tetrahedra possessing an intermediate degree of connectivity, a
temperature dependence on the low-frequency flank of the vibrational part does exist, but it is
less pronounced than in the selenate glass. Temperature-dependent shapes of the vibrational
spectra as reported for glassy 0.48(AgI)2·0.52Ag2SeO4 and 0.5AgI·0.5AgPO3 are typical of
supercooled glass-forming liquids such as CKN which also lack a condensed network [25].
We strongly feel that there is need for additional theoretical work in order to understand the
origin of the microscopic dynamics occurring on a picosecond timescale, resulting in ‘non-
classical’ vibrational spectra. MD simulations on alkali borate glasses are currently being
performed [26].

In the following, we consider the low-frequency parts of the conductivity spectra and
discuss the origin of their master curve signature. As outlined above, conductivity spectra
of ion-conducting glasses show a transition from a dc plateau into a dispersive regime
where ∂ log(σ (ν))/∂ log(ν) increases with frequency. Models such as Ngai’s coupling
concept [27, 28] and the jump relaxation model [29, 30] have often been used to explain such
conductivity spectra. However, they cannot reproduce the experimentally validated transition
from a Jonscher-type power-law behaviour to a nearly constant-loss behaviour. The latter
transition is, however, well reproduced within the concept of mismatch and relaxation (CMR)
which differs from the jump relaxation model by inclusion of a second rate equation. A more
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detailed description of the CMR can be found in [12, 31–35]. Here, we only outline the basic
assumptions of the model and compare model spectra with the experimental ones.

The central idea of the CMR is the following. Mismatch is created by each hop of a mobile
ion. The system then tends to reduce the mismatch, which can be done by a backward hop of
the ion itself (‘single-particle route’) or by rearrangement of its neighbourhood (‘many-particle
route’). The first rate equation claims that the rates of relaxation along the two routes are always
proportional to each other. The second rate equation exploits the fact that the mobile neighbours
are of the same kind as the ‘central’ ion. The rate of relaxation on the ‘many-particle route’ is
thus again related to single-particle functions such as the velocity autocorrelation function. The
latter are then obtainable from the two equations in a self-consistent fashion. Local mismatch
is, however, not only reduced by the rearrangement of the neighbourhood, but at the same
time also progressively shielded. An empirical parameter K is introduced to quantify the
time dependence of the shielding effect. More details are given in [32–35]. The parameter
K turns out to modify the shape of the conductivity spectra, increasing values of K resulting
in a more gradual onset of the dispersion. This will be discussed in more detail in context
with the spectra of the mixed-alkali glasses. For most single-cation glasses and also in many
crystals, the value of K is found to be close to 2.0. Such an example is given in figure 6
where the experimental conductivity master curve of glassy B2O3·0.56Li2O·0.45LiBr (shown
earlier in figure 2) is compared to the corresponding CMR master curve. The two master
curves are found to be in excellent agreement. The validity of the experimentally established
time–temperature superposition principle is easily understood in terms of the CMR:
temperature changes affect the ion dynamics only by changing the rates of the hopping
processes, while the mechanism and the number of ions involved remain unchanged.

4. Mixed-cation glasses: results

In the previous paragraphs we have shown that the low-frequency spectra of three single-cation
glasses follow the time–temperature superposition principle and can, therefore, be scaled onto
a master curve. While there are only few exceptions from the validity of the time–temperature
superposition principle in single-cation glasses [36], we have recently found that the spectra
of mixed-alkali glasses cannot be scaled onto a master curve [15]. These deviations from the
validity of the time–temperature superposition principle are discussed in more detail in this
section.
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In figure 7 we present frequency-dependent conductivities of glassy 0.3[xLi2O·(1 − x)

Na2O]·0.7B2O3 measured for different x at a fixed temperature, namely 323 K. In order to
compare the shapes of the spectra, all data are presented in a normalized fashion. To make
the spectra coincide at high frequencies we have, besides the Summerfield scaling, also used
a scaling factor f , ranging between 0.5 and 1. The spectra of figure 7 corroborate the trend
already reported in [37]. Starting with the binary sodium borate glass where x = 0, the
transition into the dispersive regime becomes more and more gradual with increasing x until
the composition x = 0.4 is reached. With further increase of x , the transition becomes less
gradual again. Finally, the shape of the conductivity spectrum of the binary lithium borate
glass coincides with the binary sodium borate glass.

Figures 8(a) and (b) are scaled representations of several conductivity isotherms of
the binary glass 0.3Na2O·0.7B2O3 and of the ternary glass 0.18Li2O·0.12Na2O·0.7B2O3,
respectively. In both cases, the Summerfield scaling has been applied. Comparing figures 8(a)
and (b), we encounter both similarities and differences. The two glasses agree in displaying
a first derivative, ∂ log(σ (ν))/∂ log(ν), that increases with frequency, tending towards unity.
This is also well in line with the shapes of conductivity spectra of many other solid electrolytes
such as B2O3·0.56Li2O·0.45LiBr; cf figure 1. On the other hand, the two glasses differ
regarding the preservation of the shape of their conductivity spectra when the temperature
is changed. For the single-cation glass, the shape turns out to be temperature invariant,
resulting in a single master curve in the scaled representation; see figure 8(a). As for
B2O3·0.56Li2O·0.45LiBr—see figure 1—the time–temperature superposition principle and
the Summerfield scaling are again found to be valid.

In contrast to the case for figure 8(a), we see in figure 8(b) that different isotherms of
the mixed-alkali glass do not collapse onto a single master curve. Obviously, the shape of
the conductivity spectra is temperature dependent. In the following section, this effect will be
discussed in more detail.

5. Mixed-cation glasses: discussion

We have reported on two mixed-alkali effects, concerning changes in the shapes of frequency-
dependent conductivities that occur along with variations of composition and temperature.
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Figure 8. Scaled conductivity spectra of glassy (a) 0.3Na2O·0.7B2O3 and (b) 0.18Li2O·
0.12Na2O·0.7B2O3.

In the following, these effects will be quantified by application of a one-parameter procedure
that has been established recently, within the framework of the CMR.

As shown in figure 7, the shapes of the mixed-alkali conductivity spectra strongly vary with
composition. In order to quantify this effect, we have determined the values of the parameter
K needed to obtain excellent fits to the experimental spectra. The results are displayed in
figure 9. Evidently, the parameter K shows a pronounced mixed-alkali effect with a maximum
at x = 0.4. The maximum of K occurs at the same composition where the dc conductivity
passes through a minimum.

In the CMR model the parameter K appears to be linked to the effective number density
of mobile ions. The smaller the number density, the higher the value of K . Accordingly,
spectra of glasses and crystals with small concentrations of mobile cations are reproduced
by model spectra with larger K -values than glasses and crystals with high cation contents.
In a mixed-alkali glass system such as 0.3[xLi2O·(1 − x)Na2O]·0.7B2O3, however, the total
number of cations remains constant for all glass compositions. Nevertheless, figure 9 suggests
that the effective number of mobile ions should be strongly reduced in a mixed-alkali glass
as compared to the binary glasses. This can be understood in the framework of the dynamic
structure model (DSM) developed by Bunde et al [38]. In the DSM, each cation species creates
its own chemical environment when a solid glass is formed from a melt. Therefore, a Li site
in a glass differs from a Na site. As each cation species prefers to migrate via pathways of
sites adjusted to its own requirements, the ionic mobility is drastically reduced if the pathways
of the respective species interfere with each other. This picture readily explains the strong
reduction of the effective number of mobile ions in mixed-alkali glasses.
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In the following, we consider the temperature dependence of the conductivity spectra. As
discussed in the previous section, the shape of the conductivity spectra of the single-cation
glasses does not change with temperature—see figures 2(b) and 8(a)—which implies that
temperature variations affect the ion dynamics only by changing the rates of the hopping
processes, while the mechanism and the number of ions involved remain unchanged.

The conductivity spectra of the mixed-alkali glasses which do not collapse onto a master
curve—see figure 8(b)—can also be described by the CMR, at least formally. The experimental
spectra of glassy 0.18Li2O·0.12Na2O·0.7B2O3 are presented in figure 10 along with curves
obtained using the CMR. In contrast to the case for the single-cation glasses, where a constant
K -value of about 2 has been used to describe all conductivity isotherms, the value of K is
found to increase with temperature in the mixed-alkali glasses. The higher the temperature, the
more gradual the transition from the dc plateau to the dispersive regime. This breakdown of the
time–temperature superposition principle is a new kind of mixed-alkali effect. Figure 11 shows
the CMR parameter K as a function of composition at different temperatures. It is obvious that
the strongest changes of the spectral shape with temperature occur for compositions x = 0.4
and 0.6. The reason that the effect was not detected in a previous study on the same glass
system [37] lies in the more limited ranges in frequency and temperature.

An explanation of the temperature-dependent shape of the mixed-alkali conductivity
spectra may be provided by the assumption of differently activated mobilities of the two
different ionic species. As mentioned earlier, ionic transport is dominated by the more mobile
ionic species. This applies on either side of the diffusion crossover point [39]. However, there
is a lack of radio-tracer experiments concerning the temperature dependences of the respective
mobilities in mixed-alkali glasses. A priori, of course, there is no reason that the different
cation species should have identical activation energies of their mobilities.

Let us, therefore, assume that, in a given mixed-alkali glass, the mobilities of the two
species are slightly differently activated. In a simplified approach we also assume that each
of the two species contributes separately to the overall conductivity. The total conductivity
spectrum is then easily constructed at each temperature by adding the individual spectra of
the two species. It turns out that even if the individual spectra follow the time–temperature
superposition principle, the shape of the total spectra will be temperature dependent. This is
in agreement with the actual experimental findings.
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temperature.
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Figure 11. K -parameter values resulting from fits of the CMR model to conductivity spectra of
0.3[xLi2O·(1 − x)Na2O]·0.7B2O3 glasses at different temperatures.

If the mobilities of the two cation species were Arrhenius activated, but with different
activation energies, the sum of these two contributions should deviate from the Arrhenius law
which is usually used to describe the temperature dependence of σdcT . Instead of a straight line,
one would expect a slightly concave curve. We have, therefore, carefully checked the validity
of the Arrhenius law for the experimental dc conductivities of our mixed-alkali glasses. We
find the experimental data basically well described by an Arrhenius law. However, very small
deviations from a straight line are detectable at our lowest and highest temperatures. Similar
deviations have been reported by Mehrer [39],Namikawa [40] and Jain et al [41]. Nevertheless,
dc conductivity measurements over an even larger temperature range are desirable before
drawing any further conclusions.

An alternative interpretation for the concentration- and temperature-dependent shapes
of the mixed-alkali conductivity spectra may be given in terms of the concept of matrix-
mediated coupling developed by Ingram and co-workers [42]. Within this model, hops of
dissimilar cations (in this case Li+ and Na+) can become coupled through the mediation of
matrix relaxations. As such coupling intensifies as the temperature is raised towards the
glass transition temperature TG, the changes in the shape of the conductivity spectra could be
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attributed to such a mechanistic change. Temperature-dependent tracer measurements would
surely shed light on the temperature dependence of ionic mobilities in mixed-alkali glasses.

6. Summary and outlook

In this paper, we have analysed complete conductivity spectra of three single-cation-conducting
glasses, extending over many decades on the frequency scale. We have shown that in all cases
the conductivity spectra are consistently described by a superposition of only two contributions.
One of them determines the conductivity spectra at frequencies below some gigahertz and
reflects the hopping dynamics of the mobile ions. It is well reproduced within the framework
of the CMR. The other contribution is caused by vibration-like movements of charged particles.
It is only slightly temperature dependent and its shape strongly depends on the respective glass.
Here, marked differences between the three glasses have been highlighted and discussed.
However, more theoretical work is needed to fully understand the dynamics occurring on a
picosecond timescale.

In contrast to the conductivity spectra of single-cation glasses which follow the time–
temperature superposition principle, featuring a temperature-invariant shape, the conductivity
spectra of the mixed-alkali glasses studied here have shapes that are found to change with
temperature. To explain the effect, we suggest differently activated mobilities of the two
different ionic species. All spectra of glassy 0.3[xLi2O·(1 − x)Na2O]·0.7B2O3 presented are
well described within the framework of the concept of mismatch and relaxation. The variation
of the model parameter K with composition suggests that the effective number of mobile ions
is strongly reduced in a mixed-alkali glass as compared to the binary glasses. This can be
understood in the framework of the dynamic structure model [38] in which each cation species
prefers to migrate via pathways of sites adjusted to its own requirements.
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