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Abstract

The concept of matrix-mediated coupling assumes that coupling between
movements of unlike cations in glass occurs in order to dissipate mechanical
stresses created by small cations entering sites which are too large (e.g. Li* ions
entering empty sodium, Na, sites) and large cations entering sites which are too
small (e.g. Na* ions entering empty lithium, Li, sites). A central feature of the
mixed-alkali effect is therefore the intervention of structural interactions that
minimize these stresses; these processes are essentially isochoric in nature.
This concept helps in the understanding of several important phenomena
in addition to the high pressure effects discussed previously, including the
growth/suppression effects observed in mechanical loss spectra; the strong
effect of foreign cations on the conductivity in the dilute foreign alkali region;
the role of divalent cations in glass and the ‘anomalous’ behaviour of ion-
exchanged glasses.

1. Introduction

The mixed-alkali effect (MAE) is one of the long standing puzzles of glass science [1-3], and
it continues to attract detailed attention. In addition to conductivity and diffusivity anomalies,
which are also found in crystalline beta-aluminas [4], in hydrated silicate glasses [5] and
in molten salt hydrates [6], there is a family of effects occurring in glasses, which includes
minima in melt viscosities and large mechanical relaxations found below the glass transition
temperature [1-3], whose origins are poorly understood.

Within the past decade, several approaches to understanding these phenomena have
been made based either on theoretical techniques involving molecular orbital [7], molecular
dynamics [8—11] and Monte Carlo [12] calculations or on new structural information obtained
by infrared and Raman [13, 14], EXAFS [15, 16] and NMR [17, 18] spectroscopies or neutron
scattering experiments [14].
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Figure 1. Variation in activation volume in mixed xLiPO3-(/ — x)NaPOj3 glasses, for conductivities
measured at 140 °C. Data are from [17].

Although there is now some agreement following the work of Bunde et al [12] that site
selectivity effects are important (e.g. Li* ions will recognize empty lithium, Li, sites and move
into them faster than they would into empty sodium, Na, sites) (however see also [19] for
a different viewpoint), there are important issues waiting to be resolved. Thus, according to
reference [12], a site relaxation occurs whenever Li* ions enter Na sites or vice versa. However,
other authors [11, 14-16] suggest that ions will always seek out matching sites (by jumping
further to reach them, if necessary). Maass [20] argues also that the concept of site relaxation
occurring below the glass transition temperature, T, is not essential for explaining the MAE.
These differences in viewpoint reflect differing ideas about the strength of the ion—network
interaction and about the timescales on which cation induced relaxations can occur.

Very recently a new approach to ion—matrix interactions was proposed based on an
interpretation of the effects of pressure on ionic conductivity in mixed-cation glasses [21].
The system investigated was a set of xLiPO3-(1 — x)NaPO; glasses (0 < x < 1), which had
previously [22, 23] been shown to exhibit ‘typical’ mixed-cation effects, including minima
in conductivities and T,s. From high pressure measurements, it was possible to determine
activation volumes from the equation

AV* = —RTdIno/dP (1)
where P is the equilibrium pressure (in Pa).

Figure 1 shows how AV* varied across the composition range (data are for 140 °C [21]).
The remarkable result is that A V* increases both when Li* ions in the LiPO; glass are replaced
by Na* ions and when Na* ions in the NaPOj3 glass are replaced by Li* ions. In one sense this
result was not surprising. Thus, in another (incomplete) mixed-cation system [24] trends in
activation energy were paralleled by changes in AV*. Moreover, the result is partly consistent
with a recent approach [19] for explaining the MAE, where larger cations (here it would be
the Na* ions) expand and smaller cations (here it would be the Li* ions) shrink the overall
glass network structure. Following such an approach, the replacement of Na* ions by Li* ions
(which occurs on the left-hand side of figure 1) would lead to network shrinkage, and so the
Na* ions would require a larger volume of activation, as indeed is the case. However, it is
less easy to explain the even greater increase in activation volume observed when Li* ions are
replaced by Na* ions, since this substitution leads to network expansion.
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It was also noticed that a very simple rule was being obeyed where AV*(max) = AV*(x =
0) + AV*(x = 1). Thus the activation volumes were not the average, but rather the arithmetic
sum of those pertaining to the single-cation glasses. To explain this rather striking, but possibly
coincidental result, it was proposed [21] that Li* and Na* ion motions were strongly coupled
to each other, and that this coupled motion had become the dominant process in these mixed
cation glasses.

The purpose of the present paper is to examine more closely this new ‘concept of matrix-
mediated coupling’ (CMMC), and to determine its wider relevance to ion transport processes
in glassy materials. The effect of pressure, as such, is not further discussed.

2. The concept of matrix-mediated coupling (CMMC)

2.1. Background to the concept

The starting point is the dynamic structure model of Bunde et al [12]. There it was assumed
that the mobile cations help shape the glass structure even as they move around. Na sites
would therefore exist close to Na* ions and Li sites would be found close to Li* ions, and it
was convenient to consider that these Na and Li sites existed by virtue of a ‘memory effect’.
The empty Na and Li sites became the ‘stepping stones’ which formed the pathways for the
migration of each cation in both single- and mixed-cation glasses.

In effect, ions in glass were expected to jump into nearby sites and for preference into
matching sites. Where a mismatch occurred, e.g. when a Na* ion attempted to move into a
Li site, such a process would be less likely to happen, and would be accompanied by a site
relaxation process. The nature of the site relaxation was not explored in any detail, however,
and subsequently Maass [20] expressed the view that these processes would be more likely to
occur in the supercooled liquid rather than in the glassy state.

The CMMC is based on the dynamic structure model, but it differs in approach by drawing
attention to what happens when cations do move into the ‘wrong’ sites.

2.2. The simplified model

Figure 2 shows how such ‘wrong’ ionic hops may be envisaged. In many respects, the picture
resembles Martin’s visualization [25] of the classical Anderson—Stuart model. However, it
also shows how tensile and compressive stresses are created at the ‘target site’ in mixed-cation
glasses when incoming cations find sites that are either too large or too small for them. By
raising the energies of ions in these sites, these stresses would contribute significantly to the
mismatch energies described in the dynamic structure model [12].

We now consider that these mismatch energies can be dissipated in several ways. First,
the ion can move back into its original site. This is in effect the ‘single-particle relaxation
pathway’ of Funke’s concept of mismatch and relaxation [26], which typically is applied to
single-cation systems. The result is that the stresses immediately disappear, but the ion must
now seek a different pathway through the glass.

Second, the immediate environment of the target site can relax as indicated by the arrows in
figure 2. When, for example, Li* ions arrive at Na sites, as in (a), there is a tensile stress created
which is absorbed by the surrounding matrix. This stress relaxation changes the surrounding
energy landscape and modifies the sites occupied by cations in this region of the glass, the
effect being greatest in the immediate vicinity of the ‘foreign’ cation. A corresponding, but
opposite, effect occurs when Na* ions enter Li sites. These processes should both modify
the glass structure. Indeed, there is experimental evidence from both infrared and NMR
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Figure2. Schematic representation of ion hopping processes in mixed-cation glasses, based on [20]:
(a) Li* ions hopping into Na sites, and (b) Na* ions hopping into Li sites.

spectroscopies [27, 28] that ‘larger’ cation sites expand and ‘smaller’ cation sites contract in
mixed-cation glasses.

Finally, one can envisage the situation which arises if the hopping (and relaxation)
processes illustrated in figure 2 occur near enough to become strongly coupled to each
other. Under favourable conditions, the associated expansions and contractions will be self-
cancelling, and so the overall process will occur at constant volume, i.e. it will be essentially
isochoric in nature. We now propose that this direct coupling of cation hopping processes
(which it was argued previously led to the summation of activation volumes [21]) could become
the dominant process in mixed-cation glasses of high total alkali content, especially as the glass
is heated towards 7, and localized network relaxations are permitted.

3. Applications of CMMC to behaviour in mixed-cation glasses

3.1. Internal friction peaks

Figure 3 shows mechanical loss spectra, given here as plots of tané versus temperature 7'
(in °C), obtained at constant frequency (0.4 Hz) for small replacements of Li,O by Na,O
in Li,0-3S510, glasses, as reported by Shelby and Day [29]. The spectra reveal characteristic
‘internal friction” peaks arising from the motions of the ‘fast’ Li*ions (this is the peak appearing
below 0°C), and ‘slower’ Na* ions (this is the higher temperature peak appearing around
100 °C). The beginnings of the glass transition also appear as huge rises in mechanical loss at
temperatures approaching 400 °C.

A generally accepted viewpoint, see for example [29] and [30], is that mechanical loss
peaks in glass arise quite simply from the coupling of external stress fields to ion hopping
processes. In some way, the external stresses modify the potential energy landscape to
favour ion hopping in some preferred direction. In single-cation glasses, this hopping rate
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Figure 3. Internal friction peaks obtained for xNayO-(1 — x)LiyO-3SiO; glasses over a range of
temperatures at a constant frequency of 0.4 Hz. Data are from Shelby and Day [25].

can be obtained either from the position of the internal friction peak, or alternatively from
the ‘crossover frequency’ for the change from dc to dispersive behaviour as obtained by ac
impedance spectroscopy [30, 31].

The behaviour shown in figure 3 is typical of mixed-cation glasses, and is notable in three
respects. First, the higher temperature (Na* ion or mixed-cation) peak is relatively intense.
Thus, replacement of just 2% of the original Li* ions by Na* ions results in a loss peak similar
in size to the Li*-ion peak originally found in the all-lithium glass. Second, the growth of
this Na™ ion peak is accompanied by a corresponding shrinkage of the Li*-ion peak. This
‘suppression effect’ is also found in mixed alkali—alkaline-earth glasses [30, 31], and has
never been adequately explained. Third, the replacement of Li* by Na* leads to a progressive
lowering of the glass transition temperature.

We shall argue that all these phenomena are a logical outcome of the matrix-mediated
cation coupling processes. Thus, the ‘pairwise’ movements of unlike ions create mechanical
dipoles that can respond either to shear or bending stresses being applied externally (hence
the relatively large mixed cation peaks). Since these ‘dipoles’ continually form and disappear
as a result of thermal motions, there are always large infernal stress fields present in mixed-
cation glasses. It is the response of the glassy matrix to these internal stresses which makes
mixed-cation glasses behave differently from single-cation systems.

Since the majority Li* ions move about more rapidly than the mixed-cation dipoles can
relax, one can regard the stresses created by the dipoles which they experience as being
essentially static in nature. This results in an apparently ‘permanent’ distortion of the
energy landscape, which prevents externally applied stresses from coupling with ion hopping
processes. This also explains the suppression effect which is exemplified in figure 3. The loss
in mechanical compliance associated with the ‘lost’ Li*-ion motions is indeed analogous to
dielectric saturation occurring within the hydration sheaths of cations in aqueous systems [32].

On the other hand, the mixed-cation dipoles are being created, and are rotating or
reappearing much faster than the overall structure relaxes. We argue here that this continuous
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Figure 4. ‘Limiting’ dilute foreign alkali behaviour in 0.55 Li»0-0.45 P,Os glasses (Li™ being
replaced by Na*), at different temperatures [31], where K = —dIno/dX as X — 0, and X is the
fraction of Li* replaced by Na*.

mechanical activity weakens the glass structure. The synergetic repositioning of mixed-cation
dipoles facilitates network rearrangements and thus ‘catalyses’ the onset of viscous flow. The
lowering of the glass transition temperature is a consequence of this second coupling process.

Further inspection of figure 3 shows that the Li* ion peak is moving to higher temperatures
with increasing Na* ion concentration. It is clear therefore that the suppression effect
mentioned above is associated with a strong decrease in the mobility of the host cations.
This effect is discussed in more detail in the following section.

3.2. The dilute foreign alkali region

Moynihan et al [33, 34] reported steep decreases in conductivity in I — xK,O-(x)Na,0-3Si0,
glasses, in the ‘dilute foreign alkali’ region, i.e. as x — 0. Those authors remarked that these
results are especially interesting in the limit as x — 0, since under these conditions all the
current is carried by K* ions. There are, therefore, no complications arising from mixed-ion
conductivity, and the resulting pattern of behaviour should be very informative concerning
mechanisms of ion transport.

Their experimental results indicated that each Na* ion introduced into the K-based glass
seemed able to immobilize large numbers of the host cations. Ingram et al [35, 36] extended
these investigations to include a much wider range of glasses, initially with the intention of
gaining data supporting the weak electrolyte theory of glass. Some of these data are shown in
figures 4 and 5.

Figure 4 shows how the conductivity of a 0.55 Li,0-0.45 P,Os glass decreases as an
increasing fraction of Li* is replaced by Na*. The strength of this effect can be expressed
as a ‘vulnerability parameter’ K = —dIno/dX, as X — 0. Effectively, K indicates the
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Figure 5. Temperature-dependent ‘vulnerabilities’, K, see figure 4, for several glasses [31].

fraction of the conductivity which disappears for each fraction of the total lithium replaced.
The K-values are always greater than unity, but decrease with increasing temperature. The
fact that the MAE is so strong even at infinite dilution (i.e. as the foreign cation concentration
goes to zero) indicates (unless e.g. a weak electrolyte approach is adopted) that long range
interactions involving the foreign cations are involved.

Figure 5 shows how K varies with temperature for several glasses (the data at higher
temperatures for the aluminosilicate glasses being obtained by extrapolation of appropriate
Arrhenius plots). The behaviour of the lithium phosphate and of the lithium aluminoborate
glasses is typical of many alkali-cation glasses. K falls sharply from high values (i.e. >50) at
ambient temperature to less than ten in the vicinity of T,. The implication is that as the glass
gets hotter, the long range interactions disappear and more and more become dissipated within
the immediate environment of the foreign cations. This is entirely consistent with CMMC
since the long range interaction depends on the storage and transmission of stress within the
network structure, which inevitably is weakened as the glass transition approaches.

The situation in aluminosilicate glasses is rather different. The amount of coupling seen
even at low temperatures is small (probably because there is a much smaller total alkali content),
but it also varies much less with temperature (probably because the network is strong even at
T,). One expects that these ‘glasses” will show an MAE which persists even further above T,
than is the case for binary alkali silicate melts, see e.g. [37].

3.3. Ion-exchanged glasses

Ton exchange is an important process used in preparing chemically strengthened glass [38, 39].
Normal ‘float’ glass (a multi-component ‘soda-lime-silica’ glass, with T, = 550°C) is
typically strengthened by immersion in molten KNO3 at 460 °C for several hours. Following
ion exchange, where the reaction is

K*(melt) + Na*(glass) = Na*(melt) + K (glass), 2)

a mixed-cation interdiffusion layer is built up, some tens of microns deep. The strengthening
arises from compressive stresses generated in the glass surface as K* ions will ideally replace
Na™ ions under isochoric conditions [38, 39].
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Figure 6. Schematic representation (a) of ‘anomalous’ variations in self-diffusion coefficients
of Na* and K* in ion-exchanged float glass, showing the absence of a mobility crossover and
a continuous decrease in conductivity (indicated by the mobility of the faster cation) as Na™ is
replaced by K* [33]. (b) The ‘normal’ behaviour which obtains in melt-grown glasses.

Tomandl and Schaeffer [40],and later Ingram et al [38], showed that under these conditions
a ‘normal’ MAE is not obtained. The maximum in resistivity does not coincide, as expected,
with a roughly 50:50 mixture of Na* and K* ions. Instead, the most resistive part of the
inter-diffusion layer is the K*-rich region in the surface which has been exposed to the molten
salt.

This unexpected behaviour is represented schematically in figure 6, see also [38]. Figure 6
shows that the ‘anomaly’ arises because there is no crossover in mobilities. Over most, if not
all, of the composition range, K* ions migrate more slowly than do Na* ions. As a result,
the conductivity in the ion-exchanged layer is dominated by the faster Na* ion, while the
inter-diffusion of cations is very largely controlled by the slower K* ion.

The sluggishness of K* ion migration can be attributed to an absence of empty K sites,
due to the lack of volume. Therefore, if a K* ion attempts to hop into an empty Na site (should
one still exist), this process cannot be assisted by a Na* ion hopping into a vacant K site.
The normal MAE in fact occurs only in a glass containing a number of empty Na and K sites
appropriate for the glass composition; the CMMC then comes into operation and both ions
can move.

3.4. Glasses containing divalent cations

The introduction of divalent cations into glass considerably widens the scope of this discussion.
For example, it opens up the opportunity of studying mixed-cation effects using cations
of approximately the same size (e.g. in Na*/Ca>* systems). Roling and Ingram [30, 31]
have applied dynamic mechanical thermal analysis (DMTA) to study mechanical loss peaks
(equivalent to the internal friction peaks described in section 3.1) arising from the movement
of Mg?*, Ca?*, Sr’* and Ba?* ions in Na,0-2M0-4Si0, glasses.

Figure 7 is a ‘relaxation map’ for hopping processes and structural relaxation (7,) in
these mixed cation glasses. The hopping rates for the Na* ions are determined by impedance
spectroscopy because often they cannot be found in the mechanical spectrum owing to the
suppression effect, which was discussed in section 3.1. The hopping of divalent cations is
determined directly by mechanical spectroscopy.

In these glasses, the concentrations of sodium and divalent cations are always the same
and always equal. Nevertheless, the sodium ions are always more mobile than their divalent
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Figure 7. ‘Relaxation map’ for NayO-2MO0-4Si0; glasses. T, + (1 Hz) denotes the temperature
where the onset frequency of the conductivity dispersion is 1 Hz [41]. (The conductivity dispersion
is caused by the hopping motions of the Na* ions.) T2+ (1 Hz) denotes the peak temperature of
the second mechanical loss peak at a measurement frequency of 1 Hz. This high temperature peak
is closely related to hopping motions of the alkaline-earth ions. 7,(DSC) is the glass transition
temperature determined by DSC at a scan rate of 10 K min~!. The separation of these processes
on the temperature scale is a good indication of how far these processes are decoupled from each
other [31, 41].

counterparts as is indicated by their much lower ‘relaxation temperatures’. There is no tendency
here for the low-temperature loss peak to be subsumed into the high temperature or mixed-
cation peak, as is found in mixed alkali glasses. This difference in behaviour points up the
much smaller intrinsic mobility of divalent as compared to univalent cations generally. It is
also apparent that within this system, the Ca?* ion is the most mobile of the divalent ions.
The simplest explanation is that since Na sites are the right size for Ca>* ions and vice versa
(note that the ionic radii are r (Ca>) = 99 pm and r(Na*) = 95 pm) there is little in the way
of mechanical stress generated when these cations change places. The movement of calcium
ions, as compared with other divalent cations, incurs a minimum of network distortion. This
lessening of network participation may also be signalled by the relatively high glass transition
temperature in the soda-lime-silica glass system, and the remarkable decoupling of Ca?* ion
movements from the structural relaxations occurring at the glass transition [41] as indicated
by the large ‘temperature gap’ between the peak temperature of the second mechanical loss
peak, T2+, and the glass transition temperature measured by differential scanning calorimetry,
(DSC) T,, shown in figure 7.

For a wider series of A,O-2M0-4Si0; glasses (where the alkali cation A* can be varied),
Martiny et al [42] found that when A* = Li* and M?** is Mg?*, and when A* = K* and M?* is
Ba?*, each of these divalent cations becomes more mobile than Ca?*. In all the mixed alkali—
alkaline-earth glass systems, the identity of the ‘fastest’ of the M?* cations is thus determined
by its size. Chemical effects such as the preferences each cation may show for bridging or
non-bridging oxygens do not seem to be important in this context.

4. Conclusions

The CMMC has been applied qualitatively, and successfully, to describe a range of behaviours
encountered in mixed-cation glasses, including mechanical loss spectra in mixed alkali and
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in mixed alkali—alkaline-earth glasses, limiting conductivity dependences in the dilute foreign
alkali region and ‘anomalous’ MAE:s in ion-exchanged glass. CMMC emerges, therefore, as a
robust hypothesis—despite it having been ‘called into existence’ to explain trends in activation
volume seen in a single mixed-cation system. The basic concept is simple: namely that ion-
transport-induced processes occurring in a rigid glass below 7, will tend to be isochoric in
nature. As a corollary, it may also be suggested that if a process is isochoric, there is also a
good chance that it may occur below 7.

In a broader sense, the significance of this new concept is that it seems to cut across
historically well established concepts of coupling [43] and decoupling [44, 45], which until
now have provided the main framework for discussions of glassy ionics. It is commonplace
to assume that mobile ions migrate without perturbing the network structure of a glass, but
nevertheless can strongly influence each other. It is now proposed that the glass network
participates in important coupling processes. The end result is that in mixed-cation glasses
the structural dynamics are transformed in such a way as to influence a wide range of glass
properties. Thus the minima in 7, referred to in the introduction and again in section 3.1 are
just as clearly a manifestation of the MAE as are the better known changes in ion mobilities.
Such minima in T, have even been observed in mixed alkaline-earth systems [41], which
suggests that the properties of these glasses close to T, can be influenced by the presence of
magnesium—calcium pairs acting as mechanical dipoles.

In summary, this approach to mixed-cation effects differs from that advanced by
Moynihan [6] and by many others subsequently. Thus, Moynihan focused his attention on
changes in ion mobility which, as indicated in the introduction, occur when cations are mixed
in many materials, some of which are glass forming and some are not. The present focus
is in one sense narrower, since it is directed mainly at network glasses. In another sense it
is broader, since it encompasses a wider range of physical phenomena which often influence
technological applications of multi-component glasses.

Further experiments are needed before CMMC can be turned into a ‘working theory’
of the MAE. The effects of pressure on ion transport, including tracer diffusion and ionic
conductivity, demand further attention. Knowledge is needed of how activation volumes vary
with composition in both single-and mixed-cation glasses. Ultimately, this should lead to a
critical assessment of the new ideas involving CMMC, in the context of ongoing developments
in this field [1-20], with a view to establishing a more comprehensive model for the MAE and
for ion transport in glasses generally.
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