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Mixed Alkali Effect in Glasses
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We have applied the bond-valence technique to reverse Monte Carlo produced structural models of
mixed alkali phosphate glasses in order to elucidate the mixed alkali effect (MAE) in glasses. For the
first time, the MAE is reproduced and understood directly from structural models in quantitative
agreement with available experimental results. The two types of alkali ions are randomly mixed and
have distinctly different conduction pathways of low dimensionality. This implies that A ions tend to
block the pathways for the B ions and vice versa, and this is the main reason for the MAE.
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FIG. 1. Activation energy E� and dc conductivity �dc versus
composition for the glass system LixRb1�xPO3 at 300 K. Open
squares are experimental data points, taken from Ref. [29], and
filled squares correspond to the values predicted from the
pathway volume fractions F of the structural models. The solid
mediate compositions (x � 0:5). This dramatic drop in lines are a guide to the eye.
Solids with high ionic conductivity presently attract
considerable scientific interest because of their potential
applications as solid electrolytes in electrochemical de-
vices such as batteries, chemical sensors, and ’’smart win-
dows’’ [1]. The remarkable property of superionic solids is
the selective ionic mobility in an otherwise nearly frozen
material. However, it is well known that a high ionic
conductivity can be ruined simply by substituting a frac-
tion of the mobile ions by another type of mobile ions.
This drop in conductivity is most pronounced for glasses
and crystalline materials containing alkali ions and is
therefore generally referred to as the mixed alkali effect
(MAE) [2–4]. The MAE in glasses gives rise to large
changes in many dynamic properties, particularly those
related to ionic transport, when a fraction of the mobile
ions is substituted by another type of mobile ions. Macro-
scopic properties such as molar volume and density, re-
fractive index, thermal expansion coefficient, and elastic
moduli usually change linearly or only slowly with com-
position. Properties related to structural relaxation, such
as viscosity and glass transition temperature, usually
exhibit similar deviations from linearity as other mixed
glass-forming systems which do not contain any cations.

The peculiar MAE is only poorly understood, mainly
due to the difficulty to determine the conduction path-
ways for the mobile ions. However, using reverse Monte
Carlo [5,6] (RMC) produced structural models of mixed
alkali phosphate glasses in combination with the bond-
valence technique [7–9], we are able to determine the
conduction pathways and to predict the experimentally
observed MAE directly from the structural models.

Since the drop in conductivity (compared to the corre-
sponding single alkali glasses) for an intermediate com-
position tends to increase with increasing size difference
between the two types of alkali ions, we have chosen to
study the glass system LixRb1�xPO3 (x � 0, 0.25, 0.5,
0.75, and 1), which can be considered as an archetypal
glass system for investigations of the MAE. Figure 1
shows how the ionic conductivities of the single alkali
glasses decrease by 6–8 orders of magnitude at the inter-
0031-9007=03=90(15)=155507(4)$20.00
conductivity cannot be explained by any major structural
alteration upon the mixing of alkali ions. Rather, experi-
mental results show [10–13] that the alkali ions tend to
preserve their local structural environment regardless of
the glass composition. Furthermore, the two types of
alkali ions are randomly mixed in the glass [13–15].
Similar conclusions have been drawn from computer
simulations of mixed alkali glasses [16–18]. Based on
the experimental findings, a few theoretical models of the
MAE have also been developed [19–22]. However, these
models are in general also based on different more or less
unverified assumptions, such as site relaxation, a selec-
tive hopping mechanism, or a crucial role of Coulomb
interactions between the mobile ions, in contrast to our
approach where the MAE is reproduced for struc-
tural models in quantitative agreement (as excellent as
shown in Fig. 1 of Ref. [13]) with both neutron and x-ray
diffraction data taken at the diffractometers LAD,
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FIG. 2 (color). A 12 �A thick slice of the RMC produced
structural model of the Li0:5Rb0:5PO3 glass, respectively.
Small blue spheres refer to Li, large red ones to Rb, and the
PO4 groups are shown as orange tetrahedra.
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Rutherford Appleton Laboratory, United Kingdom, and
GILDA, European Synchrotron Radiation Facility
(ESRF), Grenoble, France. The experimental procedure
and data corrections were performed with great care and
described in detail elsewhere [12,13].

In order to ensure that the RMC method [5,6] produces
physically and chemically realistic structures of the
metaphosphate glasses (e.g., that they consist of PO4

tetrahedra sharing two corners and thereby forming poly-
merlike chains), the same bonding constraints were used
as described in Ref. [13]. For each alkali ion, we ensured
that realistic bonding distances and coordination number
were obtained by using soft bond-valence constraints
(described below) to minimize the deviation from the
expected valence sum.

The bond-valence method is widely used in crystallog-
raphy to evaluate the plausibility of proposed crystal
structures [7–9]. It is based on the idea that the total
bond-valence sum V of a M� ion may be expressed as

V �
X
X

sM��X; (1)

where the individual bond valences sM��X for bonds to all
adjacent anions X are commonly given by

sM��X � exp

�
R0 � RM��X

b

�
: (2)

The bond-valence parameters R0 and b are deduced from
crystalline alkali oxide compounds with 96 different Li
environments and 44 Rb environments. In all these differ-
ent environments and coordination types, the monovalent
alkali ions should have a bond-valence sum close to
Videal � 1. Least squares refinements yielded R0 �
1:1745 �A, b � 0:514 �A for Li-O, and R0 � 2:0812 �A, b �
0:415 �A for Rb-O [23]. As for the crystalline compounds,
the ion transport process from one equilibrium site to
another should then follow the route which requires the
lowest valence mismatch �V � jV � Videalj, corre-
sponding to the energetically most favorable pathway.
Thus, in principle, the activation energy E� should be
directly related to �V. However, since our structural
models are of a relatively small size and �V shows large
variations in the structure, it is not an easy task to de-
termine the absolutely lowest value corresponding to the
experimentally measured E�. A better way to quantify
E� has shown to be to determine the pathway volume for
a given value of �V [24]. For this purpose, the RMC
produced structural models were divided into about
4� 106 cubic volume elements [with a size of
ca. �0:2 �A�3], and �V was calculated for a hypothetical
alkali ion (Li or Rb depending on the glass composition)
at each volume element. The volume elements are classi-
fied as "accessible" for an alkali ion if �V < 0:2 for that
particular type of alkali ion or if V- Videal changes its sign
across the volume element. The second criterion is needed
to cushion the influence of our limited grid resolution.
Accessible volume elements that share common faces or
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edges belong to the same ’’pathway cluster.’’ If such a
pathway cluster percolates through the structural model,
it is considered to contribute to the dc conductivity. The
relative volume of these percolating pathway clusters (in
relation to the total volume of the system) is given by the
pathway volume fraction F.

In Ref. [25], we have shown how the experimentally
determined E�, as well as the dc conductivity �dc, are
directly related to the cube root of the so obtained path-
way volume fraction F multiplied by the square root of
the mobile cation mass M. This relation holds for the
present glasses, as well as for all the other ion conducting
glasses we have tested, for any maximum value of �V as
long as it is reasonably realistic (�V � 0:2 valence units
were used in this study). Thus, we are able to predict the
values of E� and �dc directly from structural models and
compare with the experimental values, as shown in Fig. 1.
Considering the relatively large experimental errors (par-
ticularly in E�) for the glass compositions exhibiting the
lowest conductivities, the agreement is fully satisfactory.

Figure 2 shows the RMC produced configuration of the
Li0:5Rb0:5PO3 glass. From the figure it is evident that the
two types of alkali ions are randomly mixed, but not
randomly distributed. Rather, the ions seem to be located
in thin channels (which coincide with the low dimen-
sional conduction pathways, shown in Fig. 3) running
between the phosphate chains. Thus, the structure appears
to be consistent with Greaves modified random network
structure model [26].

In Figs. 3(a)–3(e), we show slices through the Li- and
Rb-conduction pathways for all the investigated com-
positions of the LixRb1�xPO3 glass system. A few
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interesting points emerge directly from the pictures:
(i) The pathway network is more extended for the
LiPO3 glass than for RbPO3, explaining the higher con-
ductivity of the former glass. (ii) For Li0:5Rb0:5PO3, the
pathway volume for the Li ions is considerably larger
than for the Rb ions, which implies that Rb conduction
gives only a minor contribution to the total conductivity.
(iii) For all the mixed alkali glasses, Li and Rb ions have
distinctly different conduction pathways.

Turning to Fig. 3(f), which again shows the Li path-
ways in Li0:5Rb0:5PO3 plus those regions that are blocked
by Rb ions but otherwise would have been conduction
pathways for the Li ions, we can add a further point:
(iv) The pathways for the Li ions are partly or totally
blocked by Rb-rich regions and vice versa.

This blocking is highly effective due to the low dimen-
sionality of the pathways, which becomes evident from
Fig. 4. The figure shows for the LiPO3 glass the number of
sites at a distance up to r from a site in the infinite
pathway cluster that are part of the same cluster. The
slope of the log-log diagram represents the fractal dimen-
sion of the infinite pathway cluster, and is shown in the
inset of Fig. 4 as a function of the chosen bond-valence
mismatch threshold �V. As expected, the fractal dimen-
sion of the conduction pathways depends slightly on �V,
FIG. 3 (color). 7 �A thick slices through the conduction pathway
(a) x� 0; (b) x� 0:25; (c) x� 0:5; (d) x� 0:75; (e) x� 1. The pat
faces, respectively. (f) Li pathways in Li0:5Rb0:5PO3 (blue) and those
matching bond valence and therefore been conduction pathways fo
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but as long as the value is reasonably realistic (in relation
to E� for this particular glass), we find a fractal dimen-
sion of around 1.8. Thus, we can conclude with the state-
ment that the dimensionality of the conduction pathways
is in the range 1.5–2.

Since the local structural environments of, for in-
stance, Li and Rb ions are distinctly different, there is a
large energy mismatch for Li jumps to Rb sites and vice
versa [16,17]. This fact in combination with the low
dimensionality of the pathways and the nonstatistic dis-
tribution of the cations (see Fig. 2) causes the strong
blocking effect in the mixed alkali glasses. This reduces
the possibility for, e.g., the Li ions to perform energeti-
cally favorable ionic jumps, giving an on average higher
activation energy and a lower ionic conductivity. Thus,
our approach shows that the MAE is a natural conse-
quence whenever the mobile ions have different sizes
and/or different polarizabilities/bond softnesses.

The fact that the MAE can be reproduced and under-
stood from static structural models (i.e., without includ-
ing any kind of structural relaxation, except the hopping
motion of the alkali ions) further implies that the MAE
had been too weak if we had allowed the local structure to
relax on a time scale similar to the inverse hopping rate of
the alkali ions. Thus, at room temperature such site
s (�V < 0:2) for Li and Rb ions in the glasses LixRb1�xPO3:
hways for the Li and Rb ions are shown as blue and red isosur-
regions that are blocked by Rb ions but otherwise would have a

r the Li ions (pink).
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FIG. 4. Number of sites at a distance up to r from a site in the
infinite pathway cluster that are also part of the same cluster,
shown for the LiPO3 glass for the valence mismatch threshold
values �V � 0:025 (open squares), �V � 0:1 (filled squares),
�V � 0:2 (open triangles), and �V � 0:35 (filled triangles).
The slope of the log-log representation represents the fractal
dimension of the infinite pathway cluster, and is shown in the
figure inset as a function of the chosen �V.
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relaxation must be considerably slower and therefore not
of importance for the MAE, in agreement with recent
molecular dynamics simulations [27,28]. However, at
high temperatures the time scale of the site relaxation
will approach the inverse hopping rate of the alkali ions,
and this makes it possible for an A ion to move to a pre-
vious B site and vice versa. This will reduce the efficiency
of the blocking and thereby the MAE considerably, in
accordance to experimental results. The experimental
frequency dependence of the MAE can also be qualita-
tively understood since the decrease in the number of
accessible sites for type A when these ions are substituted
by B ions is less pronounced than the decrease in F (i.e.,
the local mobility of A ions is less affected than their long
range mobility). Thereby it is obvious that our approach
predicts a much lower MAE for high frequency experi-
ments, where long range connectivity of the pathways is
irrelevant.

Finally, one should note that although the blocking of
pathways is by far the dominant contribution to the MAE
a depression of the conductivity by nearly 1 order of mag-
nitude would occur even if this contribution was ignored
by not excluding the environments of B ions from the
pathways of the A ions. The reason for this is that, e.g., the
Li0:5Rb0:5PO3 glass is due to its lower concentration of Li
ions not as well adapted to Li cations as the LiPO3 glass.

In conclusion, the approach to combine RMC modeling
of mixed alkali phosphate glasses with the bond-valence
155507-4
method enables us to predict the MAE from the struc-
tural models of the glasses. The findings verify the as-
sumptions made in the ‘‘random ion distribution model’’
[13] and show that the two types of alkali ions in a mixed
alkali glass have distinctly different conduction path-
ways of low dimensionality, which means that A ions
block the pathways for the B ions and vice versa. This
blocking effect is the main reason for the experimentally
observed MAE.
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