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Structural properties of mixed-alkali borate glasses, 0.3��1−x�Li2O-xCs2O�−0.7B2O3 and
0.3��1−x�Li2O-xNa2O�−0.7B2O3, have been studied by molecular dynamics simulations at T=300 K and for
several values of the alkali mixing parameter, x, to explore structural foundations of the mixed-alkali effect
�MAE�. The short-range order �SRO� structure was found to consist of borate tetrahedra, B�4

−, and of neutral,
B�3, and charged, B�2O−, triangular units ��=bridging oxygen atom�. The abundance of B�4

− units was
found to decrease from Li to Cs and to exhibit negative deviation from linearity in Li-Cs glasses. However, no
appreciable change in SRO structure was detected in mixed Li-Na glasses. Even though alkali metal �M� ions
occupy in mixed glasses sites, i.e., coordination environments with O atoms, similar to those formed in single
alkali borates, mixing was found to affect the M-O bonding properties of dissimilar alkalis in an opposite
manner. Thus, for both systems investigated here the Li ion-coordination environment was found to become
better defined and the Li-O interactions to strengthen upon alkali mixing, whereas the Cs-O and Na-O inter-
actions become progressively weakened. The origin of these trends was traced to cationic environments formed
around nonbridging oxygen �NBO� atoms in glass; it was found that the dominant cation configurations around
NBOs consist of dissimilar cations in mixed-alkali glasses. The formation of dissimilar ion pairs affects by
polarization effects the bonding and vibrational properties of metal ions in their oxide sites. This was demon-
strated for Li-Cs glasses by both experimental and calculated far infrared spectra, where the metal ion-oxide
site vibrations are strongly active. It was discussed that the preference of unlike-alkali ion pairing around
NBOs and the consequent drastic reduction in the number of NBOs that sense like-cations could provide a
structural explanation for the MAE.
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I. INTRODUCTION

The mixed-alkali effect �MAE� presents an ongoing chal-
lenge in glass science. This effect has been associated with
the nonlinear variation in glass properties with composition
when two dissimilar alkali ions are present in the glass ma-
trix. The MAE is manifested mainly by properties that de-
pend directly or indirectly on ionic mobility such as electri-
cal conductivity, ionic diffusion, internal friction, viscosity,
and glass transition temperature,1–5 while other bulk proper-
ties including molar volume, elastic moduli, and refractive
index either vary linearly or show small deviations from lin-
earity with alkali mixing.6,7

Early models on the MAE have proposed that interactions
between dissimilar cations reduce their mobility, and, thus,
affect strongly glass dynamic properties.8–13 Such interac-
tions are thought to be associated with network-mediated
“pairs” of dissimilar alkali ions, which are energetically fa-
vored relative to pairs of similar alkalis. Naturally, formation
of pairs or clustering of unlike alkalis will affect their local
bonding characteristics through polarizations effects. In par-
allel, the glass network would need to reorganize its local
structure around dissimilar alkali ions in order to meet the
new coordination requirements imposed by the presence of
unlike cations in neighboring sites. Phenomena of this type
would be manifested by progressive changes in cation-site
interactions and in network local structures as the proportion
of unlike alkalis varies in a mixed-alkali glass.

Far infrared spectroscopy has been employed to probe the
effect of alkali mixing on the interactions between alkali ions

and local sites in phosphate14 and silicate15 glasses. The key
finding of these studies was that the vibration frequency of
an alkali ion against its site �cage� is not affected by the
introduction of a dissimilar alkali ion. These results were
interpreted as indicating that the vibrationally significant lo-
cal coordination and forces associated with a particular cat-
ion are unaffected by the addition of the second cation in the
glass structure. This finding implies that each alkali ion
forms its favorable site or range of sites which remains the
same in single and mixed-alkali glasses of constant total al-
kali content. Besides far infrared spectroscopy, pulsed neu-
tron scattering experiments,16 energy-dispersive x-ray
diffraction17 and x-ray absorption fine structure �XAFS�
�Ref. 18� have also indicated that the local environment of an
alkali ion is independent of the presence of a dissimilar al-
kali. Assuming that alkali ions retain the identity of their
sites in the mixed-cation glass Maass and co-workers19

showed that this leads to significant site mismatch energy for
ion transport and developed the dynamic structure model to
explain the MAE. The essential feature of this model is that
the ionic mobility is drastically reduced because conduction
pathways are effectively blocked due to mismatch of the
unlike-cation sites.

While the early far infrared measurements on mixed-
alkali glasses were performed by transmission on glass pow-
ders dispersed in low density polyethylene,14,15 advances
during the last two decades in instrumentation, software and
sampling techniques have facilitated specular reflectance
measurements on bulk glasses20 in a broad and continuous
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frequency range, e.g., 30 to 5000 cm−1. When this
technique was applied to mixed-alkali borate glasses,
xM2O-�1−x�M2�O-nB2O3 with M, M�=different alkalis and
n=5, 2, and 1.2, insights were obtained into the local struc-
ture of mixed-alkali glasses.21–25 Thus, while dissimilar cat-
ions were found to occupy distinctly different sites as shown
in earlier studies,14,15 there was now clear evidence for one
alkali influencing the local dynamics of the other in the
mixed-cation glass. This effect was manifested by systematic
variations in the characteristic cation-site vibration frequen-
cies in the far infrared, indicating the strengthening of the
cation-site interactions for the higher-field-strength cation
�e.g., Li and Na� and the parallel weakening of the corre-
sponding interactions for the lower-field-strength cation
�e.g., Rb and Cs� in relation to interactions in the single-
cation glasses. Thus, upon alkali mixing Li ions occupy sites
corresponding to steeper potential wells, while the Cs ions
are forced into sites less favorable than those in the single
alkali glass. It was argued that this finding provides evidence
for an effective interaction between the dissimilar alkali ions
through formation of network-mediated pair configurations
of unlike ions, which become effectively blocked in the
mixed-cation structure.21–25 Of equal importance was also
the finding that the local glass structure rearranges to fulfill
the coordination needs of the dissimilar alkali-ion configura-
tions, as manifested by a negative departure from linearity in
the fraction of four-coordinated boron atoms in mixed-alkali
borate glasses.22–25 The magnitude of these structural charac-
teristics of the mixed-alkali effect was found to increase with
increasing the size and field strength difference between the
dissimilar alkali ions and the total alkali content,22,24 and to
provide a basis for explaining the negative departure from
additivity of the glass transition temperature in mixed-alkali
borate glasses.25 As discussed by Ingram and co-workers26

many features of the MAE can be understood in terms of the
glass network-mediated coupling between motions of dis-
similar alkali ions and this includes the maximum in the
activation volume for ion transport.

The need to gain more detailed information on the local
structure of mixed-alkali glasses has attracted complemen-
tary experimental studies on many different mixed-cation
systems. Greaves has reported changes in the XAFS spectra
of mixed KCsSi2O5 glasses27 that indicate an improvement
in the environment around K at the expense of the Cs envi-
ronment, relative to those in the corresponding single alkali
glasses. Nuclear magnetic resonance studies by Bray and co-
workers on mixed-alkali borate28 and silicate29 glasses have
shown that the local glass structure exhibits departures from
linearity upon alkali mixing and a tendency for like-cation
pairing in the latter system. On the other hand, Nuclear mag-
netic resonance investigation of Li-Na metaphosphate
glasses30 has provided evidence for the presence of dissimi-
lar alkali-ion pairs, Li-NBO-Na, which are thought to be
more tightly bound relative to pairs of identical cations
�NBO indicates a nonbridging oxygen atom�. A dynamic
angle spinning �DAS� NMR study of Na-K disilicate glasses
suggested that four alkali cations are distributed in random
combinations around each NBO atom,31 while Nuclear mag-
netic resonance studies by the spin echo double resonance
�SEDOR� technique have indicated that the structural orga-

nization of mixed-alkali glasses depends on the size differ-
ence between the two dissimilar cations.32,33 Thus, while the
short-range order structure did not seem to change in the
mixed borate glasses, unlike-cation configurations were
found to be favored in Li-Na system32 and preference for
like-cation interactions were indicated for mixed Na-Rb bo-
rate glasses.33

Neutron scattering studies of mixed-alkali phosphate
glasses by Swenson et al.34 suggested that the short-range
order of the phosphate network is almost independent of
composition. Also, while the environments of Li and Rb cat-
ions were shown to be distinctly different in the mixed-
cation glass, they were found to remain unchanged relative
to environments in the corresponding single alkali glass34 as
suggested by far infrared spectroscopy.14 Compared to the
phosphate system, a recent neutron diffraction and reverse
Monte Carlo study of Li-Rb diborate glasses concluded that
the environments of alkali cations are modified significantly
upon mixing.35 In particular, a compression was observed for
Li sites with a parallel expansion of Rb sites in mixed-cation
borate glasses.

Besides the original contributions of the dynamic struc-
ture model in the field,19 advances have been made in ex-
plaining the frequency and temperature dependence of dy-
namic and energetic features of the MAE by theoretical
modeling,13,36–42 with most models relying on the tendency
of alkali ions to occupy their own distinct coordination en-
vironments in both single and mixed-alkali glasses. Further
insights into structural and dynamic aspects of mixed-alkali
glasses have been achieved by molecular dynamics �MD�
simulations.43–48 With the majority of MD studies dealing
with silicate glasses, the emerging picture for the origin of
the MAE is that of site preference exhibited by unlike-alkali
ions during migration through the glass network.

Despite the numerous studies devoted to mixed-alkali
glasses, there are aspects that are still not well resolved or
appear to depend on the type of the studied mixed-alkali
system. With reference to works cited above, of particular
relevance is the question concerning the effect of alkali mix-
ing on the short-range order of glass and on the nature of
sites favored by dissimilar alkali ions. Along these lines, this
work presents a MD study of mixed-alkali borate glasses of
composition 0.3��1−x�Li2O-xM2O�−0.7B2O3 with M =Na
and Cs and x=0, 0.25, 0.5, 0.75, and 1. The choice of the
Li-Na and Li-Cs mixed-cation glasses allows studying the
effect of cation size difference on the above structural issues
as a function of alkali mixing, x. A previous MD study of
mixed-alkali borate glasses45 concerned only two mixed
Li-Cs compositions of equal Li/Cs mixing �i.e., x=0.5� and
variable B2O3 content �60 and 80 mol% B2O3�. Also, the
Li-Na glass system studied in this work was investigated
previously by impedance spectroscopy in a broad tempera-
ture and frequency range.49 Besides the typical manifestation
of the MAE, the shape of conductivity spectra were found to
depend strongly on Li-Na mixing, and this effect was attrib-
uted to a strong reduction in the effective number of mobile
ions in the mixed Li-Na glass.

II. COMPUTATIONAL DETAILS

Molecular dynamics calculations have been carried out
for two mixed-alkali glass systems, 0.3��1−x�Li2O-xNa2O�
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−0.7B2O3 and 0.3��1−x�Li2O-xCs2O�−0.7B2O3 with x=0,
0.25, 0.5, 0.75, and 1 in each system and the additional com-
position x=0.90 for Li-Cs. The system consisted of 1020
particles, 556 oxygen atoms, 324 boron atoms, and a total of
140 alkali cations. Experimental densities have been used for
the binary glasses50 and a linear interpolation for the density
of mixed-alkali glasses.21,22

MD simulations were performed in the NVT ensemble
with the final temperature set equal to T=312 K. The par-
ticles were initially placed on an fcc lattice and heated to a
temperature of 5000 K. The cooling scheme consisted of five
cooling cycles, and it was the same as in our previous calcu-
lations for the binary Li �Ref. 51� and Cs �Ref. 52� borate
glasses. Each system was equilibrated at the final tempera-
ture for about 2 ns and properties were calculated for the
next 1 ns.

The potential form and the parameters were those em-
ployed initially by Verhoef and den Hartog45 and, subse-
quently, in other studies.51–54 For the case of Na+ ion, which
was not considered in, 45 the ionic radius was taken equal to
1.22 Å.55 As usual, periodic boundary conditions and the
Ewald summation technique were employed.

III. RESULTS AND DISCUSSION

A. Effect of alkali mixing on the short-range order structure

Despite the plethora of experimental and theoretical
works mentioned in the introductory section, the landscape
of the short-range order �SRO� structure in mixed glasses is
not quite clear yet. To address this problem, we identify first
the different types of borate units by examining the number
of oxygen �O� atoms coordinated to a particular boron �B�
atom according to the first minimum of the B-O radial dis-
tribution function �RDF� criterion. Following this approach,
it was found that the SRO structure of all glasses studied
here consists of tetrahedral and triangular boron-oxygen
units with variable numbers of bridging and nonbridging
oxygen atoms. In particular, two types of borate tetrahedral
units were found to exist having either all O atoms of the
bridging type, B�4

−, or three bridging and one nonbridging
oxygen �NBO� atom, B�3O2− ��=bridging oxygen atom�.
Similarly, neutral �B�3� and charged borate triangular units
were identified with one �B�2O−� or two NBOs �B�O2

2−�.
An oxygen atom is identified as NBO if it is coordinated to
one boron atom within the first minimum distance of the
corresponding B-O radial distribution function. It was found
that tetrahedral borate units with one NBO and triangles
units with two NBOs are minority species since their molar
fractions are less than 2% of total borate units.

A first indication about the impact of alkali ion mixing on
the SRO structure results from the examination of the B-O
RDFs in the two mixed systems. The B-O RDF of the binary
0.3Li2O-0.7B2O3 glass �x=0� is compared in Fig. 1 with
those of the x=0.5 mixed glasses 0.3��1−x�Li2O-xM2O�
−0.7B2O3 with M =Cs �Fig. 1�a�� and M =Na �Fig. 1�b��. It
is found that mixing in the Li-Cs system has a direct influ-
ence on the SRO as manifested by the narrowing and shifting
to smaller distances of the corresponding RDF. On the con-
trary, no significant changes upon mixing are observed for

the Li-Na system. In general, the B-O RDF reflects the spe-
ciation of tetrahedral and triangular borate units in the glass
matrix, with the contribution of triangular units appearing at
lower B-O distances relative to that of borate tetrahedra.56

Therefore, the results suggest that the mixed Li-Cs glass is
characterized by larger relative population of borate triangles
compared to the binary x=0 glass.

To quantify the role of mixing on the SRO structure, the
molar fraction of B�4

− units, X4, was calculated for the simu-
lated Li-Na and Li-Cs glasses and is shown in Fig. 2�a� as a
function of alkali mixing, x. A clear decrease of X4 with x is
found for Li-Cs glasses, with the values of the two end-
members differing by approximately 60% and X4 showing a
negative departure from linearity with alkali mixing. The
maximum deviation from linearity �approximately 23%� is
observed for maximum mixing, x=0.5, and this constitutes a
structural manifestation of the mixed-alkali effect. However,
the X4 trend found for Li-Na glasses shows no obvious de-
viation from linearity considering the estimated errors. The
corresponding molar fraction of B�2O− units, X2, is shown
in Fig. 2�b�. As expected for reasons of charge neutrality, X2
follows a positive deviation from linearity for Li-Cs glasses
but it exhibits no systematic trend in Li-Na glasses. There-
fore, under fixed total alkali content the SRO borate structure
remains practically unaffected in the Li-Na system contrary
to Li-Cs glasses where the largest differences exist in size
and field strength between the dissimilar alkali ions.

A detailed discussion of the dependence of the SRO struc-
ture on the alkali cation type was given in our previous
work52 for single alkali borate glasses. The present MD re-
sults on mixed-alkali borate glasses are in good agreement

FIG. 1. Composition dependence of the first peak of the boron-
oxygen radial distribution function at 300 K for simulated glasses
0.3��1−x�Li2O-xM2O�−0.7B2O3; �a� M =Cs and x=0, 0.5, and �b�
M =Na and x=0 and 0.5.
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with earlier findings by infrared22–25 and NMR28 spectros-
copy. Both experimental techniques have shown that the
relative population of borate tetrahedral units in mixed-alkali
diborate glasses is less than that expected from a linear struc-
tural interpolation between the two end-member glasses. It
was also found that the magnitude of this deviation reduces
as the difference between the two dissimilar alkalis becomes
smaller.

B. Alkali-ion environments in mixed-alkali glasses

The SRO borate units provide the oxygen atoms consti-
tuting the coordination environments of the alkali metal cat-
ions. Considering the effect of alkali mixing on the SRO
structures discussed in the preceding section the question
that arises now is whether the alkali ions in mixed glasses
retain the coordination environments they have in the corre-
sponding single alkali glasses. It was found in previous MD
studies of single alkali borate glasses that alkali ions occupy
two types of distinct sites.51–53 The first type of site consists
only of bridging oxygen atoms that are provided by neutral
borate triangles �B�3� and B�4

− tetrahedra, and they were
labeled b-type sites. The second type of sites, denoted nb-
type, is formed by both bridging oxygen atoms �of B�3
units� and NBO atoms of charged borate triangles �B�2O−�.
Another characteristic of these types of site is that b-type
sites can be regarded as rather isolated sites, whereas nb-type
sites tend to aggregate and, thus, they are multiply occupied
by alkali metal ions.57

Figures 3�a� and 3�b� present the composition dependence
of the Li-O and Cs-O radial distribution functions, respec-

tively, in the region of the first coordination shell. The peak
of the Li-O RDFs exhibits a systematic shift to smaller dis-
tances with alkali mixing only up to x=0.5. The correspond-
ing Cs-O peak shows the opposite trend by shifting to higher
distances as the Cs ions are progressively replaced by Li
ions. The fact that the observed shifts are not drastic, i.e.,
about 0.13 Å for Li-O and 0.06 Å for Cs-O, implies that
each alkali ion retains its own characteristic environment
which is similar to that formed in the corresponding single
alkali glass. Besides the decreasing Li-O distance, the corre-
sponding first peak becomes sharper under alkali mixing as
observed in Fig. 3�a�. These findings imply enhanced Li-O
interactions and better defined coordination environments for
Li ions in mixed glasses. The corresponding trends of the
Cs-O pair distribution function in Fig. 3�b� suggest the weak-
ening of the Cs-O interactions upon mixing, with no pro-
nounced change in the width of the Cs-O peak. The calcu-
lated coordination numbers of Li and Cs ions with oxygen
atoms are summarized in Table I. Clear nonmonotonic trends
emerge with the coordination number of Li acquiring a mini-
mum value at equal mixing �x=0.5�, while that of Cs passes
through a maximum. This behavior may result from a num-
ber of factors as discussed below.

The observed changes in alkali-oxygen environments can
be induced through polarization effects if the dissimilar Li
and Cs ions occupy neighboring network sites and share oxy-

FIG. 2. Molar fractions at T=300 K of short-range order struc-
tural units in simulated glasses 0.3��1−x�Li2O-xM2O�−0.7B2O3

�M =Cs and Na� as a function of alkali mixing, x; �a� B�4
− units, X4,

and �b� B�2O− units, X2. FIG. 3. �Color online� Effect of alkali mixing, x, on the first
peak of the alkali metal ion-oxygen radial distribution functions at
300 K for simulated glasses 0.3��1−x�Li2O-xCs2O�−0.7B2O3; �a�
Li-O, �b� Cs-O, �c� Li-NBO, and �d� Cs-NBO RDFs. Bottom-up:
x=0, 0.25, 0.50, 0.75, and 0.90 in frames �a� and �c�. Bottom-up:
x=0.25, 0.50, 0.75, 0.90, and 1 in frames �b� and �d�.
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gen atoms in their first coordination spheres. As it will be
shown in the following section, an NBO atom has enhanced
probability of being shared by dissimilar cations than by
similar ones and this constitutes a key feature for the origin
of the MAE. Such a mixing of dissimilar alkali cations
would favor the coordination needs of Li ions which, having
much higher-field strength than Cs ions, would force the lat-
ter ions to occupy less favorable sites. As found above, this
process is facilitated in mixed-alkali glasses by transforma-
tion of tetrahedral borate units into NBO-containing triangu-
lar units, which leads to more open space in the glass net-
work and enables Li cations to approach closer to oxygen
atoms for compositions up to x=0.5. This leads to smaller
Li�O� coordination numbers as shown in Table I. For higher
mixing ratios, and despite the fact that the first shell in the
corresponding Li-O RDF becomes sharper, a parallel broad-
ening at higher distances is observed and reflects the desta-
bilization of the local Li environment due to the increasing
presence of Cs ions. This, in turn, results in increasing Li�O�
coordination number. At the same time, the opposite behav-
ior is observed for Cs ions, i.e., a maximum of Cs�O� coor-
dination at x=0.5.

Considering the important role of nonbridging oxygen at-
oms in ion transport properties,51–53,56 we examine further
the behavior of alkali ions in the vicinity of NBOs. To this
aim, Figs. 3�c� and 3�d� demonstrate the effect of alkali mix-
ing on the Li-NBO and Cs-NBO RDFs in the region of the
first coordination shell. Comparison with Figs. 3�a� and 3�b�
shows that for both Li and Cs ions the M-NBO distance is
smaller than the corresponding M-O distance, but the trends
with alkali mixing remain the same as before.

The effect of alkali mixing on the Li-O and Na-O radial
distribution functions is depicted in Figs. 4�a� and 4�b� for
glasses in the Li-Na system. It is found in this case that both
the position and the width of the first peak remain practically
unaffected by alkali mixing. This behavior of the average
Li-O and Na-O coordination environments is consistent with
the absence of profound SRO structural variations �see Figs.
1�b�, 2�a�, and 2�b��, and these results can be understood in
terms of the smaller difference in size and cationic field
strength between Li and Na ions relative to the Li-Cs pair. It
is noted, however, that the absence of SRO structural
changes does not exclude the possibility of Li and Na ions

occupying neighboring sites in mixed Li-Na glasses. This
notion is supported by Figs. 4�c� and 4�d� which show that
both Li-NBO and Na-NBO RDFs are affected by alkali mix-
ing and exhibit trends similar to those found for the Li-Cs
system. The same holds for the Li�O� and Na�O� coordina-
tion numbers reported in Table I, although the variations are
less pronounced in the Li-Na system due to the smaller dif-
ference in field strength of the two competing cations.

As shown in Fig. 2, there is a preference in Li-Cs glasses
for creation of NBO-containing triangular units upon mixing
at the expense of borate tetrahedra with bridging oxygen at-
oms. In this respect, it is worth examining whether both Li
and Cs ions sense an increased number of NBOs in mixed
glasses compared to their environments in the single alkali
glasses. As in our previous works, we label the alkali ions as
nb-type ions �Mnb� if they remain in the vicinity of an NBO
atom for more than 75% of the total simulation time.51–53

The relative populations of Linb and Csnb ions are depicted in
Fig. 5�a� as a function of Li/Cs mixing. It is clear that the
percentage of Linb ions increases considerably with mixing
and approaches 100% at x=0.90 where Li ions are the mi-
nority species, whereas the Csnb relative population follows
the opposite trend. These trends can be understood in terms
of the increased population of NBO atoms in the glass net-
work upon alkali mixing, Fig. 2�b�.

Despite the opposite trends of Linb and Csnb populations
in the mixed glasses under investigation, it is found that both

TABLE I. Coordination numbers of metal ions with oxygen,
M�O�, in mixed Li-Cs and Li-Na borated glasses 0.3��1
−x�Li2O-xM2O�−0.7B2O3, M =Cs and Na, as a function of M2O
mole fraction.

x

Li-Cs glasses Li-Na glasses

Li�O� Cs�O� Li�O� Na�O�

0 4.62 4.62

0.25 4.07 11.64 4.48 6.86

0.5 3.70 12.90 4.37 7.03

0.75 3.94 10.87 4.81 6.97

0.90 4.04 10.67

1 11.06 6.55

FIG. 4. �Color online� Effect of alkali mixing, x, on the first
peak of the alkali metal ion-oxygen radial distribution functions at
300 K for simulated glasses 0.3��1−x�Li2O-xNa2O�−0.7B2O3; �a�
Li-O, �b� Na-O, �c�Li-NBO, and �d� Na-NBO RDFs. Bottom-up:
x=0, 0.25, 0.50, and 0.75 in frames �a� and �c�. Bottom-up: x
=0.25, 0.50, 0.75, and 1 in frames �b� and �d�.
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populations are by far greater than the relative population of
the NBO-containing borate units as seen in Fig. 5�a�. For
charge neutrality reasons, each alkali cation would in prin-
ciple charge-balance a single negative charge either on a tri-
angular borate unit or on a borate tetrahedron with all oxy-
gen atoms being bridging. If all alkali metal cations were
distributed proportionally between the charged triangular and
tetrahedral borate units, then one would expect a close agree-
ment between the sum of Linb and Csnb populations and that
of the NBO-containing borate units. However, this is not the
case. For instance, at x=0 �i.e., for the binary Li glass� the
proportion of NBO-containing units relative to the total num-
ber of the charged borate units is 30.7% while Linb ions
account for 57.2% of their total content. Also, at x=0.25 the
NBO-containing units are 40.3% of the total number of
charged units while the populations of Linb and Csnb ions are
74.3% and 68.6%, respectively, of their total content. The
same trend is followed by all remaining glass compositions
and, as it will be shown later, this finding can be explained
by considering the number of alkali ions that are found in the
vicinity of NBO atoms which shows that each NBO oxygen
“sees” more than one alkali ions.

Figure 5�b� shows the percentages of the nb-type alkali
cations and of the NBO-containing units for Li-Na mixed-
alkali glasses. While the trends are less profound than those
exhibited by Li-Cs glasses in Fig. 5�a�, there is again evi-
dence for a preference of alkali cations to occupy nb-type
sites. Therefore, in mixed-alkali borate glasses there is an
enhanced tendency relative to that in single alkali glasses for
alkali cations to reside in nb-type sites rather than into b-type
sites.

C. Environments of nonbridging oxygen atoms
in mixed-alkali glasses

As presented in the previous paragraphs, the NBOs act as
attractive centers for alkali cations in mixed glasses. There-
fore, a careful examination of NBO environments can pro-
vide an effective means for probing the existence of unlike-
or like-cation clustering in mixed-cation glasses. The picture
emerging from the point of view of NBO environments may
provide useful information for understanding the roots of the
mixed-alkali effect.

Figure 6 shows the percentage of NBO atoms in Li-Cs
glasses that sense a certain cation configuration within the
first minimum of the NBO-cation RDF. Each frame of Fig. 6
corresponds to a particular alkali mixing; the one at the bot-
tom to x=0 �all Li�, the other at the top to x=1 �all Cs� and
intermediate frames reflect the situation in mixed-alkali
glasses. Each bar is labeled by �i , j� where i and j give the
number of Li and Cs ions, respectively, in close proximity to
an NBO atom. Thus, the bars �i ,0� or �0, j� denote, respec-
tively, the percentage of NBO atoms “seeing” i Li or j Cs
ions only. These configurations constitute the like-cation
clustering in single alkali glasses, while �i , j�
configurations—with i and j different than zero—indicate
unlike-cation clustering in mixed-alkali glasses.

Starting with the two end-member glasses, we find that
the most probable cation configurations close to an NBO
atom are those consisting of 3Li and 4Cs for x=0 and x=1,
respectively. This trend is consistent with the results shown
in Fig. 5 where the proportion of NBO-containing units was
found to be considerable smaller than the percentage of Linb

FIG. 5. Percentage of metal ions in the vicinity of NBO atoms,
Mnb, for simulated glasses 0.3��1−x�Li2O-xM2O�−0.7B2O3 as a
function of x at T=300 K; �a� M =Cs, and �b� M =Na. The corre-
sponding percentages of borate units with NBO atoms are also
presented.

FIG. 6. �Color online� Percentage of NBO atoms that sense in
their vicinity �i , j� cation configurations, where i and j are the num-
bers of Li and Cs ions, respectively, as a function of alkali mixing
�x� for mixed glasses 0.3��1−x�Li2O-xCs2O�−0.7B2O3 simulated at
T=300 K. Like-cation configurations are denoted by crossed bars
for Li ions and hatched bars for Cs ions. Black bars indicate unlike-
ion configurations �iLi, jCs� close to NBOs. For details see text.

VEGIRI, VARSAMIS, AND KAMITSOS PHYSICAL REVIEW B 80, 184202 �2009�

184202-6



and Csnb ions. When Cs ions are introduced into the Li glass
at the mixing ratio x=0.25 the �2,1� becomes by far the
dominant configuration, i.e., consisting of 2Li and 1Cs ions,
as compared to the 3Li most probable configuration at x=0.
At equal mixing, x=0.50, the �2,1� and �1,2� are the domi-
nant configurations and at x=0.75 the configurations �1,3�
and �0,4� prevail. Thus, the resulting picture in Li-Cs glasses
is that as Cs becomes the majority species there is both a
gradual replacement of Li by Cs ions in the original �i ,0�
configurations and an increase from 3 to 4 of alkali ions
around an NBO.

The statistics of �iLi, jNa� configurations around NBO at-
oms in Li-Na glasses are reported in Fig. 7. As the Na con-
tent increases the dominant configurations �3,0� and �2,0� at
x=0 are replaced at x=0.25 by the �2,1� configuration, at x
=0.5 by �2,1� and �1,2� and by �1,2� and �0,3� at x=0.75.
Finally, the ion statistics around NBOs in the Na single alkali
glass are dominated by configuration �0,3�.

The pattern of formation of the most favorable �iLi, jM�
configurations �M =Na and Cs� is summarized in Table II for
the glasses investigated here. A common picture has emerged
and this concerns the presence of both like- and unlike-cation
clustering configurations in mixed-alkali glasses, with the
latter ones prevailing upon alkali mixing. It is noted also that
in both systems the alkali cations are found mostly in triads
around NBO atoms, except for Li-Cs glasses with Cs con-
tents higher than x=0.5 where �Li,Cs� ions are found mostly
in quadruplets. Regarding the present results we note that the
NMR study of Florian and co-workers31 on mixed Na-K di-
silicate glasses has also suggested a random mixing of dis-
similar alkalis on four different sites around nonbridging

oxygen atoms. Other NMR studies on mixed-alkali borate
glasses have indicated that unlike-cation configurations are
favored in the Li-Na system,32 but like-cation configurations
were found to be preferred in mixed Na-Rb borate glasses.33

The results presented in Figs. 6 and 7, in terms of con-
figurations of both like and unlike pairs of cations around
NBO atoms, are now depicted in Fig. 8 in terms of the per-
centage of NBOs that see like-cation configurations. The
striking feature of this figure is that the population of NBOs
coordinated to like-cation configurations becomes minimum
at maximum mixing �x=0.5� where it reaches 17% and 32%
of the total NBO content in Li-Cs and Li-Na glasses, respec-
tively. This finding demonstrates a structural manifestation of
MAE and highlights the importance of dissimilar cation pair-
ing around NBOs for the interpretation of the MAE. We
consider next the implications of dissimilar cation pairing on
ion transport in mixed-alkali glasses.

TABLE II. Dominant configurations of alkali ion clustering
around a nonbridging oxygen atom in mixed Li-Na and Li-Cs bo-
rated glasses 0.3��1−x�Li2O-xM2O�−0.7B2O3, M =Na and Cs, as a
function of M2O mole fraction.

x Li-Na glasses Li-Cs glasses

0 �3Li� �3Li�
0.25 �3Li� and �2Li,1Na� �2Li,1Cs�
0.5 �2Li,1Na� and �1Li,2Na� �2Li,1Cs� and �1Li,2Cs�
0.75 �1Li,2Na� �1Li,3Cs� and �4Cs�
1 �3Na� �4Cs�

FIG. 7. �Color online� Percentage of NBO atoms that sense in
their vicinity �i , j� cation configurations, where i and j are the num-
bers of Li and Na ions, respectively, as a function of alkali mixing
�x� for mixed glasses 0.3��1−x�Li2O-xNa2O�−0.7B2O3 simulated
at T=300 K. Like-cation configurations are denoted by crossed
bars for Li ions and hatched for Na ions. Black bars indicate unlike-
ion configurations �iLi, jNa� close to NBOs. For details see text.

FIG. 8. Percentage of NBO atoms that sense in their vicinity
like-alkali ion configurations in simulated glasses 0.3��1
−x�Li2O-xM2O�−0.7B2O3 glasses �M =Cs and Na� as a function of
alkali mixing, x, at T=300 K.
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As discussed in earlier MD studies51–53 the ion transport
mechanism in single alkali borate glasses is primarily NBO-
assisted. Although the interactions of alkali ions with NBO
atoms are stronger compared to those with bridging oxygen
atoms of charged B�4

− tetrahedral units, the NBO-associated
alkali ions exhibit enhanced mobility. This apparent paradox
is resolved when we consider the clear tendency of NBO
atoms to agglomerate into clusters, this effect having a simi-
lar consequence for the alkali ions in the vicinity of NBOs.
In addition, the calculated cluster-size distribution curves
were found to obey closely the predictions of percolation
theory, thus indicating the percolative nature of ionic con-
ductivity in alkali borate glasses.56

In mixed Li-Cs glasses the NBO population was found to
increase further with alkali mixing and to follow a positive
departure from linearity, see Fig. 5�a�. Thus, according to the
results for single alkali borate glasses,51–53,56 one might ex-
pect that this would lead to enhanced diffusivity of alkali
ions in mixed Li-Cs glasses. However, well-known experi-
mental evidence shows vast reductions in diffusion coeffi-
cients of both alkali ions and in the ionic conductivity upon
alkali mixing.5 This apparent controversy can be removed by
recalling the following: �i� alkali ions form their own distinct
sites that retain at large their character in mixed-alkali
glasses,14,15,21–25,27 �ii� because of size mismatch, an alkali
ion cannot jump into a site occupied previously by a dissimi-
lar ion,19 and �iii� there is a tendency for unlike-cations to
cluster around NBOs in mixed-alkali glasses. The combina-
tion of these structural/energetic characteristics leads to ef-
fective blocking19 of the pathways for long-range diffusive
motion of each type of alkali ions, and, thus, to the appear-
ance of the MAE. The way that dissimilar cations in neigh-
boring sites block the diffusion pathways in mixed-cation
glasses has been described recently in terms of a leader-
follower microscopic model.26 The mechanism involves the
loss of synergy in hopping events of individual cations due to
an additional activation volume that a cation of one type
requires in order to occupy a freshly vacated site of a dis-
similar cation. Therefore, we suggest that clustering of dis-
similar cations around NBOs constitutes a key feature re-
sponsible for the appearance of the mixed-alkali effect. For
the mixed-alkali glasses investigated in this work the content
of NBOs associated with like-cation configurations was
found to exhibit well-defined minimum at x=0.5. Naturally,
such a result implies maximum interception of the effective
ion pathways at maximum mixing and, thus, the appearance
of minimum in the value of ionic conductivity. It would have
been more appropriate to calculate ionic diffusion coeffi-
cients in order to make direct connection between structural
and dynamic aspects of the mixed-alkali effect. However, the
present calculations were conducted only at room tempera-
ture, and at this temperature the resultant diffusion coeffi-
cients are very small and practically not reliable. It is noted
that tracer diffusivities in mixed-cation glasses are deter-
mined experimentally at temperatures usually above 500
K.58,59 Therefore, under the present conditions the observa-
tion of long range diffusion would require the extension of
simulations for very long times.

The present findings that the bottleneck in ionic mobility
of mixed-alkali glasses can be traced to the tendency of dis-

similar cations to cluster around NBOs are in line with ear-
lier propositions for the predominance of network-mediated
pair configurations of dissimilar alkali ions.8–13,24–27,42

D. Metal ion-oxide site vibrations: Experimental and calculated
far infrared spectra

It was shown above that the alkali metal-oxygen �M-O�
RDFs and the environments of NBOs vary systematically
with alkali mixing. Since these results suggest changes in the
M-O interactions, we examine here their implications on the
cation-oxygen site vibrations, ��M-O�, focusing on the Li-Cs
system where alkali mixing has more profound effects on
glass structure. Far infrared spectra reproduced from experi-
mental data in Ref. 23 are presented in Fig. 9 for Li-Cs glass
compositions 0.33��1−x�Li2O-xCs2O�−0.67B2O3, which are
very close to those simulated in the present study. The far
infrared spectra of the binary glasses 0.33Li2O-0.67B2O3
�x=0� and 0.33Cs2O-0.67B2O3 �x=1� are dominated by ab-
sorption bands peaking at approximately 400 and 110 cm−1,
respectively. These bands originate from the rattling motions
of Li and Cs ions in local sites provided by oxygen
atoms,60–62 while further studies have shown that the asym-
metry of the far infrared profiles can be accounted for by the
presence of two component bands. For x=1 the higher-
frequency component at 110 cm−1 �H band� is accompanied
by a lower-frequency shoulder at approximately 50 cm−1 �L
band�, while for x=0, the H and L bands were deconvoluted
at 420 and 255 cm−1, respectively.60–62 The presence of H
and L bands was taken to indicate the existence of at least
two different distributions of cation-hosting sites in binary
alkali borate glasses, as confirmed later by molecular dynam-

FIG. 9. Experimental far infrared absorption spectra of mixed-
alkali glasses 0.33��1−x�Li2O-xCs2O�−0.67B2O3 as a function of
alkali mixing, x.
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ics studies on Li- and Cs-borate glasses.51–53 It was further
shown that the lower-frequency L band originates mostly
from vibrations of alkali cations in sites consisting only of
bridging oxygen atoms of neutral borate triangles �B�3� and
charged B�4

− tetrahedra �b-type sites�. Also, when NBO at-
oms of charged borate triangles B�2O− participate in site
formation together with of B�3 units �nb-type sites� the
metal ion-oxygen site vibration contributes to the higher-
frequency component �H band�. From the point of view of
cation-occupancy around oxide anionic sites it was suggested
that b-type sites can be regarded also as singly occupied
sites, whereas nb-type sites correspond to multiply occupied
oxide sites.57 This aspect of the nature of anionic sites was
based on findings from simulations that alkali ions coordi-
nated to bridging oxygen atoms of borate tetrahedra are
rather isolated, while cations close to NBOs tend to aggre-
gate and to form eventually percolating clusters when the
alkali content exceeds a certain threshold value.51–53,56

Figure 9 shows that the Cs ion-oxide site vibration band at
110 cm−1 �H band� loses intensity and shifts to lower fre-
quencies as Cs ions are replaced progressively by Li ions.
While the intensity variation is consistent with the decreas-
ing content of Cs ions, the shift of ��Cs-O� to lower frequen-
cies manifests directly a decreasing strength of the Cs-O in-
teractions upon increasing Li ion content. This infrared result
is fully consistent with the trend of the Cs-O pair distribution
function which shows also a weakening of the Cs-O interac-
tions upon mixing with Li ions �Fig. 3�b��, and, thus, both
demonstrate aspects of the influence of dissimilar cations on
each other.

To search further for the effect of Li ions on the Cs-oxide
sites, especially when Cs ions are the minority species, we
present in Fig. 10 difference far infrared spectra for x=0.05,
0.10, and 0.20. These spectra were obtained by subtracting
the far infrared profile of the binary 0.33Li2O-0.67B2O3
glass, spectrum x=0.0 in Fig. 9, from the corresponding
spectra of the mixed Li-Cs glasses 0.33��1−x�Li2O-xCs2O�
−0.67B2O3 with Cs2O contents x=0.05, 0.10, and 0.20. The
difference spectra showed vanishing intensity at frequencies
above 200 cm−1 but composition-dependent profiles below
150 cm−1. Analysis of these profiles using a deconvolution
procedure applied to binary and ternary glasses60–63 showed
the presence of two components; the L band at 43 to
51 cm−1 and the H band at 75 to 85 cm−1. Besides their
small frequency reduction with decreasing Cs content, the
relative intensity of the L and H bands depends strongly on
glass composition. In particular, the L band appears en-
hanced at low Cs contents indicating a favorable occupation
of the low-frequency sites by the minority cations in the
mixed-alkali glass. Since H bands are associated with nb-
type sites where NBOs play a vital role, the trend found in
Fig. 10 is fully consistent with the Cs-NBO partial distribu-
tion function which looses intensity upon decreasing the Cs
content �Fig. 3�d��.

While the far infrared profiles below 200 cm−1 were
proven very informative for probing directly the composition
dependence of Cs ion-oxide sites, a similar examination of
the high-frequency region where the Li ion-oxide site vibra-
tions are active is not straightforward. This is because the
corresponding Li rattling bands have much larger band-

widths as shown in Fig. 10. Nevertheless, earlier compari-
sons of experimental far infrared spectra of mixed-alkali
glasses containing Li ions with those calculated as weighted
averages of the binary glasses end-member spectra have
shown that the Li ion-site interactions are strengthened with
decreasing Li content.21–24 While this trend is obviously op-
posite to that found for Cs-O interactions, it is in agreement
with the behavior of the Li-O pair distribution functions in
Fig. 3. In particular, the decrease in the average Li-O dis-
tance �Fig. 3�a�� with increasing Cs content appears to be
related mainly to the increasing intensity of the Li-NBO par-
tial and the increasing proximity of Li ions to NBOs �Fig.
3�c��.

Based on the trends found in Figs. 3�c� and 3�d� and the
far infrared spectra in Figs. 9 and 10, it is of interest to
explore the composition dependence of simulated Li ion- and
Cs-ion-oxide site vibrational properties. To this aim, we have
calculated the power spectra of Li and Cs ions in the vicinity
of NBO atoms for the two end-member glasses �x=0,1� and
for the glass of maximum mixing �x=0.5�. We focus here on
metal ions occupying nb-type oxide sites because they con-
stitute about 90% of the total alkali population in mixed
glasses, as seen in Fig. 5�a�. The power spectra were ob-
tained by calculating the Fourier transform of the velocity
autocorrelation functions of Linb and Csnb ions51–53 and are
shown in Fig. 11�a� and 11�b�, respectively. It is evident that
the calculated spectrum of Linb ions shifts to higher fre-
quency in the mixed glass, in agreement with the shortening
of the Li-NBO distance with alkali mixing �see Fig. 3�c��.
On the other hand, the spectrum of Csnb ions shifts to lower
frequencies with mixing in full agreement with the experi-

FIG. 10. Difference far infrared spectra �circle symbols� of
glasses 0.33��1−x�Li2O-xCs2O�−0.67B2O3, x=0.05, 0.10, and
0.20, obtained by subtracting the far infrared spectrum of the binary
glass 0.33Li2O-0.67B2O3 �x=0.0 in Fig. 9� from the corresponding
spectra of the mixed Li-Cs glasses. Deconvolution of the difference
far infrared spectra into Gaussian component bands is also included
�solid lines�.
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mental far infrared spectra �Figs. 9 and 10�, as well as with
the lengthening of the Cs-NBO distance found in Fig. 3�d�.

In view of the results reported in Fig. 6 and in Table II,
the observed changes in metal ion-oxide site vibrational
properties with alkali mixing can be attributed to formation
of dissimilar ion pairs in the vicinity of NBOs. In fact, the
pairing of dissimilar ions around an NBO atom has a prob-
ability of more than 85% for the x=0.50 glass in the Li-Cs
system.

IV. CONCLUSIONS

Mixed Li-Cs and Li-Na alkali borate glasses of composi-
tion 0.3��1−x�Li2O-xM2O�−0.7B2O3 �M =Cs and Na� were
investigated at room temperature by molecular dynamics
simulations to elucidate the role of alkali mixing on glass
structure. When the alkali cation mismatch is significant, i.e.,
for Li-Cs glasses, alkali mixing was found to have profound
effects on the short-range order �SRO� structure as mani-
fested by nonlinear deviations from additivity in the compo-
sition dependence of the fraction of borate tetrahedral, B�4

−,

and of triangular units with NBOs, B�2O−. On the contrary,
no significant differences in the SRO structure were observed
for glasses in the Li-Na system.

Examination of the alkali metal-oxygen �M-O� and of the
M-NBO RDFs in the Li-Cs system has shown that alkali
mixing drives the higher-field strength cations �i.e., Li+�
closer to oxygen atoms as both Li-O and Li-NBO distances
decrease progressively with mixing, whereas the lower-field
strength cations �i.e., Cs+� exhibit the opposite trend. The
Li-O and Na-O RDFs for glasses in the Li-Na system remain
practically unaffected by alkali mixing, while this is not the
case for the Li�Na�-NBO RDFs. As for Li-Cs glasses, the
Li-NBO and the Na-NBO distance decreases and increases,
respectively, with alkali mixing despite the similarities in
SRO structures of mixed Li-Na glasses. These findings show
that upon mixing, the metal ion-oxide interactions are
strengthened for the higher-field strength cations and weak-
ened for the lower-field strength cations.

Analysis of the types of metal ions present in the vicinity
of NBO atoms has shown that the predominant configura-
tions are those consisting of dissimilar cations for both glass
systems investigated in this work. Specifically, the number of
cations in aggregates around an NBO atom increases from 3
to 4 upon substituting Li by Cs, while cations are present
mostly in triads around NBOs for glasses in the Li-Na sys-
tem. This is indeed an important finding of our work since it
reveals a key structural basis for the origin of mixed-alkali
effect �MAE�, considering the predictions of the dynamic
structure model for the blocking effect of dissimilar cations
on the pathways for ion migration. Therefore, the preference
of unlike-alkali pairing formation around NBOs upon mixing
and the parallel drastic reduction in the number of NBOs that
see like-cations, with a clear minimum at maximum mixing,
provide a structural explanation for the MAE.

The existence of dissimilar cations in the vicinity of oxide
anionic sites affects also the vibrational properties of alkali
ions in their local sites. This was demonstrated by both ex-
perimental and simulated far infrared spectra of glasses in
the mixed Li-Cs system. Thus, the far infrared profile asso-
ciated mainly with Cs-O vibrations was found to shift pro-
gressively to lower frequencies in the mixed glasses indicat-
ing the weakening of the Cs-O interactions, while Li-O
interactions were found to exhibit the opposite trend.
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