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Ionic conductivity and mixed-ion eﬀect in mixed
alkali metaphosphate glasses
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In this work, mixed alkali metaphosphate glasses based on K–Na, Rb–Na, Rb–Li, Cs–Na and Cs–Li
combinations were studied by differential scanning calorimetry (DSC), complex impedance spectroscopy,
and Raman spectroscopy. DSC analyses show that both the glass transition (Tg) and melting temperatures
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(Tm) exhibit a clear mixed-ion effect. The ionic conductivity shows a strong mixed-ion effect and
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This study confirms that the mixed-ion effect may be explained as a natural consequence of random ion

decreases by more than six orders of magnitude at room temperature for Rb–Na or Cs–Li alkali pairs.
mixing because ion transport is favoured between well-matched energy sites and is impeded due to the
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structural mismatch between neighbouring sites for dissimilar ions.

1 Introduction
The mixed-ion eﬀect (MIE) in glasses is the strong nonlinear
deviation from expected additive properties that are observed not
only in transport related properties, such as ionic conductivity1,2
but also in the glass transition temperature3,4 when one mobile
cation species is replaced by a homologue at a constant total
cation concentration. The ionic conductivity of a glass system
that exhibits a MIE shows a deep minimum as a function of
cation replacement. This minimum is more pronounced at low
temperatures, whereas the activation energy for conduction
shows a maximum for the same composition which exhibited
the minimum in ionic conductivity. The origin of this eﬀect is
attributed to the progressive reduction in the cation mobility as
the substitution ratio increases.2 Many properties related to ionic
transport show such non-linear behaviour, including dielectric
loss, viscosity, mechanical loss, and chemical durability. Other
properties, such as molar volume, elastic modulus or refractive
index, show smaller deviations from the linear additivity rule.1,2
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Early models that were formulated to explain the MIE considered
massive structural changes in the mixed system (phase separation
phenomena or specific interaction preferences between dissimilar
ions, which limit their mobility). Neither of these explanations,
however, have been confirmed by solid experimental evidence.5,6 In
the last few decades, many models and theories have been proposed
to explain the origin of the MIE but a comprehensive explanation
of its mechanisms has been elusive. Currently, new approaches
consider the existence of matching sites in the glassy matrix that
are adapted to allocate each cation species. Assuming that the
diﬀerent cation species are distributed randomly in the glass
matrix, ion hopping to a neighbouring site adapted for a
dissimilar ion is hindered or blocked due to structural or energy
mismatch, which results in a MIE in the transport properties.
Two descriptions of this phenomenon that are currently more
accepted are the dynamic structure model (DSM)7–10 and the
random ion distribution model (RIDM).6,11–15 A divergence
between these models occurs due to the possibility of adaptation
of some of these sites to allocate dissimilar cation species.
Whereas this type of structural relaxation can occur below the
glass transition temperature in the DSM,10 the RIDM considers a
static glass structure where ion hopping occurs.15
In the last few years, some common structural hypotheses
assumed in these two models have been confirmed experimentally.3,12–14,16,17 In metaphosphate glasses, neutron and
X-ray diffraction11–15 analyses revealed a homogeneous mixture
of both monovalent cation species, with each one of the cation
species retaining its distinct local order as in the corresponding
single-alkali glass. Two extreme cases were analysed in the context
of the RDIM, the metaphosphate Li–Rb12 system, which presents a
strong MIE in the ionic conductivity,13 and the metaphosphate
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Na–Ag14 system which only presents a very weak MIE in ionic
conductivity.18 In the Li–Rb system, it was observed that the
connectivity of the diffusion pathways for Li+ was drastically
reduced because of major differences with respect to the Rb+
sites, thus leading to blocked ion hopping,12 whereas the
diffusion pathways of Na+ and Ag+ are similar and have a
mutual significant overlap, which explains the very weak MIE
in the ionic conductivity of this system. In these two cases, the
RIDM was able to explain the MIE in ionic conductivity as a
straightforward consequence of the intimate mixing of cations
in these phosphate glasses.
Nuclear magnetic resonance (NMR) studies in many metaphosphate systems such as K–Na, Rb–Na, Rb–Li, Cs–Na, Cs–Li,
Cs–Ag, Li–Na and Na–Ag,3,16,17 have been conducted in the past
several years using several advanced high-resolution NMR
techniques, which allowed the development of a consistent
structural picture of the mixed-ion effect in these metaphosphate
glasses. It has been reported that for a given cation species A, the
average distance A–O shows a monotonic expansion/compression
as this cation is successively replaced by a second species B with a
smaller/bigger radius, respectively. This effect contributes to the
structural differentiation of the sites for the mobile species and
may thus contribute to MIE.
The glass network in phosphates is formed by chains of PO4
tetrahedra, which can be classified according to the notation
Qn, where n is the number of bridging oxygen (BO) atoms
shared with another phosphate tetrahedra. For metaphosphate
systems containing sodium,3,16 the local order of P around Na
in the mixed cation glasses was found to be indistinguishable
from that observed in the NaPO3 glass. With respect to the
cation distribution in the glass, clear deviations from random
mixing were found in the mixed glasses with larger cations (Cs,
K, Rb), which indicate a degree of cation clustering. However,
no such deviations were observed in glasses where the Na ions
are mixed with cations of either a comparable radius (Ag+) or
a smaller radius (Li+). This was also verified in the Cs–Li
metaphosphate, and it indicates that this system might also
present a strong MIE in conductivity. These observations
of the random mixtures of cations are consistent with the
fundamental structural conditions underlying the models that
describe MIE.
The aim of this work is to study the MIE in ionic conductivity,
glass transition temperature (Tg) and melting point (Tm) for
metaphosphate glass A(1x)BxPO3 systems (0 r x r 1) with pairs
of monovalent cations A–B that exhibit large size mismatches:
Cs–Na, Cs–Li, Rb–Na, Rb–Li and K–Na. To our knowledge,
no conductivity measurements have been previously reported
for the Cs–Na, Cs–Li, Rb–Na and K–Na systems. The results
in the Rb–Li system are in accordance with previously published
data.13 It is worth noting that this system has one of the largest
MIEs in ionic conductivity that has been reported in the
literature. Additionally, this system has been the subject of
a detailed analysis in the context of RIDM.13 Raman spectroscopy was employed as a valuable tool for probing the interactions between the network atoms and their local cationic
environments.
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2 Experimental
Glasses in the A(1x)BxPO3 systems with A–B pairs Cs–Na, Cs–Li,
Rb–Na, Rb–Li and K–Na, and 0 r x r 1 were prepared by
mixing single alkali crystalline metaphosphate powders in the
desired ratios. CsPO3, RbPO3 and LiPO3 were prepared by mixing
the corresponding carbonates Li2CO3 (Alfa Aesar 99%), Rb2CO3
(Alfa Aesar 99%), Cs2CO3 (Merck Extra Pure) with NH4H2PO4 (Alfa
Aesar 99.998%) in a roller mill for 12 hours, and then placed in
porcelain crucibles and slowly heated to 200 1C, 400 1C and
600 1C, with 2 hours stabilization periods for the first two heat
treatments and 6 hours stabilization periods for the last heat
treatment. KPO3 was obtained by slowly heating the K2HPO4
powder (Alfa Aesar 99%) to 750 1C, with a 3 hour stabilization
period at this temperature. After the stabilization period at the
highest temperature, all samples were cooled slowly at a rate
determined by the thermal inertia of the furnace, which resulted
in the formation of polycrystalline powders. Commercial sodium
trimetaphosphate (NaPO3)3 (Alfa Aesar 99%) was used as received.
The metaphosphate glasses were prepared by melting the mixture
of polycrystalline metaphosphate powders in alumina crucibles
at temperatures between 850 1C and 950 1C for 20 minutes.
Transparent glass pieces were obtained by pouring the melt
between metal blocks at room temperature, thus producing
thin glassy plates with parallel faces without any annealing. The
samples were stored in desiccators.
The DSC measurements were made using a NETZSCH DSC
404 calorimeter with the temperature varied from room temperature
to 1000 1C by applying a heating rate of 10 1C min1. The samples
were in the form of monoliths with a weight of less than 20 mg.
Electrical conductivity was measured by impedance spectroscopy using a Solartron 1260 Impedance/Gain Phase Analyzer
coupled with a Solartron 1296 dielectric interface, which,
depending on the frequency, allows measurement of impedances
of up to 108 Ohms. Measurements were made in the frequency
range of 106 to 101 Hz using a two-electrode configuration in the
air atmosphere. The temperature was controlled from room
temperature to 200 1C with an accuracy of 0.1 1C. Prior to
measurements, gold electrodes were sputtered on both parallel
surfaces of the samples.
The Raman scattering measurements were performed on an
HR800 Evolution micro-Raman spectrometer from Horiba-JobinYvon using the 532 nm line of the Nd-YAG laser in the backscattering geometry at room temperature. The sample areas
of typically 1 mm2 were analysed using an average power of
approximately 1 mW.

3 Results
Diﬀerential scanning calorimetry–DSC
Fig. 1 shows an example of the DSC trace for the LiPO3 glass
sample, where the characteristic temperatures are indicated:
the glass transition temperature (Tg) calculated from the inflexion point, the onset temperature of the crystallization peak
upon heating (Tx), the maximum of the crystallization peak (Tc),
and the melting (or liquidus) point (Tm). Table 1 summarizes
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Fig. 1 DSC trace (10 1C min1) for the LiPO3 glass sample indicating the
characteristic temperatures: Tg, Tx, Tc and Tm.

Table 1 Tg, Tx, Tc and Tm obtained from DSC experiments for the glass
systems RbxLi(1x)PO3, RbxNa(1x)PO3 and KxNa(1x)PO3. The heating rate is
10  2 K min1

System

X

Tg (K)

Tx (K)

Tc (K)

Tm (K)

RbxLi(1x)PO3

0
0.25
0.5
0.75
1

605
555
530
508
515

740
592
703
612
526

774
643
735
645
541

933
857
890
1012
1087

RbxNa(1x)PO3

0
0.25
0.5
0.75
0.88
0.95

568
568
494
483
479
501

657
657
651
538
514
526

717
717
691
548
518
532

908
908
815
966
1048
1055

KxNa(1x)PO3

0.25
0.5
0.75
0.88
0.95
1

531
506
499
505
508
522

640
646
563
540
536
542

699
668
572
544
538
543

832
828
991
1052
1069
1079

the values of these temperatures as a function of the cation
substitution ratio for the K–Na, Rb–Na and Rb–Li glasses. For
the single alkaline glasses, it is important to note that the
Tg values reflect the different cross-linking strengths between
the metaphosphate chains. The decrease of Tg in the LiPO3 NaPO3 - KPO3 - RbPO3 glasses is correlated with the progressive
increase in the ionic radius of the alkali ion (0.74 Å, 1.02 Å, 1.38 Å
and 1.52 Å19 respectively), which indicates that the interaction
with the metaphosphate chains becomes weaker as the ionic
radius increases.
Fig. 2 summarizes the measured values of the glass transition
temperatures, Tg, and the melting point, Tm, as a function of the
substitution ratios for the K–Na, Rb–Na and Rb–Li glass series.
The Tg values for glass compositions with x 4 0.8 in the
Rb–Li glass series do not match those reported in previous
publications.3,17 The discrepancy probably arises from the
different methods used to determine Tg. For the most hygroscopic
composition, the measurements here may be more reliable
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Fig. 2 (a) Glass transition temperature, Tg and (b) melting point, Tm, as a
function of the substitution ratio for the K–Na, Rb–Na and Rb–Li glass
series. Filled squares: Rb–Li. Open circles: Rb–Na. Open triangles: K–Na.
The lines are guides to the eyes.

because the analysed samples were monolithic and not powdered.
The MIE is clearly observed in Tg and Tm (Fig. 2) based on the
strong deviations from the linear additivity behaviour. For Tg,
these results reveal the systematic weakening of the Coulombic
interaction between cations and the non-bridging oxygens (NBOs),
when the substitution ratio increases.

Raman spectroscopy
Fig. 3 shows the Raman spectra for the K–Na, Rb–Na, Cs–Na,
Rb–Li and Cs–Li glass series and the LiPO3, NaPO3, KPO3,
RbPO3 and CsPO3 crystalline compounds. The bands in the
wavelength region between 600 and 1400 cm1 were identified
according to the literature data for phosphate glasses.20–23 The
Raman spectra of the metaphosphate glasses show one intense
peak in the range of 600–700 cm1 and one peak between 1000 and
1300 cm1, which are attributed to n(P–O–P) stretching vibrations
involving the BO from Q2 phosphates and n(PO2) stretching vibrations involving the NBO from Q2 phosphates, respectively. For the
crystalline state, these Raman peaks show a sharpening and, for
NaPO3, the vibration with the lowest wavenumber splits in two
bands. Two peaks are observed for the bands with the highest
wavenumber, where the most intense peak at approximately
1150–1180 cm1 was attributed to symmetric n(PO2) modes and
the less intense peak at approximately 1250–1270 cm1 was
attributed to asymmetric n(PO2) modes. The frequency region
between 1050 and 1130 cm1 corresponds to n(PO3) stretching
vibrations from end group Q1 units.
Fig. 4 shows the evolution of the Raman shift for the
n(PO2) symmetric mode upon increasing the substitution ratio.
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Fig. 3 Raman spectra for the glass systems: (a) KxNa(1x)PO3; (b) RbxNa(1x)PO3;(c) CsxNa(1x)PO3; (d) RbxLi(1x)PO3 and (e) CsxLi(1x)PO3 and the
respective crystalline compounds of the simple alkaline glasses.

Impedance spectroscopy

Fig. 4 Raman shift of n(PO2) symmetrical vibrational mode as a function
of the substitution ratio for the K–Na, Rb–Na, Cs–Na, Rb–Li and Cs–Li
glass series. The lines are guides to the eyes.

Impedance spectroscopy is a powerful tool that utilizes alternative
current with variable frequency. The impedance is a complex
number, and it may be represented in a complex plane, which
is also called the Nyquist plot. Fig. 5(a) shows, as an example,
the impedance data at 443 K, in the complex plane plot, for the
Cs0.25Li0.75PO3 glass. In this plot, the semicircle represents the
material’s electrical response while the straight-line of experimental
points at lower frequencies is characteristic of electrode polarization
and a strong indication of the presence of ionic conductivity. The
material’s resistance (R) is obtained at the low frequency (right side
of Fig. 5a) intersection of the semi-circle. In the case of Fig. 5a,
ionic conductivity (s) may be calculated by applying the following:
s¼

The frequencies take intermediate values monotonically between
the frequencies of the extreme compositions, typical of a solid
solution behavior. This solid solution behavior, in which an
important characteristic is the random site occupation, is
evidence of an ionic mixture, which is one of the fundamental
structural hypotheses considered in the models developed to
explain MIE in conductivity. The n(PO2) symmetric vibration
shows slight nonlinear variations with the cation substitution
ratio correlated with the diﬀerences of cation potentials. This
vibrational frequency is particularly sensitive to the cation
species bonded to the terminal O, taking higher values for cations
with higher potential. This eﬀect is related to the increase in the
covalency of the cation–oxygen bond.24 The vibration frequency
in CsxNa(1x)PO3 and RbxLi(1x)PO3 systems shows strong
decreases when Li+ (strong cations) is replaced by Cs+ or Rb+
(weak cations), with the lowest value corresponding to the CsPO3
glass. A similar behaviour can be observed for the RbxNa(1x)PO3
and CsxNa(1x)PO3 systems, starting from a vibration value in
NaPO3 glass lower than in LiPO3 glass, according to the reduction
in the cationic potential. In the case where there is not much
difference in the ionic potential, the frequency variation is
smaller, as can be seen for the KxNa(1x)PO3 system.

Phys. Chem. Chem. Phys.
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(1)

where l/A is the sample’s geometrical parameter, l is the thickness
and A is the area of the sputtered gold electrode in contact with the
sample. The real part of the electrical conductivity may also be
represented as a function of frequency, as shown in Fig. 5b, for
diﬀerent temperatures.
The ionic conductivity of all samples was calculated using
the complex plane plot and eqn (2). Collecting results at

Fig. 5 (a) Complex plane plot of impedance data of the Cs0.25Li0.75PO3
glass sample at 443 K, (b) real part of conductivity s 0 (f) for the Cs0.25Li0.75PO3
glass sample measured in the temperature range from 373 K to 473 K, the
temperature increased by a step of 10 K.
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Fig. 7 (a) Activation energy and (b) pre-exponential factor obtained from linear
regression of the Arrhenius plot Fig. 6. The lines are guides for the eyes.

Fig. 6 (a) Arrhenius plot of log(s) for the glass series: (a) K–Na, (b) Rb–Na,
(c) Rb–Li, (d) Cs–Na and (e) Cs–Li. The lines represent the linear regression
of the data.

diﬀerent temperatures allow us to plot the Arrhenius plot (log s
versus inverse temperature) of the ionic conductivity, as shown
in Fig. 6 for the K–Na, Rb–Na, Cs–Na, Rb–Li and Cs–Li glass
series. It can be observed that the ionic conductivity follows an
Arrhenius behaviour below the glass transition temperature;
the data were fitted using the following linear equation:
log s ¼ log s0 

Ea logðeÞ 103
kB
TðKÞ

(2)

where (s0) is the pre-exponential factor of the Arrhenius expression,
Ea is the activation energy for conduction and kB is the Boltzmann
constant.
Fig. 7 shows the activation energies and the pre-exponential
factors obtained from the linear regression of the Arrhenius
plot. The activation energy goes through a maximum at the
intermediate composition x = 0.5 for all vitreous systems,
except for the K–Na system where the maximum occurs for
x = 0.75. The pre-exponential factor exhibits a maximum only
for the Rb–Na system. However, for the other systems, a dispersion
was observed in the pre-exponential factor. It is worth noting that
the electrical conductivity has an exponential dependence on the
activation energy. Thus, the activation energy for conduction has a
much stronger influence on the calculated conductivity at a given
temperature than the pre-exponential factor s0.
Fig. 8 shows the ionic conductivity for all glass systems at
room temperature. Some points were extrapolated from the
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Arrhenius plots because no complete semicircle was formed in
the complex plane of impedance data. A strong MIE is clearly
observed: the reduction in the ionic conductivity is over six
orders of magnitude at room temperature, in the case of
Rb–Li, Rb–Na and Cs–Li metaphosphate glasses. The ionic
conductivity for the Rb–Li glass system matches the values
reported by Karlsson et al.13 For the single alkaline or binary
glasses, it is important to observe that the ionic conductivity
values present a progressive decrease (Fig. 8), while the activation
energy (Fig. 7) increases from LiPO3 - NaPO3 - KPO3 RbPO3 - CsPO3, which reflects the increase in the alkali ionic
radius (0.74 Å, 1.02 Å, 1.38 Å, 1.52 Å and 1.70 Å19 respectively).
In the binary glasses, higher ionic conductivity and lower
activation energy reflect the ease with which the ions with
smaller ionic radii move through the conducting pathways.
Additionally, the behaviour observed in the Tg is also correlated
with the progressive increase in the ionic radius. It can be
observed (Table 1) that Tg decreases when the alkali ionic radius
decreases.
The magnitude of MIE is aﬀected by temperature. In fact,
Fig. 9 shows a decrease in the magnitude of MIE with the
increase in temperature for all glass systems under study. For
example, in the system RbxNa(1x)PO3, the ionic conductivity shows
a minimum of 6.5 orders of magnitude at room temperature,
whereas at 448 K, this minimum is reduced to 3 orders of
magnitude. This eﬀect caused by temperature is a direct result
of diﬀerences in activation energy in a given series of glass.
Actually, the higher the activation energy, the more rapidly the
ionic conductivity increases with temperature. Therefore, in a
given series of glass, the ionic conductivity of the composition
which presents higher activation energy increases more rapidly
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Fig. 8 Ionic conductivity at room temperature as a function of the
substitution ratio for the K–Na, Rb–Na, Cs–Na, Rb–Li and Cs–Li glass
series. The lines are guides for the eyes.

Fig. 9 Ionic conductivity at diﬀerent temperatures as a function of the
substitution ratio for the glass series: (a) Arrhenius plot of log(s) for the
glass series: (a) K–Na, (b) Rb–Na, (c) Rb–Li, (d) Cs–Na and (e) Cs–Li.
The lines are guides for the eyes.

with temperature than those with lower activation energy, thus
reducing the diﬀerence revealed at lower temperatures.

4 Discussion
To better understand the behaviour of Tg as a function of the
substitution ratio, the diﬀerence DTg between Tg and the linear
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Fig. 10 Diﬀerence between glass transition temperature Tg and the linear
interpolation between the two corresponding single alkaline glasses for
the K–Na, Rb–Na and Rb–Li glass series. The lines are guides for the eyes.

interpolation between the values corresponding to the two singlealkali glasses was plotted in Fig. 10. All systems show the
common ‘‘U-shaped’’ non-linearity, and the largest deviation
occurs for the intermediate composition (x = 0.5) in all of the
systems studied. Comparing the maximum deviation from linearity in all series, the Rb–Na system displays the largest one,
followed by the K–Na and Rb–Li systems. These results indicate
that the cation size mismatch is not the only factor that determines the MIE of Tg of these phosphate systems, in contrast with
the behaviour observed in other systems.3,17
The strong mixed ion eﬀect observed in the ionic conductivity
is a result of the increased activation energy that occurs in mixed
glasses (Fig. 7(a)). This is expected because the large diﬀerence in
size between the modifying cations A and B implies a large energy
mismatch between diﬀerent specific sites. For example, the
Rb ions cannot easily enter into the sites where Li ions reside,
and vice versa, without a considerable structural relaxation. In
mixed alkali glasses, ions that attempt to jump have, to varying
extent, diﬃculties in finding suitable sites. The result at
the local level is that the probability of a successful jump is
reduced because the ions have to overcome the highest energy
barriers. Moreover, at a global level, a partial blockage of the
preferred diﬀusion pathways may occur (because some ions
become trapped), such that the ions are forced to diﬀuse over
pathways with higher energy barriers than in the single alkaline
glasses.13
The temperature dependence of MIE in the ionic conductivity,
shown in Fig. 9, shows that the MIE decreases as the temperature
increases. This decrease is a direct consequence of the high
activation energies in mixed glass; the average hopping rate in
mixed glass reduces more quickly than in single alkali glass as
the temperature decreases. The increase in activation energy in
mixed glasses can be primarily understood from the partial
blockage eﬀect of the preferred diﬀusion pathways, which forces
the ions to move along pathways with higher energy barriers.
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For the Cs–Li system, a strong MIE on the ionic conductivity was
observed with a minimum value at the intermediate composition
(x = 0.5), slightly deeper than that observed for the same
composition in the Rb–Li system. Within the hypothesis of
RIDM and DSR, the difference in ion sizes implies differentiated
structural sites adapted to accommodate the respective ion.
This difference causes a decrease in the probability of successful
ion jumps between sites for different species. Therefore, the
strong MIE observed in the Cs–Li system is consistent with
the expectations from both models, as this pair of cations has
the largest ionic radius difference among the series of mixed
alkalis investigated. Another fundamental hypothesis of these
models of the MIE in conductivity is the random mixture of
both cation species in the network. The observation of a solid
solution behavior for the Raman frequencies of the Li–Cs system is
direct evidence of ionic mixture, consistent with a previous study
using NMR techniques.17 Therefore, the structural and transport
properties observed in the Cs–Li metaphosphate system are
qualitatively consistent with the fundamental hypothesis of the
main models proposed to describe the MIE in ionic conductivity.
Although the size mismatch in the Rb–Na system is smaller
than that in the Rb–Li system (in the Rb–Na and Rb–Li pairs, the
cation size mismatches are 31% and 50%, respectively, relative to the
larger ion), it is interesting to note that in the x = 0.5 composition,
the conductivity of the two systems at room temperature is similar
(Fig. 8), although their activation energy for conduction differs
(Fig. 7a). This can be explained by the effect of the pre-exponential
term of the Arrhenius expression, s0. In fact, Fig. 7b shows that the
pre-exponential term of the x = 0.5 composition in the Rb–Na system
is much higher than that of the same composition in the Rb–Li
system. This higher pre-exponential term of the x = 0.5 composition
in the Rb–Na system contributes to increase its ionic conductivity,
whatever the temperature, bringing it close to the ionic conductivity
of the x = 0.5 composition in the Rb–Li system.

5 Conclusions
This study shows the MIE eﬀect for the first time from conductivity
measurements for mixed alkali metaphosphate glasses based on
K–Na, Rb–Na, Cs–Na and Cs–Li combinations. The metaphosphate
ternary glasses with the Cs–Li and Rb–Na pair of alkalis show a
decrease in ionic conductivity at room temperature of more than six
orders of magnitude in relation to the single alkali glasses, in the
same order of magnitude as that of the already reported Rb–Li
metaphosphate system. The MIE decreases as the temperature
increases due to different activation energies in a given series of
metaphosphate glasses. The glass transition and melting temperatures, Tg and Tm, also exhibit a clear MIE in all systems under study.
Raman modes presented a solid solution behavior as a function of
the composition in all systems under study. This observation
provides evidence for the ionic mixture, one of the fundamental
structural hypotheses in the models developed to explain the MIE in
conductivity. In fact, the behavior of the Raman frequencies confirms that the MIE can be explained as a natural consequence of
random mixing of dissimilar ions, with ionic transport impeded by
ill-matched sites.
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