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Ionic conductivity and the mixed alkali effect in Li xRb1ÀxPO3 glasses
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The temperature and frequency dependent ionic conductivity in LixRb12xPO3 glasses has been studied using
dielectric spectroscopy. The dc conductivity decreases by more than six orders of magnitude on mixing the
alkali ions in the glass structure, that is, a strong mixed alkali effect on the dc conductivity was observed. The
results show that the mixed alkali effect on the dc conductivity diminishes as the temperature is increased. An
ac conductivity mixed alkali effect can be observed up to high frequencies, although it gradually becomes
weaker as the frequency is increased. A quantitative analysis of the conductivity spectra shows that the number
of mobile cations in the single alkali glasses is, within experimental uncertainty, temperature independent. The
results are discussed in relation to a detailed microscopic structural model taking into account the random
mixing of alkali ions@Phys. Rev. B63, 132202~2001!#.
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I. INTRODUCTION

The intriguing mixed alkali effect~MAE! in glasses1 has
been an unsolved problem in glass science for several
cades, and a complete understanding of the phenomen
still lacking. The effect refers to the large deviations~several
orders of magnitude! from additivity that occur in properties
related to ionic transport, such as ionic conductivity and
electric relaxation, as well as mechanical loss and inte
friction, when alkali ionsA are replaced by alkali ionsB in
glasses of the typeAxB12xG. Here,G may denote, for in-
stance, PO3 in the case of metaphosphate glasses. On
other hand, other properties such as density, refractive in
thermal expansion coefficient, and elastic moduli usually
hibit only small deviations from linearity.2 Properties related
to structural relaxation, such as viscosity and glass transi
temperature, deviates from a linear behavior, but similar
viations are also seen in mixed glass-forming systems wh
do not contain any cations. It should be noted that the mi
alkali effect is not unique for glasses, but is also observe
crystalline ion conductors.3

Throughout the years, several models have been prop
in order to explain the MAE.1,2,4–8These can be divided into
models related to structural features, or models based on
ion interactions.2 The former kind of approach have attract
most attention during the last years.7 One of the more recen
theoretical models of ionic conduction and the MAE is t
dynamic structure model~DSM!.4 The DSM is based on the
assumption thatA andB ions in a mixed alkali glass creat
their own local environments, which are different for diffe
ent ions, leading to a site energy mismatch. The probab
for anA ion to hop into aB site is lowered, compared toA-A
or B-B hops, due to the site mismatch. The result is t
diffusion predominantly occurs in some preferred paths,
this is proposed to account for the reduced ionic conduc
ity. Maass has recently used some ideas from the DSM
develop a model for the MAE without any local si
relaxation.7

Recently, it was suggested that the principal features
the MAE can be qualitatively understood directly from sta
0163-1829/2003/68~6!/064202~9!/$20.00 68 0642
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structural models of real glasses.9 Diffraction studies and re-
verse Monte Carlo~RMC! simulations of mixed alkali phos
phate glasses showed that~i! the different cation specie
have different local and essentially composition invariant
vironments, and~ii ! the cations are randomly dispersed b
tween the phosphate chains in~iii ! low dimensional path-
ways, as shown in Fig. 1. By making the assumption that
different local environments of the two kinds of alkali ion
make jumps to dissimilar sites unlikely to occur~based on
previous findings from, e.g., molecular-orbital calculatio
by Uchinoet al.10!, the MAE can be understood as a natu
consequence of this structural arrangement. A static g

FIG. 1. A 10310310 Å3 section of a RMC produced configu
ration of Li0.5Rb0.5PO3. The original RMC configuration had a bo
length of 42 Å and contained 5000 atoms. The phosphate netwo
shown as P-O bonds, small spheres are Li ions~radius 0.6 Å! and
larger spheres are Rb ions~radius 1.5 Å!. Note that, for clarity, the
spheres representing the ions are not drawn in scale.
©2003 The American Physical Society02-1
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structure implies partial blocking of preferred diffusion pat
due to the site mismatch and the random mixture of ions
low dimensional pathways. This is the essence of the rand
distribution model~RDM!.

These different ideas have appeared separately earli
the literature, for instance diffusion pathways,11,12 a random
mixing and dissimilar sites for the two types of ions.13,14

Experimental support for dissimilar sites have earlier be
found from vibrational spectroscopy,15 extended x-ray ab-
sorption fine structure~EXAFS!,14 neutron diffraction,16 and
NMR,17 while far infrared measurements,18 XAFS,19 and
NMR20 have suggested that the ions are randomly mix
The RDM is the first model, based on real glass systems,
provides a complete structural picture of mixed alk
glasses, and which directly shows that the ions are rando
mixed in low-dimensional pathways. Furthermore, the
sumptions made when the RDM was presented9 have re-
cently been confirmed21 by determinations of conductio
pathways in the same RMC produced structural models,
ing the bond-valence method.

In this paper, we have studied the conductivity in the s
tem LixRb12xPO3, wherex50, 0.25, 0.5, 0.75, and 1.0. Th
system is interesting for MAE studies because of the la
size difference between lithium and rubidium ions. Furth
more, extensive structural characterization with Raman s
tering and x-ray and neutron diffraction has be
performed.22 No conductivity measurements have previou
been reported for this system, to our knowledge, except
the single alkali glasses LiPO3 and RbPO3.23–25 To our
knowledge, the only previous conductivity MAE study o
phosphate glasses is that of Chenet al. who investigated the
Li xNa12xPO3 system.26 The present conductivity results a
discussed in relation to previous structural results for
same system.22 We show that the observed results are w
explained using the structural random ion distributi
model.9

II. EXPERIMENT

Samples were prepared by mixing stoichiometric amou
of Li2CO3, Rb2CO3, and (NH4)2HPO4. The mixtures were
held at 900–1100 °C for 1–2 h and then poured into a
cular 13-mm-diameter mould. Samples of thickness 1.5
mm were polished and painted with conducting silver pa
to ensure good electrical contact.

Electrical conductivity measurements in the frequen
range 1022–106 Hz were performed using a Novocontrol A
pha High Resolution Dielectric Analyzer. The samples w
clamped between steel electrodes, of the same diamet
the sample, in the sample holder. The sample holder
placed in a nitrogen cooled cryostat during the measu
ments. The temperature could be controlled in the ra
110–450 K with an accuracy of60.1 K. Complementary
measurements in the range 70–500 MHz were made at r
temperature using a broadband technique which meas
the complex transmission coefficient of a coaxial line inclu
ing a shielded capacitorlike cell.27

From the measured sample impedanceẐ( f )5Û/ Î , where
Û and Î are the voltage and current, respectively, expres
as complex quantities, various interrelated quantities can
06420
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calculated. The most important are the complex relative p
mittivity ê( f )5e82 i e952 i /(2p f C0Ẑ), the conductivity
ŝ( f )5s81 is95(e0 /C0Ẑ), and the modulusM̂51/ê. In
these expressionsC0 denotes the empty cell capacitanc
C05e0A/d, where e0 is the vacuum permittivity,A the
sample area, andd the sample thickness. According to th
above definitions, the complex conductivity and permittiv
are related according toŝ( f )5 i2p f e0ê( f ).

Conductivity, or dielectric, data, can be analyzed in se
eral ways. Ion conducting glasses are mostly analyzed wi
either the modulus or the conductivity formalism. There
some debate in the literature about which choice is the m
correct one.28–31 Here, we will use the conductivity ap
proach. A modulus analysis of the data is presen
in Ref. 32.

The real part of the frequency dependent conductivity
known empirically to follow the relation25

s8~ f !5s0F11S f

f 0
D pG1B f1.0. ~1!

The first term in Eq.~1! describes a constant dc plateau. T
dc conductivitys0 can thus be obtained by an extrapolati
of s8( f ) to low frequencies. The second term in Eq.~1!
describes the dispersive region, which sets in approxima
at the onset frequencyf 0. The power law exponentp usually
takes values in the range 0.5–0.7. The last term in Eq.~1!,
B f1.0, whereB is a more or less temperature independ
constant,33,34 becomes important at high frequencies or
low temperatures. The origin of this term, denoted the c
stant loss term, is at present unclear.35,36In the frequency and
temperature regions considered in this paper, the cons
loss term does not play any significant role and will hen
not be considered.

III. RESULTS

Figures 2~a!–~e! show the frequency dependent condu
tivity s8( f ) for the different compositions at various tem
peratures. The bending of the dc plateaus at low frequen
seen in Fig. 2, clearly visible for LiPO3, is due to polariza-
tion effects at the electrodes. These polarization effects
come more significant at higher temperatures where the c
ductivity is high. The dc conductivity value at eac
temperature was taken as the conductivitys8( f pol) at the
frequency f pol where polarization effects set in. The latt
frequency was obtained from impedance plots where2Z9 is
plotted againstZ8. Figure 2~f! shows an example of such a
impedance plot. The intersection of the impedance arc w
the Z8 axis gives the dc conductivity@s05d/(Z0A)#, and
also the frequency below which polarization effects dom
nate, f pol .

The dc conductivity versus Li content in th
Li xRb12xPO3 series is shown in Fig. 3 at two temperature
300 and 400 K. The points forx50.5 and 0.75 at 300 K in
Fig. 3 were extrapolated from Arrhenius plots~to be dis-
cussed later!, since no distinct dc plateaus were found in t
conductivity spectra. A very clear mixed alkali effect can
observed. The drop in conductivity is six orders of mag
2-2
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FIG. 2. Real part of the conductivitys8( f )
for ~a! LiPO3, ~b! Li0.75Rb0.25PO3, ~c!
Li0.5Rb0.5PO3, ~d! Li0.25Rb0.75PO3, and ~e!
RbPO3 measured at various temperatures. Da
points to the left of the solid lines are influence
by polarization effects. The lines intersect th
conductivity curves approximately atf pol . High
frequency measurements~solid dots! were per-
formed at room temperature.~f! Impedance plot
of RbPO3 at 400 K. The impedance arc cross
the Z8 axis atZ85Z0.
d

e
n
ty
ig
r

f

n

.

-
ns
tude at 300 K and four orders of magnitude at 400 K. The
conductivities obtained here for LiPO3 are slightly higher
than values reported earlier.24 This is probably due to differ-
ent thermal histories of the samples.

In Fig. 4 the ac conductivity at room temperature~300 K!
is shown at different frequencies. Although the ac mix
alkali effect is much less pronounced, it is significant, a
the x50.5 sample again exhibits the lowest conductivi
This shows that there is a mixed alkali effect also at h
frequencies, although the effect gradually becomes weake
similar behavior was reported earlier by Kulkarniet al.37

The dc conductivitys0, or more correctly the product o
the dc conductivity and temperature,s0T, is most oftenly
found to follow an Arrhenius behavior below the glass tra
sition temperature:

s0T5As0T expS 2
Es0T

kBT
D , ~2!

whereAs0T is a prefactor andEs0T is an activation energy

Figure 5 shows Arrhenius plots ofs0T versus inverse tem
06420
c

d
d
.
h
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-

FIG. 3. dc conductivitys0 vs composition for LixRb12xPO3 at
300 K ~filled and empty triangles! and 400 K~filled squares!. The
points marked with empty triangles were found from extrapolatio
of Arrhenius plots. The lines are guides to the eye.
2-3
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perature for different compositions. The data were fitted
Eq. ~2! and the resulting activation energiesEs0T and pref-

actorsAs0T for the different compositions are shown in Fi
6. The activation energy goes through a maximum close
x50.5, while the prefactorAs0T shows an increase toward
a higher lithium content, with a maximum at the intermedia
composition (x50.5).

IV. ANALYSIS

So far, no reference to microscopic processes has b
made. One of the main problems when interpreting cond
tivity data is to find a connection between macroscopic m
surements, such as measurements ofŝ( f ), and microscopic
processes. However, linear response theory provides a

FIG. 4. Real part of the conductivitys8 versus composition for
Li xRb12xPO3 in the low frequency limit~dc plateau value! ~tri-
angles!, and at higher selected frequencies 115 kHz~squares! and
80 MHz ~circles!. All measurements at 300 K. The points mark
with empty triangles were found from extrapolations of Arrhen
plots. The lines are guides to the eye.

FIG. 5. Arrhenius plots ofs0T for different compositions in the
Li xRb12xPO3 system. The full lines are fits to the data.
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between the mean square displacement of charge carr
^r 2(t)&, and the conductivity.38 In Ref. 29, in which a model
ion conductor is considered, it is assumed that

^r 2~ t !&5a2F S t

t D a

1S t

t D G . ~3!

Here,a is a characteristic length andt a characteristic time
at which the mean square displacement changes from a
linear to a linear time dependence. That is,^r 2(t)&}ta, with
a,1, att,t and^r 2(t)&}t at t.t. A further assumption is
that the ions move independently, that is, the Haven ra
equals one (HR51). Using linear response theory it can the
be shown that the frequency dependent conductivity can
written as29

s8~ f !5s0F11S f

f 0
D 12aG , ~4!

where

s05
nq2a2f h

6kBT
~5!

and

f 05
1

2pFG~11a!cosS p

2
~12a! D G1/(12a) f h . ~6!

Note that Eq.~4! is Eq. ~1! ~with p512a) without any
constant loss term. In Eqs.~5! and~6!, n is the number den-
sity of mobile cations,q is the elementary charge,f h51/t,

FIG. 6. ~a! Prefactors and~b! activation energies obtained from
curve fitting. The lines are guides for the eye.
2-4
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IONIC CONDUCTIVITY AND THE MIXED ALKAL I . . . PHYSICAL REVIEW B 68, 064202 ~2003!
and G denotes the gamma function. Equation~5! is the fa-
miliar expression for dc conductivity, while Eq.~6! provides
a link betweenf h in Eq. ~5! and the experimentally acces
sible onset frequencyf 0 in Eq. ~1!. Sidebottomet al. have
used different arguments to arrive at essentially the sa
result starting from Eq.~3!.39

It should be pointed out that Eqs.~4!–~6! are based on Eq
~3!, which is an assumption and a simplified way to descr
the ionic motion. But it is a plausible assumption, since E
~4! agrees with experimental data, at least in a frequency
temperature range where the influence of the constant
term is small. Note that Eq.~3! with given values of the
parametersa anda is valid only for one glass composition a
a time, and thata and a can be expected to vary betwee
different compositions. This is consistent with the fact thaT
scaling is generally observed~with one recent exception40!,
as long as one composition at a time is considered,41–43

while n scaling, when different compositions are compar
is not.42,44–46

It still remains to give a physical interpretation of th
parameterst anda in Eq. ~3!. This may be done by noting
that the expression for the dc conductivity@Eq. ~5!# can also
be obtained from more elementary considerations,47 or using
linear response theory assuming random hopping.48 The cat-
ions are then assumed to hop between sites with inte
spacinga, and f h51/t is interpreted as a hopping frequen

f h5Af h
expS 2

Ef h

kBT
D . ~7!

In Ref. 47Ef h
in this expression is interpreted as an ene

barrier between two sites, andAf h
as a pre-exponential fac

tor, roughly the same as the cation rattling frequency. Ho
ever, in real systems these quantities are more complex

Let us now see how the relations in Eqs.~5! and ~6! can
be used to make a quantitative analysis of the conducti
data. We assume that two quantities in the expression for
dc conductivity, Eq.~5!, may be thermally activated: th
number densityn and the characteristic frequencyf h ~we
also assume thatf h does not depend onn). We can then
rewrite Eq.~5!, with the temperature dependence ofn and f h
explicitly written out, as

s0~T!5
q2a2

6kBT
An expS 2

En

kBTDAf h
expS 2

Ef h

kBT
D . ~8!

In order to investigate the activated behavior ofn and f h ,
Arrhenius plots of the onset frequencyf 0 were made, which
are shown in Fig. 7. Values off 0 were obtained by fitting Eq
~4! to experimental data in the dispersion onset region w
s0 , p and f 0 as free parameters. Activation energies a
prefactors off 0 are obtained from the Arrhenius fits, show
in Fig. 7. By using Eq.~6! ~with a5(0.3020.05

10.10), the error
limits being due to the uncertainty in the curve fitting proc
dure! and the activation energies and prefactors off 0, the
activation energyEf h

and prefactorAf h
of the hopping fre-

quencyf h can be calculated. These are shown in Fig. 6. T
activation energiesEs0T andEf h

are, for each composition
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very similar. This implies that the temperature dependenc
s0 sits almost exclusively in thef h factor, within experimen-
tal uncertainties, and that the number of conducting cati
is essentially independent of temperature. There have b
reports that in some glass systemsn exhibits an activated
behavior with activation energiesEn ranging from 0.02 eV to
0.57 eV depending on the glass composition.49 We cannot
detect any clear evidence of similar effects in the pres
glasses.

The analysis can be taken a step further in order to ca
late the characteristic length~or hopping distance! a. If we
assume thatf h ands0T in Eq. ~5! have the same activatio
energies, which just have been shown, it follows by comb
ing Eqs.~2! and ~8! ~with En50 andAn51) that the pref-
actors should be related according to

As0T5
nq2a2

6kB
Af h

. ~9!

By solving for the hopping distancea, we obtain

a5A6kBAs0T

nq2Af h

. ~10!

Hopping distances calculated according to Eq.~10! are
shown in Table I. Values of number densitiesn were taken
from Ref. 22. In the calculations, we have assumed than

FIG. 7. Arrhenius plot of the onset frequencyf 0. The full lines
are fits to the data.

TABLE I. Calculated hopping distancesa, assumingcfrac51,
and cation average nearest neighbor distances from RMC mode
The error limits ofa are estimated from errors ina, As0T andAf 0

.

x a ~Å! aLi-Li
RMC ~Å! aRb-Rb

RMC ~Å!

0 0.960.2 3.960.2
0.25 1.160.4
0.5 2.661.1
0.75 1.260.4
1.0 0.860.1 2.960.1
2-5
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5nmajority for xÞ0.5 ~that is, n5nLi for x50.75, and vice
versa!, andn5(nLi1nRb)/2 for x50.5. For the latter com-
position it is implicitly assumed thataLi5aRb5ā, an aver-
age hopping distance. This means that we assume that
species may contribute to the conductivity atx50.5, but
away from the intermediate composition only the major
carriers contribute to the conduction. Although the error li
its in Table I are rather large, due to uncertain prefactor
terminations, there are indications that the distancea in-
creases in the mixed glasses. Note that the hopping dist
calculations are based on the assumption thatEf h

5Es0T .

This is not necessarily the case forx50.5, but even if the
different activation energies are not exactly equal they
nearly equal, as can be seen in Fig. 6.

V. DISCUSSION

A. Single alkali glasses

The activation energiesEs0T ~Fig. 6! do not differ much

between pure LiPO3 and RbPO3. The dc conductivity is,
however, different: 6.431029 V21 cm21 for LiPO3 and
1.1310210 V21 cm21 for RbPO3 at 300 K. What matters
for the different values of the conductivity is thus the pre
actor As0T , and, as has been shown above, the freque

prefactorAf h
.

It has been pointed out that the activation energyEf h
, or

in our case equivalentlyEs0T , actually is the enthalpy par
of a free energy50:

G5H2TS. ~11!

Here H5Ef h
, T is the temperature andS is the activation

entropy for ion migration. Since the thermally activated ho
ping frequency can be written as@Eqs.~5! and ~8!#

f h5Af h
expS 2

Ef h

kBT
D 5 f * expS S

kB
DexpS 2

H

kBTD , ~12!

we have

Af h
5 f * expS S

kB
D , ~13!

where f * is the true attempt frequency.50 This frequency
should be of the same order of magnitude as the cation
tling frequency, which is of the order 1012s21 ~the cation
vibration frequency is51 12 THz in LiPO3 and 3.4 THz in
RbPO3). Hence,Af h

could be considered as an effective a
tempt frequency, containing activation entropy contributio
in contrast to the actual attempt frequencyf * .50 The differ-
ences in the prefactors of LiPO3 and RbPO3 can thus be
understood as due to different activation entropies
migration.50 Sincef * is of the same order of magnitudes f
Li and Rb ions, Eq.~13! implies that the activation entropy i
higher for LiPO3 than for RbPO3. This result suggests that i
LiPO3 there are either more mobile ions or more sites
which a Li ion can jump.
06420
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The hopping distances that we obtained~presented in
Table I! are smaller than the corresponding average nea
neighbor distances~Li-Li and Rb-Rb! obtained from RMC
models.9 The hopping distances in Table I were calculat
using Eq.~10!, and assuming that all majority carriers co
tribute to the conductivity. Let us now instead assume t
the hopping distance is roughly equal to the average nea
neighbor distances, as obtained from diffraction experime
and RMC: (2.860.2) Å for Li-Li and (3.960.2) Å for
Rb-Rb.9 The fraction of the cations taking part in the co
duction process,cfrac, can then be calculated by puttingn
5cfracntot , wherentot is the total cation density, in Eq.~10!.
Using the numbers above, we obtaincfrac50.09 for the
LiPO3 glass, andcfrac50.05 for RbPO3. This indicates that
of the order of 10% of the ions take part in the conducti
process, provided that the hopping distances in the gla
equal the Li-Li and Rb-Rb RMC pair distances. If this is n
the case, that is if the jump distances are shorter, the frac
cfrac would increase. However, a cation fraction of 10% is
the same order as has been found for AgPO3 glasses from
bond valence pseudo potential calculations.52

So far, we have assumed the Haven ratio to be equa
one. A Haven ratioHR,1, which is likely to be the case fo
the present glasses,47 would mean thatcfrac would be even
smaller, sinceHRÞ1 would appear in the numerator of Eq
~10!. The conclusion from this attempt to quantitative ana
sis, with the assumptions given above, is therefore that
than 10% of the cations in the single alkali glasses contrib
to the conductivity, and that the number of conducting ions
temperature independent.

The reason why only a fraction of the cations participa
in the conduction process, and that the number is indep
dent of temperature, may be that a majority (.90%) of the
cations are trapped, in the sense that they do not belon
conduction paths which contribute to the dc conductivi
Only the remaining, most mobile ions contribute to the
conductivity. The trapped ions may move locally, but they
not contribute to the dc conductivity. This is illustrated sch
matically in Fig. 8~a!.

FIG. 8. Schematic illustration of conduction paths in~a! a single
alkali glass (LiPO3 or RbPO3), and in ~b! a mixed alkali glass.
There are two types of conduction paths: closed and open. O
cations on the latter type contribute to the dc conductivity. T
remaining cations are called trapped.
2-6
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B. Mixed alkali glasses

The mixed alkali effect in the present Li-Rb system
very large, six orders of magnitude at 300 K. One reason
this may be the large size difference between Li and Rb io
the difference in ionic diameter between Li and Rb is clo
to 2 Å.53 In the LixNa12xPO3 system, where the diamete
difference is smaller~0.8 Å!, the conductivity drop is also
smaller, four orders of magnitude.26

The drop in conductivity results from a drastic increase
activation energyEs0T in the mixed glasses compared to t

single alkali glasses@Fig. 6~a!#. This is expected since th
large size difference between Li and Rb implies a large
ergy mismatch between different sites. That is, a Rb ion c
not easily enter a site where a Li ion has resided, and v
versa, unless considerable structural relaxation occurs. In
mixed alkali glasses ions attempting to jump have, to vary
extent, difficulties finding suitable sites. The result is, on
local level, that the rate of successful ion jumps is reduc
since ions have to climb higher energy barriers, and~conse-
quently, since some ions get stuck!, on a global level, a par
tial blocking of preferred diffusion pathways, such that io
are forced to diffuse along pathways with higher energy b
riers than in the single alkali glasses. Both effects lead
lower conductivity and are reflected macroscopically in
increased activation energies ofs0T and f h of the mixed
glasses.

The prefactorAs0T , on the other hand as compared to t

activation energy, increases whenx increases fromx50 to 1.
The almost steplike behavior ofAs0T in Fig. 6~b! may indi-

cate thatAs0T in mixed glasses is determined by the mo
mobile species only. This observation is consistent with
results of Ref. 32, where it was found that, with respect
the conductivity, mixed alkali glasses behave as dilu
single alkali glasses. As in the single alkali glasses, the va
tion of As0T , andAf h

with composition may be an effect o
varying activation entropy. However, the expected large
duction of the ionic degrees of freedom in the mixed glas
ought to lead to a decrease of the activation entropy,
hence a decrease ofAf h

, when x50.5 is approached. Ou
data in Fig. 6~b! do not show this, but, since the error ba
are rather large, neither do the data exclude the possibilit
such a decrease.

The temperature dependence of the mixed alkali effec
the dc conductivity, shown in Fig. 3, shows that the mix
alkali effect diminishes as the temperature is increased.
decrease of the MAE with temperature is a direct con
quence of the higher activation energies of the mix
glasses; the average hopping rate is reduced much more
idly as temperature decreases in mixed glasses than in s
alkali glasses. The increase of the activation energy in mi
glasses can be, as discussed above, understood as prim
an effect of the partial blocking of preferred diffusion pat
ways, which forces the ions to move along pathways w
higher energy barriers.

It is interesting to note that there is also a mixed alk
effect on the ac conductivity that remains at high frequ
cies, although the effect diminishes as the frequency
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creases~Fig. 4!. The latter is an effect of the fact that whe
the frequency increases, the typical migration distance o
ion is decreased, and hence the influence of prefe
blocked pathways is reduced. Even in the mixed glass c
positions most of the mobile ions will be able to find ne
sites in their local environments, although most of the lo
range preferred pathways~i.e., those contributing to the d
conductivity! are blocked by dissimilar ions and the gla
network. This further implies thatcfrac increases with in-
creasing frequency. We note that the increase of the num
of conducting ions with frequency may contribute to the
crease of the slope of the logs8(f) versus logf curve ~from
slope p;0.7 to slope 1!, which is generally observed in
many glass systems.

Let us now turn to a discussion on the concentration
pendence of the calculated hopping distances~see Table I!.
The tendency towards longer hopping distances in the mi
samples could be understood as an effect of the site m
match; when neighboring sites are energetically unfavora
an ion has, on average, to make longer jumps in order to
a more energetically favorable position. It should be poin
out that the apparent change in jump distance whenx gets
closer tox50.5 could possibly also be the result of chang
in the fraction of conducting ionscfrac when the composition
is changed. However, Eq.~10! implies that in order to
achieve a constanta for the various compositions,cfrac
should be comparatively higher in the mixed compositio
This is not plausible, because of the blocking of diffusi
paths. Another possible explanation for longera in mixed
compositions could be that the Haven ratio changes withx,
i.e., HR is comparatively lower in thex50.5 composition
than in the other compositions. It has, however, been fo
that the Haven ratio has a maximum near the intermed
composition in mixed alkali glasses.54 Thus, we can rule out
both these possibilities, and the analysis then suggests
there is a real increase in hopping distance upon mixing

A schematic picture of the conduction paths in a mix
glass is shown in Fig. 8~b!. The random mixture of ions
hinders the formation of dc conduction paths. In the dc pa
that nevertheless are formed, the average hopping distan
increased since there are less sites available. Note tha
present analysis do not tell anything aboutcfrac in the mixed
glasses, but it is likely to be reduced because of the block
effect.

VI. CONCLUSIONS

Glasses in the series LixRb12xPO3 have been investigate
using dielectric spectroscopy. A very strong mixed alkali
fect on the dc conductivity was observed. The effect rema
although weaker, at increased temperatures (;400 K). A
mixed alkali effect was also observed in the ac conductiv
up to high frequencies.

The results can be understood within the framework
the structural random ion distribution model~RDM! where
the ions are supposed to be randomly mixed between
phosphate chains. The very large mixed alkali effect o
served here is then a natural consequence of the mixin
cations and the site mismatch between sites with differ
2-7
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species. Also the temperature dependence of the mixed a
effect on the dc conductivity and the frequency depende
of the mixed alkali effect on the ac conductivity can be u
derstood from the structural RDM.

An attempt to quantitative analysis based on linear
sponse theory combined with RMC results shows that
proximately 10% of the cations take part in the conduct
process in the single alkali glasses. The number of cond
ing cations is independent of temperature within the exp
e
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mental accuracy. Furthermore, the analysis shows that
average ion hopping distance is longer in mixed glasses
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