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Role of AgI for ionic conduction in AgI-AgPO3 glasses
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Using frequency and temperature-dependent conductivity data forx AgI•(12x) AgPO3 glasses in the
composition range fromx50.10 tox50.55, we find that the number density of mobile ions as well as the ionic
relaxation mechanism are independent of temperature and composition. We believe that this result is important
in order to clarify the controversial role of AgI for the ion transport in these glasses. Moreover, our observation
should generally impact on the understanding of fast ion conduction in glass. In the frequency range covered
in our study, i.e., at frequencies below a few MHz, a superlinear dependence of the conductivity on frequency
as reported recently has not been observed.@S0163-1829~97!01245-9#
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I. INTRODUCTION

Fast ion conduction in glass is not only interesting fro
the viewpoint of the fundamental researcher but is also
great importance for the development of new glassy mat
als for technological application, e.g., in batteries and
electrochromic displays. Progress in this field has mai
been achieved by empirical findings, e.g., it has been disc
ered that the conductivity of oxide glasses can be gre
enhanced by the doping with metal halides.1–5 Despite con-
siderable effort to obtain a physical understanding of t
phenomenon, there is no generally accepted theory
would be helpful with respect to the more specific develo
ment of highly conducting glasses.

AgI-AgPO3 glasses have been widely investigated
model materials since they can be easily prepared, and g
forming is observed over large composition ranges. Sev
models have been proposed to account for the fast ion
duction found at high AgI concentrations.

Based on the ‘‘diffusion path model’’ of Minami,6 many
models ascribe a particular role to the creation of pathw
where the mobile Ag1 ions are mainly coordinated by io
dide.

In the so-called ‘‘cluster model’’ of Malugani an
co-workers,7–9 the formation of microdomains or clusters
AgI within the host matrix is proposed. The Ag1 ions lo-
cated in these clusters are assumed to be much more m
than those located in other regions of the glass. As the
content of the glasses increases, the ions percolate more
ily from cluster to cluster leading to an increase in the io
conductivity. This model is mainly based on the results
neutron and x-ray-diffraction studies suggesting that A
does not affect the local structure of the host matrix.10,11This
is in agreement with results from Brillouin and Ram
studies12,13that indicate a very weak interaction between A
and AgPO3.

The ‘‘cluster tissue approach’’ of Rao and Ingram14,15

also assumes an inhomogeneous structure consisting
highly conducting and a less conducting phase, but in
latter model close-packed regions of host network are
560163-1829/97/56~21!/13619~4!/$10.00
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rounded by a connective tissue of AgI containing the hig
mobile Ag1 ions.

Weak electrolyte approaches16–18 have been propose
where the AgI ‘‘solute’’ may be homogeneously dispersed
the AgPO3 glass network. This solute is regarded as partia
dissociated, and the free Ag1 ions so produced contribute t
the dc conductivity. The concentration of free ions is, ho
ever, small and temperature dependent.

In all the above models, the Ag1 ions bonded to iodine
play the dominant role in the conduction process. Acco
ingly, the models require that the number density of A1

ions determining the ionic conductivity should depend
glass composition.

However, in recent work a different approach was p
forward. Reverse Monte Carlo models by Wickset al.19

based on neutron and x-ray diffraction and on extended x
absorption fine-structure spectroscopy suggest that the m
role of AgI is to expand the AgPO3 network and to create
free volume. This causes the increase in the ionic conduc
ity. This result was confirmed by Swenson and Bo¨rjesson20

who found a general relationship between network expans
and conductivity enhancement for a large variety of me
halide-doped oxide glasses.

In order to shed light on the microscopic nature of t
conduction process, several authors have performed m
surements of the frequency-dependent conductivity. The
sults of Pathmanathan and co-workers21 and of Mangion and
Johari22 for AgI-AgPO3 glasses of various composition
show that in the frequency range from 12 Hz to 100 kHz
ac conductivity depends on frequency in a sublinear fash
Recently, Le Stanguennec and Elliott23 have published con-
ductivity data for similar glasses in the frequency range fr
1 Hz up to 200 kHz. In contrast to the above studies, th
find two contributions to the ac conductivity. One is chara
terized by a sublinear dependence of the conductivity
frequency, while the second is characterized by a superlin
dependence. These contributions are attributed to long-ra
diffusion and to localized motions of the Ag1 ions, respec-
tively.

In this paper, we present conductivity data f
13 619 © 1997 The American Physical Society
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x AgI•(12x) AgPO3 glasses in the frequency range from
Hz to 4 MHz and at various temperatures. The data h
been taken for a range of compositions fromx50.10 to x
50.55. In Ref. 24, we have shown for sodium borate glas
of different compositions that an appropriate scaling analy
of frequency and temperature-dependent conductivity spe
can reveal valuable information about the mobility of t
charge carriers. Therefore, this kind of analysis will be he
ful in deciding whether or not all Ag1 ions contribute to the
conduction process.

II. EXPERIMENTAL

Dry mixtures of AgI, AgNO3, and ~NH4!2HPO4 were
heated in a quartz crucible. After the gas evolution had s
sided, the melts were held between 450 and 500 °C, dep
ing on the composition, for one hour. They were then pou
into a stainless-steel mold having the same temperatur
the melts. The melts were cooled down to room tempera
by pressing the mold between two aluminum blocks. T
procedure ensured a well-defined cooling rate between 6
and 8 K/s. The samples were then polished, and silver e
trodes were evaporated onto the sample surfaces.
samples were mounted in a specially designed sample ho
that was placed in a quartz tube flushed with dry nitrog
gas. The frequency-dependent electrical conductivity w
measured in the frequency range from 5 Hz to 4 MHz us
the lf impedance analyzer HP 4192A.

III. RESULTS

In Fig. 1 we present the frequency-dependent conducti
~expressed as products8•T! of the glass 0.3 AgI•0.7 AgPO3
at different temperatures. At low frequencies, a constant c
ductivity is detected. This is the dc conductivity of the gla
In all glasses studied, the dc conductivity obeys an Arrhen
law. The dc activation energyEA

dc, obtained from conven-
tional Arrhenius plots, is shown in Fig. 2 as a function of t
AgI content,x. These data are in good agreement with
results from other studies.3,22,25

Let us return to Fig. 1. As described in Ref. 24, we ha
now analyzed the conductivity data by scaling both axes w

FIG. 1. Frequency-dependent conductivity of the glass 0.3
•0.7 AgPO3 at different temperatures.
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the factorsdcT. By doing so, we observe that all conducti
ity isotherms fall onto one master curve. This not only a
plies for the 0.3 AgI•0.7 AgPO3 glass but for all glass com
positions studied. Figure 3 shows the individual mas
curves forx50.10, 0.30, 0.40, and 0.55. Within the expe
mental error, all of them coincide.

IV. DISCUSSION

In Ref. 24 we have presented conductivity master cur
for sodium borate glasses,y Na2O•(12y) B2O3, containing
different amounts of sodium oxide,y. In these glasses, th
individual master curves are shifted to higher values
n/(sdcT) asy decreases. This reflects the decreasing num
density of the mobile sodium ions. The individual curv
can, however, be superimposed by employingy as an addi-
tional scaling factor for the frequency axis, see Ref. 24. Ay
is roughly proportional to the number density of mobile Na1

ions, this procedure implies a scaling of the frequency a
with mdcT. Here,mdc is the dc mobility of the ions.

In the x AgI•(12x) AgPO3 system, a correspondin
number density effect is absent. The position of the cond
tivity master curves on the scaled frequency axis does

I FIG. 2. Activation energy for the dc conductivityEA
dc, as a

function of the AgI content of the glasses,x.

FIG. 3. Conductivity master curves of thex AgI•(1-x) AgPO3

glasses containing different amounts of AgI.
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56 13 621BRIEF REPORTS
depend on the compositional parameterx. From this we con-
clude that AgI does not provide additional charge carriers
a manner analogous to the way Na2O provides charge carri
ers in Na2O-B2O3 glasses. Instead all the Ag1 ions must be
mobile regardless of whether they come from AgI or AgPO3,
i.e., it is impossible to distinguish the contribution from d
ferent sorts of ions in different environments. Within th
experimental error, the shape of the conductivity mas
curves is identical with the shape observed in the case
other single-ion conducting glasses.26 This suggests a univer
sal transport mechanism in these glass systems, regardle
the presence of AgI.

Taking into account these results, we argue that the m
effect of doping AgPO3 with AgI is to decrease the activa
tion energy required for the ionic transport without affecti
the number density of the mobile charge carriers or the
laxation mechanism. Accordingly, neither cluster models
weak electrolyte approaches seem to be necessary in ord
describe the role of AgI for the conduction process. O
results seem to favor an approach that does not focus
particular sites occupied by the Ag1 ions but instead on
some more general influence of AgI on glass structure. T
could, e.g., involve the dilatation of the network.19,20

We would like to emphasize that such an approach wo
not exclude the possibility of different local environmen
for Ag1 ions, and accordingly different activation energi
for local relaxation processes. In fact, there are experime
results indicating that different types of sites do exist in A
containing glasses.27,28 One would have expected that the
structural features affect the short-range dynamics of the
bile ions. Remarkably, the dispersion of the ac conductiv
below a few MHz provides, however, no evidence for t
existence of these separate microscopic processes sinc
ac data can be scaled using a single~dc! activation energy.
Presently, there is no explanation for this very simple res
On the other hand, in some highly conducting glasses, de
tions from the scaling behavior and a superlinear freque
dependence of the conductivity have been observed in
GHz regime.29–33 Possibly, this behavior is more indicativ
of the effects of short-range order on ion dynamics.

Finally, we would like to point to discrepancies betwe
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our results and those of Le Stanguennec and Elliott.23 Like
Pathmanathan and co-workers21 and Mangion and Johari,22

we do not find evidence for a superlinear frequency dep
dence of the conductivity at frequencies below a few MH
In a log-log plot, the apparent slope increases with increas
frequency and/or decreasing temperature. At high frequ
cies and/or low temperatures, the slope approaches but
not exceed unity. A similar kind of frequency response h
been found in many other glass systems.34–41

V. CONCLUSIONS

We have measured the frequency and temperat
dependent conductivity of the glass systemx AgI•(12x)
AgPO3 for a wide range of compositions. Three importa
results have been obtained from our study.

First, the shape of the conductivity isotherms is indep
dent of temperature and composition. Furthermore, wit
the experimental error it is identical with the shape found
the case of other single-ion conducting glasses. This sugg
a universal transport mechanism in all these systems.

Second, the results of our scaling analysis indicate that
number density of mobile Ag1 ions does not depend on th
AgI content of the glass.

Both of these experimental findings strongly impact
the assessment of models describing the correlation betw
structure and ionic conductivity. It seems that a very gene
approach, see, e.g., Ref. 20, which does not focus on st
tural details, is required to explain these findings.

Third, at frequencies below a few MHz, a superlinear d
pendence of the conductivity on frequency as publish
recently23 has not been observed in any of our glass
Rather, the frequency response seems to be very simila
what we have found in many other glass systems.
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