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Abstract. Extended x-ray absorption fine structure (EXAFS) measurements
have been performed at the K edge of iodine in (Agl);_,(Ag,Mo00y,), glasses, with
y = 0.25 and 0.33, as a function of temperature from 25 K to the glass transition
temperature 7, >~ 323 K. EXAFS monitors the short-range component of the
I-Ag distance distribution. At 25 K, iodine coordinates to about four silver ions,
at an average distance about 0.06 A larger than in S-Agl. As temperature increases,
EXAFS monitors a progressive depletion of the short-range distribution, due to
transitions of Ag ions into a long-range component. Coordination number and
mean value of the short-range I-Ag distribution decrease while temperature is
increasing. EXAFS results give information on the local modifications around
1odine due to the ionic diffusivity.
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1. Introduction

Fast-ion-conducting (FIC) glasses, whose values of ionic conductivity at room temperature (RT)
can be as high as 1072 Q~! cm™!, are interesting for potential applications in solid state
electrochemical devices, such as batteries, smart windows, and sensors, owing to their stability,
ease of preparation and large non-stoichiometric compositional ranges [1].

Particular attention has been devoted to FIC glasses containing the doping salt Agl. The
continuous experimental progress, based on the use of many experimental techniques, like nuclear
magnetic resonance, infra-red and Raman spectroscopies, x-ray absorption fine structure (XAFS),
x-rays and neutron diffraction, has led to the development of more and more refined models
and to some commonly accepted ideas. However, a definitive satisfactory explanation of ionic
conduction has not yet been obtained. A recent review of experimental results and theoretical
models for Agl-doped FIC glasses can be found in [2] and references therein.

Silver molybdate glasses, where the doping salt Agl is embedded in a glassy matrix
Ag,0-M,Og (typically M = B, P, Mo) [3], are particularly important for studying the relationship
between structure and transport properties [4]-[11]. Contrary to Agl-doped silver-borate and
silver-phosphate glasses, where the binary matrices Ag,O-B,0O; and Ag,O-P,0Os form
continuous random networks, Agl-doped silver-molybdate glasses are depolymerized systems,
where the oxy-anions, mainly represented by (MoQ,)*~ tetrahedra, do not form networks. The
glass formation region is limited to a fixed ratio [Ag,0]/[MoOs] = 1 and to a narrow interval
of values of the ratio y = [Ag,Mo0O4]/([Agl] + [Ag,M00,]), ranging from about 0.25 to about
0.43. The unusually low glass transition temperature, Ty, lies in the range 310-350 K, depending
on composition [8, 12].

According to Mustarelli ef al [2, 13], the addition of Agl to the modified glassy matrix
Ag,0-MoO; causes a progressive increase of the silver ions in mixed coordination state,
I-Ag-0, and there is evidence that the mobile Ag* cations responsible for ionic conductivity are
those which share bonds with both iodine and oxygen atoms.

The aim of the present work is to study the local environment of the iodine anion in the
glasses Agl-Ag,MoOy as a function of temperature, by means of extended XAFS (EXAFS).
Temperature-dependent structural studies of FIC glasses are important for understanding the
conduction mechanism, since the transport properties strongly depend on the temperature. To
our knowledge, this kind of study has not yet been performed in these glasses, in spite of their
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relevance. Besides, EXAFS is particularly suited to studying the local environment of a given type
of atom in multicomponent glasses, owing to its selectivity of atomic species and insensitivity
to long-range order [14].

The paper is organized as follows. In section 2, details on sample preparation and EXAFS
measurements are given. In section 3, the procedure of data analysis adopted in this work is
critically described. In section 4 the results of EXAFS data analysis are presented and discussed.
Section 5 is dedicated to conclusions.

2. Experimental

Two glasses (Agl);—,(AgaMo00Oy),, with y = 0.25 and 0.33, were prepared by the melt—quenching
technique. Appropriate mixtures of Agl (Aldrich 99%) and Ag,MoO, (prepared by precipitation
from aqueous solution of AgNO; and Na,MoQ,, as in [15]) were melted at 873 K for 2h in
alumina crucibles and then quenched down to RT in air on stainless steel plates [12]. The glass
transition temperature, measured by differential scanning calorimetry (DSC), was 323 K for
both glasses [12]. The possible presence of crystallites in the glasses was limited to below the
detectability threshold of laboratory x-ray diffraction.

EXAFS measurements at the K edge of iodine (33.169keV) were performed in
transmission mode at the beamline BM29 of ESRF in Grenoble (France), equipped with a
flat-face Si(311) double crystal monochromator. Storage ring energy and average current were
6.0GeV and 200 mA, respectively. To get homogeneous samples of uniform thickness, the
glasses were powdered, dispersed in alcohol and slowly deposited on polytetrafluoroethylene
membranes. The thickness was calibrated in order to obtain an absorption edge jump Apx >~ 1
at the K edge of iodine. The samples were maintained in a He atmosphere (200 mbar) to ensure
thermal exchange with a cold finger in contact with liquid He flow. The temperature was varied
from 25 to T, utilizing a closed-cycle helium cryostat. Crystalline B-Agl was also measured as
reference at low temperatures. The edges of all spectra were aligned to within 0.1 eV or better,
in order to obtain a resolution of the order of 0.001 A in relative distances.

The EXAFS signals x(k), where k is the photoelectron wavevector, were extracted from the
experimental spectra according to well established procedures [16], and are shown in figure 1 at
25 and 300 K. The quality of EXAFS data is good up to 15 A~! even at the highest temperature.

3. Data analysis

The ky(k) weighted EXAFS signals were Fourier transformed in the interval k = 2.4-15 A"
using a Gaussian window. The Fourier transforms (imaginary part and modulus) of the EXAFS
signals of crystalline S-Agl at 300 K and of the glass y = 0.25 at 25 and 300 K are compared
in figure 2, while the moduli of the Fourier transforms of both glasses at selected temperatures
are shown in figure 3. The structure between about 1.5 and 3 A is due to the contribution of
nearest-neighbours Ag ions, although not all Ag ions necessarily contribute to it. The attribution
to Ag ions is supported by the striking similarity of the Fourier transforms of the glasses
and B-Agl in the range from 1.5 to 3 A, and by the results of recent EXAFS measurements at the
Mo K edge, which exclude the presence of a nearest-neighbour link between iodine and
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Figure 1. Weighted EXAFS signals kx (k) at 25 and 300 K (solid and dashed lines,
respectively) for the glass y = 0.25 (top panel) and the glass y = 0.33 (bottom
panel).
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Figure 2. Fourier transforms of the EXAFS signals of -Agl at 300 K (top panel)
and of the glass y = 0.25 at 25 and 300 K (middle and bottom panel). Dashed
and continuous lines are the imaginary part and the modulus, respectively.
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Figure 3. Moduli of Fourier transforms for the glass y = 0.25 (top panel) and
the glass y = 0.33 (bottom panel) at 25 K (continuous line), 150 K (dotted line)
and 300 K (dashed line).

molybdenum [17]. A nearest-neighbour link between negative iodine and oxygen ions is highly
improbable. No neat contribution from farther neighbours is visible in the Fourier transforms of
the glasses even at the lowest temperature, owing to the effect of disorder.

The structure between about 1.5 and 3 A was Fourier back-transformed, and the filtered
EXAFS signal analysed by the ratio method using the cumulant approach [18, 19]. Each glass
was separately analysed, using its lowest temperature spectrum as reference for backscattering
amplitudes, phase shifts and inelastic terms. The low-temperature spectra of the glasses were in
turn calibrated against the low-temperature spectrum of S-Agl.

The cumulant analysis allows one to effectively take into account the asymmetry of the
distance distribution, which never can be neglected if accurate values of average distances are
sought [20, 21]. However, in the case of systems affected by relatively strong structural disorder,
as is the case of FIC glasses, the cumulant analysis is in principle questionable [22]. To obtain
reliable results, the present work has been based on the following considerations and guidelines.

An EXAFS experiment samples an effective distribution of nearest-neighbours distances

P(r,k, T) = Np*(r, T) exp [— 2r/A(k)1/ 1, (1)

where £ is the photoelectron wavevector, N is the coordination number, p* is the real distribution
and A(k) is the photoelectron mean free path. The cumulants C, can be defined [18] as the
coefficients of the MacLaurin expansion

/ ooP(r, k, )e** dr = exp [Z(Zik}"cn (k, T /n!i| , )
n=0

0
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and are connected to the cumulants C;; of the real distribution by simple analytical relations [19].
First and second cumulants, C} and C3, correspond to the mean and variance of the distribution,
respectively, while the higher order cumulants monitor the deviation from a gaussian shape; in
particular, the third cumulant measures the asymmetry; Cj is proportional to the coordination
number. The ratio method consists of separately comparing phases and amplitudes of the EXAFS
signals of a sample (s) and a reference (r) and in fitting the difference of phases and logarithm
of amplitudes ratio to finite polynomials corresponding to the cumulant series (2) truncated at
low order terms. The ratio method thus gives the relative values AC‘,, = C,,,s — C‘m of a few
polynomial coefficients, as well as the ratio of coordination numbers N,/ N,.

The convergence interval of the series in the right-hand side of equation (2) progressively
reduces to lower k values when the deviation of the distribution from the normal shape increases.
The limits of the cumulant method have been thoroughly studied by Crozier et al [23] and by
Yang et al [24]; these authors have shown that, when the EXAFS signal is analysed within a range
extending beyond the convergence interval of the cumulant series, the polynomial coefficients
given by the EXAFS analysis do not reproduce the cumulants, and a reduced coordination number
is obtained.

In the case of weak thermal disorder, the temperature dependence of the lowest order
cumulants is expected to follow a well-defined temperature dependence [25, 26]. The convergence
properties of the cumulant series can thus be confirmed by checking the correspondence of
the temperature dependence of the polynomial coefficients with that expected for cumulants
[16, 20, 21].

In their pioneering study of the superionic phase transition of Agl, Boyce et al [27] found
a 25% reduction of the I-Ag coordination number in the superionic « phase with respect to the
expected value N = 4, when they firstly analysed EXAFS by a standard technique. In subsequent
more refined works, they obtained a good fit of experimental data to an excluded-volume model,
whose asymmetric distribution contains four silver ions, and is characterized by a tail extending
to long distances, which represents the conduction pathway [28].

To hypothesize a model distribution is however much more difficult for noncrystalline
solids and liquids than for a crystal like o-Agl, where iodine ions form a rigid sublattice.
A solution to this problem has been suggested by Filipponi [22]. The basic idea is to separate the
nearest-neighbours distribution into a short-range narrow asymmetric distribution and a long-
range tail; the long-range tail is independently obtained from other techniques, like diffraction
experiments plus reverse Monte Carlo (RMC) modelling, and only the parameters of the short-
range distribution are used as fitting parameters in the EXAFS analysis. An application of this
procedure has been recently made to Cul, in both superionic and liquid phases [29].

The feasibility of this approach depends on the availability of a reliable long-range tail
distribution, which can be difficult to obtain in the case of many-component glasses at various
temperatures, as required by our present study. To our knowledge, the only work on Agl-doped
silver-molybdate glasses based on diffraction and RMC modelling has been made only at RT, and
no partial radial distributions have been published [9]. To overcome this difficulty, a new approach
to the cumulant method for superionic glasses has been devised, following the first pioneering
idea of Boyce et al [27]. The data analysis is extended to the whole available k range, allowing
a full exploitation of the high quality of the EXAFS signal, and the polynomial coefficients
obtained from the ratio method, instead of being referred to the whole effective distribution of
nearest-neighbour silver ions, are considered to parametrize a short-range narrow component
of the whole distribution, corresponding to the Ag ions more tightly bound to iodines; the
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Figure 4. 1-Ag distribution at three selected temperatures (top panels) obtained
in glass y = 0.33 by direct simulations of the experimental EXAFS signals
(bottom panels). Experimental and simulated signals are plotted in solid and
dashed lines, respectively. Coordination number (i.e. area distribution), mean
value and variance of each short-range distribution (r < 3.2 A) are reported in the
top panels. The quoted uncertainties do not account for the possible inaccuracy of
theoretical backscattering amplitudes and phase-shifts calculated by FEFFS [30].

remaining long-range tail, which escapes EXAFS detection, contains Ag ions directly related to
conduction.

The soundness of this interpretation of EXAFS cumulant as referring to the short-range
distribution has been tested as follows. The EXAFS signal was simulated for an arbitrary
starting distribution of I-Ag distances and compared with the experimental signal at different
temperatures. The distribution was then varied, by means of a Monte Carlo procedure, in
order to optimize the agreement between simulated and experimental signals. Independently
of the shape of the starting distribution (from narrow to flat), the final distribution was always
characterized by two components, one rather sharp and short-ranged, the other rather flat and
long-ranged (figure 4). The EXAFS signal due to the long-range component is negligible. When
temperature increases, the short-range distribution progressively decreases, while the long-range
distribution progressively grows. More importantly, the temperature dependence of the short-
range component and its cumulants were in very good agreement with the results of the analysis
performed by the ratio method (see below).
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Figure 5. Weighted difference of phases (®; — ®,)/2k and logarithm of
amplitudes ratio In(A,/A,) for the glass y = 33, plotted against k* at 25, 150
and 300 K.

4. Results and discussion

The phase differences and the logarithms of amplitude ratios are shown in figure 5 for the
y = 0.33 molybdate glass at selected temperatures; similar results were obtained for the glass
y = 0.25. The ratio method completely disentangles amplitude parameters (N and C,) from
phase parameters (C; and C3); besides, the linearity of the fitting procedure allows an easy
evaluation of the possible correlation of the pairs of parameters involved in the separate analyses
of amplitude and phase, since they are measured by intercept and slope of the best-fitting straight
lines, respectively [18]. In this case, significant correlation effects between N and C, and between
C; and C5 can be excluded simply by visual inspection.

The coordination number N and the first three polynomial coefficients C; (i = 1-3) obtained
from the ratio method are shown in figures 6 and 7. The corresponding cumulants of the reference
B-Agl, measured at low temperature (current experiment) and in a wider temperature range
(previous EXAFS experiment [31]), are also shown. Absolute values of the second polynomial
coefficients C, have been obtained by fitting a correlated Einstein model to the experimental
relative values of the second cumulant of -Agl.

According to the guidelines of section 3, the polynomial coefficients C; are interpreted as
the cumulants of an asymmetric short-range distribution of I-Ag distances. The reliability of
this interpretation is given by the good agreement between the cumulants obtained by the ratio
method, and the cumulants of the distributions obtained by the independent simulation described
at the end of the previous section, whose results for glass y = 0.33 are summarized in figure 4. In
both procedures, in fact, from 25 to 300 K the mean [-Ag distance shrinks by about 0.02 A, the
coordination number changes from about 3.8 to 3.0, the variance exhibits very similar values.
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Figure 6. Temperature dependence of coordination number (top panel) and
variance (bottom panel) of the short-range distribution of I-Ag distances in glasses
y = 0.25 (open diamonds) and y = 0.33 (full diamonds). Squares and circles
refer to B-Agl measured in the current experiment and in the experiment of [31],
respectively.

4.1. Low-temperature distributions

Let us first consider the results at the lowest temperature (25 K). The average I-Ag distance
measured by EXAFS in the glasses is larger than in S-Agl, by about 0.06 A in the AgI-poorer
glass y = 0.33 and by about 0.05 A in the Agl-richer glass y = 0.25 (figure 7, top panel). The
coordination number is about 3.8, and can reasonably be extrapolated to 4 at O K for the glass
y = 0.33, but is slightly lower for the glass y = 0.25 (figure 6, top panel). The second cumulant
of the glasses, measuring the variance of the short-range I-Ag distance distribution, is about five
times larger than the zero point value for 8-Agl, which is assumed to be of purely thermal origin
(figure 6, bottom panel). The difference with respect to B-Agl is larger for the glass y = 0.33.
Also the third cumulant, measuring the asymmetry of the short-range distribution, is remarkably
large, the thermal contribution in 8-Agl being comparatively negligible (figure 7, bottom panel).

The low temperature results can be interpreted according to the following picture. lodine ions
in the glasses are surrounded by an average of approximately four silver ions. The distribution of
I-Ag distances probed by EXAFS is much wider than in 8-Agl (second cumulant); its average
value (first cumulant) is about 0.06 A larger (the difference corresponding to about half the
bond distance standard deviation /C,), and the skewness parameter C3/C," is about 0.5. This
situation is the effect of both site disorder (different inequivalent iodine sites) and local disorder
(four different I-Ag distances around each iodine).

In view of the impossibility of evaluating the convergence properties of the cumulant series,
one cannot a priori establish a quantitative connection between the short-range distribution
probed by EXAFS and the whole distribution of I-Ag distances. The convergence defect of
the cumulant series of the whole distribution, however, generally induces a reduction of the
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Figure 7. Temperature dependence of the mean value (top panel) and third
cumulant (bottom panel) of the short-range distribution of I-Ag distances in
glasses y = 0.25 (open diamonds) and y = 0.33 (full diamonds). Squares and
circles refer to B-Agl measured in the current experiment and in the experiment
of [31], respectively.

coordination number and of the polynomial coefficients with respect to the cumulants [23, 24].
If one assumes the tendency of iodine atoms to coordinate four silver atoms, the fact that
N — 4 for T — 0 suggests that at very low temperatures the reduction is not dramatic, and the
short-range distribution probed by EXAFS is a good approximation of the whole distribution,
in particular for the glass y = 0.33. This consideration is in agreement with the simulated
distribution at 25 K displayed in the first panel of figure 4.

If the effect of thermal disorder is similar for all nearest-neighbour atomic pairs, the short-
range distribution of distances is the convolution of two distributions, due to structural and
thermal disorder, respectively; in this case, the EXAFS cumulants are the sum of two terms,
one thermal and one structural [18]. The effects of vibrational motion on the EXAFS signals
of nearest-neighbour pairs are generally quite insensitive to long-range order [32], so that they
can be assumed similar for all [-Ag nearest-neighbour atomic pairs in glasses and in S-Agl;
the differences between second and third cumulants in glasses and B-Agl at low temperature,
ACS" ~ 0.01 A2 and ACS" =~ 0.0007 A3, are thus a rough measure of the effects of structural
disorder. A simple Monte Carlo test shows that these cumulant values are consistent with one
longer and three shorter I-Ag distances, differing by about 0.2 A. It is reasonable to assume
that the longer I-Ag distance concerns Ag ions bridging between iodine ions and (MoOy4)*~
molybdate units.

Actually, the Agl-poorer glass y = 0.33, which has a larger number of Ag—O bonds than the
glass y = 0.25, exhibits a larger difference of mean and width of the distribution with respect to
B-Agl. On the other hand, the lower value of coordination number in the Agl-richer glass y = 0.25
could be attributed to the presence of a non-negligible long-range distribution, escaping EXAFS
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detection, already at low temperatures. The transfer of Ag ions from the short-range distribution to
the long-range tail probed by EXAFS can be connected to the mechanism of ionic conductivity.
Actually, the glass y = 0.25 is characterized by a dc ionic conductivity about one order of
magnitude higher than the glass y = 0.33 [8].

4.2. Dependence on temperature

The temperature dependence of the EXAFS cumulants monitors relative variations of the local
structure, and its interpretation is to a good extent independent of the quantitative accuracy of
absolute values referring to the low temperature model depicted in the previous subsection.

It is evident from figure 6 (top panel) that the coordination numbers are reduced from
N >~ 4, at 0K, to about 3, at 300 K. This reduction can be considered as due to the progressive
breakdown of the convergence of the cumulant series of the whole distribution [23, 24]. However
the value N obtained from the ratio method is a measure of the number of Ag ions populating
the short-range distribution probed by EXAFS, and the reduction of N with temperature is due
to the progressive transfer of silver ions from the short-range distribution to a long-range tail that
escapes EXAFS detection.

Let us now consider the temperature dependence of the first three polynomial coefficients
C;. When temperature increases up to 7T,, the average I-Ag distance measured by EXAFS
decreases by more than 0.02 A in both glasses (figure 7, top panel); this behaviour is compared
with the expansion of the I-Ag average distance in S-Agl in the same temperature range. The
nearest-neighbours thermal expansion measured by EXAFS is always greater than the expansion
measured by Bragg diffraction (in crystals) or by dilatometric techniques, owing to the effect of
perpendicular atomic vibrations [19]. The reduction of the average I-Ag distance measured by
EXAFS in the glasses cannot be attributed to a bond contraction of purely thermal origin, since
this interpretation would be inconsistent with the positive macroscopic expansion measured
by dilatometric techniques [7], as well as with the experimental evidence that the nearest-
neighbours distance increases with temperature also in materials with negative macroscopic
thermal expansion [33].

The increase with temperature of the width of the [-Ag distribution measured by EXAFS in
the glasses is much weaker than that of -Agl (figure 6, bottom panel). Also the asymmetry of the
distribution measured by EXAFS in the glasses has a much weaker increase with temperature than
the third cumulant of 8-Agl (figure 7, bottom panel). On the basis of experimental results on sim-
pler systems, like amorphous germanium [32], it is reasonable to assume that the effects of local
atomic vibrations on the distribution of the nearest-neighbours distances are not very different in
amorphous systems and in their crystalline counterparts. The weaker temperature dependence of
width and asymmetry of the short-range distributions in glasses, with respect to 8-Agl, cannot be
reasonably attributed only to a different local vibrational behaviour. A further (negative) contri-
bution on the temperature dependence of width and asymmetry must be given by the progressive
migration of the Ag ions from the short-range to the long-range component, as monitored in
figure 4.

When temperature increases, the short-range distribution is progressively depleted of silver
ions (decrease of N); the ions lost by the short-range distribution populate the long-range
distribution, which is reasonably connected with the conduction pathways. The decrease of N
measured by EXAFS corresponds to the progressive reduction of the convergence interval of the
cumulant series of the whole distribution, and can be physically explained as follows. The Ag ions
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in the long-range part give rise to a coherent signal mainly by scattering the long-wavelength
photoelectrons (low k values); the short-wavelength photoelectrons (intermediate and high k
values), scattered by different regions of the long-range tail, give rise to signals which interfere
destructively, and do not contribute to EXAFS. When the population of the long-range tail
increases, a larger number of Ag ions escape detection, and the coordination number decreases.

It is reasonable to assume that the silver ions more distant from iodine ions, and then less
tightly bound, are more easily transferred from the short-range distribution to the long-range
conduction tail. This behaviour clarifies the possible negative contribution to the temperature
dependence of width and the asymmetry of the short-range distribution, as well as the reduction
of its average value (I-Ag distance). Actually, the percent of Ag ions more tightly bound and
closer to iodine would increase with temperature within the short-range distribution. This
picture is supported by the slight differences observed for the two measured glasses. The
Agl-richer glass y = 0.25, characterized by a stronger ionic conductivity at all temperatures,
shows systematically lower values of coordination number, average I-Ag distance and width of
the distribution with respect to the glass y = 0.33.

The EXAFS results could be interpreted also in terms of a more elaborate qualitative
picture, according to which the migration of an Ag* ion would induce a local structural relaxation
of the remaining Ag ions around the involved iodine ion, that would contribute to the reduction
of structural disorder. This second picture, rather than alternative to the previous one, should
be considered more complete. Anyway, to the extent that the Ag ions more distant from iodine
are those bridging between iodine and molybdate units, our interpretation of EXAFS results
in terms of progressive depletion of the short-range distribution by the Ag ions more distant
from iodine strongly supports some recent models, according to which the pathways for ionic
conduction are characterized by mixed iodine—oxygen environments [2].

If the I-Ag long-range component of the whole distance distribution is entirely due to the
Ag ions in diffusion, the ratio N/4, where N is the coordination number measured by EXAFS,
can be considered an estimate of the ratio t4/(tq + 7¢), where 74 and 7y are the dwelling and
flight times of Ag ions, respectively. The value t4/(7q + 77) =~ 0.7 found in this work at 300 K
for molybdate glasses is comparable with the value 0.75 found by Boyce ef al [27] in their first
study of a-Agl. The difference in dc conductivity, which in a-Agl at 420 K is much higher than
in molybdate glasses near T, (about 1 Q~'cm™" and 1072 Q' em™', respectively) is not due to
a different ratio between dwelling and flight times, but to a very different jump frequency, which
is inversely proportional to the sum 74 + 7.

5. Conclusions

EXAFS at the iodine K edge has been measured as a function of temperature in two Agl-doped
silver-molybdate glasses with different compositions. In spite of the large structural disorder, an
analysis based on the cumulant method has been made possible by referring the experimental
cumulants not to the whole distribution of [-Ag distances, but only to its short-range component.
The long-range contribution connected to ion conduction escapes EXAFS detection.

The temperature dependence of EXAFS cumulants gives original insights into the behaviour
of the local environment of iodine, as a result of the increase of the Ag ions diffusion: coordination
number and average value of the short-range distribution decrease when temperature increases,
while width and asymmetry of the distribution increase much less than expected in terms of purely
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vibrational disorder. These results are interpreted as monitoring the progressive transition of
Ag ions from the short-range distribution to the long-range conduction tail, and are consistent
with the models of conduction based on pathways characterized by mixed iodine—oxygen
environments.
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