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The local environment around iodine has been studied as a function of temperature by extended x-ray absorption fine structure (EXAFS) in fast-ion-conducting AgI doped glasses (borate and molybdate): silver borate glass (AgI) 0.55 (Ag 2 O:4B 2 O 3 ) 0.45 has been investigated from 39 to 298 K, silver molybdate glasses (AgI) x (Ag 2 MoO 4 ) 1-x , with x=0.67 and x=0.75, from 25 K to Tg (330÷350 K). In spite of the very different character of their host matrix, these two families of glasses display a very similar local thermal behaviour around iodine: the mean distance and the coordination number of the short-range I-Ag distribution decrease when temperature increases. These experimental results can be related to temperature dependence of the diffusion of the silver ions, giving new elements to better understand the mechanism of ionic conduction.

INTRODUCTION

Fast-ion-conducting (FIC) glasses have been attracting much attention for their potential applications to solid-state electrochemical devices, including batteries, sensors, and smart windows [START_REF]Fast Ion Transport in Solids[END_REF][START_REF] Minami | [END_REF]. Because of their technological importance, FIC glasses have been investigated extensively to establish the chemical and structural characteristics responsible for their high ionic conductivity. The acquisition of this knowledge is critical not only for explaining the mechanism of ion transport in glasses, but also for designing systems with improved performance appropriate for the current needs [START_REF]Fast Ion Transport in Solids[END_REF][START_REF] Minami | [END_REF][3][4][5][6][7].

Among FIC glasses, AgI-doped glasses represent a wide family, with a great variety of host matrices, characterized by different former oxides: borates, phosphates, molybdates, tungstates, and so on [8][9][10][11]. Many approaches have been proposed in order to explain the transport properties of AgI-based glasses: the weak electrolyte model [12], the random site model [13], the cluster and cluster-bypass models [14][15][16], which assume the formation of AgI micro-clusters within the glass; the dynamic structure and the diffusive pathway models [17][18][19] where, in contrast, the dopant salt is assumed to be homogeneously distributed in the glass matrix; the jump diffusion model [20], which attempts at giving a microscopic interpretation of the conductivity spectra. In spite of the great variety of developed models, the full relationship between structure and dynamics at short and medium range order and ionic transport are not yet well understood. For this reason, new experimental investigations are necessary.

According to the Arrhenius law, temperature is the main physical property responsible for the variation of the mobility of the diffusing ions. Extended x-ray absorption fine structure (EXAFS) is a powerful technique for investigating the local environment around selected atomic species [START_REF] Crozier | X-ray Absorption: Principles, Applications, Techniques of EXAFS[END_REF]. EXAFS measurements as function of temperature are a very effective tool for obtaining new insights into the local origin of the ionic conduction in AgI-rich glasses. The aim of this work is to investigate the temperature effect on the short-range order of AgI-doped FIC glasses and the corresponding relation with the transport properties. 

EXPERIMENT AND DATA ANALYSIS

EXAFS measurements at the K edge of Iodine have been performed at the BM29 beamline of ESRF in Grenoble (France) on the silver borate glass (AgI) 0.55 (Ag 2 O:4B 2 O 3 ) 0.45 in the temperature range 39÷298 K, and on silver molybdate glasses (AgI) x (Ag 2 MoO 4 ) 1-x with x=0.67 and x=0.75 between 25 K and Tg (330÷350 K), using a cold-hot finger sample-holder in vacuum. Also crystalline β-AgI has been measured at low temperatures in order to make a comparison with glasses. The glasses were prepared by the meltingquenching technique. Appropriate mixtures of AgI (Aldrich 99 %) with silver and boron oxides (for borate glass) and with Ag 2 MoO 4 (for molybdates, prepared by precipitation from aqueous solution of AgNO 3 and Na 2 MoO 4 [START_REF] Kohlmuller | [END_REF]) were melted at 800 and 600 • C, respectively, for 2 hours and then quenched down to room temperature in stainless steel molds. The presence of possible crystallites in the glasses is ruled out by x-ray diffraction measurements. The beamline was set in the flat crystal monochromator Si(311) configuration (with mirrors), obtaining high photon flux and stability. Good quality EXAFS data were obtained in transmission mode up to 15 Å-1 , also for the highest temperature. Generally, two spectra were collected for each temperature. The analysis of data was performed according to well-established procedures, within the approach based on the cumulant expansion method [START_REF] Crozier | X-ray Absorption: Principles, Applications, Techniques of EXAFS[END_REF]23,24]. The edges of all spectra have been aligned to within 0.1 eV or better, and the k • χ(k) EXAFS signals were Fourier transformed in the interval k =2.4÷14 Å-1 (up to 15 Å-1 for molybdate glasses) using a Gaussian window (Fig. 1). The first-shell signal has been isolated from noise by Fourier back-transform, and the EXAFS cumulants and coordination number have been obtained using the method based on phases difference and amplitudes ratio [24,25], taking the lowest temperature spectrum as reference for backscattering amplitudes, phase shifts, and inelastic terms. The low temperature spectra of glasses have been in turn calibrated against the low temperature spectra of β-AgI.

The EXAFS cumulants are directly related to position and shape of the distance distribution probed by EXAFS: the first cumulant C * 1 is the mean value, the second cumulant C * 2 is the variance, the higher order cumulants measure the deviations from the gaussian shape. In highly disordered systems, the cumulants given by the EXAFS analysis could not reproduce the exact values of the cumulants of the complete distance distribution, since the convergence of the cumulant series can be limited to a low-k interval [START_REF] Crozier | X-ray Absorption: Principles, Applications, Techniques of EXAFS[END_REF]26].

In their pioneering study on the superionic phase transition of AgI, Boyce et al. [27], by a standard analysis of EXAFS, found a 25 % reduction of the Ag-I coordination number in the superionic α-phase with respect to the expected value N = 4. Such reduction was attributed to the the Ag ions in diffusion. In a subsequent work, by an excluded-volume model, they were able to reconstruct the whole Ag-I distance distribution containing the right number of four silver ions. This distribution is characterized by a tail extending to long distances, which represents the conduction pathway [28]. To hypothesize a model distribution is relatively easy for crystals like AgI, where in the α-phase the iodine ions still form a rigid sublattice, and the available sites for silver ions have well defined geometrical shapes. It is by far less simple in the case of liquids and non-crystalline solids, like FIC glasses. A solution to this problem has been suggested by Filipponi [29]. The basic idea is to separate the nearest-neighbours distribution into a short-range narrow asymmetric distribution and a long-range tail distribution; the long-range tail is obtained from other techniques, like diffraction experiments with reverse Monte Carlo (RMC) modeling. 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 in both superionic and liquid phases of CuI [30].

The accuracy of this mixed approach depends on the reliability of the long-range tail distribution, which can be difficult to obtain in the case of multi-component glasses at various temperatures, like required by our present study on FIC glasses. At the present, to our knowledge, only a work based on diffraction + RMC modeling at room temperature is available, and not the partial distributions have been published, but only the interference functions [31]. For this reason, we follow here the first pioneering approach of Boyce: we use the cumulants approach extending the data analysis to the whole available k range (Boyce used a simple gaussian standard analysis, i.e. first and second cumulant), but the polynomial coefficients obtained from the ratio method cannot be safely considered as the cumulants of the "whole" effective distribution of all nearest-neighbour silver ions. We make the assumption that the EXAFS polynomial coefficients only give a meaningful parametrization of the short-range narrow component of the whole I-Ag distribution, corresponding to the Ag ions more tightly bound to iodines. The remaining long-range tail, which contains Ag ions participating to conduction, escapes EXAFS detection, as assumed by Boyce. The reasonability of this assumption is given by the following consideration: typical values of the jumpinglength, which approximates the extent of the long-range tail distribution, is within 1÷3 Å in FIC glasses [36]. Then the Ag ions in the long-tail distribution contribute to EXAFS only by scattering the longwavelength photoelectrons (low k values); the other photoelectrons of higher wavelengths, when scattered by different regions of the long-range tail, give rise to signals that interfere destructively. As final result the Ag ions in the long-range tail nearly completely escape detection by EXAFS. It will be shown below that the temperature dependence of the cumulants extracted from our analysis can reasonably be interpreted in terms of silver ion mobility and conduction properties of the glasses, proving the soundness of our assumption.

RESULTS

According to previous considerations, the cumulants obtained from the EXAFS analysis refer to a shortrange distribution of I-Ag distances, that is assumed as due to silver ions bound to iodine, i.e. not in diffusion. The temperature dependence of the coordination number, say of the average number of Ag ions surrounding I ions in this short-range distribution, is reported in Fig. 2 for the two families of investigated glasses: when temperature increases, the coordination number decreases, and is anyway smaller than the value 4 of crystalline β-AgI. Another striking result is given by the temperature dependence of the I-Ag distance (first cumulant C * 1 ): in both families of glasses, borates and molybdates, the average value of the I-Ag short-range distance distribution decreases when temperature increases (Fig. 3), the contraction being about 0.02 Å within the explored temperature interval. On the contrary, in crystalline β-AgI, the mean I-Ag distance expands of about 0.02 Å within the same temperature interval [32]. In the glasses here investigated, the contraction of the I-Ag distance is clearly evident independently from the method of analysis. The EXAFS signals at room temperature reported in Fig. 1, in fact, show a lower frequency with respect to the EXAFS signals at lower temperature, indicating an expansion of the first-shell distance while temperature is decreasing. This gives evidence of the reasonableness of our cumulants analysis.

Also the temperature dependence of the higher order cumulants has been extracted from EXAFS: the second cumulants C * 2 , that measure the variance of the short-range I-Ag distance distribution, are displayed in the top panels of Fig. 4; the third cumulants C * 3 , that measure the asymmetry of the distribution, are displayed in the bottom panels of the same figure; the fourth cumulant C * 4 , which measures the flatness of the distribution with respect to a gaussian behaviour, is about (1.0 ± 0.1)•10 -4 Å4 in both families of glasses, with a negligible dependence on the temperature. At low temperature, where diffusion effects are negligible and the short-range distribution is, to an excellent approximation, equal to the total distribution, the absolute values of the three cumulants C * 2 , C * 3 and C * 4 are much larger than the corresponding values for β-AgI; this behaviour is a direct evidence of the presence of structural disorder around iodine in the glasses. (open and full circles, respectively, in the right panels). With the triangles are indicated the second and third cumulant of crystalline β-AgI, from ref. [32] (down triangles) and from unpublished measurements here analyzed with the same parameters of analysis used in the glasses (up triangles).

DISCUSSION

A first striking result of this investigation is the great similarity of the thermal behaviors of the two families of investigated glasses, in spite of the structural difference of their host matrices. In silver borate glasses, the binary matrix Ag 2 O-B 2 O 3 forms a continuous random network, while AgI-doped molybdate glasses are depolymerised systems where the oxyanions, generally (MoO 4 ) 2-tetrahedra, do not form networks. Notwithstanding this relevant difference, the local environment around iodine ions is very similar in the two families of AgI-doped glasses: the short-range I-Ag distance shrinks of about 0.02 Å between low and room temperature, the I-Ag coordination number reduces from about 3.7÷3.9 to 2.9÷3.1 (with a larger variation in molybdate glasses), and the higher order cumulants are very similar. These results support the idea that, at least from the local point of view of iodine, the mechanism of ionic conduction is the same in the two different families of glasses.

Let us now try to establish a connection between the EXAFS results and the transport properties of these investigated systems. The short-range I-Ag coordination number displayed in Fig. 2, which represents the mean number of Ag ions tightly bound to iodine or, equivalently, the mean number of Ag ions not undergoing diffusion, decreases when temperature increases. According to the Arrhenius law, when temperature increases the ionic conductivity increases, and the number of Ag ions undergoing diffusion increases.

A reasonable interpretation of EXAFS results is the following: when temperature increases, the long-tail of the whole I-Ag distance distribution is progressively populated by the growing number of diffusing Ag ions, while the contribution to the short-range distribution decreases and, accordingly, the coordination number measured by EXAFS is reduced.

A linear fit to the temperature dependence of coordination numbers in Fig. 2 gives their mean slope for each glass family: for the silver borate glass the slope ∆N/∆T is about -(2.2 ± 0.1)•10 -3 K -1 , while for silver molybdate glasses the slope, averaged over the two compositions, is about -(3.2 ± 0.1)•10 -3 K -1 . The absolute value of slope ∆N/∆T can be related to the activation energy for ionic conductivity, about 0.23 eV for molybdate glasses (0.24-0.26 eV for glass x=0.67 and 0.20-0.23 eV for glass x=0.75 [33,34] and about 0.35 eV for the borate glass [35]. Temperatures being equal, the glasses with lower activation energy are characterized by a more favorable thermal activation of the mobile cations, corresponding, in our glasses, to a higher probability of jump of the Ag ions and to a greater de-population of the short-range distribution. In agreement, we have found a larger reduction of the EXAFS I-Ag coordination number in silver molybdate glasses, where the activation energy is lower, than in silver borate glasses; in particular, the ratio between the corresponding glass activation energies is about 1.5 and, approximately, also the ratio between the slopes ∆N/∆T of the two glasses has the same value. At the present, this empirical (and sensible) result cannot be generalized to the other families of FIC glasses, but anyway it cannot be excluded. Also the decrease of the I-Ag average distance displayed in Fig. 3 can be explained in terms of the diffusion of Ag ions. While in crystalline β-AgI each I ion is surrounded by a tetrahedron of four Ag ions at the same crystallographic distance, in AgI-doped glasses at low temperature each iodine ion has a different environment and the four I-Ag distances are different. The low-temperature values of C * 2 and C * 3 displayed in Fig. 4, much higher than the corresponding values for β-AgI, are a clear indication of this structural disorder. It is reasonable to assume that, of the different I-Ag distances in the low-temperature glasses, the longer ones correspond to weaker I-Ag bonds. It is reasonable to assume that, when temperature increases, the Ag ions undergoing diffusion are the ones less tightly bound to iodine, and are thus found at a greater distance from iodine. This gives a direct explanation of the reduction of the short-range I-Ag distance displayed in Fig. 3: the Ag ions that participate to ionic diffusion mainly jump from the longer I-Ag distances and, as consequence, the mean distance of the short-range I-Ag distribution is reduced when temperature increases.

CONCLUSIONS

In this work the short-range structure order around iodine ions has been investigated by EXAFS in two families of AgI-doped FIC glasses, borates and molybdates, as a function of temperature. The results are interpreted as monitoring the progressive transition of Ag ions from the short-range distribution (say the distribution of Ag ions not undergoing diffusion) to the long-range conduction tail (containing the Ag ions participating to conduction), which escapes EXAFS detection. The thermal behaviour of the local environment around iodine is very similar in the two types of glasses, despite the diversity of their glass matrices. In both glasses, the coordination number and the mean value of the short-range I-Ag distance distribution are reduced when temperature increases. The ionic diffusion, thermally activated, mainly involves those Ag ions which are more distant from their iodine nearest-neighbours. These aspects should be taken into account which aim to develop suitable theoretical models for the mechanism of ionic conduction. 
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Figure 1 .

 1 Figure 1. EXAFS signals (left panels) at low and room temperatures (solid and dashed lines, respectively) in silver borate glass (AgI) 0.55 (Ag 2 O:4•B 2 O 3 ) 0.45 (top panel), in silver molybdate glasses (AgI) x (Ag 2 MoO 4 ) 1-x with x=0.67 (middle panel) and x=0.75 (bottom panel). The moduli of Fourier transform of EXAFS signals are shown in the right panels at three selected temperatures.
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Figure 2 .Figure 3 .

 23 Figure 2. Temperature dependence of the short-range I-Ag coordination number in silver borate glass (AgI) 0.55 (Ag 2 O:4•B 2 O 3 ) 0.45 (left panel) and in silver molybdate glasses (AgI)x(Ag 2 MoO 4 ) 1-x with x=0.67 and x=0.75 (open and full circles, respectively, in the right panel). The dashed lines are the corresponding linear fits.

Figure 4 .

 4 Figure 4. Temperature dependence of the second (top panels) and third (bottom panels) cumulants extracted by EXAFS: in silver borate glass (AgI) 0.55 (Ag 2 O:4•B 2 O 3 ) 0.45 (left panels) and in silver molybdate glasses (AgI) x (Ag 2 MoO 4 ) 1-x with x=0.67 and x=0.75(open and full circles, respectively, in the right panels). With the triangles are indicated the second and third cumulant of crystalline β-AgI, from ref.[32] (down triangles) and from unpublished measurements here analyzed with the same parameters of analysis used in the glasses (up triangles).
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