PHYSICAL REVIEW B, VOLUME 63, 054201

Migration pathways in Ag-based superionic glasses and crystals investigated
by the bond valence method

Stefan Adams
MKI, Universita Gattingen, GoldschmidtstraRe 1, D-37077t@ingen, Germany

Jan Swenson
Department of Applied Physics, Chalmers University of Technology, S-412186@g, Sweden
(Received 24 May 2000; published 28 December 2000

The bond valence technique has been applied on reverse Monte Carlo produced structural models of Ag-
based superionic glasses and crystals. The results foAGI®) 75 (Ag,M0O,) o5 and(Agl)g ¢ (Ag,0-2B,03)g 4
glasses show the importance of including Ag sites with a high oxide coordination for the long-range mobility.
The majority of the Ag ions belonging to the long-range conduction pathways is coordinated to both O and
|-, and the pathways including only iodide coordinated sites are restricted to very local regions of a few A. The
most important finding of the present study is that the ionic conductivity as well as its activation energy can be
determined directly from the “pathway volumd.e., the volume fraction of the percolating pathway cluster
of the structural models. The conductivity pathway volume relation is found to hold for glassy and crystalline
conductorgincluding their temperature dependengjeghose conductivities differ by more than 11 orders of

magnitude.
DOI: 10.1103/PhysRevB.63.054201 PACS nunifer61.43.Fs, 66.30.Hs, 66.30.Dn
[. INTRODUCTION anions of the dopant salt and/or the negatively charged cen-

ters of the network, e.g., the BO groups in borate glasses.

Superionic solids show the remarkable behavior of a seThere are also various models which rest on the assumption
lective mobility in an otherwise frozen glass matrix. Apartthat the ions of the dopant salt are effectively homoge-
from a few crystalline materials such as Rbls, the highest neously distributed in the glass. Three of these are the ran-
ionic conductivity at room temperaturéup to nearly dom site modet? the d namic structure mod&t; **and the
10" S/cm) has been observed in Agl-doped glasses. Thaveak electrolyte modef: *°Although they rest on the same
glasses are also better suited for technological applicationgructural assumption these models are distinctly different.
(e.g., as solid electrolyte in electrochemical devices such asO €xample, in the random site model and the dynamic
batteries, sensors, “smart windows,” étedue to their ease Stuctureé model all cations are assumed to contribute to the
of preparation, their stability, and the large available Compo_conductlwty, whereas in the weak electrolyte model it is pro-

sition ranges. However, despite a comprehensive experimerﬁ’psed that only a fraction of the cations contribute to the
. ) .m0 rconduction. Furthermore, it has been suggested that the pre-
tal and theoretical effort the conduction mechanism is still

¢ full derstood. This | v due t ; let cise microscopic structure should be of subordinated impor-
not ully understood. This IS partly due 1o an INCOMPIELE an00 and that the most important property for high conduc-
knowledge of the microscopic structure, especially of th&;yiry is an open structure with large excess free vold#Te.
distribution and local environment of the mobile cations,  gyperimentally, considerable effort has been made to es-
which contain information about the most likely migration tapjish a link between the microscopic structure and ionic
pathways. conductivity in glasses. For this purpose it is important to

Several models based on various hypothetical microgetermine both the local environment of the cations and the
scopic structures have been proposed to explain the highature of the conduction pathways built up by the anions and
conductivities of superionic glasses. In one kind, the clustethe frozen glass matrix. In this paper we have applied the
model?~8 it is proposed that the metal halide salt is intro- bond valence technique on reverse Monte CERBIC) (Ref.
duced into the amorphous network in clusters or micro do419) produced structural models of Ag-based superionic
mains of size>10 A. Within the microdomains, which are glasses and crystals. For highly Agl-doped glasses we show
assumed to have an internal structure similar to that of théhat the majority of the Ag ions that contribute to the dc
dopant salt, the barriers for conduction are low, whereagonductivity has a mixed oxide and iodide coordination. Fur-
there may be relatively large barriers between clusters. Thihermore, using the bond valence method, we are able to
model has been used particularly to explain the high ionid®redict the dc conductivity of Ag-based glassy and crystal-
Conductivity in Ag|_d0ped g|asses_ Ag| iS, in |tS Crysta”iae I|ne COﬂdUCtOI’SZ WhOSE_ COﬂdUCtIVItIeS d|ﬁer by more than 11
phase above 147 °C, one of the best ionic conductors knowerders of magnitude, directly from the RMC produced struc-
In another kind of model the ionic conductivity takes placefUral models, as was shown in a recent letter.
within connected conduction pathways of relatively low ac-
tivation barriers.® This idea was first proposed to explain
the conductivity of metal-oxide modified oxide glasses and
has later been extended in various forms to the salt doped The calculation of bond valence sushas become a
glasses. The pathways are then assumed to be formed by thndard tool in crystallography to check the plausibility of a

IIl. BOND VALENCE MODELS FOR CONDUCTION
PATHWAYS
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proposed crystal structure or to localize light elemd(ts
Li) from x-ray-diffraction dat&*~2*Since many stable com-
pounds are almost densely packed, sites with the matching
valence often form well defined minima in these bond va-
lence maps.

The total bond valence suwhof a silver ion in a glass can
be expressed as

IV=Vigeql (valence units)
o
I
|

V:; SAg-X ’ (1)

where the individual bond valences,, x of bonds to all
adjacent anionX are calculated employing tabulated empiri- 0.1
cal bond-length bond valence parameter ¢st®, e.g., Refs.
24-27 mostly of the type

0.0 —_—

Ro—Rag-x 2
. @ R_F‘,ideal A

SAg—X = exﬁ{ bo

We ha\zle chosen the parameter set by Radaev, Fink, and FIG. 1. Bond valence sum deviatigh' — Vige,| resulting from
Tromel 28 given by the stretching of a single Agtbond for a tetrahedrally coordinated
Ag-X (X=1,0).
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reside at the center of large channels but will generally prefer
to move along the walls of the channels.
As a first simple example, Garreét al?® had demon-
, (3b) strated the equivalence of the bond valence pathways in
a-Agl with pathways determined experimentally from an an-
because it includes the influence of higher coordinatiorharmonic atomic displacement refinement of neutron-
shells, whereas the other parameter sets are generally basdifraction data®® A recent similar study confirmed their re-
on the assumption that the bond valence sum should contasult for RbAgls. 3
only contributions from bonds to the first coordination shell.  In the meanwhile the ion transport in a variety of crystal-
Although this postulate can certainly not be applied to thdine ion conducting systems has been investigated by the
calculation of bond valence maps, any of the mentioned litbond valence techniquésee, e.g., Refs. 32—-B8Three-
erature parameters sets yields comparable bond valence isgimensional graphical representations of isosurfaces with
surfaces after a proper renormalization of the valence sumsonstant bond valence mismatch like the ones in Fig. 2 pro-
Moreover, the denominatdy;, in the exponent expresses a vide a vivid image of the pathway topology. Still additional
relative measure for the different polarizabilities of the an-information (e.g., on the occupancy of the cation sites and
ions in Radaev's parameter set, whereas it is treated as a
universal constarit,=0.37 A in most other parameter sets.
Figure 1 demonstrates that the bond valence pseudopoten: )
tials that result from the parameters listed in E3).visualize :‘.—:::f::_
the softness of Ag-I bonds. : )
Our three-dimensional bond valence maps are constructed :
by summing up bond valence contributions to all anions up i
to a distance 8 A for any point of a three-dimensional grid.
Grid points at a distance to other cations maller than the
sum of radif® of Ag* and M* are treated as inaccessible. In
Fig. 2 the bond valence isosurface ferAgl is shown as an =~ e
example. ’
Garrettet al=” demonstrated that such maps may equally
serve to model the migration pathways of mobile ions in
solid electrolytes. The basic assumption of this approach is
that the ion transport from one equilibrium site to the next
one follows pathways along which the valence mismatch @ ..
AV=|V—Vi4eal remains as small as possible. In densely -
packed systems these are the pathways along which the bonc
valence sum remains as small as possible. For open crystal
structures such as zeolites it means that guest cations will not  FIG. 2. Bond valence isosurface farAgl (AV=0.05).
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the jump distancgss generally required to derive a transport ing and bending of equivalent particles in different parts of
mechanism from such a bond valence study. the model.

Strictly speaking an application of the bond valence Thus a RMC produced model should provide the essential
method to determine pathways of mobile ions requires a lostructural features characterizing the system under study.
cal model of the immobile part of the structure. For crystal-still RMC models should not be misunderstood as depicting
line ionic conductors with a minor degree of disorder thethe atomic distribution within the sample in every detail.
crystallographically determined time- and space-averagefrevious studies have shown that without using certain con-
structure is often a sufficient approximation to the characterstraints based on chemical knowledge, the RMC method is
istic local coordinations. In these systems it is found that the,ot likely to produce physically sensible structural mod€ls.
minimum value of the valence intervill= AV, at which the  RMC tends to produce the most disordered structure that is
bond valence isosurface for a mobile ion forms an infiniteconsistent with the experimental data and the constraints,
network including occupied sites, is related to the activation e, the configurational entropy is maximized. However, the
energy®® For superionic systems with their generally high number of possibilities to fit the data will be significantly
degree of disorder the crystallographic structure informationteduced using appropriate constraints and the final structural
yields only an averaged information, from which the actualmodel is likely to be much more realistic. The constraints we
local coordinations of the mobile ions have to be derived,used were of three kinds; closest atom-atom approach, con-
e.g., by force field calculations. nectivity, and bond valence sum. The closest distances that

The simplicity of the bond valence approach keeps comtyo atoms were allowed to approach were determined from
paratively large systems manageable so that the bond vghe experimental diffraction results, e.g., the pair-correlation
lence method is well suited to investigate the ionic conducfunction and ionic radii. The connectivity constraints were
tion in comparatively large model systems and hence also iOsuaIIy based on NMR ddtaand used within the glass net-
glassy ion conductors, provided that the local coordinationygrk (e.g., between the B and O atoms or within the
for the mobile ions is known. Previously we had combinedmo0,2~ and WQ?~ molecular ionsto ensure that the atoms
the bond valence approach with molecular mechanics angre linked together properly. More details on the connectivity
shapshots from molecular-dynamics simulations of highlyconstraints that have been applied for the present RMC pro-
disordered system$.In that case starting models for the guced models are given in Refs. 48—52. The third kind of
local structure have to be derived from the crystal structurgonstraint, based on the above-mentioned bond valence sum
of related compoundse.qg., crystalline silver iodide silver method, is a simple way to introduce chemical information
oxyacid salts**%*%*n this work a more direct approach is into the local coordination of the mobile Agions. Such a
chosen, the combination of the bond valence technique witBoft constraint minimizes the valence deviation from
reverse Monte CarlRMC) modeling* V(AQ)igea= 1 for each Ag ion and thereby reduces the num-
ber of unphysical Ag coordinations.

The interpretation of bond valence isosurfaces in these
RMC models or any models for disordered or amorphous
systems necessarily differs from studies of crystalline sys-

The reverse Monte Carlo techniddé>*? models the tems, where the primary aim is a detailed description of a
structure of disordered materials by fitting a structural modelimited number of crucial elementary migration barriers be-
to experimental data from neutron and/or x-ray diffraction,tween the equilibrium sites of the mobile species. The num-
extended x-ray-absorption fine structUi&XAFS), etc., us-  ber of potentially relevant migration barriers in real glasses is
ing a standard Metropoft Monte Carlo algorithm, where infinite and even in our RMC models, typically consisting of
the minimized quantity is not the energy of the system bu#4000 atoms, a description of arbitrarily selected migration
the squared difference between the calculated and expefarriers might be misleading. Visual inspection of the bond
mental structure factors. For the present study, neutron strusalence isosurfaces may provide a first qualitative impres-
ture factors over a larg® range(0.2-50 A Y) were deter-  sion. Quantitative information on the total system can only
mined with the wide-angle time-of-flight liquid and be extracted by a statistical description of the total bond va-
amorphous materials diffractometdrAD) (Ref. 44 at the lence isosurface, employing, e.g., procedures adopted from
pulsed neutron source ISIS, Rutherford-Appleton Laborapercolation theory.
tory. The corresponding x-ray data were collected using the The three-dimensional grid used to calculate the valence
high-precision powder diffractometer station 9.1 at SERC’ssums separates the modeled box into ca. 4 million cubic
Synchrotron Radiation Source, Daresbury Laboratory,“f’JK. volume elements corresponding to a sizé@2-0.3 A3 per

In contrast to molecular dynami€¢®D) or other simula- volume element. Such a volume element is treated as acces-
tion techniques, the RMC, thus is virtually a modeling tech-sible to mobile Ag ions, if the valence sum for a hypotheti-
nique, which is based on experimental data. Thereby RM@al Ag™ at the “grid point,” i.e., at the center of the volume
models, e.g., correspond to the temperature of the sample glement, lies within a valence intervellge,+ AV or if the
the underlying measurements. The resulting RMC modelsalence mismatchAV changes its sign within the volume
may be roughly conceived as snapshots of the modeled systement. The second criterion has been added to cushion the
tems. Thermal vibration of each atom is accounted for ineffects from the limited resolution of our grid. Accessible
these models, not extracted as time-averaged quantities sugblume elements that share common faces or edges belong to
as Debye-Waller terms but in the form of local bond stretch-the same “pathway cluster.”

IlIl. COMBINATION OF RMC WITH THE BOND
VALENCE APPROACH
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FIG. 3. Bond valence isosurface for a RMC modelaefgl at

T=525K. FIG. 4. Simulated time dependence of the root-mean-square dis-

placement for mobile Ag ions within the bond valence pathway of
IV. RESULTS a-Agl.
A. Conduction pathways in RMC models ofa-Ag! chosen as the valence mismatch threshold, because it equals

In order to explore the feasibility of extracting informa- the minimum valence mismatch for which pathways in the
tion on the pathway topology and ion mobility from such crystal-structure-model af-Agl become infinite. These ran-
RMC models, we first investigated RMC models@fgl at  dom walks were repeated using all “mobile” Agas starting
525 and 740 K8 The characteristic motifs and translational points, that means all modeled Agpositions with the
symmetry of the bond valence pathways drAgl, deter-  matching valence surf=37% of all Ag"). The shape of the
mined from its crystal structurécf. Fig. 2, remain clearly log-log diagram of the root-mean-squdrens) displacement
recognizable in the bond valence isosurfaces for the RMGs pseudotime step&-ig. 4) averaged over all mobile Ag
model shown in Fig. 3. ions appears quite plausible: The initial steep rise for low

Due to the snapshot character of the RMC models thgalues of the rms displacement corresponds to unrestricted
local distortions give rise to an average valence of the Adocal vibrations within the same energy minimum. As the
sites, that lies somewhat below the equilibrium valuerms displacement approaches the distance between equilib-
V(AQ)igea=1.00. For thea-Agl RMC models we found rium sites(=2 A in a-Agl) the slope distinctly decreases,
V(Ag)=0.88 and at 740 K the average Ag valence eversince only a small fraction of the local hops leads into an
drops to 0.85. The isosurface fdr=1.00 provides an infinite  adjacent equilibrium site. On larger length scales the model
pathway through the whole modeled box. This means thadystems behaves homogeneously, so that the rms displace-
for the RMC models there is no such simple correlation bement increase becomes proportionak@ in accordance to
tween the valence mismatch and the activation energy of théhe diffusion law. The exponenrtsuggests that the connec-
transport steps as for the energy-minimized models derivetivity of the conduction pathway network is considerably
from crystal structure® Still the concurrent topology of the above the percolation threshold. A more detailed discussion
Ag bond valence isosurfaces in crystal structures and corredf these diffusion simulations fo-Agl as well as a com-
sponding RMC models demonstrate the feasibility of theparison to analogous computations for several silver ion con-
chosen approach. Moreover the slight increase of the corflucting glasses will be published elsewh&re.
ductivity from 525 to 740 K is accompanied by an increase
of the volume fraction of the “infinite pathway cluster”
from 7.6 to 8.0%. For both models this infinite cluster con-
tains 99.7% of all “accessible” grid points.

The relevance of the bond valence isosurfaces from RMC The involvement of Ag ions with mixed oxide-iodide
models has been further examined by a Monte-Carlo-likeoordination in the long-range Agconduction of Agl-doped
simulation of the Ag motion through the system as hops fast ion conducting glasses is stil a matter of
from one grid-point to the next one at a distance of 0.2—0.3liscussiorf¢°%%3-*The bond valence approach should be
A. Successful jumps require that the valence at the targewell suited to provide new insight about this issue. For this
grid point lies in the range 1.0800.05.AV=0.05 has been purpose we chose the systet@gl), 75(Ag,M00,), 25 (Ref.

B. Ag conduction pathways in RMC models of silver ion
conducting glasses
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FIG. 6. Occurrence of sites with a certain oxide contribution to
the total Ag valence sum{filled symbols refer to all grid points
with V=1.00+0.05, open symbols to the Ag sites with=1.00
+0.05 of the RMC mode! The solid lines indicate the correspond-
ing behavior for all grid points/all Ag sites irrespective of their
valence mismatch.

For each model system the mean fraction of the valence
sum that originates from bonds to oxide ions harmonizes
with the respective overall iodide/oxide ratio both for an av-
eraging over all grid points and over all Agpositions. A
more detailed picture of the characteristic features of both
systems is obtained from the distribution of volume elements
with different oxide contributions displayed in Fig. 6.

Due to the high iodide content of the system
(Agl)g 75(AgoM00Q,)g 25 purely iodide coordinated sites
constitute a non-negligible portion of the conduction path-
ways and for higher oxide contributions the number of sites
decreases monotonically. While the general trend is similar

FIG. 5. S-A-thick slices through bond valence isosurfaces forfor the borate System, its lower iodide content results in a
RMC models of the glassy phas&s (Agl)o.7s(Ag2M0O4o2s@nd  more balanced distribution as a function of the oxide contri-
(0) (Aghos(Ag,0-2B,03)0.4 Ag: large gray spheres; I: black ption. For both glasses the vast majority of the volume el-
spheres, molybdate as tetrahedra, bc_>rate shown as a network with, o nts in the conduction pathwagfsll symbols occupies
small spheres for Rdark gray and O(light gray). positions with a mixed coordination. The distribution of the

49) and (Agl), &(Ag,0-2B,05), 4 (Ref. 50 as representative oxide contributions for the modeled Agpositions (hollow
model systems for molecular and network glasses, respe€YMPOIS deviates from the relative frequency of the volume
tively. As for a-Agl each of the model systems contained f—:-lements.. In both glasses, positions where bonds to oxide
approximately 4000 atoms with periodic boundary condi-ions provide about 20 up to 70% of the total valence sum
tions. appear to be slightly favored in comparison to the frequency
Slices through the bond valence isosurfaces for the tw®f their occurrence in the grid. In view of the low number of
glassy systems are shown in Fig. 5. At first sight the compleXAg™ ions with pure oxide coordinations, data for the range
isosurfaces may look rather puzzling, since there is no morabove 75% can only be raw estimates.
translational order except for the periodic boundary condi- As anticipated from the distribution of the coordination
tions. types in the modeled systems, the assumption that only Ag
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erage size of the pathway clusters is significantly raised by
the assumption that all the grid points with the matching
valence may belong to the transport pathways irrespective of
the type of coordinating anions. The final increase may be
traced back to the attachment of many small isolated clusters
to the infinite cluster. Our findings fairly agree with the re-
sults of a molecular-dynamics study on Agl-AMpO,
glasses by Karthikeyan and R¥b.

Peculiarities of the molybdate and borate glasses are high-
lighted in Fig. 7c). For the molybdate system, the fraction of
the accessible grid points that are part of the maximum clus-
ter (and thereby may contribute to a long-range charge trans-
port) rises steeply with the maximum permitted oxide frac-
tion. The corresponding curve for the borate system
increases only gradually with the maximum allowed oxide
fraction suggesting that even predominantly oxide coordi-
nated sites should play an important role. Thus typical con-
duction pathways in the borate system run along the internal
surfaces of the borate netwofkf. Fig. 5b)]. In this sense
the resulting conduction pathways bear some similarity to
the earlier “connective tissue model*

A reduced volume fraction of the infinite cluster further-
more diminishes the connectivity of the conduction pathways
network as the cluster-size approaches the percolation
threshold. In the extreme case that only purely iodide coor-
dinated Ag ions were supposed to be mobile, all pathway
clusters become finite, thereby restricting the mean displace-
ment of the “mobile” Ag" to about 3—4 A. If only Ag ions
up to a certain oxide fraction of the valence sum, e.g., 25%
were mobile, the pathway clusters become infinite for both
systems, but due to the proximity to the percolation threshold
the rms displacement increases only with where the ex-
ponenty is considerably<3. A detailed discussion of this
aspect is in preparatiols.

This general tendency is augmented by the clearly non-
| , statistical spatial distribution of differently coordinated vol-

0 25 50 75 100 ume elements. While this is self-evident for network glasses,
maximum allowed oxide contribution (%) it also holds for the molecular molybdate glass. As only a
few percent of the grid points satisfy the bond valence crite-

FIG. 7. Variation of(a) the volume fraction of accessible sites ron (_1'_5% in AGO-4B,0; up to_ 8% ina-Agl), the existence
(full symbol§ or of the maximum cluster(open symbols of |nf|n_|te_pathway _clusters is in itself a proof of th_e nonran-
(b) the average cluster-size, afg the fraction of accessible sites dom distribution. Figure 8 reveals the nature of this inhomo-
belonging to the maximum cluster as a function of the maximumgeneity for (Agl) 75(Ag,M00,)g .5 The displayed iodide-
allowed oxide contribution to the total Ag valence. Squarescoordinated local loops interconnected by predominantly
refer to the system (Ad.s(Ag,M0O,),.5 circles to  Oxide-coordinated sites seem to be a characteristic feature of
(Agl)o.6(Ag,0-2B,03)g 4 the bond valence isosurfaces in Agl-Ag®|, glasses in ac-

cordance to observations reported for crystalline compounds

ions with a pure iodide coordination or up to a certain oxidewith similar compositiond** This may be explained as an
fraction of the coordination contribute to the ionic conduc-inherent consequence of the softness of the Ag-l potential:
tivity drastically affects the volume of the conduction path- mobile Ag* ions in local voids tend to be rather iodide than
ways. The effects are quantified in Figaywhere the vol- oxide coordinated.
ume fraction of accessible sites is shown as a function of the From the above considerations it is evident that silver ions
maximum allowed oxide contribution to the Ag bond va- with mixed coordinations must be involved in the transport
lence. Figure @) reveals that for the molybdate glass the process in the(Agl)g 75 (Ag,M00,)q05 glass. Our simula-
average size of the pathway clusters increases linearly by tions of the Ag ion transport by random walks within the
factor of =5 if the maximum allowed oxide fraction is in- bond valence pathway clusters provide a simple raw estimate
creased from 0 to 50%. The small number of sites with aof the local mobilities from the correlation between the rms
predominant oxide coordination might be of minor impor- displacement of a Ag ion during very short periods of
tance for the volume of the pathways. Nevertheless the awhe simulation(e.g., 100 simulation time stepsand the

volume fraction (%)

. S
average cluster size (A7)

max. cluster (%)

054201-6



MIGRATION PATHWAYS IN Ag-BASED SUPERIONC . .. PHYSICAL REVIEW B 63 054201

increasing oxide contribution to the coordination, except in
the case of the molybdate glass, where the" Agobility
decreases rapidly for oxide contributior®90%. This over-
simplifying approach should obviously only be taken as a
qualitative, rather than quantitative, description of how the
local mobility depends on the oxide contribution to the total
Ag valence.

C. Structure-conductivity-correlation

As mentioned above, the RMC produced structural mod-
els refer to real samples and hence also to specific experi-
mental conditions of the sample such as its temperature,
pressure, etc., and consequently to a well-defined ionic con-
ductivity. This might open a way to estimate the conductivity
of a sample directly from the RMC model of its structure.
For this purpose we investigated the bond valence pathway
clusters of two further silver iodide silver oxyacid glasses
(Agl)o.75(Ag2WO,)0 25 and (Agl)o ¢ (Ag,0-B;05) as well as
two systems with lower conductivities, namely the two un-

FIG. 8. 2-A-thick slice through the bond valence pathway modeldoped borate glasses 4&9-2B,0; and AgO-4B,0,.%%5%
of (Agl)o 75(Ag,M00,)g 25 for AV=0.05 (box length 44.7 A The restriction of our study to glassy systems and cubic crys-
Light parts of the pathway surface correspond to mainly iodideiy|jine phases, which both behave isotropically with respect
coordinated Ag sites, while dark regions represent mainly oxide to the conductivity tensor, simplifies the ambitious task
coordinated sites. Arrows indicate examples for bridges of predomi-SIightly '
nantly oxygen coordinated sites connecting mainly iodine coordi- C
nated regions of the pathways. The simplest property of the pqnd valence models that

fundamentally affects the conductivity of the systems under
study is obviously the volume fraction of the infinite conduc-

coordination of the Ag averaged over this time interval ; :
. . . - tion pathway cluster, as only the silver ions attached to the
(expressed in terms of the relative oxide contribution to.

the bond valence sumThe resulting dependence of the !nflntlte clustter_ mély _cor|1|tr|bute todt_he dc_conlducnwty. Stmce
local mobility on the oxide contribution to the total Ag lon transport 1S basically a one-dimensional process it may

valence in the glasses(Agl)y-s(Ag,M00,),,s and be more appropriate to relate the mobility of ions in a system
(AgD)os(AG,0-2B,05) 4 as outlined in Fig. 9 sUggests antoa one-dimensional feature of its structure mddatch as a

only slightly decreasing local Agmobility of the Ag" for ~ Mean free path length for Agions in the pathway cluster
and hence to the cube root of the pathway volume fraction.

‘ A model-free determination of precise absolute values for
the volume fraction of the long-range pathways is not pos-
sible, since the absolute volume fraction is obviously related
to the criterion by which we decide whether a volume ele-
ment should be counted as “accessible.” Although our
choice of the valence intervd=AV=1.00+0.05 was not
arbitrary, it appears worthwhile to check before proceeding
to what extent the volume fraction of the pathway clusters
varies with the selected valence mismatch threshbld
Fortunately it turns out thaAV is not a critical quantity as
we deal only with relative quantities to compare the proper-
ties of the different systems. Figure 10 illustrates the uniform
variation of the volume fraction of the infinite cluster with
the valence mismatch thresholtV for room-temperature
models of Agh75(AgM00,)g 25 (A1) (AG20-2B,03)0.4
L ! L Ag,0-2B,05, Ag,0-4B,0;, and the two models of crystal-
0 25 50 75 100 line a-Agl at 525 and 740 K. The proportion between the
volume fractions for different systems varies only slightly
over a broad range afV values. Even the assumption of a
FIG. 9. Dependence of the Agmobility on the mean relative ~ Significant reduction oAV with increasing conductivityin
oxide contribution to the total valence for (Aghs(Ag,M00,)0s  analogy to the reduction of the activation engrgypuld not
(hollow squaresand (Aghg ¢ (Ag,0-2B,05)q 4 (full circles). alter the sequence of the phases. As there is presently no way

rms displacement after 100 steps (A)

mean oxide contribution to Ag valence (%)
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5 0.04 0.08 0.12 valence in the intervaV+0.05 for different choices o¥ in the

> valence mismatch threshold AV investigated RMC models of Agconductorgnumbers refer to the

systems listed in Fig.)8 Open symbols represent grid points that

FIG. 10. Dependence of the volume fraction of the maximum S . .
. . form the infinite(or maximum pathway cluster. The ratio between
Ag conduction pathway clusters on the selected valence mismatchi

thresholdAV for the RMC models of crystalline Agl at 525 K1) the volume fractions of the_ contlngous pathway in different ion
. L . conductors changes only slightly with the choice of the bond va-

and at 740 K(2), of the silver iodide silver oxysalt glasses lence interval

(Agl)o.75(AgaM0O,)0 25 (3) and (Aghg e (Ag20-2B,05)04 (4) as '

Il f th d borat I @ O; (5 d . . .
well as of the undoped borate glasses B@B,0; (5 an correlation between the volume fraction of the maximum
Ag,0-4B,0;3 (6).

pathway cluster and the conductivity of the sanfjl@he

s o ~_ relation shows that
of quantifying such a potential influence of the activation

energy pnAV a constantAV has been used in all further 10g(oT) < 3/F max clust (4)
calculations. _ _

The ideal valence for a silver ion in a relaxed structureWhereF na, usidenotes the volume fraction of the maximum
model is obviously 1.00. Nevertheless, it has been supposdtpthway cluster. Conductivity data are taken from Refs. 36,
from the reduction of the average valence of'Aigns in the ~ 47, and 59-71.

RMC snapshots that the center of the valence interval should This correlation is found to hold for systems whose con-
also be adapted to these average valefftésat lie in the ductivities differ by more than 11 orders of magnitude. The
range 0.8:V<0.92 for our models. As demonstrated in Fig. WO data points 4 and 7 in Fig. 12, which refer to two inde-

11, even a major shift of the valence interval produces Onbpenden; RMC models of the same _sHyer iodide doped borate
minor modifications of the ratio between the volume frac—glass’ give an idea of the reproducibility of the volume frac-

. . . i ... tion determination. Accordingly, the slight conductivity dif-
tions of the investigated §ystems. Addltlorjally, the varlatlonference between the two models of puredgl is correctly
of the pathway cluster size with the choice of the valencedescribed

interval corroborates the previous statements on the pathway Even bond valence isosurfaces. for which the local struc-

topology in these systems. For the investigated glasses a pg(jre model is not a RMC model but a snapshot model from a
coIaFion threshold i; di.scermble as a sudden drop of th?nolecular-dynamicSMD) simulation seem to obey the same
maximum cluster size in the region &&/<0.7. For va- re|ation reasonably well, as indicated by data point 10 in Fig.
lences above this threshold the pathway becomes infinite,2 that refers to a MD simulation of Ag1,P,057.% An ob-
whereas lower valences occur only in localized voids. Owingyious prerequisite for the extension of this correlation to
to the small cluster volume in the undoped 834B,0;  other ion conducting systems would be the availability of a
glass the system remains close to the percolation thresholsbnsistent set of bond valence parameters.
even forV= 1. Therefore we feel that the conductivity of this  An estimate of the experimental activation energy for the
system roughly marks the lower limit of conductivities that ionic conductionE, may accordingly be derived from the
can be modeled by our approach. structural model:E,/kgT equally varies linearly with the
From the above arguments it may be concluded that —ube root of the bond valence pathway volume fractoas
for a given choice of the valence intervell=AV —the  shown in Fig. 13. In those systems for which several experi-
ratio between the volume fractions of the maximum pathwaymental determinations were reported, the presented correla-
clusters in different ion conductors provides a reliable tooltion predicts activation energies within the range of the ex-
for a comparison of the Agion mobilities in these systems. perimental scatter. A more detailed analysis would also have
Figure 12 reveals the existence of a remarkably strong noveb include the partial compensation of the decreasing prob-
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FIG. 12. Correlation between the experimental ionic conductiv-
ity o and the volume fractiofr of the infinite Ag conduction path-
way clusters for the RMC models of crystalline Agl at 525(XK
and at 740 K(2), of the silver iodide silver oxysalt glasses
(Ag1)o.75(Ag2M0O4)g 25 (3), (Agl)o 6 (Agz0-2B,05) 4 (two models
4,7), (Agl)o.s(Ag;0-2B,05)0 4 (8) and (AgDo 75 (AgWO4)0 5 (9),
as well as of the undoped borate glasses@gB,0; (5) and
Ag,0-4B,0; (6). For comparison the result for a snapshot from a
MD simulation of crystalline Agl,P,0O; is also included(10).

FIG. 13. Correlation between the experimental activation energy
for ionic conductivityEg and the volume fractiofr of the infinite
Ag conduction pathway clusters for the RMC models. Numbers
refer to the same samples as in Fig. 1. Experimental data are taken
from Ref. 59 for(1, 2), Refs. 36, 60, and 61 fai3) Refs. 47, 63,
and 65 for(4-7), Refs. 66 and 68 fof8), Ref. 69 for(9), and Ref.
70 for (10).

Conductivity data are taken from Ref. 59 fek, 2), Refs. 36, 60, Here, we prefer the more physical term “pathway vol-
and 61, for(3) Refs. 63 and 64 fof4—7), Refs. 66, 67, and 68 for ume” over “free volume.” This is not only a change of the
(8) Ref. 69 for(9), and Refs. 70 and 71 fqd.0). terminology. It emphasizes that the effect of the “free vol-

ume” is not independent of its spatial distribution and of the
ability of successful jumps by an increase in the attempsurrounding anions. A narrow channel will be more impor-
frequency with increasing activation energy. A crude estitant to the total conductivity than a spherical void of the
mate of the pre-exponential factof may be derived from a same volume. Our bond valence approach inherently ac-
combination of the two presented correlations. In accordanceounts for that, as only the shell of such a sphere is counted
with the Meyer-Neldel rul€ o is found to increase slightly as part of the pathway. Due to the different softness of the
with decreasing-. Ag-X potentials the thickness of this shell depends on the
These interesting structure-conductivity correlations beafype of the neighboring anions illustrating why highly polar-
some similarities to the basic idea of the “free volumeizable ions promote ionic conductivity.
approach,®® that the relative expansion of the network on In a real system conduction pathways are not fixed. Their
doping should be related to the increase of the conductivitygletailed shape and location varies with thermal motion, but

given by pathways of similar characteristics exist at any time some-
where in a macroscopic sample. It should also be noted that

o [V=V,\3 the volume of the conduction pathways is only one out of

0_02( Vo ) ; (5)  several quantities of relevance to the conductivity that may

be extracted from the RMC models by means of the bond

whereV denotes the volume per network atom and index gvalence Fgchnique. Eurther elxamplle would be the. fraction
refers to the undoped glass system. ar_1d mob_|I|fty of “mobile” Ag™ ions, i.e., of those _A@ ions
Obviously the reduced density of glasses when compareW'th suff|C|_entIy small val_er_1ce mismatches, which equally
to their crystalline constituents is closely related to the exisincrease with the conductivity of the system.
tence of conduction pathways. The main advantage of rela-
tion (4) over Eq.(5) is that it is not restricted to salt doped
glasses, it also predicts the conductivity of undoped glasses
with completely different types of networks, as well as crys- Bond valence models of ion conduction pathways may be
talline superionic phases. However, a structural model of thetilized to elucidate the conduction mechanism and to esti-
solid must be available in order to calculate the bond valencenate the conductivity of A§ ion conductors. A structural
isosurface, while the knowledge of the sample density is sufmodel of the atomic structure is required to construct a path-
ficient to apply Eq(5). way model(i.e., an infinite cluster of sites with matching Ag

V. CONCLUDING REMARKS
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bond valences For structurally disordered ionic conductors ity and activation energy for different undoped oxide glasses
such structural models may be derived from diffraction dataas well as crystalline superionic phases.

using the reverse Monte CarldRMC) method. We have

useq a modified RMC algorithm, which infll_Jdes a_soft con- ACKNOWLEDGMENTS
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