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The reverse Monte Carlo RMC method has shown to be a useful tool for extracting structural properties
from diffraction data of disordered systems, such as ion-conducting glasses. In this paper we investigate ion
conduction in Ag-based superionic glasses by simple random-walk simulations based on the bond-valence
information present in the RMC-produced structural models. Using this method we are able to explore the
ion-conduction pathways and to calculate the ionic conductivity on a quantitative basis. The migration path-
ways are assumed to be the regions of the structural models where the valence mismatch for the mobile ion
remains below a threshold value. The results for the Agl-doped glasses show that there are no long-range
migration pathways for Ag sites in an entire iodine environment. Rather, theidwgs are generally moving
between sites with a mixed oxygen-iodine coordination. The method is able to predict the ionic conductivity of
highly Agl-doped superionic glasses, but tends to overestimate the conductivity of undoped @létsses
<1050~ cmY) and underestimate the conductivity of highly conducting crystaliinggl. The discrepan-
cies for these materials are discussed, as well as the possibility and limitations of using a similar approach to
study the frequency dependence of the conductivity.
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[. INTRODUCTION quire interatomic model potentials between the particles,
which are difficult to define for chemically complicated
Structural properties of glasses in general, and compliglasses. This often leads to problems in reproducing experi-
cated multicomponent glasses in particular, are difficult tomental data quantitatively. To master this problem and make
extract directly from experimental results. This is partly be-direct use of the available experimental diffraction data it is
cause global structural investigations by diffraction tech-appropriate to use the reverse Monte Carlo RMC modeling
niques are only providing a one-dimensional average reprelethod->** The RMC method produces three-dimensional
sentation of the structure, usually without any information ofStructural models in quantitative agreement with the mea-

partial pair correlations for a single experiment. For simpleSUred data, although it should be noted that without using

glasses, the nearest-neighbor distances and coordinatidgditional structural information it is unlikely that the

numbers have been determined predominantly by neutron (WethOd Wi" produce sensible structural modeladditional
x-ray diffraction. However, even for relatively simple information, such as closest atom-atom approaches and co-

. . ordination numbers, can be included in the structural models
glasses, such as,B; and SiQ, many controversies have

. d hysical constraints. Such constraints are normally based
continued through the years concerning the structure beyo Phy y

h ah h ; le. th other experimental result¢e.g., NMR, Raman, or
the nearest neighbors. They concern, for example, the pregsgareq-ahsorption datar chemical knowledge and are of-
ence of few membered ring<,the origin of the first sharp

: i ) o ten necessary to reduce the number of possibilities to fit the
diffraction peak in netv_vorlé 129|355é5_’ _the degree of (ata with a physically unrealistic structure. For ordinary net-
intermediate-range orderifid** and similarities to corre- ok glasses it is usually easy to build up a realistic network
sponding crystal structurés. structure simply by including constraints on the connectivity
For more complicated multicomponent glasses, such agetween the network atons.g., in the case of SiQall Si
superionic glasses, the structure is even less known. It is thefre four coordinated to O and all O are two coordinated to
more difficult to extract structural information directly from Sij). However, in the case of ionic glasses even the short-
diffraction experiments, especially when the use of isotopeange structural knowledge is usually limited and it is more
substitution to obtain elemental contrast is not possible. Indlifficult to use precise coordination constraints.
stead, the knowledge originates often from atom or molecule To overcome this difficulty we have in this paper used a
specific probes such as nuclear magnetic reson@ehR), constraint based on bond-length distributions in related crys-
extended x-ray-absorption fine-structd&XAFS) and vibra-  talline compound$®~8 During the past decades the bond-
tional spectroscopy, which provide local information on avalence method proved to be a valuable tool in crystallogra-
specific part of the structure. However, to get a relevant viewphy to check the plausibility of proposed crystal structures. It
of the total structure it is evident that some kind of structuralis based on the idea that the total bond-valence Suof,
modeling is needed for most multicomponent glasses. Thig.g., a silver atom in any compound may be expressed as
can be done by conventional simulation techniques like mo-
lecular dynamics and ordinary Monte Carlo. The problem _
with these simulation techniques is, however, that they re- V(Ag)—}x: SAg-x @
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where the individual bond valences.x of bonds to all Il. THE BOND-VALENCE SUM PSEUDOPOTENTIAL
adjacent anion are calculated from tabulated empirical METHOD
bond-length bond-valence parameter gete, e.g., Refs. 19

A. Conduction pathway models from bond-valence maps
and 20 of the type

For the comparatively clear case of crystallmégl Gar-
rett et al?® have demonstrated that migration pathways of
mobile ions, as determined from crystallographic determina-
) (2)  tions of the anharmonic atomic displacement factors in this
superionic conductot closely resemble the pathways of
lowest bond-valence mismatch between the equilibrium Ag

Equilibrium sites for a monovalent cation like Acare ex- sites visualized in maps of the bond-valence mismatch.
q ! Our three-dimensional bond-valence sum maps for the

pected to exhibit a bond-valenc_e sum_close/maﬁ 1. For RMC-produced structural modelgnvith volumes ranging
the sake of simplicity the established literature bond-valencefzrom about 50000—100000 #for the different glassds

parameter tables rely on the approximation that only th§yere generated by calculating the bond-valence sum for a
nearest-neighboring counterions contribute to the pond Véhypothetical Ag at all 16F grid points of a three-
lence and that the parametemay be treated as a universal gimensional cubic primitive grid. At each position contribu-
constant. This turned out to be suitable for common applications from all anions up to a cutoff distancé ® A were
tions, such as checking the plausibility of crystal-structureconsidered. Grid points in the vicinity of other types of cat-
determinations or locating missing atoms in a structure.  jonsM™* (i.e., at distances below the radii sum of Ag aviyl
The bond-valence approach can furthermore be used tgre marked as inaccessible for the hypothetical™ Ag
determine migration pathways of mobile ions in solid elec-Thereby we arbitrarily subdivide each structural model into a
trolytes, since it is likely that the ion transport from one primitive array of about 4000000 cubic volume elements
equilibrium site to another follows the energetically mostwith edge lengths of 0.2-0.3 A. The volume elements are
favorable pathway with the lowest valence mismattk  classified as accessible for an Ag™ if the Ag valence sum
=|V_Vigeal along the way. As exemplified in Refs. 21 and V at its center lies in the interval 1.800.05 or if the valence
22, this special application requires the consideration ofmismatchAV=|V—Vq,| changes its sign across the vol-
higher coordination shells as well as differences in the polarlime element. The second criterion is needed to cushion the
izability of the ions(which can be accomplished by the use influence of our limited grid resolution. The choice of the
of appropriate bond-valence parametb)'s fixed valence m|smatch- threShONV=OO5 Va|ence units .
The ionic transport in a variety of crystalline and a few for all the systems was inspired by the observation that this
glassy ion-conducting systems has been successfully invesgduals the minimum valence mismaich for which bond-
gated by this techniquesee, e.g., Refs. 18 and 2142Blow- valence pathways in the crystal-structure modelaeAgl
ever, in order for the bond-valence method to work and givé®@come infinite. Nevertheless this choice remains to some
reasonable results it is important to have realistic structurgfXtent arbitrary. -
models, particularly concerning the local environment of the Pathways for ion transport then correspond to clusters of
mobile ions. This is usually not a great problem for crystal-adjiacent “accessible” sites and the infinite clustahich
line conductors, where the structure is normally well known,€Xists in all the investigated glasses for the chosen valence
but a major difficulty in the investigation of glassy conduc- Mismatch thresholdrepresents the continuous conduction
tors. In this paper we show how the local environment of thePathway for the long-range ion transport giving rise to dc
mobile Ag" ions can be improved by the inclusion of a soft IoNiC conductivity. In previous papefswe have shown for a
bond-valence constraint in the RMC modeling of the Ag-feW glasses that the volume fractignof the respective in-
based superionic glasses (AgAG,0-yB,0s); , (X=0, flnlte_ pathway clusters is related to the experimental dc_ con-
0.6; y=1, 2, 4, (Agl),-(AgPOy), , (x=0-0.5), and duct|V|tyc_rof th_e system at the temp_eratu'feof the experi-
(Agl) .75 (AgoMO,) 0 25 (M =Mo, W). The structural find- mental diffraction data used to build the RMC structure
ings are compared with previous RMC results obtained withmedel. We found that
out the inclusion of any bond-valence constrafht® We
further show how the structural models and the bond-valence 3
method can be used to elucidate the conduction pathways in log(‘ﬂ_)“‘/ﬁ (3a)
ion-conducting glasses. The simulation of the*Agansport ) ) o
in these glasses as a random walk within the bond-valenca@nd that the experimentally determined activation enégy
pathways not only permits a prediction of the dc conductivityfor ion migration is given by
from the structural model but also enables us to elucidate the
nature of ion transport in glasses. The method provides a
simple tool to investigate with a justifiable computational (
effort, e.g., the influence of different counterions on the long-
range transport of mobile ions or other details of the trajec-
tories that are difficult to identify experimentally from both Both relations also hold for the more comprehensive range of
structural studies and spectroscopic measurements. systems considered in this paper.
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B. Random-walk simulations

>
o
o

In this work the bond-valence isosurfaces from RMC
models are further examined by a simulation of/Agotion
through the systems as random hops from one of the above-
mentioned volume elements to the next one. In each step of
the simulation the direction of the attempted motion for each
Ag™ is chosen randomly among the 26 adjacent face, edge,
or vertex sharing cubes. This ensures that a mobile ion may
in principle pass any complex-shaped bottle neck of the
bond-valence pathways. Successful hops require that the tar-
get cube in the randomly chosen direction is “accessible”
according to the criteria defined in the previous section. This
approach is slightly more sophisticated than a similar meth-
odology that was previously used by Wicksal3! for in-
vestigation of the conduction process in Agl-doped silver F (%)
phosphate glasses. They used a hard-sphere Monte Carlo
simulation method to move the mobile Agons within the FIG. 1. Correlation between the fraction of all Ag that are “mo-
accessible free volume of the frozen glass network. Howbile,” i.e., located within any bond-valence pathway and the vol-
ever, using their approach the mobile +Ag)ns are moving ume fractionF of the infinite pathways in RMC structure models
within all the accessible free volume, whereas in our modePf crystalline a-Agl at 740 K (a) and at 525 K(b) as well as
the Ag™ ions are assumed to preferably move along the wall§/2ssy (Agho.75(Ag2WO4)025 (€), (Agho.75(Ag2MOO)0 25 (d),
of the free volume. (Agl)g.6(AgO-B,03)0 4 (€), (Agl)g 6 (Ag0-2B,05)g 4 (two mdep_en'

Due to the small hop distance of about 0.2-0.3 A andent structure model$, g), Ag,0-2B,05 (1), Ag;0-4B,0; (i),
individual hop in the simulation rather represents thermaf~)x(AgPQy) with x=0.5 (k), 0.3 (1), 0.1 (m), and AgPO3(n).
motion than actual jump processes by which the mobile ioﬁo‘" the glass structure models are based on room-temperature data.
would reach a different equilibrium site. For the room-
temperature models the time a mobile Agrould need to  experimentally known features of the ion transport in
cross one of these elementary cubes with thermal velocitglasses, and under which circumstances and to which extent
corresponds to roughly 183s, i.e., the time steps of the such simulations can yield physically sensible results. Ques-
model are of the order of magnitude of thermal vibrationtions that may be addressed by this approach include the
periods. In order to account for the difference in the hopprediction of diffusion constants from structural models as
length, a hop to one of the six face sharing cubes as well agell as the contribution of differently coordinated ions of the
any unsuccessful attempt is counted as one time step, whilgobile species to the long-range diffusion constant and de-
hops to one of the 12 edge sharing cubes are counte as t,jls of the particle trajectories such as the occurrence of a
time steps and hops to one of the eight vertex sharing cubg$, rejated forward/backward hopping.
asv3 time steps. It should be noted however that the prob-

ability that both the actual and the target site belong to the
pathway decreases y\/_lth the distance of the target site. ThPﬁL THE RMC METHOD WITH A NEW BOND-VALENCE
the success probability for hops to face sharing cubes is
. . . . CONSTRAINT
higher than for hops to the more distant vertex sharing sites.
This will be addressed further below. The RMC modeling was based on both neutron- and
Such random walks were simulated using all the position-ray-diffraction data, previously published in Refs. 30—33.
of “mobile Ag™” as starting points, meaning all those Ag The RMC method has been extensively described
positions of the underlying RMC structure model that areelsewheré'43%3¢so here we will only give a brief sum-
either located in “accessible” sites or can reach an "“accesmary and some details of the particular constraints we have
sible” site within a single hop. As expected the fraction of used in the simulations. The crucial difference between RMC
these “mobile” Ag" ions increases with an increasing vol- and ordinary Monte Carlo simulations is that RMC employs
ume fractionF of the pathway from about 5% of all Agin experimental data instead of interatomic potentials in the
Ag,0-4B,0; to approximately 20% for the glassy system minimizing procedure. RMC uses a standard Metropolis
(Agl) 075 (AgMO,) 0 25 (M =W, Mo) and to about 37% for Monte Carlo algorithm (Markov chain, periodic boundary
the RMC models of crystalline-Agl (see Fig. 1 All the  conditions, etg. but with the “sum of squares” difference
remaining Ag™ are strictly “immobile” in the frame of this between the measured structure factors and those calculated
approach. from the RMC configuration as the “driving parameter” in
It is quite clear from the beginning that such a simplified place of the energy. Data from different sour¢esutron, x
approach cannot reproduce the behavior of the mobile ions irays, and EXAF$Emay be combined. In this way, the RMC
the real system in every detdé.g., interactions between the method produces three-dimensional models of the structure
mobile ions as well as all motions of other types of ions areof disordered materials that agree quantitatively with the
completely neglectedTherefore it has to be checked againstavailable diffraction data and the measured density, provid-
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ing that the data do not contain significant systematic errors. Xﬁ(valence)= AV?/g?(valence, (5)
The fact that the method does not require any interatomic

potential gives a great advantage compared to conventional ) )
simulation techniques for structural modeling of materials Whereo(valence is an input parameter that depends on the

where the existing interatomic model potentials cannot quan@ssumed\V. The value pfxﬁ(valence) was thereafter added
titatively reproduce the experimental facts. to the contributions arising from deviations between the cal-

Before one begins the actual RMC simulation it is conve-culated and experimentally measured structure factors and
nient to run a hard-sphere Monte Carlo simulation to create 8€viations from the target coordination constraimere de-
computer configuration that is consistent with the appliecf@ils about these contributions are given in Refs. 35 and 36
constraints. These constraints can be closest approach di-random atomic move is always acceptedyf, ;(total)
tance of two particles, maximum bond length, bond angles,<xﬁ(total) and if Xﬁ+1(total)>xﬁ(total), the move is ac-
and number of nearest neighbors. The constraints are usualigpted with the probability exp-(x2.,—x2)/2].
determined from the experimental diffraction data or other The effect of the additional bond-valence constraint on
experimental evidence such as NMR and Raman spectrahe structure will be shown in Sec. IV, however, it is worth
scopic data. Thus, for the present glasses the constraint®ting here that it was not possible to fit the diffraction data
serve to produce initial configurations that are consistentvith a strict constraint on the valence sum, i.e., a very low
with previous knowledge of the glasses, i.e., a threevalue of o(valence, indicating that the individual Ag ions
dimensional network with three- and four-coordinated B inin real glasses show some deviations from the empirical ideal
the case of the (Agl} (Ag,0-2B,05);_ glasses® chains of  valence sum of 1. This can be mostly traced back to the
interconnected PO units for the (Agl)-(AgPOs). instantaneous nature of RMC structure models, as the RMC
glasses? and the presence of molecular IﬁlOions for the technique yields models for snapshots of the vibrating
(Agl)g 75(Ag,MO,)0 5 glasses 1 =Mo, W). More details atomic ensemble rather than for the energy-minimized ideal
about the RMC simulations and the applied bonding constructure.
straints have previously been published in Refs. 30-33.

However, it should be mentioned here that all glasses CONYy, e eppgCT OF THE BOND-VALENCE CONSTRAINT

tained about 4000 atoms and periodic boundary conditions ON THE RMC RESULTS

were used in cubic boxes. We also produced smaller configu-

rations(containing approximately 600 atoi® test the size The neutron and x-ray weighted structure factors
dependence of the results. This showed that such a reducti®{Q) of  AgPG;, Agl-AgPO;, Ag,0-2B,0s,

of the box size did not have any significant effect on the(Agl)y (Ag,0-2B,03)04 and  (Aghg75(Ag,M00,)g o5
results more than that the statistical errors increased due tflasses obtained by RMC modeling are compared with those
the reduced number of mobile Agons. Thus, the present obtained experimentally in Figs.(@ and (b). The overall
structural models should be of sufficient size. structure factors are well reproduced and, in particular, the

In addition to these previously used constraints, we alsgomputed x-ray daté@which is most sensitive to the coordi-
included a recently introduc&tsoft bond-valence sum con- nations of the A§ ions) are in excellent agreement with the
straint that minimized the valence differena®=|V—1| of  experimental results. Thus, the good fits to the experimental
each Ag ion during the fitting procedure to the diffraction S(Q), in combination with the applied bond-valence con-
data. For the calculation of the total bond-valence &ume  straint, should ensure that the RMC configurations contain
used Egs(1) and(2) where the parameter set in H&) was  realistic Ag™ coordinations and the essential overall struc-
given by tural features of the investigated glasses.

Figure 3 shows how the bond-valence sum distribution of
A the Ag' ions is altered when the soft bond-valence constraint
Saq0= ex%1.89 ~Rago (48) [given by Eq.(1)] is included in the RMC modeling. For all
g 0.33 A ’ the three glasses shown in Fig. 3 the average value increases
and the distribution gets narrower. The reason for the in-
creased average value is mainly that the total average coor-
(4b) dination number (Ag-GAg-l) increases slightly, and the
reason for the reduced width is mostly due to the signifi-
cantly reduced number of Agions with exceptionally low
The parameter set by Radaev, Fink, andrifefi® was cho-  bond-valence sumgee Fig. 3 i.e., low total coordination
sen because it includes the influence of higher coordinationumbers(<2). Thus, the number of structural “defects” or
shells, i.e., intermediate-range order in the glass, in contrasinrealistic Ag coordinations have been reduced by the inclu-
to other parameter sets that are generally influenced only bsion of the bond-valence constraint. The ratio of the Ag-O
the short-range order, i.e., the bonds to the first coordinatiofor Ag-I) contribution to the total bond-valence sum is, how-
shell. ever, not substantially changed by the constraint.

The valence differencAV was minimized in the RMC Although all the investigated glasses show broad distribu-
modeling in the same way as the deviations between thgons of total coordination numbers, their total average coor-
calculated and experimentally measured structure factordination numbers are remarkably similar and close to 3.5.
were minimized, i.e., by calculating For all the Agl-doped glasses most of the Apns are co-

. 208 A_ RAg—I
Sagi= R e R |
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e R LA L found that differences in local average Agnvironments
! (a) ] between glasses of different Agl contents seem to be closely
related to their different ionic conductivitiés.

V. RESULTS FROM THE RANDOM-WALK SIMULATION

The applicability of the chosen random-walk approach
can be judged by comparing the resulting’Agdjsplacements
and simulated ionic conductivities to experimental data in
the literature. For the conversion from the displacement of
the “mobile” ions (i.e., those within the bond-valence path-
ways into the displacement for all Ag of the structure
model it was assumed that the displacement of thé éigt-
side the path remains zero all the time. The resulting log-log
] plot of the root-mean-squarg(rms) displacement vs
| pseudotime steps averaged over all*Aigns is shown in

S (Q)

0 a 19 1a 29 28 Fig. 4. A more realistic treatment including contributions of
Momentum Transfer (A 1) the thermal vibrations also for the Agputside the conduc-

tion pathways would alter the shape of the plots in Fig. 4

Y only for the first few time steps and cause a minor shift of all

curves towards higher displacements. Our findings agree
qualitatively with the results reported in Ref. 31.

For some of the systems Fig. 5 displays the variation of
i the slope of the displacement vs the time curve with the
2.51 displacement(in this case averaged over the mobile ions
I only) as determined from higher-order polynomial fits to the

S 2F = respective curves of Fig. 4. The initial steep rise in all sys-
n [ ] tems for low values of the rms displacement may be identi-
15F ] fied with unrestricted local vibrations of the mobile ions

within the same local energy minimum. For crystalline Agl
at 525 K[curve(b)] the slope distinctly decreases as the rms
displacement approaches the distance between equilibrium
sites(ca. 2 A in a-Agl), since only a small fraction of the
local jumps leads to a neighboring equilibrium site. On all
larger length scales the crystalline system behaves homoge-
neously, so that the rms displacement increase becomes pro-
g? portional tot¥? in accordance to the diffusion law. The ex-
Momentum Transfer (A ) ponent 3 suggests that the connectivity of the conduction
pathway network is considerably above the percolation
threshold. For the amorphous systerd3(i) the slope re-
mains depressed belojwover an extended region. Although
the detailed shape of the curves in Fig. 5 is biased by the
chosen order of the polynomial fit, it may be concluded that
the depression is more pronounced for glasses with low con-
ductivities demonstrating the reduced connectivity of the
pathway network in these systems. For the systems with the
ordinated to both O and'| but the ratio between the average jowest conductivities the simulation period had to be ex-
Ag-l and Ag-O coordination numbersNf,/Nago) iN-  tended to nearly 10time steps in order to reach the long-
creases with increasing Agl content in the glass. This meangme limit 1 of the slope. For these systems the spatial exten-
that the (Agle(Ag,0-2B,03)04 glass has the highest sjon of the region where the displacement increases slower
Nago=1.8 and lowest Nug;=1.7, whereas the thant'?2approaches the size of the simulated box, so that an

(Agl)o.75(Ag2M00,)o 25 glass has the higheBlyy;=2.5 and  influence of the periodic boundary conditions of the simula-
lowestNag.0=1.0. These findings are in agreement with EX- tions cannot be ruled out.

AFS results, which have shown that the ions of Agl-

doped glasses tend to be coordinated to fourt Agn

averagé€'! In order to fulffill this criterionN oq., must increase
with increasing Agl content. One should also note that Ag  The simulated displacement versus pseudotime curves do
ions in glasses of similar Agl content have similar distribu-not only appear plausible with respect to their shape. Figure
tions of coordination numberS. Furthermore, it was 6 displays that atomic self-diffusion coefficienD

TR B

0',..1...|...|...|...|...|...1.
0 2 4 6 8 10 12 14

FIG. 2. Experimental neutrofa) and x-ray(b) structure factors
(solid lines and computed neutron weightég and x-ray weighted
(b) structure factorgdashed lingsfor the RMC configurations of
AgPQ,, Agl-AgPO;, Ag,0-2B,03, (Agl)o s (Ag20-2B,03)04 and
(Agl)o.75(AgoM00,)g 25 Consecutive curves are shifted by 0.5 for
clarity.

A. Absolute conductivity
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(Agl)5 5(AgPOZ)q 5 (Agl)5 6(Ag,0-2B,05), , (Ag|)0.75(A92ME°4)0.25
80 B 80 - B BO
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> > \;
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) ) 3
5 ] 5
3 40 4 S 40 {1 %40
o o o
® o g
e [ I
20 R 20 R 20
0.0 0.5 1.0 1.5 2.0 0.0 2 i 1.5 2.0 0.0

V(Ag) V(Ag)
FIG. 3. Bond-valence sum distributions of the Agns in Agl-AgPQ,, (Agl)g ¢ (Ag,0-2B,03)0 4 and (Agl)g 75 (Ag,M00,), 5 before
(open symbolsand after(filled symbolg the soft bond-valence constraint was included in the RMC modeling.

=(R%)/6t, as determined from the increase of the mean- 72F2

square displacemefR?) with time t in the linear long-time oT=D-Cpg (6)

regime(which corresponds to the region with a slopejon

Fig. 4), are closely correlated to the experimental conductiv-Despite the crude simplifications of the approach the simu-

ity oeyp at the temperatur@ of the diffraction experiments lations reproduce the correct order of magnitude for conduc-

on which the RMC structure models are based. Thdivities of the fast ion-conducting glassgsystems €)—(e)

pseudotime scale of the simulations has been converted in@nd k)— (1) ] but systematically overestimate the conductivi-

real time by assuming that the Adop around with a fixed ties for glasses with low conductivities and underestimate the

velocity v= \/WMAg’ which leads to time steps of conductivities in the crystalline superionieAgl.

0.7-1.1x 1073 s depending on the temperature and the edge Thus the basic assumption of a free motion within bond-

length of the volume elements in the respective model.  valence pathways may be an admissible simplification in the
Thereby these simulatiorflike the correlation given in most interesting cases of glasses with high ionic conductivi-

Eq. (3a)] can be used to predict the conductivity of a Systemties. For glasses with conductivities below approximately

from its structural model. It should however be noted thatl0™ > cm™ it might be more appropriate to describe the

this correlation is nonlinedias seen from the slope, which is motion even within the pathways as impeded @pond-

>1 for the log-log plot in Fig. § due to the simplifications valence mismatchbarriers. The transport mechanism for

of our approach. In Fig. 7 the simulated diffusion constantghese systems with low conductivities thus would bear some

are converted into calculated conductivitieg,c by means of ~ similarity to the weak electrolyte thed¥that had been pro-
the Nernst-Einstein equation posed earlier to apply to all ion-conducting glasses. These

w0
o o
o
(o}
1

o
o

[e)]

displacement (A)
w o

o
>

0.5
0.3+

Q
o

0.1

0 5 10 15 20 25 30

slope of log(displ.)—vs.—log(time)

10" 10% 103 10* 10° 10% 107
time (arbitrary steps) displacement (A)
FIG. 4. Variation of the Ag displacement vs simulation time  FIG. 5. Variation of the slope of the rms displacement vs num-

steps for all Ag in the system. The nomenclature of the systems isber of time steps as a function of displacement for the “mobile
identical to that in Fig. 1. Ag*.”
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is to some extent arbitrary, a slight variation of the threshold
value would affect the simulated conductivities only margin-
ally. Increasing the valence mismatch threshold\¥=0.1
raises the simulated conductivity of Agl at 525 K by a factor
of ~2 only. For the glass systems the relative change a$

a function of the choice oAV is even smaller and therefore
the simulated diffusion coefficient should be even less de-
pendent on the choice dfV.

B. Role of Ag" coordination

For silver iodide silver oxyacid glasses the relative con-
tribution of silver ions with different types of coordinations
to the ionic conductivity has been a matter of intense discus-
2 2 1 sion. It has, for instance, been proposed that the mobile silver

log,o(<R™>/6t / cm's ') ions are almost entirely located in small clusters of Agl and
that the remaining silver ions are immobilized by the oxy-

FIG. 6. Correlation between the atomic self-diffusion constantgens of the host gIa§§A different model for ion conduction
(R?)/6t for all Ag™ in the random-walk simulations and the experi- had earlier been proposed by Greatsho suggested from
mental conductivitiesexp. EXAFS experiments that the mobile cations are not homo-

eneously distributed in the glass but rather confined to
migration barriers could be incorporated in a more refinecchannellike regions, which then should also form pathways
Monte-Carlo-like version of our simulations, where the prob-for jon transport. A corresponding model can be constructed
ability of hops is related to somésteep function of the in the case of Agl-doped glasses assuming that the salt ions
valence mismatches at both the starting position and at thgre preferably located in similar pathways running through
target site instead of the simplistic step function we used ifhe glassy matrix. In contrast to the model proposed by
this work. Furthermore, the underestimation of the conducRrousselott al,** Ag* ions with a mixed oxygen/iodine co-
tivity for the case of superionia-Agl might indicate that the  ordination are typically the dominant Agspecies according
treatment of the transport process as a motion of a singlgy RMC structure modef313*Thus it may be assumed that
particle in an otherwise frozen environment is no longer apthese Ag should significantly contribute to the ionic
propriate. Most likely, one has to account for the unusuallyconductivity?? Our random-walk simulations provide a
large anion displacements irAgl and for the possibility of  simple tool to test the supposition that oxygen coordinated
correlated cation jumps. _ Ag™ are immobile in the glassy ionic conductors and in prin-

The value of the bond-valence mismatch threshdM  ¢iple even to quantify the effect of different types of coordi-
may be thought of as representing a migration barrier that gations.
mobile Ag™ with an average kinetic energy is able to cross  Therefore we performed simulations of the Agansport
with a certain probability. However, although the choice ofyjthin the bond-valence pathways of RMC models of several
the bond-valence mismatch threshalf=0.05 in this study  glasses under various limiting conditions with regard to the
type of coordinating anions. This was achieved by defining
that only sites for which the Ag-O contribution to the total
bond-valence sum remains below a given threshold value
can be “accessible” for the mobile Ag Figure 8 displays
the variation of the simulated displacement versus
pseudotime for three of the glass systems under various as-
sumptions on the involvement of differently coordinated
sites in the ion transport process. While the fundamental ef-
fect is the same in all the investigated glasses the reduction
of the ion mobility by the exclusion of predominantly oxide
coordinated sites is naturally most pronounced in glasses
with a high contribution from Ag-O coordinations, such as in
the (Agl)g ¢ (Ag,0-2B,03) 4 glass(see Sec. IY. Within the
modeled time scale an increase in the displacement propor-
tional tot?, with y=1 (as expected for a network with a

-3 -2 —1 0 1 connectivity considerably above the percolation threshisld
109, (0 01T / Q_1cm_1) observed only if the maximqm contribution_ from Ag-O
bonds to the Ag valence sum in the pathway is unrestricted.

FIG. 7. Correlation between the conductivities, from the ~ More and more rigorous restrictions of the maximum al-
random-walk simulations and the experimental conductivitigg. ~ lowed relative contribution of Ag-O bonds to the valence
The dotted line indicates the ideal casg = Teyp- sum result in a reduced slopan the log-log plot. Under the
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FIG. 8. Simulated rms displacements vs pseudo time steps for mobileirAdhe bond-valence pathway models of the glasses
(Aghos(AgPOy)0 s (Agl)ge(Ag,0-2B,05)g 4 and (Agl)g 75 (Ag2M00O,), o5 Five different limiting conditions for sites within the conduction
pathway were used regarding the maximum allowed contribution of Ag-O bonds to the total Ag valen¢expuessed as percentages
Broken lines indicate the sIop};to be expected as the long-time limit for networks significantly above the percolation threshold.

extreme condition that only purely iodine-coordinated sitesmethod has to be used. However, since the direction of mo-
may contribute to the ion conduction, Agmotion would  tion during our simulation is chosen randomly among the 26
remain restricted to local hops in all three glasses since nadjacent for every individual hop, the requirement that only
long-range conduction pathway exist. sites that fulfill the bond-valence criterion are accessible tar-
get sites drastically reduces the number of potential target
sites. This by itself gives rise to a statistical preference of
correlated forward-backward hops, which are clearly seen in
The interpretation of conductivity spectra of ion- Fig. 9 for the motion of an Ag ion through the bond-
conducting glasses generally shows that the hopping condugalence pathways in the RMC model of glassy AgPThe
tivity o,0p (after eliminating vibrational contributionsde-  figure illustrates the oscillatory nature of the simulated mo-
pends on the frequenay according to a power law of the tion also on relatively long-time scales. Although the starting
type point of the random walk for the arbitrarily selected Agp
located within the continuous pathway, the trajectory in-
. cludes a huge number of forward-backward hops between
14 i) B pairs of neighboring site§ump distance<2 A) as well as
ot ' numerous forward-backward motions between the starting
(7)  position and another position at a distance of about 10 A. In
this example it takes about 250 000 trigts22 n9 until the
Ag* ion finds its way through a bottle neck out of this region
. . : ) of the pathway and—after crossing several other local loops
cally ca. 0'75'26”105“3/ explained in terms of the jump relax- o the pathway—the trajectory again leads back to the same
ation modet™™ as a consequence of the interplay betweengqion ahout 80000 time steps later. Thus, although this ap-
backward hops and relaxations of the environment forced b«‘broach is very crude it shows the potential of the method to

the mis_match at the target site. The second often dominatingain some insight into also the frequency-dependent conduc-
term with an exponenpg=>1 would then correspond 10 @ ity Similar statistical arguments can be given to partly
backward hopping that is faster than the site relaxation. 'réxplain the high-frequency conductivity in real systems,

“ ) - . 47 . .
the “unified site relaxation model™ this is taken as an gjnce with a large number of energetically unfavorable sites
indication for the existence of a second type of “bad” target ;.qnd each A ion one would expect, from a pure statis-

sites(from which the moving ion necessarily hops back 10 itSyjc4| consideration, a high probability of forward-backward

previous ppsition after some time_ hops. Thus, although the present results are not able to quan-
In our simple approach all the ions of the model, exceptarively reproduce the frequency behavior of the conductiv-
for the moving Ag' ion, remain fixed. Thus there is no re- j “ne can gain some qualitative understanding of why the

laxation of the environment and any preference of correlateg ;- mobility is larger on a local length scale than on a more
forward-backward hops can only be due to the second typenacroscopic length scale and why the ionic conductivity in-
However, also these fast forward-backward hops are difficult o ases with increasing applied frequency.

to simulate using our method. This is partly because our
ionic hops are only accepted if the target sites fulfill the
bond-valence criterion and furthermore the hops are much
too short for the Ag ions to be able to reach new possible
equilibrium sites. Thus, to really elucidate the high- As demonstrated in this work the reverse Monte Carlo
frequency conduction mechanism a much more sophisticatemiodeling method and the bond-valence approach are

C. Correlated forward-backward hopping

1
1+—| +B

Thof @) —(0)=A ot

The first right-hand-side term with an exponeni<1 (typi-

VI. CONCLUDING REMARKS
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FIG. 9. Trajectory for the motion of an Agion in glassy AgPQ@[system(n)] over 330 000 simulation time step$2 282 actual hops
projected on thexz andyz planes(top row). Starting position at0, 0, 0 and the final position are marked Il Bottom: Variation of the
displacement from the starting point versus the number of time steps for the saimiemg

complementary tools for investigating the relation betweertion of experimental conductivity data in the case of superi-
microscopic structure and macroscopic properties. The conwnic glasses and systematic deviations both for crystalline
bination of the two methods gives a unique possibility forsuperionic conductors and glasses with low conductivities
elucidating the ion-conduction mechanism and for findingmay help to understand the peculiarities of the respective
the most important structural properties for high conductiv-transport mechanisms.
ity. In this approach we are using bond-valence constraints The static nature of RMC-produced structural models and
that are incorporated in the RMC-produced structural modelthus also of the pathway models might lead to the miscon-
in order to obtain physically more sensible local environ-ception that temperature has no effect on the simulated dif-
ments of the mobile ions. Thereafter, the bond-valence apfusion. However, this is not the case since different tempera-
proach is again applied on these refined structural models tiures means different densities and different diffraction data,
investigate the ion transport in fast ion-conducting glasseswhich in turn lead to different RMC structure models. This
The combination of these two tools appears quite naturalvas clearly observed for crystalline Agl, where the struc-
because both the RMC configurations and the determinatiotural model based on diffraction data taken at 740 K shows a
of bond-valence parameters are directly based on experimehigher volume fraction of bond-valence pathways than the
tal diffraction data. corresponding model based on diffraction data taken at 525
Despite its simplicity, the description of Agmotion as a K. A higher volume fraction of bond-valence pathways gen-
random walk within bond-valence pathways can be effecerally promotes the conductivity by a higher cross section of
tively used to predict the ionic conductivity from a structural pathways, a higher connectivity of the pathway network, and
model. Moreover, the difference between the close reprodudy a higher fraction of “mobile” ions. All these factors con-
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tribute to the differences in conductivity between the ion-

conducting solids studied here.
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