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The conduction pathways in metal-halide doped silver, lithium, and sodium diborate glasses have been
examined by bond valence analysis of reverse Monte Carlo (RMC) produced structural models of the glasses.
Although all glass compositions have basically the same short-range structure of the boron-oxygen network, it
is evident that the intermediate-range structure is strongly dependent on the type of mobile ion. The topography
of the pathways and the coordination of the pathway sites differ distinctly between the three glass systems. The
mobile silver ions in the Agl-doped glass tend to be mainly iodine-coordinated and travel in homogeneously
distributed pathways located in salt-rich channels of the borate network. In the NaCl-doped glass, there is an
inhomogeneous spatial distribution of pathways that reflects the inhomogeneous introduction of salt ions into
the glass. However, since the salt clusters are not connected, no long-range conduction pathways are formed
without including also oxygen-rich regions. The pathways in the LiCl-doped glass are slightly more evenly
distributed compared to the NaCl-doped glass (but not as ordered as in the Agl-doped glass), and the regions
of mainly oxygen-coordinated pathway sites are of higher importance for the long-range migration. In order to
more accurately investigate how these differences in the intermediate-range order of the glasses affect the ionic
conductivity, we have compared the realistic structure models to more or less randomized structures. An
important conclusion from this comparison is that we find no evidence that a pronounced intermediate-range
order in the atomic structure or in the network of conduction pathways, as in the Agl-doped glass, is beneficial

for the dc conductivity.
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I. INTRODUCTION

Fast ion-conducting glasses are usually metal-halide
doped glasses with ionic conductivities comparable to those
in liquid electrolytes. This makes the fast ion conducting
glasses attractive candidates as solid electrolytes in electro-
chemical devices such as solid-state microbatteries, fuel
cells, chemical sensors, and “smart windows.” However, de-
spite the increasing interest in these kinds of materials, the
mechanism of the extraordinarily high ionic conductivity is
still not fully understood. This is partly due to an incomplete
knowledge of the microscopic structure in general and the
nature of the conduction pathways for the mobile ions in
particular.

In the case of the metal-halide doped oxide glasses (MX),
(M,0-nA,\0,),_, (X=C1,Br,I; A=B,P), it is well established
that the introduced dopant ions occupy interstices of the
glassy structure without seriously affecting the local struc-
ture of the host glass network."* However, on an
intermediate-range length scale of the order of 10 A, it is
evident from diffraction experiments and reverse Monte
Carlo (RMC) modeling>~® that the dopant salt Agl has a spe-
cial ability to produce considerable intermediate-range order-
ing in the glass, manifested by the presence of an intense
diffraction peak at low Q for highly Agl-doped glasses.”!! It
is also these Agl-doped glasses that are the best conducting
oxide glasses, with room-temperature conductivities up to
1072 S/cm.'? A natural question is then, of course, whether
this salt-induced intermediate-range order is an important
factor for the high ionic conductivity? A first step to answer
this question is to explore the origin of the intermediate-
range order. For the network-forming borate and phosphate
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glasses, it has been shown®!? that the ordering is predomi-

nantly due to density fluctuations within the B-O or P-O
network, and in none of the molecular and network glasses
do correlations between the silver and iodine ions contribute
substantially to the first diffraction peak in the total structure
factor.!! The silver ions were found to coordinate to both
oxygen and iodine ions, and for the network glasses the Ag*
and I” ions were located in pronounced pathways within the
glass network. Similarly, Ag* ions in crystalline phases with
related compositions exhibit a mixed oxide/iodide environ-
ment.!3

The Agl-doped glasses are often regarded as ideal model
materials for investigations of the conduction mechanism in
amorphous ionic conductors because of their high conductiv-
ity. However, it is the lithium- and sodium-containing glasses
that appear to be the most suitable materials for technologi-
cal applications due to the higher cell voltages and reduced
weight of lithium batteries as well as the lower costs in-
volved. These facts justify comprehensive studies of also the
alkali-metal glasses, although their conductivities are consid-
erably lower than those of the corresponding silver-
containing glasses. In fact, in order to understand the con-
duction mechanism in glasses, it is crucial to find structural
explanations for why the lithium- and sodium-containing
glasses have lower conductivities than the corresponding
silver-containing glasses, and hence to identify the crucial
structural features for a high ionic conductivity. This knowl-
edge may be useful for optimizing amorphous ionic conduc-
tors for future applications.

In the present study, we have chosen to investigate the
metal-halide doped diborate glasses (Agl),-(Ag,0O-
2B203)|_X (x20,0.6), (Licl)x-(Li20-2B203)]_x (.XZO,O.S),
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and (NaCl),-(Na,0-2B,03),_, (x=0,0.5) by diffraction ex-
periments, RMC modeling, and bond valence analysis. Pure
structural results from neutron and x-ray-diffraction experi-
ments and RMC modeling have previously been published in
Refs. 10 and 14. Here, we extend these studies and explore
the nature of the conduction pathways in detail. We find evi-
dence that the conduction pathways in the Agl-doped glasses
are distinctly different on an intermediate-range length scale
compared to the conduction pathways in LiCl- and NaCl-
doped glasses. These differences are discussed in relation to
the ionic conductivities of the glasses.

II. REVERSE MONTE CARLO MODELING

The RMC method has been described in detail in Refs. 6
and 7. and will therefore only be briefly introduced here.
RMC uses a standard METROPOLIS Monte Carlo algorithm!?
to move particles, subject to constraints, within a simulation
box (Markov chain, periodic boundary conditions), but in-
stead of minimizing the total energy, one minimizes the
squared difference between the available experimental data
(neutron and x-ray diffraction, extended x-ray-absorption
fine structure, and nuclear magnetic resonance) and the cor-
responding data calculated from a computer configuration. In
this way, the RMC method produces self-consistent and
physically possible structures of disordered materials that
agree quantitatively with (i) the available experimental input
data (provided that the data do not contain significant sys-
tematic errors); (ii) certain constraints applied to ensure
physically realistic configurations, e.g., closest atom-atom
pair distances accepted, a connectivity between atoms in
structural units or network structures in agreement with other
experimental findings, and bond valence sums (see below)
close to the ideal values; (iii) the experimental density of the
material; and (iv) the experimental temperature.

For details of how the neutron and x-ray-diffraction ex-
periments were performed, we refer the reader to Refs. 10
and 14. In these papers, it was also described how the RMC
modeling was carried out (e.g., what kind of constraints we
used for the B-O network, etc.), with the exception that our
new bond-valence constraint was not included at that time.
The inclusion of soft constraints on the bond-valence (cf. the
next section) in the RMC modeling have also been described
previously.'®!” In short, one can say that this constraint mini-
mizes the deviation of the bond valence sum of each mobile
ion from the respective ideal bond-valence sum in the RMC
configuration without violating the agreement with the ex-
perimental data.

III. BOND-VALENCE ANALYSIS AND
DETERMINATION OF PATHWAYS

The bond-valence (BV) method is essentially based on
Pauling’s electrostatic valence principle, which states that the
sum of the electrostatic bonds reaching an ion from adjacent
counterions equals the charge, Z, on that ion.!8 Thereby the
strength S of an individual bond in the regular coordination
polyhedra of ionic compounds is determined by the ratio
between its charge Z and its coordination number CN,
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Donnay and Allmann'® generalized this approach to a bond-
length-dependent “bond valence” s,,.y assuming an exponen-
tial decrease of s,,.y with the bond length R, x,

Ro—RM.X}
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where the sum V), of the individual bonds to all neighboring
anions X should equal the oxidation state Vg, (formal
charge) of the cation M,

Vu= 2 Spx- (3)
X

This permits us to assign individual bond valences to the
bonds in irregular coordination polyhedra commonly occur-
ring in partially covalent compounds. As the values of the
bond valences will be related to but not identical with bond
strengths, they are usually given in “valence units” (v.u.).
The parameters R, and b in Eq. (2) for a particular atom pair
(M ,X) are refined from sets of reference crystal structures.
R, refers to the length of a bond of valence 1 v.u. (which in
general is not identical to the equilibrium bond distance). b
corresponds to the softness of the bond and thus how forgiv-
ing it is with deviations from the ideal bond distance. In
crystal structure analysis, the bond-valence method is now
routinely used to assess the plausibility of a structure deter-
mination, and the method also proved valuable in locating
the positions of light atoms (such as H, Li) from x-ray-
diffraction data.?°-?> In most crystals, the deviations of V
from Vige,, or the bond-valence mismatch AV=|V;y.,,— V| for
ions in their equilibrium positions, are of the order 0.05 v.u.,
and structures for which the root-mean-squared bond-valence
sum mismatch (sometimes termed “global instability index”)
exceeds 0.2 are supposed to be unstable.?32*

Throughout this work, we have used the parameter set
from Refs. 25 and 26 for R, b, and cutoff distances. Since a
low value of the valence mismatch corresponds to a low site
energy for an atom, it is possible to use the bond-valence
approach to investigate the pathways of ionic diffusion
through a structure by asserting that the bond-valence mis-
match of a mobile ion should remain as low as possible.?* In
crystalline structures, the bond-valence mismatch thresholds
that a mobile ion has to cross along its pathway in defect
creation or defect migration processes in order to form an
infinite ion transport pathway can be related to the respective
contributions to the activation energies for ionic conduc-
tion.”” Glasses behave more uniformly as the defect migra-
tion barriers usually determine the effective activation en-
ergy, but the statistical nature of the RMC structure models
for glasses limits the extraction of properties from these
structure models to statistical quantities. The study of indi-
vidual migration barriers in a small model of a structure with
large structural variations makes a determination of the low-
est bond-valence mismatch corresponding to the activation
energy hardly relevant. Another approach to extract transport
data directly from structural models that has proven more
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successful is to relate the activation energy (and conductiv-
ity) to the fraction F of the total structure volume that is
occupied by the percolating pathway cluster at a fixed value
of the bond-valence mismatch.?%2°

In order to determine the diffusion pathways of the mobile
cations, the RMC produced structural model of each glass is
divided into approximately 4 million cubic volume elements,
each with a side length of 0.2-0.3 A (depending on the in-
vestigated glass). Each element is marked as being accessible
to an M™ ion if it is not too close to another cation, and the
bond-valence mismatch at its center is lower than a given
threshold value AV<AV,_,, or if a sign change in Viju—V
occurs within the element. The sign-change criterion is
added to avoid overlooking important connections between
elements as a consequence of our limited resolution. The
pathways for ac conductivity then consist of clusters of ac-
cessible sites that connect through face or edge sharing, and
a percolating cluster is a pathway for dc conductivity.

In contrast to our earlier studies in which we have used
the same value of AV, to determine the conduction path-
ways in different glasses, we have here instead scaled the
maximum allowed bond-valence mismatch by the mass of
the mobile cation as

AVmax = A0 N+, (4)

where A, is a constant. AV, is expected to scale with the
reduced mass of the mobile ion-anion system, but the above
relation indicates that the effective anion mass may be taken
as the entire glass matrix, which would result in w
=(Myg++ Mgpion! Mpg++Mgpion) = Myy+ There is no precise rule
for how to choose A, but fortunately the results do not differ
significantly as long as A, is not too large or too small.’® A
too small Ay will result in a pathway structure where a ma-
jority of the volume elements of the pathway are accessible
only through the sign-change criterion, resulting in an over-
estimation of its volume. This limit is dependent on the space
resolution of the calculation and also differs from glass to
glass. In the glasses examined in this work and at their reso-
lution, this lowest possible A, value ranges from
0.014 to 0.023 v.u./u'? (valence units/atomic mass'/?). If
Ay, on the other hand, is chosen too large, all volume ele-
ments except those occupied by immobile cations will be
accessible to the mobile ion. In general, one should strive to
use a A that is close to the lowest possible value to ensure
that only the most energetically favorable pathways are in-
cluded in the pathway cluster. Throughout this study, we
have used the value A,=0.0266 v.u./u'’?> corresponding to
AV, (L1)=0.07 vu. AV, (Na)=0.13 v.u. and AV, (Ag)
=0.27 v.u.

IV. RESULTS

In our previous work, we have, as mentioned above, used
a fixed value of AV, for a range of different glasses. The
resulting volume fraction of the percolating pathway can
then be related to the conductivity and activation energy by
scaling it with the square root of the mobile ion mass.?’ In
this paper, the mass scaling is performed before the volume
fraction is calculated according to Eq. (4). This new scaling
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of AV, for the investigated glasses will yield the same
predictability of conductivity and activation energy as that
reported earlier. In addition, since the volumes of the path-
ways in glasses with different types of mobile ions are now
related, it is possible to compare their pathway topography to
each other. A more detailed discussion of this scaling and the
predictability of ionic conduction from structural RMC mod-
els will be published elsewhere.

A. Topography of pathways

Figure 1 shows 4-A-thick slices through the percolating
pathways of the six glasses in this study: Ag,0-2B,0s;,
2B,0;, Li,0-2B,0;, and LiCl-Li,O-2B,05. All pathways
are isosurfaces in the bond-valence landscape where the is-
ovalue AV, for each glass is chosen in accordance with Eq.
(4). Furthermore, the color of the pathways corresponds to
the oxygen coordination a mobile ion would have at any
given volume element in the cluster, dark gray (deep red in
online copy) representing 100% oxygen coordination
whereas white elements are 100% salt-anion coordinated.
Some differences in the structures are striking. Looking at
the undoped glasses, we see that the Ag borate has pathways
similar to thick ribbons that fill the structure. The Li borate
glass, on the other hand, shows much thinner pathways. The
pathways of both of these glasses fill the structure in a rela-
tively homogeneous way. A drastic difference is seen for the
Na borate. Here the pathways are thicker than in the Li glass,
but the distribution is highly inhomogeneous. Though we
have only shown one slice through the structure for each
glass, these slices are representative of the total structure of
all three glasses. Turning to the doped glass structures, we
see the same general tendencies as for the undoped glasses.
The Agl-doped glass exhibits thick and evenly distributed
pathways throughout the structure. Volume elements at the
pathway surface are primarily iodine-coordinated and small
regions with higher oxygen coordination act as bridges be-
tween the different saltlike regions. The LiCl-doped glass
shows a higher degree of polarization in the anion coordina-
tion. Here, saltlike regions are connected through mainly
oxygen-coordinated bridges that have a structure similar to
the pathways in the undoped glass. Finally, the NaCl-doped
glass shows an even more inhomogeneous distribution of the
pathway sites than in the undoped glass. As in the LiCl-
doped glass, saltlike regions connect through more oxygen-
coordinated bridges, although the polarization in coordina-
tion does not seem to be as strong as for the LiCl-doped
glass.

B. Oxygen coordination in conduction pathways

To further discern the distribution of coordinations to oxy-
gens in the pathways of the three doped glasses, we deter-
mined the relative contribution from oxygen to the total
bond-valence sum at each volume element in the percolating
pathway, shown in Fig. 2. The Agl-doped glass shows a pref-
erence for high iodide coordination in the pathway. This ef-
fect is of course partially due to the higher dopant concen-
tration in this glass, but it is clear that the pathway sites are
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FIG. 1. (Color online) 4-A-thick slices through the conduction pathway structures in the three undoped glasses: (a) Ag,0-2B,0;, (b)
Li,0-2B,03, and (c¢) Nay,O-2B,05; and the three salt doped glasses (d) (Agl)gs-(Agy0-2B,03)g4, () LiCl-Li,O-2B,03, and (f) NaCl-
Na,0-2B,03. The relative oxygen coordination is shown by the color where dark gray parts (red online) of the pathway have a 100% oxygen
coordination, whereas fully halide coordinated parts of the pathway are white.

mainly iodine-coordinated and the number of elements with
a nearly pure oxygen coordination is less than for the LiCI-
and NaCl-doped glasses. The LiCl-doped glass shows a near
opposite distribution to that of the Agl-doped glass. Of all
glasses, it has the highest percentage of highly oxygen-
coordinated volume elements. From the integrated relative
frequency, shown as an inset in Fig. 2, it can be seen that
25% of all volume elements in the percolating pathway clus-
ter have over 90% oxygen coordination. The occurrence of
highly chloride-coordinated elements is, on the other hand,
the lowest with only 7% of the percolating pathway volume
having at least 90% chloride coordination. In the NaCl-
doped glass, there is a slight preference for chloride coordi-
nation. The reason for the difference in oxygen coordination
between the Li and Na pathways sites is most likely the
smaller size of the Li ion, which allows it to occupy small
spaces within the boron-oxygen network, where it will pre-
dominately coordinate to oxygen.

C. Pathway density correlations

To further elucidate the topographical properties of the
conduction pathways, it is illustrative to use the concept of
radial distribution function, commonly used to analyze dif-
fraction data of amorphous materials. The reduced radial dis-
tribution function, D(r), is defined as

D(r) =4[ p(r) = pol, (5)

where p(r) is the pair correlation density and py is the aver-
age pathway density. The advantage of using D(r) rather than
p(r) lies directly in the amplification of small oscillations at
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FIG. 2. Probability density of oxygen coordination in the three
doped glasses. The cumulative probability (i.e., the probability that
a randomly chosen site in the pathway has at most the given relative
oxygen coordination) is shown as an inset.
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(a) Silver glasses

(b) Litium glasses
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(c) Sodium glasses
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FIG. 3. Reduced radial distribution functions for the pathways in the six glasses of this study. (a) Doped and undoped Ag conducting
glass, (b) doped and undoped Li conducting glass, and (c) doped and undoped Na conducting glass. The figure is redrawn from Ref. 32.

larger distances that makes identification of correlation
lengths easier even though information on their relative
strength becomes less intuitive. The pair correlation density
was computed as the average p(r) of 3600 volume elements,
thus the positions of the volume elements included in the
percolating pathway cluster correspond to the particle posi-
tions in an ordinary particle pair correlation function. Figure
3 shows D(r) for the glasses studied here. The first peak that
is located below 1 A is a result of the competing increasing
linear r and the decreasing p(r)—p,. Its position and ampli-
tude thus depend both on the thickness of the pathway as
well as on its total volume, but do not correspond to any real
pathway correlation.

All of the salt-doped glasses exhibit a peak at approxi-
mately 4 A that is not present in the undoped glasses. This
peak is caused by the halide ions that are distributed through-
out the pathway cluster. Since the mobile ions cannot move
arbitrarily close to the anions, there will be spheres of over-
saturated positions in the pathways surrounding the embed-
ded halide ions. Equation (2) gives that the bond length of a
bond with valence s is

(6)

In a structure as close packed as the glasses in this study it is
to be expected that any pathway site would coordinate to at
least two anions. Assuming that the valence is equally shared
between two halide ions, we would have a maximum bond
strength of sy_x= 2(Vldm,+Adex) corresponding to bond
lengths of 2.3 A in Agl, 1.8 A in LiCl, and 2.0 A in NaCl for
the chosen values of AV,,.. These radii (or rather their
double value) compare well to the peak positions at 4.6, 3.5,
and 3.7 A, respectively.

The undoped Ag borate glass shows two distinct peaks in
the pathway D(r) above 1 A, one at 6.6 A and one at 11.2 A,
indicative of density fluctuations in the pathway structure on
a6-7A length scale, which extends to at least the second
order. In the AgI-doped borate glass, there is a peak at 4.5 A,
which we earlier attributed to the existence of iodine ions
embedded in the pathway, and a second broad peak at 9.7 A.
We can relate these distributions to experimental structure
factors S(Q) from neutron diffraction.'” The first sharp dif-
fraction peaks (FSDP) in S(Q) at 1.3 A~! in the undoped

Ryx=Ro—b1In(sy.x).

glass and 0.8 A~! in the doped glass can, due to the fact that
the neutron weighted S(Q) for these glasses is dominated by
boron and oxygen correlations, be interpreted as density fluc-
tuations in the boron-oxygen network on length scales of 4.8
and 8 A, respectively. The structural models obtained
through RMC modeling give a vivid image (see Figs. 8 and
9 in Ref. 10) of the glass structures as borate chains sepa-
rated by channels in which silver and, in the case of the
doped glass, iodine ions reside. The density fluctuations of
the pathway correlate fairly well to those of the glass net-
work itself, and we see a similar expansion of the correla-
tions upon salt doping.

The undoped Li conducting glass shows correlation peaks
in the pathways at 4.9 and 9.7 A. A previous study'* showed
that the cations in this glass tend to bind to different BO,~
groups and thus introduce void channels with a typical size
of 4.6 A between neighboring borate chain segments. These
correlations in the pathway are weakened considerably when
the dopant salt is introduced, leaving only a single peak at
3.5 A, which we earlier attributed to the oversaturated vol-
ume elements surrounding the chloride ions. This loss of
intermediate-range order is expected from the previous study
that showed how the dopant ions are introduced inhomog-
enously into the glass, creating voids in the borate structure
of widely different sizes. Moreover, the pathway sites in the
LiCl-doped glass are, unlike those in the Agl-doped borate,
coordinating to both oxygen-rich regions as well as chloride-
rich regions, which means that the pathway correlations are
not expected to be similar to the structural correlations
within the borate network.

The undoped Na glass exhibits weak pathway correlations
at 5.8 and 11.1 A, which can be related to the distance be-
tween two Na pathway sites separated by a borate chain, and
twice this distance. The pathway correlations in the NaCl-
doped glass are distinctly different compared to those in the
Agl-doped glass. This glass exhibits, apart from the halide
peek at 3.7 A, a nearly featureless monotonic decrease in
D(r). The value of D(r) is well above 0 for radii below 12 A,
which indicates a clear tendency for the pathway to cluster.
As for the LiCl-doped glass, the borate network itself exhib-
its a loss of intermediate-range order upon introduction of
the dopant salt, which explains the observed loss of pathway
correlations on an intermediate-range length scale in the
NaCl-doped glass.
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FIG. 4. Random-walk simulations of the ionic motions in the three doped glasses, where the mobile ions are restricted to only move in
regions where oxygen contributes with a maximum of X% to the total bond valence (X=100, 75, 50, 25, and 10).

D. Random-walk simulation

As can be seen in Fig. 2, both elements with high halide
coordination as well as elements with high oxygen coordina-
tion are present in the ionic pathway. To further investigate
the importance of different coordinations of the mobile ions
for their mobilities, it is illustrative to perform a random-
walk simulation. Details of the simulation method have been
presented elsewhere,'® so here we will only describe it
briefly. Starting from the positions of each of the mobile ions
in the RMC produced structure, in each simulation step a
new position for each M™* ion is randomly selected among its
neighboring volume elements that share a face or an edge.
The selected element must be accessible according to the
criteria stated in Sec. III, and in addition the contribution
from oxygen coordination to the total valence at the site must
be below a given threshold value. Since each volume ele-
ment, and thus each hop in the simulation, has a length of
0.2-0.3 A, it would take an ion with thermal velocity about
107 s to cross this volume. This is of the same order as
thermal vibration periods, and therefore a single hop in the
simulation is not to be thought of as a jump from one equi-
librium site to the next, but rather as a thermal rattling mo-
tion. Although the model is very simple and thus cannot
account for all aspects of real ionic diffusion, it nevertheless
gives valuable qualitative information on the structure of the
pathways and the coordination of the conducting ions within
the pathway clusters.

Figure 4 shows the variation of the root-mean-square
(rms) displacement of the mobile ions versus pseudotime in
all three doped glasses for a set of restrictions on the maxi-
mum allowed oxygen coordination. In all glasses and at all
levels of restriction, the initial rms displacement follows 7!/2.
This is the same as for the time evolution of a 3D random
walker and thus corresponds to an unrestricted movement of
the mobile ion within a local region where the pathway is
three-dimensional. In all simulations, the value of the expo-
nent drops slightly for intermediate times, indicating a re-
striction in the movement due to the limited local dimension
of the pathways. As time increases, the slope slowly ap-
proaches % again for the simulations without any restriction
on oxide coordination, which is expected in an intercon-
nected pathway structure well above the percolation limit.

While the effect of restricting the accessibility of the mobile
ion to those volume elements with the highest halide coordi-
nation is qualitatively the same for all glasses, it is most
pronounced in the LiCl-doped glass, due to its high content
of oxygen coordination in the conduction pathway.

The Ag-doped glass [Fig. 4(a)] has the highest ionic mo-
bility of the investigated glasses with respect to the
pseudotime, and the simulation with unrestricted O coordi-
nation returns to a t> slope after roughly 10* time steps.
Also noticeable is that the mobility does not change dramati-
cally until a maximum of 25% oxygen coordination is al-
lowed, and a break of percolation occurs between 25% and
10% allowed. The LiCl-doped glass [Fig. 4(b)] shows the
strongest dependence of the allowed oxygen coordination on
the dc conductivity. Already at the restriction of max 75%
oxygen contribution, the drop in mobility is clear. The unre-
stricted walk reaches a ' behavior after roughly 10° time
steps for the unrestricted walk and close to 107 time steps for
the max 75% oxygen-coordination walk. As the maximum
allowed oxygen coordination drops below 50%, the long-
range diffusion is lost and the pathway is reduced to isolated
clusters of accessible sites that can only contribute to ac con-
ductivity.

Although the highly oxygen coordinated parts of the path-
ways are more important for the long-range diffusion in the
NaCl-doped glass than in the Agl-doped glass, it does not
have as strong dependence as for the LiCl-doped glass. For
the unrestricted random walk a 3D-like behavior occurs after
roughly 10° time steps. As the maximum allowed O coordi-
nation drops, the mobility decreases and at max 50% oxygen
coordination the rms displacement does not reach "> behav-
ior within the simulated time, and the transition into nonper-
colating seems close. At 25% and below, we have lost the
long-range diffusion and the ions are trapped in local path-
way clusters.

V. DISCUSSION

From the results, it is evident that the pathways have an
intermediate-range order similar to that of the borate network
in all the three undoped glasses. Of the doped glasses, only
Agl shows an ordering that is similar to that of the borate
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network. The Ag pathways in this glass show a higher pref-
erence for halide coordination than the other doped glasses
and have few volume elements that have a high degree of
oxygen coordination. These findings are consistent with ear-
lier spectroscopic studies (e.g., employing far-infrared
spectroscopy),’! suggesting that the pathways in this glass
are associated with void channels in the borate network in
which the salt ions reside. In the LiCl- and NaCl-doped
glasses, the pathways do not correlate in the same way to the
borate network, partially due to the lack of intermediate-
range order in these two glasses and partially due to the more
polarized distribution of coordinations in the pathways. This
is particularly the case for the LiCl-doped glass where large
regions of the percolating pathway have very high oxygen
coordination and thus do not reside in the salt-rich regions of
the glass. The result of this fact is evident from the random-
walk simulations. While the pathways in the Agl-doped glass
remain percolating even if all parts that have more than 10%
oxygen coordination are removed, the percolation is lost al-
ready at <50% oxygen coordination in the LiCl- and NaCl-
doped glasses.

So in what way does the intermediate-range order affect
the ionic conductivity in the glasses? At room temperature,
the undoped Ag, Li, and Na borate glasses have ionic dc
conductivities of 1.0X 107, 1.9x107%, and 2.5x107"°
S/cm, respectively, while the doped glasses have conductivi-
ties of 1.0X 1073, 1.3 X 107, and 1.0 X 10° S/cm (a plot of
conductivity versus dopant salt concentration can be found in
Ref. 32). Considering the higher dopant level in the Agl-
doped glass, we have roughly the same relative increase in
all three glass systems upon introduction of the dopant salt.

While the introduction of the dopant salts results in simi-
lar changes in conductivity for all three systems, the changes
in intermediate-range ordering are distinctly different. In the
Agl-doped glass, the length scale of the correlations in both
the atomic and pathway structures increases, while the level
of ordering is roughly maintained. In contrast, the interme-
diate order in the pathway network of the undoped lithium
and sodium borate glasses is basically lost in the doped
glasses, due to the inhomogeneous distribution of the salt
ions in these glasses. This gives rise to two different types of
pathway regions, one for salt-rich (i.e., halide-coordinated)
regions and one for borate-rich (i.e., oxygen-coordinated) re-
gions. The difference between the LiCl- and NaCl-doped
glasses is then that the nature of the pathways in the borate-
rich regions is very different in the two glasses, and the
oxygen-coordinated regions are more extended and of higher
importance for the dc conductivity in the LiCl-doped glass.
Thus, these differences in how the intermediate-range struc-
ture is affected by the introduction of the dopant salt suggest
that a structural ordering on an intermediate-range length
scale is of subordinate importance for the dc conductivity.

A more thorough investigation of the influence of
intermediate-range order on the ionic conductivity was per-
formed by generating three types of random models of each
doped glass. The first model was a hard-sphere model (HS
model) where only the nearest-neighbor distances were real-
istic. In the second model, we included the connectivity con-
straints between boron and oxygen, thereby producing a
proper borate network (Network model), and in the last
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FIG. 5. Ratio between the oxygen coordination distributions of
the pathways in the realistic and Network glass models of the doped
glasses. The pathways of the realistic structure models show a
higher probability for a mixed anion environment than the pathways
in the Network models.

model we also included the bond valence constraint to ensure
that the local environment of each cation is chemically rea-
sonable (BV model). All models where generated by the
RMC algorithm, but without including any experimental
data. The ionic pathways in these random structures were
obtained by means of bond valence computations and ana-
lyzed with the same techniques as we used for the real struc-
tures.

Another advantage with the random structures is that they
give us the means to (to some extent) remove the effects of
the different dopant concentrations (which were 60% for the
Agl-doped glass and 50% for the NaCl- and LiCl-doped
glasses), as well as the different sizes and polarizabilities of
the halide ions. In this way, we can more clearly elucidate
how the differences between the three glasses depend on the
specific properties of the different mobile ions. Thus, Fig. 5
can be regarded as a normalized oxygen distribution of co-
ordinations, where the effects of (i) different dopant concen-
trations, (ii) different anion sizes, and (iii) different anion
polarizabilities have been removed. In the figure, the oxygen
coordination distributions in the realistic structures of all
three compositions are compared to the distributions in the
Network models. In the Agl-doped glass, we can see that the
realistic structure has a higher probability for sites with a
mixed oxygen-halide coordination, whereas the number of
sites with over 90% iodide or over 98% oxygen coordination
is considerably higher in the Network model. This result is
consistent with a more pronounced clustering of both salt
ions and network atoms in the Network model. In the LiCl-
doped glass, the Network model shows a strong drop in the
number of solely oxygen-coordinated sites, but a relative in-
crease of elements with 0—15 % and 70-98% oxygen coor-
dination, whereas the number of sites with more evenly
mixed coordination drops compared to the realistic model.
Thus, we see a polarization in the coordination of the path-
way sites. The NaCl-doped glass shows a similar change in
the coordination of the pathway sites, though the increase of
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TABLE 1. Volume fractions of the percolating cluster (F) and total volume fraction of the accessible
elements in the four different models of each doped glass composition.

Real BV Network HS
0.6Agl F 0.1230 0.1231 0.1200 0.0540
0.276 v.u. Total 0.1236 0.1237 0.1202 0.0596
0.5LiCl F 0.0608 0.0515 0.0497 0.0341
0.07 v.u. Total 0.0612 0.0517 0.0501 0.0373
0.5NaCl F 0.0592 0.0531 0.0485 0.0242
0.1274 v.u. Total 0.0628 0.0534 0.0486 0.0289

highly chloride-coordinated sites is less than in the LiCl
glass and we see a reduction in the number of highly oxygen-
coordinated sites only for coordinations above 99%. This
polarization is not due to an increased tendency for saltlike
clusters, but due to changes in the structure that allow path-
way volume elements with a low coordination. These ele-
ments whose valences are fulfilled mainly by one or a few
anions will then to a higher degree be coordinated to a single
anionic species. This larger spread of coordination numbers
and oxygen contributions to the different pathway sites will
cause a larger variation in the local pathway structure of the
Network model.

Let us now compare the pathway volumes in the random
models with those in the corresponding realistic models.
Table I shows the volume of the percolating cluster as well
as the total volume of accessible volume elements in the four
models of each doped glass composition. The hard sphere
(HS) models show the largest deviations from the realistic
structures with a loss of around 50% of the pathway volumes
in the latter structures. The BV and Network models, how-
ever, produce pathway volumes that are relatively close to
the volumes in the realistic models. For the Agl-doped glass,
the difference is less than 2% while the LiCl- and NaCl-
doped glasses show a larger deviation with a relative loss of
~15% in the BV model and 20-25 % in the Network model.
These reductions in pathway volume correspond to a de-
crease in conductivity with a factor 3 and 10, respectively. It
is also interesting to note that the percolating pathways con-
stitute the vast majority of the accessible volume in all mod-
els with the exception of the HS model of the NaCl-doped

(a) Silver glasses

(b) Litium glasses

glass. Thus the connectivity of the pathways seems to be
reasonably stable with regard to changes in the glass struc-
ture.

The reduced pair correlation functions of the pathways in
all models of the three glass compositions are shown in Fig.
6. For all glass compositions, we can see that the BV and
Network models give rather similar pathway correlations. In
the Agl-doped glass, the halide peak at 4.5 A is considerably
larger than that in the realistic structure. Beyond the halide
peak, a weak correlation shows up at 12 A. The increase of
the halide peak and the increased correlation length from
10 to 12 A are indications of an increased size of Agl clus-
ters, resulting in more iodine ions residing in the middle of
the pathways. In the two alkali-chloride compositions, we
see instead a weakening of the halide peak as well as a small
shift of it toward lower r. Beyond this peak, no composition
shows any significant features in D(r). The shift in the halide
peak position has been interpreted to stem from the occur-
rence of volume elements in the pathway that have an un-
physically low coordination number, thus allowing volume
elements to be accessible closer to the halide ions. The BV
and Network models of the NaCl-doped glass are quite simi-
lar to those of the LiCl-doped glass, with the differences
being that the Na pathways are slightly thicker and the halide
peak occurs at a roughly 0.5 A higher r value, which is ex-
pected given the softer bond and larger size of the Na ion. In
these two compositions, the lower halide peak indicates a
reduction of the salt clusters in favor of a more homogeneous
distribution of the ions.

The small change of the pathway volume in the Network
and BV models of the Ag conducting glass is remarkable.

(c) Sodium glasses

4TRIp(R)-p,]

D(R)
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FIG. 6. (Color online) Reduced radial distribution functions of the pathway network in the realistic structure and the three random

structures of each of the three doped glasses.
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Although the intermediate-range order is reduced and the
pathways tend to cluster more in these random structures, the
pathway volume remains almost the same as we introduce a
more random arrangement of the glass structure. Further-
more, the change in coordination is also relatively small,
with only a shift toward more highly iodide coordinated sites
in the Network and BV models. Using our bond-valence ap-
proach to predict the experimental conductivity, both the
Network and the BV model of this glass would have the
same conductivity as the realistic structure. This is a strong
indication that the higher conductivity in the Agl-doped glass
compared to the alkali halide doped glasses is predominately
due to the softer bond made by the highly polarizable Ag ion
to the immobile oxygen and iodine ions. Thus, the high con-
ductivity is not a result of the pronounced intermediate-range
order in this glass, although the short-range interactions are
responsible also for the intermediate-range structure and the
formation of pathways in the glass. This implies that a high
pathway volume fraction and a high connectivity of the path-
ways (and possibly also the existence of salt-rich regions
along which the pathways can form) in the Agl-doped glass
are important for the conductivity, but that the ordering of
the pathways in itself is not an important factor. The volume
suitable for ionic conduction (as well as the conductivity)
may then be increased by lowering the network density of
the glass and thereby creating larger void regions between
the borate chains were the pathways may form. The influence
of the network density will hopefully be addressed in a later
study on thin-film borate glasses that, through their higher
cooling rate in the glass production, are expected to have a
lower density than what we have in the currently investigated
glass samples.

In the NaCl- and LiCl-doped glasses, the changes in path-
way volume are larger as we change the structure. For the
Network and BV random structures, we observed a reduction
of mixed oxygen-halide coordinated sites, and more sites that
are almost entirely coordinated to either a single Cl ion or a
few oxygens. It is obvious that this increased number of
pathway sites with an unrealistic coordination and the rapid
change of coordination in the pathways are detrimental for
the ionic conductivity. Thus, in these structure models the
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conductivity seems to be reduced due to a less favorable
local structure, again supporting our conclusion that it is
mainly the local structure and the softness of the ionic bonds,
rather than the degree of ordering in the intermediate-range
structure of the glass or the pathway network, that determine
the ionic conductivity.

VI. CONCLUDING REMARKS

We have shown that the nature of the intermediate-range
order of neither the borate network nor the conduction path-
ways seem to affect the dc conductivity in the borate glasses
studied here. Instead, it is the chemical properties, the size
and softness of both the mobile ions and the halide ions, as
well as the coordination of the ions in the conduction path-
ways, that have the highest impact on the ionic conductivity.
The Agl-doped glass, which has the highest conductivity of
the glasses in this study, has thick pathways with a mixed
coordination that run along the walls of salt-rich channels in
the glass. The reason for the thicker pathways in the Ag
conducting glasses is that the bonds of the highly polarizable
Ag ion to both oxygen and iodine ions are softer than the
corresponding bonds in the Li and Na conducting glasses.
Furthermore, in the less conducting LiCl- and NaCl-doped
glasses, the pathway sites have a more polarized coordina-
tion, with parts of the pathways going through halide-rich
regions connected by mainly oxygen-coordinated bridges.
Although these oxygen-coordinated bridges are crucial for
the long-range diffusion of the mobile ions, they are less
conducting and therefore cause a reduction of the dc conduc-
tivity in these glasses.
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